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ABSTRACT: Prodan (6-propionyl-2-(dimethylamino)-naphthalene), a competitive inhibitor of warfarin binding
to human serum albumin (HSA) at drug site I, was used to determine the inter- and intradomain distances
of HSA. The fluorescence resonance energy transfer (FRET) distances between prodan and Trp-214,
prodan and 7-(diethyl amino)-4-methylcoumarin 3-maleimide (CM)-modified Cys-34, and Trp-214 and
CM-Cys-34 were determined to be 25.5( 0.5 Å, 33.1( 0.8 Å, and 32.4( 1 Å, respectively. FRET
analysis showed that low concentration of palmitic acid (5µM) increased the interdomain distance between
the Trp-214 in domain II and CM-Cys-34 in domain I by∼5 Å without perturbing the secondary structure
of HSA and the immediate environment of Trp-214. Palmitic acid (5µM) increased the prodan fluorescence
by increasing the quantum yield of bound prodan without altering the tryptophan environment. However,
palmitic acid (>10 µM) decreased the prodan fluorescence and increased the tryptophan fluorescence.
Our results indicate that the high affinity palmitic acid binding site is located at the interface of domains
I and II. On the basis of our measurements, a schematic model representing the drug site-1, Trp-214, and
Cys-34 along with the palmitic acid sites has been constructed. In addition, prodan fluorescence, FRET,
and ligand binding were used to monitor guanidine hydrochloride-induced denaturation of HSA. An analysis
of the equilibrium unfolding data suggests that HSA undergoes a two-state unfolding transition with no
detectable intermediate. However, kinetic analysis using multiple probes and thermal denaturation studies
showed that the unfolding of the prodan site in HSA preceded the unfolding of tryptophan environment.
In addition, the separation of domain I and II occurred before the global unfolding of the protein. The
data support the idea that HSA loses its structure incrementally during its unfolding.

Human serum albumin (HSA),1 a monomeric protein of
585 residues, is the major protein component of blood
plasma. It has three structurally similarR-helical domains
I-III, which are further divided into subdomains A and B
(1, 2). A wide variety of drugs such as warfarin, digitoxin,
and benzodiazepine bind to HSA, and much of the interest
in this protein derives from its effects on drug delivery (3-
6). The high affinity drug binding sites on HSA have been
classified into two well-characterized groups, sites I and II,
which are located in subdomains IIA and IIIA, respectively
(1, 3). Although examples of drugs binding elsewhere on
the protein have been documented (4), most work has focused
on these primary drug sites. Drug site I, where warfarin binds,
has been characterized as a conformationally adaptable region
with up to three subcompartments (5, 6).

HSA plays a major role in metabolism and clearance of
fatty acid in the body, and the fatty acid binding sites on
HSA are distributed throughout the protein involving all six
subdomains (7, 8). Under normal physiological conditions,

long chain-saturated fatty acids, such as oleate and palmitate,
make up almost 70% of the free fatty acid in the blood (9).
In several disease states, such as bacterial infection, diabetes
mellitus, and stress, the fatty acid levels are found to increase
remarkably (10, 11). Under such circumstances, the fatty acid
modulates the ligand binding properties of HSA by inducing
conformational changes in the binding site I and II (10-
12). Thereby, understanding HSA-fatty acid interactions is
of major clinical and pharmaceutical importance.

The folding process for a multidomain protein, such as
HSA, is complex wherein each domain could fold inde-
pendently and interdomain interactions regulate the overall
folding process (13, 14). Studies on chemically and enzy-
matically isolated domains of serum albumin have shown
that they retain nativelike conformation and ligand binding
properties (15, 16). Recently, individual domains (I and III)
of HSA have been efficiently expressed and secreted in
Saccharomyces cereVisiae(17), which further confirms that
these domains can form independent structural units capable
of folding into stable tertiary structure. Several groups
examined the mechanism of unfolding of HSA (18-22).
Despite the development of both experimental and theoretical
methodologies, no unifying mechanism has been evolved for
understanding the unfolding pathways of HSA. Pico´ (1995)
identified a molten globule-like intermediate during the
thermal unfolding of HSA (18). Acid denaturation studies
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of HSA also indicated the presence of a molten globule-like
intermediate at a low pH range (19). However, chemical
denaturation studies have led to conflicting results on the
questions of an intermediate state. Tayyab et al. (1995)
examined the urea-induced unfolding of HSA and found that
unfolding apparently occurred in a single, concerted step with
no intermediate formation (20). Recently, Muzammil et al.
(2000) found that guanidine hydrochloride (GdnHCl)-induced
unfolding occurred in a single step (21). However, Flora et
al. (1998) reported earlier that the unfolding of HSA by
GdnHCl involves multiple steps, with at least one intermedi-
ate (22). The important issue concerning the unfolding of
HSA is whether it is a genuine two-state process or whether
the intermediates of unfolding are not detected by thermo-
dynamic or kinetic experiments, as they are too unstable.

HSA contains only one tryptophan residue at position 214
in domain II and one free cysteine residue at position 34 in
domain I, although, it has 17 disulfide bonds (2, 23). The
free thiol allows site-specific labeling of the protein with
chromophoric or fluorescent probes. The intrinsic tryptophan
and extrinsic spectroscopic probes at Cys-34 have been used
to study ligand-induced conformational changes and the
unfolding process of HSA (12, 21, 22, 24-26). In a
multidomain protein, information obtained using a single
probe such as tryptophan or prodan reflect the local confor-
mational change but may not be sufficient to characterize
the changes occurring in other domains of the protein. HSA
contains three domains (1, 2), and it is known that the binding
of a ligand at one site in HSA affects the binding of another
ligand at a distant site (25, 26). Thus, an analysis involving
multiple probes and the changes in spatial distance between
these probes could provide more insight into the ligand-
induced conformational changes and unfolding process of
HSA.

Fluorescence resonance energy transfer (FRET) technique
has emerged as a successful tool to determine the spatial
distance between two points (a donor and an acceptor) in
proteins, and FRET distances between two points have been
extensively used to study protein folding pathways, confor-
mational changes upon ligand binding, protein-protein
interactions, and monomer-dimer equilibrium (27-30). In
HSA, the FRET distance between Trp-214 and Cys-34 has
been used to study chemical unfolding of HSA (22) and the
effects of pH on HSA structure (31).

The environment sensitive hydrophobic fluorescent probes
such as 8-anilinonaphthalene-2-sulfonic acid (ANS), bis-
ANS, and prodan have been used routinely to monitor
protein-ligand interaction, ligand-induced conformational
changes in proteins, and unfolding pathways of proteins (32-
38). It has been shown that prodan binds to HSA at single
site with high affinity and fluorescence polarization studies
demonstrate that the prodan binding site on HSA corresponds
to the warfarin-binding site (38). Thereby, prodan could be
used as a probe for monitoring the drug site I. Binding of
prodan to HSA takes place with fluorescence enhancement
and a large blue shift that provides an easy separation of the
fluorescence contribution from bound and free probe. Further,
prodan is very sensitive to the polarity of the environment
and could be used to analyze conformational changes
associated with ligand binding and unfolding of the structure.

In this report, we have performed FRET analysis of the
intra and interdomain distances in HSA and have mapped

the prodan binding site in HSA with respect to Trp-214 and
7-(diethyl amino)-4-methylcoumarin 3-maleimide (CM)-
modified Cys-34 residues. The spatial relationships among
these probes and the environment sensitive prodan fluores-
cence have been used to study the interactions of palmitic
acid with HSA and GdnHCl induced unfolding of HSA. On
basis of the above analysis, we characterized the high and
low affinity palmitic acid binding sites in HSA. Further,
analysis of the equilibrium unfolding data suggested that a
two-state model better describes the unfolding behavior than
a three-state model, indicating that unfolding of HSA occurs
in the absence of any detectable intermediate. However,
kinetic analysis using multiple probes and thermal denatur-
ation studies demonstrated that HSA loses its structure
through incremental unfolding.

EXPERIMENTAL PROCEDURES

Materials.HSA (essentially fatty acid free) was obtained
from National Plasma Fractionation Centre (NPFC), Mumbai,
India. The manufacturer employed standard purification and
defatting procedures that include several chromatographic
steps such as DEAE A-50, Sephadex G-25, DEAE-
Sepharose, CM-Sepharose, and Sephacryl S-200 for purifying
HSA to homogenity. HSA was found to be>99% pure by
Coomassie blue staining of the SDS-PAGE. Prodan [6-pro-
pionyl-2-(dimethylamino) naphthalene] and 7-(diethyl amino)-
4-methylcoumarin 3-maleimide (CM) were obtained from
Molecular Probes Inc. Guanidium hydrochloride (GdnHCl)
was from Aldrich Chemical Co., Inc. Palmitic acid was from
Sigma Chemical Company. All other chemicals used in the
experiments were of analytical grade.

Spectra Measurements.All fluorescence measurements
were performed in a JASCO FP-6500 spectrofluorometer at
25°C equipped with a constant temperature water-circulating
bath. Spectra were taken by multiple scans, and buffer blanks
were subtracted from all measurements. A quartz cuvette of
0.3-cm path length was used in all experiments to reduce
the inner filter effect. The band-pass of both excitation and
emission monochromators were 5 nm unless otherwise stated.
All absorbance measurements were performed in a JASCO
V-530 UV-visible spectrophotometer. The CD spectra were
recorded in a JASCO J-810 spectropolarimeter at 25°C using
a 0.5-cm path length cuvette. The spectral data were acquired
over the range of 270-190 nm.

Binding of Prodan to HSA.The dissociation constant and
stoichiometry of prodan binding to HSA were determined
using a double titration procedure (39, 40). Free prodan in
aqueous solution has emission maxima centered around 520
nm, and it has negligible fluorescence at 445 nm. Upon
binding to HSA, the fluorescence intensity at 445 nm
increases severalfolds. HSA (1µM) was allowed to react
with different concentrations of prodan (1 to 30µM) in 20
mM phosphate buffer (pH 7.0) at 25°C for 30 min. Increased
prodan fluorescence at 445 nm upon binding to HSA was
used to determine the affinity of HSA and prodan interaction.
The excitation and the emission wavelengths were 360 and
445 nm, respectively. Buffer blank containing different
concentrations of prodan was measured and subtracted from
the experimental data. We used a 0.3-cm path length
fluorescence cell to minimize the inner filter effects. The
inner filter effects were corrected empirically by measuring
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the absorption of prodan at the excitation and the emission
wavelength using the relationshipFc ) Fo antilog [(A360 +
A445)/2] (27), whereFo is the observed fluorescence,A360 is
the absorbance of prodan at 360 nm, andA445 is the
absorbance of prodan at 445 nm. Binding parameters were
determined using the relationship 1/[bound prodan]) Kd/n
[free prodan]+ n, whereKd corresponds to the dissociation
constant andn is the binding stoichiometry. The concentra-
tion of the bound prodan was determined using the relation-
ship, [bound prodan]) (F - F0)/(Fm - F0), whereF0 is the
fluorescence intensity of prodan in the absence of HSA,F
is the corrected fluorescence intensity when HSA and prodan
are in equilibrium, andFm is the calculated fluorescence
intensity of bound prodan.Fm was determined using a reverse
titration wherein a fixed concentration of prodan was titrated
with increasing amounts of HSA in 20 mM phosphate buffer
(pH 7.0) at 25°C for 30 min.Fm was determined by plotting
1/(F - F0) versus 1/[HSA] and extrapolating 1/[HSA] to
zero. The free prodan concentration was calculated as [free
prodan]) [total prodan]- [bound prodan].

Acrylamide Quenching Studies. HSA (1 µM) in 20 mM
phosphate buffer (pH 7.0) was titrated with increasing
concentrations (0-400 mM) of acrylamide at 25°C. The
excitation and emission wavelengths were 295 and 340 nm,
respectively. The quenching data were fitted into the Stern-
Volmer relationship,Fo/F ) 1 + KSV [Q], whereFo is the
fluorescence intensity in absence of the quencher,F is the
fluorescence intensity in the presence of the quencher,Q is
the quencher (acrylamide) concentration, andKSV is the
Stern-Volmer quenching constant for collisional quenching.

Chemical Modification of Cys-34. Recently, HSA has been
labeled with prodan, acrylodan, and promen in the presence
of 8 M urea, and the labeled protein retained its functional
properties (38, 41, 42). We adopted a similar strategy to
prepare CM-labeled HSA. For that purpose, we first tested
the reversibility of the GdnHCl (6 M) induced denaturation
of HSA by removal of GdnHCl by extensive dialysis.
Removal of GdnHCl by dialysis resulted in a recovery of
the shape of the spectral contour for tryptophan along with
the recovery of 95% of the initial fluorescence intensity, and
the binding of prodan and palmitic acid to HSA was not
affected (data not shown). In addition, the FRET distance
between the prodan binding site and Trp-214 was found to
be 26.1( 0.6 Å, which is similar with the distance measured
from the untreated sample. Thus, the denaturation of HSA
by GdnHCl was found to be reversible and the denaturation
procedure was used to label HSA with CM.

HSA (10 µM) in 20 mM phosphate buffer (pH 7.0) was
incubated with 6 M GdnHCl at 25 °C for 4 h and
subsequently, 150µM of CM was added to the reaction
mixture. The reaction was quenched after 4 h byaddition of
excessâ-mercaptoethanol, and the excess reagents were
removed by exhaustive dialysis for 20 h against 20 mM
phosphate buffer (pH 7.0) with buffer changes every 4 h.
The incorporation stoichiometry was measured usingε383 )
30 000 L mol-1 cm-1 for CM and ε280 ) 36 000 L mol-1

cm-1 for HSA. HSA concentration was also verified by
Bradford method (43) using BSA as a standard that yielded
similar data. The stoichiometry of CM per mole of HSA was
found to be 0.97.

Distance Measurement using Resonance Energy Transfer.
Förster’s theory of dipole-dipole energy transfer was used

to determine the distances between the chromophores (44-
46). By Förster’s theory, the efficiency of energy transfer
(E) is related to the distanceR (Å) between donor and
acceptor by

Ro, the distance (Å) at which the transfer efficiency equals
to 50%, is given by the following equation

Where η is the refractive index of the medium,κ2 is the
orientation factor, andφd is the quantum yield of the donor.
The spectral overlap integral (J) between the donor emission
spectrum and the acceptor absorbance spectrum was ap-
proximated by the following summation,

whereFd(λ) and εa(λ) represent the fluorescence intensity
of the donor and the molar extinction coefficient of the
acceptor, respectively, at the wavelengthλ. The orientation
factor, κ2 was taken to be 2/3, corresponding to isotropic
donor and acceptor. It is unlikely that the true value ofκ2

deviates a lot from this value to cause a significant error in
Ro calculations. A value for 1.4 was used for refractive index,
η. A computer program published earlier was used to
calculate theRo, J, E, andR-values (47).

The energy transfer data were obtained by measuring the
change in donor fluorescence. The donor fluorescence
intensity (Fd) was measured in the absence and presence (Fa)
of acceptor. The efficiency of transfer (E) was calculated
using eq 4. Since the labeling efficiency was not 100%, the

observed transfer efficiency (Eobs) was corrected for the
acceptor stoichiometry. The corrected efficiency (Ecor) is
given asEcor ) Eobs/fa, wherefa is the fraction of assembly
with acceptor (46).

Chemical Denaturation Data Analysis.The chemical
denaturation data were analyzed using a two-state thermo-
dynamic unfolding model where the transition from native
state (N) to unfolded state (U) occurs in the absence of any
detectable intermediate. Equations 5-8 describe the thermo-
dynamics of this model.

KU is the unfolding equilibrium constant;F[D] is the
observed fluorescence intensity at any denaturant concentra-
tion [D]; FN andFU represent the fluorescence intensity of
the native and unfolded state; andXN andXU are the mole
fractions of the proteins in the native and unfolded state,
respectively.∆GU and ∆G°U are the standard free energy
changes for the unfolding transition in the presence and

E ) Ro
6/Ro

6 + R6 (1)

Ro ) 9.78× 103 (κ2
φd Jη-4)1/6 (2)

J(λ) ) ∫Fd(λ)εa(λ)λ4dλ/∫Fd(λ)dλ (3)

E ) 1 - Fa/Fd (4)

KU ) [U]/[N] (5)

F[D] ) XNFN + XUFU (6)

XU ) KU/1 + KU; XN ) 1 - XU (7)

∆GU ) ∆G°U - m[D] ) -RT ln KU (8)
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absence of denaturant D, andm is the denaturant susceptibil-
ity parameter that describes the dependence of∆GU on
denaturant concentration (48). Combining eqs 7 and 8, we
get eq 9:

The unfolding parameters,∆G°U andm, were obtained by a
nonlinear regression analysis (Sigma Plot 2001 for Windows)
of the data using eq 9.

RESULTS

HSA-Prodan Interaction. The parameters of prodan
binding to HSA were obtained using a double titration
procedure as described in the Experimental Procedures.
Fluorescence of HSA bound prodan increased in a concen-
tration-dependent fashion (Figure 1A), and the analysis of
the data in the form of a double reciprocal plot yielded a
dissociation constant of 10.9( 0.6 × 10-6 M and n ) 1
(Figure 1B). It has been reported earlier that prodan binds
to HSA (38) with an association constant of 3.9× 105 M-1

and to bovine serum albumin (32) with dissociation constant
of 10 × 10-6 M.

Quantum Yield Measurements.We wanted to map the drug
site I on HSA with respect to the position of Trp-214 and
Cys-34 residues. It was necessary to measure the fluorescence
quantum yield (φ) of donor chromophores to determine the
distance between a donor and acceptor pairs using the
Förster’s theory of dipole-dipole energy transfer. The
relative quantum yields for intrinsic tryptophan in HSA and
prodan were determined using tryptophan solution in water
(φ ) 0.14) and quinine sulfate in 1 N H2SO4 (φ ) 0.55),
respectively, as standard solutions (44). The fluorescence
quantum yield of Trp-214 was calculated to be 0.19. The
quantum yield of bound prodan was calculated to 0.29.

Distance Measurements Between Trp-214 and Prodan
Binding Site.The absorption spectrum of prodan extensively
overlaps the fluorescence emission of the lone tryptophan
in HSA (Figure 2). In the absence of prodan, intrinsic
tryptophan of HSA displayed typical emission spectrum with
emission maxima around 340 nm. Binding of prodan to HSA
did not alter the emission maxima and the contour of the
Trp-214 emission spectrum; however, prodan decreased the
fluorescence intensity of tryptophan in a concentration-
dependent manner with concomitant increase in bound
prodan fluorescence. In addition, the binding of prodan to
HSA did not perturb the CD spectra of HSA in the range of
200 to 300 nm (38), indicating that the incorporation of the
label did not lead to any significant change in the secondary
structure of the protein. Taking together, the data indicated
that the quenching of the tryptophan fluorescence was due
to nonradiative energy transfer between Trp-214 and prodan
rather than direct perturbation of the environment of the
flurophore.

The decrease in the donor (Trp-214) fluorescence intensity
was used to calculate the efficiency of the energy transfer,
and Förster’s theory of dipole-dipole energy transfer was
used to determine the distance between Trp-214 and prodan
(Experimental Procedures). The emission at 340 nm for HSA
labeled with prodan (30µM) was quenched by∼50%
compared to the emission of the native protein. The ef-
ficiency of transfer was calculated using eq 4 and was

FIGURE 1: Binding of prodan to HSA was determined by
fluorescence spectroscopy. (A) HSA (1µM) was incubated with
different concentrations of prodan (0.5-30 µM) at 25 °C for 30
min as described in the Experimental Procedures, and the emission
spectra were collected using 360 nm as an excitation wavelength.
The prodan concentrations increased from the bottom to top. The
fluorescence intensity at 445 nm was used to calculate the
concentration of bound prodan. (B) Double reciprocal plot for the
binding of prodan to HSA. The binding constant reported is the
average of three identical experiments.

XU ) (exp (m[D] - ∆G°U)/RT)/

(1 + exp (m[D] - ∆G°U)/RT) (9)

FIGURE 2: Spectral overlaps between the donor Trp-214 emission
spectrum and the absorption spectra of acceptors. The donor
emission spectrum (s) was obtained by exciting Trp-214 of HSA
at 295 nm and the absorption spectra of acceptors, CM-HSA
(s s), and HSA-prodan (- - -) were recorded in 20 mM phosphate
buffer, pH 7.0.
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corrected for the acceptor stoichiometry. The Fo¨rster distance
(Ro) between Trp-214 and prodan was calculated to be 25.7
( 0.6 Å. The corrected efficiency of energy transfer between
Trp-214 and prodan moiety at the drug site 1 was 47-50%,
and the mean distance between the two residues was
calculated to be 25.5( 0.5 Å. All distances reported are the
averages of three identical experiments.

Distance Between Trp-214 and Cys-34.The distance
between the single sulfhydryl group, Cys-34 located at
domain I, and Trp-214 located in domain II was measured
with the goal of using the interdomain distance to monitor
conformational changes upon ligand binding and unfolding
of HSA. The CM-labeled HSA (CM-HSA) was prepared as
described under Experimental Procedures. Under the condi-
tions used, 0.97 mol of CM was incorporated per mole of
HSA. The CM-HSA and unlabeled HSA produced identical
CD spectra, indicating that the labeling of HSA by CM did
not alter the secondary structure of HSA (data not shown).
In addition, the incorporation of CM did not alter the binding
of palmitic acid or prodan to HSA (data not shown). The
fluorescence emission spectrum of Trp-214 and the absorb-
ance spectrum of CM-HSA are shown in Figure 2. The
position of the emission maximum and shape of the tryp-
tophan emission spectrum of HSA were not perturbed due
to incorporation of CM (data not shown). However, incor-
poration of CM at Cys-34 decreased the intrinsic tryptophan
fluorescence of HSA by∼30%.Ro was calculated to be 30.1
( 0.7 Å. The efficiency of transfer was in the order of 33-
35%, and the mean distance between the Trp-214 and CM
at Cys-34 was calculated to be 33.1( 0.8 Å. The inter-
domain distance between Trp-214 of domain II and Cys-34
of domain I measured in this report using CM labeled Cys-
34 is in good agreement with the earlier determined FRET
distance of 35.1( 0.8 Å between azomercurial modified
Cys-34 and Trp-214 (31).

Distance Between Cys-34 and Prodan Binding Site.HSA
was labeled with CM and prodan simultaneously to measure
the distance between Cys-34 and the bound prodan moiety.
As shown in Figure 3, the spectral overlap of the fluorescence
emission spectrum of the HSA-prodan complex and the
absorbance spectrum of CM-HSA is ideal for fluorescence
energy transfer measurements. The fluorescence intensity of
the donor (HSA bound prodan) was reduced in the presence
of acceptor CM, which was covalently bound to HSA.

Incorporation of CM at Cys-34 reduced the bound prodan
fluorescence at 445 nm by∼40% with a concomitant
increase of CM emission at 480 nm. TheRo was calculated
to be 30.1( 0.4 Å and the mean distance between the bound
prodan and CM-Cys-34 was determined to be 32.5( 0.8
Å.

Binding of Palmitic Acid to HSA.We studied the interac-
tion of palmitic acid with HSA by two different approaches.
In the first approach, we used environment-sensitive prodan
fluorescence to probe the binding of palmitic acid to HSA.
Low concentrations of palmitic acid (1-10 µM) increased
the bound prodan fluorescence without altering the fluores-
cence intensity of free prodan at 520 nm. For example, 6
µM palmitic acid increased the bound prodan fluorescence
by 65% (Figure 4). Low concentrations of palmitic acid did
not change the free prodan fluorescence in the absence of
HSA (data not shown). Thus, the increase in bound prodan
fluorescence in the presence of low concentration of palmitic
acid could be attributed to a change in the quantum yield of
the bound prodan rather than due to enhanced binding. To
further test this idea, HSA-prodan complex was formed by
incubating 1µM prodan with 50µM of HSA for 30 min.
Under this condition, the free prodan concentration was
negligible (data not shown). Addition of 8µM palmitic acid
to this complex increased the bound prodan fluorescence by
55%, demonstrating that the increase in bound prodan
fluorescence was due to an increase in the quantum yield of
HSA bound prodan. The results indicate that palmitic acid
in low concentration induces conformational change in the
prodan binding site of HSA.

However, high concentrations of palmitic acid (>10 µM)
decreased bound prodan fluorescence with concomitant
increase in free prodan fluorescence. For example, 40µM
palmitic acid decreased the bound prodan fluorescence by
75%, indicating that the binding of palmitic acid at the low
affinity sites displaces prodan from HSA (Figure 4). Taking
together, the results indicated the presence of at least two
affinity classes of binding sites for palmitic acid on HSA;

FIGURE 3: Overlaps between the absorption spectrum of CM
(- - -) and the fluorescence emission spectrum of HSA-prodan
(s) when excited at 360 nm. The CM-HSA absorption spectrum
was recorded in 20 mM phosphate buffer, pH 7.0. FIGURE 4: Effects of palmitic acid on the intrinsic tryptophan

fluorescence of HSA (O) and prodan fluorescence (b). HSA (10
µM) was incubated with a large excess of prodan (200µM) at 25
°C for 30 min to form the HSA-prodan complex. HSA (1µM)
and HSA-prodan (1µM HSA) were incubated with a range of
palmitic acid concentrations (1-60 µM) at 25 °C for 30 min. The
excitation and emission wavelengths were 295 and 340 nm for
tryptophan and 360 and 445 nm for prodan, respectively.
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one of high affinity and other of low affinity. However, no
attempt had been made to identify number of low and high
affinity binding sites.

In the second approach, we used the intrinsic tryptophan
fluorescence of HSA to monitor the palmitic acid binding.
Low concentrations of palmitic acid (1-10 µM) did not
change the tryptophan fluorescence but on increasing the
concentrations of palmitic acid beyond 10µM, the tryptophan
fluorescence increased in a concentration-dependent fashion.
As shown in Figure 4, in the presence of 6µM palmitic acid,
the tryptophan fluorescence change was about only 1%, but
in the presence of 40µM palmitic acid, the fluorescence
intensity increased by 64% (Figure 4). The data suggested
that the high affinity binding site(s) are located close to the
prodan binding region, away from Trp-214, while some of
the low affinity sites on domain II are located in the vicinity
of Trp-214.

In addition, the acrylamide quenching of Trp-214 yielded
the same Stern-Volmer quenching constant (6.1 M-1) in
the absence or presence of 5µM palmitic acid, indicating
that the immediate environment of Trp-214 was not perturbed
by 5 µM palmitic acid. Also, the CD spectra of HSA in the
range of 190 to 260 nm showed no significant difference in
the absence and presence of 5µM palmitic acid, indicating
that no detectable change occurs in the secondary structure
of HSA in the presence of 5µM of palmitic acid (data not
shown). However, 5µM palmitic acid decreased the ef-
ficiency of energy transfer between Trp-214 and CM
incorporated at Cys-34 by 15%. The data indicated that the
interdomain distance increased by 4.4 Å from 33.1( 0.8 to
37.5 ( 1 Å. Thus, a low concentration of palmitic acid (5
µM) increased the interdomain distance between domain II
and domain I without perturbing the immediate environment
of tryptophan flurophore.

Chemical Denaturation Studies.The intrinsic tryptophan
fluorescence and the bound prodan fluorescence were used
to monitor the kinetics of unfolding of HSA. The bound
prodan fluorescence at 445 nm decreased instantaneously on
addition of the denaturant to HSA-prodan complex. Fluo-
rescence of HSA-prodan complex was reduced by 60 and
95% within the dead time of measurement (∼10 s) in the
presence of 2 and 6 M GdnHCl, respectively. Interestingly,
there was no further loss of prodan fluorescence with time
beyond the initial loss (Figure 5A). A steady state fluores-
cence spectrophotometer did not permit determination of the
dissociation rate constant of HSA-prodan complex in the
presence of denaturant because the dissociation occurred
within the dead time of the experiment. In the second
approach, the decrease in tryptophan fluorescence with time
in the presence of the denaturant was monitored as a measure
of unfolding kinetics. In contrast to the rapid loss of prodan
fluorescence, tryptophan fluorescence showed a single
exponential decay. In the presence of the 6 M GdnHCl, 50%
of the maximum fluorescence change occurred in 40 min.
Our data indicated that GdnHCl induces a rapid unfolding
of the prodan binding region, while the local environment
of Trp214 unfolds slowly (Figure 5A). The differential effects
of GdnHCl on Trp-214 and prodan fluorescence suggested
that the unfolding of domain II occurred in a stepwise
manner.

To investigate the unfolding equilibria, HSA-prodan
complex was mixed with varying concentrations of GdnHCl

and incubated for 1 h to allow equilibration. GdnHCl
decreased the bound prodan fluorescence in a concentration-
dependent manner with concomitant increase in free prodan
fluorescence at 520 nm. The fluorescence data were fitted
using a two-state transition model and a three-state transition
model (Experimental Procedures). Fits for the three-state
model increased the Chi2 and will not be used for further
discussion. Figure 5B represents the fit of the unfolding data
to a two-state model. The equilibrium unfolding transition
from the native state to denatured state was found to be a
single-step process with no detectable intermediate state. The
nonlinear regression analysis of the data yielded the value
of ∆G°U and m. Dividing ∆G°U by the slope (m) gives an
approximate value for the midpoint of unfolding transition,
calledD50%. D50% was calculated to be 2.15( 0.5 M GdnHCl
(∆G°U ) 20.3( 1.5 kJ mol-1, m ) 9.2( 1.0). This fits well

FIGURE 5: GdnHCl-induced unfolding of HSA. (A) Kinetics of
unfolding of HSA monitored by intrinsic tryptophan fluorescence
(O) and prodan fluorescence (b). The 2 represents prodan
fluorescence in the absence of GdnHCl. Unfolding of prodan site
occurred in the dead time of the experiment and the observed trace
shows the change in fluorescence of prodan as a function of time.
The solid line through the tryptophan fluorescence data is a
nonlinear least-squares fit of single-exponential decay. (B) Equi-
librium unfolding curve of HSA monitored by bound prodan
fluorescence. HSA (10µM) was incubated with large excess of
prodan (200µM) at 25 °C for 30 min to form the HSA-prodan
complex. HSA-prodan (1µM HSA) in 20 mM phosphate buffer
(pH-7.0) was incubated at 25°C for 1 h with different concentra-
tions of GdnHCl (0.5-6 M). The excitation and the emission
wavelengths were 360 and 445 nm, respectively. The fraction
unfolded at different concentrations of GdnHCl was calculated as
described in Experimental Procedures. The solid line through the
data is a nonlinear least-squares fit to eq 9.
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with earlier reports that chemical denaturation of HSA, as
monitored by fluorescence of the lone tryptophan in domain
II, followed a single-step transition (20, 21).

In the presence of a low concentration of the GdnHCl
(2 M), the transfer efficiency between Trp-214 and CM-
labeled Cys-34 decreased by 10%, indicating that the
interdomain distance was increased by 2.7( 0.6 Å. We also
determined the effects of GdnHCl on palmitic acid binding.
In the presence of 2 M GdnHCl, low concentrations of
palmitic acid did not change the prodan fluorescence,
whereas relatively high concentrations of palmitic acid
decreased the prodan fluorescence indicating that 2 M
GdnHCl selectively abolished the high affinity palmitic acid
binding site on HSA, while the low affinity sites were not
affected (Figure 6). However, at high concentrations of
GdnHCl, binding of palmitic acid at both the high affinity
and low affinity sites were abolished (data not shown). Thus,
at low concentrations of GdnHCl, the structure of HSA is
not completely lost as evident from the selective loss of the
ligand binding.

Thermal Unfolding Studies.Temperature induced unfold-
ing of HSA was monitored by measuring the intrinsic
tryptophan fluorescence and extrinsic prodan fluorescence.
The prodan fluorescence decreased in a sigmoidal fashion
with increasing temperature (Figure 7). The tryptophan
fluorescence-temperature curve (Figure 7) also followed a
similar trend. The temperature at the midpoint of denaturation
(TM) was calculated by nonlinear regression analysis of the
fluorescence data, using a two-state model (22). TheTM of
the prodan unfolding transition was 48.3( 0.7 °C and that
of the tryptophan-temperature curve was calculated to be
59.4 ( 0.8 °C. Thus, theTM values determined using two
different probes differed considerably, and the thermal
unfolding of prodan binding site preceded the melting of the
Trp-214 environment reflecting differential unfolding of
domain II. Previously, aTM value of 63.1( 0.4 °C was
reported for HSA using a differential scanning calorimeter
(49), which is similar to theTM value obtained using intrinsic
tryptophan fluorescence of HSA (Figure 7 and refs18 and
49), suggesting that theTM value obtained using Trp-214
fluorescence may reflect the global melting of HSA.

DISCUSSION

Intra and Interdomain FRET Measurements.In the present
study, we determined the intradomain distance between
prodan and Trp-214 in domain II to be 25.5( 0.5 Å. Prodan
has been shown to bind in the drug site I of HSA (38); thus,
our data indicate that the distance between drug site I
(warfarin site) and Trp-214 is 25.5( 0.5 Å. The Cys-34 of
domain I was covalently labeled with CM to produce an
acceptor for both Trp-214 and prodan fluorescence. The CM
labeling did not perturb the secondary structure of HSA,
tryptophan environment, and the ligand binding properties
of HSA, indicating that the CM-HSA could be used as a
fluorescent tool to characterize the protein. The FRET
distance between Trp-214 and CM-labeled Cys-34 residues
was measured to be 33.1( 0.8 Å, and the distance between
prodan and CM-labeled Cys-34 was measured to be 32.4(
1 Å. The crystal structures of unliganded HSA and of HSA
complexed with warfarin have been solved recently (50, 51).
On the basis of the crystal structures, we calculated the
distances between Trp-214 and Cys-34 residues and warfarin
moiety at the drug site 1 and Cys-34 using Swiss-PdbViewer
(Version 3.6b3) to be∼33 and∼32.5 Å, respectively. The
calculated distances were in excellent agreement with the
FRET measured distances, indicating that the FRET distances
could be used to determine the effects of ligand binding on
the domain movements of HSA and to understand the protein
unfolding process. The distance measured by FRET tech-
nique is a time-averaged distance of the dynamic solution
structure of the protein in comparison to the distance from
a static model determined from the crystallographic data. The
results of the distance measurements combined with various
palmitic acid binding sites from the literature are summarized
on the schematic model of HSA drawn in Figure 8. The
planar representation of the protein molecule helps to
visualize the spatial mapping of Trp-214, Cys-34, and the
prodan binding site.

Palmitic Acid Binding Sites on HSA and Conformational
Changes.The crystal structure of HSA complexed with

FIGURE 6: Effects of GdnHCl on palmitic acid binding. The changes
in prodan fluorescence in the absence (O) and presence (b) of 2
M GdnHCl were determined at 25°C. The excitation and emission
wavelengths were 360 and 445 nm.

FIGURE 7: Thermal denaturation of HSA followed by intrinsic
tryptophan fluorescence (b) and bound prodan fluorescence (O).
HSA (1 µM) and HSA-prodan complex (1µM HSA) complex in
20 mM phosphate buffer (pH 7.0) were heated in continuous fashion
and fluorescence was recorded at different temperatures ranging
from 25 to 80°C after incubating the sample for 10 min. The
excitation and the emission wavelengths were 295 and 340 nm for
tryptophan and 360 and 445 nm for prodan.

Spatial Mapping and Incremental Unfolding of HSA Biochemistry, Vol. 41, No. 23, 20027449



palmitate revealed the presence of seven fatty acid binding
sites on HSA. These binding sites are distributed asymmetri-
cally in HSA: a single site in domain IB, one site in domain
IIA, two sites in domain IIIA, one site in domain IIIB, and
two binding sites in the interface of subdomains IA-IIA and
IIA -IIB, respectively (7, 8). However, the major unresolved
issue is the identity of the high affinity and low affinity
palmitic acid binding sites in HSA.

Low concentrations of palmitic acid did not alter the Trp-
214 fluorescence, whereas the bound prodan fluorescence
increased under same conditions indicating that the high
affinity-binding site for the palmitic acid is located in the
vicinity of the prodan binding region (Figure 4). The fatty
acid binding site 2 is located in the interface of subdomains
IA and IIA (Figure 8), close to the hydrophobic cleft forming
the drug-binding site I (7). Binding of fatty acids at this site
is thought to induce conformational change in the protein
as this site is dislocated into two-half-sites in defatted HSA
and the formation of a contiguous pocket to accommodate
the fatty acid requires rotation of domain I relative to domain
II (7, 52). This is a possible explanation for the observed
increase in the interdomain distance between Trp-214 and
Cys-34 by 5 Å in thepresence of 5µM palmitic acid. Further,
our observation that the low concentration of palmitic acid
enhanced the fluorescence of HSA bound prodan without
decreasing the free prodan fluorescence is consistent with
the idea that conformational changes that occurred upon
binding of fatty acid at site 2 increases the hydrophobicity
of the drug binding site I (51). Taken together, our results
indicate that fatty acid binding site 2 is one of the high
affinity fatty acid binding sites in HSA.

At high concentrations of palmitic acid, the bound prodan
fluorescence decreased with a concomitant increase in free
prodan fluorescence. This observation is probably attributable
to direct competition between the probe and fatty acid for
binding to the hydrophobic pocket in IIA. This interpretation

is supported by the observation that fatty acid binding site 7
as shown in Figure 8 overlaps the drug site 1 (8). The fatty
acid binds to this site (designated site 7) in a manner that is
suggestive of a low affinity interaction primarily caused by
nonspecific interactions between the protein and the fatty
acid carboxylate group (8). Similarly, the increase in Trp-
214 fluorescence in the presence of high concentrations of
palmitic acid could be correlated to the interaction of fatty
acid at binding site 6. Site 6 is located at the interface of
subdomain IIA and IIB and is in close proximity of Trp-
214 (Figure 8) (51). The binding of fatty acid at site 6 induces
local conformational changes that perturb the immediate
environment of Trp-214. These observations suggest that the
fatty acid binding sites 6 and 7, located in the interior of
domain II, are low affinity sites.

Unfolding Studies.In this study, using prodan fluorescence
we found that GdnHCl-induced denaturation of HSA fol-
lowed a single-step transition. Similar observations were
made using the intrinsic tryptophan fluorescence (20, 21).
However, the kinetics of unfolding of the Trp-214 environ-
ment was markedly different from the prodan site in HSA.
The prodan fluorescence decreased instantaneously, within
the dead time of measurement, and then remained unchanged
over the period of observation, while the Trp-214 fluores-
cence showed a single-exponential decay (Figure 5A). The
rate of decrease of prodan fluorescence was several hundred
times faster than that of rate of decrease of tryptophan
fluorescence. This differential rate of decrease in fluorescence
of Trp-214 and prodan reflects the stepwise unfolding of
domain II with unfolding of prodan binding site preceding
the unfolding of the tryptophan environment. Further, thermal
denaturation of HSA measured by fluorescence-temperature
curves of bound prodan and tryptophan produced unfolding
temperatures of 48.3( 0.7 and 59.4( 0.8 °C for prodan
and tryptophan, respectively, indicating differential unfolding
of domain II. The data suggest that a part of domain IIA
that corresponds to the environment of Trp-214 contains
tertiary structure, which is more resistant to thermal dena-
turation than the prodan site.

FRET analysis at low concentration of GdnHCl (2 M)
suggested that the separation distance between domains I
and II increased during the unfolding process. Further, low
concentration of GdnHCl (2 M) selectively inhibited the
binding of palmitic acid at the high affinity site while binding
at the low affinity sites was not affected (Figure 6). However,
at high concentrations of GdnHCl (5 M), the binding of
palmitic acid at both high and low affinity sites was lost
(data not shown). The most likely explanation for this
differential loss of binding of palmitic acid is that the initial
separation of domains I and II at low concentrations of
GdnHCl disrupts the high affinity site/s located at the
interface of domain I and II, while the low affinity binding
sites located in the interior of the domain II are not affected.
However, at high concentrations of GdnHCl, all palmitic acid
binding sites are abolished as a result of complete unfolding
of the domains. Flora et al. (1998) also found that the
interdomain distance between Trp-214 and acrylodan labeled
Cys-34 increased in the presence of low concentrations of
GdnHCl (22). In addition, the mean residue ellipticity signal
was not significantly altered at 2 M GdnHCl (21). These
data along with the instantaneous loss of prodan binding
supports the idea that the unfolding of HSA occurs with an

FIGURE 8: A two-dimensional schematic diagram of the relative
locations of bound prodan, Trp-214, and Cys-34 on HSA was
constructed on the basis of FRET distance measurements. The HSA
subunits were drawn from the deduced crystal structure of the
unliganded HSA (50). The palmitic acid binding site 2 (2), site 6
(b), and site 7 ([) are modeled on the basis of the crystal structure
of the HSA liganded to fatty acid (8). The palmitic acid binding
site 2 is the high affinity site located in the interface of domain IA
and IIA, while site 6 is in the interface of domain IIA and IIB, and
site 7 is in the interior of domain II; overlapping with the prodan
binding site are low affinity palmitic acid binding sites.
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initial separation of domain I and domain II resulting in the
expanded form of the protein followed by complete unfolding
of the domains.

The information obtained from a single probe such as
tryptophan or prodan is not often sufficient to characterize
the changes in different domains of proteins. Further,
fluorescence probes reflect the average properties of all forms
of protein, and it might not be possible to differentiate among
the native, intermediate, and unfolded forms of the protein.
The inherent presumption in a two-state model that only two
states exist in equilibrium might appear aberrant when the
energy landscape existing between the native and unfolded
forms of a multidomain protein such as HSA is complex
and folding intermediates might be expected to accumulate.
In this study, using multiple probes, we found that GdnHCl-
induced unfolding of HSA occurred through an incremental
loss of structure. There was an initial domain separation
resulting in the expanded form of the protein followed by
complete unfolding of the domains at high denaturant
concentration. It appears that the protein unfolds with
progressively changing structure rather than by a strict two-
state mechanism. Recently, incremental unfolding of a
relatively small protein barstar has been reported using time-
resolved FRET (53) although urea-induced unfolding of
barstar was shown to occur through the formation of at least
two unfolding intermediates (54). Thus, it might be desirable
to use multiple probes for characterization of multidomain
proteins particularly when each domain can undergo the
folding process relatively independent of the other domains.
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