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SUMMARY

LUCEK, RUDOLPH W. & COUTINHO, CLAUDE B. (1976) The role ofsubstituents in the
hydrophobic binding of the 1,4-benzodiazepines by human plasma proteins. Mol.

Pharmacol., 12, 612-619.

The effect on the extent of plasma protein binding by varying the substituents on the
basic benzodiazepine molecule has been studied. Hansch lipophilic substituent constants
were calculated for each substituent on the molecule. A correlation was found between
the degree of protein binding and changes in the lipophilic nature of the molecule as
measured by the summation of its lipophilic substituent constants. Protein binding
increased with the increasing lipophilic character ofsubstituents in positions 1, 2, 3, 4, 7,

and 4’. The electronic character of substituents in position 1, 3, on 7, as expressed by
their Hammett constant (a-), was also found to correlate with the observed protein

binding. Changes in protein binding with respect to various 2’-substituents were not
related to the lipophilic nature ofthe 2’-substituents but may be the result ofchanges in
the spatial orientations of the benzodiazepine molecule in relation to its albumin

binding boci. It was concluded that the major factor in determining the extent of 1,4-
benzodiazepine binding to human plasma proteins is the degree of lipophilicity of the
molecule. Substituents which affect the conformation of the molecule, such as those in
position 2’, also affect the extent of binding.

INTRODUCTION

Plasma proteins, particularly albumin,
have the ability to form reversible corn-
plexes with a wide variety of organic li-
gands. Albumin has been shown to possess
multiple binding sites, the number, na-
tune, and affinity of which vary with the
nature of the binding bigand (1).

Structural alteration of the drug may
significantly affect its physicochernical na-
tune and consequently alter the degree to
which it interacts with plasma proteins.
Changes in the extent to which a corn-
pound binds to plasma proteins may influ-
ence its pharmacological response by alter-
ing its unbound concentration in plasma
water (2).

There have been a number of attempts

to determine the physicochemical nature
of the drug-protein binding forces (3, 4).
Several authors have recently reported
quantitative correlation of protein binding
with drug hydrophobicity (5-9).

At present little has been reported on
the nature of the interactions between the
1,4-benzodiazepines, a class of widely used

psychotropic agents, and plasma proteins.
A study was therefore conducted to inves-
tigate the relationship between the chemi-
cal structure of the benzodiazepines and
their degree ofbinding to plasma proteins.

MATERIALS AND METHODS

Experimental Design

The effect of drug structure on plasma
binding was investigated by studying a
series of benzodiazepine analogues. Single
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substitutions to the basic benzodiazepine
structure were made at positions 1, 2, 3, 4,
7, 2’, on 4’, while holding all other groups

constant (see Table 1). The degree of bind-

ing to human plasma for each structure
was determined using equilibrium di-

alysis.
Hepaninized whole blood obtained by ye-

nous puncture from three normal adults
was centrifuged at 2500 rpm for 15 mm at

5#{176}.The plasma obtained was pooled, di-
vided into 10-mb aliquots, and stored at
-40#{176}.All protein binding determinations

were carried out using this plasma and a
benzodiazepine concentration of 5 �g/ml,
which was at the upper limit of physiobogi-

cab concentration and afforded, even for
highly bound compounds, a detectable di-
alysate concentration. This drug concen-

tration was well below the plasma binding
capacity, which was found to show little or
no dependence on benzodiazepine concen-

tnation up to 15 p.g/ml, as previously ne-
ported by van den Kleijn (10). Binding
measurements were conducted at pH 7.4,

at which all the compounds were in an un-
ionized form.

Equilibrium Dialysis

Dialysis membranes (dialysis tubing

0.625 inch in diameter, Fisher Scientific
Company) were prepared prior to use by
soaking them at 95#{176}in three changes of
distilled water. The tubing was knotted at
one end, and 2.5 ml of plasma, pH 7.4,

containing 5 �g/ml of drug, were added to
the dialysis sac. The sac was suspended in
a 20 x 150 mm test tube containing 5 ml of

buffer solution (0.01 M phosphate buffer,
pH 7.4, and 0.15 M NaCl), sealed, and incu-

bated with constant agitation in a water
bath at 37#{176}for 16 hr. All determinations
were carried out in triplicate. Controls
were run to determine the extent of drug
binding to the dialysis membrane. No ap-
preciable binding was found. At the end of

the incubation period the two compart-
ments were separated and the concentra-
tion of drug in each compartment was de-
termined.

Determination ofDrug Concentration

Radiolabeled compounds . Radiolabeled
compounds were checked for purity by

their migration with authentic standards
in suitable thin-layer chromatographic

systems. All radiolabeled compounds used
had a radiochemical purity of at least 98%

except C-3027, which was 93%. When ma-
diolabeled compounds were available the

concentrations of drug in the two compart-
ments after equilibrium dialysis were de-
termined by liquid scintillation spectrome-
try. Dialyzed plasma (0.5 ml) and buffer

dialysate (1 .0 ml) were counted in 10 ml of
Aquasol (New England Nuclear Corpora-
tion), using a Packard model 3380 liquid

scintillation spectrometer, Counting effi-
ciency was determined by the external
standard channels ratio technique.

Nonradiolabeled compounds. When
nonradiolabeled compounds were used,
quantitation of drug was achieved by dif-
ferential pulse polarography (11). The en-
tire contents of the dialysis sac and the
buffer compartment were assayed sepa-
rately. Each sample was buffered with 10
ml of borate buffer, pH 9.0, and extracted

with two 10-mb aliquots of diethyl ether.
The ether extracts were combined, dried

under nitrogen, dissolved in 2 ml of 0. 1 N

HC1, and assayed by differential pulse po-
lanography. Compounds not stable in 0.1 N

HC1 were quantitated using a supporting

electrolyte of 0.1 M phosphate buffer, pH
7.0.

Data Analysis

The extent to which each benzodiaze-
pine was bound to plasma proteins was
expressed as the percentage bound in the

dialysis sac at equilibrium and defined by

% bound =

concn inside sac - concn in dialysate �

concn inside sac

The mean and standard deviation of the
mean for triplicate determinations were
calculated for each compound.

To correlate changes in the extent of

protein binding with changes in the physi-
cochemical properties of the molecule, pan-

ticularly its lipophilic character, the free
energy-related Hansch substituent con-
stant in was determined for all substituent
groups (X) in the benzodia.zepine series by
the relationship (12).



where P� is the partition coefficient of the
reference benzodiazepine structure and P�
that of a benzodiazepine derivative differ-
ing from the reference structure by the X
substituent (see Table 2). In the few cases
in which octanob/water partition coeffi-
cients’ were not determined, in-substituent

constants were taken as reported for phen-
oxyacetic acid by Fujita et al. (12) and for
aliphatic groups as reported by Leo,

Hansch, and Elkins (13). By definition, the
more lipophilic the substituent, the
greaten its in value.

RESULTS AND DISCUSSION

The largest group of compounds in this

series contained different substituents at
position 7, hydrogen at position 1 , and a

carbonyl group in position 2. The extent of
protein binding varied widely, from 99.4%
to 19.8%, with respect to the nature of the
substituent in position 7 (Table 1).

A plot of the extent to which each com-
pound is bound to plasma proteins (per-

centage bound) as a function of the Hansch
lipophilic substituent constant (in) calcu-

bated for each substituent in position 7 is
given in Fig. 1.

The methods of beast squares and step-

wise regression analysis were used to evab-
uate the coefficients in Eqs. 1 and 2. The
analysis was carried out on a Honeywell

6080 computer, using the BMDO2R step-
wise regression program of the Health Sci-
ences Computing Facility, University of

California, Los Angeles.

r

%B =30.32ir + 76.76 0.861

9’o.B -21.67ir2 + 33.43ir 0.983

+ 88.54

where r = multiple correlation coefficient,
n = number of data points, and %B =

percentage bound.
The addition of the second-degree term

to Eq. 1 yields Eq. 2, which results in an

excellent correlation (r = 0.983) and ac-

‘ Octanol/water partition coefficients were deter-

mined by P. Seiler by measuring ultraviolet absorp-

tion after partitioning between mutually saturated

solvents (personal communication, 1972).
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in = bog Px - log PH counts for 96.5% ofthe variance (r2) in the
data.

The plot in Fig. 1 indicates that the
change in extent of protein binding seen
with changes in the position 7 substituent
is highly correlated with the lipophilic na-

tune of the substituent. The greaten the
lipophilic nature of the substituent, the

greaten the extent of protein binding. It is
particularly interesting that protein bind-

ing decreases through the halogen series

from iodine to fluorine, a finding which

also correlates with the increase in charge
density on the halogen through this series
and the consequent increase in the bound
aqueous envelope surrounding the halo-
gen moiety.

Within the framework of the few ana-
logues which were available to be tested,
the correlation between the extent of pro-
tein binding and the degree of substituent
lipophibicity, similar to that found for posi-

tion 7 substituents, was also found to hold
for substituents in position 2 , 3 , or 4 . It

appears that binding is affected by more
than a single substituent in the molecule.
C-2092, possessing two hydnophilic groups,
a 2-position carbonyl, and a 4-position N-
oxide, was found to be 77.2% bound. Upon
removal of the 2-position canbonyl or the 4-
position N-oxide, the resultant corn-
pounds, C-5i67 and C-2180, exhibited in-
creases in binding, to 93.6% and 96.9%,
respectively (Table 1). C-3453, which con-
tains two hydnophilic groups, a 7-nitno and
a 2-position carbonyl, was found to be

81.3% bound. However, removal of either
or both hydrophilic groups increased the

r2 � extent of protein binding to approximately

0.741 26 (1) 98% (C-4963, C-2807, and C-5031).
0.965 26 (2) Methyl substitution for hydrogen at po-

sition 7 in C-2921 resulted in an increase in
protein binding from 92.7% to 97.3% in C-
2748. However, methyl substitution for hy-

drogen at position 1 in C-3059 and C-2925
to yield the 1-methyl analogues C-3453 and

C-4556, respectively, did not result in a

statistically significant change in their
protein binding (Table 1). One possible ex-
planation of this difference in influence
between the 1- and 7-position aliphatic

substitutions may lie in the relationship of
position 1 with respect to the over-all
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TABLE 1

Plasma protein binding and chemical structure of benzodiazepines

The percentage binding is reported as the mean and standard deviations of three determinations. All

compounds used in this study were obtained from the Organic Chemistry Department, Hoffmann-La Roche.

�I .�R2

Compound R, R2 R:, R4 R7 R2 R4. Bound Generic name

%

C-9000 H 0 H I H H 99.4 ± 0.1

C-2832 H 0 H Br H H 98.6 ± 0.2

C-2748 H 0 H CH:, H H 97.3 ± 0.1

C-2180 H 0 H Cl H H 96.9 ± 0.2 Nordiazepam

C-2921 H 0 H H H H 92.7 ± 0.6

C-3059 H 0 H NO2 H H 88.9 ± 3.0

C-3061 H 0 H F H H 86.1 ± 1.2

C-3053 H 0 H OH H H 54.7 ± 4.7

C-3072 H 0 H NH2 H H 19.8 ± 12.7

C-2092 H 0 H -� 0 Cl H H 77.2 ± 2.0 Demoxepam

C-6789 H 0 OH Cl H H 95.7 ± 0.6 Oxazepam

C-2925 H H2 H Cl H H 99.4 ± 0.0

C-5167 H H2 H -* 0 Cl H H 93.6 ± 0.3

C-3350 H 0 H Br -“ H 52.3 ± 1.3 Bromazepam

C-3027 H 0 H Cl Cl H 94.9 ± 1.0

C-4023 H 0 H NO2 Cl H 85.4 ± 1.5 Clonazepam

C-3367 H 0 H Cl F H 96.1 ± 0.2

C-3344 H 0 H NO2 H Cl 95.2 ± 2.7

C-4556 CH, H2 H Cl H H 99.3 ± 0.1 Medazepam

C-5031 CH3 H, H H H H 98.9 ± 0.1

C-4963 CH, H2 H NO2 H H 98.4 ± 0.4

C-2807 CH, 0 H Cl H H 98.3 ± 0.6 Diazepam

C-3453 CH3 0 H NO2 H H 81.3 ± 4.0

C-2922 C2H5 0 H Cl H H 95.3 ± 0.5

C-3438 CH, 0 H Cl F H 97.8 ± 0.2

C-4200 CH3 0 H NO2 F H 83.4 ± 2.4 Flunitrazepam

C-2750 CH2CH2OH 0 H Cl F H 64.7 ± 1.9

2’.

1� In this compound the phenyl ring at position 5 is replaced by a pyridyl ring with the nitrogen at position

structure of the benzodiazepine molecule. position methyl group, resulting in the ob-
The methyl group at position 1 is para to served lack of increase in binding.
the 7-position substituent on the A ben- The difference in the physicochemical
zene ring; therefore electron-withdrawing nature of the 1- and 7-position methyl

groups in position 7 could affect the ebec- groups can be seen from their respective
tron distribution of a methyl group in posi- bipophilic substituent constants (Table 2).
tion 1, resulting in its hypenconjugation. The methyl group in position 7 (in = 0.51)
This localization of a partial positive is bipophilic with respect to hydrogen and
charge on the methyl group in position 1 would be expected to raise the total bipo-
would lower the bipophibic nature of the 1- philic character of the molecule and thus
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The multiple correlation coefficient of
0.921 indicates a very good correlation be-
tween the change in extent ofpnotein bind-
ing and the total bipophilic character of the
molecule as measured by the lipophilic
substituent constant for 1-, 2-, 3-, 4-, and 7-

position substituents. The correlation ac-
counts for 84.8% of the variance in the
data.

The degree of protein binding does not

appear to be influenced by the lipophilic
nature of the halogen substituent in posi-
tion 2 ‘ . Substitution of fluorine for hydro-

gen in position 7 was found to lower the
extent of protein binding (C-2921, 92.7%;
C-3061, 86.1% bound). However, fluoro

substitution for hydrogen in position 2’ of
C-2180 had no effect on the extent of pro-
tein binding (C-3367, 96.1%; C-2180, 96.9%

bound). Chboro substitution in position 7
increased the extent of binding with re-

spect to the hydrogen substituent, from
92.7% in C-2921 to 96.9% bound in C-2180.
However, upon 2’-chboro substitution of C-

2180 and C-3059, a decrease in protein

binding was observed in the resulting corn-

pounds, C-3027 and C-4023 (Table 1). Pro-
tein binding expressed as a function of the
lipophibic substituent constants for corn-
pounds with 2’-substituents resulted in a
poor correlation (Eq. 4), which accounted
for only 17.0% of the variance in the ob-
served percentage binding.

r r2 n

%B = l6.8O�r2 + 4O.88ir + 0.412 0.170 20 (4)

107.42

The binding of benzodiazepines with 2’-
substituents appears not to be related to
their lipophilic character but may be gov-
erned by changes in the spatial orientation
of the B benzene ring. Bulky halogen

groups in position 2’ would restrict the free
notation ofthe B benzene ring, thus forcing
it out of the plane of the remaining ring

system (15). If the benzodiazepine protein
binding site is to some degree stereospe-
cific, as indicated by the recent work of
MUllen and Wobbert (16), this rotational
restriction may prevent the optimal on-

entation of the benzodiazepine B ring in
relation to its albumin binding boci (17).
Forcing the B benzene ring out of the
plane of the remaining ring system would

-28 -20 -12 -04 04 2 20 28

rr7

FIG. 1. Extent ofplasma protein binding for ben-

zodiazepines having a hydrogen at position 1 , a car-

bonyl at position 2 , and a variable group at position 7

as a function ofthe lipophilic substituent constant ir

of the 7-position substituent

The curves shown in this figure and Fig. 2 were

obtained by computer fit to a parabolic model, %B =

a2ir2 + a,zr + a), which is used to illustrate the

correlation between binding and lipophilicity. It is

not intended to imply that the actual physical rela-

tionship between these parameters is parabolic.

the extent to which it is bound to plasma
proteins. However, the 1-position methyl

group is actually slightly hydnophilic with

respect to hydrogen (in = -0.07), and when
substituted for hydrogen would not result
in an increase in the bipophibic character of
the molecule and resultant protein bind-
ing.

To incorporate the effect of functional

group interdependence on the extent of
protein binding, the percentage binding

was plotted as a function of the total lipo-
phibic nature of the molecule, as measured
by the summation of the lipophibic substit-

uent constants for substituents in posi-
tions 1, 2, 3, 4, and 7 (�in,,2,3,4,7) (Fig. 2).

Regression analysis was used to derive
Eq. 3.

r r2 n

%B -l3.O&n-2 2.36ir + 0.921 0.848 52 (3)

102.19
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TABLE 2

Hansch and Hammett constants for benzodiazepine substituents

Values ofir were calculated from octanol/water partition coefficients as described in the text. Values of a-

were taken from Jaff#{233}(14).

Substituent Lipophilic c onstant ir a-

R, R2 R3 K, R7 R2.

H 0.00 0.00 0.00 0.00 0.00 0.00

CH3 -0.07 0.51 -0.17

C2H5 0.29 -0.15

C2H4OH 0.17

C==O -1.21”

OH -0.68 -0.61 -0.36

0 -1.58

I 1.26� 0.28

Br 094b 0.23

Cl 0.74 0.23 0.23

F -0.14 -0.24 0.06

NO2 -0.06 0.78

NH2 -1.18 -0.66

(1 From Leo et al. (13).
b From Fujita et al. (12).

also result in substantial changes in the

total molecular electronic configuration by
reducing the resonance interaction of the
B benzene ring with the remaining ring

system.
This hypothesis is supported by obsenva-

tion ofthe binding ofa series of 7-nitnoben-

zodiazepines. The binding of C-4023, pos-
sessing a 2’-chbonine, increased from 85.4%
to 95.2% when the chlorine was moved

from position 2’ to 4’ (C-3344). In C-3344
the 4’-chbonine does not interfere with the
free notation of the B benene ring, so that

the increase in molecular lipophibicity due
to chlorine substitution is not suppressed
by rotational restriction, as in C-4023. In

contrast to 2’-chlonine substitution, substi-
tution of chlorine for hydrogen in position
4’ resulted in an increase in lipophilicity

and protein binding, as was found for 7-

position chlorine substitution; protein
binding of C-3059 increased from 88.9% to
95.2% in the 4’-chbono derivative (C-3344).

To determine whether the protein bind-

ing of the benzodiazepines could be de-

scnibed equally well by the electronic char-
acter ofthe substituents, the extent of pro-
tein binding was regressed against the

summation of the Hammett substituent
constants a- for substituents at positions 1,

3, and 7. All Hammett substituent con-
stants were obtained from the compilation
ofJaff#{233} (14). The resulting equation, Eq. 5,

r r2 n

%B = �81.72a-2 + 47.92a- 0.885 0.782 52 (5)

+ 92.68

indicates that the plasma protein binding

of the benzodiazepines can be adequately
described (r = 0.885) by the Hammett sub-

stituent constant a-. However, the lipo-
philic constant in resulted in a slightly bet-
ten correlation (Eq. 3; r = 0.921).

Expansion of Eq. 3 to the form

%B = a0 + a,in + a2in2 + a:,a-2 + a4a-

was used to incorporate both electronic
and lipophibic substituent character into
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FIG. 2. Extent ofplasma protein binding for ben-

zodiazepines as a function ofsummation ofthe lipo-

philic substituent constant ir for substituents in posi-

tions 1, 2, 3, 4, and 7

the correlation with plasma protein bind-

ing. The regression of the extent of protein
binding against the sumrnation of the lipo-
philic substituent constants for substitu-
ents at positions 1 , 2 , 3 , 4, and 7 and the
summation of the Hammett substituent
constants for substituents at positions 1 , 3,
and 7 resulted in Eq. 6.

%B = _7.lSir2 + 11Th 0.964 0.930 52 (6)

- 38.89a-2 + 24.39cr

+ 99.50

The inclusion in the equation of a term for
the electronic character of the substituents
resulted in a significant increase (F-test)

in the multiple correlation coefficient,
from 0.921 in Eq. 3 to 0.964 in Eq. 6, and

accounted for an additional 7.2% of the
variation in the observed percentage
bound.

Partial differentiation of Eq. 6 with re-

spect to in and a- reveals that protein bind-
ing increases positively with increases in

the total lipophilic character of the substit-
uents up to a limiting in value of 0.08214,

and with their increasing electron-attract-
ing character to a limiting a- value of

0.3135, after which further increases in in

and a- are not reflected in increased pro-

tein binding.
Our findings indicate that the binding of

the benzodiazepines is highly influenced
by the lipophilic character of their substit-
uents and that the albumin binding loci
are of a hydrophobic nature. However, a
good correlation was also observed be-
tween protein binding and the electronic
character of substituents as expressed by
their Harnmett constants. An increase in
the electrophilic character (a-) of the sub-
stituent may lead to reduced availability
for hydrogen bonding of the lone-pair elec-
trons at positions 1 and 2 in the benzodi-
azepine molecule. Presumably this would
result in greater lipophilicity and in-
creased protein binding of the benzodiaze-
pine. Correlation between increased bipo-
philicity and substituent electrophilic
character has been reported previously
(13).

Experimental support is given to the

speculation that the benzodiazepine-pro-
tein interaction is also dependent upon the
proper orientation of the B benzene ring
with respect to the benzodiazepine nucleus
and the albumin binding site.

ACKNOWLEDGMENTS

The authors thank Dr. George C. S. Yu of the

Department of Research Statistics for his valuable

contributions to the statistical analysis of the data

presented.

REFERENCES

1. Goldstein, A. (1949) Pharmacol. Rev. , 1, 102-

165.

2. Brodie, B. B. (1965)Proc. R. Soc. Med., 58, 946-

955.

3. Klotz, I. M. & Walker, F. M. (1948) J. Am.

Chem. Soc. , 70, 943-946.

4. Markus, G. & Karush, F. (1957) J. Am. Chem.

Soc. , 79, 3264-3269.

5. Hansch, C. , Kiehs, K. & Lawrence, G. (1965) J.

Am. Chem. Soc. , 87, 5770-5773.

6. Vandenbelt, J. M. , Hansch, C. & Church, C.

(1973) J. Med. Chem. , 15, 787-789.

7. Bird, A. E. & Marshall, A. C. (1967) Biochem.

Pharmacol. , 16, 2275-2290.

8. Melmer, F. , Kiehs, K. & Hansch, C. (1968) Bio-

chemistry, 7, 2858-2863.



PROTEIN BINDING OF BENZODIAZEPINES 619

9. Fujita, T. (1972)J. Med. Chem., 15, 1049-1056.

10. van der Kleijn, E. (1969) Arch. Int. Pharmaco-

dyn. Ther., 179, 225-250.

11. Brooks, M. A., Bel Bruno, J. J., de Silva, J. A.

F. & Hackman, M. R. (1975) Anal. Chim.

Acta, 74, 367-385.

12. Fujita, T., Iwasa, J. & Hansch, C. (1964)J. Am.

Chem. Soc., 86, 5175-5180.

13. Leo, A., Hansch, C. & Elkins, D. (1971) Chem.

Rev. , 71, 525-616.

14. Jaff#{233},H. H. (1953) Chem. Rev., 53, 191-261.

15. Karle, J. & Karle, I. (1967)J. Am. Chem. Soc.,

89, 804-807.

16. MUller, W. E. & Wollert, V. (1974) Naunyn-

Schmiedebergs Arch. Pharmacol., 284, R-57.

17. MUller, W. & Wollert, V. (1973) Naunyn-

Schmiedebergs Arch. Pharmacol., 280, 229-

237.




