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Endogenous N-Acylethanolamines
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ABSTRACT The functions of N-acylethano-
lamines, minor constituents of mammalian cells, are
poorly understood. It was suggested that NAEs might
have some pharmacological actions and might serve
as a cytoprotective response, whether mediated by
physical interactions with membranes or enzymes
or mediated by activation of cannabinoid receptors.
Albumins are identified as the major transport pro-
teins in blood plasma for many compounds includ-
ing fatty acids, hormones, bilirubin, ions, and many
drugs. Moreover, albumin has been used as a model
protein in many areas, because of its multifunc-
tional binding properties. Bovine (BSA) and human
(HSA) serum albumin are similar in sequence and
conformation, but differ for the number of trypto-
phan residues. This difference can be used to moni-
tor unlike protein domains. Our data suggest that
NOEA binds with high affinity to both albumins,
modifying their conformational features. In both
proteins, NOEA molecules are linked with higher
affinity to hydrophobic sites near Trp-214 in HSA or
Trp-212 in BSA. Moreover, fluorescence data sup-
port the hypothesis of the presence of other NOEA
binding sites on BSA, likely affecting Trp-134 envi-
ronment. The presence of similar binding sites is not
measurable on HSA, because it lacks of the second
Trp residue. Proteins 2000;40:39–48.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

N-acylphosphatidylethanolamines (NAPEs) and N-
acylethanolamines (NAEs) were identified as minor con-
stituents of some mammalian cells and tissues.1 The
physiological significance of these compounds is poorly
understood, although many functions was suggested.
NAPEs are precursors of NAEs, which can be formed in
different circumstances: they can accumulate in conditions
involving degenerative changes to tissues, as in brain and
cardiac ischemia.1 Moreover, their synthesis can be stimu-
lated [e.g., by excitatory amino acids (EAAs) in cultured

central neurons].2 It was suggested that these compounds
might have membrane stabilizing effects,1,3 can protect
against lipid peroxidation,1 and have some pharmacologi-
cal actions, such as anti-inflammatory effects.1 Recent
works demonstrated that cannabinoid receptors recognize
some N-acylethanolamines, suggesting that these com-
pounds are functionally active on mast cells and cerebellar
granular cells.4,5 Moreover, these works suggests that
NAEs and NAPEs might serve as a cytoprotective re-
sponse, whether mediated by physical interactions with
membranes or enzymes or mediated by activation of
cannabinoid receptors,6 with possible pathophysiological
roles in the brain. Albumins are involved in the mainte-
nance of colloid osmotic blood pressure and were identified
as the major transport proteins in blood plasma for many
compounds including fatty acids, hormones, bilirubin,
ions, and many drugs. Albumins are implicated in the
facilitated transfer of many ligands across organ-circula-
tory interfaces such as in the liver, intestine, kidney, and
brain,7 and the existence of an albumin cell surface
receptor was suggested.8 Human serum albumin (HSA)
was long used as a model protein in many areas, as in
ligand/drug displacement studies. A large number of stud-
ies focused on the multifunctional binding properties of
serum albumin. The majority of these drug-binding stud-
ies involving serum albumin, showed that the distribution,
free concentration and metabolism of many substances
can be significantly altered as a function of their binding to
this protein.9 Moreover, ligand binding could affect the
structural and dynamic features of albumin, probably
modifying its functional characteristics.

Bovine serum albumin (BSA) (583 aa) and HSA (585 aa)
are characterized by an high homology in the sequence

Abbreviations: NAPEs, N-acylphosphatidylethanolamines; NAEs,
N-acylethanolamines; HSA, human serum albumin; BSA, bovine
serum albumin; ANS, 1-anilinonaphtalene-8-sulfonic acid.
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(80%) and similar conformation, containing 17 disulfide
bridges and a series of nine loops, assembled in three
domains (I, II, III), each formed by two subdomains, A and
B.10 The principal binding regions are located in subdomains
IIA and IIIA10 and it is generally assumed that in BSA and
HSA these sites are homologous, although they may differ in
affinity.10 The structure of HSA was recently determined by
X-ray crystallography.11 In this protein the single Trp resi-
due (Trp-214) is located in IIA binding site, where Lys-199
and His-242 are involved in the protein-ligand interaction.
Trp-214 plays an important structural role by limiting the
solvent accessibility.11 Moreover, this amino acid partici-
pates in an hydrophobic packing interaction between IIA and
IIIA interface.11 It was demonstrated that the domains are
assembled to form an heart-shaped molecule.11 However, the
assembling of the domains can be modified depending on the
conditions (as e.g., pH).10 In addition, from the comparison of
many fluorescence anisotropy decay data for Trp-214 in
HSA, it was concluded12 that the protein can easily adopt
many conformations, ranging from a more compact form to a
more extended form (e.g., as a consequence of temperature
changes). BSA is characterized by two Tryptophanyl resi-
dues: Trp-212 is thought to be located in a similar hydropho-
bic microenvironment as the single Trp-214 in HSA (subdo-
main IIA),10 whereas Trp-134 is considered to be more
exposed to solvent and it is localized in subdomain IA.
Previous works demonstrated that 63% of BSA fluorescence
emission (lex 5 295 nm) is linked to Trp-134. The fluores-
cence features of Trp in both albumins are used to study
ligand binding to these proteins.13,14 Because Trp-214 in
HSA and Trp-212 in BSA are located in sites with similar
characteristics and highly homologous in sequence, it is
considered that these amino acids can show similar fluores-
cence behavior as consequence of ligand binding in their
environments.13,14

The aim of this work is to study the interaction of NAEs
with HSA and BSA. In particular, we studied N-oleyleth-
anolamine (NOEA) which was shown to protect against
increased Ca21 permeability of isolated damaged mitochon-
dria1 and to be an inhibitor of ceramidase and ceramide
can induce apoptosis6 (and references cited therein). The
chemical characteristics of NAEs suggest the possibility
that their primary action could be played on the lipidic
part of the membrane. However, there is the possibility
that properly tailored binding sites may exist on proteins
to accommodate the long hydrophobic chain of NAEs. The
possible interaction of these molecules with serum albu-
min and the possible modifications induced on structural
and motional properties of this protein could be of interest
as a possible model of their interaction with proteins and
for implications in the transport and availability of this
endogenous class of lipids to tissues. Steady-state and
time-resolved fluorescence studies were used to compare
the effect of NOEA on albumins. Fluorescence data were
correlated with circular dichroism data.

MATERIALS AND METHODS

Fatty acid-free human serum albumin (HSA) (Sigma
A-1887) and fatty acid-free bovine serum albumin (BSA)

(Sigma A-0281) were used without further purification.
1-anilinonaphtalene-8-sulfonic acid (ANS) was purchased
from Molecular Probes. N-oleylethanolamine (NOEA) was
synthesized as previously described.3 NOEA stock solu-
tions were made in ethanol, immediately before use. In
each experiment, no more than 2 ml of ethanol was used.
Control experiments, performed with the same amount of
solvent, demonstrated that it had no effect on HSA and
BSA, at the amounts used in this work, in each technique
used.

Steady-State Fluorescence Measurements

Steady-state fluorescence measurements of intrinsic HSA
and BSA fluorescence were performed by a Perkin-Elmer
LS50 B, using an excitation wavelength of 295 nm. Final
protein concentration was 190 mg/ml, in 20 mM Tris/HCl,
0.1 mM EDTA, and 150 mM NaCl. Data were acquired at
37°C. Samples were equilibrated at the temperature used
for 10 min before data acquisition. In ANS experiments,
two excitation wavelengths were used: 350 nm and 295
nm. ANS final concentration was 1.8 mM , the protein
concentration was 190 mg/ml. Data presented are the
average of at least three different experiments. All spectra
were corrected for scatter by subtracting the baseline of
proper buffer solutions measured with the same instrumen-
tal conditions.

Time-Resolved Fluorescence Measurements

The decay of albumins was studied by a multifrequency
phase fluorometer, at the Laboratory for Fluorescence
Dynamics (LFD), University of Illinois at Urbana-Cham-
paign (USA), using the harmonic content of a Coherent
Nd:YAG mode-locked laser pumping a rhodamine dye
laser. Excitation was at 295 nm using magic angle configu-
ration, and the emission was observed through a Schott
WG-320 filter to isolate the emission of tryptophan and
block-scattered light. A solution of p-terphenyl in ethanol
(lifetime 1.05 ns) was used as reference. The modulation
frequency was varied from 3.81 to 350.52 MHz. Data were
acquired at 15 different frequencies with the uncertainties
of 0.2° and 0.004 for phase angles and modulation ratios
respectively. Anisotropy decay data were acquired with
the same set of frequencies, using an excitation wave-
length 295 nm. Fluorescence decay data were fitted to a
sum of exponential decay components using a nonlinear
least square analysis or as continuous distributions of
lifetime values. Data were analyzed using Globals Unlim-
ited software, according to models and equations described
by Alcala et al.15 The reduced x2 value was used to judge
the goodness of fit.15 All measurements were performed at
37°C. Final protein concentration was 190 mg/ml, NOEA
was 4.8 mM (NOEA/albumin molar ratio 5 R 5 1.65). Data
are means of three to six different experiments.

Circular Dichroism (CD)

Near-UV (from 320 nm to 260 nm) and Far-UV CD
spectra (from 260 to 200 nm) were recorded on a Jasco 500
spectropolarimeter under constant Nitrogen flux, at 37°C.
The instrument was calibrated with a solution of pantolac-
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tone 0.015%. For the standard solution a 1-cm path-length
cell was used and spectra scanned at 50 nm/min with a
time constant of 1 sec. In Far-UV region, for protein
samples the path length was 0.2 mm with an accumulation
of five scans, for each experiment. Both proteins concentra-
tion was 160 mg/ml. In the Near-UV region, a pathlength of
1 cm was used, and protein concentration was 1.3 mg/ml.
NOEA was added to samples up to a NOEA/protein molar
ratio 7.5/1. In the case of near UV CD, NOEA mmolar
concentrations were necessarily higher than those used in
the other CD range, to obtain similar NOEA/protein molar
ratios. Readings were done against a reference cuvette
containing the same components, except the protein. Data
were the average of five individual spectra.

3D-Space-Filling Modeling

To perform the molecular docking to the HSA binding
site, Monte Carlo methods were used, in conjuction with
simulated annealing.16 At each iteraction of the MC
procedure, the internal conformation of the ligand is
changed, the energy of the ligand within the binding site is
calculated using molecular mechanics and, particularly,
by using AMBER force field17 as implemented in Macro-
model v.5.518 and HyperChem 4.6 for SGI (HyperChem
4.6, SGI version, Hypercube Inc., Ontario, Canada). All the
calculations were performed on an Indigo2 SGI Worksta-
tion R10000 175 MHz and on a SGI Workstation O2
R10000 195 MHz.

The significance of the data obtained in each kind of
experiment was calculated according to Student’s t-test.

RESULTS
Steady-State Fluorescence of Tryptophan

The intrinsic fluorescence of Trp residues present in
Human and Bovine albumins was used for this work.
Preliminary studies were performed to evaluate the possi-
bility of Trp quenching effects by NOEA (up to 35 mM),
which was excluded by experiments on Tryptophan octyl
ester (12 mM) in ethanol (data not shown). Figure 1A
shows steady-state fluorescence emission spectra for HSA
in the presence of increasing concentrations of NOEA.
NOEA induces a small decrease of Trp fluorescence inten-
sity (about 6%), although no more changes are evident at
concentrations above 6–8 mM (R 5 NOEA/protein molar
ratio 5 2–2.7). The most evident NOEA-induced effect is a
blue shift in lem visible in each spectrum in Figure 1. This
change becomes significant at 3.9 mM NOEA (p , 0.01).

Figure 1B shows steady-state fluorescence emission
spectra obtained for BSA in the presence of increasing
concentrations of NOEA. In these spectra a NOEA-
induced intensity decrease (up to 29%) and a blue shift in
lem can be observed. The intensity decrease is significant
at 3.9 mM NOEA (p , 0.01), whereas lem shift is signifi-
cant at 6 mM NOEA (p , 0.01). Because HSA contains a
single Trp at the position 214, which is considered analo-
gous to Trp-212 on BSA10 and these residues show a
similar fluorescence behavior,13,14 the emission spectrum
of HSA was subtracted to BSA spectrum, to disentangle
the spectral contribution of Trp-212 and Trp-134. On these

spectra (indicated as BSA-HSA) the calculation of center-
of-mass was performed, according to Ehrhardt et al.19 This
parameter was calculated because it is more reproducible
than the extimation of spectral maxima. The same calcula-
tion was performed on HSA and BSA spectra. Results are
presented in Figure 2. From this figure, it is evident that
the HSA center-of-mass flattens around 7.8–9.8 mM NOEA
(corresponding to a NOEA/protein molar ratio 5 R 5
2.7–3.4). In BSA-HSA spectra, there is a constant value of
the center-of-mass up to 7.8 mM NOEA (R 5 2.7), whereas
the increase of this parameter flattens between 11.75 mM
and 23.5 mM. The behavior of the BSA curve is intermedi-

Fig. 1. Fluorescence spectra of HSA (panel A) and BSA (Panel B) in
presence of increasing NOEA concentrations: (– – –) Control; (z z z)
1.96 mM NOEA; (– z – z –) 3.92 mM NOEA; ( z z – z z – z z ) 5.88 mM NOEA;
(—) 9.79 mM NOEA. Spectra were recorded at 37°C. The excitation
wavelength was set at 295 nm (bandwidth 4 nm), and the emission
spectra were recorded between 310–400 nm (bandwidth 4 nm). Samples
were dissolved in 20 mM Tris, 0.1 mM EDTA, 150 mM NaCl, pH 7.2.
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ate between the HSA and BSA-HSA curves (Fig. 2).
Although Trp fluorescence is not directly quenched by
NOEA, the intensity decrease induced on albumin fluores-
cence is directly related to the NOEA binding to albumins.
For this reason, the fluorescence decrease was used to
calculate the affinity of NOEA for its binding sites on the
protein. The value of fluorescence intensity was measured
at the wavelength corresponding to the frequency of the
center-of-mass. The dissociation constant, Kd was calcu-
lated by the formula

1/DF 5 ~Kd/DFmax!~1/@NOEA#! 1 1/DFmax

where DFmax is the maximum fluorescence change possible
in the sample and Kd is the dissociation constant. The
formula was obtained by a modification of the method of
Johansson et al.13 For BSA, the averaged dissociation
constant for the NOEA binding sites in the environment of
both tryptophans was Kd5 2.1 6 0.9 3 1025, Ka 5 5.4 6
2.5 3 104. The same analysis was carried out on HSA:
calculated Kdfor HSA was Kd5 4.3 6 0.7 3 1026 , Ka 5
2,4 6 0.4 3 105. The Kdand Ka for Trp-134 of BSA were
calculated by BSA-HSA spectra previously described: Kd 5
2.4 6 0.3 3 1025 and Ka 5 4.3 6 0.6 3 104. These values
indicate that the binding site located near the more exposed
Trp-134 is characterized by a lower affinity for NOEA.

Time-Resolved Fluorescence of Tryptophan

The fluorescence decay measurements for the single Trp
of HSA were acquired in the presence and the absence of
4.8 mM NOEA (R 5 1.65). This not saturating NOEA
concentration was chosen to underline the early engaged

albumin domain. In fact, the comparison between HSA
and BSA fluorescence can help to understand which part of
albumin is early affected by low concentrations of NOEA.
At this NOEA concentration, only >50% HSA molecules
are bound to the ligand. Although the fluorescence and
anisotropy decay data arise from a heterogeneous HSA
population (bound and unbound molecules), the modifica-
tions induced on the measurements are likely because of
the NOEA binding on site (or sites) with higher affinity. At
higher NOEA concentrations, some binding sites with
lower affinity could be occupied partially by ligand, likely
affecting other protein domains. The apparent Ka mea-
sured for BSA is an average of strong and weak binding.
According to Johansson,30 it is assumed that the strong
affinity constant for BSA is the same as that calculated for
HSA and, that a >50% saturation is reached in these sites
on both proteins. The high homology between BSA and
HSA suggests that NOEA binding sites are localized in
similar domains. However, the comparison between fluo-
rescence decay data from HSA and BSA can help to
exclude the presence of high affinity binding sites in the
Trp-134 environment. The results of lifetime analysis are
shown in Table I. Using the exponential analysis, the best
results were obtained by a three exponential fit, where
lifetime components (ti) are 6.88 ns, 3.21 ns, and 0.41 ns,
with associated fractional intensities (fi) 0.57, 0.36, 0.07,
respectively (Table IA). These results are in line with
previous data obtained for HSA at a lower temperature
(25°C).20 NOEA induces small but significant (p , 0.05)
modifications in longer lifetime values (6.40 ns and 2.74
ns, respectively) (27% and 215%, respectively), but not in
their fractional intensities (Table IIA). Table IB shows
results obtained by analyzing the same data in terms of
Gaussian distributions of lifetimes, in agreement with
Marzola and Gratton.20 Lorentzian and Uniform distribu-
tions did not yield similar good fits in our samples. An
increase of fit, without significant changes in the center
value, was obtained including a very short lifetime (0.001
ns) in the analysis, to eliminate light scattering contribu-
tion21,22 (Table IB). In the Gaussian distributional analy-
sis a NOEA induced significant decrease in the value of the
center of the distribution (from 5.39 ns to 4.92 ns, (p ,
0.02) can be observed, with no change in the distributional
width. In Table II are shown the results obtained analyz-
ing fluorescence decay data for BSA in the presence and
the absence of 4.8 mM NOEA (R 5 1.66). The phase and
modulation data are analyzed by using a three-component
exponential decay or a Gaussian distribution of lifetimes,
because these analyses give analogous fits for the data.
Using the exponential analysis, the best results were
obtained by a three exponential fit, where lifetime compo-
nents (ti) are 6.50 ns, 3.63 ns, and 0.51 ns, with associated
fractional intensities (fi) 0.67, 0.28, 0.05, respectively.
NOEA induces very small modifications in longer lifetime
values (6.29 ns and 3.16 ns, respectively), but not in their
fractional intensities (Table IIA). The same data were
analyzed using distributional models (Table IIB). As in the
case of HSA, data yielded a slightly improved fit using a
Gaussian distributional analysis and including a very

Fig. 2. Effect of increasing NOEA concentrations on the center-of-
mass of the fluorescence emission spectra of HSA (D), BSA (h) and
difference spectra BSA-HSA (l). Data were obtained at 37°C with lex 5
295 nm. Proteins (190 mg/ml) were suspended in 20 mM Tris/HCl, 0.1 mM
EDTA, 150 mM NaCl, pH 7.3. Data are presented as means of at least
three different experiments.
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short lifetime (0.001 ns) to eliminate light scattering
contribution.21,22 The center of the distribution and the
distributional widths are only slightly modified.

In Table III is reported the best fit for anisotropy decay
obtained with data of Tables I and II. The anisotropy decay
of HSA at 37°C is analyzed using two rotational correla-
tion times, 16.7 ns and 0.17 ns. The limiting anisotropy ro

was fixed at the experimental value 0.31, obtained for
NATA at low temperatures at the same wavelength. These
data are consistent with previous results (14 ns and 0.14

ns) obtained at 43°C by Munro et al.23 The longer value is
usually associated with the overall rotation of the protein
in solution, whereas the shorter component is attributed to
the internal motion of the single Trp in HSA. By fL value, it
is possible to estimate the angular displacement respon-
sible for shorter motion, according to the formula24:

cos2u 5 ~2fL 1 1!/3

By this formula, it is possible to calculate a rotation angle
of about 37° for Trp in HSA at 37°C. NOEA induced no

TABLE I. Fluorescence Decay Fitting Parameters for HSA, in the Presence
or the Absence of 4.8 mM NOEA (R 5 1.65)†

A t1 f1 t2 f2 t3 x2

HSA 6.88 6 0.16 0.57 6 0.05 3.21 6 0.21 0.36 6 0.04 0.41 6 0.8 0.19
1NOEA 6.40 6 0.03* 0.60 6 0.02 2.74 6 0.05* 0.34 6 0.02 0.35 6 0.06 0.27

B c1 w1 f1 c2 w2 x2

HSA 5.35 6 0.03 2.51 6 0.03 1 4.62
5.39 6 0.02 2.06 6 0.02 0.98 6 0.00 0.001 0.17 6 0.06 0.18

1NOEA 4.88 6 0.07** 2.35 6 0.06 1 1.63
4.92 6 0.08** 2.12 6 0.00 0.99 6 0.00 0.001 0.02 6 0.02 0.23

†Fluorescence decay was measured at 37°C, with an excitation wavelength of 295 nm. Data were fitted to a sum of
exponential decay components (A) or as Gaussian distributions of lifetime values (B).
Data, acquired at 37°C, are presented as mean 6 SD. Panel A: t1, t2, t3, lifetime values (ns); f1, f2, f3, fluorescence
fractions, f1 1 f2 1 f3 5 1. Panel B: c1, c2, w1, w2, centers and widths of Gaussian distributions; f1, f2,
fluorescence fractions, f1 1 f2 5 1; in both panels x2, reduced chi-square.
*p , 0.05, **p , 0.02. Comparison was made with HSA data analyzed in a similar way.

TABLE II. Fluorescence Decay Fitting Parameters for BSA, in the Presence
or the Absence of 4.8 mM NOEA†

A t1 f1 t2 f2 t3 x2

BSA 6.50 6 0.18 0.67 6 0.05 3.63 6 0.32 0.30 6 0.05 0.51 6 0.10 0.50
1NOEA 6.29 6 0.09 0.67 6 0.10 3.16 6 0.19 0.28 6 0.07 0.54 6 0.18 0.43

B c1 w1 f1 c2 w2 x2

BSA 5.57 6 0.24 2.20 6 0.16 1 9.41
5.69 6 0.06 1.34 6 0.11 0.95 6 0.02 ,0.01 1.43 6 0.71 0.46

1NOEA 5.27 6 0.34 2.37 6 0.14 1 7.2
5.51 6 0.09 1.48 6 0.07 0.90 6 0.08 ,0.01 2.20 6 1.39 0.45

†Fluorescence decay was measured at 37°C, with an excitation wavelength of 295 nm. Data were fitted to a sum of
exponential decay components (A) or as Gaussian distributions of lifetime values (B).
For symbols, see Table I.

TABLE III. Anisotropy Decay Parameters for HSA (A) and BSA (B) in the Absence
and the Presence of 4.8 mM NOEA (R 5 1.65)†

f1 (ns) f2 (ns) fL ro
a x2

A
HSA 16.7 6 1.5 0.17 6 0.03 0.47 6 0.01 0.31 0.197
HSA 1
NOEA

16.1 6 3.5 0.17 6 0.05 0.45 6 0.05 0.31 0.283

B
BSA 15.1 6 0.6 0.24 6 0.02 0.41 6 0.01 0.31 0.344
BSA 1
NOEA

15.7 6 0.6 0.21 6 0.09 0.41 6 0.05 0.31 0.454

†T 5 37°C. Data were acquired using a lex 5 295 nm.
f1, f2, rotational correlation times; fL 5 fraction of anisotropy linked to longer rotational
correlation time.21

aro was fixed to 0.31.
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modifications in rotational correlation times and in the
rotation angle. The anisotropy decay of BSA at 37°C is
analyzed using two rotational correlation times, 15.1 ns
and 0.24 ns, with fL 0.41. The limiting anisotropy ro is fixed
at the experimental value 0.31. NOEA does not signifi-
cantly modify both rotational correlation times and fL (16.1
ns, 0.17 ns and 0.45, respectively). The anisotropy decay of
BSA at 37°C is analyzed using two rotational correlation
times, 15.1 ns and and 0.24 ns, showing no significant
differences with HSA. No changes of these parameters are
induced by NOEA. Control experiments performed in the
presence of increasing ethanol concentrations (up to 50
mM) showed no ethanol-induced modification of fluores-
cence decay features in both BSA and HSA (data not
shown).

ANS Steady-State Fluorescence

The binding of NOEA to albumins was studied also by
the steady-state fluorescence of ANS, whose quantum
yield is significantly increased after binding to many
proteins.25 This amphiphilic probe is almost completely
not fluorescent in water, whereas its fluorescence in-
creases as consequence of the interaction with hydropho-
bic sites on a protein. Recent results demonstrated that
the average binding constant for ANS-BSA complex was
large (104–105 mol21) and the number of binding sites
measurable by fluorescence was at least 3.26,27 In the
present work, BSA titration by NOEA increases ANS
fluorescence intensity (lex 5 350 nm) at each concentra-
tion used (maximum increase >12%), suggesting an in-
creased binding of the probe to BSA (Fig. 3B). Figure 3D
shows the emission spectra of the ANS-BSA complex
obtained by excitation at 295 nm, in the presence of
increasing concentrations of NOEA. These spectra are
characterized by two emission bands with maxima cen-
tered at wavelengths corresponding to Trp and ANS
emission, respectively. The fluorescence intensity of the
ANS band increases with ligand concentration, whereas
the opposite is observed for the Trp band. This complex
behavior is owing to energy transfer from Trp to ANS,
which is more probable within a distance of 2.3 nm.25 The
maximum increase in ANS fluorescence in the spectra
obtained with lex 5 295 nm, was 17%.

ANS fluorescence was studied also in the complex
ANS-HSA. Previous studies28 demonstrated that this pro-
tein is characterized by one or two fluorescent binding
sites, depending on the ANS/albumin molar ratio. On
HSA, the ANS binding site with larger affinity was identi-
fied on subdomain IIIA (Kass 5 0.87 3 106 mol21),
whereas a lower affinity site was identified on subdomain
IIA. In our experimental conditions, ANS (ANS/albumin
molar ratio 5 0.65) is linked only to the subdomain IIIA.29

Figure 3A shows the emission spectra of the ANS-HSA
complex obtained by excitation at 350 nm. Increasing
concentrations of NOEA induce a red shift and a decrease
in ANS fluorescence intensity. The maximum decrease
obtained at 29 mM NOEA concentration was 10%. These
results could indicate that NOEA and ANS compete for the
same binding site, although other explanations could be

possible, such as a decreased hydrophobicity at this site27

or a change in the rigidity of the fluorophore environ-
ment.25 Figure 3C shows the emission spectra of the
ANS-HSA complex obtained by excitation at 295 nm, in
the presence of increasing concentrations of NOEA. A red
shift and a small decrease in ANS fluorescence emission is
measurable, whereas no changes in Trp spectrum are
evident.

Circular Dichroism

Far and near UV C.D. measurements were performed on
BSA and HSA samples in the absence and in the presence
of increasing amounts of NOEA at room temperature. Far
C.D. spectra for both proteins show only small modifica-
tions induced by NOEA at the higher NOEA/albumin
molar ratio tested R 5 7.5 (data not shown). Also, the near
UV C.D., which gives indications on the tertiary structure
of proteins, shows only small changes on both albumins in
the range R 5 4.5–7.5 (data not shown).

3D-Space-Filling Modeling

Figure 4 shows a 3-D space-filling model. On the basis of
experimental data, the NOEA molecule was docked to the
higher affinity fatty acid binding site, in the domain IIIA
involving residues Pro 384, Leu 387, Ile 388, Phe 395, Leu
407, Leu 430, Val 433, Met 446, Ala 449, Leu 453. This
binding site is near the residue Trp 214 in HSA (3 Å). The
ligand was oriented into the binding site and its orienta-
tion was checked to ensure the lack of unacceptable steric
interactions between the ligand and the protein. The
protein coordinates were obtained from the Protein Data
Bank.38 The complex ligand-protein was then allowed to
relax and to reach the lowest energy.

DISCUSSION

The fluorescence features of Trp residues are largely
used to study structural and dynamic characteristics of
proteins, and they are considered useful to study binding
of extrinsic molecules to albumins.13,14,30 Trp fluorescence
emission maximum is usually related to the polarity of its
environment: a red shift is expected when the fluorescent
molecule becomes more exposed to a polar solvent. The
fluorescence emission intensity is linked to a variety of
phenomena, such as the exposure to polar solvents, quench-
ing, excited state reactions. The blue shift owing to expo-
sure to less polar solvents is usually associated with an
increase in fluorescence intensity. A Trp lem blue shift,
associated with a fluorescence intensity decrease, was
induced by the binding of most long-chain fatty acids to
BSA27 (and references cited therein). This was interpreted
as not due to Förster energy transfer, but rather to a
conformational effect.31

In this work, the NOEA-induced lem blue shift, mea-
sured on both albumins, suggests a decrease in the environ-
ment polarity of Trp-214 in HSA and at least one of the
indole rings present in BSA. Although direct quenching by
NOEA was excluded (see Results), the fluorescence inten-
sity decrease could be, at least partially, related to struc-
tural and/or conformational changes, which may influence
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the interaction of Trp residues with their neighbors,
affecting the possibility of quenching and/or excited state
reactions with other moieties present on the polypeptide
chain. Assuming that Trp-214 in HSA and Trp-212 in BSA
show similar fluorescence behavior, the measured differ-
ences in steady-state data obtained for these proteins are
likely owing to Trp-134. However, C.D. spectra indicate
that acylethanolamine binding is not associated with
substantial structural changes, because the secondary and
tertiary structures of both proteins are only slightly af-
fected. This result is in agreement with previous works,
showing no changes in the protein secondary structure
induced by the linkage of different ligands.30,32,33 Trp
steady-state fluorescence demonstrates that both albu-

mins are affected by mmolar concentrations of NOEA.
However, the calculated Ka for the two proteins are
significantly different, indicating that the binding sites
measurable by Trp fluorescence changes in HSA (likely
located in the hydrophobic environment of Trp-214) are
characterized by a larger affinity for the long oleic acyl
chain of NOEA than the binding sites near Trp 134 in BSA.
Time-resolved fluorescence measurements can give infor-
mation about the conformational heterogeneity of pro-
teins. Many factors, including exposure to water mol-
ecules, to many other moieties intrinsic to protein structure
and/or excited state processes can modify the Trp fluores-
cence lifetime, which can vary by more than a factor of 100
in different polypeptides.34 Trp emission decay is satisfac-

Fig. 3. Effect of increasing NOEA concentrations on ANS fluores-
cence spectra of ANS-HSA (panels A and C) and ANS-BSA (panels B and
D) complexes. In Figure A and B, excitation wavelength 5 350 nm, in
panels C and D excitation wavelength 5 295 nm. ANS final concentration

was 1.8 mM; both proteins were 190 mg/ml. (– – –) Control; (z z z) 2.9 mM
NOEA; (– z – z –) 8.8 mM NOEA; ( z z – z z – z z ) 17.5 mM NOEA; (—) 29.2 mM
NOEA. Spectra were recorded a 37°C.
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torily described by several exponential components, usu-
ally associated with different amino acid residues. How-
ever, a complex fluorescence decay, owing to conformational
heterogeneity, can be observed also in single fluorophore-
containing proteins.34 Complex decays of Trp fluorescence
were described in terms of continuos lifetime distribu-
tions.15 Gratton and co-workers15, 35,36 demonstrated that,
in single Trp proteins, the lifetime distribution width is
related to the flexibility of the protein structure, thus
determining the heterogeneity of Trp environments experi-
enced during its excited state. It was suggested that the
width of lifetime distribution, in single Trp proteins, is
related to the extent of motion of the fluorophore (namely,
decreasing as the rate of motion increases) and/or to a
larger number of microenvironments experienced by Trp
(namely, increasing when this number is increased).15,35,36

The presence of several Trp residues increases the complex-

ity of the model. However, it is known that the single
Trp-214 in HSA and Trp-212 in BSA are located in similar
microenvironments,10 and it is generally assumed that the
fluorescence emission of these amino acid residues is
affected to the same extent by ligands.14,30 Because BSA
fluorescence decay is a weighted average of Trp-134 and
Trp-212 decays, the possible differences between data
analysis of BSA and HSA can give indications on Trp-134
residue.

Results obtained suggest that only Trp-214 lifetime (or
Trp-212 in BSA) is affected by NOEA, excluding the
presence of binding sites with similar affinity near Trp-
134. Trp lifetime decrease (Table I) is not related to an
increased exposure to the solvent, because the blue shift in
the steady-state emission spectra indicate a lower polarity
in the fluorophore environment (Fig. 1). Although a direct
quenching by NOEA was excluded, a decrease in lifetime

Fig. 4. 3-D space-filling model of HSA complexed with NOEA. The residue Trp-214 and the NOEA
molecule are shown in evidence. The protein coordinates were obtained from the Protein Data Bank.38
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value is probably related to conformational changes, modi-
fying phenomena such as dynamic quenching, and/or to
excited state processes owing to moieties present in the
polypeptide. Data could indicate a NOEA-induced confor-
mational change of HSA in the domain containing Trp-
214, affecting distances among amino acids residues (in-
cluding Hys, Cys, Pro, Arg, and peptide bond), which are
capable of quenching Trp fluorescence. However, the possi-
bility that the part of peptide chain containing Trp-214
(loop 4) is not directly involved in NOEA binding is
suggested by the unmodified value of Gaussian distribu-
tional width, indicating that there are no changes in the
heterogeneity of Trp environment. These conclusions are
suggested also by the unmodified local Trp motions and
the unmodified rotational angle for this residue in HSA
(about 36°). Moreover, this NOEA concentration induces
no change in the protein shape. Data presented suggest
that, at the NOEA concentrations tested, the binding of
acylethanolamine could induce a remodeling in the rela-
tive position of domains, but not in their structure.

The principal hydrophobic binding regions on HSA and
BSA are located in subdomains IIA and IIIA,10,11,37

whereas Domain I, characterized by a strong net negative
charge10 was shown to offer the proper binding sites to
cationic ligands, such as Ca21 and Zn21 ions.10 Many
hydrophobic ligands are known to link preferentially in
the binding cavity in subdomain IIIA. For both HSA and
BSA, it was suggested that the primary fatty acid binding
site is in the middle of third domain, dependent for its
apolar nature on tertiary folding of the largely helical loops
7–9.10 The second fatty acid binding site was identified in
loop 6, forming a hydrophobic pocket in the region between
domains II and III.10 A three-dimensional atomic model of
albumin showed a hydrophobic channel, in the middle of
domain III, having dimensions well tailored to match an
extended C16-C20 acyl chain.10 These properties suggest
that the C18 oleic acyl chain of NOEA could interact
primarily at these sites, similarly to fatty acids.

Our data obtained using Trp fluorescence can be in
agreement with this hypothesis, because, in HSA, Trp-214
is localized in IIA subdomain, but it participates in addi-
tional hydrophobic packing interactions between IIA and
IIIA interface.11 Modifications in this protein region could
easily affect Trp fluorescence.

The fluorescent probe ANS can be useful to verify the
possible modifications induced by NOEA on subdomain
IIIA of HSA. Previous studies demonstrated that ANS, in
the concentration used in this work, is linked only to
subdomain IIIA on HSA.28,29 ANS fluorescence was used
to monitor ligand binding of this subdomain,28,29 by corre-
lating a decreased ANS intensity to successive displace-
ments of the probe from its binding site. In our experi-
ments, the hypothesis of ANS displacement seems not to
be consistent with energy-transfer measurements (Fig.
3A), because a NOEA-induced intensity decrease in ANS
emission is not associated with changes in Trp spectra.
These results suggest a decreased energy-transfer effi-
ciency, which could be because of a longer donor-acceptor
distance and/or to conformational changes modifying the

rigidity of the fluorophore environment.25 Also, results
obtained by Monte Carlo procedure suggest that NOEA
localizes into the same fatty acid first binding site with the
same orientation. This is the only one that minimizes all
the negative and destabilizing interactions between the
NOEA and the albumin. Also, the NOEA interaction with
BSA was studied by ANS fluorescence. It was shown that
the number of ANS binding sites measurable by fluores-
cence on BSA is 2.82 6 0.0826 (Ka 5 2.06 6 0.06 3 104

mol21). Moreover, it is known that ANS and the 3rd, 4th,
and 5th fatty acids bound to BSA share the same binding
regions26 (and references cited therein), whereas up to 2
mol of fatty acids for mole of BSA do not affect ANS
binding to BSA.26 Our experiments suggest an ANS greater
interaction with the protein, which could expose a larger
number of hydrophobic residues to solvent, in the presence
of NOEA. Moreover, the increased ANS fluorescence inten-
sity could be owing to the formation of new ANS binding
sites in the Trp-134 environment. Alignment of the known
sequences of HSA and BSA showed an 80% homology
between these proteins. However, this agreement is close
in all loops, except loop-3, containing Trp-134.10 This lower
homology could be the cause of the different fluorescence
intensity behavior of the ANS-HSA and ANS-BSA com-
plexes, excited at 350 nm. The fluorescence of ANS-BSA
complex indicates that NOEA and ANS do not share the
same binding sites, because a decrease in ANS intensity
was expected in this case. Moreover, these data indicate
that NOEA does not occupy, on BSA, the same binding
sites of the 3rd, 4th, and 5th fatty acids, which are known
to be linked, with relatively low affinities, to proper clefts
and pockets on the protein.

CONCLUSIONS

Our data suggest that NOEA binds with high affinity to
HSA and BSA, modifying their conformational features. In
both proteins, NOEA molecules are linked with higher
affinity to hydrophobic sites near Trp-214 (or 212). More-
over, ANS fluorescence data and BSA-HSA spectra of
Trp-134 support the hypothesis of the presence of other
NOEA binding sites on BSA, affecting Trp-134 environ-
ment. Similar binding sites cannot be detected in HSA
because Trp-134 is absent. N-acyl ethanolamines, and
their precursors NAPEs, are formed in tissues as response
to cellular injury,1,6 and are supposed to serve as a
cytoprotective response.6 Moreover, N-acylethanolamines
are known to possess some pharmacological actions: in
fact, some NAEs are reported to have anti-inflammatory,
anti-anaphylactic, and anti-serotonin activity.1 Besides, it
was shown that NOEA inhibits thrombin-induced human
platelet aggregation.1 The pharmacological effects of NAEs
can be affected by their absorption, circulation, and tissue
distribution.1 Because albumins are known to contribute
significantly to transport, distribution, and metabolism of
many exogenous and endogenous ligands, a characteriza-
tion of NAE-albumin binding can help to elucidate the
mechanism of their biological effects and their possible use
as therapeutic agents. Moreover, the characteristics of
NAEs binding sites on albumin could be proper models for
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the understanding of structural and chemical features of
binding sites on proteins that are known to interact with
these molecules, such as cannabinoid receptors, which are
activated by some NAEs, such as anandamide and palmi-
toylethanolamide.4,39,40 Other experiments are in progress
in this laboratory to increase the characterization of NAEs
interactions with albumins.
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