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Abstract

Human serum albumin (HSA) is a very important transporter protein in the circulatory system. It is a multi-domain binding protein,
which binds a wide variety of ligands in its multiple binding sites and aids in transport, distribution and metabolism of many endogenous
and exogenous ligands. With change in pH, HSA is known to undergo conformational transformation, which is very essential for picking
up and releasing them at sites of differing pH inside physiological system. Hence, the characterization of ligand binding to these pH-
induced conformers is extremely important. We have explored binding interaction of a ligand protoporphyrin IX (PPIX), which is dem-
onstrated (X-ray crystallography) to reside in domain-IB at the various pH-induced folded states of HSA. The ligand PPIX is found to
remain attached to all the HSA conformers which offers an opportunity to use Förster’s resonance energy transfer (FRET) between an
intrinsic donor fluorophore (Trp214) located in domain-IIA to the acceptor ligand PPIX to characterize the inter-domain separation
between IB and IIA. Additionally FRET between an extrinsic fluorophore 2-p-toluidinylnaphthalene-6-sulfonate (TNS) located in
domain-IIIA and PPIX is also undertaken to quantify the inter-domain separation between IB and IIIA. Circular dichroism (CD)
and dynamic light scattering (DLS) studies have been done in conjunction with picosecond time resolved fluorescence and
polarization-gated spectroscopy to determine, respectively, the secondary and tertiary structures of various pH-induced folded states
of the protein. Severe structural perturbation including swelling of the protein is observed in the low pH-induced conformer of HSA
as evidenced from all the techniques used.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Serum albumins are multi-domain proteins forming the
major soluble protein constituent of the circulatory system
[1]. These are engaged with various physiological functions
involving maintenance of osmotic blood pressure, trans-
portation of a wide variety of ligands in and out of the
physiological system. Human serum albumin (HSA)
(molecular weight 66,479 Da) is a heart-shaped tridomain
protein with each domain comprising of two identical sub-
domains A and B [2] (see Scheme 1). HSA having 585
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amino acid residues assumes solid equilateral triangular
shape with sides �80 Å and depth �30 Å [3]. Its amino
acid sequence comprises of 17 disulfide bridges distributed
over all domains, one free thiol (Cys34) in domain-I and a
tryptophan residue (Trp214) in domain-IIA. The protein
binds various kinds of ligands [4] including photosensitiz-
ing drugs [5] and the principal binding regions are located
in subdomains-IIA and -IIIA of which IIIA binding cavity
is the most active one [3]. Porphyrins are a class of tetra-
pyrroles that have extensive applications as photosensitiz-
ing drugs in medicine [6,7]. Serum albumins and low and
high density lipoproteins acts as the endogenous carriers
of porphyrins in circulation [8,9]. The photophysics of por-
phyrins are very well studied [10–17]. Porphyrins are
known to form aggregates and they serve as models for
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Scheme 1. X-ray crystal structure of human serum albumin depicting the FRET between the donor tryptophan (Trp214) and the acceptor Protoporphyrin
IX (PPIX). Different subdomains are marked in yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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artificial solar energy capture as in photosynthesis [18].
Basically the aggregates are of two types – J-aggregates,
where molecular rearrangement is end-to-end with red shift
of absorption and H-aggregates, where the rearrangement
is face-to-face with blue shift of absorption band as pre-
dicted by Exciton theory [19]. The thermodynamics and
kinetics of porphyrin aggregation are well documented in
literature [12,20]. The interaction of porphyrins with serum
albumins has also been a subject of extensive research till
date [21–25]. Protoporphyrin IX (PPIX), a member of por-
phyrin family, was shown to bind to domain-IB of HSA, as
evident from the X-ray crystallographic study [5].

Studies on binding of various drugs/ligands to HSA at
its different folded states are important as the conformation
of the carrier protein depends on its immediate physiolog-
ical environment. Also, recent advancement in the field of
nanosciences requires the preparation of bioactive nano-
particles under different temperature and pH conditions
using protein molecules as templates [26–28]. Hence, search
for a protein molecule, which can retain its overall struc-
ture under conditions widely differing from the physiolog-
ical condition is highly demanding. It is known that HSA
undergoes reversible conformational transformation with
change in pH of the solution containing the protein
[29,30]. At normal pH 7, HSA assumes the normal form
(N) which abruptly changes to fast migrating form at pH
values less than 4.3. Upon further reduction in pH to less
than 2.7 the F-form changes to the fully extended form
(E). On the basic side of the normal pH above pH 8, the
N-form changes to basic form (B) and above pH 10, the
structure changes to another aged form (A) [31]. By using
picosecond time-resolved polarization gated spectroscopy,
we have explored the nature of binding of PPIX in various
pH-induced conformers of HSA. The interactions of PPIX
in domain-IB in the different conformers of the protein and
significant spectral overlap of PPIX-absorption with that
of the emission of Trp214 (domain-IIA) offer opportunity
to measure inter-domain distance in various conformations
of HSA by using picosecond resolved Förster’s resonance
energy transfer (FRET). We have also explored another
inter-domain distance between PPIX (domain-IB) and an
extrinsic fluorophore 2-p-toluidinylnaphthalene-6-sulfo-
nate (TNS) (domain-IIIA). Dynamic light scattering
(DLS) and Circular dichroism (CD) have been used to fur-
ther characterize the pH-induced folded states.

2. Materials and methods

Human serum albumin (HSA), protoporphyrin IX
(PPIX), 2-p-toluidinylnaphthalene-6-sulfonate (TNS),
sodium acetate, sodium dihydrogen phosphate, disodium
hydrogen phosphate were procured from sigma chemical
(St. Louis, USA). Hydrochloric acid, sodium hydroxide
and dimethyl formamide (DMF) were procured from
Merck. Double distilled water was used for preparation
of aqueous solutions. The molecular weight of HSA has
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been checked by MALDI mass spectrometry which essen-
tially reveals a peak at 66.8 kDa (data not shown) consis-
tent with the literature value [2]. All the other samples
were used as received without further purification. Alkaline
pH solutions were prepared by adding NaOH to phosphate
buffer, while acidic pH solutions were prepared by adding
HCl to acetate buffer. A Stock solution of HSA was pre-
pared in 10 mM phosphate buffer solution. HSA was
labeled with PPIX as follows. About 3.5 mg of PPIX was
dissolved in 100 ll DMF and injected in five aliquots of
20 ll each to 2 ml of phosphate buffer containing 200 lM
HSA at an interval of 15 min under vigorous stirring con-
dition. The mixture is allowed to vigorously stir for 1 h and
then a mild dialysis was carried out against phosphate buf-
fer for 4.5 h to remove the unreacted PPIX. The HSA–
PPIX complex is formed in the ratio 1:1, which ensures bet-
ter energy transfer. The HSA–PPIX solution was added in
equal amounts to measured volumes of acidic/alkaline pH
solutions and allowed to stir vigorously for 2 h in order to
achieve various pH-induced conformers of HSA–PPIX
complexes. In order to label HSA and HSA–PPIX complex
with TNS, calculated volume of concentrated TNS solution
was added to a definite volume of HSA solution so that the
concentration ratio of TNS:HSA remains 1:1 and the mix-
ture was then stirred vigorously for an hour. Complexes of
TNS with HSA and HSA–PPIX were then used for various
steady-state and time-resolved experiments.

Steady-state absorption and emission were measured
with Shimadzu UV-2450 spectrophotometer and Jobin
Yvon Fluoromax-3 fluorimeter, respectively. The circular
dichroism study was done using Jasco 815 spectropolarim-
eter using a quartz cell of path-length 10 mm. The second-
ary structural data of the CD spectra were analyzed using
CDNN deconvolution program. Dynamic light scattering
(DLS) measurements were done with Nano-S Malvern
instruments (UK), employing a 4 mW He–Ne laser
(k = 632.8 nm) and equipped with a thermostatted sample
chamber. All measurements were taken at 173� scattering
angle at 298 K. The scattering intensity data are processed
using the instrumental software to obtain the hydrody-
namic diameter (dH) and the size distribution of the scat-
terer in each sample. The instrument measures the time
dependent fluctuation in intensity of light scattered from
the particles in solution at a fixed scattering angle. Hydro-
dynamic diameters (dH) of the particles are estimated from
the intensity autocorrelation function of the time-depen-
dent fluctuation in intensity. dH is defined as,
dH ¼ kBT =3pgD, where kB is the Boltzmann constant; T,
the absolute temperature; g, the viscosity and D, the trans-
lational diffusion coefficient. In a typical size distribution
graph from the DLS measurement X-axis shows a distribu-
tion of size classes in nm, while the Y-axis shows the rela-
tive intensity of the scattered light. This is therefore known
as an intensity distribution graph.

All the fluorescence transients were recorded using pico-
second-resolved time correlated single photon counting
(TCSPC) technique at 54.7� (magic angle) with respect to
polarization axis of the excitation beam. The TCSPC setup
was from Edinburgh instruments (LifeSpec-ps), UK. In
order to excite TNS and PPIX excitation laser sources of
wavelengths 375 nm [instrument response function
(IRF) � 76 ps] and 409 nm (IRF � 86 ps), respectively,
were used. Excitation of the tryptophan residue of HSA
was made by a LED source of wavelength 299 nm
(IRF � 460 ps). The observed fluorescence transients are fit-
ted by using a nonlinear least square fitting procedure [32]
(software supplied by Edinburgh Instruments) to a function,

X ðtÞ ¼
Z t

0

Eðt0ÞRðt � t0Þdt0 ð1Þ

comprising of convolution of the IRF (E(t)) with a sum of
exponentials,

RðtÞ ¼ Aþ
XN

i¼1

Bie
t=si ð2Þ

with pre-exponential factors (Bi), characteristic lifetimes
(si) and a background (A). Relative concentration of a
characteristic lifetime in a multi-exponential decay is finally
expressed as

an ¼
BnPN
i¼1Bi

� 100 ð3Þ

The average lifetime (amplitude-weighted) of decay [33]
was expressed as

hsi ¼
XN

i¼1

aisi: ð4Þ

The quality of the curve fitting was evaluated by reduced
chi-square (0.90–1.1) and residual data. The purpose of
the fitting is to obtain the decays in an analytic form suit-
able for further data analysis. For the temporal fluores-
cence anisotropy, r(t) measurements emission polarization
was adjusted to be parallel or perpendicular to that of
the excitation and defined anisotropy as

rðtÞ ¼ IIIðtÞ � GI?ðtÞ
IIIðtÞ þ 2GI?ðtÞ

ð5Þ

The G-factor at a given wavelength was independently ob-
tained by exciting the sample with a horizontally polarized
excitation beam and collecting the two polarized fluores-
cence decays, one parallel and other parallel to the horizon-
tally polarized excitation beam [34]. The r(t) was analyzed
using sum and difference analysis of the time resolved
polarized intensities and fitted to a multi-exponential func-
tion using the expression rðtÞ ¼ r1 þ

P
ibie

�t=ui , where ui is
the rotational time constant; r1, the limiting anisotropy; bi,
their amplitudes; and initial anisotropy, r0 = r1+

P
bi. We

have considered a non-associative model and have not
linked a particular fluorescence lifetime to a particular
rotational time constant. In order to find out the semicone
angle inscribed by a wobbling dye molecule bound to a ri-
gid macrmolecule, we assume

P
bi=1 and the b2 value cor-

responding to longer rotational time constant (u2, for



Fig. 1. (a) Dynamic light scattering spectra (DLS) and (b) Circular
Dichroism (CD) spectra of HSA in buffer solutions of various pHs.
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biexponential decay) equals to the square of order param-
eter S [35,36] and is defined as

b2 ¼ S2 ¼ 1

2
cos hwð1þ cos hwÞ

� �2

ð6Þ

In order to estimate the fluorescence resonance energy
transfer efficiency of the donor Trp214 and TNS and hence
to determine distances of donor–acceptor pairs, we fol-
lowed the methodology described in chapter 13 of Ref.
[33]. The Förster distance (R0) is given by

R0 ¼ 0:211½j2n�4QDJðkÞ�1=6 ðin ÅÞ; ð7Þ
where j2 is a factor describing the relative orientation in
space of the emission and absorption transition dipoles of
the donor and acceptor, respectively. The value of the ori-
entation factor j2 is calculated from the equation [33],

j2 ¼ ðsin hD sin hA cos /–2 cos hD cos hAÞ2; ð8Þ
where u is the dihedral angle between the planes containing
emission transition dipole of the donor and absorption tran-
sition dipole of the acceptor and hD and hA are the angles be-
tween these dipoles and the vector joining the donor and
acceptor [37]. The refractive index (n) of the medium is as-
sumed to be 1.4. QD, the quantum yield of the donor in
the absence of acceptor is measured using the quantum yield
of pure tryptophan (0.14) in buffer (pH 7) for Trp214 of
HSA and that of C500 (0.76) in n-hexane [38] for TNS bound
to HSA at different pH(s). J(k), the overlap integral, which
expresses the degree of spectral overlap between the donor
emission and the acceptor absorption is given by

JðkÞ ¼
R1

0 F DðkÞeAðkÞk4dkR1
0

F DðkÞdk
; ð9Þ

where FD(k) is the fluorescence intensity of the donor in the
wavelength range of k to k + dk and is dimensionless. eA(k)
is the extinction coefficient (in M�1 cm�1) of the acceptor
at k. If k is in nm, then J(k) is in units of M�1 cm�1 nm4.
Once the value of R0 is known, the donor–acceptor dis-
tance (R) can easily be calculated using the formula,

R6 ¼ ½R6
0ð1� EÞ�=E ð10Þ

Here, E is the efficiency of energy transfer. The transfer effi-
ciency is measured using the average lifetimes of the donor
in the absence, hsDi and presence of acceptor, hsDAi as
follows:

E ¼ 1� ðhsDAi=hsDiÞ ð11Þ
The donor–acceptor distances (R) are measured using the
above equations. The concentration of protein used for
fluorescence measurement was about 7 lM in order to avoid
intermolecular energy transfer between two protein molecules.

3. Results and discussion

Fig. 1a shows the size distribution graph of various con-
formations of HSA in buffer solutions of different pH
obtained through dynamic light scattering studies. The
hydrodynamic diameters of different conformations are as
follows: 16.4 nm (E-form, pH 2), 10.2 nm (F-form, pH
4), 10.4 nm (N-form, pH 7), 10.7 nm (B-form, pH 9) and
10.4 nm (A-form, pH 11). The above hydrodynamic data
indicate that in the acidic pH buffer solutions the globular
structure adopted by HSA in normal pH solution undergo
swelling with a significant change in tertiary structure.
However, in the basic pH buffer solution such structural
stretching is not observed. Application of Stokes–Ein-
sein–Debye (SED) relation [39], srot ¼

4pgr3
H

3kBT on the hydrody-
namic radius rH obtained from DLS gives the following
overall rotational time (srot) constants of different pH-
induced conformers of HSA: E-form, 507 ns; F-form,
122 ns; N-form, 129 ns; B-form, 141 ns; A-form, 129 ns.
g, kB and T represent the dispersant viscosity, Boltzmann
constant and temperature in Kelvin scale. From the CD
studies (Fig. 1b and Table 1) it is observed that in addition
to the disruption of tertiary structure (DLS studies) there is
a significant loss in helicity when HSA changes its confor-
mation from N-form to E-form. The observation is consis-
tent with another study [40] which confirms a significant
loss in helical content with a structural loosening at the
C-terminal end followed by separation of domains and



Table 1
Percentages of secondary structures in different conformations of Human
serum albumin (HSA) at different pH(s)

Secondary structures HSA in buffer solutions of different pH(s)

2 4 7 9 11

Helix (%) 59.00 64.70 67.10 67.10 60.40
Antiparallel (%) 4.00 3.40 3.20 3.20 3.90
Parallel (%) 4.10 3.50 3.20 3.20 4.00
Turns (%) 13.20 12.50 12.20 12.20 13.00
Random (%) 19.70 15.90 14.30 14.30 18.70

Fig. 2. (a) Fluorescence spectra of Tryptophan (Trp214) residue of HSA
(excitation = 297 nm) and (b) absorption and fluorescence spectra of
protoporphyrin IX (PPIX) bound to HSA (excitation = 409 nm) at three
pH(s).
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subdomains in the N–F transition during acid-induced
unfolding of HSA. Further reduction of pH below 3.5
when HSA assumes E-form at pH 2, the domain-I under-
goes expansion leading to the disruption of intra-domain
structure in this pH region. Domain-II is, however, known
to assume molten globule state in N–F transition [40]. In
the alkaline pH range, during N–B transition, contrary to
the previous study [40], there is no change in helicity con-
tent. However, at pH 11 the A-conformer shows a decrease
in the helicity content compared to the native form of HSA
(N-form) at normal pH.

Fig. 2a shows the fluorescence spectra (excitation wave-
length = 297 nm) of various conformations of HSA at
three different pH(s). The fluorescence is solely due to the
excitation of Trp214 residue of HSA located in the binding
domain-IIA at the bottom of a 12 Å deep crevice [31]. The
N-form has a fluorescence maximum at 337 nm consistent
with previous studies [31,40]. The E-form has a fluores-
cence maximum at 332 nm while for the A-form it is at
335 nm, both of which are blue shifted compared to the
N-form. These changes are consistent with previous studies
[31,40] indicating that although at pH 2 the inter-domain
separation increases with the disruption of deep crevice,
the rearrangement of the local environment around
Trp214 causes it to be in more hydrophobic environment
of the protein matrix [41]. At alkaline pH 11, that is in
A-form, Trp214 is present in slight hydrophobic environ-
ment due to minor changes in secondary structure.
Fig. 2b shows the absorption and emission spectra (excita-
tion wavelength = 409 nm) of PPIX labeled HSA at differ-
ent pH(s). Porphyrins form a class of molecules whose
physicochemical properties depends on the state of ioniza-
tion of the molecules [42] and the ionization is associated
with the acid–base properties of both the imino and pyrrole
nitrogens of the ring structures and the peripheral groups
attached to the molecule [43]. The conjugated ring struc-
ture of porphyrin is responsible for the spectral feature of
this drug molecule; as a result the protonation of imino
nitrogen should influence the electron distribution of the
chromophore and thus the spectral properties. The N-form
HSA has an absorption maximum at 412 nm correspond-
ing to the Soret band while the other peaks between
500 nm and 700 nm are the Q-bands [10,44,45]. At acidic
pH for E-form HSA, the intensity of Soret band decreases
and the absorption maximum exhibits a blue shift to
386 nm. At alkaline pH 11, the absorption spectrum is sim-
ilar to that at pH 7 with a lower intensity of the soret band.
The emission spectra of PPIX labeled HSA at pH 7 and 11
have an intense emission peak at 633 nm. However, at pH
2, this band at 633 nm decreases in intensity with the
appearance of two new peaks at 600 nm and 658 nm. These
new peaks may arise due to the protonation of imino nitro-
gens in the porphyrin ring [43]. The variation in the spectra
of PPIX with pH indicates that the probe with the protein
at various conformations is efficient in sensing the immedi-
ate environment of HSA.

Fig. 3a shows the fluorescence transients of PPIX bound
to HSA at pH 2, 7 and 11 at 632 nm (excitation wave-
length = 409 nm). Table 2 depicts the fluorescence lifetime
of PPIX bound to HSA at five different pH(s), which are
essentially non-exponential in nature [46]. In all the cases,
three time components in the range of 0.2–0.4 ns, 2–4 ns
and 9–14 ns are observed. The time constants are in fair
agreement with a previous study [46] except the shortest
one whose contribution towards fluorescence is very small
(<1%) and might have been neglected in the earlier study.
Fig. 3b–d depicts the temporal fluorescence anisotropy
decay curve of PPIX–bound HSA at pH 2, 7 and 11. At



Fig. 3. (a) Fluorescence decay transients and temporal fluorescence
anisotropy decay of PPIX bound to HSA (emission = 632 nm) at pH(s)
(b) 2, (c) 7 and (d) 11.

Table 2
Fluorescence lifetimes (s) of protoporphyrin IX bound to HSA at different
pH(s)

Samples s1 (ns) s2 (ns) s3 (ns)

PPIX (pH 2) 0.19 (14.3) 4.77 (40.7) 8.97 (45.0)
PPIX (pH 4) 0.34 (15.6) 3.40 (17.8) 14.55 (66.7)
PPIX (pH 7) 0.40 (10.0) 3.75 (19.2) 14.52 (70.8)
PPIX (pH 9) 0.43 (15.8) 3.61 (26.3) 13.39 (57.9)
PPIX (pH 11) 0.25 (21.7) 3.11 (21.7) 14.30 (56.6)

Values in parentheses indicate percentages.
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all pH(s), except pH 2, r1 (limiting anisotropy) of �0.1 are
obtained which corresponds to rigid binding of PPIX to
HSA along with hindered rotation of PPIX in HSA envi-
ronment. If the temporal anisotropy curves were fitted
using biexponential decay without a constant value of r1
(data not shown) a longer time constant of �100 ns were
obtained. Thus the r1 corresponds to a long rotational
time constant (srot) of �100 ns which is the time constant
of the global tumbling motion of the HSA molecule consis-
tent with that obtained from SED relation (see above).
Except at pH 2, a short rotational time constant of 0.03–
0.04 ns is also observed which may be due to librational
motion of PPIX at its binding site in HSA. Similar faster
re-orientational motion of 15 ps or less time scale was
observed, when a fluorescence probe ethidium bromide
having rotational time constant of �100 ps in water was
intercalated in a rigid environment between the base pairs
of genomic DNA [47]. At pH 2, the faster rotational time
constant of 0.2 ns and r1 = 0.02 indicate that at this pH
where domain-I expands and intra-domain structure dis-
rupts [40], the porphyrin molecule becomes free to rotate
at its binding site without actually leaving the site. In order
to quantify the inter-domain separation between IB and
IIA in various conformations of HSA, Förster’s resonance
energy transfer (FRET) technique is applied. Here, the
non-radiative transfer of excited state energy from the
intrinsic donor fluorophore Trp214 in subdomain-IIA to
the acceptor molecule PPIX in subdomain-IB is considered
(Scheme 1). Fig. 4a shows a significant spectral overlap of
the Trp emission spectrum and PPIX-absorption spectrum
at pH 7. Also, huge quenching of Trp fluorescence in the
presence of PPIX is observed (Fig. 4b). Fig. 4c shows the
fluorescent decay transients of N-form HSA both in the
absence and presence of PPIX. The fluorescence lifetimes
of Trp214 emission for various conformations of HSA
are tabulated in Table 3. As evidenced from Fig. 4c and
Table 3, much faster decay of tryptophan fluorescence is
observed in presence of PPIX indicative of significant
energy transfer. The calculated values of overlap integral
(J(k)), energy transfer efficiency (E), Förster’s radius (R0)
and donor–acceptor (DA) separation (R) are tabulated in
Table 4 for different conformations of HSA. The DA sep-
aration between Trp214 and PPIX for N-form HSA is
25.4 Å. This distance is in very good agreement with the
distance (26.6 Å) between centers of Trp214 and Hem605
obtained from crystal structure of HSA–PPIX complex
[5] (Scheme 1). In the alkaline pH range the DA separation
decreases for B-form while that for A-form is compara-
tively higher than that for N-form. In acidic pH range
for F-form HSA the DA separation is similar as that for
N-form but for E-form HSA there is a large increase in
DA distance from 25.4 Å to 33.9 Å. This is consistent with
the increase in inter-domain separation and disruption of
domain-I, thus showing a significant loss in native structure
in N–E transition [40]. Such a high structural loss is not
observed in case of N–A transition in alkaline pH range.
Earlier an attempt has been made to explore the inter-
domain (II-I) distance of HSA by covalent labeling of
Cys34 and steady-state fluorescence quenching of Trp214
at various pH of the host solution [48]. While the trend
of the inter-domain separation qualitatively matches with
our observation, the exact inter-domain separation of
35 Å at pH 7.0 is not consistent with our value of 25.4 Å.
The reason behind the difference between our data and



Fig. 4. (a) Spectral overlap of Fluorescence spectrum of Trp214 and
absorption spectrum of PPIX bound to HSA at pH 7, (b) Fluorescence
spectra (excitation = 297 nm) and (c) Fluorescence decay transients of
Trp214 (excitation = 299 nm, emission = 360 nm) in presence and absence
of PPIX bound to HSA.

Table 3
Fluorescence lifetimes (s) of Trp214 residue of HSA both in absence
(denoted as HSA) and presence of protoporphyrin IX (denoted as HSA–
PPIX)

Samples s1 (ns) s2 (ns) s3 (ns)

HSA (pH 2) 0.23 (31.4) 1.97 (37.2) 5.65 (31.4)
HSA–PPIX (pH 2) 0.09 (72.5) 1.88 (15.0) 5.60 (12.5)
HSA (pH 4) 0.25 (34.3) 2.18 (31.4) 5.79 (34.3)
HSA–PPIX (pH 4) 0.04 (95.0) 1.67 (2.5) 5.63 (2.5)
HSA (pH 7) 0.28 (28.1) 2.73 (28.1) 7.01 (43.8)
HSA–PPIX (pH 7) 0.06 (90.8) 1.22 (6.6) 5.83 (2.6)
HSA (pH 9) 0.20 (36.1) 2.32 (25.0) 6.65 (38.9)
HSA–PPIX (pH 9) 0.08 (88.9) 1.04 (7.4) 4.01 (3.7)
HSA (pH 11) 0.14 (61.8) 1.90 (18.2) 5.71 (20.0)
HSA–PPIX (pH 11) 0.09 (89.7) 1.32 (6.9) 5.33 (3.4)

Values in parentheses indicate percentages.
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the previous experimental result [48] is due to the fact that
in the earlier study the donor and acceptor reside simulta-
neously in domain-IA and -IIA, respectively, and not IB
and IIA, which is the case in the present study. The
X-ray crystal structure of methemalbumin indicates that
there is definite geometric arrangement of hem605 and
Trp214, thus j2 cannot be taken to be 0.67. In this case
we have calculated the j2 value to be 0.9853 using Eq.
(7) from the crystal structure of methemalbumin [5] and
used the same for calculation of DA separation. The
assumption of j2 value of 0.67 leads to DA separation of
23.8 Å at pH 7.0, which is 2.8 Å less than the value
obtained from the crystal structure.

In order to quantify the inter-domain separation
between domain-IB and IIIA by using FRET technique,
the PPIX labeled HSA molecule is further labeled with
an extrinsic dye TNS which like other hydrophobic dye
(triiodobenzoic acid, TIB) expectedly occupies the hydro-
phobic cavity in the subdomain-IIIA of HSA [3]. Upon
complexation with HSA, TNS shows a 61 nm blue shift
in the steady-state emission spectrum compared to that in
bulk water (485 nm). Fig. 5a shows the fluorescence tran-
sients of TNS bound to three different conformers of
HSA. At all pH(s), three time constants of the order
�0.3 ns, �4 ns and �11 ns are observed (see Table 5).
The multiple fluorescence lifetimes of TNS in HSA could
be reflective of the probe in two different binding sites
[49] of the protein. In such case the distance between
TNS and PPIX as revealed from FRET experiment would
be an average donor–acceptor distance in the protein. The
shortest time constant corresponds to the lifetime of those
TNS molecules which are loosely (electrostatically) bound
at the surface of HSA [49], while �4 ns and �11 ns compo-
nents are the state lifetime of locally excited (LE) state of
TNS [50] bound to HSA in the hydrophobic cavity.
Fig. 5b–d shows the temporal fluorescence anisotropy
decay curve of TNS bound to various conformers of
HSA. Two rotational time constants (u) for TNS bound
to HSA at all pH(s) are observed (Table 6). The shorter
time constant of �0.1�1 ns indicates the local reorienta-
tional motion of the TNS at its binding site. The relatively
longer time constants of �12�21 ns are significantly faster
than the global tumbling time constants of the various pH-
induced conformers of HSA as revealed from DLS experi-
ments (see above) and hence we qualitatively assign the
time constants (�12�21 ns) to the tumbling of the TNS-
binding domain. A limiting anisotropy (r1) of �0.06�0.1
for different pH-induced conformers of HSA indicative of
higher degree of restriction on the rotation of the bound
dyes is observed. It also indicates the fact that HSA has
higher overall rotational time constant of �100 ns (consis-
tent with the rotational time constant obtained using SED



Table 4
Amplitude-weighted lifetime of HSA (sD) and HSA–PPIX complex (sDA), and calculated values of energy transfer efficiency (E), overlap integral (J(k)),
Forster’s radius (R0) and donor–acceptor distance (R) obtained from FRET between Trp214 (domain-IIA) and PPIX (domain-IB) in HSA at different
pH(s)

Samples hsDi (ns) hsDAi (ns) E J(k) (M�1 cm�1 nm4) R0 (Å) R (Å)

pH 2 2.58 1.05 0.59 1.92 � 1015 36.1 33.9
pH 4 2.75 0.22 0.92 2.47 � 1015 37.5 25.0
pH 7 3.91 0.29 0.93 1.96 � 1015 38.7 25.4
pH 9 3.24 0.30 0.91 1.82 � 1015 34.8 23.8
pH 11 1.57 0.35 0.78 1.86 � 1015 33.0 26.8

Fig. 5. (a) Fluorescence decay transients and temporal fluorescence
anisotropy decay (excitation = 375 nm, emission = 440 nm) of TNS
bound to HSA at pH(s): (b) 2, (c) 7 and (d) 11.

Table 5
Fluorescence lifetimes of TNS bound to HSA both in absence (denoted as
TNS) and presence of protoporphyrin IX (denoted as TNS–PPIX)

Samples s1 (ns) s2 (ns) s3 (ns) s4 (ns)

pH 2, TNS 0.29 (19.6) 3.70 (23.8) 11.14 (56.6) –
pH 2, TNS–PPIX 0.21 (24.3) 3.55 (23.7) 11.14 (52.0) –
pH 4, TNS 0.28 (23.6) 4.01 (30.6) 11.52 (45.8) –
pH 4, TNS–PPIX 0.26 (35.1) 3.50 (27.3) 11.43 (37.6) –
pH 7, TNS 0.23 (22.8) 4.39 (37.6) 11.09 (39.6) –
pH 7, TNS–PPIX 0.20 (56.9) 2.69 (21.6) 10.42 (21.5) –
pH 9, TNS 0.21 (25.7) 4.10 (34.2) 11.10 (40.1) –
pH 9, TNS–PPIX 0.05 (77.5) 0.58 (13.1) 3.32 (6.0) 11.73 (3.4)
pH 11, TNS 0.27 (26.4) 3.56 (29.1) 11.30 (44.6) –
pH 11, TNS–PPIX 0.05 (74.0) 0.66 (13.6) 4.19 (8.3) 15.31 (4.1)

Values in parentheses indicate percentages.

Table 6
Rotational time constants (u), initial anisotropy (r0), limiting anisotropy
(r1) and semicone angle (hw) of TNS bound to HSA at different pH(s)

Samples u1 (ns) u2 (ns) r0 r1 hw

pH 2 0.96 (0.18) 12.0 (0.82) 0.23 0.06 20�
pH 4 0.58 (0.14) 21.6 (0.86) 0.21 0.07 18�
pH 7 0.85 (0.36) 13.6 (0.64) 0.23 0.09 31�
pH 9 0.80 (0.27) 20.0 (0.73) 0.23 0.08 26�
pH 11 0.10 (0.39) 14.8 (0.61) 0.28 0.10 32�

bi�values are given in parentheses.
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relation), which were obtained when the temporal anisot-
ropy curve of different TNS-bound pH-induced conformers
of HSA were fitted with triexponential decay function (data
not shown). However, the longer rotational time constant
of �100 ns obtained through temporal anisotropy decay
is not reliable in our 20 ns experimental time window.
Thus, the fluorescence anisotropy data indicates that at
all pH TNS remains bound to HSA. We have also calcu-
lated the semicone angle (hw) (see Table 6) exhibited by
the wobbling TNS molecules bound to different pH-
induced conformers of HSA using Eq. (6).

Fig. 6a shows a significant spectral overlap of the donor
TNS bound to HSA (domain-IIIA) and acceptor PPIX
(domain-IB) indicative of significant non-radiative transfer
of excited state energy from TNS to PPIX (Fig. 6b). It
should be noted that the emission peak and nature of tem-
poral fluorescence anisotropy of TNS in HSA in presence
and absence of PPIX are same. This observation is consis-
tent with the fact that TNS is not displaced by the incorpo-
ration of PPIX in HSA. The fluorescence decay transients
for TNS bound to HSA at pH 7 both in absence and pres-
ence of acceptor PPIX are shown in Fig. 6c. The calculated



Fig. 6. (a) Spectral overlap of fluorescence spectrum of TNS bound to
HSA (excitation = 375 nm) and absorption spectrum of PPIX bound to
HSA at pH 7, (b) Fluorescence spectra (excitation = 375 nm) and (c)
Fluorescence decay transients (excitation = 375 nm, emission = 440 nm)
of TNS bound to HSA in presence and absence of PPIX.

Table 7
Amplitude-weighted lifetime of HSA–TNS (sD) and HSA–TNS–PPIX comple
integral (J(k)), Forster’s radius (R0) and donor–acceptor distance (R) obtain
(domain-IB) in HSA at different pH(s)

Samples hsDi (ns) hsDAi (ns) E

pH 2 7.24 6.68 0.08
pH 4 6.57 5.35 0.19
pH 7 6.1 2.94 0.52
pH 9 5.91 0.71 0.88
pH 11 6.14 1.1 0.82
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values of overlap integral, energy transfer efficiency, För-
ster’s radius and donor–acceptor (DA) separation are tab-
ulated in Table 7 for different conformations of HSA. In
this case due to the unavailability of the crystal structure
of HSA with bound TNS the exact orientation of TNS
and PPIX is not known. Under this circumstance j2 value
is taken to be 0.67 [37]. From Table 7, it is found that DA
separation between PPIX and TNS is 43.3 Å in N-form
HSA. This distance further confirms the location of TNS
to be in the domain-IIIA of HSA as revealed from inter-
domain separation in X-ray crystallographic studies [5].
In acid pH range during N–F transition the DA separation
changes to 54.7 Å and then to 74.2 Å when pH is reduced
to pH 2. This is consistent with two-step expansion during
N–E transition where first a structural loosening at the C-
terminal end is observed during N–F transformation while
for F–E transition further loss in tertiary structure along
with secondary structural loss in domain-I of HSA are
observed [40]. This fact is also supported by our DLS
study. In alkaline pH range decrease in DA separation is
observed (Table 7) which indicates that in alkaline pH
range i.e. in N–B transition the structural rearrangement
brings domain-IB and IIIA closer to each other. This is,
however, not reflected through the contraction of hydrody-
namic diameter in DLS study. It is worthy to mention that
in the earlier study [51] the FRET using steady-state spec-
troscopy reveals the distance between covalently labeled
Cys34 (domain-I) and Tyr411 (domain-III) to be 25.2 Å
which differs from our observation of the I–III inter-
domain distance of 43.3 Å and that from the X-ray crystal-
lographic data [5] of 42.1 Å. This discrepancy in the previ-
ous literature [51] may arise due to the incorrect
assumption of j2 value and/or erroneous determination
of fluorescence quantum yield of the donor and the overlap
integral of donor emission and acceptor absorption. It is to
be noted that upon simultaneous incorporation both
restricted and segmental motion into temporal anisotropy
of the bound dye along with the effect of energy transfer
brings complicacy in the interpretation of the anisotropy
data which needs further refinement of the data analysis
as depicted in the literature [52,53]. However, in this report
our focus is to show the change in distance of different pH-
induced conformers of HSA and not the effect of FRET on
anisotropy.
xes (sDA), and calculated values of energy transfer efficiency (E), overlap
ed from FRET between TNS bound to HSA (domain-IIIA) and PPIX

J(k) (M�1 cm�1 nm4) R0 (Å) R (Å)

5.36 � 1015 49.0 74.2
5.38 � 1015 42.8 54.7
4.46 � 1015 43.9 43.3
3.41 � 1015 36.3 26.0
2.86 � 1015 34.7 26.9
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4. Conclusion

In this study we have explored the ligand binding inter-
action of a very important transporter protein, human
serum albumin in its different pH-induced folded states
using picosecond-resolved polarization gated spectroscopy
and Förster’s resonance energy transfer technique. It is a
multi-domain protein and adopts various conformations
at different pH, a property that is very important for deliv-
ery of different kinds of drugs/ligands to their target cells.
Two instances of energy transfer are considered – (a)
between intrinsic fluorophore Trp214 and PPIX and (b)
between an extrinsic probe TNS and PPIX. A good corre-
lation of DA distances between the crystal structure of
PPIX bound HSA [5] and our study is observed. The DA
distances between PPIX and TNS bound to HSA at normal
pH direct towards the probable location of TNS to be in
domain-IIIA. Also, the study indicated significant struc-
tural perturbation of HSA at acidic pH, which is in consis-
tence with our CD and DLS data. At alkaline pH, not
much change in tertiary structure is observed. The time
resolved fluorescence anisotropic studies reveal that at all
pH TNS and PPIX remain bound to HSA. Thus, PPIX a
non-covalent binder is proven to be a very efficient accep-
tor in reporting the inter-domain distances of different con-
formers of HSA at different pH.
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