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TABLE 3

Comparison of r eceptor density

Tissue Drug Receptor/cm2 Receptors/cell Ref

Guinea pig atria propranolol 3.9 x 10’ 100,000 25

Guinea pig smooth muscle atropine 2.0 x i0� 16,000 26

Guinea pig atria ouabain 6.0 x iO� - 10

Red blood cells ouabain 0.2-0.9 x 10�’ 270-1200 27, 28

Cat ventricle ouabain 76 x 10’ 5,200,000 “

Cat atna ouabain 46 x i09 1,230,000 F’

a Assuming surface area of 140 �im2/cell (36).

F’ This work. An atrial cell is assumed to be a cylinder 10 sm by 85 .tm with 30% extracellular space (25).

Specific gravity of muscle is assumed to be 1.065. Binding at equilibrium is assumed to represent 85% of capacity.

Calculations for the ventricle are given in the text.

mogenates are similar in every way to the
characteristics of [3H]ouabain binding to
purified and semipurified preparations of
Na�,K�-ATPase, it strongly suggests that
Na�,K�-ATPase is serving as the pharma-
cological receptor for the inotropic effect of

digitalis. These data are not incontroverti-
ble evidence that theme is only one receptor
for cardiac glycosides. It has been suggested
recently that more than one receptor site
may exist in heart (34, 35).

At concentrations of ouabain in excess of
1 /.LM, some of the cat papillary muscles
became arrhythmic and eventually entered
a state of contracture in which developed

force was zero and resting tension steadily
increased. Homogenates from muscles in

this state of contractume bound less [3H]-
ouabain than muscles that had developed
a positive inotmopy indicating that more
receptor sites were occupied in contracture

than in normal or the positive inotropic
state. It is clear that occupation of receptor,
i.e., Na�,K�-ATPase, occurs during both

the therapeutic and the toxic state of the
muscle. Our studies, however, do not shed

any light on whether the toxic effect is a
result of increasing inhibition of Na�,Kt
ATPase, the therapeutic receptor, or
whether theme are additional sites nespon-
sible for the toxic effect, which are occupied
only at higher doses.

The hypothesis (12-15) that Na�,Kt

ATPase is the “toxic receptor” for ouabain

and that some other unknown receptor is
responsible for the inotnopic effect appears

to be untenable based on the following ar-
gument. If the two effects were due to sep-
arate receptors and the toxic receptor were

Na�,KtATPase, then the putative un-
known therapeutic receptor would have to
have an affinity higher than Na�,K�-ATP-

ase since the therapeutic effect occurs in

vivo at lower concentrations of ouabain.
The dissociation constant of Na�,K�-ATP-

ase for ouabain is in the range of 1 and 10
nM, depending upon ligand conditions em-
ployed and species from which the enzyme
is isolated. The affinity of ouabain for the
unknown putative therapeutic receptor
would have to be higher than this. With an

affinity this high, the therapeutic receptor
should be easy to detect using [3H]ouabain.
In spite of numerous attempts, the only

membrane or tissue fraction to which oua-
bain binds with such a high affinity is the
Na�,K�-ATPase. It should be emphasized
that we did not measure Na�,K�-ATPase
activity directly via a standard isolation

and purification scheme. The direct inhi-

bition of the Na�,K�-ATPase enzyme sys-
tem by ouabain has been well documented.
We were interested in determining the nate
and amount of ouabain that was bound to
the homogenate receptors and, therefore,
used a rather mild homogenization proce-
dure and no solubiization by detergents.
This was to prevent any greater dissocia-
tion of pre-bound unlabeled ouabain and to
minimize the disruption of the membrane-

bound enzyme system.
The washout experiments for homoge-

nates of cat papillary muscle do not support
the concept (12) that the positive inotropic
action of cardiac glycosides can be dissoci-
ated from the binding of ouabain and sub-
sequent inhibition of Na�,K�-ATPase. The
cat heart homogenates, which bind cardiac
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glycosides with a high affinity, demonstrate
that the pre-bound ouabain can be washed
from the muscle with a decrease in the

observed positive inotmopic state.
A high correlation between the positive

inotropic effect and binding of ouabain to

Na�,K�-ATPase has now been observed us-
ing guinea pig Langendorff preparations
(17, 18), intact dogs (16), and now cat pap-

illary muscles. In hearts from these species,
it appears that the Na�,K�-ATPase mem-
brane system is serving as the pharmaco-

logic receptor for digitalis.
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SUMMARY

MAES, V., J. HOEBEKE, A. VERCRUYSSE, AND L. KANAREK: Optical studies into the

nature of the high affinity binding site of human serum albumin for phenylbutazone.

Mol. Pharmacol., 16, 147-153 (1979).

‘he binding of phenylbutazone to human serum albumin was investigated by UV
ifference-spectroscopy. From those measurements at two different wavelengths an
ssociation constant of 6.5 x i05 M� at 27.5#{176}was calculated. The intrinsic tryptophan

uorescence of human serum albumin was quenched by binding of phenylbutazone. This
uenching was not due to absorption or nonradiative energy transfer, but to a direct
erturbation of the molecular environment of the fluorophore. Fluorescence measure-

ients allowed us to calculate the binding parameters of the phenylbutazone-albumin
iteraction and to evaluate the thermodynamics of the binding. The association constant

anied from 6.2 to 9.5 x i05 M’ at temperatures from 18#{176}to 45#{176}corresponding with free
nergy changes from -7.7 to -8.7 kcal/mole. The reaction is endothermic (�H = +3.0
cal/mole) and strongly entropy-driven (�S = +36.8 e.u.). This is characteristic for a
ydrophobic interaction with solvent perturbation. Spectrophotometric and fluorescence
ieasurements both suggested that upon binding, phenylbutazone forms a �r-i� complex
rith the tryptophan residue of the protein. This points toward the presence of that

esidue in the high affinity binding site. Yet the alternative hypothesis of a conformational
hange in the protein Causing the optical changes could not be definitely excluded.

INTRODUCTION

Drug-albumin binding is a very impor-
LIlt factor in the pharmacodynamics and
te toxicology of a drug. It is of great inter-
st to examine the physico-chemical as-
ects of the drug-albumin interaction in
rder to get information on the nature of

ie binding. The anti-inflammatory agent
henylbutazone is an acidic drug with high
unity for albumin. The binding of this

I Viviane Maes, whom reprints are available at

ienst Toxicologie, V.U.B., Laarbeeklaam 103, B 1090

russels.
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compound has been investigated mainly by
equilibrium dialysis (1-5). In these publi-
cations the authors agree on one binding
site with high affinity for phenylbutazone.
Chignell (3, 4) found two secondary sites
while Wagner (5) reported eight weaker
binding sites. In his optical studies of the
phenylbutazone-albumin complex, Chignell
(3) advanced several indications that the
interaction had a hydrophobic character.

In our study, optical methods were used
to gain better insight into the physico-
chemical nature of the binding and the

amino-acids involved. UV difference-spec-

troscopic measurements allowed us to cal-

0026-895X/79/040147-07$02.00/0
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bumin.

culate an approximate value of the associ-
ation constant of phenylbutazone and

pointed out the role of the tryptophan res-
idue in the binding. It was further observed

that the intrinsic fluorescence of the protein
was quenched by binding of phenylbuta-

zone. Fluorescence measurements were

therefore used to investigate the binding
characteristics, affording a more rapid and
less tedious method than dialysis for the

thermodynamic equilibrium studies of the

drug-albumin interaction. The results a!-
lowed us to compute the values for the free

energy, the enthalpy and the entropy

changes of the reaction. These results con-
firm that phenylbutazone is bound to the
protein in a hydrophobic environment. The
observed optical changes strongly suggest

that the tryptophan residue forms a i�-i�

complex with phenylbutazone and is there-

fore an essential pant of the binding site.
However, we could not refute the altemna-
tive explanation that our observations are
indirect effects due to a drug-induced con-
fonmational change.

MATERIALS AND METHODS

Materials. Human serum albumin (es-
sentially fatty acid free, less than 0.005%;
prepared from fraction V human albumin)
was obtained from Sigma Chemical Com-
pany (n#{176}A-1887). The concentration of
HSA2 solutions was checked spectrophoto-
metrically at 280 nm using an extinction

coefficient of E�m 5.3. All solutions were
made in sodium phosphate buffer (0.01 M,

pH 7.4, containing 0.9% NaC!). The albu-
mill solutions (20 ml) were dialysed for 12
hours against buffer solution (1L) and fil-
tered through Millipore filter (pore size .22
j�t) before use. Phenylbutazone was kindly
provided by Drs. Kebemle and Scheibli of

Geigy Pharmaceuticals.
Titrations with difference spectrum

measurements. Spectrophotometric mea-
surements were performed with a Unicam

SP 1750 ultraviolet recording spectropho-
tometer. A solution of phenylbutazone 500

jiM was prepared in buffer containing HSA
15 jiM. Ahquots (10, 20 and 100 jil) of this

2 The abbreviation used is HSA, human serum al-

solution were added to 2 ml of a HSA
solution of the same concentration. After
each addition the absorption of the HSA-
phenylbutazone mixture was measured at
285 nm and 265 nm. Blanks were made up
in the same conditions without HSA. All
measurements were made at 27.5#{176}in a them-
mally regulated cell. Each titration was per-
formed twice independently.

Titrations with fluorescence measure-

ments. Fluorescence was measured with a
JY-3 (Jobin-Yvon) spectrofluomometer

equipped with a thermally-regulated cell. A
solution of pheny!butazone 100 jiM was pre-
pared in buffer containing HSA, 1.5 jiM.

Aliquots (5, 10, 20 and 100 jil) of this solu-
tion were added to 2 ml of a HSA solution
of the same concentration to obtain a molar
drug to albumin ratio ranging from 0 to
about 13. After each addition of phenylbu-
tazone the protein fluorescence spectrum
was recorded using an activation wave-
length of 290 nm. The maximum fluores-
cence-values at 335 nm were noted. Band-
widths of excitation and emission were both
10 nm. The titrations were performed four
times independently at different tempera-
tures (18#{176},28#{176},37#{176}and 45#{176}).

RESULTS

Spectrophotometric measurements. The
binding of phenylbutazone to HSA genem-
ates a difference spectrum with a maximum

at 285 nm. The L�OD was calculated as the
difference between the measured OD and
the sum of the OD of the free components
in the same conditions. The addition of
phenylbutazone to HSA leads to a progres-

sive increase in AOD, reaching a maximum

at saturation of the albumin (Fig. 1). All
calculations were made assuming that only
binding at the high affinity site, mentioned
by several workers, was responsible for the

observed optical changes. In order to cal-
culate the fractions of bound and free li-
gand, absorption measurements were per-
formed at the maxima of free phenylbuta-
zone (265 nm) and the HSA-phenylbuta-

zone difference spectrum (285 nm). In this
way two equations with two unknowns, the
molar concentrations of bound and free li-

gand, could be formed. The observed opti-
cal density (OD0�) can be considered as the
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FIG. 1. Scatchard plot for the binding of phenyl-

butazone to HSA measured by UV difference spec-

troscopy

(A) r = number of moles phenylbutazone bound per

mole albumin, C = molar concentration of free phen-

ylbutazone. Calculation of the best fit yielded a cor-

relation coefficient of0.94. Binding measurements and

calculations are described under MATERIALS AND

METHODS and RESULTS, respectively. (B) Optical den-

sity differences at 285 and 265 nm generated when

phenylbutazone is bound to HSA. The concentration

of HSA was 15 ftM. Phenylbutazone solution of 500

/LM was added to obtain a molar drug to protein ratio

of 0-9. Measurements were made at 27.5#{176}.#{149}= 285

nm; X = 265 nm.

sum of the optical densities of the free
albumin, the free ligand and the complex.
This can be written in terms of molar ex-
tinction coefficients

ODob8 ([HSA]606 - [B]) - EHSA

+ [C] - #{128}Phe+ [B] . #{128}complex

OD0b8 [HSA]60� . #{128}HSA

= [C] - EPhe + [B](#{128}compiex- #{128}HSA)

(1)

(2)

where [C] and [B] are the molar concentra-
tions of free and bound ligand respectively,
and [HSA]�00 is the total molar concentra-
tion of HSA. To solve the equations, the
molar extinction coefficients at 265 and 285
nm of all compounds must be known. The
values for free HSA and ligand were di-
mectly obtained from their absorption spec-

tra. The #{128}complex could be calculated from
the experimental data at complete binding

of the ligand (first titration point) or at
saturation of the HSA (last titration point;
Fig. 1). At complete binding of the drug

[Phe]000 = [complex] and

OD0b5 ([HSA]1�,0 - [Phe]�0�) - #{128}HSA (3)

+ [Phe]�06 -

When the albumin is saturated

[HSA]�00 = [complex] and

OD0b8 = ([Phe]�0 - [HSA]��) - #{128}Phe (4)

+ [HSA]00� . �com.

where [Phe]606 is the total molar concentra-

tion of phenylbutazone. The molar extinc-

tion coefficients are assembled in Table 1.
By substitution of these values in equation
(2) for both wavelengths two equations

were obtained from which [B] and [C]
could be derived. Table 2 shows the calcu-
lated values of [B] and [C] together with

their sum. Conformity of the calculated
sum of free and bound ligand and the total

quantity phenylbutazone added in the titra-
tion proves the validity of the calculations.
The binding results were plotted according

TABLE 1

Molar extinction coefficients of HSA,

phenylbutazone and the HSA-phenylbutazone

complex at 265 and 285 nm

#{128}305 #{128}255

HSA 26,900 29,800

PheH,O 20,300 10,300

Pheethanol 23,100 15,800

Complex 49,600 49,300

TABLE 2

Bound and free phenylbutazone concentrations as

calculated from the UV difference spectra

[Phe]�011’ [B]�’ [C]� [B] + [C]

(M X 106)

2.49 2.64 -0.15 2.49

4.95 4.59 0.53 5.12

7.39 6.48 1.23 7.71

9.80 8.18 2.08 10.26

14.56 10.40 4.77 15.17

19.23 11.88 8.10 19.98

23.81 12.72 12.03 24.75

45.45 15.33 30.60 45.93

65.22 16.33 49.17 65.50

a Total molar concentration of phenylbutazone

added.
b Molar concentration of bound phenylbutazone

calculated from Eq. (2)

C Molar concentration of free phenylbutazone cal-

culated from Eq. (2).
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to the method of Scatchard (6) using the
equation

r
- = nK - rK

where r = the number of moles of ligand

bound per mole protein, n = the number of

binding sites, K = the association constant
and C = the concentration of free ligand.
From the results of these spectrophotomet-

ric measurements an association constant

K = 6.5 ± 0.9 x i0� M’ was calculated (Fig.
1).

Fluorescence measurements. With in-
creasing phenylbutazone concentrations
the intrinsic protein fluorescence progres-
sively decreased. The successive spectra
show a shift in emission maximum from 335
nm, the tryptophan maximum (7), to

shorter wavelengths. This indicates that
the quenching occurs at the higher wave-
lengths, thus involving the tmyptophan res-

idue.
Corrections for the quenching due to the

inner filter effect were calculated according

to Parker (8), using absorption values at
290 nm of 0.03 for 1.5 jiM HSA and 0.6 forio�M phenylbutazone. After this comrec-
tion for self-absorption, the actual quench-
ing of the fluorescence by the bound drug
was obtained (Fig. 2). Quenching was de-
fined as Q = 1 - F/F(, where F0 and F are

the corrected fluorescence values of the

HSA-solutions and the HSA-phenylbuta-
zone mixtures respectively. In further cal-

culations the mean values of the different
titmations at one temperature were used. At
low molar phenylbutazone to albumin ma-

tios, the fluorescence steadily dropped to a
limit value indicating a saturation of the
drug binding. The relative quenching in-

creased with the temperature. Maximum
quenching values were determined by ex-
trapolating the mean corrected values ac-

cording to Wallach (9). The plots of the
reciprocal of the quenching versus the me-
ciprocal of the drug concentration were lin-

ear (Fig. 3). The maximum quenching val-
ues at the four temperatures were not sig-
nificantly different; therefore, the mean
value of 62 ± 2% was used further. The

fraction of bound phenylbutazone at each
titration point was calculated using the for-

mula

(5) �

� so,

� �

401

L� . � . �--� - . _
2 1. 6 8 10 12 16

MOlE RATIO (Drug/ Protein)

FIG. 2. The quenching of the fluorescence of HSA

by the binding of phenylbutazone at two differeni

temperatures

The concentration of HSA was 1.5 sM. Curves a

and b represent mean corrected values at 18#{176}and 37#{176},

respectively. The activation and emission wavelengtha

were 290 and 335 nm. Bandwidths were 10 nm.

0

10

#{248}�1-

-� �0 �

DRUG1(M U 1Q5)

FIG. 3. Plot of reciprocal of fluorescence quench-

ing at 335 nm versus reciprocal of phenylbutazone

concentration at 18#{176}(a) and 37#{176}(b)

The values were corrected for self-absorption. HSA

concentration was 1.5 �zM. Activation and emission

wavelengths were 290 nm and 335 nm. Bandwidths

were 10 nm. The intercept at 1/drug concentration: 0

gives the reciprocal of the maximum quenching value

for infinite ligand concentration. Correlation coeffi-

cient of the best fit � .996 at 18#{176}and .997 at 37#{176}.

[B]=*x 1.5jiM (6)

where [B] = bound phenylbutazone, Q
the quenching of the HSA-phenylbutazone
mixture, Qm = maximum quenching for the
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1.5 jiM HSA solution. These binding data

were plotted according to Scatchard (6).

For each temperature the Scatchard plot
was linear with an intercept of about 0.9 at

the r-axis which indicated the presence of
one binding site (Fig. 4). Table 3 shows the
binding parameters calculated from the
Scatchard plots. The Hill coefficient at the
different temperatures was calculated as-

suming the Hifi plot was linear (Table 3).
he plots (Fig. 4) denoted a Hill coefficient

ending to 1.00 at low ligand concentrations.
he top of the plot was slightly curved.

his indicates that at low drug concentra-
ion, binding occurs to one independent

ite; at higher ligand concentration, second-
binding sites take part in the drug bind-

g(10).
The association constant increased with

he temperature. An enthalpy change i�H
f +3.0 ± 0.6 kcal/mole was determined

om a Van ‘t Hoff plot with correlation
oefficient 0.961. The binding of phenylbu-

one to HSA is an endothermic reaction.
he free energy change i�G, calculated from

m�

. S

35 � �--- -�

FIG. 4. Scatchard plots (A) and Hill plots (B) for

�he binding ofphenylbutazone to HSA

Binding was measured by fluorescence titration at

[8#{176}(#{149}),28#{176}(0), 37#{176}(x) and 45#{176}(A). Correlation

Doefficients of 1.00, 0.99, 0.99 and 1.00, respectively,

were calculated for the Scatchard plots. At the top the

Flifi plots clearly show a deviation from the theoretical

plot with coefficient nH = 1. r = number of moles

phenylbutazone bound per mole albumin. C = molar

�oncentration of free phenylbutazone. B = molar con-

�entration of bound phenylbutazone. Bm maximum

molar concentration of bound phenylbutazone.

TABLE 3

Binding parameters and free energy change for the

binding ofphenylbutazone to HSA at different

temperatures

Temper-
ature

18

Association
constant K

(M’)

6.2 ± 0.1 lOF’

Number
of sites

.84

Hill coef-
ficient

.728

Free en-
ergy

change �G

(kcal/mole)

-7.7

28 6.5 ± 0.2 lOF’ .89 .774 -8.0

37 8.0 ± 0.2 i0� .92 .826 -8.4

45 9.5 ± 0.2 lOF’ .89 .742 -8.7

the thermodynamic relationship i�G =

- RT1nK, is given in Table 3. The negative

z�G values indicate that the complex for-
mation is favored notwithstanding the en-
dothermy of the reaction. It means that the
high positive entropy charge, �S = +36.8
e.u. calculated from the formula AS =

- ThS, is the driving force for the binding

of phenylbutazone to HSA.

DISCUSSION

Upon binding to HSA the absorption of
phenylbutazone shifts to a longer wave-
length with an increase in intensity, leading

�.. � to a difference spectrum with a maximum
at 285 nm. Our findings are in agreement

. .. with those of Chignell (3). He suggested
. . .. that the spectrum was generated by the

movement of the phenylbutazone phenyl

rings from an aqueous to a more hydropho-
bic environment as the spectrum is similar
to the difference spectra of the drug dis-
solved in 95% ethanol or 0.05% cetrimide
(3, 11). However, after quantitative com-
panison of the L�OD at 285 nm of the phen-
ylbutazone-HSA complex and phenylbuta-
zone dissolved in ethanol (made alkaline
with a trace amount of NaOH to convert

all molecules into their enolic form) we
found a greater molar I�OD for the complex
(Table 1). This suggests that the environ-
ment of phenylbutazone in the protein mol-
ecule is more hydrophobic than in ethanol

or that possibly changes in the protein mol-
ecule, more specifically in the environment
of the tryptophan residue, contribute to the
difference spectrum.

From the experimental data the molar

extinction coefficient of the ligand-albumin
complex could be obtained. By measuring
at two wavelengths, characteristic for the
bound and free forms of phenylbutazone,
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we were able to calculate the fractions of

bound and free drug in the experiments and
combine them in a Scatchard plot (Fig. 1).

The rather high standard deviation of
the association constant calculated from
the UV difference-spectroscopy is due to
the low sensitivity of this method.

Since spectrophotometric measurements

suggest a change in the tmyptophan char-
acteristics of the protein molecule, it was
decided to investigate whether a binding
study could be performed by fluorescence
measurements. Human serum albumin con-

tains only one tryptophan residue (12-14)
that emits fluorescence with a maximum at
335 nm by excitation at 290 nm (7). This

fluorescence is quenched by the binding of
phenylbutazone. The fluorescence titra-

tions were used to derive the binding pa-
mametems according to Scatchard. The me-
sults correspond with the values reported
by other workers. Using equilibrium di-
alysis with radioactive ligand at 37#{176},Wag-
ner (5) found one binding site of high affin-
ity (K1 = 4.61 x i05 M’) and eight weaker
binding sites (K2 1.61 x i03 M’). Chignell

(4) reports one high affinity site (K1 = 1.0
x 106 M’) and two secondary sites (K2 = 3
x i0� M’). The binding site with strong

affinity for phenylbutazone mentioned by
both authors corresponds with the site me-
sponsible for the fluorescence quenching.

The fact that defatted albumin was used
may explain why the association constant

is higher than the value reported by Wag-
nem, as it is known that fatty acids compete
with phenylbutazone for binding on human
albumin (2). The presence of secondary
sites is suggested by the aspect of the Hill
plot, showing a slight curvature in the con-
centration range where binding at these
sites may start.

The association constant obtained from

the spectrophotometric measurements (at
27.5#{176})is in good agreement with the value
calculated from fluorescence quenching at

28#{176}.
The thermodynamic analysis indicates

that the binding of phenylbutazone to the

high affinity site of human albumin is en-
dothemmic and strongly entropy-driven.
This is characteristic for a solvation dis-
turbance at a hydrophobic site (15).

Warfarin, an anticoagulant of the cou-

main type, is known to compete with phen-
ylbutazone for the same binding site on

human albumin (2, 16-18). Thenmody-
namic analysis of the warfarmn-albumin in-
teraction (19) revealed that the binding was

based on hydrogen bonds (negative z�H)
and hydrophobic interactions (positive z�S).

So although both drugs bind at the same
site, the physico-chemical interactions at
the molecular level appear to be of a differ-
ent nature.

Both optical measurements strongly sug-

gest that upon binding to HSA, phenylbu-
tazone affects the electron structure of the
albumin tryptophan residue.

As the drug exhibits no absorbance at
wavelengths above 310 nm, there is no ap-
preciable overlap of the emission spectrum

of the protein and the absorption band of
phenylbutazone. Therefore it is not likely
that the quenching phenomenon is due to
nonradiative energy transfer (20), as was

claimed for the fluorescence quenching of
HSA by binding of the nitro-derivative of

phenylbutazone (21). The increase in ab-
sorption at 290 nm (the activation wave-
length) due to the drug-albumin complex
formation is negligible for the concentra-
tion used irs the experiments and cannot be
the cause of the observed fluorescence dec-

rement. The excitation spectrum of a HSA-
phenylbutazone mixture shows no shift in
wavelength compared to that of the free

protein. This excludes the possibility that
the bound drug prevents excitation of tryp-
tophan by incident light. We finally con-
cluded that the quenching had its origin at

the source of the fluorescence emission
namely in a direct perturbation of the flu-
omophore.

Together with the spectroscopic obsem-

vations this suggests that upon binding to
the protein, the phenylbutazone molecule
comes in the direct proximity of the tryp-
tophan residue. The ligand possibly influ-
ences the #{182}-electrons of the indole ring: a
IT-IT complex is formed between tryptophan

and phenylbutazone (causing the observed
optical changes) (22). This implies that the
tryptophan is part of the binding site of
phenylbutazone and that only binding at
this site results in the observed optical
changes.

Various authors already have suggested
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that the single tryptophan residue in hu-
man albumin is part of the major binding
site. In their reports Swaney and Klotz (23)
and Lindup (24) cite several workers sup-
porting this conclusion. In his review deal-

ing with fatty acid binding to plasma albu-

mm, Spector (25) points out the importance
of hydrophobic interactions in the binding
of large organic anions and the presence of
tryptophan in the binding area.

An alternative explanation for the spec-
troscopic and fluorescence changes cannot
be definitely excluded. Upon binding, phen-
ylbutazone could induce a conformational

change in the protein, causing quenching
groups to move into the adjacent area of
the tryptophan residue. The thermody-

namic analysis strongly suggests the hydro-
phobic nature of the phenylbutazone-HSA
complex which is in agreement with the
presence of the hydrophobic tryptophan
residue in the binding site.
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SUMMARY

JOHNSON, DAVID A., ROGER COOKE, AND HORACE H. L0H: Effect of opiate agonists
and antagonists on lipid bilayer fluidity. Mol. Pharmacol. 16, 154-162 (1979).

To determine whether opiates increase the fluidity of lipid bilayers that contain opiate-
binding lipids, multilamellar bilayems composed of dipalmitoylphosphatidylcholine and 1
mol % cerebroside sulfate, phosphatidylsenine, 1-phosphatidylinositol, or 1-phosphatidyl

4,5-bisphosphate were formed. The effect of morphine, naloxone, levorphanol, and dex-
trophan on the main phase transition temperature was determined by measuring the
partition of the spin label, 2,2,6,6-tetramethylpiperidine-1-oxyl, between the aqueous and
fluid hydrophobic phases. Although the addition of 1 mol % cerebroside sulfate rendered
the bilayens sensitive to the fluidizing effects of drugs, no correlation was #{149}observed
between the fluidizing and analgesic effects. To show that this lack of correlation was not
dependent on the lipid concentration, the experiments with cemebroside sulfate were
repeated by measuring the main phase transition temperature with the fluorescence
depolarization of 1,6-diphenyihexatriene incorporated into the bilayers. The results of
these experiments also showed no correlation between fluidizing and analgesic effects.
Hosein et al. (Biochem. Biophys. Res. Comm., 78: 194-201, 1977), using differential
scanning calorimetry, showed that opiates specifically affected a phase transition in brain
lipid bilayers and that this effect required an ether precipitate rich in cemebmoside sulfate.
Since we found no specificity in the ability of opiates to increase lipid fluidity of bilayers
that contained cerebmoside sulfate, the work of Hosein et al. was repeated by monitoring
fluidity with 1,6-diphenythexatriene incorporated into the bilayers. Even 1 ms�i morphine
failed to alter the polarization of 1,6-diphenythexatriene, indicating that theme were no
alterations in bulk hydrocarbon fluidity. Because the depolarization of 1,6-diphenylhex-
atriene monitors the bulk hydrocarbon region and differential scanning calorimetry
monitors the whole system, our results suggest that the alterations in the phase transition
observed with differential scanning calorimetry do not occur because of “melting” of the
bulk hydrocarbon regions of lipids.

INTRODUCTION and physical dependence. One focus of me-

Recently there has been renewed interest search has been on the identification of
in the molecular mechanism of action of those biomolecules directly involved in the

opiates in producing analgesia, tolerance, action of opiates (1-4). A number of obser-
. . vations implicate an endogenous lipid cer-
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it is the major binding component in one
putative receptor isolated from mouse brain
(5); (b) the binding of opiates to CS is
saturable and stemeoselective, and the affin-
ity of a large number of opiates for CS

correlates remarkably well with their phar-
macological potencies (6, 7); (c) azure A, a
dye which has high affinity for CS, compet-

itively inhibits opiate receptor binding and

increases the ED�o for morphine when in-
jected intraventricularly (8); (d) jumpy
mice, which have low CS levels, are resist-
ant to the effects of morphine and show a

decrease in the number of opiate binding
sites (8); and (e) cerebroside sulfatase (EC
3.1.6.8) treatment of rat brain synaptic
membranes abolishes about 50% of the stem-
eospecific opiate binding (9).

Because opiates bind to CS and because
membrane fluidity has been linked to many
membrane processes (10, 11), we hypothe-

sized that opiates effected analgesia by
binding to CS in membranes and in turn
altering membrane fluidity. Hosein et al.

(12), using differential scanning calorimetry
(DSC), reported that opiates specifically

increase brain lipid fluidity and that this
effect required an ether precipitate rich in
CS (5). We, therefore, attempted to deter-
mine whether a small amount of CS (com-

parable to the amount in the synaptic and
microsomal membranes (14) incorporated
into lipid bilayers would render lipid mem-

branes sensitive to the fluidizing action of
opiates. Since the main phase transition
temperature of lipid bilayers is sensitive to

changes in fluidity (16), we studied the main
phase transition temperature of lipid bilay-
ems composed of dipalmitoylphosphatidyl-
choline (DPPC) and 1 mol % CS with two
methods: (a) the partitioning of the spin

label, 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), between the aqueous and fluid

hydrophobic phases (16), and (b) the steady
state fluorescence depolarization of 1,6-di-
phenylhexatriene (DPH) incorporated into

the bilayers (13, 17, 18). We found that
when CS was incorporated into bilayers,

peridine-1-oxyl; DPPC, dipalmitoylphosphatidylcho-

line; Tm, main phase transition temperature; Tp, pre-

transition temperature; EPR, electron paramagnetic

resonance.

opiate agonists and antagonists could flu-
idize the bilayers; however, there was no
correlation between their analgesic activity

and their ability to fluidize the lipid bilay-
ers.

Since we could not show any specificity

in the ability of opiates to increase lipid
fluidity of bilayers that contained CS, we

attempted to verify the work of Hosein et

al. (12) using another method, fluorescence
depolarization of DPH incorporated into
the brain lipid bilayers. However, when we

examined the ability of as much as 1 m�i
morphine to alter the polarization of DPH,
no changes were observed, indicating that
there were no alterations in the bulk hydro-
carbon fluidity.

Because the measurement of the fluores-

cence depolarization of DPH monitors the
bulk hydrocarbon region and the DSC
monitors the whole system, including lipid-
lipid, lipid-protein and protein-protein in-

temactions, our data suggest that the alter-
ations in the phase transitions observed
with DSC may be due to changes in the

melting of proteins or in proteins interact-
ing with lipids, and not to the melting of
the bulk hydrocarbon regions of lipids.

MATERIALS AND METHODS

Materials. 1,2-Dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) was pun-
chased from Calbiochem; 1-phosphatidyli-
nositol was obtained from Sigma Chemical
Co.; phosphatidylserine was purchased
from Miles Laboratories; and 1,6-diphenyl
1,3,5-hexatriene was obtained from Aldrich.
Cerebmoside sulfate was purified from bo-

vine brain following the method of Fluharty

et al. (19) and 1-phosphatidylinositol 4,5-
bisphosphate by the method of Johnson et
al. (20). 2,2,6,6-Tetmamethylpiperidine- 1-
oxyl (TEMPO) was synthesized following
the method of Rozantezev and Neiman
(21). Dextrophan and levorphanol tartrate
were generously donated by Hoffman-

LaRoche; naloxone hydrochloride by Endo
Laboratories. Morphine sulfate was pun-
chased from Mallinckrodt. All other me-
agents were reagent grade and were used
without further purification.

Preparation of lipid bilayers. Lipids dis-
solved in an organic solvent were rotary




