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SUMMARY

RODRIGUES DE MIRANDA, J. F., EIKELBOOM, T. D. & VAN Os, G. A. J. (1976) The
extent of hydrophobic binding area studied by fatty acid binding to albumin. Mo!.

Pharmacol. , 12, 454-462.

Affinity constants of six consecutive fatty acids, propionic to capryiic, for the specific

binding site on albumin have been determined at two temperatures. The standard free
energy change of binding, �G#{176},deduced from the affinity constants, appears not to

increase linearly with increasing chain length; a plateau is reached at valenic acid, and
�G#{176}increases further only at heptanoic acid. The mean increment in �G#{176}per methylene

group amounts to 820 cal, indicating that the hydrophobic interaction ofthe aikyi chain
of the fatty acid with the specific binding site is quite optimal. The occurrence of the
plateau has been interpreted as being a consequence of the limiting extent of the
hydrophobic binding area forming part of the specific binding site for fatty acids on

albumin. As the position of the plateau seems to coincide with that in other work, using
other systems, the limiting extent of the hydrophobic binding area might be a general

feature of proteins.

INTRODUCTION

Studies on structure-activity relation-

ships show that hydrophobicity plays an
important role not only in drug distribu-

tion but also in the interaction of a drug
with its site of action, the receptor (1). The
hydrophobic interaction may contribute
substantially to the stability of the drug-
receptor complex, and high pA2 values,
ranging up to 10 log units, as observed

for anticholinergics and antihistaminics,
seem to be a consequence of an effective
hydrophobic interaction (2, 3). The effec-
tiveness of such an interaction probably
has an upper limit of about 800-1000 cal!
methylene group in the case of an alkyi
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chain. This appears from studies of the

free energy change for the transfer of am-
phiphilic compounds, like alcohols and

fatty acids, from an aqueous to a lipophilic
phase (4).

The positive correlation between the ii-
pophilicity of a drug and its biological ac-
tivity, often reported (5, 6), does not mean,
however, that the hydrophobic binding

area on the receptor makes no spatial de-
mands on the apolan pant ofthe drug mole-
cule. Systematic explorations of the stenic

and spatial structure of the hydrophobic
binding regions on proteins (7-10) have
shown, in general, that lengthening of the
aliphatic side chain of a drug molecule
does not imply simply an increase in affin-
ity (8, 9). In those cases in which the essen-
tial pant of the receptor is built up by
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proteins, this finding is not unexpected,
given the relatively short side chains of

the lipophilic amino acids and the small
chance that three or more of these side

chains can form hydrophobic binding

areas at the surface of the protein in
aqueous solution.

In the studies of Belleau et a!. (8) on the

binding of alkyltnimethylammonium ions
to acetyicholinesterase and in those of

Manlow et a!. (9) on the binding of alkyltni-
methylammonium ions to “antibody bind-
ing acetylcholine,” the effectiveness of the
hydrophobic interaction, expressed as the

free energy change pen methylene group,
seems to be rather low. It has been our aim

to explore the hydrophobic binding area in
the case of a more effective hydrophobic
interaction. As will be shown, the first

specific binding site on albumin for fatty
acids meets this requirement. Therefore

the extent of the hydrophobic binding area
on albumin has been measured in terms of

alkyl chain length by determining the re-
lationship between the free energy change
of binding and the chain length.

MATERIALS AND METHODS

Propionic (C:,), butynic (C4), caproic (C6),

and caprylic (C5) acids were obtained from
Baker, Deventer, The Netherlands; val-
eric (C7) acid, from Koch-Light Labonato-

nies, Coinbrook, Bucks, England; and hep-
tanoic (C7) acid, from Fluka AG, Buchs,
Switzerland. The purity of the fatty acids

was checked by gas chromatography on a
Ponapaque Q column with an oven temper-
ature of 200#{176}and found to be over 99%
using the internal standard procedure.

The radioactive compounds were all

from the Radiochemical Centre, Amen-
sham, England. The 1-”C-labeled fatty
acid sodium salts had specific activities
ranging from 10 to 20 mCi!mmole. They
were stoned at -20#{176}as stock solutions con-
taining 10 MCi!ml and an excess of NaOH.
24Na was supplied as 24NaC1 containing 3

MCi!2.5 ml. The radiochemical and chemi-
cal purity of the 1-’4C-fatty acids was
checked by thin-layer chromatography
(11). Crystalline bovine serum albumin
was purchased from Povite, Amsterdam
(batches 462, 517 and 625), and from Nutni-

tional Biochemicals Corporation (batch
3404). The concentration of the albumin

solution was measured at 279 nm on a
Zeiss PMQ II spectrophotometer (E� =

6.67). The pH of the solutions was meas-
umed on a Radiometer 26 pH meter. Insta-

gel scintillation liquid was obtained from
Packard, Brussels. The samples were

counted with standard deviations of 0.2%
or less in a Packard Tni-Carb liquid scintil-
lation spectrometer, model 3380. The cellu-
lose acetate membranes were obtained
from AKU, Amnhem, The Netherlands.
Before use they were thoroughly rinsed in
demineralized water. 24Na was counted on
a Philips y-scintillation counter PW 4003.

All other materials were from Merck AG,

Darmstadt, Germany.

The binding offatty acids to protein was
determined in equilibrium dialysis expeni-
ments. The dialysis apparatus, made after

a design of Burgen,’ consisted of six pairs

of shallow Teflon cells of 3.5-ml volume,

each separated by a cellulose acetate mem-
brane and clamped together.

The albumin solution was introduced at
one side of the membrane, and the fatty
acid solution, containing tracer amounts of
1-’4C-labeled fatty acids, at the other side.
If not otherwise stated, all solutions were

made in a phosphate buffer, pH 6.9, ionic
strength 0.1, containing 0.02% NaN, as a
bactemiostatic. The apparatus rotated at 1

rpm in a thermostatic water bath. Depend-
ing on the chain length of the fatty acid,

equilibrium was reached within 6-8 hr at
30#{176}on within 16-20 hr at 4#{176}.

Determination of fatty acid concentra-

tion at equilibrium. After equilibrium had

been reached, 500M1 aliquots from the so-
lutions on both sides of the membrane

were taken. To each aliquot 11 ml of an
Instagel-water mixture (10:1) were added,
and the radioactivity was counted and
compared with a reference with a known
fatty acid content. The counting efficiency
was 88.3% ± 0. 1% and independent of the

BSA4 and fatty acid concentrations in the
mange studied. By applying the appropri-

ate corrections for the Donnan ratio (12,

A. S. V. Burgen, personal communication.

‘The abbreviation used is: BSA, bovine serum

albumin.



etc., then Eq. 5 may be generalized as

follows (15, 16):

fT=f,+f2+ ...f1

= n1K,[S] � n2K2[S] (6)

1 + K,[S] 1 + K2[S]

n,K,IS]

+... 1+K,[S]

with f, being the average number of sub-

strate molecules bound to class i. In fact, K

is an apparent intrinsic association con-
stant in which activity coefficients and
electrostatic interaction terms are com-
bined. A plot off7!/S] vs. rT will now give a

curved line.
Analysis ofbinding curves. Ifthe expen-

imental points do not yield a straight line,
the curve can be interpreted as being com-

posed of two on more straight lines come-
sponding to different classes of binding
sites. Rosenthal has described a graphical
procedure for analyzing such curves and

estimating the corresponding n and K val-
ues (17). We used these as starting values
in our computerized curve-fitting proce-

dune, based on a gradient method for the
nonlinear parameter K and a linear
regression method for the linear parame-

ten n (18). In general, the choice of the
number of classes of binding sites (binding

model) with which the experimental me-
suits can be described is somewhat arbi-
trary. True, provided that factors such as
electrostatic interactions are constant or
may be neglected, the presence of more
than one class of binding sites can be de-
duced unambiguously from the deviation

of the Scatchard plot from a straight line.
However, the errors in the experimental

data rarely allow a differentiation between
binding models with three, four, or more

classes of binding sites. In the analysis of
our experimental results the criterion for
extending the number of classes was a sta-

tistical one; i.e., the number of classes was
extended as long as a significant decrease
in the residual sum of squares, x2’ oc-
curred.

RESULTS

Binding conditions. Typical results ob-

tamed from the binding experiments are

(1)

[PS]

K = [P][S] M1

If the protein contains n independent and

identical sites, it holds true that

[PS] = fP0 (2)

and

P=(n-f)P0 (3)

in which f is the average number of sub-
strate molecules bound to the protein mol-
ecule and P,, is the total protein concentra-
tion. Substitution of Eqs. 2 and 3 in Eq. 1

results in

(4)

or

(5)
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13) and plasma water (14), the concentra-
tion of fatty acid bound to albumin could
be calculated by subtracting the free con-

centration (one side of the membrane)
from the total concentration (other side of
the membrane).

Determination ofprotein concentration.

Especially at higher albumin concentra-
tions, i.e., 6.6%, osmotic dilution of the

albumin solution occurred during dialysis.
For this reason albumin concentrations
were determined after equilibrium had

been reached. The Donnan ratios occur-
ring under different conditions were deter-
mined from the distribution of 24Na across
the membrane.

THEORETICAL BACKGROUND

Multiple binding. The association be-
tween a small molecule S and a binding

site P on a protein can be described by the

following reaction equation:

P + S PS

-- nK[S]
r - 1 + K{S]

A plot of f/IS] vs. f (Scatchand plot) yields

a straight line with intercepts nK and n.
If there is more than one class of binding

sites on the surface of the protein, such
that class 1 has n, sites and an intrinsic
association constant K,, class 2 has n2 sites
and an intrinsic association constant K2,
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shown in Fig. 1 as Scatchand plots for the
binding of valerate to Povite albumin at 4#{176}

and 30#{176}.As appears from these curves, at
least two classes of binding sites are in-

volved in the binding.
To investigate the influence of ionic

strength on binding, experiments were
carried out under different salt conditions.

The observed influence of the different an-
ions on binding of the fatty acid anions is
compatible with the different affinities of
the electrolyte anions for albumin (19).
Since phosphate anion appeared to inter-
fere least with the binding of organic an-
ions (19), it was used in all subsequent

experiments.
Since the drug-receptor interaction was

assumed to be specific, special attention
was given to binding of the fatty acid to

the first, specific binding site. Therefore it
was essential to check whether the albu-

min used in the experiments was free from
native fatty acids (20-22). To this end the
binding of hexanoic acid to BSA from dif-
ferent manufacturers was measured be-

fore and after charcoal defatting (23).

FIG. 1. Typical results obtained from dialysis

binding experiments: Scatchard plots of binding of

valerate to untreated Povite albumin at 40 (#{149})and

300 (0)

Solution conditions: 0.05 M phosphate buffer, pH

6.9. The solid lines represent least-squares fits to the

experimental points based on Eq. 6, model 1 (see the

text).

From these experiments it became evident
that the fatty acid bound more strongly to

untreated Povite albumin than to un-
treated Nutritional Biochemicals (NBC)

albumin (Povite: K, = 3.8 x 10� M’, n, =

1.9; NBC: K, = 2.5 x 10� M’, n, = 1.4).
Charcoal defatting of NBC albumin
caused binding to increase, and in fact the

binding characteristics became identical
with those of untreated Povite albumin.

The binding characteristics of Povite al-
bumin were affected by charcoal defatting
only to a minor extent. From these results
and those obtained with other fatty acids
and some renal contrast media, it was con-
cluded that Povite albumin, unlike the
Nutritional Biochemicais product, did not

contain interfering lipid impurities. For
this reason untreated Povite albumin was

used in our experiments if not otherwise
stated.

Analysis ofbinding data. Curves were

fitted to the experimental points (e.g.,
solid lines in Fig. 1) using Eq. 6 to describe
the binding. The values for the parameters
ni and K, obtained from this curve-fitting
procedure depend on the number of classes
of binding sites chosen to describe the
binding. As fan as the first class of binding
sites is concerned, the product ofn, and K,

is remarkably constant. Therefore, if the
number of binding sites in the first class is

fixed (e.g., at 1), a K, value is obtained
which is practically independent of the
model adopted; moreover, this K, value,
representing the binding of the first fatty
acid molecule to albumin, equals the so-
called stepwise equilibrium constant de-
fined by Fletcher et a!. (24) and can thus be

considered independent of the binding of

further fatty acid molecules. The expeni-
mental data obtained for the six fatty acids
were analyzed in this way. The results
obtained at 4#{176}and 30#{176}for the simplest
model that in general gives reliable x2 val-

ues (i.e., model 1, two classes of binding

sites with n1 = 1 and a partition term, n:,)

are summarized in Table 1.

DISCUSSION

Aqueous solution of hydrophobic sub-

stances show apparently anomalous ther-
modynamic behavior (25). The enthalpy of
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solution is negative, contrary to what

would be expected. This negative enthalpy

change, however, is more than counterbal-

anced by a very large negative entropy of
solution; this results in a positive standard
free energy change and thus in low solubil-

ity. This anomalous behavior has been at-
tributed to an effect of the solute on the
structure of liquid water (26).

The binding of hydrophobic substances,
and probably also of amphiphilic sub-
stances like fatty acids, to proteins can be

considered a partial reversal ofthe dissolu-
tion process (4, 26). The standard free en-
ergy of transfer �G#{176}(4) of the ligand to a
protein-binding site can then be written as

�G#{176} = -RT1nK = �XH#{176}- T �S#{176} (7)

where K is the equilibrium constant for
the binding site, and �.H#{176}and �S#{176}are the
standard enthalpy and entropy changes
accompanying the binding process. If the
hydrophobic effect dominates in the bind-
ing process, it is to be expected that �XH#{176}

and �S#{176}will both be positive.
From Table 1 the affinity constants of

the fatty acids for the first binding site on
albumin, K,, can be read. The dependence
ofthe thermodynamic parameters, derived
from these affinity constants at 4#{176}and 30#{176},

on the alkyl chain length ofthe fatty acids

provides information on the specific bind-
ing sites.

Figure 2 shows the dependence of the

thermodynamic parameters on the chain
length of the fatty acids. The upper pant of
the figure gives the values of the paname-

tens calculated from K, values obtained
from model 1 (Table 1). The lower pant of
the figure gives the values of the parame-
tens calculated from K, values obtained
from model 2 (three classes ofbinding sites
with n , = n - ‘ . The standard errors in

the �.H#{176}and � values are indicated by
the bars. The standard errors in the �G#{176}
values are to small to indicate. Evidently
�G#{176}does not increase linearly with in-

creasing chain length; a plateau is reached
at n = 4 (valerate), and only at n = 6 does

�G#{176}further increase. The occurrence of
this plateau is independent of the binding
model chosen (compare upper and lower
pants of Fig. 2). The increment in �\G#{176}pen
methylene group amounts to 1600 cal at
the steepest pant of the curve and to 200 cal
at the plateau. For the six fatty acids stud-
ied, the mean increment per methylene
group amounts to 820 cal. Within expeni-

mental error, this value equals that of 825
cal obtained by Tanford for the free energy
change for transfer of undissociated fatty

acids from a dilute aqueous buffer solution

TABLE 1

Binding offatty acids to BSA , mode! 1

The columns give the values for n, and K, ofthe ith class, with standard errors in parentheses. The third

column from the right gives the degrees of freedom, v, in the curve-fitting procedure. The residual sum of

squares, � in the next column, is used as a measure for the goodness of fit. It can be compared with

tabulated levels ofsignificance, i.e., � 5�.

Temper- Fatty acid n, K, n� K2 a., �‘ y’ y’ 5’�
ature (sodium salt)

xlO1M ‘ x10�M’

40 Propionate 1 0.099 (0.004) 0.9 (0.2) 0.027 (0.009) 0.004 (0.001) 14 1 24

Butyrate 1 1.80 (0.02) 1.5 (0.1) 0.064 (0.008) 0.0038 (0.0006) 38 13 53

Valerate 1 4.7 (0.1) 2.1 (0.1) 0.12 0.01) 0.0085 (0.0006) 54 75 72

Hexanoate 1 6.8 0.3) 2.2 (0.2) 0.30 (0.05) 0.018 (0.002) 41 105 57

Heptanoate 1 28 (1) 3.3 (0.1) 0.45 0.08) 0.038 (0.004) 38 118 53

Octanoate 1 164 (9) 3.4 (0.4) 1.0 (0.2) 0.12 (0.02) 20 37 32

300 Propionate I 0.063 (0.005) 1 1) 0.01 0.01) 0.003 0.004) 14 4 24

Butyrate 1 0.83 (0.02) 1.3 0.2) 0.06 0.02) 0.006 (0.001) 35 28 50

Valerate 1 2.34 (0.08) 2.3 (0.2) 0.08 (0.01) 0.0093 0.0007) 35 48 50

Hexanoate 1 3.2 (0.1) 2.7 (0.2) 0.19 (0.03) 0.017 (0.002) 48 98 65

Heptanoate 1 12.6 (0.3) 4.6 (0.3) 0.22 (0.03) 0.032 (0.003) 33 43 47

Octanoate 1 62 (1) 5.0 (0.3) 0.50 (0.04) 0.10 (0.01) 20 8 32
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FIG. 2. Thermodynamic parameters �G#{176}, �.H#{176},and .�S#{176}for binding of fatty acids to Povite a!bumin,

plotted as a function of chain length, n

x, �G#{176}values at 30#{176};#{149},at 40#{149}The bars indicate the standard errors. Solution conditions were the same as

in Fig. 1. Notice that the occurrence of the plateau in LiG#{176}is independent of the model chosen to describe the

binding.
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to liquid n-heptane at 23#{176}(4). This mdi-
cates that the hydrophobic interaction of
the alkyl chain of the fatty acid is quite
optimal.

In Fig. 2 the �H#{176}and �S#{176}values, calcu-

lated from the K, values at two tempera-
tunes, have also been plotted as a function
ofn. The All0 value is negative and, except
for the propionate anion, rather constant,
so that it seems to reflect predominantly

the enthaipy change due to binding of the
carboxylic group. The &S#{176}value is posi-
tive, as expected for a hydrophobic interac-

tion (4). Because it increases with chain
length, it probably reflects predominantly
the entropy change due to binding of the
hydrophobic alkyl chain.

The occurrence ofthe plateau in the plot

of �G#{176}vs. n can be interpreted in two
ways.

1. The binding site for fatty acids is
built up from at least two hydrophobic

binding areas. On the assumption that the
aiiphatic chain binds in a stretched confor-
mation, the extent of the first hydrophobic
area is such that it can accommodate a
chain length of 3 or 4 carbon atoms. Fatty
acids with an alkyl chain length exceeding
three or four methylene groups apparently
encounter a second hydrophobic binding

area, located about 2 carbon atoms away

from the first one.
2. Another way to look at the occur-

nence of the plateau is to suppose that
there are two types ofhydrophobic binding

sites. The occurrence of the plateau then
reflects the transition from binding of the
fatty acids to the first type to binding to
the second type of binding sites.

To differentiate between these two pos-
sibilities , competition experiments were

performed. Competition for a common first
binding site can most conveniently be
traced by plotting 1/f7 vs. 1/151 [Line-

weaver-Bunk-plot (27)J. Figure 3 gives
such plots for the competition of butynate

and propionate for the first binding site of
valerate. The intercept on the i/f7 axis

remains the same in the presence of the
displacing fatty acid, butynate or pnopio-
nate. The values of the affinity constants

of the displacing fatty acids, derived from
the apparent decrease in the affinity con-
stant of valenate, further referred to as

displacement constants K’,, are 0.073 x
10� M�’ for propionate and 0.93 x 10� M

for butynate. They are equal, within ex-

perimental error, to the values of the affin-
ity constants obtained before from dialysis
experiments with the fatty acids alone (see
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FIG. 3. Lineweaver-Burk plots indicating compe-

tition for the first binding site of valerate on Povite
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albumin

I, without displacing compound; V, in the pres-

ence of 1.0 mM propionate; A, in the presence of 0.25

mM butyrate. Solution conditions were the same as

in Fig. 1.

Table 1). This indicates that these fatty
acids do have their first binding site in
common. The competition of hexanoate
and heptanoate for the first binding site of
octanoate displayed a similar picture: hex-
anoate, K’ , = 2. 1 x 10� M’; heptanoate,

K, ‘ = 9 x 10� M1 . This also indicates

that these three fatty acids have their
first binding site in common. The com-
petition of butyrate for the first binding
site of octanoate, however, is much less
effective: the ‘ value of butyrate is 0.2 x
10� M1 . The same holds true for the corn-

petition of octanoate for the first binding
site of butyrate: the , value of octano-
ate is 6.5 x 10� M’ . Although some corn-
petitive displacement of butyrate by oc-
tanoate and of octanoate by butyrate
occurs, the displacement constants thus
calculated are an order of magnitude
smaller than the affinity constants ob-

tamed from dialysis experiments with

the fatty acids alone. Evidently octanoate
and butyrate do not have their first bind-
ing site in common. Probably a second

binding site for octanoate serves as a first

binding site for butyrate, and vice versa.
Since propionate and butyrate displace
valerate, and hexanoate and heptanoate
displace octanoate, with displacement con-
stants about equal to their respective K,

values, it is evident, as suggested in the

second interpretation above, that there are
two types of hydrophobic binding sites.

The first one, for short-chain fatty acids,
can accomodate an alkyi chain with a
length up to n = 4, and the second one, for

long-chain fatty acids, can accommodate

an aikyi chain as long as heptyl. This sec-
ond site, however, is less able to bind
short-chain fatty acids.

CONCLUSIONS

Extent of hydrophobic binding areas.

From the results obtained in experiments
with fatty acids alone and those performed

in the presence of displacing fatty acids,
one would conclude that the hydrophobic

binding area forming part of the first spe-
cific binding site for fatty acids on albumin
provides an almost optimal hydrophobic
interaction possibility. For short-chain
fatty acids this binding area seems to be
limited. This supports the representation

by Tanfond (4). Assuming that the au-
phatic chain is bound in a stretched confor-
mation, the extent of this hydrophobic

area has to be such that it can accommo-
date a chain of 3 or 4 carbon atoms. As far

as the first binding site for long-chain fatty

acids is concerned, additional experiments
will be needed to explore the extent of this
hydrophobic binding area. The lessen abil-
ity of this binding site to bind short-chain
fatty acids might be the consequence of an
induced fit occurring on binding.

From a comparison of our data with ear-
lien work (Fig. 4), it now becomes obvious

that the data of Teresi and Luck (28) show
the same tendency toward a plateau in
z�G#{176}at n = 6 to n = 4. The data of Good-
man (29) and Spector et a!. (30) for the

binding of the longer fatty acids to albu-
mm (Fig. 4) leave open the possibility of a
second plateau. Differences in the absolute
values of z�G#{176}can be traced to differences
in solution conditions and purity of the

albumin . Various pharmacological data
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FIG. 4. Comparison of �G#{176}values obtained from

present results with those from literature

0, present results at 4#{176};#{149},results of Teresi and

Luck (28) at 23#{176};0, Goodman (29) at 23#{176};A, Spector

et a!. (30) at 37#{176}.The solution conditions were differ-

ent in all these studies. Notice that the data of
Teresi and Luck show the same tendency toward a

plateau at n = 4-5.

(8, 9, 31) also indicate that the hydrophobic
binding area cannot accommodate chains
longer than 2-4 carbon atoms. Therefore it
becomes tempting to postulate that lipo-
philic binding areas in the neighborhood of
polar groups on the protein in general can-
not accommodate groups with a carbon

chain of more than 4 atoms.
Affinity and disp!acement constants.

From the competition experiments it be-
came obvious that it does make sense to
differentiate, even in the case of closely
related compounds like fatty acids, be-

tween the affinity constant obtained from
the binding of a drug to a certain protein

and the displacement constant of the same
drug deduced from a particular competi-
tion experiment with the same protein. In
addition to competitive inhibition and non-
competitive or allostenic inhibition, a fun-

then possibility may be distinguished, in
which the drug shares its first binding site
with a nonspecific second or third binding
site for the inhibitor. In that case the in-
hibitor displaces the drug competitively,

although less effectively than would be ex-

pected on basis of the affinity constant of
the inhibitor for its own first binding site

(32). Conversely, conclusions concerning

affinity constants deduced from displace-
ment experiments (33, 34) need not to refer
to the first specific binding site for the

displacing drug.
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