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amide.

Sigma FAF’ albumin. The drugs were
obtained as pure substances from the var-
ious manufacturers. Jophenoxic acid was

a gift from Dr. Gilbert H. Mudge. Dansyl-
L-prohne, 5-dimethylaminonaphthalene-1-

sulfonamide, dansylsarcosine, and dansyl-
L-norvahne were obtained from Sigma.
Stearic acid, linoleic acid, palmitic acid,
and oleic acid as the sodium salts were
also obtained from Sigma. [‘4C]Warfarin
(specific activity, 23 mCi/mmole) was ob-
tained from the Radiochemical Centre,
Amersham.

All experiments were carried out using

sodium phosphate buffer (0.1 M, pH 7.4)
containing 0.9% NaCl and at a tempera-

ture of 22#{176}unless otherwise stated. When
necessary, the drugs were dissolved ini-
tially in a small volume of 0.1 M NaOH or
0.1 M HC1. The final pH of the stock
solutions of drugs was 7.2-7.6. The sodium
salts of the fatty acids were evenly dis-
persed in buffer by sonication and then
incubated with HSA at 37#{176}until a clear
solution was obtained. Control solutions
of HSA were treated in an identical fash-

ion. Nitrogen was bubbled through the
solutions of oleic and linoleic acids to pre-
vent oxidation.

The fatty acid content of the albumin
preparations was measured by the method

of Duncombe (9). The binding of [14C]-
warfarin in HSA was measured by dialysis
as described by Sudlow et al. (10), and the
binding of iophenoxic acid was measured
by quenching of protein fluorescence (11).
The displacement of dansylamino acids by
drugs was measured fluorometrically or
by dialysis as previously described (1).
Titrations to measure the limiting fluores-

cence of probe molecules when completely
bound to albumin were also carried out as
previously described (11). Fluorescence
measurements were made at 22#{176}using a
Perkin-Elmer MPF-3 spectrofluorometer.

RESULTS

The effects of various fatty acids on the
two drug binding sites are shown in Tables

1 The abbreviations used are: FAF, essentially

fatty acid-free; HSA, human serum albumin;

DNSA, 5 - dimethylaminonaphthalene - 1 - sulfon-

1 and 2. The fluorescence intensity of
DNSA bound to site I was increased by
addition of each of the four fatty acids,
whereas the fluorescence intensity of dan-
sylsarcosine (site II) was decreased (Table

TABLE 1

Effect of fatty acids on fluorescence intensity of

probes bound to sites I and II

Palmitic, stearic, oleic, and linoleic acids were

added at 2:1 molar ratios to Hoechst or Sigma FAF

albumin. The limiting fluorescence intensities of

DNSA (site I) and dansylsarcosine (site II) were

determined by titrating the probes (2 j�M) with

albumin or albumin-fatty acid complex until the

fluorescence intensity reached a limiting value. The

results are expressed relative to those obtained for

the albumin with no added fatty acid.

Fatty acid DNSA Dansylsarcosine

%

Hoechst albumin

None 100 100

Palmitic acid 108 96.5

Linoleic acid 122 89.3

Stearic acid 133 81.5

Oleic acid 128 79.6

Sigma FAF albumin

None 100 100

Palmitic acid 120 97.2

Linoleic acid 125 93.8

Stearic acid 160 87

Oleic acid 188 86.5

TABLE 2

Effect of fatty acids on specificity of albumin

binding sites I and II

Hoechst albumin was prepared with or without

added palmitic, stearic, oleic, or linoleic acids. Fatty

acids were added at 2:1 molar ratios with albumin.

The effects of phenylbutazone and ibuprofen on the

fluorescence of DNSA (site I) or dansylsarcosine

(site II) are expressed as a percentage of the initial

probe fluorescence before addition of drugs. The

final concentrations were 2 �M for DNSA and dan-

sylsarcosine and 20 �tM for albumin, and the two

drugs were added to final concentrations of 20 �.tM.

Fatty acid Phenylbutazone Ibuprofen

DNSA Dansyl- DNSA Dansyl-
sarcosine sarcosine

% initial fluorescence

None 36 94 121 62

Palmitic acid 39.8 91 113.5 60

Linoleic acid 37.5 79.2 111.4 60

Stearic acid 50 79.5 103 76

Oleic acid 56.8 68 101 79.7



0
z
L)
(I)
LU

z

LU

0
z
LU

0
crj
LU

0

z

250

200

150

100

75

50

25

30 40

FATTY ACIDS AND DRUG-ALBUMIN BINDING 989

1). The fluorescence values in Table 1 are

limiting values obtained when the probes
were completely bound and therefore re-

flect the fluorescence quantum yield of the
probes at the two specific binding sites.

The effects of varying ratios of oleic acid
to albumin are shown in Fig. 1. DNSA
fluorescence was increased in a linear
fashion by addition of up to 2 Eq of oleic
acid. Addition of 3 Eq more of oleic acid
produced no further change in probe fluo-
rescence. Dansylsarcosine fluorescence
was not altered by addition of 1 mole of

oleic acid per mole of albumin, but de-
creased progressively as the ratio of oleic

acid to albumin was increased from 1:1 to
5:1.

The effects of oleic acid on the binding
of DNSA and dansylsarcosine were stud-

300
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FIG. 1. Effect of varying amounts of oleic acid on

fluorescence of albumin-bound DNSA and dansyl-

sarcosine

Sigma FAF albumin, 20 ELM, was prepared with

oleic acid at concentrations from 0 to 100 �M. DNSA

(A) or dansylsarcosine (B) was added at a final

concentration of 2.5 �tM, and the fluorescence was

measured. Results are expressed relative to the

fluorescence in the absence of oleic acid.

ied by equilibrium dialysis at concentra-

tions similar to those used in the fluores-

cence experiments. The proportion of free
DNSA was reduced from 69.4% ± 3.83%
to 25.2% ± 2.64% (p < 0.001) by addition

of oleic acid at a 3:1 ratio with albumin.
In contrast, there was a slight increase in
the proportion of free dansylsarcosine,
from 20.8% ± 1.81% to 29.7% ± 4.23% (p

<0.005).
The displacement of the two probes by

site I and site II drugs was also altered by
addition of some fatty acids (Table 2). The
specificity of site I remained unchanged,
so that DNSA was still displaced by phen-
ylbutazone but not by ibuprofen. However,
the displacement by phenylbutazone was
less in the presence of oleic and stearic

acids, and the ibuprofen-induced enhance-
ment of DNSA fluorescence was abolished.
By contrast, the specificity of site II was
lost. The displacement of dansylsarcosine
by phenylbutazone was increased mark-
edly in the presence of some fatty acids,

whereas the displacement by ibuprofen
was decreased. With oleic acid, dansylsar-
cosine was displaced more by the Site I
drug, phenylbutazone, than by the site II
drug, ibuprofen.

The change in the pattern of displace-
�#{176} ment of dansylsarcosine could be due to

occupation of site II by fatty acids. Alter-
natively, the binding of fatty acids to other

areas of the protein could alter the struc-
ture and, therefore, the specificity of the
two drug binding sites. The binding of

iophenoxic acid was studied by quenching
of protein fluorescence, and the drug was
found to bind tightly to one site in the
presence and absence of oleic acid (Fig. 2).

Previous studies have shown that iophen-

oxic acid binds to site I (1, 2, 11). Dansyl-
sarcosine bound to Sigma FAF albumin

was not displaced by iophenoxic acid.
However, a 39% displacement by iophen-
oxic acid was observed when oleic acid
was added at a 3:1 molar ratio with albu-
min, and there was a slight increase in
the displacement of DNSA by iophenoxic
acid.

Table 3 shows the effect of iophenoxic
acid on the displacement of dansylsarcos-
me by phenylbutazone or ibuprofen in the



patterns of dansylsarcosine displacement
were found with the two methods (Table 3).

The effect of oleic acid on the binding of

a site I drug, warfarin, was determined
by equilibrium dialysis. The binding of
warfarin was enhanced by the addition of
oleic acid, resulting in a 60% decrease in
the proportion of free drug, from 11.63% ±

0.55% to 4.47% ± 0.47% (mean ± 1 SD).

presence and absence of oleic acid. lophen-
oxic acid alone had little effect on the
displacement of dansylsarcosine. Oleic
acid alone resulted in displacement of dan-
sylsarcosine by both site I and site II

drugs. In the presence of both iophenoxic
acid and oleic acid, the site II pattern was
restored, with only slight displacement of
dansylsarcosine by phenylbutazone and
extensive displacement by ibuprofen. Sim-
ilar results were obtained using warfarin
instead of phenylbutazone, and flufenamic

or flurbiprofen instead of ibuprofen. Also,
two other site II probes, dansyl-L-proline

and dansyl-L-norvaline (2), behaved in a
fashion similar to dansylsarcosine.

The fluorescence results were confirmed

by equilibrium dialysis studies of dansyl-
sarcosine disjflacement. The conditions
used in the fluorescence experiments could
not be exactly reproduced, as the ligands
distribute to varying extents between the
protein and buffer sides of the dialysis
cells during dialysis. Despite this, similar

A number of previous reports have sug-

gested that the binding of fatty acids
causes change in the structure of human

serum albumin. Woolley and Hunter (12)
found that the binding of fatty acids in-
duced changes in the absorption spectrum

and circular dichroism of albumin-bound
bilirubin without altering bilirubin bind-
ing. They suggested that this was due to a

fatty acid-induced change in the structure

of the bilirubin binding site. Spector et al.
(4) suggested that displacement of chloro-
phenoxyisobutyrate by fatty acids in-
volved an allosteric mechanism. Support

101 for this interpretation was provided by the
effects of fatty acids on the fluorescence of

90 \ albumin-bound 1-anilino-8-naphthalene-
sulfonate and by the effect of fatty acids

80 \ on the quenching of protein fluorescence

by KI. Rippie (13) concluded that the data
70 of Solomon et al. (3) on the displacement

of warfarin and phenylbutazone by fatty
acids were consistent with an allosteric
mechanism as a dominant mode of fatty

acid displacement of drugs from albumin.

The findings in the present study leave
no doubt that some fatty acids cause wide-

� 30 spread changes in the structure of human

albumin. Oleic acid caused changes in the

20 limiting fluorescence of probes, DNSA and

10 dansylsarcosine, bound to two distinct
drug binding sites (I and II). The limiting

fluorescence (when the probe is completely
0 05 10 15 20 bound) is a measure of the fluorescence

quantum yield, and this is a sensitive
index of changes in protein structure

around the binding sites of the probes.
The oleic acid-induced changes in the

binding sites caused a marked increase in
DNSA binding to site I, but a slight de-

crease in dansylsarcosine binding to site
II.

FIG. 2. Binding of iophenoxic acid to HSA

Sigma FAF albumin, 2 �M, with (O-O) or

without (-#{149}) oleic acid, 8 AM, was titrated

with iophenoxic acid, and the protein fluorescence

was measured at 335 nm with excitation at 285 nm.

Oleic acid at concentrations of 2 and 4 AM (not

shown) gave similar results.
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TABLE 3

Effects of oleic acid and iophenoxic acid on dansylsarcosine binding to albumin

Sigma FAF albumin was prepared with or without oleic acid added at a 3:1 molar ratio. The

displacement of dansylsarcosine by phenylbutazone or ibuprofen was measured in the absence and

presence of iophenoxic acid, 20 AM. The conditions for the fluorescence experiments were 2 AM dansylsar-

cosine and 20 AM albumin, and phenylbutazone or ibuprofen was added to a final concentration of 20 AM.

For the dialysis experiments, the initial concentrations on the albumin side of the dialysis cell (1 ml on

either side) were 3 AM for dansylsarcosine, 20 AM for albumin, and 40 AM for phenylbutazone or ibuprofen.

The percentage displacement is (B - Bd)/B x 100, where B is the concentration of dansylsarcosine bound

initially, and Bd the concentration bound after addition of phenylbutazone or ibuprofen.

Addition Decrease in fluorescence Displacement by dialysis

Phenylbutazone Ibuprofen Phenylbutazone Ibuprofen

% % %

Albumin, 20 AM 3.9 32 0 35.8
With iophenoxic acid, 20 AM 7.1 37.7 1.2 51.5

With oleic acid, 60 AM 26.5 27 12.9 26.4

With iophenoxic acid, 20 AM, and

oleic acid, 60 AM 12.4 64.5 10.9 56.8

Effects of fatty acids on the structure of
the primary binding site for bilirubin have
previously been reported (12). As this site

is likely to be distinct from drug binding

sites I and II, it is clear that fatty acids
induce changes in albumin conformation
which affect at least three binding areas

on the protein.
Detailed fatty acid binding studies by

Ashbrook et al. (14) showed that the bind-

ing energy did not depend simply on the
fatty acid chain length. They suggested
that this was due to varying degrees of

configurational adaptation of the albumin
molecule as the fatty acid increased in
length. This interpretation is confirmed
by the data presented in Tables 1 and 2.
Ashbrook et al. (14) reported association

constants (K1) for fatty acids in the order
oleate > stearate > linoleate � palmitate,
and this corresponds to the order of po-
tency of these four fatty acids in causing

changes in the structures of sites I and II.
The association constants found by Ash-
brook et al. (14) suggest that, at the con-

centrations used in the present study, pal-
mitate, linoleate, stearate, and oleate
would all be almost totally bound. The
differences in potency therefore are not
likely to be due to varying degrees of
binding of the fatty acids to albumin. The
differences between stearate and palmi-
tate and between stearate, oleate, and
linoleate suggest that both steric factors

and chain length are important determi-
nants of fatty acid binding affinity and of
the ability to induce configurational adap-

tations in the protein.
The effects of the oleic acid on the two

drug binding sites were not a simple func-
tion of the fatty acid to albumin ratio
(Fig. 1). The binding of 1 oleic acid mole-
cule altered the structure of site I but had
almost no effect on site II. Also, the effect

of oleic acid on site I reached a maximum
when 2 Eq had been added, whereas the
maximum effect on site II required addi-
tion of at least 5 Eq of oleic acid. These
results suggest that the binding of some

fatty acids causes the albumin molecule
to assume conformations which are differ-
ent for each successive fatty acid molecule
bound.

We have shown previously that the
binding of some drugs to site II causes

changes in the structure of site I (2) and
that binding of the radiopaque dye iophen-
oxic acid also induces a conformational
change in albumin (11). It is clear, there-
fore, that human albumin shows a high
degree of conformational mobility and that
binding sites for both endogenous and ex-

ogenous compounds are unlikely to be in-
dependent.

Oleic and stearic acids caused a change
in the specificity of the site II probe, dan-
sylsarcosine, so that it was displaced by
both site I and site II drugs. At the concen-



992 BIRKETT ET AL.

trations used, iophenoxic acid binds stoi-
chiometrically to site I (1, 2, 11), so that
this site is not available for the binding of

other compounds. In the presence of both
oleic acid and iophenoxic acid, dansylsar-
cosine was displaced by only site II drugs.
The effect of iophenoxic acid in restoring

the specificity of dansylsarcosine suggests
that in the presence of fatty acids this
probe binds to both site I and site II and is

therefore displaced by drugs specific for

each site. This may be due to an increased

affinity of this probe for site I and/or a
decreased affinity for site II.

The effects of fatty acids on drug binding

have been the subject of a number of
studies, but the results have been conflict-
ing. There is, however, general agreement
that bilirubin binding is not affected by
addition of fatty acids at molar ratios with
albumin of up to 4:1 (12, 15, 16). Thyroxine
was displaced from defatted albumin by
the addition of fatty acids at a 3:1 molar

ratio with albumin (17). The order of effec-
tiveness was oleate > linoleate > palmi-
tate, which is similar to that reported
here. Solomon et al. (3) reported the dis-
placement of phenylbutazone and war-
farm from albumin by lauric, myristic,
and stearic acids, but the fatty acids were

added at 35:1 molar ratios with albumin.
Rudman et al. (8) found that palmitate
and oleate, at 7:1 molar ratios with albu-
min, displaced salicylate, octanoate, and
diphenylhydantoin. However, there was
little or no displacement when the molar
ratio of fatty acid was reduced to 3.5:1.
Spector et al. (4) found that the binding of
chlorophenoxyisobutyrate was reduced by
palmitate at ratios with albumin of 1:1,
2:1, and 4:1. In contrast, halofenate bind-
ing was not altered. The binding of digi-
toxin was not altered by fatty acids (5). In

contrast to these reports, Mukherjee (18)
found that penicillin binding to human
albumin was increased by addition of pal-
mitic acid.

The present results indicate that, in

general, fatty acids do not compete for
drug binding sites on albumin but may,
at concentrations commonly found in vivo,

change the binding of some drugs by allo-
steric mechanisms. This effect may well
be of clinical significance for drugs such

as warfarin, whose metabolic clearance is
restricted to the free drug (19).

REFERENCES

1. Sudlow, G., Birkett, D. J. & Wade, D. N. (1975)

Mol. Pharmacol., 11, 824-832.

2. Sudlow, G., Birkett, D. J. & Wade, D. N. (1976)

Mol. Pharmacol., 12, 1052-1061.

3. Solomon, H. M., Schrogie, J. J. & Williams, D.

(1967) Bioc him. Pharmacol., 17, 143-151.

4. Spector, A. A., Santos, E. C., Ashbrook, J. D.

& Fletcher, J. E. (1973) Ann. N. Y. Acad.

Sci., 226, 247-258.

5. Brock, A. (1975) Acta Pharmacol. Toxicol., 38,

497-507.

6. Santos, E. C. & Spector, A. A. (1974) Mol.

Pharmacol., 10, 519-528.

7. Tsutsumi, E., Inaba, T., Mahon, W. A. & Ka-

low, W. (1975)Biochem. Pharmacol., 24, 1361-

1362.

8. Rudman, D., Bixler, T. J. & Del Rio, A. E.

(1970)J. Pharmacol. Exp. Ther., 176, 261-272.

9. Duncombe, W. G. (1964) Clin. Chim. Acta, 9,
122.

10. Sudlow, G., Birkett, D. J. & Wade, D. N. (1975)

Clin. Exp. Pharmacol. Physiol., 2, 129-140.

11. Sudlow, G., Birkett, D. J. & Wade, D. N. (1973)

Mol. Pharmacol., 9, 649-657.

12. Woolley, P. V. & Hunter, M. J. (1970) Arch.

Biochem. Biophys., 140, 197-209.
13. Rippie, E. G. (1976) Biochem. Pharmacol., 25,

1215-1216.

14. Ashbrook, D. J., Spector, A. A., Santos, E. C.

& Fletcher, J. E. (1975) J. Biol. Chem., 250,

2333-2338.

15. Thiessen, H., Jacobsen, J. & Brodersen, R.

(1972) Acta Paediatr. Scand., 61, 285-288.
16. Starinsky, R. & Shafrir, E. (1970) Cli�z. Chim.

Acta, 29, 311-318.
17. Tabachnick, M. (1967)J. Biol. Chem., 242, 1646-

1650.

18. Mukherjee, D. (1970)J. Antibiot., 23, 348-353.
19. Yacobi, A., Udall, J. A. & Levy, G. (1976) Clin.

Pharmacol. Ther., 19, 552.




