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ABSTRACT: Bacteriophageλ integrase (λ-Int), a phage-encoded DNA recombinase, cleaves its substrate
DNA to facilitate the formation and later resolution of a Holliday junction intermediate during
recombination. The core-binding and catalytic domains ofλ-Int constitute a bipartite enzyme that mediates
site-specific DNA cleavage through their interactions with opposite sides of the recognition sequence.
Despite minimal direct contact between the domains, the core-binding domain has been shown to facilitate
site-specific DNA cleavage when provided in trans, indicating that it plays a role beyond enhancing binding
affinity. Biophysical characterization of the core-binding domain and its interactions with DNA reveal
that the domain is poorly structured in its free form and folds upon binding to DNA. Folding of the
protein is accompanied by induced-fit structural changes in the DNA ligand. These data support a model
by which the core-binding domain plays a catalytic role by reshaping the substrate DNA for effective
cleavage by the catalytic domain.

Bacteriophageλ integrase (λ-Int), the prototypical tyrosine-
dependent DNA recombinase, enables the lysogenic and lytic
lifestyles of bacteriophageλ by catalyzing site-specific
incorporation and excision of the viral genome into and out
of its bacterial host genome (1, 2). These recombination
reactions are mediated at specific DNA sequences termed
“core sites”, each consisting of an inverted pair of semicon-
servedλ-Int-binding regions (core half-sites). During re-
combination, two full core sites are brought together through
a tetrameric assembly of fourλ-Int protomers, each of which
binds to one core “half-site”. This tetrameric assembly then
coordinates two series of DNA cleavage, strand exchange,
and religation reactions to form and later resolve a Holliday
junction intermediate.

Specific core-site DNA recognition and cleavage are
mediated by two of three domains ofλ-Int: the core-binding
(IntCB) and catalytic (IntCat) domains (3, 4). (The small
N-terminal domain is important for binding to DNA “arm”
sites far from the site of cleavage and plays a role in
controlling directionality of recombination (5-8).) When
bound to DNA, the IntCB and IntCat domains, connected by
an extended linker, adopt a bipartite DNA-binding structure
that nearly encircles the DNA (Figure 1) (5, 9). Although
both domains play a role in DNA site recognition (4, 9),
IntCat is necessary and sufficient for specific core-site DNA
recognition and cleavage (3) and contains the critical catalytic
residues, including a conserved tyrosine (Y342) that cleaves
the DNA through nucleophilic attack to form a stable
phosphotyrosine linkage. Solution and crystallographic struc-
tural studies indicate that IntCat undergoes significant induced-
fit conformational changes upon binding to its cognate DNA
(9-11).
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While an isolated construct of IntCat can specifically cleave
a core half-site DNA substrate, cleavage activity is more
pronounced with a protein construct containing both IntCB

and IntCat, here termed IntCB+Cat (3, 4). The higher activity
of IntCB+Cat compared to IntCat might reasonably be attributed
to the bipartite DNA-binding architecture of IntCB+Cat (Figure
1) that enables cooperative DNA binding via the “chelate
effect” (12, 13); the only base-specific contact between IntCB

and the DNA appears to be between the side chain of N99
and two conserved adenines in the core half-sites (9). If the
enhancement of IntCat by IntCB were adequately described
by the chelate effect, one would expect that the cooperative
effects would be lost if the two domains were separated.
However, DNA cleavage assays with isolated IntCat and IntCB

constructs show that IntCB is able to increase the cleavage
activity of IntCat even when they are not expressed together
as a single protein constructsthat is, when provided in trans
(14). This finding suggests that the role of IntCB is not limited
to anchoring IntCat near the site of cleavage, but also promotes
DNA cleavage through some other mechanism. The observed
boost in DNA cleavage in the presence of IntCB does not
appear to be due to direct IntCB-IntCat interactions since
crystallographic studies with the IntCB+Cat construct do not
reveal significant interdomain contacts (9), nor do NMR
studies reveal any large perturbations in the conformation
of IntCat due to the presence of IntCB (14). Importantly, the
stimulation of DNA cleavage by IntCB can be selectively
abolished through changes in the substrate DNA sequence
without affecting the basal DNA cleavage activity by IntCat,
suggesting a role for the substrate DNA in the IntCB-promoted
DNA cleavage activity (14).

To better understand the stimulatory effect of IntCB, we
studied the solution conformation of isolated IntCB and its
DNA-binding properties using NMR, CD, and fluorescence
spectroscopies and isothermal titration calorimetry (ITC). We
found that IntCB is poorly structured on its own, but folds
upon binding to DNA. Concomitant structural changes were

observed in the interacting DNA ligand, indicating that IntCB

recognizes DNA through a mutual induced-fit conformational
change. Indeed, in the crystal structure of the complex
between IntCB+Cat and DNA (9), the structure of the DNA at
the IntCB-binding site is altered from the canonical B-form:
the DNA undergoes widening of the major groove at the
site of helix insertion and corresponding narrowing of the
minor groove. We propose that mutual induced-fit interaction
provides the basis for the trans-stimulatory effect of IntCB

on DNA cleavage activity by promoting a DNA structure
closely resembling the transition state of the cleavage
reaction.

RESULTS

DNA-Induced Folding of IntCB. The 15N-edited HSQC
spectrum of free IntCB (Figure 2A) exhibits few well-resolved
peaks, while also being marked by broad or less dispersed,
intense peaks. The scarcity of peaks in the spectrum is
indicative of severe resonance broadening due to exchange
between multiple conformational states, suggesting that IntCB

is not a well-folded protein domain. Protein multimerization
was not found to be responsible for the observed spectral
features since equilibrium sedimentation studies using ana-
lytical ultracentrifugation were indicative of monomeric IntCB

in solution (15). These features of free IntCB are not due to
its isolation from IntCat, since solution (14) and crystal-
lographic (5, 9) studies reveal negligible contacts between
the domains.

In contrast to the free protein, the HSQC spectrum of IntCB

recorded in the presence of a cognate DNA half-site exhibits
a nearly complete set of well-resolved NMR signals (Figure
2B). The appearance of well-resolved and well-dispersed
signals indicates that in the presence of DNA the backbone
amide protons populate unique environments as would be
expected in a well-folded protein, suggesting that IntCB

becomes better folded upon binding to DNA. Binding-
coupled folding was not limited to interactions with the
cognate DNA (a core half-site), as similar improvement in
the spectrum was observed upon addition of a noncognate
DNA ligand (15). These observations indicate that binding
to DNA results in IntCB folding.

The effect of DNA binding on the structure of IntCB was
investigated further using circular dichroism (CD) spectros-
copy (Figure 3). The CD spectrum of free IntCB exhibited
signal minima at 208 and 220 nm, as expected for a helical
protein (12), indicating the presence of significant secondary
structure. The amplitude of the CD signal at 222 nm
increased∼15% in the presence of equimolar amounts of
DNA (i.e., compare the “Sum” and “Complex” spectra),
indicating that DNA binding increases the secondary struc-
ture content of IntCB (Figure 3A). Because DNA does absorb
in this region, and changes in protein interhelical packing
can further affect the signal in this region of the CD
spectrum, we are hesitant to quantitate the change in protein
secondary structure; however, we conclude that most of the
protein secondary structure is already present in the free
protein, but is stabilized by DNA binding.

The thermodynamic stability of the secondary structural
elements in IntCB was further probed by monitoring their
thermal denaturation using the CD signal at 222 nm (Figure
3B). The melting curve of free IntCB was very broad and

FIGURE 1: Crystal structure of IntCB+Cat in a covalent complex with
a DNA substrate (PDB accession code 1P7D). IntCB and IntCat

domains, and the linker between them, are indicated; DNA is shown
as sticks. The two domains bind to opposite faces of the DNA with
no significant direct contacts between them. The sole tryptophan
in IntCB, W79, is shown as spheres.
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incomplete over the sampled temperature range, indicative
of noncooperative unfolding. In contrast, the IntCB-DNA
complex exhibits a classical sigmoidal feature during thermal
denaturation (Figure 3B), indicative of a well-folded structure
that unfolds cooperatively (12, 16).

DNA RecognitionVia Mutual Induced Fit. Induced-fit
interactions can involve conformational changes in both
interacting partners. To investigate whether the DNA ligand
undergoes similar structural alterations upon binding and
folding of IntCB, CD spectroscopy was also used to monitor
the changes in the cognate DNA structure upon binding the
protein. The near-UV region of the CD spectrum of DNA
(∼240-300 nm) is sensitive to the helical geometry (17,
18) and thus serves as a convenient means of monitoring
changes in the DNA structure. Titration of DNA with IntCB

resulted in an incremental increase in intensity in the near-
UV region of the spectrum, indicating structural changes in
the DNA upon binding to IntCB (Figure 3C). The spectral
changes monitored using the intensity at 275 nm as a function
of protein concentration saturate near equimolar amounts of

IntCB, indicating little additional structural changes in the
DNA beyond 1:1 stoichiometry.

One-dimensional NMR spectra provided further evidence
for protein-induced structural changes in the DNA structure.
The imino protons of each DNA base pair report on the
geometry and environment along the helical axis of the DNA,
and their resonances are well resolved from regions of the
spectra containing most protein signals (19). The imino
proton spectrum of the free cognate DNA (15 base pairs)
consisted of 12 resolved peaks, whose positions were
sensitive to the presence of IntCB (Figure 4), indicating mutual
induced-fit structural changes in the DNA.

Equilibrium Binding Studies of the IntCB-DNA Interaction.
To quantitate the thermodynamics of the IntCB-DNA
interaction, a binding curve was constructed by plotting the
changes inλmax for the fluorescence emission of W79 with
respect to the total DNA concentration (Figure 5). The
wavelength for the fluorescence emission maximum (λmax)
of the unique tryptophan residue in IntCB (W79) (see Figure
1) is shifted toward shorter wavelength (from 330 to 320

FIGURE 2: NMR spectra reveal DNA-induced folding of IntCB. (A) 15N-edited HSQC spectrum of the free IntCB. Poor signal and limited
dispersion in the spectrum are indicative of a poorly folded protein. (B)15N-edited HSQC spectrum of IntCB in a 1:1 complex with the
cognate DNA. An increase in the number of signals and their improved dispersion are consistent with binding-coupled folding of IntCB.

FIGURE 3: CD spectra reveal induced-fit structural changes in both protein and DNA. (A) Far-UV CD spectra of free IntCB, DNA-bound
IntCB, and the free DNA. The sum of the CD signals of the free species is also shown. Free IntCB has anR-helical signature that increases
further with the addition of the DNA. Data were smoothed using a ninth-order linear spline function (http://plot.micw.eu). (B) Thermal
denaturation of free and DNA-bound IntCB monitored by molar ellipticity at 220 nm shows thermal unfolding of free IntCB to be highly
noncooperative, while unfolding of the IntCB-DNA complex is highly cooperative. Solid lines represent the best fit to the integrated van’t
Hoff equation (see the Materials and Methods). (C) Normalized ellipticity of the DNA at a wavelength of 275 nm (which is sensitive to the
helical structure), in the absence and presence of increasing concentrations of IntCB. The line represents the best fit of the data to a binding
quadratic (see the Materials and Methods).
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nm) in the presence of DNA (Figure 5A), indicative of burial
in the interior of the protein and sequestration from solvent
(12). Unexpectedly, this fluorescence titration, which moni-
tors structural changes in the protein, reached saturation well
before equimolar concentrations were reached, and the data
could not be fit to a binding model that assumes 1:1
stoichiometry (Figure 5B). The data could be fit, however,
to a model allowing for multiple IntCB-binding sites on the
DNA, yielding an apparent dissociation constantKD of 34
( 10 nM and 2( 0.03 binding sites (n) for the 15 bp cognate
DNA. Titration experiments with a noncognate DNA of
similar size yielded a similar value forn, but weaker binding
(KD ) 80( 20 nM); since the signal being monitored reports
on protein folding, these data indicate IntCB folding does not
require a cognate DNA sequence. Experiments with a longer
29 bp noncognate DNA revealed similar weak binding (KD

) 89 ( 13 nM), but n increased to∼6.5, reflecting the
capacity of IntCB for nonspecific DNA binding (Figure 5B).

To further characterize the thermodynamics of IntCB-DNA
interactions, we used ITC to monitor IntCB binding to the 15
bp cognate DNA ligand. A binding isotherm was obtained
by titrating DNA into a thermostatic cell containing protein
(Figure 6A). This isotherm exhibited one clear binding event,
but with an apparent stoichiometry of 0.5, and exhibited
baseline disturbances as the titration progressed beyond 0.5
molar equiv of ligand, ruling out detailed thermodynamic
analysis on those traces. On the other hand, when the titration
was reversed (i.e., titrating protein into DNA), the binding
isotherm clearly resolved into two phases, revealing two
thermodynamically separable binding events, one approxi-
mately 30 times stronger than the other (KD,1 ) 1 ( 0.3
µM, KD,2 ) 34 ( 2 µM) (Figure 6B). The integrated values
of heat exchanged for each injection were fit to a model with
two independent binding sites (Origin 7.0). The stronger
interaction was dominated by favorable entropy (-T∆S),
while the weaker interaction was dominated by favorable
enthalpy (∆H) (see Figure 6B); favorable binding entropy
is generally associated with release of solvent and concomi-
tant burial of hydrophobic surface area that accompanies
formation of specific complexes, while binding enthalpy is
dominated by electrostatic interactions that can be nonspecific
(20, 21). Thus, these experiments demonstrate that IntCB is
capable of binding the 15 bp half-site DNA with a 2:1

stoichiometry when the DNA concentration is limiting, but
with a 1:1 stoichiometry when the DNA is in excess.
Importantly, the data establish thermodynamic parameters
for the two classes of binding sites, which we classify as
arising from “specific” (tighter) and “nonspecific” (weaker)
protein-DNA interactions.

NMR Studies of 2:1 and 1:1 IntCB-DNA Complexes. The
trans-activating effect of IntCB on IntCat could arise, in
principle, from favorable protein-protein interactions that
lead to assembly of tetrameric complexes, or through
alterations of the DNA structure (14). Although the DNA
substrate used in these experiments is too small to allow
assembly of the type of higher order protein-DNA com-
plexes observed in tetrameric recombigenic complexes (5),
we nevertheless sought to investigate whether the 2:1 IntCB-
DNA complexes that form when DNA is limiting reflect
favorable protein-protein interactions or nonspecific protein-
DNA binding. To this end, backbone resonance assignments
were obtained for IntCB in a 1:1 complex with DNA (excess
DNA), and a series of 2D1H-15N correlation spectra of IntCB

were recorded through a DNA titration spanning IntCB-DNA
ratios from 2:1 through<1:1 (Figure 7A). Perturbations in
the chemical shifts of backbone amide resonances of IntCB

were then mapped to the IntCB-DNA structure to ascertain
whether the interaction interfaces could be identified (22,
23). Backbone resonance assignments could be obtained for
85% of the protein in a 1:1 complex with DNA using
standard triple-resonance NMR methods (24).

A single set of resonances was observed for IntCB when
present at 2:1 and 1:1 protein-DNA stoichiometries. At the
protein concentrations used for these experiments, the 1:1
complex is nearly quantitatively formed at equimolar DNA
concentrations, while the 2:1 complex is∼70% formed with
0.5 molar equiv of DNA. Observation of one set of protein
signals indicates that in the 2:1 complex the protein species
are in fast exchange on the NMR time scale; for there to be
a single set of resonances for a complex in slow exchange,
the complex would have to be effectivelyC2 symmetric,
which is not allowed by the nonpalindromic DNA sequence.
In interpreting the titration data, we reasoned that if the 2:1
protein-DNA complex were to result from protein-protein
interactions in fast exchange between protein-bound and
DNA-bound states, we would expect that, as the DNA
concentration is increased and each protein binds a single
DNA oligomer, significant chemical shift perturbations
should map to the transiently formed protein-protein
interface. On the other hand, if the 2:1 complex were to
reflect specific and nonspecific binding to DNA, as DNA is
titrated in shift perturbations would be expected to map to
the protein-DNA interface, reflecting a shift from half of
the protein being nonspecifically bound to all of the protein
being bound to a cognate site.

Residues whose environments shifted during the titration
from 0.5 to 1 equiv of DNA were detected through changes
in peak positions in15N-edited HSQC spectra (Figure 7A).
Backbone amide shift perturbations were quite modest,
indicating that the average environment of the backbone is
quite similar for the two species of binding sites. Resonance
assignments enabled the identification of residues that
experience measurable chemical shift perturbations during
DNA titration (Figure 7B). Importantly, the largest shift
perturbations map to residues in the DNA-binding face of

FIGURE 4: The effect of IntCB on DNA imino proton NMR spectra
reveals protein-induced structural changes. Imino proton spectra
were recorded for the cognate DNA alone (bottom) and when IntCB

was present at 1:1 (middle) and 2:1 (top) molar equiv.
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IntCB, while residues that would be involved in protein-
protein interactions in higher order recombigenic assemblies
(5) were largely unperturbed. We conclude that the 2:1
IntCB-DNA complexes reflect nonspecific protein-DNA
interactions, not higher order specific protein-protein in-
teractions.

DISCUSSION

Bipartite substrate binding is a common feature among
enzymes that recognize and hydrolyze DNA. In the family
of site-specific tyrosine recombinases, a domain containing
the catalytically important residues is connected to an
auxiliary domain via a flexible linker (2, 25). Together, these
linked domains wrap around the DNA substrate and cooper-
ate in site recognition and cleavage. Although tyrosine

recombinases exhibit a high degree of sequence specificity,
crystallographic studies of their protein-DNA complexes
(5, 26-28) indicate their specificity is not well explained
by direct contacts between amino acid side chains and DNA
bases.

Core-site DNA cleavage studies using IntCat have shown
the domain is capable of sequence-specific cleavage of
cognate DNA sequences (3, 4, 14). However, cleavage
experiments in which IntCB is provided in trans show that
IntCB plays a role in controlling site recognition and cleavage
by selectively promoting cleavage at cognate sites, without
significantly affecting affinity for those sites (14). How is
this specific enhancement achieved? Crystal structures of
Int-DNA complexes (5, 9) show that IntCB makes a single
base-specific contact to DNA, between the side chain of N99

FIGURE 5: DNA binding monitored by tryptophan fluorescence. (A) Fluorescence emission spectra of W79 in free IntCB (filled symbols)
and in the presence of increasing concentrations of the cognate DNA ligand (empty symbols). The solid lines represent the best fit to the
“Extreme” function (Origin 7.0). Addition of DNA results in a shift inλmax toward shorter wavelengths. (B)λmax for tryptophan fluorescence
emission versus molar ratio (DNA:protein) for cognate and noncognate DNA ligands: filled squares, 15 bp cognate DNA; open circles, 15
bp noncognate DNA; filled triangles, 29 bp noncognate DNA. Error bars were obtained from triplicate measurements. Dissociation constants
and stoichiometries from the data fitting were 34( 10 nM and 2( 0.03 for the 15 bp cognate DNA, 80( 20 nM and 2.2( 0.05 for the
15 bp noncognate DNA, and 89( 13 nM and 6.6( 0.12 for the 29 bp noncognate DNA, respectively.

FIGURE 6: Isothermal titration calorimetry of DNA binding to IntCB. (A) Top, heat exchanged during each injection of cognate DNA into
a solution of IntCB; bottom, the corresponding integrated heat of binding for each injection. This “reverse” titration of DNA into protein
reaches the baseline with approximately 0.5 molar equiv of DNA, after which subsequent titrations result in very noisy data with little net
heat exchanged. (B) Top, heat exchanged during each injection of IntCB into a solution containing cognate DNA; bottom, corresponding
thermogram with empty squares representing heat of binding and filled squares representing heat of dilution. The solid lines represent the
fit to a two-site binding model (Origin 7.0); the resulting thermodynamic values weren1 ) 1.26( 0.04,KD,1 ) 1 ( 0.3 µM, ∆H1 ) -1.9
( 0.1 kcal mol-1, and-T∆S1 ) -6.3 ( 0.2 kcal mol-1, andn2 ) 1.1 ( 0.2,KD,2 ) 34 ( 2 µM, ∆H2 ) -5.7 ( 1 kcal mol-1, and-T∆S
) -0.4 ( 1 kcal mol-1, whereni is the stoichiometry for each of the binding sites.
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and conserved adenines in the core half-site sequences. The
present studies indicate relatively little sequence discrimina-
tion by the isolated domain, as binding-coupled folding was
observed in the presence of cognate or noncognate DNA,
with only modest differences in affinity (Figure 5). The
observation that IntCB-DNA site discrimination is small in
comparison to its effect on catalysis (14) allows the proposal
that induced shape recognition is an important determinant
for its function.

It is clear that induced-fit conformational changes play
important roles in directing and regulating the function of
λ-Int (1, 5, 7, 9-11, 29-31). Previous studies illuminated
induced-fit structural changes in theλ-Int catalytic domain
and in DNA substrates upon forming protein-DNA com-
plexes (5, 9, 10). Now, NMR, CD, and fluorescence spectra
each indicate that the accessory domain IntCB is not well
folded on its own, but becomes structured upon binding to
DNA. These IntCB-induced changes in the CD and NMR
spectra of the DNA are also consistent with deformation in
the DNA structure at the IntCB-binding site, as observed in
the crystal structure of IntCB+Cat bound to a half-site DNA
substrate (9). In this crystal structure, IntCB and IntCat are
found to recognize the cognate DNA through many phos-
phate backbone contacts and few base contacts, suggesting
that the shape of the DNA could play a role in DNA
recognition. Thus, binding-induced structural changes in the
protein are mirrored by induced-fit structural changes in the
DNA substrate, as evidenced by NMR and CD spectra, and
deviations from standard B-form helicity observed in the
crystal structures ofλ-Int-DNA complexes.

Binding-coupled protein folding has been shown to be
particularly important in sequence recognition by DNA-
binding proteins (20, 21). Importantly, there is growing
evidence that enzymes use induced fit as a mechanism for
discriminating between cognate and noncognate DNA sites
(32). It is evident from the ITC measurements (Figure 6)
that the thermodynamics of specific binding of IntCB to a

cognate DNA differs from its nonspecific DNA-binding
behavior. One possible implication of this difference is that
the structure induced by binding to noncognate sequences
is insufficiently similar to the “precleavage” structure to lead
to DNA cleavage. Essentially, we suggest that IntCB ensures
selectivity not merely by promoting high-affinity binding of
IntCat to a cognate site, but also by testing the fitness of the
candidate substrate at the catalytic step for its ability to adopt
a structure closely resembling the transition state.

Given the potential of site-specific DNA recombinases for
applications in genetic engineering and gene therapy (33),
it is essential that we understand the mechanisms that control
site recognition and cleavage. The finding of mutual induced-
fit binding between IntCB and its DNA target has important
implications for the design of modified recombinases. IntCB-
DNA interactions involve a mutual induced fit where
conformational changes of protein and DNA accompany
binding. IntCB-induced structural changes in the DNA could
act as stimulants for IntCat, leading to core-site DNA cleavage.

MATERIALS AND METHODS

The IntCB construct used for these studies consisted of
residues 75-176 of full-length λ-Int (NCBI accession
P03700). The expression construct was generated by PCR-
based deletion of residues 62-74 from an expression
construct described previously (14) and is derived from the
pRT3 vector of Tirumalai et al. (4). QuikChange site-directed
mutagenesis (Strategene, Inc.) was performed in two con-
secutive steps, first using as primers a DNA duplex deleting
residues 62-69 and encoding anAatII restriction site
(italicized) for screening positive clones, 5′-d(GGA GAT
ATA CAT ATG ACG TCT AAT TCC GTT ACG TTA CAT
TCA TGG), and then a second set of oligos that delete
residues 70-74 and remove theAatII site, 5′-d(GGA GAT
ATA CAT ATG ACG TTA CAT TCA TGG CTT GAT
CGC). Protein expression and purification were carried out
as described previously (14). The pGRO-ArgUW helper

FIGURE 7: Perturbations in the1N-15H resonance shifts of IntCB during DNA titration from 2:1 to 1:1 molar equiv (protein:DNA) map to
the protein-DNA interface. (A)15N-edited HSQC spectra were recorded with 0.5 (black), 0.67 (magenta), 0.8 (red), 1.0 (green) and 1.2
molar equiv of DNA (blue) with respect to IntCB. The peaks that are significantly perturbed due to DNA addition are labeled. (B) Weighted
averaged shift perturbations (36) mapped to a backbone cartoon of IntCB (coordinates from 1Z19 (PDB accession code) (5)), with a linear
color ramp from gray (∆δ e 0.02 ppm) to red (∆δ g 0.06 ppm). Unassigned residues are black, and DNA is blue.
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plasmid (37) was cotransformed with theλ-Int domain-
expressing plasmids to overcome the codon bias problem in
Escherichia coli. To prepare13C,15N-labeled IntCB samples,
transformedE. coli BL21(DE3) cells were grown in rich
media prior to induction, and exchanged into M9 minimal
medium with13C-labeled glucose as the sole carbon source
and 15N-labeled ammonium chloride as the sole nitrogen
source. The concentration of the protein was determined
using its predicted extinction coefficient at 280 nm (9411
M-1 cm-1).

Three duplex DNA ligands were used for these experi-
ments: a 15 bp cognate ligand corresponding to the C′ half-
site: (5′-dGCT CAA GTT AGT ACG-3′) (1), a 15 bp
noncognate ligand based on the C′ site, with the conserved
thymines altered to G (5′-dGCT CAA GGG AGT ACG-
3′), and a 29 bp noncognate ligand (4) (5′-dTGA ACA GGT
CAC TAT CAG TCA AAA TAA AA-3 ′). Underlined
residues are invariant core sequences, and those in bold
represent the differences between the ligands. Oligonucle-
otide duplexes were formed by heating a mixture of
complementary single strands (IDT DNA, Inc.) to 95°C and
then cooling on ice for 15 min in 25 mM sodium phosphate
(pH 7.2) and 0.02% sodium azide (buffer A) or in 25 mM
Tris (pH 8.5) and 10 mM NaCl (buffer B). The duplexes
were purified to remove the excess single strands using a
HiTrap Q-column with a 0-2 M salt gradient. The purified
samples were desalted by gel filtration (PD-10 columns, GE
Healthcare) and concentrated by lyophilization. The lyoph-
ilized powder was resuspended and reannealed in either
buffer A or buffer B. The concentrations of the DNA ligands
were determined on the basis of their absorbance at 260 nm.

NMR data were recorded at 25°C in buffer A containing
10% D2O. NMR experiments were performed either on a
Bruker DRX 600 spectrometer fitted with a cryoprobe or
on a DMX 600 instrument with a room-temperature probe,
each equipped with pulsed field gradient capabilities. Data
were recorded at 25°C and referenced to internal TSP. One-
dimensional WATERGATE proton spectra were recorded
on the free DNA (175µM) and IntCB-DNA complexes with
molar ratios of 1:1 and 2:1 (350µM IntCB). DNA titration
was monitored by recording15N-edited correlation spectra
with a 13C,15N-labeled IntCB sample using the 15 bp cognate
DNA ligand at the following protein:DNA ratios: 2:1, 1.4:
1, 1.3:1, 1:1, and 0.6:1. Precipitation was observed when
the DNA was present at less than 0.5 molar equiv, but the
solution clarified as the DNA concentration exceeded that
concentration; no further spectral changes were observed
beyond 1 molar equiv of DNA. Backbone resonance assign-
ments were obtained from analysis of HNCO, HNCA,
CBCA(CO)NH, and HNCACB spectra (24) recorded on the
protein-DNA complex in a solution with excess DNA to
ensure the observed protein signal derives from the 1:1
complex. The data were processed using NMRPipe (34) and
analyzed using CARA (35) (http://www.nmr.ch/) to obtain
resonance assignments through backbone sequential con-
nectivity. Assignments were deposited at the BMRB (http://
www.bmrb.wisc.edu/) under ID 15213.

Circular dichroism spectra were recorded with an Aviv
62A DS CD spectrophotometer at 25°C in buffer A. Data
were collected in a 1 mmquartz cuvette from 300 to 200
nm with a 1 nmstep and 5 s averaging at each step. Protein
and DNA concentrations were 25µM; at these concentra-

tions, given aKD of 1 µM, the 1:1 complex is 80% formed.
To compare the magnitude of the CD spectral differences
between the free components and their complex, the Sum
spectrum was obtained by adding the (concentration-adjusted)
spectra of the free components; the Sum spectrum was
compared with the Complex spectrum obtained from the
sample containing 25µM protein and DNA. If there is no
change in structure upon binding, the Sum and Complex
spectra will be identical; the magnitude of the difference is
informative about the amount of structural change. In thermal
denaturation experiments, signals from the free protein and
the protein-DNA complex were monitored at 220 nm from
5 to 90°C with an equilibration time of 2 min every 1°C;
denaturation data for the IntCB-DNA complex were sub-
jected to van’t Hoff analysis by fitting to (16)

whereA is the amplitude of the signal change andm is a
temperature-dependent linear offset, revealing an enthalpy
of unfolding ∆H ) -70 kcal mol-1 and a melting temper-
atureTm ) 62 °C. CD spectra of the cognate DNA (25µM)
were collected with the same instrumental settings with 5
µM incremental additions of protein up to 50µM (2:1). The
Extreme function available in Origin 7.0 software was used
to fit the DNA spectra from 255 to 300 nm, and the intensity
at 275 nm was obtained from the fit.

Tryptophan fluorescence spectra were recorded on a
FluoroMax-3 spectropolarimeter at 25°C with 2 µM protein
in buffer B. The samples were excited at 295 nm, and the
emission spectra were recorded by scanning from 315 to 450
nm. Each spectrum was fit to the Extreme function (Origin
7.0) to obtain aλmax for fluorescence emission, and the
experiments were carried out in triplicate to obtain statisti-
cally reliable values forλmax. The effect of DNA concentra-
tion on the fluorescenceλmax was fit to a standard binding
quadratic (16) to determine the dissociation constantKD and
number of IntCB-binding sites on the DNA,n:

whereFobsdis the observedλmax, A andB are theλmax values
for the free and the fully bound protein, respectively, andP
andX are the total protein and DNA concentrations.

ITC experiments were performed in buffer A. The protein
and the DNA samples were dialyzed for 4 days in the same
buffer container using 3500 and 100 Da cutoff dialysis
membranes (Pierce, Inc.), respectively, to ensure minimal
buffer mismatch between the samples. ITC experiments were
carried out at 25°C on a MicroCal VP-ITC instrument fitted
with a 250µL injection syringe. All the protein and DNA
samples were thoroughly vacuum degassed. In the “forward
titration”, the protein concentration in the syringe was either
1 or 1.1 mM, and the DNA concentration in the cell was 40
µM. In the “reverse titration”, the protein concentration in
the cell was 50µM, and the DNA concentration in the
syringe was 250µM. Each experiment consisted of an initial
3-5 µL injection followed by 28-29 10µL injections. To
estimate the heat of dilution during forward titrations,

θ220 ) A - A

1 + e-∆H/R(1/T-1/Tm)
+ baseline+ mT

Fobsd) B + (A - B)

[(P + nX + KD) - [(P + nX + KD)2 - 4nXP]1/2

2P ]
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separate experiments were performed by making 10 injec-
tions of the protein sample into the cell containing buffer
alone. These control experiments revealed no events other
than the dilution of the protein sample. After correction for
the heat of dilution of the protein, the binding curve was fit
to a model with two independent binding sites, in which the
heat content after each injection is given by the sum of
contributions from each site (Origin 7.0):

whereMt is the total concentration of macromolecule in the
cell (DNA, in this case),V0 is the cell volume,ni, ΘI, and
∆Hi are the stoichiometry, fractional saturation, and molar
heat of binding to sitei. Fractional saturationΘ is related to
the dissociation constant,KD, and total ligand concentration,
Lt, as

Fitting of the isotherm to a “sequential” model (Origin 7.0)
yielded similar results. Each reverse titration experiment was
repeated in triplicate, and the thermodynamic parameters
reported are the average and the standard deviation of the
best fit values.
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