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SUMMARY

MULLER, WALTER E. & WoLLErRT, Uwe (1975) High stereospecificity of the ben-
zodiazepine binding site on human serum albumin. Studies with d- and [-oxazepam
hemisuccinate. Mol. Pharmacol., 11, 52-60.

Using d- and l-oxazepam hemisuccinate (RV 1208 and RV 1210), the stereospecificity of
binding of benzodiazepines to human serum albumin was investigated. The interactions
of the two enantiomers of oxazepam hemisuccinate with HSA were examined by gel
filtration and circular dichroism measurements at pH 7.4 and 8.2. Both enantiomers, RV
1208 and RV 1210, were bound mainly to one binding site at pH 7.4, but there were great
differences in the binding constants. Raising the pH to 8.2 decreased the affinity of RV
1208 and increased the affinity of RV 1210. In both enantiomers complex formation with
HSA induced similar extrinsic Cotton effects, the signs of which were partly changed by
increasing the pH to 8.2. No ligands other than tryptophan exhibit this high degree of
stereospecificity of binding to HSA. A theory for the origin of the stereospecific binding

is considered.

INTRODUCTION

Benzodiazepines are bound to human
serum albumin principally at one binding
site and in a very specific manner (1-3).
Small changes of the chemical structure of
the drugs can have a large influence on
their binding to human serum albumin,
and in some these effects are in contradic-
tion to the commonly known influences of
substituents on the binding behavior of
other substances to human serum albumin
(2). In this study we attempt to determine
whether the specific binding site for benzo-
diazepines on the human serum albumin
molecule exhibits stereospecificity.
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Measurement of circular dichroism was
chosen for this study because the binding
of benzodiazepines to human serum al-
bumin produces typical biphasic extrinsic
Cotton effects (1, 3, 4), and small changes
of the ligand-protein complex can influ-
ence circular dichroism spectra (1, 3).

The isomers of oxazepam hemisuccinate
have different biological actions; for exam-
ple, their differences in antagonism of
pentetrazole-induced convulsions (5, 6),
anti-strychnine activity (6), plasma levels
in mice after intravenous administration
(5), and hydrolysis by a soluble esterase
(7). Therefore they seemed useful for inves-
tigation of the stereospecificity of the ben-
zodiazepine binding site of fhe human
serum albumin molecule.
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METHODS

Materials. Human serum albumin was
obtained from Behringwerke, Marburg
(trocken, reinst; electrophoretic purity,
100%). The benzodiazepine derivatives
were obtained from the manufacturers:
oxazepam, Boehringer, Ingelheim; and d-
and [-oxazepam hemisuccinate sodium
salts (RV 1208 and RV 1210), Ravizza,
Milan. Their chemical structures are
shown in Formula I. All other chemicals
were of reagent grade. All solutions were
prepared with deionized water.

RV 1208 and RV 1210 were almost com-
pletely hydrolyzed in 0.1 M NaOH or 0.1 M
HCI1 within 2 hr, as detected by a total loss
of their intrinsic optical activity. This hy-
drolysis could account for the results of
Mussini et al. (5), who found differences in
the blood levels of RV 1208 and RV 1210
given intravenously but not after oral ad-
ministration. Possibly the drugs are rap-
idly hydrolyzed in the stomach. Under the
conditions used in this work—i.e., M/15
phosphate buffer, pH 6.6-8.2—solutions of
RV 1208 and RV 1210 did not show a
decrease in intrinsic ellipticity during 12 hr
after preparation.

Circular dichroism measurements. CD
measurements were made at 27° with a
Cary 61 CD spectropolarimeter calibrated
with d-10-camphorsulfonic acid. All spec-
tra were recorded in cylindrical cells with
10-mm path length, using a full-scale de-
flection of 0.02° or 0.05° @ and a spectral
bandwidth of 2 nm. Results are expressed
as molar ellipticities, [#] (deg.cm-?
dmole-?), calculated either with reference
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—R = —0—CO—CH,—CH,—C0O—0"-Na*
d-Oxazepam hemisuccinate (RV 1208)
l-Oxazepam hemisuccinate (RV 1210)

to the HSA concentration, using a molecu-
lar weight of 69,000, or with reference to the
total drug concentration or the concentra-
tion of drug bound. The solutions for the
CD measurements were prepared as de-
scribed elsewhere (1). The final HSA con-
centration was always 13.1 um (0.09%), and
the drug concentrations were 20 and 50 uM.
All solutions were made with M/15 phos-
phate buffer and adjusted to the desired
pH with 1 M NaOH or 1 M HCIl. Each CD
spectrum reported is the average of three
observations.

The anisotropy factors (g values) were
calculated according to Miiller and Wollert
(1) and Chignell (8).

Albumin binding measurements. Bind-
ing of benzodiazepines to HSA was studied
by the gel filtration technique of Kriegl-
stein and Kuschinsky (9) on 20 x 1.2 cm
columns of Sephadex G-50 (fine, Phar-
macia) at room temperature (22°) (2). The
suitability of this method was verified by
ultracentrifugation for high, medium, and
low bound benzodiazepines (2). The HSA
concentration was always 145 um (1%), and
drug concentrations ranged from 40 to 200
uM. All solutions were made with m/15
phosphate buffer and adjusted to the de-
sired pH with 1 M HCl or 1 M NaOH. The
binding data were plotted by the method of
Scatchard (10), using the equation.

L kn—kF

¢
where 7 = number of moles of benzodiaze-
pine bound per mole of HSA, ¢, = concen-
tration of free drug, k = association con-
stant or single binding constant, n = num-
ber of binding sites of benzodiazepine de-
rivatives on the HSA molecule, and kn =
K, = total binding constant.

From the total binding constants, K,,

the free binding energy, AF, was calculated
according to the relationship (11)

AF - _-RThn K,

where R = gas constant and T = absolute
temperature.

Ultraviolet measurements. Spectra were
recorded with a Gilford spectrophotometer,
model 2400.
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RESULTS

Gel filtration studies. Both enantiomers
of oxazepam hemisuccinate, RV 1208 and
RV 1210, are bound to HSA at pH 7.4 (Fig.
1; B values are given in Table 1). However,
the affinity of the protein is about 40 times
greater for RV 1208 than for RV 1210 (see
the total binding constants, K,, in Table
1). RV 1208 is bound mainly to one bind-
ing site, whereas RV 1210 seems to have
two binding sites on the HSA molecule
(Table 1).

The binding of both substances is in-
fluenced by the pH of the solution (Fig. 2).
There is a small increase in the amount of
RV 1208 bound (8 value) between pH 6.6
and 8.2 (Fig. 2). The binding of RV 1210
also is increased, but for this substance a
higher increase in the 8 values can be seen
between pH and 8.2 (Fig. 2). Although the

rical intrinsic CD spectra (Fig. 3) are
typical for the enantiomers of an optically
active substance (12). The wavelengths of
the CD maxima of the substances are in
good accord with the ultraviolet absorb-
ance maxima (Fig. 3). The intensities of
the intrinsic CD bands of RV 1208 and RV

TABLE 1
Influence of pH on binding data

K,, total binding constants; n, number of binding
sites on the HSA molecule; k, single binding con-
stants; — AF°, free binding energy; 8, percentage of
RV 1208 and RV 1210 bound at total concentration
¢ = 150 uM and an HSA concentration of 1% in M/15
phosphate buffer, pH 7.4 and 8.2. The equations of
the regression lines in the Scatchard plot at pH 8.20
are: for RV 1208, n/c, = 212,703 - 137,278 7, r =
-0.9738; for RV 1210, f/c, = 12,843, — 7,587F, r =
—0.9461, where r = correlation coefficient.

T . Sl Substance | pH K, n k -AF° | B
binding of both enantiomers is increased at
pH 8.2, and the total and single binding M- 104 (M 'x10"|cal/mole| %
constants of RV 1210 are also increased, RV 1208 | 7.4| 25.419 |1.28| 19.843| 7295 | 90
those of RV 1208 are decreased (Table 1).  RV1210| 7.4| 0729 |1.80| 0.405| 5214 | 45
Circular dichroism measurements. RV .
1208 and RV 1210 display intrinsic Cotton g‘\i g(l)g g'z 21';12 i‘gg 1(3;.%;2) ;;3; gg
effects (Fig. 3 and Table 2). Such symmet- . : . :
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FiG6. 1. Scatchard plot of RV 1208 and RV 1210 binding to HSA

Experiments were performed at pH 7.4 and an HSA concentration of 1%. Ordinate: 7/c, (liters per mole); ¢, =
molar concentration of the substances: 7 = moles of benzodiazepines bound per mole of HSA. Abscissa: 7. Each
point represents the mean value of two experiments. The equations of the regression lines are: for RV 1208, #/c,

= 254,193 — 198,3567; r =
coefficient.

-0.9827; for RV 1210, 7/c, = 7290 — 4052F; r =

—0.9491, where r = correlation
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Fic. 2. Influence of pH on percentage of RV 1208 and RV 1210 bound to HSA
The pH dependence of RV 1208 and RV 1210 (150 uM binding to HSA (145 uM) is expressed as 8. Each point
represents the mean value of two experiments. Ordinate, percentage of drug bound, g8; abscissa, pH.

1210 near 260 nm (Table 2) are smaller
than the intensities of the extrinsic CD
band near 260 nm of oxazepam bound to
HSA (Table 2).

Extrinsic Cotton effects resulting from
the binding of the ligands to human serum
albumin are found to be superimposed
upon the intrinsic Cotton effects of RV
1208 and RV 1210 (Fig. 4). The signs of the
extrinsic Cotton effects are identical for RV
1208, RV 1210, and oxazepam; the only
exception is the negative band of RV 1208
near 275 nm (Fig. 4).

The intensities of the extrinsic Cotton
effects of RV 1210 are smaller than those of
RV 1208; this can be seen mainly with
small drug concentrations (Table 3). The
extrinsic Cotton effects of RV 1208 and RV
1210 are smaller than those of oxazepam
(Fig. 4). The wavelengths of the extrinsic
CD maxima of all three substances are
nearly identical (Fig. 4).

Increasing the pH from 7.4 to 8.2 influ-
ences the extrinsic CD maxima of RV 1208
at 325 and 275 nm and of RV 1210 at 323
nm (Table 3). In contrast, the CD bands of
both substances at 260 nm are not changed
(Table 3). The intrinsic CD spectra of RV
1208 and RV 1210 are not influenced by
raising the pH to 8.2.

Ultraviolet difference spectroscopy mea-

TaBLE 2

Comparison of intrinsic Cotton effects of RV 1208 and
RV 1210 and extrinsic Cotton effects of oxazepam

Molar ellipticity and anisotropy factors (intrinsic
effects) of RV 1208 and RV 1210 were measured at a
total concentration of 50 uM in M/15 phosphate buffer
at pH 7.4. Molar ellipticity and anisotropy factors
(extrinsic effects) of oxazepam (50 uM) in the presence
of HSA (13.1 uM) in M/15 phosphate buffer at pH 7.4
were calculated with reference to the concentration of
substance bound (3).

Substance Anax CD  _ [6) 8
[x £5:(n =6)]
nm x10-4 x 104
RV1208 237 -2.882 + 0.035 -3.410
253 +4.925 + 0.063 +10.917
273 +4.638 + 0.067 +27.422
313 -2.098 + 0.020 -30.943
RV 1210 237 +2.925 + 0.024 +3.521
253 -3.870 + 0.071 -8.699
273 -3.807 + 0.079 -22.799
313 +1.823 + 0.028 +27.143
Oxazepam 258 +7.31 + 0.052¢ +15.27
317 -2.33 + 0.015° -25.69
“n = 3.

surements showed that the absorbance of
RV 1208 and RV 1210 is not influenced
between 350 and 250 nm by binding of the
substances to HSA.
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Fic. 3. Comparison of ultraviolet and CD spectra

Upper: ultraviolet spectra of oxazepam, RV 1208,
and RV 1210 measured at a concentration of 20 uM in
M/15 phosphate buffer, pH 7.4. Ordinate, absorbance;
abscissa, wavelength.

Lower: intrinsic CD spectra of RV 1208 and RV
1210 measured at a concentration of 50 uM in M/15
phosphate buffer, pH 7.4. Ordinate; molar ellipticity
calculated with respect to the concentrations of the
two substances; abscissa, wavelength.

DISCUSSION

It is surprising that the g value of the
extrinsic CD band of oxazepam at 258 nm
is much higher than the g values of the
intrinsic CD bands of RV 1208 and RV 1210
at 253 nm (Table 2). These observations
could confirm our conclusion that the A
benzene ring of the benzodiazepines is the
primary binding moiety of the molecule
(2). Schellman (13) noted that the inten-
sity of intrinsic or extrinsic Cotton effects
decreases as the distance between the

asymmetrical center and the perturbed
chromophore is lengthened. The ultraviolet
band of the benzodiazepines at 260 nm is
mainly due to electronic transitions in the
A benzene ring of the substances (1). The
intrinsic CD bands of RV 1208 and RV 1210
at 253 nm indicate that the two atoms are
located between the asymmetrical center
(C,) and the perturbed chromophore (A
benzene ring). The extrinsic CD band at
258 nm of the oxazepam-HSA complex
could indicate that the distance between
the chromophore (A-benzene ring) and the
asymmetrical center of the protein is
smaller than the bond distance of two
atoms. This would be possible if the A ben-
zene ring were the binding group of the
benzodiazepine molecule and therefore
were located very close to the asymmetrical
center of the protein at or near the binding
site. In case of the longer wavelength in-
trinsic CD bands of RV 1208 and RV 1210
at 313 nm the asymmetrical center (C;) is
located near the perturbed chromophore

5 4
(—C=N— double bond) (1). The induced

optical activity of the oxazepam-HSA com-
plex at this wavelength is smaller than the
intrinsic activity of the two enantiomers
(Table 2), as one would expect if the A
benzene ring is the binding moiety of the
molecules.

Previous experiments have shown that
the binding of benzodiazepines to HSA is
highly dependent on their structure (2).
The very high stereospecificity of the bind-
ing of both enantiomers to HSA shown in
this paper is surprising (Fig. 1 and Table
1). Only a few drugs are known to be bound
stereospecifically to HSA, e.g., anionic azo
dyes (14), warfarin (15), barbiturates (16),
and an optically active analogue of clofi-
brate (17, 18). In each case the difference in
binding between the isomeric forms is
relatively small (15, 17, 18) and has been
observed mostly at high drug to protein
ratios (14, 16). Oxazepam hemisuccinate is
the first drug known to exhibit such stereo-
specific binding mainly to one binding site
of the HSA molecule.
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Fi16. 4. Induced optical activity of oxazepam and its two isomeric hemisuccinates

Extrinsic CD spectra of oxazepam, RV 1208, and RV 1210 bound to HSA (13.1 uM) were measured at a
concentration of 50 um at pH 7.4. Each point represents the mean value of three experiments. In the case of
oxazepam the contributions of HSA, and for RV 1208 and RV 1210 the contributions of HSA and the drugs
themselves at the same wavelength, have been subtracted.

TaBLE 3
Extrinsic Cotton effects of RV 1208 and RV 1210
Molar ellipticities ([#]) of RV 1208 and RV 1210 in the presence of HSA (13.1 uM) in M/15 phosphate buffer,

pH 7.4 and 8.2, were calculated with reference to the HSA concentration at the wavelength of the CD maxima
(Amax CD).

Substance Amax CD 0] [x + sz (n = 6)] P
pH7.4 pH 8.2
nm x10-3 x10-3
RV 1208, 50 um 325 -10.774 + 1.142 -2.510 + 1.473 0.005
275 —-10.023 + 2.900 +0.872 + 2.615 0.02
260 +28.927 + 3.111 +35.569 + 3.802 NSe
RV 1210, 50 um 323 -7.634 + 0.706 +5.004 + 1.247 0.001
273 +7.769 + 2.750 +8.520 + 1.818 NSe
260 +11.760 + 2.134 +12.517 + 1.833 NSe
RV 1208, 20 um 325 -9.412 + 1.803®
275 -7.769 + 1.803°
260 +23.547 + 1.758°
RV 1210, 20 um 323 —-2.750 x 0.661°
273 +1.999 + 1.638°
260 +4.508 + 1.984°

% Not significant (p > 0.05).

®n = 3.

The only substance known to bind ste-
reospecifically to HSA in similar fashion is
L-tryptophan, which has many times the
affinity of the p isomer for primarily one
binding site of the albumin molecule (19).

In addition to this stereospecific binding
site a second one seems to exist for RV
1210. The present data (Fig. 1, Table 1) do
not exclude the possibility that RV 1208
can also bind to this second site. However,
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its affinity might be so low that binding to
the second binding site would be obscured
by its high binding affinity at the first site
and thus would not be detectable on the
Scatchard plot (Fig. 1) in the concentra-
tion range employed.

Binding to HSA induces similar extrinsic
Cotton effects in both enantiomers (Fig. 4
and Table 3). The signs of the two main
bands near 260 nm and 310 nm are identi-
cal with those of other benzodiazepines
bound to HSA (1, 3) (see oxazepam in Fig.
4). That the observed Cotton effects are
extrinsic in origin is clearly established by
the following points: (a) the similarity of
the CD spectra of d- and [-oxazepam he-
misuccinate to those of other symmetrical
benzodiazepines (1), which excludes per-
turbation by the asymmetrical carbon
atom of the enantiomers itself, (b) the
correspondence of the wavelengths of the
CD bands with the ultraviolet maxima at
315 nm and the shoulder at 255 nm (Fig.
3), and (c) the similarity of the extrinsic
and intrinsic CD spectra of the two enanti-
omers, which excludes a drug-induced al-
teration of the protein conformation. Be-
cause it has been shown that these typical
biphasic CD spectra of the benzodiaze-
pines in the presence of HSA are produced
at only one binding site (3), it seems clear
that RV 1208 and RV 1210 also are primar-
ily bound to this binding site. Linearity in
Scatchard plots (Fig. 1) shows that a single
binding constant will describe binding to
the high-affinity site (Table 1).

The intensities of the extrinsic Cotton
effects of RV 1208 at two ligand concentra-
tions do not differ (Table 3), which indi-
cates that the binding site is saturated at
both concentrations. This is consistent
with the high affinity we observed for the
RV 1208-albumin complex (Table 1). How-
ever, the binding site does not seem to be
saturated at the lower concentration of RV
1210. By increasing the total concentra-
tion, complete saturation will be ap-
proached, and therefore the intensities of
the extrinsic Cotton effects will increase.

It has been shown for some substances
that binding to macromolecules induces
similar Cotton effects in both enantiomers,

MULLER AND WOLLERT

e.g., d- and I-fenoprofen bound to HSA (20)
and d- and [-sec-butylaminoacridines
bound to DNA (21). It was concluded from
these observations that these substances
are not bound stereospecifically (20, 21)
and that the enantiomers are bound in an
identical manner (21). Our results differ
from the above observations, because we
found high stereospecific binding which
induces similar Cotton effects in both
enantiomers. The only explanation for this
phenomenon can be that binding of both
enantiomers to the protein must be steri-
cally similar and therefore induces equal
Cotton effects in two ultraviolet transitions
of the benzodiazepine molecule. A precise
explanation for the trough of RV 1208 at
275 nm cannot be given by the existing
data. The part of the molecule to which
this band corresponds is unknown. A dif-
ferent orientation of the two enantiomers
at the HSA binding site would in any case
cause largely differing spectra.

Although no doubt is left that both
enantiomers are bound to the binding site
for the benzodiazepines at the HSA mole-
cule in the same orientation, an explana-
tion is needed for the nearly 40-fold lower
affinity of RV 1210, especially since the
optically active atom of the molecule (C,)
seems to be not involved in the binding of
the substances to HSA (2).

NMR studies have shown that the ben-
zodiazepine molecule is present in a boat
conformation (22, 23), the inversion of
which can produce two different forms
(22). Substitution at C, gives only a confor-
mation in which the larger substituent at
C, is in the quasiequatorial position (24).
In case of RV 1208 and RV 1210 this means
that both enantiomers have not only differ-
ent configurations but also different con-
formations of the benzodiazepine ring, in
which the hemisuccinate residue is in the
equatorial position (see Fig. 5, Ie and Ile).
The existence of two different conforma-
tions for RV 1208 and RV 1210 could
explain the large differences in their affini-
ties for HSA. The similar extrinsic Cotton
effects of both enantiomers suggest that
only one conformation will be bound.
Therefore, it is assumed that an inversion
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Fic. 5. Boat conformation of the benzodiazepine molecule
The influence of a large substituent at C, (24) on the boat conformation of the benzodiazepine molecule

according to Bley et al. (22) is shown.

of the boat conformation is associated with
the binding of RV 1210 to HSA.

In a previous paper (3) it was suggested
that the low alkaline structure transition of
the HSA molecule N — B transition (25).
will influence the specificity of the benzo-
diazepine binding site for the two different
boat conformations. If this were true. the
affinity of RV 1208 for this binding site
must decrease and the affinity of RV 1210
must increase from raising the pH to 8.2.
The results of our binding studies at pH 8.2
seem to confirm this suggestion, because
the affinity for the first binding site in-
creases in the case of RV 1210 and de-
creases in the case of RV 1208 (see the
single binding constants, k, Table 1). This
possibly indicates, that the specificity of
the HSA binding site for both enantiomers
is changed.

Increasing the pH to 8.2 alters the extrin-
sic Cotton effects of primarily the longer-
wavelength CD bands (Table 3). This indi-
cates that the symmetry rules (13) are

5 4
affected for the —C=N— chromophore.

The fact that the short-wavelength CD
bands at 260 nm remain unchanged (Table
3) suggests that the symmetry rules of the
A benzene chromophore remain constant.
The possibility that the chromophores of a
molecule are effected in a different manner
has been shown by Chignell and Stark-
weather (26), who found that acetylation of
HSA with acetylsalicylic acid alters only
one of the two extrinsic CD bands of
flufenamic acid bound to HSA.

Sadée (23) found that for derivatives
with large substituents at N, the inversion
of the boat conformation is severely hin-
dered. For benzodiazepine derivatives
bound to HSA we have found (3) that the
N — B transition produces an inversion of
the signs of both CD bands. At present we
cannot explain why for RV 1208 and RV
1210 the longer-wavelength CD bands and
for the other benzodiazepines both CD
bands are influenced by the N — B transi-
tion of the protein. Possibly the asymmet-
rical configuration of both enantiomers
itself influences the extrinsic Cotton ef-
fects.

The findings reported in this paper sub-
stantiate that the benzodiazepines show a
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high site selectivity and a specific orienta-
tion when bound to human serum albumin.
This can explain why their binding behav-
ior differs in some cases (2) from many
other substances bound to albumins.
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