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Ultrafast differential flexibility of Cro-protein
binding domains of two operator DNAs with
different sequences
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The nature of the interface of specific protein–DNA complexes has attracted immense interest in contemporary

molecular biology. Although extensive studies on the role of flexibility of DNA in the specific interaction

in the genetic regulatory activity of lambda Cro (Cro-protein) have been performed, the exploration of

quantitative features remains deficient. In this study, we have mutated (site directed mutagenesis: SDM)

Cro-protein at the 37th position with a cysteine residue (G37C) retaining the functional integrity of the

protein and labelled the cysteine residue, which is close to the interface, with a fluorescent probe

(AEDANS), for the investigation of its interface with operator DNAs (OR3 and OR2). We have employed

picosecond resolved polarization gated fluorescence spectroscopy and the well known strategy of

solvation dynamics for the exploration of physical motions of the fluorescent probes and associated

environments, respectively. Even though this particular probe on the protein (AEDANS) shows marginal

changes in its structural flexibility upon interaction with the DNAs, a non-covalent DNA bound probe

(DAPI), which binds to the minor groove, shows a major differential alteration in the dynamical flexibility

in the OR3–Cro complex when compared to that of the OR2 complex with the Cro-protein. We attempt

to correlate the observed significant structural fluctuation of the Cro-protein binding domain of OR3 for

the specificity of the protein to the operator DNA.

Introduction

Protein–DNA interaction has been explored extensively without
fully understanding the forces that impart specificity.1,2 The role
of allostery in the specific protein–DNA interaction driven control
of gene expression is well documented in the literature.3–7

Dynamically driven allostery appears to be more crucial.8–10

In a series of studies from our group, we have established that
l-repressor and Gal-repressor show altered ultrafast dynamical
motions in the C-terminal domain upon operator DNA-binding
in the distant N-terminal domain.11–14 The dynamics of hydra-
tion of operator DNAs are also found to play a key role in the
specific protein–DNA interaction.15–19

In an earlier study,20 it was concluded that the flexibility of a
target DNA may also be important for the specific DNA binding
affinity. Mobility of the lac-repressor binding domain of a target
DNA has been indirectly demonstrated by the observation of a

mixture of BI and BII configurations about a phosphate group of
the DNA moiety.21 Although the mobility in terms of a mixture
of BI and BII

22 was found to be intact upon wild type protein
(lac-repressor) binding, a significant change in DNA mobility
was observed in the target DNA upon complexation with the
mutant lac-repressor (Y7I) protein. For the Cro-protein, the
increased DNA flexibility of the binding domain with CAC-bases
of an operator OR3 has been reported.20 In the case of complexation
of mutant Cro-protein (V55C) the DNA flexibility of the operator
DNA has been found to be significantly reduced.23

In the above historical context it is known that DNA flexibility
plays a key role in the specific interaction with protein. However,
till date the direct measurement of the flexibility of the specific
protein binding region of a DNA in order to quantify the time
scales associated with the flexibility has been sparsely reported
in the literature and is the motive of our present work. In the
present study, we have introduced a cysteine residue into the
N-terminal half of the Cro-protein dimer24 through site directed
mutagenesis (G37C) and labeled the cysteine residue with the
probe (5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic
acid) (IAEDANS). Polarization gated fluorescence of the probe
reveals complexation of the protein upon specific interaction
with different operator DNAs (OR3 and OR2). The strategy of
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investigating the dynamical time scales in the DNA minor grooves
upon interaction with a specific protein using time-resolved studied
is well documented.15,25 Polarization gated picosecond resolved
fluorescence studies of DAPI (40,6-diamidino-2-phenylindole) in the
minor grooves of the operator DNAs have been employed to observe
the significant change in the physical motions of the probe in
the operator DNAs upon interaction with the Cro-protein
dimer. Picosecond resolved Stokes shifts (TRES) of the well-
known solvation probe DAPI in the DNA have been followed for
the investigation of the environmental dynamics in the proximity of
the probe.25 The interactions of the Cro-protein with different
operator DNA sequences are found to alter the significant domain
fluctuation (hundreds of picosecond to nanosecond time scales) in
OR3 compared to that of the OR2, which has crucial importance in
the gene regulatory network.

Materials and methods

Acrylamide, ampicillin, Coomassie brilliant blue, PMSF, reduced
glutathione, and poly(ethyleneimine) were purchased from Sigma
Chemical Co. (St. Louis, MO). Bacto-agar and yeast extract were
purchased from Difco Laboratories (Detroit, MI). b-Mercaptoethanol
and glycerol were purchased from Aldrich Chemical Co. (Milwaukee,
WI). Thrombin, glutathione-Sepharose, benzamidine-Sepharose,
and the pre-packed FPLC mono-S column were from GE Healthcare
(Buckinghamshire, UK). Isopropyl b-D-thiogalactopyranoside (IPTG)
was from Sisco Research Laboratories Pvt. Ltd (Mumbai, India).
IAEDANS (5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-
sulfonic acid) and DAPI (40,6-diamidino-2-phenylindole) were
purchased from Molecular Probes (ThermoFisher Scientific).
All other reagents were of analytical grade quality. OR3 (50-TATC
ACCGCAAGGGATA-30) and its complementary oligonucleotide, and
OR2 (50-TACAACACGCACGGTGTTAT-30) and its complementary
oligonucleotide were purchased from Trilink Technologies
(San Diego, CA, USA). The oligonucleotides were mixed at a
1 : 1 molar ratio and were annealed in 0.1 M phosphate buffer of
pH 8 by incubating in boiling water and then cooling slowly to
room temperature.

Site directed mutagenesis (SDM)

The point mutant of Cro-protein, CroG37C, was made by site-
directed mutagenesis (QuikChange II XL site-directed mutagenesis
kit; Stratagene) as per the manufacturer’s instructions. The mutant
was confirmed by sequencing. Expression and purification of
the mutant protein was carried out as described for wild-type
protein below.

Protein purification and labeling with IAEDANS

Full length Cro (Enterobacteria phage lambda) cDNA was cloned
in-frame into the EcoR1 and Sal1 site located downstream of the
GST gene in the pGEX-4T-1 vector. Then the vector was trans-
formed into BL21 cells and the cells were grown in Luria broth
containing 100 mg ml�1 ampicillin at 37 1C until A600 reached
0.5–0.6. After that cells were induced by 1 mM IPTG for 5 h at
32 1C. Cells were harvested by centrifugation. The cell pellet was

suspended in lysis buffer (50 mM Tris–HCl, 500 mM NaCl, 5 mM
EDTA, 10% glycerol, pH 8.6 and 1 mM PMSF). After sonication
on ice, the lysate was cleared by centrifugation (14 000 rpm,
45 min, 4 1C). The supernatant was loaded onto a GST-Sepharose
(GE Healthcare) column that was pre-equilibrated with lysis
buffer. The column was washed subsequently with lysis buffer
and wash buffer (50 mM Tris–HCl, 200 mM NaCl, 10% glycerol,
pH 8.6). The GST-tagged fusion protein was eluted with elution
buffer (30 mM reduced glutathione, 50 mM Tris–HCl, 100 mM
NaCl, 10% glycerol, pH 8.6). Then the protein was dialysed with
50 mM Tris–HCl, 100 mM NaCl, 10% glycerol, pH 8.6 and
digested with thrombin at 16 1C for 1.5 h and loaded onto a
benzamidine-Sepharose (GE Healthcare) column which was pre-
equilibrated with 50 mM Tris–HCl, 100 mM NaCl, 10% glycerol,
pH 8.6 for removal of thrombin. The digested protein was
then further purified by FPLC on a mono-S column to get pure
Cro-protein. Finally the protein was dialysed with 50 mM
Tris–HCl, 100 mM NaCl, and 5% glycerol buffer of pH 7.2 and
confirmed by gel electrophoresis.

IAEDANS, containing a haloalkyl moiety along with a
naphthalene ring, is a selective thiol-reactive fluorescent probe.
During the reaction with the sulfhydryl group (S–H), the iodine
group of IAEDANS is substituted and IAEDANS is converted
into AEDANS. At near-neutral (physiological) pH proteins can
be coupled with thiol groups selectively in the presence of amine
groups. The site of reaction is at the introduced cysteine residues
(Cys37) at the N-terminal half of the protein. Appropriate amounts
of protein and IAEDANS were mixed in 50 mM Tris–HCl, 100 mM
NaCl, and 5% glycerol buffer of pH 7.2 and left overnight in the
dark and extensively dialysed with the same buffer before use.

DNA labeling with DAPI

The DAPI-operator DNA (OR3/OR2) solution was prepared by
adding the requisite volume of probe solution (aqueous) to
the corresponding DNA solution with continuous stirring for
4–5 hours in the dark.

Experimental details

All the experiments were performed at room temperature
(B20 1C). All absorbance and fluorescence measurements were
performed using a Shimadzu UV-2450 spectrophotometer and a
Jobin Yvon Fluoromax-3 fluorimeter respectively. The excitation
and emission band passes were 3 nm and 3 nm, respectively.
The excitation wavelength was 350 nm and 375 nm for AEDANS
and DAPI respectively.

Using the absorption technique and following the reported
literature13 we have calculated the labeling efficiency of the
probe AEDANS towards the protein CroG37C. Using absorbance
at 280 nm and 363 nm for protein and AEDANS, respectively, the
labeling efficiency of AEDANS is found to be 86%, i.e. 0.86 mol
AEDANS per mole of CroG37C monomer protein.

Picosecond-resolved fluorescence transients were measured
by using a time correlated single photon counting system coupled
with MCP-PMT from Life Spec-ps, Edinburgh Instruments, UK with
a 70 ps instrument response function (IRF). It should be noted that
we can resolve at least one quarter of the instrument response time
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constants with our time resolved instrument after the de-convolution
of the IRF. The excitation at 375 nm was obtained using a pulse laser
diode from PicoQuant, Germany. The details of the time resolved
fluorescence setup have been depicted in our previous reports.26

The average lifetime (amplitude-weighted) of a multi-exponential

decay is expressed as tav ¼
PN

i¼1
citi. Time-resolved emission spectra

(TRES) were used to determine time dependent fluorescence
Stokes shifts following the methodologies reported earlier.27 In
brief, the normalized spectral shift correlation function or the

solvent correlation function, C(t), defined as, CðtÞ ¼ nðtÞ � nð1Þ
nð0Þ � nð1Þ,

where n(0), n(t), and n(N) are the emission maxima (in cm�1) at
time 0, t, and N respectively.26 Time-resolved area normalised
emission spectra (TRANES) were constructed following an earlier
work.28 For anisotropy measurements we collected the fluores-
cence transients keeping the emission polariser parallel and
perpendicular to the excitation polariser and the anisotropy r(t)
of the different systems was calculated according to the equation

rðtÞ ¼ Ipara � G� Iperp

Ipara þ 2� G� Iperp
, where Ipara and Iperp are the fluores-

cence emission intensities measured by keeping the polariser
parallel and perpendicular to the excitation polariser respectively.
G is the grating factor.29

Results and discussion

In order to investigate how the sequence-specific DNA binding
modulates protein conformation and dynamics at or near the
site of protein–DNA interaction in the N-terminal half of the
Cro-protein, a cysteine was introduced through site-directed
mutagenesis into the N-terminal half (G37C) of the protein
which is in close proximity of the protein–DNA interface
(Scheme 1). It has to be noted that the Glycine37 (G37) residue is
not taking part in the Cro protein–operator DNA interaction.30–32

The reaction of CroG37C with a sulfhydryl reactive fluorescent probe
will label Cys37 exclusively due to the absence of cysteine residues in
the wild-type Cro-protein. Labeling of the cysteine residue with
IAEDANS (5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-
sulfonic acid) to observe structural and dynamical properties
of the protein surface is well documented in the contemporary
literature.13,33 The steady-state emission spectra of the AEDANS
group in different systems are shown in Fig. 1a. A significant
blue-shift in the emission spectrum (at 475 nm) of the probe
in CroG37C with respect to that in an aqueous buffer solution
(at 500 nm) indicates the shielded location of the probe in the
CroG37C protein dimer (excitation at 350 nm). Further blue-shift in
the emission spectra of AEDANS-CroG37C upon complexation with
its two DNA binding sites, OR3 and OR2 (450 nm), compared to that
of the probe in the free CroG37C confirms further shifting of the
probe towards a less polar environment of the dimer protein
molecule. The observation of no significant difference between the
emission spectra of the probe in the OR3–CroG37C and OR2–
CroG37C complexes is consistent with the fact that the immediate
environment of the AEDANS remains similar in both the complexes.

In order to obtain a molecular picture of rotational flexibility
of the free and operator-bound protein, we have investigated
the polarization gated fluorescence anisotropy of AEDANS in
CroG37C in the absence and presence of OR3 and OR2 operator
DNA as shown in Fig. 1b and c. Numerical fitting of fluores-
cence anisotropy of CroG37C protein with a multi-exponential
decay function reveals time constants of 160 ps (95%) and 7 ns
(5%). The estimated rotational time constant(s) for the tumbling
motion of Cro-protein is estimated to be 7 ns using the Stokes–
Einstein–Debye (SED) equation.12,34 During the fitting we have
fixed the longer time constant to be 7 ns. The different time
constants indicate the different motions (local/global) of AEDANS
attached to the Cys37 residue at the N-terminal half of the CroG37C
protein. Upon complexation with OR3 operator DNA the time
constants become 500 ps (96%) and 7 ns (4%) as shown in
Table 1. However, in the case of OR2 complexation the time
components are 390 ps (96%) and 7 ns (4%). This observation
clearly indicates that the mobility of the AEDANS (bound to the
cysteine residue) in the N-terminal half of CroG37C protein
upon complexation with operator DNAs becomes restricted,
may be due to the shifting of the probe into a more hydro-
phobic pocket of the protein, consistent with the observed
anisotropy in the steady-state (data not shown). However, the
flexibility of the AEDANS probe in the OR2 operator DNA
complex is comparatively higher than that in the OR3 operator
DNA complex. This may indicate substantial conformational
differences between the two complexes. Overall, the results of
the anisotropy decay experiments indicate that the residual
motion at the N-terminal half of CroG37C in the complex is
DNA sequence-specific.

For further investigation of the dynamics at the protein
binding domain of the DNAs, we have labeled both the operator
DNAs (OR3 and OR2) with DAPI (40,6-diamidino-2-phenylindole),
a well known minor groove binder.25,35,36 Fig. 2a and b describe
the emission spectra of DAPI bound to operator DNA in the
presence and absence of wild-type Cro-protein (WT), along
with the emission spectra of DAPI in an aqueous buffer solution.

Scheme 1 Schematic representation of the Cro-protein dimer with two
operator DNAs, OR3 and OR2. The domain fluctuation (interconversion of
BI to BII and vice versa) of OR3 upon complexation with the dimer is also
highlighted (see text).
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In the presence of OR3 (Fig. 2a) and OR2 DNA (Fig. 2b), the
emission maximum of DAPI (465 nm in buffer) is significantly
blue shifted (OR3 operator DNA: 448 nm, OR2 operator DNA:
447 nm). In the presence of Cro-protein, the emission spectrum
is further blue shifted in the case of the OR3–Cro complex
(442 nm), whereas it remains almost unaltered for the OR2–Cro
complex (445 nm). While the steady state anisotropy of DAPI bound
to OR3 remains almost constant, in the case of the OR3–Cro
complex the anisotropy decreases with the increase in detection
wavelength as shown in Fig. 2c. The observation can be rationalized
in the following two ways. Firstly, the probe DAPI could remain in

two different environments namely DNA and bulk solution,
revealing less anisotropy in the red edge of the emission
spectrum. Another reason could be from a single emissive
species of DAPI in DNA with different degrees of solvation37

which could come from the dynamical flexibility of the probe
containing the region of the DNA upon complexation of the
Cro-protein. We have ruled out the former possibility by time-
resolved area normalized emission spectroscopy (TRANES) as
evident in the following section. However, in the case of the OR2
operator DNA complex, the steady-state anisotropy of DAPI
remains constant upon binding with Cro (Fig. 2d).

To investigate the conformational and structural change
within the operator DNA itself in detail that occurs upon
interaction with Cro-protein, time-resolved anisotropy studies
of the probe DAPI were performed. Bi-exponential fitting of
fluorescence anisotropy of DAPI in OR3 operator DNA yielded
time components of 80 ps (13%) and 5.83 ns (87%). Upon
complexation of the DNA with Cro-protein, the faster time
components became 40 ps (35%), as evident from Fig. 3a.
However, in the case of OR2 operator DNA the time constants
were calculated to be 70 ps (15%) and 5.12 ns (85%) and they
became 60 ps (24%) and 4.62 ns (76%) upon conjugation with
Cro-protein (Fig. 3b) as shown in Table 2. To validate our
results we have also fitted the parallel and perpendicular
fluorescence decays individually by Spencer and Weber equa-
tions and obtained similar rotational time scales for the
corresponding systems38 consistent with those revealed from
the fluorescence anisotropy decays. The observed rotational
time constants of the anisotropy decay of the both operator
DNAs are consistent with our earlier studies.25 Our results
indicate that the flexibility of the probe in the minor groove
of the OR3 operator DNA in the OR3–Cro complex is higher
compared to that of the OR2–Cro complex, consistent with the
steady-state anisotropy study. The decrease in the rotational
time scales of the probe in the protein–operator DNA complex
compared to that in the corresponding operator DNA clearly
reflects higher dynamical flexibility of the operator DNA upon
complexation with the repressor protein leading to the exposure of
the probe DAPI to the aqueous environment.39 In fact a significant
bending of the protein binding region of OR3 compared to OR2
with the Cro-protein has been observed previously.31,39,40 The
increased flexibility of the binding region, where the probe DAPI
is supposed to reside (middle portion of the operator DNA), in
terms of mixture of BI and BII forms of the DNA has also been
evidenced in the OR3 operator.23

After obtaining the rotation time scales of DAPI, attached to
the operator DNAs and the corresponding repressor complex, we
have investigated the dynamical timescales of the Cro-protein
binding domain of operator DNAs at the protein–DNA interface.
Picosecond-resolved fluorescence transients of DAPI bound to
operator DNAs in the absence and presence of Cro-protein have
been measured at a number of wavelengths across the emission
spectrum of DAPI in the complex. Fig. 4a and b show the decay
transient of DAPI doped OR3 operator DNA in the absence and
presence of Cro-protein at two characteristic wavelengths (extreme
blue and red end of the fluorescence spectrum), respectively.

Fig. 1 (a) Steady-state emission spectra of fluorescent probe AEDANS in
CroG37C, OR3–CroG37C, OR2–CroG37C, and buffer (excitation at 350 nm).
Picosecond resolved fluorescence anisotropy decays of AEDANS in CroG37C,
OR3–CroG37C (b) and OR2–CroG37C (c) are shown (excitation at 375 nm).

Table 1 Rotational time scales of AEDANS attached to the Cys37 residue
in different systems

System t1 (%) ns t2 (%) ns

CroG37C 0.16 � 0.03 (95%) 7.0 (5%)
OR3–CroG37C 0.50 � 0.04 (96%) 7.0 (4%)
OR2–CroG37C 0.39 � 0.02 (96%) 7.0 (4%)
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An ultrafast decay component in the blue end is eventually converted
into a rise component of a similar time constant in the red end for
both the cases. The nature of the wavelength-dependent tran-
sients across the emission spectrum of the probe DAPI in the
DNA and protein–DNA complex signifies solvation stabilization
of the probe in the DNA environments.26,41 Fig. 4c and d show
the constructed time-resolved emission spectra (TRES) of DAPI

with a spectral shift of 693 and 546 cm�1 for OR3 operator DNA
in the absence and presence of Cro-protein, respectively, in a
10 ns time window, which indicates that DAPI is stabilized
due to solvation by its immediate environment in the excited
state. Fig. 5a and b displays the transients of DAPI bound to
OR2 operator DNA in the absence and presence of Cro-protein
respectively. The corresponding TRES are plotted in Fig. 5c
and d with a spectral shift of 708 and 722 cm�1 in the 10 ns
window for OR2 operator DNA and the OR2 operator DNA complex,
respectively.

The solvation correlation function [C(t)] for both the DNA
and its protein–DNA complex is plotted up to 10 ns as shown in
Fig. 6a and b, revealing temporal excited-state energy relaxation
of the fluorophore in the DNA environments. Two-component
exponential decay fitting of C(t) for OR3 operator DNA yields
time components of 0.18 (71%) and 2.0 ns (29%) and for the
OR3–Cro complex the time constants obtained are 30 ps (82%)
and 1.55 ns (18%). However, in the case of OR2 operator DNA
and the OR3–Cro complex the fitting reveals almost a similar
kind of decay with time constants of 220 ps (66%) and 1.43 ns
(34%), consistent with earlier reported results.25 It has to be
noted that due to limited time resolution, we are missing the

Fig. 2 Steady-state emission spectra of fluorescent probe DAPI in OR3 and OR3–Cro (wild type) (a) and OR2 and OR2–Cro (wild type) (b) are shown.
Steady-state anisotropies of the probe DAPI in the corresponding systems are shown in (c) and (d) (excitation at 375 nm). The solid lines in (c) and (d) are
guide to eyes.

Fig. 3 Picosecond resolved fluorescence anisotropy decays of DAPI in
OR3 and OR3–Cro (wild type) (a) and OR2 and OR2–Cro (wild type) (b) are
shown.

Table 2 Rotational time scales of DAPI attached to OR3/OR2 operator
DNA in different systems

System t1 (%) ns t2 (%) ns

OR3 0.08 � 0.01 (13%) 5.83 � 0.2 (87%)
OR3–Cro (WT) 0.04 � 0.01 (35%) 6.19 � 0.3 (65%)
OR2 0.07 � 0.02 (15%) 5.12 � 0.1 (85%)
OR2–Cro (WT) 0.06 � 0.02 (24%) 4.62 � 0.2 (63%)
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B1 ps component of DNA minor groove water dynamics,42,43

which is exclusively from bulk-type water in close proximity of
the DNA surface. However, the observed sub-hundred to few
hundred ps timescales are responsible for bound type water
dynamics, associated with the DNA minor groove structure.44

The longer nanosecond component is responsible for the
relaxation of DNA structural fluctuation.44 The observation

suggests minimal perturbation in the minor groove of OR2
operator DNA upon complexation with Cro-protein. However,
in the case of OR3 a significant faster component arises upon
interaction with Cro-protein. The observation indicates that
strong binding with Cro-protein allows the DNA to be more
flexible compared to that with the OR2, consistent with earlier
studies.20,30

Fig. 4 Picosecond-resolved transient of DAPI at the blue and red end of the emission spectrum in (a) OR3 and (b) OR3–Cro (wild type) complex. Time-
resolved emission spectra (TRES) of the corresponding systems are shown in (c) and (d).

Fig. 5 Picosecond-resolved transient of DAPI at the blue and red end of the emission spectrum in (a) OR2 and (b) OR2–Cro (wild type) complex. Time-
resolved emission spectra (TRES) of the corresponding systems are shown in (c) and (d).
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It has to be noted that the faster component of both time
resolved anisotropy and solvation of the probe DAPI in OR3
upon complexation with Cro-protein could be rationalized in
terms of DAPI population in DNA and bulk water contributing
heterogeneous time scales. In order to rule out the possibility
we have performed TRANES analysis of the TRESs of the DAPI
in the operator DNAs before and after complexation with the
Cro-protein. As reported earlier TRANES analysis which offers
an iso-emissive point in the area normalized TRES could be an
excellent tool to conclude the presence of two emissive species
in the excited state of a molecule.28,45 Careful analysis of the
TRANES of the probe DAPI in the operator DNAs before and
after the complexation with the Cro-protein does not show any
iso-emissive point ruling out the possibility of two emitting
species in the case of DAPI in OR3 with the Cro-protein. Thus
the faster time scales in the physical motion (anisotropy) and
environmental dynamics (solvation) of the probe DAPI clearly
reveal enhanced dynamical flexibility of the protein binding
region of the operator DNA OR3 compared to that of the
operator OR2. The overall picture that comes from our present
experimental studies is shown in Scheme 1.

Conclusion

Till date, what determines the affinities of DNA-binding proteins
for their target sequences is only understood in a broad sense.
The least understood aspect is the entropic contributions which
may fine-tune the affinity for different target sites. The entropic
contributions may be in the form of conformational entropy of
bound protein or DNA, the entropy of solvent molecules asso-
ciated with proteins and DNA or the entropy of ion-release
associated with the DNA or the protein. Even small changes in

any of these components may alter the binding affinities enough
to alter biological outcomes. Thus, it is important to understand
the motional characteristics of proteins, DNAs and their respective
hydration layers in different protein–DNA complexes. Cro-protein
binds to OR3 with approximately 3 kcal mole�1 more binding
energy than that of the OR2.46 Cro-protein association with OR3 is
entropy driven, suggesting a significant role of the entropic
component. Significant reduction of DNA relaxation time upon
Cro binding to OR3, as reported here, suggests an increase in
DNA-domain entropy upon complex formation. Interestingly,
such a reduction is not apparent in the case of OR2, indicating
that there may be a differential entropic stabilization of the OR3
complex with respect to the OR2 complex. At least a part of the
differential affinity between OR3 and OR2 may be accounted for
by such DNA-domain dynamics.

In brief, we suggest that recognition of different DNA sequences
by a transcription factor not only involves different interaction
patterns of protein atoms with that of the DNA atoms, but the
motional freedom of the macromolecules also undergoes significant
changes. We propose that a full understanding of protein–DNA
recognition must involve elucidation of the entropic character of the
participating macromolecules and protein binding domains of the
operator DNAs.
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