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SUMMARY

Binding equilibria of 12 nonsteroidal, anti-inflammatory substances, salicylic acid, di-
flunisal, phenylbutazone, azapropazone, fenbufen, biphenylacetic acid, naproxen, flurbi-
profen, ibuprofin, diclofenac, indomethacin, and benoxaprofen, to defatted human serum
albumin has been investigated at 37°, pH 7.4, in a sodium phosphate buffer, 66 mM, by
means of equilibrium dialysis and, in case of salicyclic acid, by dialysis rate determina-
tions. Cobinding of each of these drugs with monoacetyl-4,4’-diaminodiphenyl sulfone,
warfarin, and diazepam has been studied by measuring dialysis rates of the last-mentioned
ligands. Cobinding of each drug with bilirubuin was investigated by two techniques,
equilibrium dialysis against albumin with and without bilirubin, and by measuring rates
of oxidation of free bilirubin with hydrogen peroxide and peroxidase. Results were
analyzed in quantitative terms. The use of a site-oriented description versus a stoichio-
metric analysis is discussed. The stoichiometric description is preferred for the following
reasons: (a) Simple relations exist between the percentage of bound drug at low drug
concentrations and the first stoichiometric binding constant. (b) The stoichiometric
description does not imply that preformed binding sites are present in the albumin
molecule. (c) A quantitative, stoichiometric analysis of multiple cobinding of two ligands

is possible.

INTRODUCTION

Serum albumin binding equilibria of a ligand, X, are
usually described by Scatchard’s equation (1).

n

=\ _xk

where ry is the average number of bound ligand molecules
per molecule of albumin, x is the free ligand concentra-
tion, and n is the number of binding sites. The binding
isotherm is characterized by numerical values of the site
binding constants, k;. Alternatively, the stoichiometric
binding equation can be used (2),

- XK1 + 2xzk1K10 SXsK‘&/g# oo *’anKquK"" K
R= Tk - kK KKK s KKK K,

(2)
reporting the stoichiometric binding constants, K;. N is
the maximal number of ligand molecules bound. Expe-
rience from numerous studies has shown that both equa-
tions are suitable for describing binding of a ligand to
albumin in pure solution as well as in blood pldsma,
Scatchard’s equation being more widely employed.

Scatchard’s equation has been deduced for a carrier
having a number of independent sites, while the stoichi-
ometric equation is valid whether sites are present or not
and irrespective of cooperativity or anticooperativity of
binding. Most drugs appear to interact primarily with
one of two loci. Site I and Site II (3, 4). Although a few
exceptions are known, the concept of Site I and Site II
has proven its value in classification of drugs according
to binding characteristics and seems to be useful for
prediction of drug competition, an otherwise bewildering
area. This speaks in favor of using a site-oriented de-
scription.

The present paper reports serum albumin binding data
for a group of nonsteroidal anti-inflammatory agents.
Cobinding of these substances with bilirubin, MADDS,!
warfarin, and diazepam has also been studied. Bilirubin,
MADDS, and warfarin served as marker ligands for Site
I and diazepam for Site II. The validity of the Site I and
Site II models for characterization of primary binding of
these drugs is tested, and the feasibility of a site-oriented
analysis of multiple binding versus a stoichiometric de-
scription is discussed.

1 The abbreviations used are: MADDS, monoacetyl-4,4’-diaminodi-
phenyl sulfone; TLC, thin-layer chromatography.
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STOICHIOMETRIC BINDING THEORY

Binding of one ligand. Multiple binding equilibria of a
homogeneous ligand to a homogeneous carrier in the
absence of other ligands are described by the stoichio-
metric binding equation, Eq. 2 (2).

The K values in this equation, with certain limitations
as mentioned later, can be found by curve fitting to
experimental binding data. The binding constants are
related to the more familiar Scatchard’s constants as
described by Fletcher et al. (5).

Equation 2 can be simplified if we define

Q= /(‘Ka,(,..../(‘

and
a, = 4
and obtain
ihx“o‘
-l
k=N
Z x“ah
hsO

The concentration of the stoichiometric complex, PX;,
is defined as the total concentration of all complexes
containing one molecule of carrier and i ligand molecules,
irrespective of whether the ligand is bound to specific
sites or is dissolved in or adsorbed to the carrier molecule.
This concentration is

¢

[Px] -_NXA P
Z x*a, 3)

h=0

where P is the total carrier concentration.

If the amount of bound ligand is small compared with
that of the carrier, and if the binding is not strongly
cooperative, Eq. 2 simplifies to rx = xK,. The first
stoichiometric binding constant, K,, is thus equal to the
ratio of bound, B, to free ligand, divided by the carrier
concentration, K, = (B/x)/P for small ligand concentra-
tions, a useful relationship in practical pharmacology
when binding of a drug is described by the percentage of
bound substance in normal plasma. It should be noted
that the relationship of Scatchard’s binding constants to
the percentage of bound drug is more complex since the
first stoichiometric binding constant equals the sum of
all of Scatchard’s constants,

K, = (B/X)/P-il:- for xx p 4

o

Binding of two ligands. Multiple binding of two ligands,
X and Y, to a carrier, P, occurs according to Scheme 1,
where PX,Y; denote stoichiometric complexes. The stoi-
chiometric equilibrium constant, K,;,, is the binding
constant for one molecule of X to the complex PX;_,Y;,
and K;); is the binding constant for one molecule of Y

to the complex PX;Y;-,. The maximal numbers of mol-
ecules bound of the two ligands are N and M.

Scheme 1 contains 2NM+N+M binding constants. A
cyclic process in one square, whereby a complex binds
one molecule of X and one molecule of Y and then
dissociates one X and finally one Y, must have the
equilibrium constant 1. This means that

Ki"l 9)] K(£'1)j'1
K.

Cet1(jen

=1 (5)
K(i)jo‘l

If three binding constants in one square are known, the
fourth can thus be calculated. The total equilibrium is
therefore defined by NM+N+M binding constants. In
the following deduction, we choose to operate with the
binding constants of ligand X to pure albumin, i.e., the
constants in the upper horizontal line of Scheme 1,
Ky . . . Kno plus all of the constants for binding of
ligand Y, i.e., those in columns.

We define as above,

@y = Ky Koy Ksgjy

Agyj = Koa Kina K Koy Qo= 1

The concentration of the complex PX; in the equilib-
rium mixture is then

[PX‘-] = x‘[Pla,,,

and that of the complex PX;Y; is

[PX‘- YJ] = x[P) LHTY 4 ja(c‘)j

when x and y are the free concentrations of the ligands
and [P] is the concentration of the unloaded carrier in
the equilibrium mixture.

The total carrier concentration, P, is then

N
P= [P]Z( of ia"mﬁ Ve iae')j ) (6)
{0 /20

and the concentration of bound ligand X,

M
KXwaa = (P] i( it aimlz ' ia(:y) O

The binding isotherm for X is then described by

N . M )
Z(i" ‘au.); Yaw, )

(=1

Xiwod
,"x- — -

M
P Y (e ra)

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

ALBUMIN BINDING OF ANTI-ANFLAMMATORY DRUGS
P == Ko == PX=Kj0) =—=PX; =—=K319)=—PX;3

)
|

PY = Kin) ==PXY =Kpn) == PXY =Ko =—=PXs¥

I
|

PY, = Ki2) ==PXY2=Kj3(5) ==PXY2=K3=—=PX3Y;

I I

Kion K

| |
I

Koz Kinz
I /|
Ko K

| l

PY; = Kyiz) ==PXY¥;=Kzi3) =—=PXY3=K;13=—=PX3Y;

LN
®e0 000

K

l

139
L PXN

I

Ko

LI )

Kia)2

|

K3

|

LI NN )

PYm
SCHEME 1
and similarly for the other ligand, Y PXY....PXNY. The concentration of bound Y is
N
y - [Px ] X 03
v (x a0 Z‘/ Ry bound )’; ed Min
- - J31 (9)

i i(“'“ i)’lamj)

Equations 8 and 9 describe 3-dimensional binding

isotherms for the ligands X and Y. Numerical values of -

the binding constants, with certain limitations as men-
tioned later, can be obtained by fitting these isotherms
to experimental binding data.

Reserve carrier-equivalent concentration. A complete
description of multiple-binding equilibria for two ligands
to one carrier may be quite complicated, as seen from
the above equations, Egs. 8 and 9. If, however, the total
concentration of one ligand, Y, is low compared with
that of the carrier, and if the binding of Y is not strongly
cooperative, cobinding equilibria of Y with multiple mol-
ecules of X can be characterized easily by determination
of the reserve carrier-equivalent concentration for binding
of Y in solutions containing the carrier and ligand X in
varying proportions. The reserve carrier-equivalent con-
centration for binding of Y has been defined previously
as the concentration of pure (standard) carrier, in a
buffered solution without ligand X, which binds a trace
amount of Y equally tightly as in the test solution con-
taining X (6).

An equilibrium mixture of a carrier, P, with a multiply
binding ligand, X, and a trace amount of ligand Y con-
tains the following stoichiometric species, unloaded P,
and PX, PX,....-PXy besides trace amounts of PY,

A solution of the standard preparation of carrier P in a
concentration equal to the reserve carrier-equivalent
concentration for binding of Y, to which ligand Y has
been added in the same trace concentration as above,
contains the same free and bound concentrations of Y,
according to the definition of reserve carrier-equivalent,

) )’/’K('o)«

where p is the reserve carrier-equivalent concentration
for binding of Y and K’ is the first stoichiometric
binding constant for Y to the standard carrier prepara-
tion. We thus obtain

Z[PX ]ﬁJ (10)
(OH

indicating that the reserve carrier-equivalent concentra-
tion for binding of the trace ligand, Y, is equal to the
sum of concentrations of all stoichiometric species in the
equilibrium mixture, each concentration multiplied with
the first stoichiometric binding constant of Y to the
stoichiometric complex and divided by the first stoichi-
ometric binding constant of Y to the standard prepara-
tion of the carrier.

Equation 10 can be used for determination of numer-
ical values of K;), i.e., the first stoichiometric binding
constants of the trace ligand Y to the series of stoichio-
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metric complexes of ligand X with the carrier. Binding
data for X in the absence of Y are first obtained, and
values of K, the binding constants for ligand X alone,
are found by fitting of Eq. 2. Concentrations of the
stoichiometric complexes, PX;, can then be found from
Eq. 3. The reserve carrier-equivalent concentration for
binding of Y is measured with a constant concentration
of P and with varying amounts of X. Values of K;),/
K’ o) can be found by fitting Eq. 10 to the data.

Energetic coupling of binding of two ligands. An alter-
native way of reporting the interaction of binding of two
ligands is by energetic coupling (7). We presume that the
stoichiometric binding constants for each of ligands X
and Y are known. In Scheme 1 this means that the K
values in the top line and left column are known. For
each square, starting in the upper left corner, we now
need one additional parameter in order to give a complete
description of cobinding. This parameter may be one
additional K value for each square; the fourth K in that
square can then be calculated from Eq. 5. Alternatively,
we can use the energetic coupling, as defined by Weber
(7) for the first square

K, K,
aGyy= RT In 72 = RT In2 (11)
xY Ko K

An energetic coupling value may be analogously defined
for each square.

MATERIALS AND METHODS

Human serum albumin was obtained from AB Kabi (Stockholm,
Sweden) and was defatted with charcoal in acid solution (8) and
lyophilized. Albumin solutions of known molarity were prepared by
weighing of the dry protein, taking the purity as 98% and the molecular
weight as 66,000.

Twelve anti-inflammatory drugs were studied. Sodium salicylate p.a.
was from E. Merck (Darmstadt, Germany). The following drugs were
received as gifts: diflunisal and indomethacin from Dumex, Ltd. (Co-
penhagen); azapropazone from A/S Ferrosan (Copenhagen); fenbufen
and its active metabolite, biphenylacetic acid, from Cyanamid Nordiska
AB (Stockholm); naproxen from Syntex Research (Maidenhead, Eng-
land); flurbiprofen and ibuprofen from Boots Company, PLC (Not-
tingham, England); diclofenac sodium from Ciba-Geigy A/S (Copen-
hagen); and benoxaprofen from Eli Lilly & Company, Denmark Aps
(Copenhagen).

Bilirubin was obtained from Sigma Chemical Company (St. Louis,
Mo.), and was purified according to the method of McDonagh and
Assisi (9). The purified substance was dissolved in 0.5 M sodium
hydroxide and added to a solution of albumin, at pH about 9 in order
to avoid precipitation of bilirubin. The slightly alkaline solution of
bilirubin-albumin was kept in the refrigerator for up to 5 days. Buffer
was added before use. Experiments with bilirubin were conducted under
orange light.

7-[*C]Salicylic acid was obtained from New England Nuclear Cor-
poration (Boston, Mass.). Radiochemical purity cannot be tested sat-
isfactorily by TLC; it is almost impossible to exclude the presence of
1% radioactive impurities, as needed when free/bound salicylate ratios
are between 0.02 and 1. However, binding isotherms obtained with
varying albumin concentrations from 0.1 to 1 mM were identical (Fig.
1). Radiochemical purity of the labeled salicylate was thus sufficient
for our purpose. It is estimated that nonbinding impurities account for
less than 0.2% of the radioactivity, and tightly bound impurities for
less than 4%.

N w
] T

Bound Salicylate /Albumin, M/M

T 5 4 3
log Free Salicylate Conc. (M)

Fi1G. 1. Binding isotherm for salicylate anion to defatted human
serum albumin, sodium phosphate buffer, 66 mM, pH 7.4, 37°

X, Points obtained by equilibrium dialysis, 30 uM albumin, and
varying concentrations of sodium salicylate. All other points were found
by dialysis rate determinations with the following albumin concentra-
tions: O, 100 uM; O, 200 uM; V, 300 uM; A, 500 uM; O, 1000 uM. The
curve was drawn after least-squares fitting of the stoichiometric binding
equation (Eq. 2). The binding constants shown in Table 1 were thus
obtained.

[**C])-Warfarin (3-a-acetonyl[a-'*C]benzyl-4-hydroxycoumarin) was
obtained from The Radiochemical Centre (Amersham, England), and
was purified by TLC and tested. [5-*C]Diazepam was a gift from
Hoffmann-La Roche Ltd. (Basel, Switzerland) and was purified as
previously described (6). [**CJMADDS was kindly prepared by Dr. Chr.
Jacobsen of this institute (6) and was purified by TLC.

A sodium phosphate buffer, final concentration 66 mM (pH 7.4),
was used in all experiments. The temperature was 37°. Indomethacin
was dissolved in ethanol and added to the aqueous solutions to obtain
a final ethanol concentration of 1% (v/v). Other drugs were dissolved
in buffer or in sodium hydroxide solution and then added to the aqueous
buffer. The pH of the final solution was adjusted as necessary.

Binding of One Ligand

Equilibrium dialysis. Binding isotherms of the drugs were obtained
by equilibrium dialysis, using cellophane membranes, cut from dialysis
tubing manufactured by Union Carbide Corporation, Type 32/36.

The time necessary for equilibration was studied with sodium sali-
cylate and with phenylbutazone. Constant concentrations were present
in the time interval from 4 to 8 hr. Dialysis times of 6-8 hr were used.
Equilibrium ligand concentrations were measured in the protein free
solution, by spectrophotometry at light absorption maximum. Linearity
of extinction with varying concentrations was verified with all sub-
stances. Binding of the drugs to chamber and membrane was investi-
gated. It was found that, with diflunisal, 5% of the amount present as
free drug was bound to chamber and membrane. The ratio of chamber-
and membrane-bound drug to the free amount was constant with
varying concentrations within the range studied. Corrections were
made in calculating the albumin-bound drug concentrations. Salicylate
anion was not bound measurably to chamber and membrane at free
concentrations below 200 uM. At 1 mM salicylate, considerable binding
to the membrane was observed. The binding was strongly cooperative,
so that free salicylate concentrations a little higher than 1 mM were
obtained after a 6-hr contact with the membrane, even with large
amounts of salicylate added. Equilibrium dialysis experiments with
salicylate accordingly were limited to concentrations below 200 uM,
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and a different technique (dialysis rate determinations, vide infra) was
resorted to. Remaining drugs did not bind measurably to chamber or
membrane.

Other potential sources of error, i.e., albumin decay, osmosis of
water, leakage of albumin, UV-absorbing impurities from the mem-
brane, unequal distribution of free ligand, or hydrogen ions due to the
Donnan effect, were investigated and found negligible. The average
number, r, of bound ligand molecules per molecule of albumin was
calculated as r = 2(xo — x¢)/P, where x, is the initial ligand concentra-
tion, present in both chambers, xp is the equilibrium ligand concentra-
tion in the protein-free chamber, and P is the albumin concentration.
In experiments with ibuprofen, the albumin concentration was 300 uM;
in all other cases 30 uM. Drug concentrations varied.

Dialysis rate method. The binding isotherm of salicylate was ob-
tained by utilizing a recently developed technique for dialysis rate
determinations (6). Twenty microliters of a solution of [*‘C]salicylate
and albumin in buffer were placed on one side of a cellophane mem-
brane with 20 ul of an identical buffered albumin solution with unla-
beled salicylate on the other side. Dialysis was allowed to proceed for
5 or 10 min, at 37 + 0.3°. Procedures for entering and withdrawal of
the fluids and rinsing were as previously described (6). Concentrations
of 1C on either side of the membrane were measured by liquid scintil-
lation counting. It was found that the time course of the dialysis process

could be described by the following equation:
- -2k(2+¢)

Ky =Xy
X+ X

log

where x, and x; are the C concentrations, ¢ is the dialysis time, and ¢,
is an empirically found constant, which in the present case was 1.92 +
0.23 min. The value of ¢ is related to the procedure of filling, with-
drawal, and rinsing and varies with the substance tested. The velocity
constant, k, is proportional to the fraction of free/total salicylate.
Concentrations of free salicylate can thus be calculated from measured
values of k, after a standard experiment without albumin, dialysis times
5-15 min. Binding of salicylate to chamber and membrane could not
be demonstrated in this technique, not even at free salicylate concen-
trations as high as 2 mM, in spite of the fact that chamber and
membrane materials were the same as those used in the apparatus for
equilibrium dialysis and had a higher surface to volume ratio in the
dialysis rate technique. The process of cooperative salicylate binding
to the membrane seems to progress with time, so that binding is
insignificant within the 15 min of a dialysis rate determination while
large amounts are bound in the 6 hr required for equilibrium dialysis.
Results obtained with the two methods were in good agreement at free
salicylate concentrations below 200 uM, where binding is insignificant
in either technique.

Binding isotherms. Results of binding studies for the 12 drugs are
pictured as bound versus log free drug concentration. The often-used
Scatchard’s plot, picturing bound/free versus bound drug, in all cases
gave curved lines; extrapolation to intersection with either axis did not
allow reasonably accurate determination of the binding parameters;
accordingly, this procedure did not present any advantages and was
not used.

Curve fitting. Binding constants for the various drugs to serum
albumin were found by least squares fitting of K; values in the stoichi-
ometric binding equation (Eq. 2), minimizing s, calculated from the
weighted deviations of f observed points, as follows

i[( % (obs) - r;(calc))//{ (obs)’]z

(=1

=
£f-1

The weighting exponent, g, was given a value between 0 and 1, the
value 0 meaning that deviations were independent of r, and ¢ = 1

indicating that deviations were proportional to r. The magnitude of ¢
was chosen so that an approximately equal distribution of weighted
deviations was obtained over the range of ligand concentrations studied.
An HP 85 desk computer from Hewlett-Packard Company (Corvallis,
Ore.) was programmed for a semiautomatic procedure; values of K; and
q were entered manually, and the weighted deviations were then re-
turned automatically, plotted as a function of log x, together with the
calculated value of s. A new set of K; values, or, in case of obviously
uneven distribution of weighted deviations, a new value of ¢, was then
entered, and this procedure was continued until it was assumed that a
minimum of s, with constant g, was obtained.

Cobinding of Two Ligands

Cobinding of drug and a trace ligand. In the presence of varying
amounts of the anti-inflammatory drugs, we measured the reserve
albumin-equivalent concentration for binding of either of three test
ligands, MADDS, warfarin, and diazepam. The reserve albumin-equiv-
alent concentration for binding of a test ligand in a sample is defined
in the theoretical section. This was determined by adding the isotopi-
cally labeled test ligand in a small concentration to the sample and
measuring its rate of dialysis into an identical sample without added
test ligand. The rate of dialysis is compared with rates obtained with
standard albumin solutions as the sample. Defatted human serum
albumin from KABI was used as a standard.

Cobinding of drug and bilirubin. Binding of the drugs to human
serum albumin in the presence of bilirubin, 0.5 mole/mole of albumin,
was studied by equilibrium dialysis with a bilirubin-albumin mixture
on one side of the membrane. Bilirubin is tightly bound to albumin
and does not diffuse through the membrane.

The equilibrium concentration of free bilirubin in similar mixtures
of albumin, bilirubin, and drug was measured by determining the rate
of bilirubin oxidation with hydrogen peroxide and peroxidase (10). Free
bilirubin is oxidized, not the bound.

Curve fitting. Reserve albumin data (Fig. 3) were fitted by Eq. 10.
The albumin preparation used was the same as the standard albumin
preparation, and hence Kon/K’on = 1. The other ratios of test ligand
binding constants, K,/K’ oy, were denoted Q;, and Eq. 10 could then
be written

pe171 Y [PX] 6, o

(=1

An iterative procedure was developed for least-squares fitting of this
Eq. 12 to observed data. Interaction of multiple binding of each drug
with a trace amount of each of the two trace ligands, MADDS and
diazepam, was thus characterized by a set of Q values.

Data for cobinding of drugs and bilirubin were analyzed by means
of Eqgs. 8 and 9: The binding constants of bilirubin to albumin, Ko,
and K, were calculated from previous work (11) as follows. Scat-
chard’s binding constants under the conditions of the present experi-
ments are k, = 5.5 X 10’ M~ and k, = 4.4 X 10° M~'. A model with
maximally two bound bilirubin molecules and these two binding con-
stants gives an excellent fit to the formerly measured peroxidase
oxidation rates. The first stoichiometric constant, K, is then k, + k;
=59 X 101 M! and the second, K(o)g, is k]kq/(kl + ke) =4.1X 106 M".
Binding constants for the drugs to albumin, K, . . . Kn(), were known
from the present equilibrium dialysis experiments, and the remaining
constants in Scheme 1 were found by curve fitting, as follows.

In the equilibrium dialysis experiments with binding of drug to
bilirubin-albumin, a set of K, values fori = 1..-N and j = 1 and 2
was guessed. For each experimental point, (x, rx), where x is the free
drug concentration, the concentration of free bilirubin, y, was deter-
mined by iteration in Eq. 6 and one analogous to Eq. 7 until the
calculated concentration of bound bilirubin, Yyound, plus the free ap-
proximated the known concentration of total bilirubin, 15 uM. A
tentative value for the amount of bound drug, relative to the albumin
concentration, was then calculated from Eq. 8 and was compared with
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the observed value. All deviations thus calculated were weighted as  stoichiometric binding constants, obtained by fitting Eq.
described above, and the root mean-square weighted deviation was 2 to the observed data, are given in Table 1. All of these
minimized by guessing new sets of Ki, values until a good fit was  gyhstances are bound tightly to human serum albumin

obtained. o with first stoichiometric binding constants ranging from
A similar iterative procedure was used for fitting binding constants 4.8 X 10* M™! for the salicylate anion to 1.9 X 10% M~! for

to the data obtained by the peroxidase studies, calculating the total . Y . .
drug concentration as ayﬁmctiz: of free concentration of bilgirubin and benoxaprOfen' Multlple bmdmg 18 Se.en m all cases, w.lth
comparing the curve with experimental values. as many as 11 bound molecules for diflunisal. Saturation
of the albumin has not been achieved with any of the
RESULTS drugs, and indeed no signs of approaching saturation is
Binding of anti-inflammatory drugs. Binding isotherms seen in spite of the fact that experiments were generally
for the 12 drugs studied are shown in Fig. 2, and the carried to drug concentrations as high as solubility and

Ar o Ar AT 3 F_r o
- o '
_ Salicylate 10k Diflunisal / Phenylbutazone § Azapropazone
3 o 3 -
O,
£t L/
0

2k J A / 2 ‘/
5: @ L /
T /Z/ ! :/ 1-/ /

Loy gteex [ loox , Jlogx | 0, logx
5‘[’7 6 -5 -4 -3 Ar -5 -4 -3 Ar -5 -4 Ar -6 -5 -4
9 8
d °
5 Fenbufen Wk Biphenylacetate ¢ ok Naproxen 5k Flurbiprofen
= / L
‘ AN

| 1 log:x A || 1 | og;x | /| |1°g é I l Ogé
Ar -6 -5 -4 Ar -6 -5 -4 Ar -6 -5 -4 r -6 -5 )
° 51'
é sk
s} |buprofen f g} Diclofenac Indomethacin s} Benoxaprofen
o
/ +
AR /‘, L (] L
> 3t T 3r 9
3 e /0 [} (] /
2F L
.' 3/ 2r 2 ¢
+J
8 2\? 1= f 1+ 1k /
\
®
0 T, . wex|€ | eexfl ogx | ® | oox
CU =45 -40 =35 -6 -5 -4 ) -4 -6 -5 -4

FiG. 2. Binding isotherms for anti-inflammatory drugs to defatted human serum albumin under conditions as in Fig. 1

The concentration of bound drug, divided by the albumin concentration, is pictured as a function of the logarithm of the free drug
concentration. The observed points were obtained by equilibrium dialysis (for salicylate, by dialysis rate), and the curves represent the best fits
of the stoichiometric binding equation (Eq. 2), giving the binding constants in Table 1.
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TABLE 1
Stoichiometric binding constants of anti-inflammatory drugs to defatted human serum albumin (M™")

Sodium phosphate buffer, 66 mm, pH 7.4, 37°

Salicylate Diflunisal Phenylbutazone Azapropazone Fenbufen Biphenylacetate

K, 48,000 500,000 260,000 1,100,000 710,000 1,300,000
K, 12,000 220,000 33,000 100,000 96,000 110,000
K; 1,400 120,000 13,000 11,000 44,000 29,000
K, 470 75,000 5,900 2,900 25,000 13,000
Ks 150 47,000 2,200 15,000 5,900
Ks 28,000 8,900 2,200
K, 16,000 5,000

Ks 7,700 2,100

Ky 4,400

Ko 2,700

Kn 1 ,800

K. 1,200

Kys 730

K 420

Kis 180

Naproxen Flurbiprofen Ibuprofen Diclofenac Indomethacin Benoxaprofen

K, 1,200,000 1,200,000 80,000 550,000 250,000 1,900,000
K, 140,000 140,000 35,000 190,000 100,000 650,000
Ks 48,000 62,000 20,000 87,000 55,000 250,000
K, 18,000 33,000 13,000 42,000 32,000 74,000
K; 6,400 18,000 8,000 22,000 18,000 34,000
Ke 2,100 9,700 5,000 11,000 9,500 17,000
K, 4,000 2,900 4,300 3,900 8,700
Ks 1,300 3,500

practical circumstances would allow. The meaning of the
stoichiometric binding constants is discussed later.

Cobinding of drugs and traces of MADDS, warfarin, or
diazepam. Reserve albumin-equivalent concentration
(defined as in the theoretical section) for binding of
MADDS and for binding of diazepam were measured in
solutions of human serum albumin with various amounts
of added anti-inflammatory drugs. The results are seen
in Fig. 3. Reserve albumin for binding of diazepam is
reduced on addition of small amounts of most of these
agents, in some cases so that addition of a certain molar
amount of the drug results in occupation of an equimolar
amount of albumin, indicating that binding of one mol-
ecule of diazepam is competitive with binding of one
molecule of the drug. In other instances interaction is
less pronounced, and one drug, azapropazone, does not
interfere with binding of diazepam until a molar excess
of azapropazone over albumin has been added. Binding
of one molecule of diazepam and the first molecule of
azapropazone occurs independently.

MADDS is generally more prone to cobinding with
these drugs. Binding of one molecule of MADDS and
one of the drug ranges from independent for naproxen
and a few other agents to a moderately negative inter-
action with azapropazone.

These findings are expressed in quantitative terms by
the Q values of Eq. 12, obtained by curve fitting (Table
2). From Egs. 10, 11, and 12, it is seen that the energetic
coupling of binding of small amounts of the drugs with
small amounts of the test ligands can be calculated as

AQY- RT]Y\01

The values of AGxy for cobinding of each drug with
MADDS, warfarin, and diazepam are listed in Table 3.
A zero value indicates that a complex of albumin and
one molecule of each of the two ligands can be formed in
which the ligands are bound independently. Competition
of binding among the first molecule of each of the two
ligands is signified by the value —o, indicating that
cobinding of the ligands at low concentrations could not
be demonstrated.

Cobinding of drugs and bilirubin. Free bilirubin con-
centrations in equilibrium mixtures of bilirubin (15 uM)
and albumin (30 M) usually increase on addition of
cobinding drugs. This was studied by measuring the
relative concentration of free bilirubin by the rate of
oxidation with hydrogen peroxide and peroxidase. Re-
sults for the 12 drugs are seen in Fig. 4. The reverse
process, displacement of bound drug on addition of bili-
rubin, was investigated by recording binding isotherms
for the drugs to albumin (30 uM) with or without added
bilirubin (15 uM). Examples of these curves are shown
in Fig. 5. Displacement of drug by bilirubin was in most
cases slight, as shown for phenylbutazone, but was con-
siderable with azapropazone.

Curve fitting of the cobinding equations, Eqs. 8 and 9,
showed that a set of binding constants could be found
for 10 of the 12 drugs, describing binding of drug and
bilirubin and producing excellent fits in equilibrium di-
alysis as well as in peroxidase experiments, as illustrated
by the curves in Fig. 4.

Two of the drugs, phenylbutazone and azapropazone
showed marked acceleration of bilirubin oxidation, con-
siderably more than was calculated from the reverse
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ALBUMIN BINDING OF ANTI-ANFLAMMATORY DRUGS

TABLE 2
Values of Q:

Q;, the test ligand binding constant to the stoichiometric complex, PX;, containing i molecules of bound drug, divided by the binding constant
for the test ligand to albumin, was obtained by fitting Eq. 12 to the reserve albumin data in Fig. 3, using the stoichiometric binding constants

from Table 1. Conditions as in Table 1.

Drug Test ligand (X Q. Qs Q Qs Qs — Qn
Salicylate MADDS 0.80 0.50 0 0 0
Diazepam 0.37 0.18 0 0 0
Diflunisal MADDS 0.90 0.90 0.60 0.25 0 0
Diazepam 0.18 0.18 0 0 0 0
Phenylbutazone MADDS 0.71 0.71 0.30 0 0
Diazepam 0.80 0.10 0.10 0 0
Azapropazone MADDS 0.47 0.15 0 0
Diazepam 1.00 1.00 0 0
Fenbufen MADDS 1.00 0.40 0.20 0 0 0
Diazepam 0.11 0.11 0 0 0 0
Biphenylacetate MADDS 1.00 0.70 0.45 0 0 0
Diazepam 0.20 0 0 0 0 0
Naproxen MADDS 1.00 1.00 0.80 0.60 0.50 0
Diazepam 0 0 0 0 0 0
Flurbiprofen MADDS 0.75 0.70 0.20 0.15 0.15 0
Diazepam 0 0 0 0 0 0
Ibuprofen MADDS 1.00 0.50 0.50 0.50 0 0
Diazepam 0.15 0 0 0 0 0
Diclofenac MADDS 0.95 0.85 0.63 0.32 0.10 0
Diazepam 0.10 0 0 0 0 0
Indomethacin MADDS 0.55 0.45 0 0 0 0
Diazepam 0.50 0.20 0 0 0 0
Benoxaprofen MADDS 0.90 0.55 0.20 0 0 0
Diazepam 0.29 0.29 0.29 0 0 0

displacement of drug by bilirubin, as seen in Fig. 4, where
the curves represent the calculated course as obtained
from the isotherms in Fig. 5. Two groups of substances,
phenol and some phenol derivatives, and phenothiazines,
have previously been found to increase the rate of the
peroxidase process out of proportion to the increase in
free bilirubin (12). These substances form free radicals,
oxidizing bound bilirubin, and the same mechanism is
probably responsible for the aberrant findings with phen-
ylbutazone and azapropazone.

Most of the drugs are characterized by not displacing

TABLE 3
Energetic coupling, AGx.y (kcal/mole) of binding of two ligands at low
ligand concentrations to defatted human serum albumin
Conditions as in Table 1.

Bilirubin MADDS Warfarin Diazepam

Salicylate -0.28 -0.14 -0.30 —0.61
Diflunisal 0.00 -0.06 -0.34 -1.06
Phenylbutazone -0.02 -0.21 —-0.88 -0.14
Azapropazone -1.12 -0.47 -0.56 0.00
Fenbufen -0.04 0.00 -0.02 -1.36
Biphenylacetate -0.01 0.00 -0.01 -0.99
Naproxen +0.16 0.00 -0.06 -

Flurbiprofen +0.16 -0.18 0.00 —oo®

Ibuprofen 0.00 -0.02 -1.17
Diclofenac -0.19 -0.03 -0.19 -1.42
Indomethacin -0.20 -0.37 -0.02 -0.43
Benoxaprofen -0.18 -0.06 +0.12 -0.76

°AGx.y < —2 kcal/mole. Cobinding at low ligand concentrations
could not be demonstrated.

bilirubin when the drugs are present in small amounts
and, vice versa, by not being displaced by one molecule
of bilirubin. One or a few molecules of the drugs can thus
be cobound independently to albumin together with one
of bilirubin. Two drugs, naproxen and flurbiprofen, even
increased the binding of bilirubin to a slight but signifi-
cant extent. When larger amounts of drug are added,
bilirubin is displaced in all cases.

Two examples of sets of binding constants for bilirubin
and drug are given in Table 4. The numerical values of
the constants are rather indeterminate, especially in
cases of binding of several molecules of each ligand. The
values given are not to be understood as true binding
constants but serve the sole purpose of reconstruction of
the binding and cobinding isotherms when entered in
Egs. 8 and 9. The best accuracy is found in the upper
left corner, where the first square contains the first
stoichiometric binding constants for bilirubin and for the
drug, when each is bound alone, and the constants for
binding of one molecule of bilirubin when one of the
drugs is already bound. These figures describe the affinity
of binding and mutual interaction of bilirubin and drug
when both are present in small amounts. The mutual
interactions at low bilirubin and drug levels are more
easily rated by energetic couplings, calculated as de-
scribed in the theoretical section and reported in Table
3, first column.

DISCUSSION

Primary binding of one drug. The simplest way of
rating drug binding to serum albumin is by the percent-
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F1G. 4. Cobinding of bilirubin and anti-inflammatory drugs, studied by the rate of free bilirubin oxidation with hydrogen peroxide and peroxidase

The concentration of defatted human serum albumin was 30 uM with

15 uM bilirubin; other conditions were as in Fig. 1. Observed oxidation

rates (O) are plotted as a function of drug concentration. The curves were obtained by least-squares fitting of Eqs. 8 and 9 to the present
peroxidase kinetics data as well as to observed binding isotherms for the drugs to serum albumin with and without added bilirubin, as exemplified
in Fig. 5. With 10 of the drugs, this resulted in good agreement with both types of data and gave sets of cobinding constants, as exemplified in
Table 4. Two drugs, phenylbutazone and azapropazone, gave biliruin oxidation rates considerably higher than could be explained by the free
bilirubin concentration; in these cases, the curves were obtained from fitting to the binding isotherms with and without bilirubin and calculating
the free bilirubin concentrations, using Eq. 6 and an equation analogous to Eq. 7.

age of bound drug. This practice is meaningful when the
drug concentration is low as compared with that of
albumin, and when variations of binding affinity and
albumin concentration as well as interaction with bind-
ing of other substances can be neglected. The first stoi-
chiometric binding constant has a specific meaning in

relation to the ratio of bound drug at low drug concen-
trations (Eq. 4). A similar, simple relationship of Scat-
chard’s binding constants does not exist.

Multiple binding of one drug. At higher ratios of bound
ligand to albumin, significant amounts of complexes with
more than one ligand molecule are formed, and the
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FI1G. 5. Examples of binding isotherms, obtained by equilibrium dialysis, for anti-inflammatory drugs to human serum albumin, (30 uM) with 15

uM bilirubin (@) and without bilirubin (O) under conditions as in Fig. 1

The curves were obtained by least-squares fitting of Eq. 8, giving the sets of cobinding constants in Table 3.

description of binding by a certain percentage becomes
insufficient. Both Scatchard’s equation and the stoichi-
ometric binding equation can be used. The two equations
are mathematically identical in the sense that one can
be transformed into the other. The stoichiometric bind-
ing equation is thus obtained by placing all of the added
terms of Scatchard’s equation on a common denomina-

tor. Both equations can be used for describing albumin
binding equilibria with multile molecules of a ligand. In
case of strongly cooperative binding, however, it would
be necessary to use non-real values of Scatchard’s bind-
ing constants. This is not needed in the stoichiometric
equation, where real K values can describe any type of
interaction. Strong cooperativity has probably not been

TABLE 4
Stoichiometric binding constants for cobinding of two ligands to defatted human serum albumin (M™")

Ref. Scheme 1; Conditions as in Table 1.

Phenylbutazone
Bilirubin
, 260,000 , 33,000 13,000 , 5,900 , 2,200—
59,000,000 57,000,000 44,000,000 29,000,000 15,000,000 0
! 250,000 | 25,000 8,800 | 3,000 ' 0
4,100,000 3,900,000 2,700,000 1,300,000 0 0
' 240,000 L 17,000 4,400 l 0 I 0 I
Azapropazone
Bilirubin
,—1,100,000—;)-6—-—100,000 , 11,000 | 2,900—
59,000,000 9,600,000 1,300,000 360,000 0
| 180,000 | 14,000 3,000 | 0—|
4,100,000 270,000 58,000 0 0
L 12,000 1 3,000 L 0 0 J
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observed for ligand binding to albumin, and Scatchard’s
equation has in fact been used almost universally.

On the other hand, it should be emphasized that suc-
cessfully fitting binding data by Scatchard’s equation
does not allow the conclusion that independent binding
to a number of preformed sites is dealt with. Generally
speaking, binding to albumin is heterogeneous, as seen
from the fact that binding classes of diverse affinity are
incurred (13-24). Under these circumstances, the binding
data do not indicate that independent sites are present
(25, 26). It is not even indicated that preformed sites
exist. Any binding phenomenon, whether the mechanism
is adsorption to the protein surface, dissolution of the
ligand in the interior of the carrier molecule, or binding
to multiple, heterogeneous sites, would give binding
curves of the type seen with albumin and could be
described by Scatchard’s equation. The very common
conclusion of the presence of sites, with affinities as
described by the Scatchard constants, is unjustified and
should be reserved for cases in which actual site binding
is indicated or considered.

In the present study we have preferred to analyze our
data for multiple binding of one ligand in stoichiometric
terms, implying that information on the presence of sites
or of site-to-site interaction cannot be obtained from
simple binding studies.

A considerable variability of binding constants is ex-
perienced during the curve-fitting procedure, usually so
that the first stoichiometric constant is fairly well de-
fined while an increasing degree of indetermination is
found for the following constants. The figures reported
should be understood as examples of binding constant
sets which will reliably serve for the purpose of recon-
struction of the binding isotherms. An independent phys-
ical meaning cannot be attached to single constants (27).

Cobinding of two ligands. An often used equation for
cobinding of two ligands was derived by Klotz et al. in
1948 (28). This equation is valid if all binding sites are
equal and independent and interaction is purely compet-
itive. If these conditions are fulfilled, Scatchard’s plot
for binding of each ligand is a straight line. This was not
the case with any of the ligands studied here.

Analysis in stoichiometric terms of simultaneous bind-
ing of two interacting ligands to one carrier is fairly
simple if small amounts are present of both ligands.
Three parameters, the first stoichiometric binding con-
stant for each ligand and the energetic coupling, are
sufficient to define the binding equilibria, and these
parameters can usually be determined with relative ease.

If one ligand is present in larger amounts, producing
multiple complexes with the carrier, and the other ligand
is limited to a trace amount, a relatively easy analysis is
still possible, if based on a stoichiometric model, using
the concept of reserve carrier-equivalent concentration
(Tables 2 and 3).

With larger amounts of both ligands, multiply inter-
acting with the carrier, it is feasible, although tedious, to
describe the equilibria by a set of stoichiometric binding
constants as in Scheme 1, using Eqgs. 8 and 9 (Table 4).

The complexity of the analysis of multiple cobinding
raises the question of whether a simple rule of thumb
can be established for description of drug binding inter-
actions, suitable for practical purposes when an accurate

calculation of binding equilibria is unnecessary. The
concept of Site I and II is promising in this context.

Do sites I and 11 exist? In Table 3, two cases of negative,
infinite energetic coupling are reported, for diazepam
and naproxen, and for diazepam and flurbiprofen. This
means that cobinding of these ligands could not be
demonstrated in the dialysis rate experiments with small
concentrations of the ligands. Competition of binding in
these cases is complete, one molecule of diazepam re-
placing one molecule of the anti-inflammatory drug, and
vice versa. This finding is best explained by an albumin
model with one site where the primary binding of diaze-
pam, naproxen, and flurbiprofen takes place and where
only one ligand molecule can be bound. Similarly, it has
been reported that bilirubin and MADDS bind compet-
itively in the same complete sense (6), and we may
reasonably conclude that one site for binding of bilirubin
or MADDS exists. It has further been shown that binding
of bilirubin and diazepam, one molecule of each, occurs
independently (29). The bilirubin site is thus different
from the site of diazepam, and these two can exist in the
same albumin molecule. It is very likely that these sites
are identical with Sites I and II of Sudlow et al. (3).

Sjoholm and co-workers (4, 30) have studied competi-
tion of a large number of drugs with warfarin and diaze-
pam for binding to human serum albumin. Warfarin in
small amounts competes with bilirubin, and MADDS
and is bound independently of diazepam. In a site model,
we may thus assume that warfarin is bound to Site I.
With respect to anti-inflammatory drugs, our results
with warfarin and diazepam competition (Table 3)
largely confirm those of Sjoholm et al., qualitatively
indicating that azapropazone is bound primarily to Site
I, indomethacin to both sites, and the other drugs to Site
IL. It seems safe to conclude from Sjéholm’s extensive
studies that most drugs bind predominantly to one or
the other of these two loci. This simple rule may generally
be used for prediction of drug interactions, when specific
data are not at hand.

On the other hand, limitations of the site model are
obvious. Competition among multiply bound drugs is
more complicated. Also, Bruderlein and Bernstein (31)
found that binding of tryptophan analogues appears to
overlap with both Site I and Site II. Among the presently
investigated drugs, only naproxen and flurbiprofen bind
solely to Site II at low drug concentrations. The picture
is less clear for the other substances. Salicylate, diflun-
isal, fenbufen, biphenylacetate, ibuprofen, diclofenac,
and benoxaprofen also seem to prefer Site II when pres-
ent in small amounts. Competition of these ligands with
diazepam is not absolute, however, and this means that
in a stoichiometric 1:1 complex of albumin and one of
these ligands, some albumin molecules carry the drug on
Site II and some in one or several other places. Allosteric
site-to-site interactions must further occur with the bind-
ing of bilirubin and MADDS, since these are influenced
differently by most of the drugs. Allosteric interaction is
particularly evident with naproxen-bilirubin and with
flurbiprofen-bilirubin, since it is impossible to explain
the positive interactions except by an allosteric mecha-
nism.

A remarkable deviation from the simple Site I-II rule
is noted for phenylbutazone (Table 3). This ligand com-
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petes primarily with warfarin. The numerical magnitude
of the energetic coupling, —0.88 kcal/mole, in fact indi-
cates that simultaneous binding of warfarin and phen-
ylbutazone could barely be demonstrated. In spite of this,
phenylbutazone does not compete primarily with binding
of bilirubin and little with binding of MADDS. It is
therefore not possible to maintain that phenylbutazone,
warfarin, MADDS, and bilirubin bind primarily to the
same site, Site I.

It is finally important to stress that the evidence
available for the reality of Sites I and II does not indicate
that these are present as preformed sites in the albumin
molecule. All we seem to know is that such sites are
present in the complexes of albumin with the respective
ligands. The sites may well be formed by extensive con-
formational changes during the binding process. It seems
likely that the albumin molecule is highly flexible, con-
taining several binding units which can be brought to-
gether for formation of ad hoc sites, in variable combi-
nations according to the needs of individual ligands.
“Mapping” of the albumin molecule as having a number
of localized sites for various ligands does not seem pos-
sible, not even if overlapping is allowed and sites are
replaced by binding areas of a less specific nature. Site
models of the albumin molecule should incorporate a
pronounced flexibility (32) and do not necessarily have
to contain preformed sites (33).

Conclusion. Site models of ligand-binding to albumin
are useful for colloquial purposes since they are easily
perceived. If we say that bilirubin and azapropazone
compete for one site on the albumin molecule, we indicate
a mutual, negative interaction of bilirubin and azapro-
pazone binding and thus refer azapropazone to the group
of drugs primarily binding to Site I, as distinguished
from another group mainly interacting with Site II. This
is a meaningful statement in qualitative terms, provided
that we deal with low concentrations of both ligands,
avoiding multiple binding. Scatchard’s equation, based
on a model with several independent sites, can further
be used for characterization of multiple binding of a
single ligand. An actual site-binding mechanism should
not be implied, however, unless knowledge of sites has
been obtained from sources other than simple binding
and cobinding measurements.

On the other hand, it is not really necessary to talk of
sites when relating results of binding studies. It is a valid
and sufficient statement if we say that azapropazone
primarily competes with bilirubin and not with diazepam.
Isotherms for multiple binding of single ligands are char-
acterized just as well by the stoichiometric binding equa-
tion as by a site model, and multiple binding of two
ligands to albumin can only be described in stoichiomet-
ric terms. Furthermore, stoichiometric descriptions con-
tain all of the information available from binding exper-
iments and have an advantage in avoiding dubious claims
of the existence of sites. The term site, when used in the
strict sense, should be reserved for those cases in which
an actual knowledge or consideration of sites is implied.
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