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Binding interaction of plasma protein bovine serum albumin (BSA) with external flexible charge trans-
fer fluorophore 5-(4-dimethylamino-phenyl)-penta-2,4-dienenitrile (DMAPPDN) has been explored at
physiological pH (7.4) by steady state absorption, emission, fluorescence anisotropy, Red Edge Excita-
tion Shift (REES), far-UV circular dichroism (CD), time resolved spectral measurements in combination
with molecular docking and molecular dynamics (MD) simulation studies. Chemical denaturation of
the protein bound probe by guanidine hydrochloride (GdnHCI) has also been tracked using the spectral
response of DMAPPDN. Interaction of the probe with BSA is reflected by the massive blue shift of the
fluorophore emission maxima (78 nm) with the enhancement of fluorescence intensity due to change of
hydrophobic micro-environment of the probe compared to a little change in protein secondary structure.
5-(4-Dimethylamino-phenyl)-penta-2,4- Benesi-Hildebrand plot reveals spontaneous formation of 1:1 BSA-DMAPPDN complex with binding con-
dienenitrile stant 8.821+0.01 x 10° M~! and binding free energy change —5.359 kcal mol~!. Molecular docking study
FRET supports the binding of probe in the hydrophobic cavity of sub domain IIA of BSA. The distance for energy
transfer from tryptophan of BSA to DMAPPDN measured from fluorescence resonance energy transfer
(FRET) results is in good agreement with results of molecular docking study. MD simulation predicts
greater stability of BSA-DMAPPDN complex compared to the free protein.
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1. Introduction

Serum albumins are major transport proteins [1,2] found in the
blood plasma and are capable of binding, transporting and deliver-
ing an extraordinarily diverse range of endogenous and exogenous
compounds like fatty acids, nutrients, steroids, certain metal ions,
hormones and a variety of therapeutic drugs [3-5] in the blood-
stream to their target organs [6]. Although a large volume of
research work is already established in diverse fields with BSA as
a model protein, but till date, there exists an intriguing mystery
regarding the various types of hydrophobic and hydrophilic inter-
actions within the protein interior in the presence and absence of
small molecules like drugs and/or fluorescent probes, since, the
exact crystal structure of BSA is still unknown. The crystal struc-
ture of human serum albumin (HSA) is however well established.
The pair wise sequence alignment has only one gap over all the
residues of the BSA sequence with 75% identity and 87% similar-
ity shared between human and bovine sequences [7]. The primary
structure of BSA is a sequence of 583 amino acid residues and the
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secondary structure contains 67% alpha helix with six turns and
17 disulphide linkages [4,8-10]. The tertiary structure is formed by
three homologous domains I—1II, each of which is divided into two
sub domains A and B [4,11]. Two tryptophan residues Trp-134 and
Trp-213 are present in BSA in the IB and IIA sub domains, respec-
tively [12-14]. This protein also contains two principal drug binding
sites, site-I and site-II. Site-I is situated in the hydrophobic core of
sub domain IIA which is capable of binding mostly with neutral,
bulky heterocyclic compounds by strong hydrophobic interactions,
whereas site-II is in the IIIA sub domain and binds many aromatic
carboxylic acids by dipole-dipole, van der Waals and hydrogen
bonding interactions [15]. The structural aspects of serum albumins
and their properties and interactions with other materials have
been explored by several groups [16,17] using NMR, dynamic light
scattering, differential scanning calorimetry, circular dichroism and
other techniques. In the last few years, in the field of photochem-
istry and photobiology, the intramolecular charge transfer (ICT)
fluorescent molecules were used as fluorescence probes for the
study of bio-mimetic micro-heterogeneous environments [18], and
for sensing the local polarity of the microenvironment around their
binding sites on biologically relevant systems like proteins [16]. Flu-
orescent probe spectroscopy is also rapidly gaining importance as
a non-invasive efficient technique compared to the complex and
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Scheme 1. Optimized structure of 5-(4-dimethylamino-phenyl)-penta-2,4-
dienenitrile (DMAPPDN) at HF/6-31+G(d,p) level. The final structure was generated
by Gauss View software.

expensive techniques such as X-ray or NMR analysis for study-
ing the chemical unfolding of these proteins induced by agents
like guanidine hydrochloride, urea and surfactants. In recent times,
the studies of structural and dynamical aspects of such biological
systems using new synthetic extrinsic polarity sensitive fluores-
cent probes are gaining extra momentum especially when the
experimental findings corroborate the results of molecular docking
[19-21] and molecular dynamics simulation [19,22,23].

In this work, we report the use of a specially designed
polarity sensitive intramolecular charge transfer molecule 5-
(4-dimethylamino-phenyl)-penta-2,4-dienenitrile =~ (DMAPPDN)
(Scheme 1) as an extrinsic fluorescent probe for studying BSA
microenvironment [24]. Monitoring denaturation with guanidine
hydrochloride was also attempted using the spectral response
of the probe. Steady state absorption, emission, fluorescence
anisotropy, REES, CD and time resolved spectral measurements
have been used in this context. Molecular level interactions,
conformational changes of protein BSA after binding with the
probe and flexibility at the binding sites have been explored by
spectroscopic measurement hand in hand with molecular docking
and molecular dynamics simulations. This work is very unique
because our designed molecule, DMAPPDN can probe protein
structure and dynamics easily with only absorption and emission
spectral responses and molecular modeling without involving
any complex X-ray or NMR analysis. Also this study makes way
for the probable application of this specially designed molecule
DMAPPDN as an effective fluorescent probe for spectroscopic
investigation of such other biological systems.

2. Experimental methods
2.1. Reagents

The synthetic scheme, procedure and purification of DMAPPDN
have been described in our earlier publication [24]. GdnHCI and
BSA were purchased from SRL India and used as received. 10-3 M
DMAPPDN, 10-6 M BSA and 9 M GdnHCl solutions were prepared in
0.01 M Tris-HCl buffer solution corrected to pH = 7.4 by the addition
of 1:1 HCl and used as stock solutions. Triply distilled water was
used for preparing all solutions. The purity of all solvents in the
studied wavelength range was checked before the preparation of
solutions. All solutions of DMAPPDN and BSA were prepared at the
desired concentrations and equilibrated for 6-7 h before spectral
measurements.

2.2. Measurement of steady state absorption and emission and
CD spectroscopy

All steady-state absorption spectra were recorded on a Hitachi
UV/VIS U-3501 spectrophotometer. The emission spectra and
fluorescence anisotropy were recorded on a Perkin Elmer LS-55 flu-
orescence spectrophotometer after proper background corrections

with individual solvents. Concentration of the probe was kept at
~10-6M for all measurements to ensure no occurrence of self
aggregation or self quenching and also to maintain probe concen-
trations at a much lower value than the protein. The alterations
in the secondary structure of the protein in the presence of probe
were studied by far UV circular dichroism measured by a Jasco
Corporation, J-815 CD spectrophotometer using a quartz cuvette
of path length 0.1 cm at 1 nm data pitch intervals. All CD spectra
were recorded in the wavelength range 190-250 nm. The spec-
trophotometer was sufficiently purged with 99.9% nitrogen before
measurements. The spectra were collected at a scan speed of
50 nm/min with response time of 1s at 298 K temperature. Each
spectrum was baseline corrected with Tris—HCl buffer and the final
plot was taken as an average of four accumulated plots.

2.3. Time resolved spectral measurement

Fluorescence lifetimes were determined from time-resolved
intensity decay by the method of time correlated single-photon
counting (TCSPC) using a picosecond diode laser (IBH, U.K.
nanoLED) [25] as the light source at 370 nm. The typical instrumen-
tal response of this excitation source is ~40 ps. A Hamamatsu MCP
photomultiplier tube (5000U-09) collected the emission at a magic
angle polarization. The TCSPC setup consists of an Ortec 9327 CFD
and a Tennelec TC 863TAC. Data collection was done with a PCA3
card (Oxford). An IBM DAS6 software was used to deconvolute the
fluorescence decays.

2.4. Molecular docking study

Molecular docking was performed to obtain the protein-ligand
binding energy and to identify the potential ligand binding
sites. The docking experiments were performed with the help
of AutoDock4.2 [26] and AutoDock Tools (ADT) software using
the Lamarkian Genetic Algorithm (LGA) based on the adaptive
local method search. The energy based Autodock scoring func-
tion includes terms accounting for short range van der Waals
and electrostatic interactions, loss of entropy upon ligand bind-
ing, hydrogen bonding and solvation. For the recognization of the
binding sites in BSA, docking was carried out with setting of grid
box size 126 A x 96 A x 126 A along x, y, z axes covering whole pro-
tein with a grid spacing 0.508 A [19] after assigning the protein and
probe with Kollman charges. The grid center was set at 0.026, 0.108,
and 0.114 A, At first, AutoGrid was run to generate the grid map of
various atoms of the ligand and receptor. After the completion of
grid map, ligand flexible docking simulations were performed with
200 runs and 2.5 x 106 energy evaluations, 27,000 numbers of gen-
erations, 50 GA population and root mean square cluster tolerance
2.0A [23] per run. Among 200 runs 10 minimum energy conform-
ers were chosen according to ranking and scoring [20,23]. Finally
the lowest energy conformation was used for docking analysis.

2.5. MD simulation protocol

The MD simulations were carried out using NAMD 2.6 software
[27] and CHARMM?22 force field and parameters [28]. Prepa-
ration of protein and probe structures has been mentioned in
the supplementary data. Protein structure file (psf) for both the
BSA and probe of our interest were prepared by Vega ZZ 2.4
(http://www.vegazz.net) [29] software. At first, the protein was
neutralized with 17 Na* ions after being immersed in TIP3P water
box containing 25,372 water molecules with box dimension of
95 A x 86 A x 98 A by using VMD 1.8.7. software [30]. We have pre-
pared two water boxes, first one containing water, protein and
Na* ions with total numbers of 85,251 atoms and the other box
with water, protein, Na* ions and the probe with 85,280 atoms.
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Fig. 1. Absorption spectra of DMAPPDN with increasing concentration of BSA.
(i—viii) 10, 20, 30, 50, 60, 70, 80, and 90 wM BSA. Inset shows the normalized
absorption spectra (i—ix) 0, 10, 20, 30, 50, 60, 70, 80, and 90 .M BSA.

In the second box the probe was placed with in the sub domain IIA
hydrophobic zone of BSA as we have observed the binding nature of
protein and probe from the molecular docking study [23]. The MD
simulation of these two systems was performed using four stages.
In the first stage, 5000 steps energy minimization were carried out
at 0K using a harmonic constraints 500 kcalmol-! A-2 on alpha
carbon atom of protein and probe. Then entire system was energy
minimized for 5000 steps without any harmonic restrain. In the
next stage of the equilibration protocol, the systems were heated
from OK to 310K increasing by 5K temperature every 2000 steps
of a 313 ps dynamics with restraints on the solute. In this stage, we
have used Langevin thermostat to maintain temperature. The final
steps were 7 ns NPT dynamics using the Langevin piston pressure
control at 310 Kand 1.01325 bar. Periodic boundary conditions and
the Particle-mesh Ewald method [31] were applied for a complete
electrostatics calculation. Also the Langevin damping coefficient
and piston decay were set as 5ps~! and 50fs, respectively. The
temperature was maintained at 310K using Langevin dynamics.
Non-bonded interactions were calculated by applying a 10 A cut-
off, with a switching function at 8 A. The non-bonded list generation
was stopped at 11.5 A [22]. Simulation was carried out with an inte-
gration time step of 2 fs using SETTLE algorithm, while keeping all
bonds to hydrogen atoms rigid. The trajectory was stored every
2 ps and further analyzed with the VMD programme and tcl script
for root mean square deviations (RMSD) [22,32], root mean square
fluctuations (RMSF) [32] and radius of gyration (Rg) [23].

3. Results and discussion
3.1. Absorption spectral measurement

The absorption spectra of the probe DMAPPDN in nonpolar,
polar protic and polar aprotic solvents were reported in our pre-
vious publication [24]. As shown in Fig. 1, the absorption band of
DMAPPDN in water is shifted to red from ~372nm to ~391 nm
by gradual increase in the concentration of added BSA from 0 to
90 M. The new red shifted absorption band at 391 nm originates
from the BSA-DMAPPDN complex. This red shift may be due to the
stabilization of the complex compared to the free probe in water
or movement of the probe from aqueous media to hydrophobic
media of the protein interior [16,18,33]. The red shift of 19 nm is

XV a
241 -£ ,:,leﬂ
z ol —
= B e =
: = N\ = 110}
= [ -
E 160 = ‘é'
—_— _l 1] i
- 0 30 60 90
= [BSA] uM
7 7]
£ 80
=
=
8n
0 =1 L —
420 480 540 600
Wavelength(nm)
0.045 b
0.045F _ 0.030
)
- 0.015
= =
w 0.030 | 0.000 %00 0.015 0.030
S s J
= 1/|BSA (uM)]
0.015F
0.000 - ! .
0.00 0.06 0.12 0.18

1/|BSA] (pkM)

Fig. 2. (a) Emission spectra of DMAPPDN (Aex =372 nm) with increasing concentra-
tion of BSA. (i—xiv) 0, 5, 10, 20, 25, 35, 45, 55, 60, 65, 70, 80, 90, and 100 .M BSA.
Inset: plot of emission intensity vs BSA concentration. (b) B-H plot for 1:1 com-
plexation of DMAPPDN with BSA. Inset: nonlinear B-H plot for 1:2 complexation of
DMAPPDN and BSA.

better represented by the normalized absorption spectra as shown
in inset of Fig. 1.

3.2. Effect of BSA on DMAPPDN fluorescence

We have earlier reported dual fluorescence from DMAPPDN in
polar solvents due to excited state intra-molecular charge trans-
fer from the donor amine group to the acceptor nitrile group [24].
The high energy band at ~425 nm was assigned to emission from
the locally excited (LE) state and the low energy band at ~530 nm
to the CT state. To follow the probe-protein interaction, the emis-
sion spectra of the probe were recorded at a fixed concentration
of DMAPPDN with progressively increasing the concentration of
BSA. The emission maximum of the probe undergoes a large blue-
shift from ~530 nm in 0.01 M tris buffer to 452 nm in 90 WM BSA
(78 nm) with a simultaneous increase in fluorescence intensity (6.5
times) as shown in Fig. 2a. This blue-shift of the polarity sensitive
CT maxima points towards a lowering of polarity of surrounding
environment of the probe on binding to BSA. This is expected as
the probe on binding with protein moves to a less polar hydropho-
bic proteinous environment from the highly polar aqueous buffer.
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Fig. 3. Plot of anisotropy vs concentration of BSA at 298 K temperature. The data
points are mean of five independent measurements, the standard errors were
between 1.0 x 10~3 and 8.9 x 103 for all data points. Inset: Plot of REES vs con-
centration of BSA at 298 K temperature for the interaction of BSA with DMAPPDN.

Usually movement of the probe to a more hydrophobic environ-
ment deactivates the non-radiative decay paths that operate in
water via hydrogen bonds. This is then marked by the simultaneous
increase in intensity of the intramolecular charge transfer emission
band [16,18,33]. The increase in emission intensity as a function of
protein concentration is better represented by the inset of Fig. 2a.

3.3. Protein—probe complexation study

To gain a better insight into the binding of DMAPPDN with BSA
we have constructed the well known Benesi-Hildebrand (B-H) plot
[34] for 1:1 association and found it to be linear through the entire
BSA concentration range studied. The linearity (R=0.9988) of the
plot (Fig. 2b) throughout the entire range of the data is a proof of
1:1 complexation between the protein and the probe. From this
plot the values for the association or binding constant and the free
energy change accompanying the binding process were calculated
to be 8.821+0.01 x 103M~! and —5.359 kcalmol~!, respectively
(Table 1). This observation indicates [16,33] comparatively strong
binding of DMAPPDN to the model protein. To confirm our assump-
tion, we have also constructed the B-H plot for 1:2 complexation
as shown in inset of Fig. 2b. The nonlinear B-H plot in this case
also supports that the BSA-DMAPPDN complexation occurs only
through 1:1 stoichiometry.

3.4. Study of steady state fluorescence anisotropy

The changes of emission profile of DMAPPDN upon binding
with BSA suggest its movement from the free aqueous environ-
ment to the proteinous environment which is also mirrored in
the changes in fluorescence anisotropy. Increasingly rigid envi-
ronments restrict free motion of the probe and produce higher
values of anisotropy [18,33,35]. So anisotropy measurements can
be exploited to gain more information about the rigidity of the envi-
ronment surrounding a fluorescent probe and the extent to which
this rigid environment actually impedes the motional dynamics of
the former. The protein interior being more rigid than the free water
environment, and hence the BSA bound probe must experience a
restriction of its rotational motion. As seen in Fig. 3, a sharp rise
of anisotropy till 20 WM BSA is observed and then the anisotropy
value increases smoothly till 55 M BSA to a value of 0.284. The

maximum anisotropy value of 0.299 was recorded at and after
70 .M BSA environment which is quite high and suggests a good
extent of association between DMAPPDN and BSA. The leveling off
of the anisotropy values from around and after 70 M BSA is again
consistent with other related similar systems [16,33,35,36].

3.5. Wavelength sensitive fluorescence measurement

Red Edge Excitation Shift [35] is a well known phenomenon
which provides a more vivid picture of the surrounding atmo-
sphere of a polar probe while emitting from the excited state.
This technique comes in handy to monitor directly the environ-
ment and dynamics around a fluorophore in a complex biological
system. An increase in REES values with increasing concentration
of protein indicates greater restriction on the mobility of the sol-
vent molecules surrounding the probe molecule bound within the
hydrophobic cavity of the protein. Therefore to establish the envi-
ronmental rigidity and the solvent relaxation dynamics around the
BSA bound probe, we have measured the REES of DMAPPDN emis-
sion maximum [37,38] as a function of BSA concentration. As shown
in inset of Fig. 3, with a 10 nm red-shift in excitation wavelength,
REES values increase as a function of BSA concentration and reached
a maximum value of 6 nm for 45 M BSA after which it remains
almost unchanged even up to 100 wM BSA. This is a clear evi-
dence that after interaction, the probe molecules move to the more
restricted protein interior which explains the observed increase in
the red edge shift [16].

3.6. Time resolved measurement

Fluorescence lifetimes were measured to further investigate
the excited state behavior and microenvironment surrounding the
excited probe [13,39,40]. The time resolved fluorescence mea-
surements of an intrinsic fluorophore like tryptophan in BSA are
complex in nature. Therefore, to investigate the micro environment
around the probe, we have measured the fluorescence life time
of the extrinsic fluorophore DMAPPDN. The fluorescence decay
curve for such probe and protein binding process in heterogeneous
media are multiexponential in nature [39,40], but in our system
the fluorescence decay curves were fitted by bi and tri-exponential
function with acceptable x? values (Table 2). As seen in Table 2,
the results show that the average fluorescence life time of DMAP-
PDN increases with change in environment from aqueous tris buffer
({T)=0.248 ns) to protein medium ((7) = 3.4 ns). This increment in
average lifetime again supports the movement of the probe to
the protein interior, where the nonradiative decay channels are
not operative like that in the aqueous media [39,41,42]. The two
exponential decay components for DMAPPDN may be due to the
presence of the two excited state species as obtained for many such
intramolecular charge transfer probes [43-45]. One may be due to
the local emission and other is due charge transfer state [43]. On the
other hand, the origin of this triple exponential decay is not very
clear. But, in analogy to other such studies, it can be said that differ-
ent components may arise due to binding of the probe to different
binding sites of the protein [33,35].

3.7. Chemical denaturation of BSA by GdnHCI

Denaturation of protein is a complicated process which
occurs through diverse array of mechanism [46,47]. GAnHCl is a
well known chemical denaturing agent which disrupts the tertiary
structure of proteins [36]. Here we study the chemical denaturation
of BSA by GdnHCI using steady state emission spectra, anisotropy
and REES of the extrinsic fluorophore DMAPPDN bound to BSA. As
shown in Fig. 4a, with an increase in the concentration of GdnHCI
(0-4 M) added to 15 wM BSA solution, the intensity of the emission
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Table 1
Experimental and theoretical data obtained from complexation of BSA and DMAPPDN.
—AG (kcal mol-1) K(x103M™1) r(nm)
Experimental 5.359 8.821 + 0.01 3.24+0.02
Theoretical 4.54 2.20 + 0.02 1.65+0.01 (Trp-213) 3.33 £0.02 (Trp-134)

Where AG, K and r are Gibbs’ free energy change due to BSA and DMAPPDN complexation, stability constant of the complex and average distance of DMAPPDN from

Tryptophan, respectively.
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Fig.4. (a) The emission spectra of BSA bound DMAPPDN (Xex =372 nm) as a function
of GdnHCI concentration, (i—vi) 0, 1.5, 2, 2.5, 3, and 4 M GdnHCl. Inset shows plot
of emission intensity of two emission band at 452 and 525 nm vs concentration of
GdnHCI (M). (b) Plot of anisotropy vs concentrations of GAnHCI (M) for both high
(452 nm) and low (525 nm) energy band at 298 K temperature. The data points here
are the mean of five independent measurements, the standard errors were between
1.4 x 10~3 and 5.8 x 103 for all data points.

band of BSA-DMAPPDN complex at 452 nm decreases with a con-
comitant generation of a new band at 525 nm. With further increase
in GdnHCI concentration till up to 8 M further spectral change was
not observed. The decrease in emission intensity of the LE band
with increasing GdnHCl is mainly due to denaturation of BSA and

— ACCCPLOT]

Donor

375+ = 0.6
o E’
% é 0.3
= 250 F
= 0.0
360 420 480|
Wavelength(nm)

ission
o
[ ]
(7]

Em

420

490
Wavelength(nm)

Fig. 5. The occurrence of FRET with increasing concentration of DMAPPDN (arrow
indicates increasing probe concentrations). Inset shows the shaded area is the com-
mon region between emission spectra of donor and absorption spectra of acceptor.

movement of the probe from hydrophobic protein interior to the
polar aqueous media. It is to be pointed out here that the probe
shows its emission at 525 nm in pure water. Inset of Fig. 4a shows
the plot of emission intensity as a function of GdnHCI concentra-
tion, where both the decrease of emission intensity at 452 nm and
increase at 525 nm respectively are found to be sigmoidal in nature.
Again to establish the denaturation process we also measured the
anisotropy values by monitoring at the emission maxima positions
and are shown in Fig. 4b. From the figure it is clear that for both the
cases initial anisotropy value of 0.225 for the complex formed by
15 wM BSA, decreases to ~0.147 with the addition of 5M GdnHCI.
This supports the inference that the probe moves from the more
restricted hydrophobic medium to the less restricted aqueous
zone on denaturation and unfolding of the protein.

3.8. Fluorescence resonance energy transfer

Inrecent times, among various experimental methods for calcu-
lating the donor acceptor distances, fluorescence resonance energy
transfer is one of the best methods often described as a molecular
ruler. The efficiency of FRET depends on the overlap between emis-
sion spectra of the donor and absorption spectra of the acceptor as
also on the proper relative orientation of the donor and acceptor
transmission dipoles. Maintenance of optimum distance between
donor and acceptor is also vital for FRET process. Inset of Fig. 5
shows a large overlap region between the tryptophan emission

Table 2

Time resolved spectral data of DMAPPDN in Tris buffer and BSA.
Medium 71 (ns) 75 (ns) 73 (ns) a, a; as x? () (ns)
Tris buffer 0.062 3.537 - 0.998 0.001 - 1.10 0.248
70 uM BSA 1.193 0.063 6.840 0.039 0.949 0.013 1.29 3.400
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band of BSA and the absorption band of probe DMAPPDN which
makes the possibility of efficient FRET [12,16] from tryptophan
to the bound probe. Fig. 5 shows the actual occurrence of FRET
between tryptophan of BSA and the bound probe. The tryptophan
emission at 350 nm obtained on exciting the protein solution at the
tryptophan absorption maxima of 295 nm, was found to be grad-
ually quenched with increasing concentration of the probe while
simultaneously a new band exactly at the position of the observed
emission maxima of DMAPPDN appeared and gained intensity.
It is noteworthy that at 295 nm there is no observable absorp-
tion of DMAPPDN and hence it is evident that the appearance of
the emission maxima of the probe as explained above can only
take place via FRET from tryptophan to the probe. The efficiency
of energy transfer (E) from the donor tryptophan of BSA to the
acceptor probe was calculated to be 63.9%. Using the calculated
value of [=1.4976 x 10~ ¥ Lmol~! cm? and the literature values
for k2=2/3, n=1.36 and ®=0.15, the Ry and r values were found
to be 2.73+0.01 nm and 3.24 + 0.02 nm, respectively (where J, k2,
n, @, Ry, r are the overlap integral between donor emission and
acceptor absorption, spatial orientation factor, refractive index of
the medium, fluorescence quantum yield of the donor, critical dis-
tance at which the extent of energy transfer is 50% and distance
between donor and acceptor, respectively). The FRET measurement
thus supports the fact that the probe is very near to the tryptophan
of BSA having tight binding characteristics.

3.9. Molecular docking analysis

Among the various conformers of docking results, only 10 con-
formers were chosen on the basis of the free energy of binding
and score ranking [20,23]. The minimum binding energy conformer
is shown in Fig. 6a and all the data related to complexation and
binding processes are reported in the Table S1 (supplementary
data). In BSA, there are two principal drug binding sites which
are located in the hydrophobic cavities of sub domains IIA and IlIA
[12,13,15]. The minimum energy conformer showed that the ligand
binds within the hydrophobic pocket of sub domain IIA. As shown
in Fig. 6b, the probe molecule is surrounded by the hydropho-
bic side chains and positively charge hydrophobic residues, such
as Ala-212, Val-215, Phe-227, Val-234, Leu-326, Gly-327, Leu-346
and Arg-208. Therefore it can be concluded that the interaction
between the DMAPPDN and BSA is mainly hydrophobic in nature.
Also there are considerable number of hydrogen bonding and elec-
trostatic interactions due to the presence of several ionic and polar
groups like Lys-211, Asp-323, Glu-353 and Thr-231, Thr-235 near
the probe molecule. Considering the distance between donor and
acceptor atoms from 2.6 to 3.5 A [20,23], we have found one hydro-
gen bond between nitrile N atom of DMAPPDN and the adjacent O
atom of the hydroxyl group of Thr-235 (2.85 A) (Fig. 6b). Hydrogen
bonding supports decrease in hydrophilicity instead of increas-
ing hydrophobicity within the BSA-DMAPPDN complex [20,23].
From the docking simulation the observed free energy change
of binding (AG) for the complex BSA-DMAPPDN is found to be
—4.54kcalmol~!, which is less comparable to our experimental
free energy of binding (—5.359 kcalmol~!) obtained from com-
plexation study by Benesi-Hildebrand plots [34]. This difference
between experimental and theoretical results may be due to exclu-
sion of solvent in docking simulations or rigidity of the receptor
other than tryptophan. On the other hand, the distance between
tryptophan and the bound probe obtained from FRET calculation
(3.244+0.01 nm) is also comparable to the distances obtained from
docking simulation where distances of the probe are found to
be 1.654+0.01 nm and 3.33 £0.02 nm from Trp-213 and Trp-134,
respectively (Fig. 7a). For comparison, the binding free energy data,
stability constant and distance between tryptophan and the probe
obtained from theoretical and experimental results are given in

£/ lIB

Fig. 6. (a) Minimum energy docking conformation obtained from docking simu-
lation in which each sub domain of BSA, Trp-134, Trp-213, DMAPPDN have been
identified. The BSA is presented by ribbon structure with transparent surface where
as Tryptophan, DMAPPDN by sphere model. (b) The hydrophobic and hydrophilic
amino acid residues surrounding the probe DMAPPDN. One hydrogen bonding inter-
action between DMAPPDN and Thr-235 with donor acceptor distance 2.85A in
minimum energy docking pose, presented by stick model using pymol.

Table 1. Docking results also support that the increase in emission
intensity of the probe DMAPPDN is mainly due to the complexation
and movement of the probe from the more polar hydrophilic buffer
environment to the much less polar hydrophobic region.

3.10. Analysis of molecular dynamics trajectories

Protein probe complexation, stability of the complex and
rigidity of the protein environment in the presence of probe have
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Fig. 7. (a) The distance between Trp-134, Trp-213 and torsion root of DMAPPDN
in minimum energy docking pose, presented by stick model using pymol, rest of
the protein is shown by transparent surface (b) Plot of root mean square devia-
tion (RMSD) of C—C,—N backbone vs simulation time scale for solvated BSA and
BSA-DMAPPDN after 7 ns molecular dynamics simulations.

also been discussed from the analysis of MD simulations and
all results have been analyzed on the basis of RMSD, RMSF and
radius of gyration (Rg) values of the protein with and without
binding to the probe in solvated system. The RMSD values of the
protein backbone -(C—Ca—N) with and without DMAPPDN were
calculated against the simulations times scale (0 to 7ns.) and
the plots are shown in Fig. 7b. From the figure it is seen that for
both the free BSA and BSA-DMAPPDN complex the RMSD value
steadily increases from 0 to 2 ns, then there is no such increment
of RMSD and the systems reaches to equilibrium. After attaining
the equilibrium the RMSD values of C—Ca—N backbone for both
the BSA and BSA-DMAPPDN complex were calculated for 3 to 7 ns
time scale. For BSA, the data point fluctuations are 0.60 4+ 0.06 nm
where as for the complex are 0.56 +0.04 nm [32].

The calculated radius of gyration (Rg) values over the sim-
ulation time scale for the native BSA and the BSA-DMAPPDN
complex are presented in Fig. 8a. It is seen that the Ry values
for native BSA initially fluctuate near 2.76 nm and then reaches
to a minimum value of 2.69 nm at 2 ns. After that it increases to
2.77 nm and then remains constant throughout 3-7 ns. On the other
hand, for BSA-DMAPPDN complex, starting Rg value of 2.77 nm

‘»
.
—_
-
-
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—— BSA-DMAPPDN
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=

2. 1A 1B A 1B @ 1A . 1113

0 100 200 300 400 500
Residue no.

Fig. 8. (a) Plot of radius of gyration (Rg) during 7ns MD simulation of BSA and
BSA-DMAPPDN complex. (b) The root mean square fluctuation (RMSF) values of
BSA, its complex with DMAPPDN and the difference between them were plotted
against residue numbers for 3-7 ns time scale of the simulation. The residues of
different subdomains are separated by vertical dotted lines.

remains constant up to 3 ns and then decreases to 2.67 nm at 5.5 ns
and after that it remains almost constant with slight fluctuations
throughout the 7 ns time scale. The constancy of Rg values after
5.5 ns supports attainment of equilibrium. For both the cases, the
gyration value starts from 2.76 nm but decreases and fluctuates
near2.77 £0.01 nm (4.5-7 ns) for BSAand 2.69 + 0.01 nm (4.5-7 ns)
for BSA-DMAPPDN complex indicating stabilization of the complex
with respect to solvated native BSA, which is also true with the
conclusions drawn from the CD spectra as described in the sup-
plementary material. Till date there is no report about the crystal
structure and also Rg value of BSA, therefore we could not com-
pare the R; value obtained from simulation with the experimental
values. The reported Rg value of HSA (which is 75% homologues
and 87% similar in nature with BSA) shown by neutron scattering
in aqueous solution was 2.74 +0.03 nm [48] which is comparable
to our results for BSA. Our simulation is hence pretty accurate in
nature. During simulation the little change of Rg value from BSA to
BSA-DMAPPDN over simulation time indicates very little confor-
mational changes in the secondary structure of BSA when bound
to the DMAPPDN. This observation again supports the CD spectral
results as shown in Figure S1 in the supplementary material.

To investigate the local protein mobility we have calculated the
time averaged root mean square fluctuation of all the residues over
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all time scale and presented in Fig. 8b. As seen in the figure, the drug
binding sites sub domain IIA and IIIA are more rigid compared to
other sites. Flexibility was also observed at the end of the helix and
sub domain where random coiling is present. The rigidity of sub
domain IIA increases after complex formation which is obtained
from the RMSF difference in Fig. 8b. Other than IIA sub domain the
difference of RMSF fluctuates to +1.3 A centering to zero. All the
other highly fluctuating regions are those, which connect to the
helix.

4. Conclusion

In this paper, the binding interaction of the polarity sensi-
tive charge transfer probe DMAPPDN with BSA and denaturation
of the protein bound probe by GdnHCIl have been studied by
spectroscopic techniques in combination with theoretical MD
simulations and molecular modeling methods. Red shift of the
absorption band (19nm) and blue shift of emission maxima
(78 nm) of the extrinsic fluorophore with manifold enhance-
ment of intensity on the addition of BSA indicate spontaneous
complexation (AG=-5.359kcalmol~-1) with binding constant
(K=8.821+0.01 x 103 M~1). Steady rise in anisotropy value and
high average lifetime of the probe in the presence of BSA infer tight
binding of the probe in the restricted hydrophobic protein inte-
rior. FRET and molecular docking studies suggest efficient binding
and proper orientation of the probe within the hydrophobic cav-
ity of sub domain IIA. MD simulation studies revealed that BSA
and BSA-DMAPPDN complex were stabilized around 3 ns. Chemical
denaturation of BSA by GdnHCI has been mapped successfully using
the same fluorescence probe. Over all, this charge transfer site spe-
cific fluorescent probe can be used to spectroscopically study the
biological model protein bovine serum albumin without using any
complicated X-ray or NMR analysis.
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