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ABSTRACT
A number of diseases have been linked to abnormal conformation
of albumin, a major extracellular protein in blood. Current
protein structural analysis requires pure isolated samples, thereby
limiting their use for albumin analysis in blood. In this study, we
report a new approach for high-throughput structure-related
analysis of albumin by using the ﬂuorescence lifetime properties
of near-infrared (NIR) polymethine dyes. Based on molecular
modeling, polymethine dyes are bound to two binding sites with
different polarities on albumin. As a result, an NIR molecular
probe exhibits two distinct lifetimes with two corresponding
ﬂuorescent fractional contributions. The distribution of fractional
contributions along with individual ﬂuorescence lifetimes represents unique parameters for characterizing albumin architecture
by ratiometric analysis. After screening a small library of NIR
polymethine dyes, we identiﬁed and used a polymethine dye with
optimal ﬂuorescence lifetime properties to assess structurerelated differences in commercially available bovine serum
albumin as model systems. The results show that changes in the
lifetime of NIR dyes reﬂect the perturbation of the tertiary
structures of albumin and that albumin prepared by different
methods has slightly altered tertiary structures. Because of the
reduced absorption of light by blood in the NIR region, the
method developed can be used to determine structural changes in
albumin in whole blood without prior isolation of the pure protein.

INTRODUCTION
Serum albumin, the major extracellular multifunctional protein in mammals, is a multifunctional protein involved in many
critical physiological processes. These include the binding and
transport of exogenous and endogenous ligands, maintenance
of colloidal osmotic pressure, free-radical scavenging (1),
regulations of acid–base balance, coagulation processes and
vascular permeability. Despite its rigid structure secured by 17
disulﬁde bonds, albumin can undergo structural modiﬁcations
via oxidative and nonoxidative pathways (2), leading to
anomalous conformations and changes in binding properties.
The alternations in albumin structure have been linked to
patients with cirrhosis (3), diabetes, renal disease (4), aging,
acute and chronic inﬂammation, acute schizophrenia (5) and
cancer (6). Therefore, knowledge of the structural status of
*Corresponding author email: achilefus@mir.wustl.edu (Samuel Achilefu)

albumin could provide early manifestation of disease and
prevent serious complications. To obtain such information, a
high-throughput method for analyzing albumin, preferably
without its separation from whole blood, is highly desirable.
Given the importance of albumin in many vital processes,
the characterizations of its overall structure and binding sites’
have been the focus of many studies (7). In addition to the
traditional direct analytical structural techniques (X-ray crystallography, nuclear magnetic resonance [NMR], circular
dichroism [CD]), indirect methods based on the use of speciﬁc
markers and molecular probes for binding sites’ characterization have emerged. For example, the structure of albumin has
been analyzed with spin-probes by electron spin resonance
spectroscopy (6), unsaturated fatty acids’ probes by mass
spectrometry (8), solvatochromic ﬂuorescent dyes by steadystate emission spectroscopy and intrinsic albumin ﬂuorophores
(tryptophans) by time-resolved ﬂuorometry. The last method
capitalizes on the sensitivity of tryptophan’s ﬂuorescence
lifetime to the surrounding medium (9) and the low abundance
of tryptophan in albumin. However, this method is not
suitable for high-throughput screening of albumin because of
the need for pure sample that is not contaminated with other
ﬂuorophores. Moreover, high-scattering UV light used to
excite tryptophans (10) as well as the quenching of tryptophan
ﬂuorescence can compromise the data in whole blood. For
these reasons, using endogenous environment-sensitive ﬂuorophores for probing albumin is less attractive in heterogeneous
biological systems.
Near-infrared (NIR) polymethine dyes, such as indocyanine
green (ICG) and its structural analogs, are widely used in
optical imaging in vivo because of the low absorption of light
by blood and endogenous chromophores, resulting in low
autoﬂuorescence and high detection sensitivity (11). With the
recent advances in synthetic polymethine dye chemistry (12),
diverse NIR dyes can be tailored for speciﬁc applications.
These NIR polymethine dyes are particularly attractive for
probing heterogeneous media because of their high extinction
coefﬁcients and ﬂuorescent quantum yields (when conﬁned in a
rigid biological matrix such as albumin binding sites), monoexponential decays in homogeneous media and sensitivity of
their ﬂuorescence lifetimes to the immediate environment.
Moreover, lifetime is insensitive to the dye concentration,
which minimizes the effects of concentration artifacts and
photobleaching (13) and is less affected by the excitation
intensity. It is largely unaffected by light scattering (14) and

 2007 The Authors. Journal Compilation. The American Society of Photobiology 0031-8655/07

1371

1372 Mikhail Y. Berezin et al.
sample turbidity (15), which are critical drawbacks for steadystate ﬂuorometry with whole blood. Thus, a combination of
the NIR optical properties of polymethine dyes with the
sensitivity of ﬂuorescence lifetime measurements to their local
environment represents a powerful and sensitive method to
study biological analytes.
In this report, we describe a new approach for highthroughput structural analysis of albumin with NIR polymethine dyes by using ratiometric analysis of ﬂuorescence lifetime
(RAFL). The principle of the new approach is based on the
observation that a polymethine NIR probe bound to albumin
exhibits two-exponential decay (Eq. 1) with two distinct
lifetimes and two corresponding ﬂuorescent fractional contributions (Eq. 2).
IðtÞ ¼

n
X

ai expðt=si Þ

ð1Þ

i

I(t) is intensity as a function of time, si is the decay time of the
component i, ai is the amplitude of the component i at t = 0
and n is the number of components equal to 2.
fa ¼ aa sa =ðaa sa þ ab sb Þ  100
fb ¼ ab sb =ðaa sa þ ab sb Þ  100

ð2Þ

fa and fb are the fractional components (%) with lifetimes sa
and sb (ns) with amplitudes aa and ab.
Computational analysis of NIR polymethine dye, cypate,
complexed to albumin revealed two binding sites with different
polarities. Therefore, the two distinct lifetimes and the
corresponding ﬂuorescent fractional contributions would
reﬂect changes in albumin tertiary structure. By screening a
small library of NIR polymethine dyes available commercially
or prepared in our laboratory, we have identiﬁed molecular
probes that could be employed in RAFL. One of the probes
was used to illustrate the differences between commercially
available bovine serum albumin (BSA) prepared by different
methods.

MATERIALS AND METHODS
Materials. Near-infrared dyes ICG, IR-820, IR-806, IR-786 and
DTTCI were purchased form Sigma-Aldrich (St. Louis, MO). Cypate,
LS-276, LS-277, LS-287, LS-288 and LS-319 were synthesized as
described previously (12,16,17). BSA (cat. no. A3059, A3294, A6003,
A 9647, and A-4378; Sigma-Aldrich), dimethyl sulfoxide (DMSO) and
urea (Fisher Scientiﬁc, Hampton, NH) and 2-mercaptoethanol (BioRad Laboratories, Hercules, CA) were purchased from commercial
sources. Millipore 18.2 water MWÆcm was used throughout the work.
All commercial chemicals were used without further puriﬁcation and
solvents (ACS grades) were not degassed.
Sample preparations. Bovine serum albumin (50 mg) was dissolved
in 1 mL of 0.01 M phosphate-buffered saline (PBS; Sigma-Aldrich).
This concentration of albumin in solution reﬂects the normal physiological concentration of albumin in human plasma (18). Dyes were
dissolved in 150 lL to obtain 50–100 lM concentration in DMSO and
kept as stock solutions at )20C wrapped in foil. Aliquots were added
to albumin-PBS solution (1 mL) and the mixtures were vortexed for
1 min. To prevent inner ﬁlter effect, the samples were then diluted with
PBS buffer to adjust the UV–Vis absorbance to 0.1–0.3. For albumin
unfolding–refolding study, 50 mg of BSA was dissolved in 1 mL of 6 M
urea in water and 5 lL of cypate in DMSO was added. The solution
was adjusted to 0.1 absorbance with 6 M urea or water (the adjusted
water solution was 0.4 M urea). 2-Mercaptoethanol (10 lL) was added
to the BSA-cypate in 6 M urea solution . All mixtures were vortexed for
at least 1 min to ensure complete mixing.

Steady-state spectra. The absorption spectra were recorded on a
Beckman Coulter DU 640 spectrophotometer (Fullerton, CA) and
ﬂuorescence steady-state spectra on a Fluorolog III ﬂuorometer
(Horiba Jobin Yvon, Edison, NJ) with 720 nm excitation and 5 nm
slits. All measurements were conducted at room temperature.
Fluorescence lifetime measurement. The ﬂuorescence lifetime was
measured using the time-correlated single-photon-counting (TCSPC)
technique (Horiba) with excitation source NanoLed 773 nm impulse
repetition rate 1 MHz (Horiba) at 90o to the R928P detector
(Hamamatsu Photonics, Japan). The detector was set to 820 nm with
a 20 nm bandpass. The electrical signal was ampliﬁed by TB-02 pulse
ampliﬁer (Horiba) and the ampliﬁed signal was fed to the constant
fraction discriminator CFD (Philips, The Netherlands). The ﬁrst
detected photon was used as a Start signal by time-to-amplitude
converter (TAC), the excitation pulse triggered the Stop signal. The
multichannel analyzer (MCA) recorded repetitive start–stop signals
from the TAC and generated a histogram of photons as a function of
time-calibrated channels (6.88 ps ⁄ channel) until the peak signal
reached 10 000 counts. The lifetime was recorded on a 50 ns scale.
The instrument response function was obtained using Rayleigh scatter
of Ludox-40 (0.03% in MQ water; Sigma-Aldrich) in a quartz cuvette
at 773 nm emission. The measurements were conducted at room
temperature. DAS6 v6.1 decay analysis software (Horiba) was used for
lifetime calculations. The goodness of ﬁt was judged by chi-squared
values, Durbin–Watson parameters and visual observations of ﬁtted
line, residuals and autocorrelation function. Three-exponential decay
equations were used for data ﬁtting. In all cases lifetime components
with insigniﬁcant contribution (<3%) were discarded and decays were
considered to be two-exponential. The remaining lifetime components
were used for further analysis. All samples were analyzed in triplicates
using new solutions to avoid reanalyzing the same sample.
Molecular modeling. The albumin–dye interactions were modeled
in two steps. First, cypate molecule was docked to the X-ray
structure of albumin (the PDB entry 1AO6) employing the GRAMM
program for low-resolution docking (19). GRAMM performed
systematic sampling of all possible binding modes of cypate to
albumin on the six-dimensional grid of the three orthogonal
translational axes with the grid step of 3 Å and of three rotations
around these axes with the grid step of 20. Sampling was performed
in several runs with different sets of adjustable parameters of the
GRAMM procedure. Spatial distribution of the cypate binding
modes that correspond to highest values of the scoring function used
by GRAMM converged to two main binding sites with increasing of
the value of a speciﬁc ‘‘repulsion’’ parameter. Second, typical binding
modes for cypate in each of the found sites were selected, and the
corresponding complexes of albumin and cypate molecules were
subjected to energy minimization in the SYBYL software package
(Tripos Inc., St. Louis, MO), which eliminated possible steric clashes
between cypate and albumin.

RESULTS AND DISCUSSION
Optimizing measurement conditions with cypate
Cypate (16,20) is a reactive structural analog of ICG that is
widely used in optical imaging because of its valuable NIR
optical properties. In this study, cypate was used as a standard
to optimize albumin-binding conditions for lifetime measurement and evaluate reproducibility of the data. In the ﬁrst set of
experiments, the lifetime of albumin–cypate complex (molar
ratio albumin–cypate 11:1, albumin: cat. no. A3059, SigmaAldrich) in PBS at different concentrations from 0.5 to
10 mg mL)1 was measured. The range of concentrations was
chosen to provide adequate signal at low concentrations while
maintaining a photon count rate between 0.3% and 2%, and
to avoid pile-up effect (21) at high concentrations. The results
shown in Table 1 demonstrate that cypate exhibits two major
lifetime components of 0.47 and 0.95 ns denoted here as sa and
sb, respectively, with fractional contribution fa=69% and
fb=28%. Both the lifetimes and fractional contributions are
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Table 1. Effect of concentration of albumin–cypate complex in PBS on cypate ﬂuorescence lifetime.
BSA–cypate complex, mg mL)1
0.5
2.5
5
10
Average*

BSA-to-cypate ratio, mol mol)1

sa, ns

fa, %

sb, ns

fb,%

11
11
11
11

0.46
0.48
0.48
0.46
0.47 ± 0.01

66.34
70.79
72.04
68.71
69.47 ± 2.50

0.92
0.97
0.96
0.94
0.95 ± 0.02

31.02
26.62
25.19
28.27
27.78 ± 2.50

*Average error expressed as standard deviation. PBS = phosphate-buffered saline; BSA = bovine serum albumin.

within statistically satisfactory range of 2.5% and indicate that
lifetime measurements were independent of the concentration
of albumin–cypate complex in solution.
In the second set of measurements, the concentration of
albumin in cuvette was kept constant, and the amount of
added cypate was varied. At low concentrations of cypate
(cypate-to-albumin molar ratio from 1:1000 to 1:10), the
lifetime of both components remained constant at 0.47 and
1.0 ns (Fig. 1a). At higher concentrations (cypate–albumin
ratio >1:10), the short lifetime component decreased from
sa = 0.47 ns to sa = 0.2 ns, indicating the presence of unbound cypate in solution (ﬂuorescence lifetime of cypate in
water <0.2 ns). In contrast, the lifetime of the long lifetime
component was practically unaffected under similar conditions

ta

(a)

1.2

tb

Lifetime t , ns

1.0
0.8
0.6
0.4

Effect of unfolding–refolding on the lifetime of cypate in albumin

0.2

Having established that both lifetimes and their fractional
contributions are concentration independent, we analyzed the
changes in lifetime measurement of cypate in albumin under
unfolding–refolding conditions. First, the albumin was partially unfolded with urea (6 M) (22) and then allowed to
equilibrate with cypate. The results shown in Table 2 reﬂect
signiﬁcant changes in albumin structure from its native state.
The lifetime of the short lifetime component changed from

0.0
0.1

1
10
100
1000
Ratio BSA:cypate (mol/mol)

10000

fa

(b)

Fractional contributions f , %

(from sb=1.1 ns at 1:1000 mol mol)1 to sb = 0.9 ns at
1:1 mol mol)1). The fractional contributions are nearly independent of cypate-to-albumin ratio within the broad range
between 1:1000 and 1:10 (Fig. 1b). At higher molar concentration of cypate, especially at 1:1 cypate–albumin stoichiometric ratio, changes in the fractional components were
observed because of contribution from unbound cypate.
These results show that the two major lifetimes of cypate
bound to albumin and their respective fractional contributions
are independent of albumin–cypate concentration and in
general to cypate–albumin ratios. Both lifetimes and their
distributions therefore could be utilized for structural characterization of albumin. Based on the above ﬁndings, the
lifetimes of a molecular probe upon binding to albumin could
serve as a characteristic feature of the binding sites while the
distribution, expressed as fractional contributions, would
indirectly indicate the binding afﬁnities of each albumin
binding site to the probe. Together, these independent parameters (lifetimes and fractional contributions) could be used to
characterize structural changes in albumin. To demonstrate
the validity of this approach, the tertiary structure of albumin
was perturbed to cause unfolding and refolding of the protein
for studying changes in the above structural reporters.

100

fb

80
Table 2. Cypate lifetime in folded and unfolded state.

60
Cypate in media

40
20
0

0.1

1
10
100
1000
Ratio BSA:cypate (mol/mol)

10000

Figure 1. Fluorescence lifetimes (a) of cypate and (b) corresponding
fractional contributions as a function of cypate-to-albumin ratio.

Cypate in albumin in urea 6 M
in water
Cypate in albumin in 0.4 M urea in
PBS buffer
Cypate in albumin in PBS buffer
(no urea)
Cypate + albumin + 6 M urea +
2-mercaptoethanol in PBS
PBS = phosphate-buffered saline.

sa, ns

fa, %

sb, ns

fb, %

0.23

86

0.95

11

0.53

80

1.1

17

0.47

67

0.97

30

93

–

<0.2

–

1374 Mikhail Y. Berezin et al.

Screening a small library of NIR ﬂuorescent dyes
A potential application of the lifetime method developed
herein is to determine changes in the tertiary structures of
albumin and other proteins in heterogeneous media such as
blood. Consequently, we were interested in polymethine
molecular probes that absorb and ﬂuorescence in the NIR
wavelengths between 700 and 900 nm to minimize autoﬂuorescence and improve the detection sensitivity of the protein in
blood. Ideally, the molecular probes should demonstrate
mono-exponential decay in homogeneous solutions, respond
to changes in its local environment with high sensitivity,
possess high absorption coefﬁcients and ﬂuorescence quantum
yields, and exhibit at least two distinct lifetime signals when
bound to albumin, preferably with similar afﬁnity toward
binding sites. In addition, it is desirable that the ﬂuorescence
lifetimes are measurable with conventional frequency or timedomain spectroﬂuorometers. Routine determination of ﬂuorescence lifetime of dyes has been made possible by the
availability of inexpensive LED sources, in contrast to
expensive pulsed lasers. However, relatively long pulse widths
(773 nm Nanoled pulse duration was 1.7 ns) compare with
pico- and femto-second lasers making the measurement of
lifetime shorter than 0.2 ns inaccurate and impractical with
our system. With lifetimes longer than 0.2 ns, the signal to
noise ratio, and therefore the accuracy of the lifetime measurements would signiﬁcantly improve.
In this work, we screened 11 NIR polymethine dyes
prepared in our laboratory and purchased from commercial
sources. The primary goal of the screening was to identify an
NIR dye that satisﬁes the above-mentioned requirements. All
of the compounds examined absorb and emit light between 750
and 850 nm and have high molar absorptivity (200 000–
220 000 M)1 cm)1) and modest ﬂuorescent quantum yield
(0.05–0.10) in methanol. The quantum yield of the dyes
signiﬁcantly increases in the presence of albumin (up to 0.50)
as it is shown in Fig. 2 for free cypate and cypate–albumin
complex.
When cypate is bound to albumin in its native conformation, two major lifetime components are normally seen, a
short lifetime (fa = 70–77%) and a long lifetime (fb = 20–
27%). This distribution is not optimal for ratiometric
analysis. In the ideal case, the distribution should be close
to 50–50% so that small conformational changes could result
in large changes in the ratio of the components. Furthermore,

(a)

0.14

Absorption, a.u.

0.12
0.10
0.08

free
cypate
cypatealbumin

0.06
0.04
0.02
0.00
500

600

700

800

900

nm
(b)

Fluorescence intensity, cps

0.47 to 0.23 ns, indicating almost complete disappearance of
the short lifetime binding site and a signiﬁcant decrease in the
long lifetime contribution from fb = 36% to fb(unfold) = 11%.
Subsequent treatment of partially unfolded albumin with
2-mercaptoethanol (23) disrupted the long lifetime binding
pocket, thereby increasing the concentration of unbound
cypate in solution, as shown by the presence of only one
major (93%) lifetime component (<0.2 ns). In addition, the
dilution of 6 M urea in cypate–albumin solution with water to
0.4 M re-established the two lifetimes (fa = 0.53 [80%] and
fb = 1.1 ns [17%]), indicating a restoration of both binding
sites of albumin (not necessarily the same sites) via refolding.
These results demonstrate that the lifetime of cypate and the
distribution of the two sites could be used to monitor the
changes in protein tertiary structure.

120000
100000
80000

free
cypate
cypatealbumin

60000
40000
20000
0
650

700

750

800

850

900

nm
Figure 2. Steady-state absorbance (a) and emission spectra (b) of free
cypate and cypate bound to albumin at the same cypate concentration
(PBS buffer, ex. 720 nm).

it is also desirable to have dyes with lifetimes longer than
cypate to improve accuracy, and larger differences between
lifetimes (for cypate sb ) sa 0.5 ns) to improve resolution.
The former parameter is especially important from both the
instrumentation point of view and applicability of the method
to whole-blood screening.
Similar to cypate, the majority of polymethine molecules
studied after incubation with albumin exhibited a short (0.4–
0.7 ns) and a long (0.9–1.3 ns) lifetime component (Table 3).
The results indicate that, in general, NIR polymethine compounds tend to populate two binding sites. Based on the
criteria of longer lifetime and equal distribution between the
sites, LS-288 and LS-276 were found to be the best compounds, with LS-288 having the largest difference between
short and long lifetimes (0.66 ns for LS-288 vs 0.50 ns for
LS-276). Thus, LS-288 was chosen for probing the similarities
of the tertiary structures of commercially available BSA
prepared by different methods.
Evaluating the tertiary structures of bovine serum albumin
Bovine serum albumin produced by a number of methods
collectively known as Cohn processes is widely used in
diagnostics, cell culture, microbial culture and biochemical
research. The Cohn process (24) was initially developed for
obtaining pure albumin in large quantities as human plasma
substitute during World War II and has undergone numerous
modiﬁcations (25,26). The modern processes vary signiﬁcantly.
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Table 3. Fluorescence lifetime and fractional distributions of near-infrared dyes bound to bovine serum albumin.
sa, ns

fa, %

sb, ns

fb, %

sb ) sa, ns

fa ⁄ fb

IR-820

0.41

77

0.91

19

0.50

4.1

LS-319

0.59

72

1.13

25

0.54

2.9

Cypate

0.47

69

0.97

30

0.50

2.2

LS-277

0.64

65

1.15

32

0.51

2.0

ICG

0.63

61

1.1

37

0.47

1.6

IR-806

0.52

60

1.19

38

0.67

1.6

LS-287

0.67

58

1.14

39

0.47

1.5

LS-276

0.69

55

1.19

42

0.50

1.3

LS-288

0.61

37

1.29

60

0.66

0.6

IR-786

0.46

28

1.22

71

0.76

0.4

DTTCI

1.14

95

–

–

0.0

Entry

Structure

For example, cold alcohol precipitation method utilizes
treatment of plasma with cold ethanol at )5 to )10C, and
in a heat shock method, the plasma is heated in ethanol to
68C in the presence of stabilizers. To further increase the
purity of the product, albumin is often extra-puriﬁed using

–

organic solvent precipitations, crystallizations, chromatography and other methods. While the objective of the commercial
processes is to keep the structural integrity of a protein intact,
certain treatments might potentially cause an alteration in
proteins’ tertiary structure.
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Table 4. Evaluation of bovine serum albumin prepared by different methods (http://www.sigmaaldrich.com).
Sigma-Aldrich
catalog number
A3294
A3059
A6003
A9647
A4378

Initial isolation method
Heat shock
Heat shock from pasteurized serum
Cold alcohol precipitation
Heat treatment
Cold alcohol precipitation; prepared
using method IV of Cohn
Cold alcohol precipitation; prepared
by a modiﬁcation of Cohn, using cold ethanol and pH

A4503

We analyzed six albumin samples available from SigmaAldrich (http://www.sigmaaldrich.com) prepared by different
methods (Table 4). The results shown in Fig. 3 reﬂect small
but statistically signiﬁcant deviations in protein structures
across the samples. In general, lifetime changes in the short
lifetime pockets were more prominent relative to the long
lifetime pockets, indicating that the former regions are more
sensitive to albumin preparation. For example, albumin
A6003 obtained by initial fractionation from cold alcohol
has a lifetime of 0.70 ± 0.02 ns in its short lifetime region,
whereas albumin A3294 prepared by initial treatment with a
heat shock method has 0.57 ± 0.02 ns lifetime. At the same

tb
ta

(a)
Fluorescence lifetime, ns

1.40
1.20
1.00

Further puriﬁcation
method

Purity (by agarose gel
electrophoresis)

‡98%, protease essentially free
99%, essentially c-globulin free
‡96%, essentially fatty acid free
Organic solvent precipitation ‡96%, pH 7 (1 % [wt ⁄ vol] in H2O)
1 · crystallized using decanoic
‡97%
acid and ethanol
‡96%
Further puriﬁed fraction V
Organic solvent precipitation

time, the molecular probe in albumin A9647 prepared by the
heat shock method showed the same lifetimes and lifetime
distribution as in A4503 prepared by cold alcohol precipitation method. These results suggest that despite the
differences in the production methods, the tertiary structures
of some albumin are similar. Among the tested albumin,
A6003 shows the largest deviation from the average lifetime
distribution fa = 43.4 ± 2.6% and fb = 53.3 ± 2.5% with
the average fa = 39.9 ± 2.4% and fb = 57.3 ± 3.4% for
all other samples. Unfortunately, we were not able to test
different batches of the A6003 to make a conclusive
determination that the manufacturing process affected the
structure. Regardless of speculations regarding the source of
deviations, the results clearly show that NIR ﬂuorescence
lifetime method could be used to test the quality and
reproducibility of albumin. Thus, we can use the method to
detect major changes such as those found during the
unfolding–refolding processes as well as small changes in
tertiary structures of proteins.

0.80
Molecular modeling studies

0.60
0.40
0.20
A4503

A4378

A9647

A6003

fb,%
fa,%

70
60
50
40
30
20
10

A4503

A4378

A9647

A6003

A3059

0
A3294

Lifetime fractional contribution, %

(b)

A3059

A3294

0.00

Figure 3. Fluorescence lifetime (a) and ﬂuorescence fractional contributions (b) of LS-288 bound to bovine serum albumin prepared by
different methods (x-axis: catalog numbers from Sigma-Aldrich).

Previously studies have shown that many ﬂuorescent compounds with mono-exponential decays in homogeneous
solution exhibit multiexponential decays when bound to
albumin, indicating the presence of several binding regions
(27–33). Since the early work of Sudlow et al. (34) who
described two major binding sites known as Sudlow’s sites I
and II, several additional sites have been found (35–38). It
was also suggested that albumin has certain conformational
plasticity upon drug binding (39). Most of the ﬂuorescent
probes described in the literature and in the current work
exhibit two lifetimes when bound to albumin. However, two
lifetimes does not necessarily imply that the dye occupied
only two binding sites. A typical deconvolution software
based on least square ﬁtting algorithm cannot accurately
resolve the total ﬂuorescence decay into individual components if three or more lifetimes are present. Instead, the
obtained individual lifetimes would represent an average of
several lifetimes leading to erroneous conclusion that the
ﬂuorescent compound is bound to fewer sites. Thus, it is
important to answer a fundamental question: how many sites
are actually occupied by the NIR ﬂuorescent molecules? The
answer would provide evidence for the number of expected
lifetimes. In general, longer lifetime typically corresponds to
more hydrophobic binding region, while shorter lifetime
points to a hydrophilic region (27).
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with the sites characteristic for binding of small compounds
and, perhaps, with sites suggested by speciﬁc labeling of
albumin in Sudlow et al. (41). However, our molecular
modeling did not fully account for all details of cypate–
albumin interaction including possible conformational changes
in albumin upon binding cypate.

CONCLUSION
CypA
CypA
Figure 4. (a) Positions of two molecules of cypate in complex with
albumin (binding sites CypA and CypB). Albumin domains are shown
as shadow ribbons as follows: domain A in cyan, B in magenta, C in
blue, D in green, E in yellow and F in red. Cypate molecule is shown as
space-ﬁlled atoms. Hydrogen atoms are omitted. (b) Zoom of the two
binding sites. Albumin surface is colored according to values of
hydrophilic potential from brown (hydrophobic) to blue (hydrophilic).

In our computational study, cypate was chosen as a model
because it has previously been used for molecular modeling
study (40) and its geometry (size, planarity) is very similar to
all other polymethine dyes used throughout this work. Two
binding sites were found by molecular modeling, using cypate
docking into the X-ray structure of albumin (the PDB entry
1AO6). Of the two binding sites found for cypate, the ﬁrst
site (CypA) is adjacent to the second one (CypB) and is
formed by albumin helices B4, E3 and F2, as well as by short
nonhelical segment connecting domains A and B (Fig. 4a).
The second site (CypB) was a major one (about 80% of
cypate conﬁgurations with high scores). It is located in the
groove between domains B, C and E of albumin (see Fig. 4a)
and is formed mainly by the following helices of albumin: B3,
B4, C2, C6, E3 and E4. Site CypB is larger in size and
more hydrophobic than site CypA (see Fig. 4b, where
different colors represent different values of hydrophilic
potential at the albumin surface in the vicinity of the sites).
As site CypA is more hydrophilic than site CypB, we suggest
that cypate bound to CypA exhibits a shorter lifetime
(denoted above as sa), whereas cypate bound to CypB
possesses a longer lifetime (sa).
Comparison with all available X-ray structures of albumin
co-crystallized with various drugs and fatty acids (10 PDB
entries with resolution equal or better than 2.4 Å) revealed
that in most cases binding sites characteristic for fatty acids
and small-size drugs do not coincide with sites CypA and
CypB, as suggested in this study for cypate (data not shown).
This is quite understandable because cypate has much larger
size than most of the co-crystallized compounds (data not
shown). However, the binding modes for two more bulky
aromatic compounds (indoxyl sulfate in the PDB entry 2BXH
and thyroxine in the PDB entry 1HK4) are located either
within site CypA (2BXH) or right between sites CypA and
CypB (1HK4).
The above results show that independent molecular modeling conﬁrmed the possibility of two different nonoverlapping
binding sites for cypate in complex with albumin, one being
more hydrophobic than the other. These sites, denoted here as
CypA (hydrophilic) and CypB (hydrophobic), do not coincide

Molecular modeling reveals that albumin has two binding sites
responsible for binding of polymethine dyes, denoted here as
CypA and CypB. The binding sites differ in their polarities and
affect the ﬂuorescence lifetime of the bound probes. The
alteration in binding sites changes the pocket polarity and
therefore impacts the lifetimes as well as ﬂuorescent fractional
contributions. Thus, both the lifetime and fractional contributions represent a set of conformationally sensitive parameters which could be utilized in high-throughput screening of
albumin and potentially whole blood to identify abnormalities
associated with certain pathologies.
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