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Study of Biomolecular Recognition
Using Time-Resolved Optical Spectroscopy

Tanumoy Mondol, Soma Banerjee, Subrata Batabyal, Samir Kumar Pal”

Abstract — Molecular recognition process refers to the weak non-covalent interaction, which
takes place selectively and specifically between small ligand molecules with biological
macromolecules. Understanding of such recognition in biological and biomimetic milieu is the
central attraction for drug designing, which is crucial for the improvement of human healthcare. A
thorough knowledge of the structural, dynamical and energetic parameters that dictate such
molecular interactions can find immense use in the modulations of the ligand-macromolecule
recognition process. In this article, we present our continuous effort to investigate the fundamental
physical processes involved in the biomolecular recognition, e.g. efficiency (binding affinity and
rigidity of the complex) and role of solvent molecules in the molecular recognition using steady
state and predominantly, ultrafast time-resolved fluorescence spectroscopy. In this perspective, we
have thoroughly investigated the molecular recognition of small ligand/drug molecules
(Rifampicin; Rf, 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran; DCM, and
Nile Blue; NB) by a human transporter protein, Human Serum Albumin (HSA), and also
established the nonspecific type of interaction between a ligand molecule (Rf) and a biomimetic
system (Sodium Dodecyl Sulfate (SDS) micelle). Simultaneous recognition of an intercalator
(Ethidium Bromide, EtBr) and a DNA minor groove binder (Hoeschst 33258, H258) to a
dodecamer DNA of specific sequence has also been monitored. Besides, we report an investigation
on the recognition of ethidium (Et) cation, a potential mutagen, by synthetic DNA and various cell
nuclei in presence of a stimulant drug, caffeine, employing the mentioned spectroscopic techniques
along with NMR and fluorescence microscopy. Moreover, we have explored the differential
molecular  recognition of  8-anilino-1-naphthalenesulfonic acid (ANS) and 2,6-p-
toluidinonaphthalene sulfonate (TNS) by bovine pancreatic o-chymotrypsin (CHT) upon
interaction with genomic DNA. The correlation of the molecular recognition of the DNA and
DNA-protein complexes with the hydration dynamics has been further exploited in our studies. In
addition, we have developed functional nanoparticles/Quantum dots (QDs) that are covalently
linked to biological molecules to detect the molecular interaction phenomenon between
biomolecules. It should be noted that QDs have a significant contribution in the field of nano-
biotechnology due to its high quantum vyield, low photo-bleaching and increased biological
application (cell labeling, in vivo imaging, gene delivery, sensing of fluorescence and molecular
recognition). In this regard, we have exploited QDs as a potential energy donor/acceptor system
and validated Forster resonance energy transfer (FRET) model over nano-surface energy transfer
(NSET) technique. Therefore, the ultrafast non-radiative energy migration from tryptophan
(Trp214) present in HSA to the HSA bound CdS QD, and from 4-nitrophenyl anthranilate (NPA)
to Silver (Ag) nanoclusters in CHT (both NPA and Ag bound to CHT) have been investigated using
FRET technique to monitor the protein folding pathway of HSA, and molecular interaction
between NPA and CHT respectively. Moreover, we have also used functionalized QDs (CdSe/ZnS)
for the detection of molecular recognition of ethidium bromide (EtBr) by a synthetic DNA.
However, the intention of this review is to give an overview of ultrafast optical spectroscopic
techniques for the exploration of biomolecular recognition, which may find potential significance
for further research in the field of nano-biotechnology and medicine. Copyright © 2011 Praise
Worthy Prize S.r.l. - All rights reserved.

Keywords: Biomolecular Recognition, Ultrafast Spectroscopy, NMR Spectroscopy, Forster
Resonance Energy Transfer (FRET)

l. Introduction biophysical chemistry is to elucidate the physico-

] ] o chemical basis of the specific and nonspecific interaction

A long-standing but yet unattained objective in between various biological molecules. Such molecular
Manuscript received and revised November 2011, accepted December 2011 Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved
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interactions form the basis of highly specific recognition,
reaction, transport and regulation, which are fundamental
to all life processes [1]-[2]. Enzymatic reactions,
immunological antigen-antibody association,
intermolecular reading, translation and transcription of
the genetic code [3]-[4], signal induction by
neurotransmitters [5], and cellular recognition are the
representative examples, where a small ligand molecule
binds to biological macromolecules like proteins and
DNA (biomolecular recognition). Again, a large number
of clinically important drugs/ligands and antibiotics are
believed to exert their primary biological action by
means of non-covalent interactions with protein and
DNA.

The weak, noncovalent interactions (hydrophobic,
electrostatic, van der Waals, and hydrogen bonding)
govern the ligand-binding process during protein/DNA-
ligand complexation. However, drugs/ligands interact
with biomolecules at the latter’s active site and efficient
biological activity demands good geometric fit as
suggested by Emil Fischer in the “Lock and Key”
principle along with a high degree of complementarities
of polar and non-polar part of ligand and macromolecular
binding sites. The other factors contributing to biological
activity are binding site flexibility, distortion energies,
desolvation effects, entropy and molecular electrostatic
field complementarities [6]. Thus, the understanding of
molecular recognition in protein-ligand and DNA-ligand
complexes on an atomic level is crucial to biological
function and of significant, practical importance in the
discovery of new drugs and in phototherapy [7]-[8].

Elucidating the role of these interactions and the time
scales involved provide insights into the mechanism of
molecular recognition. At this point, it is interesting to
know how rigidly are the ligands bound to
macromolecules and what are the consequences of
binding on the macromolecular structure. Another major
interest behind understanding of molecular recognition
lies in the fact that the macromolecules inside the
physiological system rarely exist and function alone. As
a rule, they act as parts of complex biomolecular
assemblies, which may involve several protein units,
DNA loops, lipids and various ligands. For example,
recognition of substrate by enzyme, antigen by antibody,
neurotransmitter by neuroreceptor, etc., all rely on such
interactions. So, how are the molecular recognition
properties affected in vivo? In this respect, experimental
biophysics forms a very strong support on which the
fundamentals of the studies of biomolecular recognition
are based on and photophysical studies are certainly its
efficient tools. The results of photophysical studies
provide enormous information for both the target
molecules and its environment.

As biomimetic systems like micelles often resemble
the surface of the protein, we have investigated the
nonspecific interaction between a ligand molecule
(Rifampicin (Rf)) and a biomimetic system (sodium
dodecyl sulfate (SDS) micelle) prior entering to the real
and complex biological system (Where both specific and
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nonspecific type of interaction may exist). Subsequently,
we have explored the molecular recognition of Rf and an
anti-thrombosis drug Warfarin (Wf) by a human
transporter protein (human serum albumin; HSA) and
identified the binding site of Rf to HSA. An attempt has
also been made to characterize the simultaneous binding
of the two ligands (4-(dicyanomethylene)-2-methyl-6-(p-
dimethylaminostyryl)-4H-pyran; DCM, and Nile Blue;
NB) in various temperature-dependent folded states of
HSA. Simultaneous recognition of an intercalator
(Ethidium Bromide, EtBr) and a minor groove binder
(Hoeschst 33258, H258) by a dodecamer DNA of
specific sequence has been thoroughly investigated,
which has importance in drug designing since it provides
information on the compatibility of various drugs and
their effect on a mutagen-bound DNA. Moreover, we
have demonstrated the effect of a stimulant drug, caffeine
in the molecular recognition of EtBr, a potential mutagen
[9] by synthetic DNA and various cell nuclei. In addition,
we have monitored the differential molecular recognition
of 8-anilino-1-naphthalenesulfonic acid (ANS) and 2,6-
p-toluidinonaphthalene sulfonate (TNS) by bovine
pancreatic a-chymotrypsin  (CHT) in presence of
genomic DNA. The correlation of sequence dependent
molecular recognition with hydration dynamics in the
minor grove of DNA and Histone-DNA complex has
been further exploited in our studies.

In past few years the use of nonmaterial has received
overwhelming responses in the field of material science
and biology due to the wide variety of core materials
available, desired fluorescent properties: high quantum
yield, high photostability, high extinction coefficient and
narrow emission spectra but with a broad excitation
band. In addition, nanoparticles/quantum dots (QDs)
have an advantage over organic dyes in the Forster
resonance energy transfer (FRET) studies on biological
macromolecules as organic fluorophore often suffers
from unavoidable photo-bleaching. Such properties of
QDs provide a useful platform for sensing the molecular
recognition between biomolecules. While using QDs, it
becomes equally important to establish the validation of
FRET over nano-surface energy transfer technique
(NSET), which comes from the damping of the donor
fluorophore’s oscillating dipole by the acceptor QDs
through either electron hole pair (EHP) for
semiconductor or free electrons for metal. In this respect,
we have conferred the validation of FRET over NSET in
the case of quantum metal clusters and applied the
finding to other systems. The efficiency of energy
transfer from various size QDs have been further
investigated using picosecond resolved fluorescence
transients. Most importantly, we have developed
functional nanoparticles that are covalently linked to
biological molecules. Such integrated biomolecule-QD
hybrid systems can be utilized to explore the
biomolecular recognition phenomenon. In this respect,
one of our previous studies demonstrates the use of CdS
QD, to study the protein (HSA) folding pathway which
takes place in the time of molecular recognition. We
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have established that Ag nanoclusters could work as an
efficient energy acceptor in FRET studies and can sense
the association of 4-nitrophenyl anthranilate (NPA) with
CHT. Additionally, functionalized CdSe/ZnS QDs have
been utilized to investigate the biomolecular recognition
of a DNA intercalator (EtBr) by DNA. Nevertheless, this
review provides a detailed spectroscopic investigation of
ligand/drug—biomolecular interactions as well as
applications of nanoparticles in biological sensing and
bimolecular recognition.

1.
11.1. Steady State Spectroscopy

Methodology

All absorbance measurements were performed in a
Shimadzu UV-2450 spectrophotometer. All fluorescence
measurements were performed in a Jobin Yvon
Fluoromax-3 fluorimeter. Circular dichroism (CD)
measurements were carried out on a JASCO 815 spectro-
polarimeter with a temperature controller attachment.

The scan speed of the measurements was 50 nm /min
and each spectrum was the average of five scans.

I1.2.  Time-Resolved Spectroscopy

Details of the time-resolved spectroscopic data were
measured with a time correlated single photon counting
(TCSPC) setup from Edinburgh Instruments. Protein
samples were excited by the third harmonic laser beam
(299 nm) of the 897 nm (0.5 nJ per pulse) using a mode-
locked Ti-sapphire laser with an 80 MHz repetition rate
(Tsunami, Spectra Physics), pumped by a 10 W
Millennia (Spectra Physics) followed by a pulse-peaker
(rate 8 MHz) and a third harmonic generator (Spectra-
Physics, model 3980).

The third harmonic beam was used for excitation of
the sample inside the TCSPC instrument (instrument
response function, IRF=50 ps) and the second harmonic
beam was collected as for the start pulse. The
picosecond-resolved fluorescence transients were fitted

n
with multi-exponential (n) function, ZAi exp[—lj
i=1 T
where, Ay’s are weight percentages of the decay
components with time constants of z;. The average

excited state lifetime is expressed by the equation

n n
T:zAiTi ,When ZAI =1.
i=1 i=1

For 375 nm and 409 nm excitation sources,
picoseconds laser diodes from PicoQuant, Germany,
were used. The temperature dependent femtosecond-
resolved fluorescence was measured using a femtosecond
upconversion setup (FOG 100, CDP) along with an
indigenous temperature controller setup [10]. The sample
was excited (0.5 nJ per pulse), using the second harmonic
of a mode-locked Ti-sapphire laser with an 80 MHz
repetition rate (Tsunami, Spectra Physics), pumped by 10
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W Millennia (Spectra Physics). The fundamental beam is
frequency doubled in a nonlinear crystal (lmm BBO, 6
= 25°% ¢ = 90°. The fluorescence emitted from the
sample is up-converted in a nonlinear crystal (0.5 mm
BBO, 6 = 10° ¢ = 90° using a gate pulse of the
fundamental beam. The upconverted light is dispersed in
a double monochromator and detected using photon
counting electronics.

A cross-correlation function obtained using the Raman
scattering from water displayed a full width at half
maximum (FWHM) of 165 fs. Upon excitation with an
ultrafast laser pulse, a significant dipole moment is
generated in the probe and hence the polar solvent
molecules at t = 0 find themselves in a relatively high-
energy  configuration.  Subsequently the solvent
molecules begin to move and rearrange themselves to
reach their new equilibrium positions. The shift in the
probe’s emission frequency (peak), which accompanies
the solvent relaxation, gives a measure of the dynamics
of solvation. To construct time-resolved emission spectra
(TRES) after the excitation pulse, the method described
elsewhere [11] had been adopted. The time-resolved
spectra were fitted with a lognormal shape function to
estimate the spectrum maximum v(t). The temporal
Stokes shift can be represented by the time dependence
of the fit. By following the time-resolved emission, the
solvation correlation function had been constructed:

C(U)=[v(t)=v(=) ]/ [v(0)=v(=)]

where v(0), v(t) and v(e), denote the observed emission
peaks (in wave numbers) at time 0, t and oc, respectively.

For anisotropy (r(t)) measurements, emission
polarization was adjusted to be parallel or perpendicular
to that of the excitation and anisotropy is defined as:

|:|para_G>< Iperp:|
Ipara"‘ZXG>< Iperp:'

@

r(t):[ (2

G, the grating factor is determined following tail
matching technique [12]. The time-resolved anisotropy
of a probe reveals the physical motion of the probe in a
microenvironment. The time constants reflect rotational
correlation time of the probe in the microenvironment.

11.3.  Forster Resonance Energy Transfer

(FRET) Technique

The Forster distances of donor—acceptor pairs were
calculated using the Equation (13):

1
Ry = o.zllx[/czn-“q)DJ (1)]g (InA) ©)

where, Rq is the distance between the donor and the
acceptor at which the energy transfer efficiency is 50%,
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% is a factor describing the relative orientation in space
of the transition dipoles of the donor and acceptor. The
magnitude of x* is assumed to be 0.66 for random
orientation of donor and acceptor pair [13].

The refractive index (n) of the medium is assumed to
be 1.33 (aqueous medium). @y is the fluorescence
quantum yield of the donor. J (1), the overlap integral,
which expresses the degree of spectral overlap between
the donor emission and the acceptor absorption, is given

by:

o0

jFD (2)ea(2)2%dA

(4)

where, Fp (M) is the fluorescence intensity of the donor in
the wavelength range of A to A+dA and is dimensionless.
ea (A) is the extinction coefficient (in M* cm™) of the
acceptor at 4.

If 2 is in nm, then J(2) is in units of M™* cm™ nm*.
Once the value of Ry is known, the donor-acceptor
distance (r) can easily be calculated using the formula:

ro :[ROG (1-5)]/ E (5)

here, E is the efficiency of energy transfer, which can be
expressed as follows:

E =1—% (6-a)
D

E =1—rrﬂ (6-b)
D

The transfer efficiency can be measured using the
relative fluorescence intensity of the donor in the absence
(Fp) and presence (Fp,) of the acceptor (Equation (6-a)).

The efficiency, E can also be calculated from the
lifetimes (zp and =pa) using the equation 6b, where 7 and
pa are lifetimes of the donor in absence and in presence
of the acceptor. However, the potential danger of using
equation 6(a) for the estimation of donor-acceptor (D-A)
distance had been discussed in our previous studies [14].

I1.4.  Nanosurface Energy Transfer (NSET) Technique

The Donor (D)-Acceptor (A) separations can also be
calculated using another prevailing technique, NSET
[15], in which the energy transfer efficiency depends on
the inverse of fourth power of the donor-acceptor
separation.

Nano-surface energy transfer (NSET) technique is
based on the model of Persson and Lang [16], which is
concerned with the momentum and energy conservation

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved
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in the dipole-induced formation of electron-hole pairs.
Here the rate of energy transfer is calculated by
performing a Fermi golden rule calculation for an
excited-state  molecule  depopulating  with  the
simultaneous scattering of an electron in the nearby
metal to above the Fermi level. The Persson model states
that the damping rate to a surface of a noble metal may

be calculated by:
o - 0_3[ j

which can be expressed in more measurable parameters
through the use of the Einstein A,; coefficient [17]:

2
H Oyye

S L 7
hogked? @

3
a)dye 2
=" |u ®)
g 36‘07’172'C3| |
to give the following rate of energy transfer, in
accordance with Coulomb’s law (1/4 z&p):
3
c'd
ket =0.225———2 ©)
a)dyea)FkFd Tdye

where c is the speed of light, ®gy. is the quantum yield of
the donor, wgy. is the angular frequency for the donor, we
is the angular frequency for bulk metal, d is the donor-
acceptor separation, zyy is the average lifetime of the dye
and ke is the Fermi wave vector for bulk metal.

The d, value is a convenient value to calculate for a
dye-metal system, yielding the distance at which a dye
will display equal probabilities for energy transfer and
spontaneous emission.

For the Persson model, the dq value may be calculated

by:
co Y
d, =| 0225 — % (10)
0 ' 2
a)dye Op kF
In our case we have used the K time-resolved S Ket:
1 1
I(time—resolved = - (11)
Tdonor—acceptor z-dye

Where, Tgonor-acceptor 1S the average lifetime of the donor-
acceptor system.

11.5. Validation of FRET over NSET in the Case

of Nano Materials

This work is performed to validate FRET model over
NSET technique in the case of quantum clusters and to
apply the findings to other quantum dots (QDs). In one of
our earlier studies, we have explored the possibility of
using gold nanoclusters of 25 atoms (Aus) as energy
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acceptors in a FRET study, where the donor-acceptor
system represents two point dipoles [18]. A dansyl
chromophore was used as a model donor molecule.
Dansyl chromophore was attached to the Auys core by
two different routes. In the first route, dansyl chloride
was reacted at the amino group of the glutamate residue
of some of the glutathione ligands (-SG) anchored on
Auys.

This gives Auys cluster protected with a mixture of
glutathione and N-dansyl glutathione. The product
obtained in this route is referred to as the reaction
product in the ongoing discussion. In the second route,
some of the glutathione ligands of the cluster underwent
exchange by the classical ligand exchange method with
dansyl glutathione (-SG-D) when the Au,sSGig was
stirred with dansyl glutathione. This method also led to
the formation of Auys protected with a mixture of
glutathione and N-dansyl glutathione. The product
obtained is referred to as the exchange product (Figure
1). Steady state fluorescence measurements were carried
out on both the exchange and reaction products in order
to check whether any energy transfer occurred between
the cluster and the chromophore. It was found that
emission of dansyl glutathione underwent drastic
quenching in both the products. Figure 2 depicts the
emission profile of the reaction product. The quenching
of the donor is seen clearly. On the other hand, the
emission at 700 nm, which is the characteristic emission
of Auys, enhanced in both the reaction and the exchange
products when excited at the excitation maximum of the
donor (330 nm).

@t ) _R:uute1 ) cgl‘,n
! Ructosih du chbide RRNS %0
ol ko 1 4V B & w{ ko ;
% 1 ; L-R-] 0,01 _/_)_(/}
ER L wat
_(og e x A0 o i
g '\_,m-:,o T s gb °‘1°)“ H.’" o
HE 0 e icon nn"o&
o) ol Route 2 Ou By
oH oM oK oW

Exchange with dansyl glutathione

Fig. 1. Approaches used for the functionalization of dansyl
chromophore on the Aujs cluster. (Reprinted with permission from ref.
18. Copyright 2008, American Chemical Society)

It is clear from Figure 2 that the intensity of emission
collected when excited at 535 nm (excitation maximum
for the parent Auys) is low when compared with the
emission collected at 330 nm excitation. This clearly
establishes energy transfer from the dansyl chromophore
to Auxg. From the femtosecond-resolved lifetime
measurements, a faster decay of fluorescence is observed
in both the dansylated products compared to the parent
donor (Figure 3). The decay is faster for the exchange
product than the reaction product. Note that the
chromophore underwent complete quenching in the case
of exchange product and hence faster decay. From multi-
exponential fitting of the fluorescence transient of the
donor, time constants of 0.85 ps (29.6%), 6.40 ps
(42.9%) and 39.05 ps (27.5%) are obtained. The time
constants are consistent with the reported study on the
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ultrafast deactivation pathways of the dansyl fluorophore
in bulk methanol. The femtosecond-resolved study on the
dansyl chromophore reveals that the sub-picosecond
component is due to the ultrafast solvation dynamics in
polar environments (water in our case) and other two
components are associated with the structural relaxation
of the probe. The excited state lifetime of the probe,
which is reported to be 9-12 ns is reflected in the offset
in the fluorescence decay, does not decay reasonably in
our experimental window of 4 ps. The overall average
lifetime of the probe of 13.75 ps is also consistent with
the previous report.

However, in case of the donor (D)-acceptor (A)
system, much shorter components of 0.20 ps (86.8%) and
5.1 ps (13.2%) for the reaction product and 0.15 ps
(92.4%) and 3.0 ps (7.6%) for the exchange product are
observed. The overall lifetimes of the probe in presence
of acceptor Au,s (0.85 ps for reaction product and 0.35 ps
for exchange product) reveal significant fluorescence
guenching compared to that in donor (13.75 ps).

6ok| I 1
= *
< 4.0k -
g *
W
L 2.0k-
= I
v
00 . ; ; : :
300 400 500 600 700 8OO
Wavelength (nm)

Fig. 2. Steady state fluorescence spectra of the reaction product. (1) and
(I1) are the emission spectra obtained when excited at 330 and 535 nm,
respectively showing the same emission maximum. Corresponding
excitation spectra for emission at 700 and 550 nm are in (111) and (IV).
The emission at 550 nm is the quenched donor emission. Asterisks
correspond to regions where higher order lines of the grating mask the
spectrum. (Reprinted with permission from ref. 18. Copyright 2008,
American Chemical Society)

Normallzed Fluorescence Intensity

Fig. 3. Femtosecond time-resolved fluorescence transients of (1) D-
GSH, (2) reaction and (3) exchange products. The samples were excited
at 364 nm and the transients were collected at 500 nm. (Reprinted with
permission from ref. 18. Copyright 2008, American Chemical Society)
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This indicates that large non-radiative resonance
energy transfer has taken place from the dansyl
chromophore to Auy. Since the percentage of dansyl
glutathione per cluster is only 25, they are expected to be
far apart due to steric effects and hence the dipole-dipole
coupling within D-D pairs would be negligible. Firstly
we have analyzed the energy transfer by FRET. The J(1)
and R, are determined to be 1.91 x 10® Mt cm ™! nm*
and 41A, respectively. The D-A separations (r) for the
reaction and exchange products are 25.9 A and 22.2 A,
respectively. This corresponds to a very high efficiency
of energy transfer. The theoretically estimated distance
between the Au,s cluster and the dansyl chromophore
(centre to centre), assuming standard bond lengths is
around 23 A, which matches with the experimental data.

The D-A separations can also be calculated using
another prevailing technique NSET. The calculated D-A
values using NSET are 19.9 A and 158 A for the
reaction and exchange products, respectively. In either
case, the shorter D-A separation for exchange product is
because during exchange, some of the glutathione
ligands attached to the cluster are removed and dansyl
glutathione occupies the space provided, with dansyl
group projecting towards the liquid phase. In the reaction
product, dansylation is carried out directly on the
assembly of glutathione ligands on the cluster surface.
Due to steric hindrance, reaction occurs only on those
ligands which are farthest from the core and hence
therefore a longer D-A distance. In either case, the data
reflect the asymmetry in the ligand binding on the metal
core, supporting the structures proposed using
experiment and theory.

We have also explored the possibility of FRET from
point dipole (CdSe/ZnS core-shell type semiconductor
quantum dots (QDs)) to surface (silver film) [19]. The
photo-excited state behavior of QDs was studied on a
plasmonically active silver film using picosecond
resolved fluorescence spectroscopy. The study rules out
the possibility of charge migration from QDs by
comparing the fluorescence transients with a reference
system (QDs-Benzoquinone) and demonstrates FRET
from QDs to the silver film. Furthermore, the non-
validity of nanosurface energy transfer (NSET) [15] is
established by measuring the donor-acceptor distance by
time resolved fluorescence spectroscopy. The absorption
band maxima of the silver thin film at 440nm (Figure 4)
is consistent with the presence of silver particles of
diameter 10-30nm in the thin film, which makes the film
to be plasmonically active. Noble metal film having
nano-structure exhibits one very interesting phenomenon
known as localize surface plasmon resonance (LSPR)
which arises from resonant oscillation of their free
electrons in the presence of light. While the locations and
photo-luminescence (PL) peaks of the QDs on the thin
film are schematically demonstrated in Figure 4. The
consequences of the excitonic dynamics of the QDs are
evident in Figs. 5. Each PL decay curve was fitted multi-
exponentially to achieve lifetimes under various
conditions.
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(Reprinted with permission from ref. 19. Copyright 2011, IOP
Publishing Ltd)
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Figs. 5. Picosecond resolved photoluminescence transients of QDs
under various conditions. (a) lifetime quenching of QDs by silver film
due to energy transfer. (b) Lifetime quenching of QDs in presence of
BQ due to electron transfer. (Reprinted with permission from ref. 19.

Copyright 2011, 10P Publishing Ltd)

Table | comprises of the detail time-resolved lifetimes
of the QDs. It is clearly evident from the Figs. 5 and
Table 1, that the PL dynamics of QDs become
significantly faster on the metal film compared to that on
the quartz surface, which could be consequences of either
nonradiative energy transfer or photo-induced charge
transfer to the host film. From the Figs. 5 and Table I, it
is also evident that QDs in presence of BQ offer much
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faster PL dynamics compared to those on the metal film.
Strong lifetime quenching of QDs in presence of BQ is
typical example of excited state interfacial charge
migration from QDs to BQ, the well-known electron
shuttle which pumps the excited electron out from
semiconductor conduction band [20]-[21].

The nonradiative energy transfer could be justified by
the strong spectral overlap between the QDs emission
with the LSPR band of silver film. The efficiency of the
FRET for the various QDs on the metal film is depicted
in Figures 5 and Table I, and found to be in excellent
agreement with the estimated values. The FRET
efficiency goes on decreasing from LBP to BY with
increase of donor-acceptor distance. The effective donor-
acceptor distances which are the distances [22] from the
center of the QDs to the contact point of the QDs to the
film are consistent with the estimated distances from the
diameter of the QDs and the length of the capping ligand
TOPO (0.8-1nm).

The non-validity of NSET was also confirmed by
calculating the donor — acceptor distance assuming
NSET model as described under methods materials
section. The insignificantly less possibility of electron
transfer from the QDs to the metal surface can be
justified from the formation of a Schottky barrier [23] in
the semiconductor metal junction. The equilibrium
contact potentials; V, which is the order of 0.26eV is
higher enough to prevent the net electron transfer from
semiconductor conduction band to metal side.

11.6. NMR Spectroscopy

'H-NMR experiments were performed on caffeine,
EtBr and a mixture of the two (titrations) samples in
aqueous phosphate buffer at pH 7.2 (Watergate solvent
suppression) using a Bruker DRX 500 MHz
spectrometer. 'H-signals were assigned either by
comparing with literature or by performing TOCSY and
NOESY / ROESY experiments using standard protocols.

I1.7. Fluorescence Microscopy

Fluorescence micrographs were taken using Olympus
BX51 fluorescence microscope connected with DP72
microscope digital camera. Olympus fluorescence
microscope is equipped with various sets of fluorescence
mirror unit combined with appropriate filters, which are
variable depending on wavelengths. The fluorescence
mirror unit, which matches the fluorochrome in use, was
selected. The micrographs were analyzed with analySIS
Five image analysis software provided with the
microscope.

I11.1. Biomolecular Recognition of Small Ligand/Drug
Molecules

Results and Discussions

This section investigates the fundamental physical
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processes involved in the biomolecular recognition of
some drug molecules like rifampicin (Rf) [24]-[25],
Warfarin (Wf), some DNA minor groove binders like
Hoechst 33258 (H258) along with the DNA intercalators
like ethidium bromide (EtBr) by biomacromolecules.
Moreover, the effect of temperature on the molecular
recognition of several ligands (4-(dicyanomethylene)-2-
methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) and
Nile blue (NB)) by human serum albumin (HSA) has
also been investigated [26].

Our studies on simultaneous recognition of two
different ligands by DNA have importance in drug
designing, since it provides information on the
compatibility of various drugs and their effect on a
ligand-bound DNA [27].

I11.1.1. Interaction of an Anti-Tuberculosis Drug with a
Biomimetic System and a Human Transporter

Protein

Biomimetic systems very often resemble the structural
properties of biomolecules (protein surface). However,
the association between a ligand molecule and a
biomimetic system is governed by nonspecific
interaction unlike ligand-biomacromolecular system
(both specific and nonspecific mode of interaction). In
this regard, a detailed study of the interaction between a
ligand (here, anti-tuberculosis drug Rf) and a biomimetic
system (sodium dodecyl sulfate; SDS micelle) is
essential prior to entering in the real biomacromolecular
system.

Besides, the inescapable necessity and poor solubility
of Rf in water also necessitates a drug carrier (SDS
biomimetic system) system [28]-[32]. In this perspective,
this work is dedicated to investigate the interaction
between Rf and SDS micelle and the effect of
temperature on the association. The binding of Rf to SDS
micelle is evident from the Conductometric and CD
spectroscopic studies (data not shown).

To confirm the association of Rf to the SDS micelle,
another fluorescent dye H258, bound to the SDS micelle,
has been utilized.

The emission spectrum of the dye H258 in buffer
shows a peak at 505 nm, which becomes blue shifted in
hydrophobic environment (475 nm in SDS micelles) [33]
as shown in Figure 6(a).

The binding of the donor drug H258 to the micelle is
confirmed by time resolved anisotropy study. The
fluorescence anisotropy, r(t), which can decay in time
due to the rotational motion of the molecules and
consequently leads to depolarization of the fluorescence
can be fitted to single exponential decay function to
determine the rotational time constant (z,,) of the probe
molecule (H258) [13].

The 7, value is found to be 2.3ns (inset of Figure
6(b)) when bound to the micelle and 0.53ns only in
buffer. The absorption spectrum of Rf broadly overlaps
with the emission of H258 bound to the SDS micelle
(Figure 6(a)).
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TABLE |
LIFE TIME OF QDS IN DIffERENT CONDITIONS ALONG WITH OBSERVED AND CALCULATED FRET EFFICIENCY
(REPRINTED WITH PERMISSION FROM REF. 19. COPYRIGHT 2011, IOP PUBLISHING LTD)

Sample 71(ns) T2(NS) 13(Ns) Ta(NS) Ro(nm) J(\)x10* FRETexp FRETca
QD(LPB;3.2nm) 0.15(26%) 4.08(11%) 18.20(63%) 12
QD-silver 0.15(64%) 1.72(24%) 8.60(12%) 1.54 3.6 3.67 87% 89%
QD-BQ 0.07(79%) 0.70(15%) 4.15(06%) 0.41
QD(AG:4.4nm) 0.29(27%) 2.89(27%) 9.74(46%) 5.29
QD-silver 0.18 (59%) 2.20(26%) 8.10(15%) 1.90 3.56 3.41 64% 64%
QD-BQ 0.03(94%) 0.88(06%) 0.08
QD(BY;5.2nm) 0.17(29%) 3.74(19%) 15.20(52%) 8.63
QD-silver 0.13(36%) 0.87(22%) 11.00(42%) 4.80 35 3.06 35% 36%
QD-BQ 0.06(86%) 0.57(12%) 4.34(02%) 0.23
TABLE I

TEMPERATURE DEPENDENT FLUORESCENCE LIFETIMES (T,) AND THEIR RESPECTIVE AMPLITUDES (AMP %), ROTATIONAL TIME CONSTANT [Tror],
FORSTER RESONANCE ENERGY TRANSFER (FRET) EFFICIENCY (E) AND FRET DISTANCE (R) OF H258 (H-SDs) IN SDS MICELLE AND H258 (H-SDs-
RF) IN SDS MICELLE - RIFAMPICIN (RF) COMPLEX. THE SYSTEMS WERE EXCITED AT 375 NM AND DECAY COLLECTED AT 475 NM. (REPRINTED
WITH PERMISSION FROM REF. 24. COPYRIGHT 2011, AMERICAN CHEMICAL SOCIETY)

Systems Temp (°C) 7i (ns) (amp %) Tav (NS) [Trot] (NS) E (%)

41 (81%)
H-SDS 20 0.0 (19%)
3.3 (16%)
0.91 (29%)
0.16 (55%)
4.0 (84%)
1.6 (12%)
0.17 (4%)
3.5 (19%)
0.93 (30%)
0.10 (51%)
3.9 (65%)
1.61 (23%)
0.08 (12%)
3.4 (21%)
0.87 (28%)
0.09 (51%)
3.8 (61%)
1.59 (29%)
0.08 (10%)
3.2 (26%)
0.85 (28%)
0.08 (46%)

H-SDS-Rf 20

H-SDS 25

H-SDS-Rf 25

H-SDS 45

H-SDS-Rf 45

H-SDS 55

H-SDS-Rf 55

r(A)
38 24 -

0.8 = 76 33
35 2.3 - -
0.9 - 72 34
2.9 1.2 - -
1.0 - 65 36
2.8 1 - -

11 - 60 37

The decrease in steady state and time resolved
emission of H258, bound to the micellar system, upon
addition of Rf is shown in the inset of Figure 6(a) and
Figure 6(b) respectively. The efficiency of energy
transfer is calculated to be 72%. The estimated Forster
distance (Rp), and donor (H258)-acceptor (Rf) distance
are found to be 40 A and 34 A respectively (at 25°C).
The observation indicates simultaneous binding of the
two drugs to the micelle at room temperature. In order to
study the thermal stability of the drug binding to the SDS
micelle, we have performed picosecond resolved
temperature dependent FRET experiments, as shown in
Figure 7. From the temperature dependent fluorescence
anisotropy of the donor H258 bound to the micelle, it is
evident that the dynamics of anisotropy becomes faster
with increasing temperature. Decrease in energy transfer
efficiency and increase in donor (H258)-acceptor (Rf)
distance with increasing temperature is evident from
Table II.

In this section, we will discuss about the molecular
recognition of Rf by real biomacromolecule, which is
human serum albumin (HSA), one of the model carrier
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protein in human plasma. Although Rf is one of the most
effective antibiotics against infection caused by
Mycobacterium tuberculosis [34], interaction of the drug
with universal carrier protein in human blood plasma is
not fully understood. Reduction of medicinal efficacy of
other drugs, including anti-thrombosis drug Warfarin
(Wf), to the patients on Rf therapy [35]-[36] also needs
molecular understanding. Therefore, we have studied the
interaction of Rf with HSA. By using circular dichroism
(CD) spectroscopy, we have characterized the change in
the secondary structure of the protein upon addition of
Rf. The model transporter protein (HSA) used in our
study has a distinct CD characteristic [37]-[38] owing to
its a—helical content in its secondary structure which
makes CD spectroscopy a suitable tool to study the effect
of Rf on the protein as a function of its structural
changes. CD studies have been done on the protein and
protein — Rf complexes in order to investigate the
possibility of any structural change of the protein upon
complexation with the drug. Figure 8 shows the CD
spectra of HSA with various drug concentrations in
phosphate buffer at pH 7.
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Figs. 6. (a) Steady state absorption spectrum of Rifampicin (RF)
(Violet) and emission spectrum of H258-SDS (SDS-H; green) are
shown. An overlapping zone between emission of H258 and absorption
of acceptor RF is indicated as yellow shaded zone. Inset shows the
steady state emission of SDS-H258 (SDS-H) and SDS-RF-H258
complex (SDS-RF-H). (b) The picosecond resolved fluorescence
transients of SDS-H258 (SDS-H), in absence (green) and in presence
(red) of acceptor RF. Inset shows the fluorescence anisotropy, r(t) of
SDS-H258 (SDS-H) complex. Excitation wavelength was 375 nm and
data collected at 475 nm wavelength. (Reprinted with permission from
ref. 24. Copyright 2011, American Chemical Society).

On complexation with Rf, there is no peak shift of the
CD bands (208 nm and 222 nm, characteristic of a.-helix)
of HSA but there is definitely a decrease in the band
intensity. As shown in the inset of Figure 8, the
quantitative analysis using CDNN software [39],
indicates that the complexation of Rf to HSA has induced
significant decrease in the o-helix content of the protein.
For native protein, at 20°C, we have obtained 65 % of a
— helix, which is in close agreement to the previously
reported values [37]-[38]. However, in presence of 10
uM Rf (Fig. 8), the amount of a — helix decreases to 48.1
%. The association constant between Rf and HSA is
found to be 3.46 X 10° M™.

In order to estimate the binding site of the Rf on the
model transporter protein HSA, we have explored the
possibility of using FRET. In Figure 9(a) the emission
from the single tryptophan (Trp214) of HSA and the
absorption spectrum of Rf are shown. A significant
spectral overlap, as indicated by yellow shaded region, is
evident from the figure.

As apparent from the spectral overlap, Trp214 and Rf
could, unambiguously, form a FRET pair and same is
depicted in the inset of Figure 9(a), which shows the
steady state Trp214 fluorescence emission quenching in
presence of Rf. However, we have recognized that the
quenching of the Trp214 residue in the protein upon
complexation with the drug Rf is not dynamic in nature.
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Figs. 7. The picosecond resolved fluorescence transients of H-SDS
(H258-SDS), in absence (green) and in presence (red) of acceptor RF
(excitation at 375 nm) at (a) 20°C. Inset shows the fluorescence
anisotropy, r(t) of H-SDS complex at 20°C; (b) 55°C. Inset shows the
fluorescence anisotropy, r(t) of H-SDS complex at 55°C. (Reprinted
with permission from ref. 24. Copyright 2011, American Chemical
Society)
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Fig. 8. CD spectra of HSA in various concentrations of the drug Rf in
aqueous buffer (pH=7). The inset of the graph shows the decrease of a.-
helical content of the protein upon complexation with the drug.
(Reprinted with permission from ref. 25. Copyright 2011, Elsevier)

It has also been reported in literature that the
quenching of the tryptophan residue of HSA, in presence
of a different derivative of Rf, is not dynamic in nature
[40].

Negligibly small dipolar interaction of Trp214 with Rf
is clearly evident from the Fig. 9(b). The fluorescence
transients of Trp214 in absence and presence of the drug
Rf reveals similar fluorescence dynamics indicating the
energy transfer from Trp214 to Rf to be radiative; not
non-radiative resonance type. Thus application of FRET
in order to estimate the distance between Trp214 and Rf
is misleading.
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Figs. 9. (a) Normalized fluorescence of HSA and absorption extinction
coefficient of Rf. Inset shows the steady state fluorescence emission of
HSA (in red) and quenching of emission of HSA in presence of Rf (in
green). (b) Picosecond-resolved fluorescence decay of HSA and of
HSA in presence of Rf. Instrument response is shown in black.
Excitation wavelength of 299 nm has been used for both the
experiments. (Reprinted with permission from ref. 25. Copyright 2011,
Elsevier)

Our observation clearly justifies the exploration of an
alternative FRET donor for the characterization of Rf
binding to the protein. In order to study the binding of Rf
to the protein, we have explored the possibility of using
WT as potential energy donor. The anti-thrombosis drug
WT binds to the protein at the site | [41]-[42]. There are
several studies [43]-[44] on the FRET from Trp214 of
HSA to the protein-bound Wf, because of a large spectral
overlap of the emission of Trp214 with the absorption
spectrum of Wf, as also shown in Figure 10(a). As a
consequence, steady-state emission of Trp214 in the
presence of Wf shows significant quenching as shown in
inset of Figure 10(a). Apparent “strong” dipolar coupling
of Trp214 with the Wf is evident from Figure 10(b).
Faster fluorescence transient of HSA-Wf complex at 360
nm (excitation 299 nm), compared to that of the protein
(Trp214 alone), apparently is indicative of the FRET
from Trp214 to the Wf moiety. The excitation spectra of
the HSA-Wf complex with various detection
wavelengths are shown in Fig. 10(c).

It is evident from the figure that contribution of the
Wf (UV - visible absorption peak at 310 nm) at the
detection wavelength of 360 nm is significant, but at the
detection wavelength of 420 nm and longer, there is
minimum contribution arising from the Trp214.
Therefore, in order to measure the excited state lifetime
of the donor Wf bound to HSA, the detection wavelength
of 420 nm would be optimum, because at the detection
wavelength greater than 420 nm the fluorescence
intensity of Wf decreases significantly.
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Figs. 10. (a) Normalized fluorescence intensity of HSA (in red) and
absorption extinction coefficient of Wf (in black). The emission spectra
of HSA (in red), Wf (in black) and Wf bound HSA (in green) are
shown in the inset. (b) Picosecond-resolved fluorescence decay at 360
nm of HSA (in red) and of HSA in presence of Wf (in blue). Instrument
response is shown in black. Excitation wavelength of 299 nm has been
used for both the experiments. (c) Excitation spectra of HSA — Wf
complex with detection wavelengths at 360nm, 385nm, 420 nm and
460 nm. (Reprinted with permission from ref. 25. Copyright 2011,
Elsevier)

The distance between Trp214 and Wf is found to be
12.1 A. The spectral overlap of the HSA-Wf emission
with the absorption of the HSA-bound Rf is shown in
Fig. 11(a). The inset shows the steady-state emission
quenching of the Wf in HSA upon complexation with Rf.
The dipolar interaction of the Wf with Rf is confirmed
from the faster fluorescence transient (Figure 11(b)) of
HSA-Wf complex upon binding with Rf. The estimated
Ry is 25.8 A and the distance between the Wf and the Rf
is found to be 28.1 A. The estimated average distance
between the Wf binding site (located at domain II1A of
the protein) and domain Il1A, as well as IB is 27.2 £ 0.1
A. The calculated FRET distance is 28.1 A, which is
quite close to the value corresponding to the distance
from domain I1A to both the hydrophobic drug binding
domains, 1B and IlIA. Hence, simultaneous binding of
the two drugs evidently rules out the possibility of
competitive binding of the drugs.
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Figs. 11. (a) Spectral overlap between Wf emission complexed with
HSA and Rf absorbance. Inset shows the fluorescence emission
intensity of Wf complexed with HSA (in green) and of the same in
presence of Rf (in red). (b) Picosecond-resolved fluorescence decay at
420 nm of HSA in presence of Wf (in green) and that of HSA-Wf
complex in presence of Rf (in red). Instrument response is shown in
black. Excitation wavelength of 299 nm has been used for both the
steady state and time resolved experiments. (Reprinted with permission
from ref. 25. Copyright 2011, Elsevier)

Thus the molecular basis of the reduced effectiveness
of the drug Wf on the patients on Rf therapy could be
due to the structural perturbation of the host transporter
protein.

111.1.2. Temperature-Dependent Molecular Recognition
of DCM and NB by Human Serum Albumin (HSA)

Here, we focus our study to inspect the influence of
temperature on the recognition of ligands by HSA. HSA
is a soluble protein in our circulatory system, which is
known to bind a variety of drugs and ligands. Despite
knowing about the ligand-binding properties and specific
residues important for the binding of specific drugs, less
is understood about the temperature dependent molecular
recognition by the protein. Picosecond-resolved Ferster
resonance energy transfer (FRET) studies along with
steady-state and polarization-gated spectroscopy on the
ligands in the protein reveal the dynamics of the binding
sites at various temperatures. The environmental
relaxation dynamics of the DCM binding sites at various
temperatures is investigated through time-resolved
solvation dynamics. In order to investigate the nature of
dynamics of the local environment of DCM in HSA at
different temperatures, we have studied the solvation
relaxation of the probe in HSA at different temperatures.
DCM is a well-known solvation probe for proteins [45].
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The constructed temperature-dependent  solvent
correlation functions are shown in Fig. 12(a). At room
temperature the correlation function shows a bi-
exponential decay with time constants of 0.3 and 3.8 ns.

The faster time constant of 0.3 ns is consistent with
the rigidly trapped water molecules in the cavity, and the
relatively longer time constant of 3.8 ns is the reflection
of the relaxation of the excited state of the probe by polar
residues of the protein. At higher temperature the overall
solvation dynamics of the probe becomes faster, which is
consistent with the fact that labile water molecules enter
into the cavity of the protein at elevated temperatures. At
50°C, as the protein unfolds water molecules can intrude
into the cavity of HSA resulting in an increase in the
faster component. The physical motion of the probe
DCM in the HSA cavity is reflected in the temporal
decays of the fluorescence anisotropy at different
temperatures (Fig. 12(b)-(d)). The decay at room
temperature (Fig. 12(b)) shows a time constant of 11 ns,
indicating the tumbling motion of the probe in the
hydrophobic moiety of the protein. The relatively high
rotational time constant value at 25°C confirms the
possible location of DCM deep inside the hydrophobic
cavity. At higher temperatures, the time constants
become faster, which might be due to the penetration of
water into the DCM binding site of HSA (domain 111A)
at elevated temperatures. The observation is consistent
with higher polarity in the binding site of DCM at
elevated temperature as also evidenced from the red shift
in the emission spectrum of HSA bound DCM at
elevated temperature (data not shown). Red shift of the
steady state emission and faster anisotropy decay profile
of Nile Blue (NB) bound to HSA also reveal the higher
polarity in the binding site of NB at elevated temperature
(data not shown). In order to measure the inter-ligand
distance between DCM and NB simultaneously bound to
the protein, we have used the FRET technique. Figure
13(a) shows the normalized DCM (donor) emission and
NB (acceptor) absorption in HSA at room temperature.
Figure 13(b) shows the emission of the donor and that of
the donor-acceptor complex indicating to the fact that
emission from the donor gets quenched due to the
absorption by the acceptor. This quenching of the donor
emission is further evident from the faster donor lifetime
of the donor-acceptor (DCM-NB) complex compared to
that of the donor (DCM) itself in the protein (Figure
13(c)). The Ferster distance, Ry, for the system is
calculated to be 3.0 nm. Thus it can be confirmed that the
NB binds to subdomain 11B at room temperature, which
is 3 nm away from the DCM binding site (subdomain
lA).

111.1.3.  Simultaneous Recognition of a Minor Groove
Binder and an Intercalator by Genomic and
Dodecamer DNA

The motive of this work is to study the molecular
recognition of a potent mutagenic intercalator by a DNA,
which is already hosting a minor groove binding drug.
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Figs. 12. (a) Solvent correlation function, C(t), of HSA-bound DCM in 50 mM phosphate buffer at different temperatures. Time-resolved anisotropy,
r(t), of HSA-bound DCM in 50 mM phosphate buffer at (b) 25, (c) 50, and (d) 75°C. (Reprinted with permission from ref. 26. Copyright 2008,
American Chemical Society)

In this study, EtBr and H258 have been used as the
model intercalator and minor groove binder, respectively.
FRET is effectively used in this study to explore the
interaction of two drug molecules with DNA. Figure
14(a) shows that there is sufficient spectral overlap
between the emission spectrum of the H258 (donor) and
the absorption spectrum of the EtBr (acceptor) in 100 uM
salmon sperm DNA. The concentration of the EtBr (10
puM) has been chosen so as to ensure maximum
intercalation of the dye (considering one ethidium
molecule intercalates per 10 base pairs [46]). On the
addition of acceptor (EtBr) molecules to H258-DNA
solution, there is no shift in the emission maxima of the
probe H258 compared to that of the H258-DNA complex
without EtBr, indicating that the donor is still bound to
the DNA. The binding of the ethidium molecules to
DNA is confirmed by the 22 ns component in the
temporal fluorescence decay characterizing the DNA
environment [46] (inset of Figure 14(c)). The quenching
of the fluorescence intensity (Figure 14(b)) coupled with
the appearance of faster components in the decay (Figure
14(c)) of the H258 in the presence of EtBr in the DNA
suggests considerable energy transfer from the donor to
the acceptor molecule. It has been suggested in a
previous study [47] that the donor and acceptor
molecules in the genomic DNA cannot assume random
orientations with respect to each other. Thus, the value of
%, which takes into account the relative orientation of the
donor and acceptor transition dipoles [13], cannot be
taken as 0.667, the value in the random orientation
condition. In accordance with the above-mentioned
study, the calculated value of Ry, using a x* value of 1.2,
is found to be 3.23 nm. Analysis of the temporal decays
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of the donor and the donor-acceptor complex in the
genomic DNA show that 5% of the DNA-bound donor is
not involved in energy transfer, 51% transfers energy to
the acceptor with an efficiency of 97.75%, 25% transfers
energy to the acceptor with an efficiency of 84.55%, and
the remaining 17% undergoes energy transfer with an
efficiency of 50.79%.

The corresponding distances are estimated to be 1.77,
2.50, and 3.30 nm. It has been shown that the center of
the H258 (donor) is situated at a distance of 0.4 nm from
the helix axis [48]. The probability of energy transfer
between donor and acceptor molecules bound to different
DNA strands (inter-DNA energy transfer) has been
checked by a control experiment.

In the experiment, two separate solutions, one
containing the donor (H258) bound to genomic DNA and
another containing the acceptor (EtBr) bound to genomic
DNA, are mixed.

The temporal decay of the resultant solution shows no
faster component associated with energy transfer. The
result indicates that there is no inter-DNA energy
transfer.

In order to verify whether the intercalator EtBr and
groove binder H258 can bind to the same region of the
DNA, the FRET studies are carried out in the dodecamer
DNA. In a solution containing both the dyes H258 and
EtBr in dodecamer DNA, the dye H258 shows emission
maxima at 460 nm, characteristic of minor groove
binding (Figure 15(b)), whereas the dye EtBr shows the
22 ns component at 620 nm, indicative of intercalation
(inset of Fig. 15(c)). Fig. 15(a) shows the spectral
overlap between the emission spectra of the donor and
the absorption spectra of the acceptor in the dodecamer.
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Figs. 13. (a) Spectral overlap of the donor (DCM) and acceptor (NB) in
HSA at 25 °C. (b) Emission spectrum of HSA-bound DCM in the
absence and presence of the acceptor NB at 25 °C. (c) Time-resolved
normalized fluorescence transients of HSA-bound DCM in the absence
and presence of the acceptor NB at 25 °C. (Reprinted with permission
from ref. 26. Copyright 2008, American Chemical Society)

The quenching of fluorescence intensity (Fig. 15(b))
along with the faster temporal decay (Figure 15(c)) in the
H258-EtBr complex relative to that of the H258 in the
dodecamer suggests energy transfer between the two
molecules.

To confirm that the energy transfer takes place
between the dye molecules bound to a single dodecamer,
a control experiment is performed. As a control, two
separate solutions, one containing the donor (H258)
bound to dodecamer DNA and another containing the
acceptor (EtBr) bound to dodecamer DNA, are mixed.

The temporal decay of the resultant solution shows no
faster component associated with energy transfer. The
result confirms that the energy transfer is indeed intra-
DNA. The difference between the temporal decays of the
H258-EtBr complex in genomic (Figure 14(c)) and
dodecamer (Figurel5(c)) DNA clearly points out the
difference in binding of these two dyes to the different
types of DNA. In the synthesized DNA, the molecules
H258 and EtBr attain a definite geometry relative to each
other.
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(Reprinted with permission from ref. 27. Copyright 2007, American
Chemical Society)

The transition dipole moment of EtBr is inclined 75°
with respect to the helix axis [49]. The transition dipole
of the minor groove binding drug, H258, is perpendicular
to the long axis of the minor groove, which in turn makes
an angle of 51° with the helix axis. The transition dipoles
of the donor-acceptor pair thus make an angle of 66°
with respect to each other. Using these results, the value
of k% is estimated to be 0.04 and the R, value is
calculated to be 1.91 nm. It is calculated that 21% of the
donor molecules are not involved in energy transfer. The
loss of efficiency of FRET of the donor in the close
proximity of the acceptor in the dodecamer is a clear
indication of a smaller value of k> compared to those in
the genomic DNA. From this study, it is also clear that
60% of the donor molecules show an energy transfer
efficiency of 96.47% to the acceptor situated at 0.92 nm
(two base pairs away from the donor), whereas the
remaining 17% transfer energy to an acceptor located at
1.95 nm with an efficiency of 50.12%. The distance of
1.95 nm, which is five base pairs away from the acceptor,
reveals that the acceptor molecules are intercalated at the
ends of the dodecamer.
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It is worthwhile to mention that if the value of x? is
taken as 1.2, the calculated donor-acceptor distances are
1.92 and 3.37 nm. The distance of 3.37 nm indicates that
the H258 and EtBr are separated by a distance of 10 base
pairs. The result is unphysical because in the dodecamer
DNA the maximum distance from the center of the helix
is 2.07 nm (six base pairs). Considering the random
orientation of the transition dipoles of the donor-
acceptor (k= 0.667), the calculated donor-acceptor
distance of 3.06 nm also has no physical significance.
Thus it is revealed that the use of the calculated value of
the orientation parameter (k= 0.04) is crucial for the
estimation of the distance between the donor and
acceptor bound to the dodecamer.

I11.2. Biomolecular Recognition in Presence of a
Metabolic Stimulant and other Interfering
Biomolecules

Here, we focus our study on the effect of a widely
consumed stimulant drug, caffeine in the biomolecular
recognition of a DNA intercalator as well as a potential
mutagen [9]. Furthermore, for the better understanding of
molecular recognition in vivo, where biomolecules act as
parts of complex biomolecular assemblies, we have
studied how biomolecular recognition gets affected in
presence of other intervening biomacromolecules [50].
Our studies on the correlation of sequence dependent
molecular recognition with hydration dynamics in the
minor groove of DNA and Histone-DNA complex
suggest the possible difference between a drug action in

vivo and in vitro [51].

111.2.1. Effect of a Stimulant Drug, Caffeine in the
Molecular Recognition of Mutagenic Ethidium by
DNA

One of our recent studies involve the caffeine
mediated dissociation of mutagenic ethidium from
synthetic DNA and various cell nuclei [9]. Caffeine
(1,3,7-trimethylxanthine) is in a class of molecules with
conjugated planer ring systems that constitute the most
widely distributed naturally occurring methylxanthines
and regularly consumed by human beings from various
dietary sources (e.g. coffee, tea, cola beverages,
chocolates). This study has used steady state and
picosecond resolved fluorescence spectroscopy and time
gated fluorescence microscopy in order to investigate the
detachment of mutagenic ethidium (Et) from synthesized
DNA of specific sequences in vitro and various types of
cell lines including squamous epithelial cells collected
from the inner lining of the human mouth, A549 (lung
carcinoma), A375 (human skin), RAW (macrophage)
and Vero (African green monkey kidney epithelium)
cells in ex vivo conditions. As shown in the Figure 16(a),
Et in water produces an emission peak at 623 nm
(excited at 409 nm). In presence of 100 mM caffeing, the
peak exhibits a blue shift to 615 nm with a subsequent
increase in the intensity. The blue shift of the emission
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peak signifies a hydrophobic environment experienced
by Et, which might be due to the caffeine-Et hetero-
association as evidenced by some previous works [46].
When completely intercalated in the DNA oligomer at
[DNA]:[Et] = 8:1, the emission of Et exhibits substantial
blue shift to produce the fluorescence maximum at 600
nm with an order of magnitude increase in the intensity
with respect to that in water. The observed blue shift and
enhanced intensity is due to strong intercalation of Et
into the hydrophobic interior of the DNA [46]. As 100
mM caffeine solution is added into the DNA-Et complex,
the emission intensity decreases with a little red shift to
605 nm. The red shift can be explained in terms of the
de-intercalative property of caffeine that releases certain
amount of Et from the DNA bound state either to the
caffeine bound state or to the free form in the buffer. A
similar picture evolves from the time resolved study
(Figure 16(b)). Et in buffer shows single exponential
fluorescence decay with a time constant of 1.6 ns which
is close to the earlier reported values [46]. In caffeine
solution the decay pattern becomes bi-exponential with
time constants of 2.3 ns (15.5%) and 7 ns (84.5%). When
intercalated in DNA, the decay pattern of Et emission
gets considerably slower with time constants of 1.5 ns
(2%) and 21 ns (98%). The insignificant contribution of
the fast component in the transient confirms the presence
of a very low fraction of Et free in buffer. On the other
hand the longer time component (21 ns) is assigned to
the lifetime of Et molecules intercalated to DNA. When
100 mM caffeine is added to Et-DNA complex the decay
process becomes faster and can only be fitted tri-
exponentially with time constants of 1.8 ns (4%), 7 ns
(22%) and 23 ns (74%). These time constants can easily
be identified with those of Et in buffer, hetero-
association with caffeine and intercalation with DNA,
respectively. The tri-exponential nature of the decay
pattern signifies the presence of at least three different
environment of residence of Et in the solution. If the
contribution from each environment is assumed to add up
linearly in the total decay process, then it can be inferred
that addition of caffeine reduces the fraction of Et
molecules bound to DNA from 98% to 74% and the
released Et mostly gets bound to caffeine as indicated by
the 7 ns component (22%) and a small fraction (2%) goes
into the buffer. We have also studied the solvation
dynamics of caffeine which imparts such interactive
property with xanthine alkaloids. To ascertain the
dynamical states of water molecules associated with the
caffeine dimer (caffeine exists as dimer in water), the
femtosecond resolved fluorescence spectra of DCM in
caffeine solution has been measured [52]. In order to
ensure high signal to noise ratio, the transients at 80°C
have been measured where the caffeine solubility is high
enough (900 mM) to provide high signal from the
fluorophore.

The probe at such elevated temperature found to be
highly stable. Figure 17(a) depicts the femtosecond
resolved transients in the blue end (560 nm), peak (620
nm) and in the red end (700 nm).
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As can be observed from the figure, the transient in
the blue end can be fitted tri-exponentially with three
decay components of 0.46 ps (86%), 22.7 ps (11%) and
519 ps (3%). On the other hand, the red end transient
exhibits a distinct rise component of 0.94 ps with a decay
component of 510 ps.

This is a clear indication of the solvation of the dye.
Fig. 17(b) shows the solvent correlation function, C(t)
against time which is well fitted bi-exponentially with
time constants of 0.6 ps (82%) and 5.85 ps (18%). The
observed C(t) decay is much slower than that of the pure
water [53] (126 fs (20%) and 880 fs (35%)) wherein
about half of the solvation process occurs in a time scale
of experimental time resolution of 30 fs. On the other
hand these time scales are rather comparable [54] or
faster [55] in reverse micelles or micelles [11]
confirming the finding that caffeine is aggregated as
dimers in aqueous solution and with a rather weakly
structured water network around it.

The smaller inset inside Fig. 17(b) inset shows
fluorescence anisotropy of DCM at 80°C in 900 mM
caffeine solution. The transient can be fitted single
exponentially with a time constant of 0.33 ns. Since
DCM is extremely insoluble in water and its solubility in
aqueous caffeine solution is only possible due to its
confinement inside caffeine dimer, the rotational time
constant obtained for the probe actually signifies the time
required for rotation of the caffeine in dimeric form. In
view of the fact that the anisotropic time scale is much
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longer compared to the obtained solvation time scales of
the same sample it can be concluded that the solvation
time scales obtained reflects the dynamics of the bound
water around the caffeine dimer and not due to the
dynamics of caffeine dimer close to one another at such a
high concentration (900 mM). Therefore, the solvation
time scales associated with caffeine dimer indicates
weakly structured water around the caffeine dimer which
is responsible for its mode of interaction with Et.

We have explored the mode of interaction between
caffeine and Et using NMR spectroscopy. All observable
protons in Et and caffeine were assigned and were
followed in a NMR experiment where 1.78 mM Et was
titrated with caffeine. The changes in the chemical shift
of Et pl’OtOﬂS (Aé‘obs = d/vith caffeine ~ dm caffeine) are shown in
Fig. 18(a). AIll proton signals (the Et CH, signal
overlapped with H,O signal and was not monitored)
exhibited a hyperbolic change indicating Et-caffeine
binding. Changes in A&y of individual *H-chemical
resonances in Et, upon titration with caffeine, were fitted
with the following equation for obtaining the association
constant [56] K, ([C]t+ and [E]y are the total
concentrations of caffeine and Et respectively and A8™
is the value of Ads for a large excess of [C]y):

Abops =
1+ K, ([C]T +[E], )+
mex 2 (12)
=—2§;‘[E]T | o (el +EL )+

_4K§ [C]T [E]T

As can be observed from Figure 18(a), K, values were
different depending on which protons one monitored; K,
~ 12 M (positions 4 and 7), ~ 20 M™ (positions 2 and
9), ~ 30 M (positions 1 and 10) and ~ 65-73 M™ (for
CHjs and the ortho proton of Et benzene ring). The range
of K, values obtained from NMR spectroscopy reflects
structural heterogeneity of the Et:caffeine complex,
undetected by optical spectroscopy. The nature of the
dominant conformation can be understood by a careful
analysis of ring current shifts observed in Et as a function
of added caffeine. During Et-caffeine interaction, the
degree of change in Ad,s (and K,) varied in a symmetric
fashion (equivalence of 1-10, 2-9 and 4-7 positions)
across Et molecule. In addition, while positions 1, 10, 2,
9, 4 and 7 exhibited a negative Ad.s, the benzyl ortho
position and the CH; protons of Et showed a positive
Adqs. The major cause of chemical shift change in Et,
due to interaction with caffeine, must originate from ring
current shifts, producing positive and negative Adps.
Placement of an Et proton directly above the caffeine
ring (stacking) will produce a negative Adqs While
positioning of Et protons in the plane of the caffeine ring
will produce a positive Adq,s. Caffeine chemical shifts
were monitored in the Et titration experiment of Figure
18(a) and are shown in Figure 18(b). Positions 8 and 14
of caffeine show a positive Adys.
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This becomes more clear in Fig. 18(c) where the early
data points are shown (upto 4:1 caffeine:Et ratio) along
with caffeine self association data (all resonance in the
self association show negative Adgps).

After monitoring the caffeine mediated detachment of
Et from DNA, we proceeded with ex-vivo studies to
check the demutagenic activity of caffeine in various cell
lines. Figure 19(a) shows the fluorescence micrographs
of both live and fixed A549 (lung carcinoma) cells
stained with Et and subsequently treated with caffeine (+
caffeine) and for control experiment identical sets of
stained cells were treated with phosphate buffer saline
(PBS) without caffeine (- caffeine). Comparing the
fluorescence micrographs of both live and fixed ‘+
caffeine’ and ‘- caffeine’ cells after 60 seconds of
treatment, significant drop in the emission intensity of Et
from the nucleus of the live A549 cells treated with
caffeine has been observed. The drop in emission
intensity of Et can be explained in terms of the efficiency
of caffeine molecules in removal of Et from the nucleus
of those live cells. As evident from the fluorescence
micrographs of Figure 19(a), the efficacy of caffeine in
the extraction of Et from the nucleus of fixed cells is less
compared to the live ones. In order to get an insight on
the kinetics of the extraction process we plot I/l
against time (Figure 19(b)), where I represents emission
intensity of Et in nucleus at time t and 1y represents the
same initially just after the addition of caffeine to the live
Ab549 stained cells. The curve fits with single exponential
decay with a characteristic time constant of 38 seconds.
As can be observed from the Figures 20, when the
stained squamous epithelial cells are treated with caffeine
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(+ caffeine), Et is released from the nucleus at a very fast
rate. The intensity of red colour of the cells gets blurred
with time which indicates release of Et from the nucleus.
In control experiment (- caffeine) cells retain almost the
entire amount of Et in their nucleus. In order to highlight
the de-intercalative property of caffeine in a more
quantitative manner, the intensity of the red colour of Et
from cell nucleus, which is proportional to the amount of
Et present, has been plotted at regular time interval for
both the systems (‘- caffeine’ and ‘+ caffeine’) where the
x-coordinate represents distance in the horizontal plane
where the cell lies (Figure 20(a)). As evident from the
figure the intensity of red colour is considerably high at
the position that corresponds to the cell nucleus and it
falls rapidly after 8 seconds (blue line) upon treatment
with caffeine solution, whereas a negligible change is
produced in control set (- caffeine) within the same time
scale (Figure 20(a), inset). After 18 seconds, ‘+ caffeine’
cells show negligible amount of Et left in their nucleus
(green line) while no significant change has been
observed in ‘- caffeine’ cells. As a control study to rule
out the possibility of cell disruption upon treatment with
caffeine, the cell images (Figure 20(b), lower left inset)
have been taken under bright field before and after
treating them with caffeine and no change has been
observed even after 5 minutes. In addition, the cell nuclei
have been stained with a fluorescent dye, DAPI and
found that cell nuclei remain intact over the same time
span upon treatment with caffeine. Furthermore, the
membrane integrity of the cells got checked by staining
them with another fluorescent dye, merocyanine 540 and
results show that the cell membranes remain unperturbed
upon treatment with caffeine. The plot of 1/l against
time (Figure 20(b)), gives the characteristic time constant
for extraction of Et from these cells by caffeine as 8
seconds.

111.2.2. Differential Molecular Recognition of ANS and

TNS by a-Chymotrypsin in Presence of Genomic
DNA

The motive of this study is to explore the change in
biomolecular recognition of ligand molecules by protein
after complex formation with genomic DNA as quite
often biomolecules interact with each other in real
biological system, inside the cell. In this regard, we have
studied the interaction of 8-anilino-1-naphthalenesulfonic
acid (ANS) and 2,6-p-toluidinonaphthalene sulfonate
(TNS) with o-Chymotrypsin (CHT) in absence and in
presence of DNA [50]. An extensive fluorescence study
followed by an X-ray crystallographic study [57] on the
ANS-CHT complex indicates that ANS binds rigidly at a
single site on the surface of the protein near the Cys-1-
122 disulfide bond whereas it has been proposed by
several groups that TNS binds to the hydrophobic sites at
the protein surface [58]. Steady-state and picosecond-
resolved fluorescence studies reveal the displacement of
TNS from TNS-labeled CHT upon complexation with
DNA (data not shown).
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Figs. 20. (a) Reduction in intensity of red colour with time when
squamous epithelial cells treated with caffeine and PBS as control
(inset). (b) Rate of leaching out of Et from nucleus of squamous
epithelial cells when treated with caffeine. I; and I, represents the
emission intensity of Et at time t and initially, respectively. Upper right
inset shows the fluorescence micrographs of Et stained same cells
initially, after 8 seconds and after 18 seconds upon treatment with
caffeine along with the control sets. Lower left inset shows the
morphology of the same cell line before and after 5 minutes upon
caffeine treatment under bright field (1) and fluorescence micrographs
of the same stained with DAPI (11) and Merocyanine 540 (l11).
(Reprinted with permission from ref. [9]. Copyright 2011, American
Chemical Society)
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Figs. 21. (a) Steady-state fluorescence spectra of ANS bound to CHT in
the presence and absence of Salmon Sperm (SS) DNA. (b) Time-
resolved transients of ANS bound to CHT in the presence and absence
of SS DNA. (c) Time-resolved anisotropy of ANS bound to CHT in the
absence of SS DNA. The inset shows the time-resolved anisotropy of
ANS bound to CHT in the presence of SS DNA. (Reprinted with
permission from ref. [50]. Copyright 2007, American Chemical
Society)

The observations are consistent with the surface
binding of TNS to CHT. The steady-state and time-
resolved emission of TNS in CHT upon complexation
with DNA also suggests multiple binding sites of TNS to
CHT (data not shown). Interactions of CHT-bound ANS
with Salmon sperm (SS) DNA are shown in Figs. 21.

In Fig. 21(a), we present the steady-state fluorescence
spectra of CHT-bound ANS and its complex with DNA.
The emission intensity of ANS—-CHT is observed to be
similar to that of the ANS-CHT-DNA complex,
revealing the fact that ANS molecules are not detached
from CHT upon complexation with DNA.

The time-resolved studies (Fig. 21(b)) also confirm
the above results. The time-resolved anisotropy decay (at
480 nm) of ANS-CHT, shown in Fig. 21(c), revealed a
rotational time constant of 47 ns attributed to the global
tumbling motion of the CHT protein [59].

However, the anisotropy decay of the ANS-CHT-
DNA complex (inset of Fig. 21(c)) exhibited a very long
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time component with a significantly large residual
anisotropy, which does not decay within our
experimental time window. The above results confirm
the rigidity of the ANS-CHT complex and the
suppression of CHT motion in the CHT-DNA complex.
The intactness of the interaction of ANS with CHT upon
complexation with DNA offers the opportunity to
estimate the distance of the DNA contact point from the
well-defined ANS binding site in CHT. In this regard, we
label DNA with EtBr. The spectral overlap of the donor
(ANS-CHT-DNA complex) emission and the acceptor
(ANS-CHT with EtBr-labeled DNA) absorption spectra
is shown in Fig. 22(a). As clearly evident from the
steady-state fluorescence spectrum (Fig. 22(b)), the
emission intensity of the donor is quenched on inclusion
of the acceptor (EtBr) in the DNA. The time-resolved
studies also confirm the energy-transfer process (Figure
22(c)). The picosecond-resolved fluorescence transient
(Figure 22(c)) of the donor reveals an average decay time
constant of 0.88 ns as compared to 0.54 ns for the donor
in the presence of the acceptor.

6000
z o
@ 50004 Acceptor (@) =
% 4000 4 (EB) = %
> =3
< 3000 4 80
g .8
2 2000 4 J%
2 Q,
3 1000 4 3
L (1] T T T T
450 500 550 600 650
Wavelength (nm)
o ANS
e | cHT-DNA+ )
8 EB
o
(=]
=l
@
2
o
[}
o
450 500 550 600 650 700
Wavelength (nm)
10000
(c)
1000 4 ANS CHT-DNA
e DR
£ 100 4 s £
g e
o ANS CHT-DNA +
107 EB
IRF
1 AL . . . .
0 5 10 15 20
Time (ns)

Figs. 22. (a) Spectral overlap between donor (ANS-CHT-DNA
complex) emission and acceptor (ANS—-CHT with EtBr (EB)-bound
DNA) absorbance. (b) Steady-state fluorescence quenching of the
donor (ANS-CHT-DNA complex) in the presence of the acceptor, EB,
in DNA. (c) Picosecond-resolved transients of the donor (ANS-CHT-
DNA complex) in the absence and presence of the acceptor (EB) in
DNA. (Reprinted with permission from ref. [50]. Copyright 2007,
American Chemical Society)
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Figs. 23. (a) The emission spectra of Hoechst-O1 and Hoechst-O1-H1
complexes. The emission in buffer is also shown for comparison. (b)
The emission spectra of Hoechst-O2 and Hoechst-O2-H1 complexes.
(Inset) the decay of fluorescence anisotropy of Hoechst in different
environments. (Reprinted with permission from ref. [51]. Copyright
2009, Springer Science + Business media, LLC)

The drop in the average decay time of the donor-
acceptor complex compared to that of the donor alone
also confirms the energy transfer that occurs from ANS
to EtBr as a result of dipolar coupling. The calculated
donor-to-acceptor energy-transfer efficiency from steady-
state and time-resolved studies are 39.6 and 34.1%,
respectively. The estimated donor-acceptor distances
from steady-state and time-resolved experiments are 22.9
and 23.8 A, respectively. It should be noted that the ANS
binding site and the enzymatic active site of CHT are at
almost diametrically opposite points [57]. The estimated
distance between the above two sites is ~40 A. Our
measurement of the ANS-EtBr distance of ~23.8 A
reveals that DNA interacts with CHT at a site that is
located between the ANS binding site and the enzymatic
active site of CHT.

I11.2.3.  The Correlation of Sequence Dependent
Molecular Recognition with Hydration Dynamics
in the Minor Groove of DNA and Histone-DNA
Complex

This work is devoted to investigate the molecular
recognition of H258 by two dodecamer duplexes
(CGCGAATTCGCG), and (CGCAAATTTGCG),, and
their respective histone (H1) complexes through
comparison of their femtosecond resolved environmental
dynamics. Figures 23 show the fluorescence
characteristics of the probe H258 in the minor groove of
the  dodecamer  duplexes  having  sequences
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(CGCGAATTCGCG), (01) and (CGCAAATTTGCG),
(02) and the corresponding duplex-histone complexes.

The emission maximum of H258 in O2 (Figure 23(b))
shows a blue shift of 5 nm compared to that in O1 (Fig.
23(a)). The emission spectra of H258 in both O1-H1 and
02-H1 (Figs. 23) complexes show blue shift, compared
to its emission in the dodecamers. The excited state of
the probe is more polar than the ground state, therefore,
the decrease in stability of the excited state in the more
hydrophobic dodecamer-histone complexes accounts for
a blue shift in the emission spectrum. It is to be noted
that the magnitude of the blue shift is marginally greater
in O1-H1 complexes, pointing out the possibility of
different local environment of the probe in the two
dodecamer-histone complexes. Since the time constants
associated with the decay of fluorescence anisotropy of
the probe in buffer and when bound to dodecamer
duplexes are widely separated in time scales [27], it
provides an useful measure to confirm the binding of the
probe in oligomer duplexes and the corresponding
dodecamer histone complexes.

The insets of Figures 23 show the decay of picosecond
resolved fluorescence anisotropies in the different
dodecamers and the dodecamer-histone complexes. In
bulk buffer, the probe shows rotational motions having a
time scale of 500 ps [33]. However, the presence of
longer rotational time of the probe in the dodecamer
duplexes and in their corresponding histone complexes
indicates that the probe is in the bound state. The studies
on the fluorescence anisotropies suggest that the probe
remains as an essential part in both duplexes and their
corresponding histone complexes and hence can report
their environmental dynamics. Figures 24 shows the
femtosecond resolved fluorescence transients along the
emission profile of H258 in the different systems.
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Figs. 24. The femtosecond resolved fluorescence transients at different
wavelengths of Hoechst in different environments. Baseline of each
transient is shifted for clarity. The instrument response function (IRF) is
also shown in black (Fig. 24(a)). (Reprinted with permission from ref.
[51]. Copyright 2009, Springer Science + Business media, LLC)
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The transients in the dodecamers and their
corresponding histone complexes show fast decays (2—30
ps) in the blue end and corresponding rises in the red
end, characteristic of environmental stabilization [60].
The temporal evolution of the emission spectrum (shown
in the time resolved emission spectrum (TRES), insets of
Figures 25) in the different environments is expressed as
the decay of the solvation correlation functions, C(t)
(Figures 25). A pioneering study [61] by Zewail et al. on
the ultrafast relaxation dynamics in the minor groove of
the dodecamer duplex (CGCAAATTTGCG), (02 in this
study) reveals that the ultrafast dynamics is associated
with the environmental relaxation of bulk-like water (1.4
ps, 64%) and ordered water (20 ps, 36%) present in the
DNA minor groove, the dynamical interconversion
between which is proposed to be crucial for the minor
groove recognition by the ligand. The time constants
associated with the environmental relaxation in O2 (2 ps
(61%) and 28 ps (39%)) show striking similarity with the
results obtained by Zewail et al.[61].

111.3. Use of Nanoparticles in Biosensing and
Biomolecular Recognition

Recent years have witnessed a significant interest in
biological applications of inorganic quantum dots (QDs),
which have a significant contribution in the field of nano-
biotechnology due to its high quantum yield, low photo-
bleaching and increased biological application. Such
unique physical properties of nanoparticles can be
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utilized to detect molecular recognition between
biomolecules, which may also lead to the development of
biological electronics and devices. The integration of
nanotechnology with biology and medicine is thus
expected to produce major advances in molecular
diagnostics, therapeutics, molecular biology, and
bioengineering. Recent advances have led to the
development of functional nanoparticles (electronic,
optical, magnetic, or structural) that are covalently linked
to biological molecules such as peptides, proteins, and
nucleic acids. Such integrated Biomolecule—Quantum
Dot hybrid systems have overwhelming response in bio-
analytical applications. In this section, we show that
biomolecules and nanoparticles can be linked to create a
novel nanobioconjugate that is able to recognize and
detect the biomolecular recognition process of ligands by
biomacromolecules.

111.3.1.  Use of Quantum Dots to Study Protein-Folding

Intermediates

Biomolecular function is realized by recognition, and
increasing evidence shows that recognition is determined
not -only by structure but also by flexibility and
dynamics. Therefore, biomolecular recognition often
accompanied by large conformational changes,
sometimes folding and unfolding. In this respect, one of
our previous works demonstrates the use of QDs (CdS),
to study the protein (HSA) folding pathway [62]. We
have studied the development of CdS semiconductor
nanocrystals (quantum dots of average diameter less than
2 nm) directly conjugated to a transporter protein HSA as
fluorescent biological labels. FRET from the amino acid
tryptophan (Trp214) to the CdS quantum dot in HSA is
monitored to follow the local and global changes in the
protein structure during thermal unfolding and refolding
processes.

The covalent binding of CdS to HSA is confirmed by
matrix assisted laser desorption ionization (MALDI)
mass spectrometry analysis (data not shown). To locate
the disulfide bond/bonds responsible to host CdS
nanocrystal, Trp214 to CdS nanocrystal resonance
energy transfer is examined. The huge spectral overlap of
Trp214 (in the subdomain IIA) emission with the
absorption of CdS nanocrystal is expected to reveal inter-
probe distance, when they are in a close proximity.
Figure 26(a) shows the spectral overlap between the
tryptophan emission (emission maximum at 332 nm) and
CdS excitation (excitation maximum at 370 nm) spectra
in HSA at room temperature.

The quenching of donor emission is evident from the
faster lifetime (excitation source-299 nm) associated with
the donor-acceptor pair (HSA labeled with CdS
nanocrystal) as compared to that in the donor alone
(unlabeled HSA) (Figure 26(b) and Table II1). The donor
(D)-acceptor (A) distances (r) obtained from FRET
experiments with varying temperature are summarized in
Table I11.
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Figs. 26. (a) Spectral overlap between the donor (tryptophan in HSA,
Trp214) emission and acceptor (CdS tagged with HSA) excitation (b)
Picosecond-resolved fluorescence transients of Trp214 in HSA
(excitation wavelength 299 nm and detection wavelength 360 nm) in
absence and presence of CdS quantum dots in aqueous solution.
(Reprinted with permission from ref. [62]. Copyright 2007, American
Chemical Society)

As evidenced from Table IlI, with the increase in
temperature from 25 to 60 and finally to 75°C, the
average donor-acceptor (D-A) distance changes, which is
the signature of swelling of the protein. Refolding of the
protein upon subsequent cooling to 25°C that resulted in
the recovery of D-A distances does not follow a similar
trend. The average D-A distance at room temperature is
found to be 26.1 A.

The measured distance indicates that the possible
locations of CdS are close to either Cys316-Cys361
(distance from Trp214 = 27.4 A) or Cys360-Cys369
(distance from Trp214 = 27.5 A) which are in subdomain
11B and significantly exposed to the solvent environment
as indicated by A & B sites of Figure 27. We have
further estimated solvent accessible surface area (SASA)
of the two sites of HSA using WebLab viewer Lite
program and found to have values 184.6 and 179.1 A?
respectively. Higher value of SASA of the site A
compared to that of the site B makes the former site more
favorable for CdS attachment.

I11.3.2.  Use of Ag Nanoclusters in Biomolecular

Recognition and Fluorescence Sensing

Herein, we report synthesis of luminescent silver (Ag)
nanoclusters (NCs, 1 nm average diameter) directly
conjugated to an enzyme, bovine pancreatic o-
chymotrypsin (CHT) [63]. We demonstrated that
nontoxic Ag nanoclusters could work as an efficient
energy acceptor in FRET studies and can sense the
biomolecular recognition of a ligand molecule by
biomacromolecules.
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HSA-CDS Complex

Fig. 27. Three dimensional structure of HSA is presented. The location
of Tryptophan 214 (Trp) is indicated. The possible sites for CdS
attachment, site A and site B essentially indicate the positions of the
Cys316-Cys361 and Cys360-Cys369 disulfide bonds respectively.
Nucleation of the nanocrystal is likely to occur in the site A (see text).
The solvent accessible surface area (SASA) of site A is also shown.
Ball-stick models are used to indicate other disulfide bonds of the
protein. The coordinates of HSA structure is downloaded from protein
data bank (PDB code 1UOR) and processed with WebLab Viewer Lite
program. (Reprinted with permission from ref. [62]. Copyright 2007,
American Chemical Society)

Hence, it can be used in fluorescence sensing as well
as in biosensing. The structural characterization of Ag-
CHT nanobioconjugates was done using steady-state
UV-Vis absorption/photoluminescence spectroscopy and
high-resolution transmission electron microscopy (data
not shown).

Analysis of the CD data revealed that the
conformation of the reconstituted Ag-CHT (19% helix)
was almost identical to that of the reconstituted CHT
(18% helix), demonstrating a small perturbation of the
native structure of the protein (24% helix) (data not
shown).

We have found that the specific activity of the
reconstituted Ag-CHT complex (Ag : CHT= 10: 1) is
close to the reconstituted CHT; however, compared to
the native enzyme, it is retarded by ~2.8 times. 4-
nitrophenyl anthranilate (NPA) is a fluorescent probe
which is known to bind at the enzymatic active site [64]
and may act as a fluorescent energy donor. The huge
overlap between NPA-CHT emission and the absorption
of Ag-CHT nanocluster facilitates the energy transfer
process from NPA to Ag nanoclusters, and confirms the
association between the protein and the ligand (Figure
28).

Figures 29 reveal the significant spectral overlap
between NPA-CHT emission spectrum (D, emission
maximum at 428 nm) and Ag-CHT excitation spectrum
(A, excitation maximum at 413 nm) that favors the
energy transfer from NPA to Ag in CHT.
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TABLE Il
HELIX-CONTENT, PICOSECOND-RESOLVED FLUORESCENCE TRANSIENTS AND ENERGY TRANSFER PARAMETERS OF HSA BEFORE AND AFTER
LABELING WITH CDS NANOCRYSTAL. HERE Qp, Ry AND R DENOTE QUANTUM YIELD OF THE DONOR IN ABSENCE OF THE ACCEPTOR, FORSTER
DISTANCE AND DONOR-ACCEPTOR (D-A) DISTANCE RESPECTIVELY.
(REPRINTED WITH PERMISSION FROM REF. [62]. COPYRIGHT 2007, AMERICAN CHEMICAL SOCIETY)

Systems Temperature a-helix content (%) T4 in ns (%) T, in ns (%) 13 in ns (%) Qo Ro(A) r(A)
HSA 25°C 69.7 0.23(18.1) 1.65(23.6) 5.99(58.3)
60°C 58.4 0.15(29.4) 1.46(31.3) 4.56(39.3)
75°C 45.9 0.11(40.8) 1.15(32.6) 3.82(26.6)
60°C (reverse) 494 0.09(45.5) 1.08(30.3) 3.69(24.2)
25°C (reverse) 60.5 0.13(36.7) 1.23(30.0) 4.63(33.3)
HSA-CdS 25°C 76.4 0.08(73.8) 1.45(16.6) 5.99(9.6) 0.097 321 26.1
60°C 66.9 0.08(72.4) 1.12(20.6) 4.56(7.0) 0.092 329 21.7
75°C 58.8 0.07(69.8) 0.92(24.0) 3.82(6.2) 0.087 316 28.6
60°C (reverse) 55.2 0.06(72.9) 0.89(20.0) 3.69(7.1) 0.091 33.0 30.4
25°C (reverse) 60.4 0.05(75.9) 1.02(15.3) 4.63(8.8) 0.091 33.0 28.8

As revealed from Figures 29 the overall steady-state
emission intensity of the donor emission drastically
decreased in the presence of acceptor. Also, the faster
decay of donor in the presence of acceptor (Fig. 29(c)) as
compared to that of the donor alone confirms the energy
transfer from NPA to Ag cluster in CHT. The calculated
donor to acceptor energy transfer efficiency from steady
state and time-resolved studies are 97.5% and 60.7%
respectively.

The estimated donor-acceptor distances from steady-
state and time-resolved experiments are 19.1 and 32.6 A,
respectively. Therefore, possible nucleation sites (D-A
distance of 32.6 A) for the formation of Ag NCs in CHT
could be free amine groups from the amino acid residues
or the thiols at the protein surface, which could have
been easily generated by the reduction of disulfide bonds
by NaBH, [65]. These functional groups (thiols and
amines) have the ability to bind covalently with the silver
particle surface, leading to the formation of
nanobioconjugates.

Fig. 28. Structure of a-chymotrypsin depicting the catalytic triad
(His57, Asp102 and Ser195), NPA chromophore binding site and
luminescent Ag nanocluster (covalently attached at a site away from
catalytic center). (Reprinted with permission from ref. [63]. Copyright
2008, American Chemical Society)

111.3.3.  Use of Functionalized QDs (CdSe/ZnS)

in Biomolecular Recognition

In this study, CdSe/ZnS QDs have been utilized to
investigate the biomolecular association between DNA
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and a DNA intercalator (EtBr). Femtosecond-resolved
fluorescence upconversion and picosecond-resolved
spectroscopic measurements have been employed to
confirm a highly efficient ultrafast FRET from 3-
mercaptopropionic acid (MPA)-capped CdSe/ZnS QDs
to dye molecules attached to dodecamer DNA [22]. CD
studies have been performed which reveal some
perturbation in the native B-form of DNA in the
nanobioconjugate (data not shown).

It appears that the hydrogen-bonding interaction
between the nucleobases of DNA and the protonated
carboxyl surface groups of the QDs is the mechanism
behind the association of QDs to DNA. Because of a
huge spectral overlap between the emission spectrum of
QDs and absorption spectrum of EtBr-labeled DNA, a
highly FRET efficiency of 92% has been obtained in our
studies.

The high FRET efficiency and the corresponding
donor—acceptor distance of 2.5 nm suggest that
adsorptive interactions between the DNA molecules and
MPA-capped QDs result in a conformation that lies
across the surface of the QD. This kind of study is well
relevant for making sensitive FRET-based sensors.

Inset of Figure 30(a) illustrates the absorption and
emission spectra of MPA-capped CdSe/ZnS QDs in
buffer, which remains largely unchanged after the ligand-
exchange procedure. High resolution transmission
electron microscope (HRTEM) image (inset of Figure
30(b)) of QDs reveals an average diameter of 4-4.5 nm
with a honeycomb structure.

The existence of lattice fringes illustrates the highly
crystalline nature of the QDs. Furthermore, when the
fluorescence intensity at 528 nm was measured as a
function of the excitation wavelength (280-450 nm),
both the toluene and aqueous samples yield similar
emission profiles and intensities. Taken all together, it
indicates that the QDs retained their photoluminescence
properties when transferred into water using the literature
procedure.

The inset of Figure 30(a) reveals a huge spectral
overlap between the emission spectrum of QDs and the
absorption spectrum of EtBr-DNA complex suggesting
that efficient FRET between the donor (QDs) and the
acceptor (EtBr labeled DNA) can take place when DNA
is adsorbed onto the surface of QDs.
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Figs. 29. (a) Spectral overlap between the donor (NPA-CHT) emission
and acceptor (Ag-CHT) absorption. (b) Steady-state photoluminescence
quenching of NPA-CHT (donor) in the presence of acceptor (Ag-CHT
nanobioconjugates).The optical density of the samples at excitation and
emission wavelengths was 0.05 and 0.07, respectively. (c) Picosecond-
resolved fluorescence transients of donor (NPA-CHT) and donor-
acceptor (NPA-Ag-CHT) complex. (Reprinted with permission from
ref. [63]. Copyright 2008, American Chemical Society)

We confirmed that only a slight overlap between the
donor and acceptor fluorescence occurred, allowing for
the effective separation of donor fluorescence from that
of the acceptor.

Hence, we expect that the adsorption of EtBr-labeled-
DNA onto the surface of MPA-capped QDs will result in
the quenching of the QD fluorescence at 528 nm, while
at the same time enhancing the EtBr fluorescence at 600
nm through FRET, which is confirmed through both
steady-state and time-resolved experiments as described
below. Figure 30(a) shows the picosecond-resolved
fluorescence transients of QD and QD-(EtBr-DNA)
conjugate at 528 nm.

The picosecond decay of QDs in buffer reveales
multi-exponential time constants of 0.31 ns (28%), 4.83
ns (26%) and 19.44 ns (46%) giving an average time
constant of 10.3 ns.

For the donor—acceptor system i.e. QD-(EtBr-DNA)
complex, the time constants obtained were 64 ps (73%),
0.7 ns (14%), 3.85 ns (9%) and 11.54 ns (4%) revealing
an average time constant of 0.92 ns.
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Figs. 30. (a) Picosecond-resolved fluorescence transients of MPA-
capped CdSe/ZnS QDs and (ethidium bromide; EB-DNA)-QD complex
monitored at 528 nm. Inset shows the steady-state absorption spectrum
of MPA-capped CdSe/ZnS core-shell QDs in buffer together with the
spectral overlap between emission spectrum of QDs and the absorption
spectrum of EB-labeled DNA (the extinction coefficient value is for the
acceptor, EB-labelled DNA). (b) Femtosecond-resolved fluorescence
upconversion decay of MPA-capped CdSe/ZnS core-shell QDs and
QD-(EB-DNA) complex monitored at 528 nm. The dark red decay is
the IRF (instrument response function) of the femtosecond pulse. Inset
shows the HRTEM image of QD. (Reprinted with permission from ref.
[22]. Copyright 2008, Elsevier)

The substantial shortening in the QD exciton lifetime
upon conjugate formation conclusively indicates that
efficient FRET occurs from the QD (donor) to the EtBr-
DNA (acceptor). Based on the spectral overlap FRET
efficiency was estimated to be 92%.

The Forster distance, R,, for the QD-(EB-DNA)
complex measured was 3.2 nm. In order to obtain the
ultrafast component in the FRET system, which is
missing in our picosecond measurements due to its
limited IRF, femtosecond fluorescence upconversion
measurements were performed. We have measured the
femtosecond dynamics of QD-(EtBr-DNA) complex and
obtained a rise component of 640 fs, decay components
of 935 fs and 13 ps, and a long component of 269 ps in
the fitted decay (Figure 30(b)).

The faster decay time scales for the donor-acceptor
system compared to donor alone conclusively indicates
an efficient ultrafast energy transfer from the MPA-
capped CdSe/ZnS QDs to the adsorbed EtBr-DNA
complex. The FRET efficiency obtained from the
femtosecond experiment is found to be 91% similar to
that obtained from picosecond measurements.
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IV. Conclusion

The works covered by this review provide substantial
insight into the photophysical studies which explore the
fundamentals of biomolecular recognition. We have
explored the nonspecific binding of Rf with a model drug
carrier system, SDS micelle.

The temperature dependent structural studies reveal
the partial detachment of the drug from the micelle at
elevated temperatures. The strong absorption band in the
visible region of the drug Rf has been employed to
monitor resonance energy transfer from an anti-
helminthic fluorescent drug H258 in the micelle. FRET
confirms the simultaneous binding of the two drugs to
the micelle at room temperature. The location and
efficiency of drug binding to the micelle significantly
change at the elevated temperature. On the other hand,
our study on the molecular recognition of Rf by HSA
demonstrates perturbed secondary structure of HSA upon
inclusion of the antibiotic Rf (From the far UV-CD
spectroscopy).

Careful studies on the energy transfer from the single
tryptophan, Trp214 of HSA, to the drug Rf shows that
the nature of the energy transfer is not resonance type,
rather radiative in nature. We have estimated the Rf
binding site with respect to the Wf binding site (I1A) in
the protein using FRET technique. Rf binds at the site
located at either of the domains IIA and IB of the
transporter protein. Simultaneous binding of both drugs
rules out the possibility of competitive binding. Thus the
reduced effectiveness of the drug Wf on the patients on
Rf therapy can be due to the structural perturbation of
HSA. We have also investigated the protein binding
properties of the ligands, one hydrophobic, DCM, and
another cationic, NB, at various temperatures. From the
picosecond-resolved fluorescence, solvation relaxation,
and polarization-gated anisotropy experiments it is
evident that DCM resides in subdomain IlIA of the
protein in all of its unfolded states. FRET experiments on
the DCM (donor)-NB (acceptor) pair reveal that NB
binds to subdomain IIB at room temperature, which is 3
nm away from the DCM binding site (subdomain I11A).
Furthermore, our studies on the dodecamer DNA show
that the minor groove binding by H258 and intercalation
by EtBr can independently take place involving a
particular site of the dodecamer. It is also revealed that
the use of the calculated value of the orientation
parameter (k? = 0.04) is crucial for the estimation of the
distance between the donor and acceptor bound to the
dodecamer.

It has also been shown that the modest difference
between the molecular recognition of the two different
dodecamer duplexes by H258 gets amplified in the
dodecamer-histone duplexes, suggesting a possible
difference between drug action in vivo and in vitro. The
femtosecond resolved fluorescence study reveals the
weakly structured nature of the hydrated water molecules
around caffeine dimer, which makes it a suitable subject
for biomolecular interaction, where the bound water
molecules can be displaced in presence of its receptor
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molecule facilitating the hydrophobic interaction. Our
steady-state and time-resolved fluorescence studies with
synthetic DNA emphasize the interceptive role of
caffeine molecules, forming heterocomplexes with Et.
NMR studies were used to monitor the structure of
caffeine-Et complexes. Our cellular studies reveal the
application of caffeine molecules in the exclusion of
mutagenic Et from the cell nuclei. Nonspecific protein-
DNA interactions of a CHT enzyme protein with
genomic DNA reveal the nature of ligand binding of the
protein in aqueous solution. Studies on ANS-labeled
CHT upon complexation with DNA show that DNA does
not interact with CHT through the well-defined ANS
binding site.

The studies also offer the opportunity to measure the
average distance between the well-defined ANS binding
site and the EtBr-labeled DNA surface in the vicinity of
CHT. An investigation of the enzymatic activity of CHT
upon complexation with DNA clearly rules out the
blocking of the active site of CHT as a result of the
proximity of the DNA surface. We have also discussed
the use of nonmaterial for the investigation of molecular
recognition. We have demonstrated very efficient FRET
between the molecular gold cluster, Auys, and the dansyl
chromophore.

The cluster was functionalized by two different routes,
and in both cases a drastic quenching of the donor’s
emission was observed. In addition, QDs-metal film
system provides an overall picture of excited state
exciton dynamics of QDs. The study accounted every
single aspect of the possible mechanisms of the excited
state quenching phenomenon of QDs (viz. charge
transfer, nano-surface energy transfer, Forsters energy
transfer etc.). Among the various possibilities, it is
clearly shown that only non-radiative energy transfer
process in the excited QDs takes part in the lifetime
quenching and simple FRET model is well enough to
rationalize the quenching phenomenon. We report
synthesis of water-soluble CdS nanoparticles directly
conjugated to a macromolecular protein CHT. FRET
from the amino acid tryptophan (Trp214) to CdS bound
to HSA is monitored to follow the local and global
changes in the protein structure during thermal unfolding
and refolding processes. It is observed that the average
D-A distance changes with the increase in temperature
from 25 to 60 and finally to 75 °C, which is the signature
of swelling of the protein.

Refolding of the protein upon subsequent cooling to
25 °C that resulted in the recovery of D-A distances does
not follow a similar trend. Moreover, we report the
luminescence of Ag NCs, directly conjugated to a
macromolecular enzyme CHT. The FRET studies using a
fluorescent probe, NPA bound at the enzymatic active
site of CHT, as the donor and Ag NC bound CHT as the
acceptor confirmed the conjugation of Ag NCs to CHT.
The study on the MPA functionalized QDs-DNA depicts
the ultrafast energy transfer from CdSe/ZnS QDs to the
EtBr bound to DNA. The hydrogen-bonding interaction
between the nucleobases of DNA and the protonated
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carboxyl surface groups of the QDs is found to be
responsible for the association of QDs to DNA. The high
FRET efficiency and the corresponding D-A distance of
2.5 nm suggest that adsorptive interactions between the
DNA molecules and MPA-capped QDs result in a
confirmation that lies across the surface of the QDs.
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