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Ultrafast electron transfer (ET) phenomenon in protein and protein–DNA complex is very much crucial and often leads
to the regulation of various kinds of redox reactions in biological system. Although, the conformation of the protein in
protein–DNA complex is concluded to play the key role in the ET process, till date very little evidences exist in the lit-
erature. λ-repressor–operator DNA interaction, particularly OR1 and OR2, is a key component of the λ-genetic switch
and is a model system for understanding the chemical principles of the conformation-dependent ET reaction, governed
by differential protein dynamics upon binding with different DNA target sequences. Here, we have explored the photoin-
duced electron transfer from the tryptophan moieties of the protein λ-repressor to two operators DNA of different
sequences (OR1 and OR2) using picosecond-resolved fluorescence spectroscopy. The enhanced flexibility and different
conformation of the C-terminal domain of the repressor upon complexation with OR1 DNA compared to OR2 DNA are
found to have pronounced effect on the rate of ET. We have also observed the ET phenomenon from a dansyl chromo-
phore, bound to the lysine residue, distal from the DNA-binding domain of the protein to the operator DNA with a spe-
cific excitation at 299 nm wavelength. The altered ET dynamics as a consequence of differential protein conformation
upon specific DNA sequence recognition may have tremendous biological implications.
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Introduction

Electron transfer (ET) reactions involved in biomacromol-
ecules (DNA and protein) have incredible significance in
the various assembly of biological processes including
photosynthesis, respiration, enzyme catalysis (Isied,
Ogawa, & Wishart, 1992), gene regulation (Augustyn,
Merino, & Barton, 2007; Lee, Demple, & Barton, 2009),
aging-related molecular disease (Kelley & Barton,
1998), and DNA repair (Wagenknecht, Stemp, & Barton,
1999). The heterocyclic bases are the most reactive moie-
ties of DNA. Removal of a single electron from a hetero-
cyclic base by UV light, ionizing radiation, or chemical
oxidation results in the formation of an electron-deficient
site or a hole that is guanyl/adenyl radical or cation,
which is the product of the exclusion of a single electron
from guanine/adenine (Becker & Sevilla, 1993; Butchosa,
Simon, & Voityuk, 2010). The hole within DNA is trans-
ferred to the guanine (Candeias & Steenken, 1993) moiety
as it is the most preferable location available in DNA
(Colson, Besler, Close, & Sevilla, 1992). The electron

repair process within DNA generally occurs through ET
reaction with active redox species like peptides and
proteins. This is due to the presence of amino acids such
as tryptophan and tyrosine containing indole and phenol
as functional groups respectively in their side chains. The
ET phenomenon is undoubtedly governed by the relative
orientation and distance of the involved redox species
(Butchosa et al., 2010). Consequently, for a protein–DNA
complex, the conformation (Chohan et al., 2001; Jones
et al., 2002; Ridge et al., 2000; Schulten & Tesch, 1991)
of the protein upon complexation with the DNA is extre-
mely crucial for the flow of electron from protein to DNA
moiety. In a variety of biological processes, the conforma-
tional flexibility of the protein upon DNA binding is the
key signal for the propagation of the process further. For
example, in a gene regulatory network of bacteriophage λ,
different conformational flexibility in the C-terminal
domain of the λ-repressor protein upon complexation with
two target DNA sites, OR1 and OR2 (Ptashne, 1992),
leads to cooperative binding of the protein to the different
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operator sites, which is vital for the functioning of the
genetic switch (Benson, Adams, & Youderian, 1994;
Hochschild & Ptashne, 1986). It was widely anticipated
that the specificity of this type of complexation depends
exclusively on the recognition of the DNA sequence by
the protein. However, it can be proposed that
thermodynamic factors may take part in the process of
recognition which came from the inspection that OR1-
and OR2-bound repressors have different structures (Deb,
Bandyopadhyay, & Roy, 2000). Similarly, recent work
with glucocorticoid receptor protein (GRP) suggests that
GRP bound to different target sequences has different
structures leading to different functional outcomes
(Meijsing et al., 2009). The dynamical properties of the
protein bound to different target sites are almost obsolete
in the existing literature. The present study addresses the
key important issues regarding the sequences-dependent
binding of the protein to different DNA sites, leading to
differential dynamics of the protein in the complexes
(Mondol, Batabyal, Mazumder, Roy, & Pal, 2012) and its
outcome on the photoinduced electron transfer (PET)
dynamics.

In this regard, ET in λ-repressor–DNA complex
(Figure 1) is extensively investigated to monitor DNA
sequence-dependent change in the protein structure and
dynamics after binding with DNA, which can be reflected
by the change in the wavelength-dependent fluorescence
transients of the intrinsic probe tryptophan in the λ-repres-
sor protein upon complexation with two operators DNA
(OR1 and OR2) of different sequences, using picosecond-
resolved fluorescence spectroscopy. One of the key
findings includes similar ET dynamics from dansyl, a
widely used extrinsic fluorescent probe, located near the
C-terminal region of the protein (Figure 1), to the two
operators DNA upon UV excitation.

To confirm the ET reaction, occurring from trypto-
phan and dansyl to DNA bases, and to rule out the exis-
tence of any intramolecular ET between redox-active
amino acids inside the protein upon conformational
change upon DNA binding, an extensive set of control
experiments has been performed with free DNA bases
and amino acids in thin films without any interference of
solvent or any other biological molecules.

Materials and methods

The materials and the experimental details are described
in the supplementary material. λ-repressor was isolated
from a strain of Escherichia coli RR1 15 Δlac Z carrying
a plasmid pEA305 which contains the wild-type cI gene
under the control of tac promoter. The details of the
purification procedure have been given in elsewhere
(Banik, Saha, Mandal, Bhattacharyya, & Roy, 1992;
Saha et al., 1992). Operator DNA sequences, OR1
(5′CGTACCTCTGGCGGTGATAG3′) and its comple-

mentary oligonucleotide, OR2 (5′TACAACACGCACGG
TGTTAT3′) and its complementary oligonucleotide, were
purchased from Trilink (USA).

The complexation between dansyl-labeled λ-repressor
and ethidium bromide (EtBr)-bound operator DNA was
studied within indigenously developed microfluidics setup
in stop condition by monitoring the respective change in
fluorescence intensity of dansyl as captured by an attached
CCD camera in millisecond time resolution (Batabyal,
Rakshit, Kar, & Pal, 2012). The specially designed micro-
fluidics chip with the connectors and the syringe pumps
(Atlas-ASP011) were from Dolomite, UK and Syrris Ltd.,
UK, respectively. The Y-shaped microfluidics chip con-
sists of two inlets and a common outlet. The diameter of
the microchip was designed to be 440 μm. The two inlets
were attached to syringe pump by capillary tubes. The cap-
illaries were passed through the shaft of the holder prior to
connection with the microfluidics chip. The reagents were
propelled using the syringe pump. Fluorescence images
were captured in a steady-state flow-stopped condition
with a fluorescence microscope (BX-51, Olympus Amer-
ica, Inc.) equipped with a 100-W mercury arc lamp, which
was used as excitation source (UV light excitation,
λex= 365 nm), and a DP72 CCD camera. The excitation
light was cut off by using standard filter and the fluores-
cence was collected through a 10× objective. The image
processing and analysis were done by ‘analySIS’ software
provided with the microscope. We have selected a small
area of interfacial region of the two streams for the analy-
sis purpose. RGB analysis was performed to separate out
the blue color from the detected fluorescence. Blue color
was chosen as a marker for interaction to avoid out the
contribution of EtBr emission, which has negligible blue
color in its fluorescence RGB analysis. Therefore, the blue
part in the RGB could be accounted solely due to dansylat-
ed λ-repressor. The concentration of both dansyl-labeled
λ-repressor and operator DNA (OR1) was 2 × 10 6 (M)
and EtBr concentration was 8 × 10 6 (M). For the system
under investigation, the diffusion of the biomolecules with
increasing time was monitored. The diffusion coefficient
(D) was calculated using the following equation for two-
dimensional diffusion law (Ozturk, Hassan, & Ugaz,
2010), s ¼ d2

2D, where ‘d’ is the distance travelled by the
particle under study in time s. From the obtained diffusion
coefficient, the radius of the biological molecule under
investigation was estimated using the equation as stated
below, D ¼ kT

6pgr, where k is the Boltzmann constant, T is
absolute temperature, g is the viscosity of solvent, and r is
the hydrodynamic radius of the molecule. Our microflui-
dics approach is found to have immense potentiality for
the exploration of diffusion-controlled (Mondol, Batabyal,
& Pal, 2012) biophysical studies on the protein as have
been done by other techniques (Gomez-Fernandez, Goni,
Bach, Restall, & Chapman, 1980; Nada & Terazima,
2003) that are underway in our group.
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Results and discussions

It has to be noted that we have mixed protein and DNA
solution with predetermined concentrations and incubated
for 1 h for the formation of protein–DNA complex. In
order to investigate whether the incubation time is suffi-

cient for the complexation, we have performed Förster
resonance energy transfer (FRET) studies within the
microfluidics channel as shown in Figure 2(a)–(d). In
this regard, we have dansylated the protein (dansyl emis-
sion at 515 nm) and labeled the OR1 DNA with EtBr
(absorption at 510 nm). Details of the dansylation proce-

Figure 1. (a) X-ray crystal structure of λ-repressor bound to operator DNA (OL1) depicting the simultaneous occurrence of PET
from tryptophan and dansyl (bound to lysine in the protein) to guanine radical or cation in the operator DNA is represented
schematically. Dotted circle has been drawn to illustrate the major number of tryptophan molecules residing as a cluster near the
C-terminal domain. Tryptophan and dansyl are excited at 299 nm. Reaction 1 (1) in the inset shows the removal of electron from
guanine (G) forming G+ (or formation of a hole [h+]) upon 299 nm excitation, and reaction 2 (2) indicates the transfer of electron
from excited-state tryptophan and dansyl to G+. TRP⁄ and DC⁄ denote the excited-state tryptophan and dansyl moiety, respectively.
(b) Molecular structure of (a) tryptophan, (b) adenine, (c) dansyl chloride, (d) N-acetyl tyrosinamide, and (e) guanine.
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dure are given in supplementary material. Briefly,
labeling of λ-repressor with dansyl chloride was done
according to a previous work (Banik, Mandal, Bhatta-
charyya, & Roy, 1993). Labeled repressor concentration
was determined by bicinchoninic acid assay using bovine
serum albumin as a standard. The incorporation ratio of
dansyl was found to be 1.1 ± 0.2 (Banik et al., 1993). It
has to be noted that the modification procedure essen-
tially attaches dansyl chromophore to the lysine residue
of the protein (Hsieh & Matthews, 1985) and lysine with

higher solvent-accessible surface area may have higher
possibility for the modification.

Figure 2(a) shows the diffusion-controlled complexa-
tion of λ-repressor with operator DNA (OR1) with
increasing time. The snapshots represent the interfacial
region of the two reagent streams (dansyl-modified
repressor in the upper side of the channel, EtBr-bound
operator DNA in the lower side of the channel) during
the diffusion-controlled complexation. The green and red
fluorescence represent the emission of dansyl-modified

Figure 2. Diffusion-controlled FRET in microfluidics channel. (a) Fluorescence microscopic images of dansylated λ-repressor–OR1
DNA-EtBr complex at a fixed position of microfluidics channel in different time window. (b) Diffusion of the biomolecule
(dansylated λ-repressor) under study. (c) Change in normalized blue intensity of dansylated λ-repressor in buffer (λ-DC-buffer; red)
and dansylated λ-repressor–OR1 DNA-EtBr complex (λ-DC-DNA-EtBr; blue) with time (up to 70 s). The excitation and emission
wavelengths were 365 and 515 nm, respectively. (d) Same as described in caption (c) within a smaller time window (20 s). (e) The
steady-state absorption spectra of DNA (DNA-abs; black), Dansyl (DC-abs; red), and emission spectra of tryptophan in λ-repressor
(Trp-em; blue), dansyl bound to λ-repressor (DC-em; green) are shown. (f) Steady-state fluorescence spectra of tryptophan in λ-
repressor (λ; red) and in λ-repressor–OR1 DNA complex (λ-DNA; green). Systems were excited at 299 nm. Steady-state fluorescence
spectra of dansyl in dansylated λ-repressor–OR1 DNA complex at excitation wavelength 375 nm (λ-DC-DNA; blue) and 299 nm (λ-
DC-DNA; pink) are shown.
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λ-repressor and EtBr bound to DNA, inside the micro-
fluidics channel, respectively. As the emission of EtBr
(red) has a tail in the green region, we have monitored
the blue light intensity as an indicator of the protein-
bound dansyl fluorescence. The decrease in the blue
fluorescence intensity with time (up to 70 s) is an indica-
tion of energy transfer from dansyl in the protein to
DNA-bound EtBr (Figure 2(c)). The control experiment
is done using dansylated λ-repressor and phosphate buf-
fer as reference to consider the dilution effect on the
fluorescence intensity of dansyl-modified λ-repressor
upon mixing. Within a smaller time window (Figure 2
(d)), the blue fluorescence intensity for the reference
system changes insignificantly in comparison with the
dansylated λ-repressor–DNA-EtBr complex, which
confirms the occurrence of FRET as mentioned above.
Moreover, for the system under investigation, the diffu-
sion of the biomolecules with increasing time is also
monitored and represented in Figure 2(b). The diffusion
coefficient is calculated to be 86.7 μm2 s 1. From the
obtained diffusion coefficient, the radius of the biological
molecule under investigation is estimated to be #30Å,
which stunningly resembles the radius of the λ-repressor
protein.

The steady-state absorption spectra of DNA, dansy-
lated λ-repressor, and the emission spectra of λ-repressor
before (excitation 299 nm) and after (excitation 375 nm)
dansylation, are shown in Figure 2(e). The emission
spectrum of tryptophan in λ-repressor shows a distinct
peak at 350 nm upon excitation at 299 nm, which
becomes significantly quenched after binding with opera-
tor DNA as evident from Figure 2(f). The decrease in
steady-state fluorescence of tryptophan in λ-repressor
upon binding to operator DNA reflects PET from trypto-
phan to DNA, as already reported for some other differ-
ent biological systems in the literature (Milligan et al.,
2003; Wagenknecht, Stemp, & Barton, 2000). The dan-
syl-modified λ-repressor–DNA complex shows an emis-
sion maxima at 515 nm (excitation at 375 nm), which is
found to be significantly quenched when excited at
299 nm, as shown in Figure 2(f). It has to be noted that
the optical density at both the excitation wavelengths
(299 and 375 nm) is similar (Figure 2(e)). The reduced
fluorescence intensity of dansyl in dansyl-modified
λ-repressor–DNA complex at 299 nm excitation com-
pared to that at 375 nm excitation wavelength could also
be an indicative of ET reaction from dansyl to operator
DNA at the excitation wavelength of 299 nm.

The λ-repressor monomer contains three tryptophan
residues at position W129, W142, and W230. The latter
two are in the C-terminal domain while the first one is
in the hinge region. The tryptophan fluorescence tran-
sients within λ-repressor (at three detected wavelengths –
330, 350, and 380 nm) in the absence of the operator
DNA depict similar decay profiles revealing similar

environments around the tryptophan residues (depicted in
Figure 3), which is evident from the insignificant change
in the lifetime of tryptophan at these wavelengths (sup-
plementary Table SI). It is also evident from the figure
that the nature of the fluorescence decay profile of tryp-
tophan in λ-repressor (detected at 350 nm) changes insig-
nificantly in the presence of operators DNA (OR1 and
OR2) revealing an insignificant possibility of perturbation
of tryptophan emission transients detected at 350 nm,
due to other non-emissive processes. In Figure 4(a), the
fluorescence transients of tryptophan residues within
λ-repressor in the presence and absence of OR1 DNA (at
various wavelengths) are shown. However, in the pres-
ence of OR1 DNA, although the fluorescence transient of
tryptophan at 350 nm remains essentially unaltered
(Figure 3), the decay profiles at 330 and 380 nm become
significantly faster (Figure 4(a)), revealing a faster time
constant #20 ps.

The corresponding time constants are tabulated in
supplementary Table SI. The observation clearly reveals
a non-radiative channel for the buried (Vivian & Callis,
2001) (emitting at the blue end of the tryptophan emis-
sion spectrum, e.g. 330 nm) and solvent-exposed

Figure 3. The picosecond-resolved fluorescence transients of
tryptophan residues in λ-repressor detected at (a) 330 nm (λ-
repressor (330 nm); blue), (b) 350 nm (λ-repressor (350 nm);
red), and (c) 380 nm (λ-repressor (380 nm); green). The
picosecond-resolved fluorescence transients of tryptophan
residues within λ-repressor in the presence of (d) OR1 DNA,
detected at 350 nm (λ-repressor–OR1 (350 nm); pink) and (e)
OR2 DNA, detected at 350 nm (λ-repressor–OR2 (350 nm); dark
yellow).
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(Petrich, Longworth, & Fleming, 1987) (emitting at the
red end of the tryptophan emission spectrum, e.g.
380 nm) tryptophan residues in λ-repressor–OR1 DNA
complex. It has to be noted that tryptophan can be con-
sidered as buried (in non-polar environments) if the fluo-
rescence maximum is near or less than 330 nm and water
exposed (in polar environments) if fluorescence peak is
longer than 330 nm (Petrich et al., 1987). The fluores-
cence transients of tryptophan residues within λ-repressor
in the presence and absence of OR2 DNA detected at
various wavelengths are also depicted in Figure 4(a).
Although the fluorescence transient of tryptophan at
350 nm, upon addition of OR2 DNA, remains unaltered
(Figure 3), the decay profile of tryptophan at 330 nm
becomes faster, revealing an ultrafast time constant of
#20 ps. We assign the ultrafast non-radiative decay of
the tryptophan residues to be due to PET. In our excita-
tion wavelength (299 nm), the possibility of formation of
guanyl radicals in the DNA due to the removal of a
single electron from guanine cannot be ruled out

(Milligan et al., 2003). Therefore, tryptophan (reduction
potential of its single electron oxidation product at pH 7
is +1.03V) that has a lower oxidation potential than
guanine (reduction potential of guanosine, +1.29V) can
act as electron donor or hole acceptor retrieving the
native state of guanine from its radical cation (Milligan
et al., 2003) (Figure 1). Therefore, the excited-state
reaction scheme can be given as below:

DNA!
hm
DNA Gþ þ e (1)

DNA Gþ þ Trp& ! DNAþ Trpþ (2)

We have also estimated the ET rate kET for different
systems in the following way (Robel, Kuno, & Kamat,
2007):

kET ¼
1

sTrp OR1DNA or sTrp OR2DNA
 

1

sTrp
(3)

Figure 4. (a) The picosecond-resolved fluorescence transients of tryptophan in λ-repressor in the absence of DNA detected at
350 nm (λ; λEm-350 nm; dark yellow), in the presence of OR1 DNA detected at 330 nm (λ-OR1 DNA; λEm-330 nm; red) and 380 nm
(λ-OR1 DNA; λEm-380 nm; green) and in the presence of OR2 DNA detected at 330 nm (λ-OR2 DNA; λEm-330 nm; pink) and 380 nm
(λ-OR2 DNA; λEm-380 nm; blue). Excitation wavelength is 299 nm. The black dotted line represents the Instrument Response
Function. (b) Fluorescence transients of dansyl in λ-repressor–OR1 DNA complex, excited at 375 nm (λ-DC-OR1 DNA; λEx-375 nm;
red) and at 299 nm (λ-DC-OR1 DNA; λEx-299 nm; green). Fluorescence transients of dansyl in λ-repressor–OR2 DNA complex,
excited at 375 nm (λ-DC–OR2 DNA; λEx-375 nm; pink) and at 299 nm (λ-DC–OR2 DNA; λEx-299 nm; blue). Emission wavelength is
515 nm (λEm-515 nm). (c) Fluorescence transients of tryptophan only (Trp; green) and tryptophan in the presence of adenine (Trp-A;
blue), in the presence of guanine (Trp-G; red), and in the presence of N-acetyl tyr (Trp-Tyr; pink). Emission and excitation
wavelengths are 340 nm and 299 nm, respectively. (d) Fluorescence transients of dansyl (DC; green) and dansyl in the presence of
adenine (DC-A; pink) and in the presence of guanine (DC-G; red) are shown. Emission and excitation wavelengths are 515 and
299 nm. The baselines are shifted for clarity.
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where sTrp,sTrp OR1DNA andsTrp OR2DNA are the average
lifetime of tryptophan in λ-repressor, in λ-repressor–OR1
DNA complex, and in λ-repressor–OR2 DNA complex,
respectively.

The ET rate (kET) from tryptophan to OR1 DNA at
330 and 380 nm is found to be 1.81 × 109 and
2.4 × 109 s 1, respectively. The ET rate (kET) from trypto-
phan to OR2 DNA at 330 nm is found to be
1.3 × 109 s 1. It has to be noted that the tryptophan
residues are about 30Å away from the DNA surface
(estimating the distance, using X-ray crystal structure of
λ-repressor–operator DNA complex in VIEWER LITE
software (Power Macintosh, Molecular Simulations
Inc.)). In that case, the tryptophan residues may contrib-
ute to the process of long-range ET through space
involving solvent, peptide bridge, or ion pairing to the
operator DNA located at the N-terminal domain of the
protein (Isied et al., 1992). The long-range ET rates
reportedly vary from ultrafast (1010 s 1) to very slow
time scale (103 s 1) depending on the distance as well as
the system under study (Isied et al., 1992). The long-
range ET rates observed in our experiment are found to
be well within the rates reported in existing literature.

The structural dissimilarity between the OR1 and OR2
DNA-bound λ-repressors is distinctly evident from our
observation. For repressor–OR1 DNA complex, both the
tryptophan residues (water exposed and buried) are par-
ticipating equally in the ET reaction. In contrast, for the
repressor–OR2 DNA complex, the buried tryptophan resi-
dues are responsible for the ET reaction, where as the rate
of ET from the solvent-exposed tryptophan is
significantly less 9.8 × 107 s 1. The observation can be
correlated with the dynamical flexibility of the protein
upon binding with OR1 DNA compared to that with OR2
DNA (Mondol et al., 2012). It has to be noted that the
flexibility in the C-terminal domain of the protein upon
DNA binding is reflected in the ET reactions in the pro-
tein–DNA complexes as most of the tryptophan residues
reside in the C-terminal domain. We have also used a
dansyl probe, which is located near the C-terminal region
of the protein to monitor the effect of conformational
dynamics on the ET rate from dansyl to DNA. It is also
known that upon complexation with operator DNA, the
N-terminal domain of the protein becomes frozen, while
the C-terminal domain shows flexibility (Saha et al.,
1992) of different degree. In this regard, ET dynamics
from the dansyl to operator DNA has been studied. In
principle, dansyl can also act as electron donor or hole
acceptor retrieving the native state of guanine from its
radical cation (Figure 1) as the oxidation potential of N-
ethyl dansylamide (0.94V), a derivative of dansyl, is
lower than that of guanine (Guy et al., 2007). The ET
dynamics of dansyl in the protein upon complexation
with OR1 and OR2 DNA is evident from the faster
fluorescence transients depicted in Figure 4(b). ET rate is

found to be similar for both dansyl-modified repressor–
OR1/OR2 DNA complex (1.2 × 108 and 1.0 × 108 s 1 for
repressor–OR1/OR2 DNA complex, respectively). This
may be due to the fact that the different conformations of
the dansyl chromophore as a consequence of dynamical
flexibility of the protein bound to operator DNA have
similar ET efficiency to the DNA.

At this juncture, it has to be mentioned here that
tyrosine in the protein may also act as potential electron
donor (Butler, Land, Prütz, & Swallow, 1982; Prütz
et al., 1982) and conformational or dynamical change in
the protein upon DNA binding may also facilitate ET
from the tyrosine to tryptophan, leading to the fluores-
cence quenching of the latter residue. The reduction
potential of tryptophan (for single electron oxidation
product at pH 7; +1.03V) is greater than the reduction
potential of tyrosine (for the single electron oxidation
product at pH 7; +0.93V, Milligan et al., 2003). In this
regard, some control experiments have been performed
with free DNA bases (guanine and adenine), amino acids
(tryptophan and N-acetyl tyrosinamide), and dansyl
amide in thin films. The molecular structures of adenine,
guanine, tryptophan, and N-acetyl tyrosinamide are rep-
resented in the lower panel of Figure 1. In the Figure 4
(c), the fluorescence transients of tryptophan in thin film
in the absence and in the presence of adenine and guan-
ine are shown. It is evident from the figure that the tem-
poral decay of tryptophan in the presence of adenine and
guanine upon excitation at 299 nm becomes significantly
faster, apparently is an indicative of PET from trypto-
phan to both adenine and guanine (supplementary
Table SII). The ET rates (kET) from tryptophan to guan-
ine and adenine in our experimental condition are found
to be 3.0 × 109 and 3.5 × 109 s 1, respectively. The
observed ET rates are similar to that observed in the pro-
tein–DNA complex as discussed above. Figure 4(c) also
shows that the fluorescence decay of tryptophan is rela-
tively less affected in the presence of N-acetyl tyrosina-
mide (Tyr), revealing ET rate constant of 3 × 108 s 1,
which is far off from the ET rates observed in the pro-
tein–DNA complex in our present study. Figure 4(d)
reveals the fluorescence transients of dansyl in the
absence and in the presence of adenine and guanine
upon excitation at 299 nm. The fluorescence decay of
dansyl detected at 515 nm is also significantly quenched
upon addition of adenine and guanine. The quenching in
the time-resolved emission of dansyl signifies the occur-
rence of PET from dansyl to adenine and guanine. The
ET rate (kET) from dansyl to guanine and adenine (radi-
cal or cation) upon 299 nm excitation is estimated to be
2.6 × 109 and 1.5 × 109 s 1, respectively. The ET rates are
faster than that in the protein–DNA complex as dis-
cussed above. In contrast, the dansyl chromophore in the
presence of guanine and adenine with excitation of
375 nm shows insignificant fluorescence quenching. We

368 T. Mondol et al.

D
o

w
n

lo
ad

ed
 b

y
 [

In
d

ia
n

 I
n

st
it

u
te

 o
f 

T
ec

h
n

o
lo

g
y

 -
 K

h
ar

ag
p

u
r]

 a
t 

0
4

:4
7

 0
7

 A
u

g
u

st
 2

0
1

2
 



have also investigated the ET reaction between dansyl
and Tyr. However, insignificant change in the lifetime of
dansyl in the presence of Tyr rules out the possibility of
ET from dansyl to Tyr or vice versa.

Conclusion

In summary, we have explored the effect of protein
conformational dynamics on the rate of ET. We have
demonstrated that the flexibility of the C-terminal
domain of λ-repressor protein upon binding to OR1
DNA is reflected by similar kind of ET dynamics for
most of the tryptophan residues. For repressor–OR2
complex, the flexibility in the C-terminal domain after
binding with DNA is hindered as evidenced by differ-
ential ET dynamics of the tryptophan residues resulting
from a particular orientation of the C-terminal domain
conformation due to the loss of dynamical flexibility.
Additionally, similar ET dynamics from the dansyl to
OR1 and OR2 DNA has been observed indicating insig-
nificant influence of the dynamics of the repressor C-
terminal domain on the conformation of single dansyl.
One of the fascinating finding is the long-range ET
process from tryptophan to guanine in the protein–DNA
complex which is conferred by time-resolved fluores-
cence spectroscopy. In this context, our extremely sig-
nificant finding is that in spite of residing #30Å away
from the DNA, the tryptophan residues can serve as
electron donor. We demonstrate that in a protein–DNA
complex, the conformation of the protein upon com-
plexation with the DNA is extremely crucial for the
flow of electron from protein to DNA moiety.

Supplementary material

The supplementary material for this paper is available
online at http://dx.doi.10.1080/07391102.2012.680035.
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