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Structure and Flexibility
Adaptation in Nonspeciﬁc and
Speciﬁc Protein-DNA Complexes
Charalampos G. Kalodimos,1* Nikolaos Biris,1*
Alexandre M. J. J. Bonvin,1 Marc M. Levandoski,2
Marc Guennuegues,1 Rolf Boelens,1 Robert Kaptein1†
Interaction of regulatory DNA binding proteins with their target sites is usually
preceded by binding to nonspeciﬁc DNA. This speeds up the search for the target
site by several orders of magnitude. We report the solution structure and dynamics
of the complex of a dimeric lac repressor DNA binding domain with nonspeciﬁc
DNA. The same set of residues can switch roles from a purely electrostatic interaction with the DNA backbone in the nonspeciﬁc complex to a highly speciﬁc
binding mode with the base pairs of the cognate operator sequence. The proteinDNA interface of the nonspeciﬁc complex is ﬂexible on biologically relevant time
scales that may assist in the rapid and efﬁcient ﬁnding of the target site.
Protein-nucleic acid interactions are responsible
for the regulation of key biological functions
such as transcription, translation, replication, and
recombination. Understanding the mechanisms
by which regulatory proteins discern their target
sequences within the DNA genome requires that
we also understand the properties of their complexes with nonspecific DNA (1). Nonspecific
sites participate in the regulation of the physiological function because they complex, in vivo,
most of the DNA binding protein molecules that
are not bound at their regulatory functional sites
(2). Furthermore, protein–nonspecific DNA interactions may also play an important role in the
in vivo translocation of DNA binding proteins
(3, 4). Indeed, it has been demonstrated that
proteins can find their DNA target sites at rates
that are much faster than diffusion-controlled by
initially binding to DNA anywhere along the
chain and then translocating to their specific sites
by a combination of intramolecular processes,
including one-dimensional (1D) diffusion along
the DNA (5–7). Most, if not all, proteins that
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interact with specific sites bind also nonspecifically to DNA with appreciable affinity. Thus,
nonspecific interaction is an important intermediate step in the process of sequence-specific
recognition and binding (8). Description of the
structural and dynamic response of protein binding to both nonspecific and cognate operator
sequences is a prerequisite for elucidating the
physicochemical mechanisms that underlie the
protein-DNA recognition process.
Many studies have revealed that sequencespecific binding is coupled to extensive conformational changes in both protein and DNA components (9, 10). How does protein binding to
nonspecific DNA, which precedes the specific
binding, alter the structural and dynamic features
of the partners? How does the complex switch
from the nonspecific to the specific mode during
the exploration process? These questions remain
unanswered, mainly because of the scarcity of
data on nonspecific binding. To address these
central issues, we have structurally and dynamically characterized the DNA binding domain
(DBD) of the lactose repressor in the free state
and bound to a nonspecific DNA sequence and
to its natural operator. Lac repressor, which is a
prototype of transcription regulation, binds with
a dimeric DNA binding unit to its cognate operator sequences 102 to 103 times faster than the
rate estimated for a 3D diffusion-controlled reaction, with very high specificity (11). We
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previously reported the structure of the
dimeric lac DBD free in solution and bound to
its natural operator O1 (12, 13). Here, we
report the high-resolution structure of the
dimeric lac DBD bound to an 18-base-pair
nonspecific DNA fragment (NOD). The
variation of flexibility and the redistribution
of the native-state ensemble along the recognition pathway were probed by relaxation
and hydrogen-deuterium (H-D) exchange
methodologies. The new findings also provide a molecular basis for explaining the
thermodynamics of specific compared with
nonspecific binding.
A dimeric lac headpiece-62 (HP62) mutant
(12, 14), which binds DNA with an affinity
similar to that of the intact lac repressor, formed
a stable and unique complex with an 18-basepair-long nonspecific fragment (fig. S1) (15).
The structure was determined on the basis of
2412 experimental restraints derived from
multidimensional nuclear magnetic resonance
(NMR) spectroscopy [Supporting Online Material (SOM) Text and table S1]. The ensemble
of the 20 lowest-energy conformers is depicted in Fig. 1A.
Remarkably, the protein tilts by ⬃25°, relative to the DNA (Fig. 2A), compared to the
specific complex, resulting in a dramatic alteration of the protein-DNA contacts (Fig. 2C). The
side chains of Tyr7, Tyr17, Gln18, and Arg22, the
primary residues that confer specificity to lac
repressor through direct interactions with the
base pairs in the major groove of the cognate
operator (Fig. 2C) (13), shift and twist so as to
participate in hydrogen bonds or electrostatic
interactions with the phosphates (Figs. 1B and
2B). Consequently, a cavity is formed in the
protein-DNA interface that can accommodate
water molecules. In some of the structural conformers, these residues interact with the major
groove through water bridges (SOM Text and
fig. S3). A direct intermolecular hydrogen bond
between the side chain of Tyr17 and the O2P
phosphate atom of Thy8 is present in all conformers. We tested the observed interaction of
the Tyr17 hydroxyl group with the phosphate
backbone by examining the DNA binding of a
mutant repressor in which Tyr17 was mutated to
Phe (Y17F) in the context of full-length lac
repressor (SOM Text). For binding to the specific operator, removal of the Tyr17 OH
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group results in ⬃100-fold reduction in affinity (Fig. 2D). Notably, a ⬃10-fold reduction in affinity relative to wild-type repressor was observed for binding of Y17F repressor to nonspecific DNA. These results
are in excellent agreement with our structural data, which highlight the dual role of the
recognition helix residues: They confer
specificity in the cognate complex, whereas
in a different role they increase the stability
of the nonspecific complex.
The rearrangement of the protein-DNA
surface causes all the base pair interactions
that are present in the specific complex to be
lost in the nonspecific complex throughout
the recognition sequence (Fig. 2C). The nonspecific mode is almost totally electrostatic,
as was earlier suggested on the basis of thermodynamic analysis (16). For example, the
side chain of Arg22 is reoriented and in
⬃60% of the conformers it makes electrostatic and/or hydrogen bond contacts with the
phosphate backbone. Interestingly, Arg22 is
also seen to interact with the NH2 groups of
the adenines Ade3 and Ade15 through water
molecules (fig. S3). In contrast, in the specific complex Arg22 interacts uniquely and directly with the bases in the major groove and
lies more than 6 Å apart from the phosphates.
Compared to the specific complex, two additional charged residues, Arg35 and Lys37, approach the DNA phosphates in the nonspecific complex within a Coulombic interaction
distance (⬍6 Å), thus enhancing its electrostatic character (Fig. 2C and SOM Text).
Numerous protein side-chain and backbone
contacts to the sugar phosphates further stabilize the nonspecific complex (Fig. 1B). Interestingly, most of these interactions are preserved in the specific complex (Fig. 2C). The
persistence of these intermolecular contacts
may be energetically important for a smooth
switch from the nonspecific to the specific
binding mode when the cognate sequence is
encountered during the exploration process.
Thus, the protein presents a scaffold for DNA
binding that can be fine-tuned for either nonspecific or specific binding.
Inducer binding relieves lac repression
by reducing its DNA binding affinity to
nonspecific levels. The hinge region (residues 50 to 58) is postulated to hold a
central role in the induction mechanism
(17–19). This region is disordered in the
free state, but it forms an ␣ helix when
bound to operator DNA (Fig. 3). Binding of
lac DBD to nonspecific sequences does not
induce ␣ helix formation in the hinge region (Figs. 1 and 3), further emphasizing
the importance of this region both for specificity and as a structural switch between
nonspecific and specific binding modes. In
its unfolded state, the hinge region makes
no contacts with the DNA minor groove in
the nonspecific complex, and thus DNA

Slower domain motions on the micro- to millisecond time scale (s-ms) are biologically very
important, because they are close to the time
scales on which docking, protein folding, allosteric transitions, and product release take place
and are therefore associated with functional processes (23). Motions on this time scale are identified by the term Rex, which indicates exchange
between conformations that sense different
chemical environments (SOM Text). Many residues in the free state show prominent micro- to
millisecond time-scale motions (Fig. 4, A and
B). Binding to the nonspecific sequence considerably increases the Rex term of most residues
located in the protein-DNA interface (Fig. 4, A
and B) (24). Interestingly, most of the residues
that exhibit enhanced mobility on the s to ms
time scale are involved in DNA binding in both
the nonspecific and the specific complex.
Whereas almost all of the residues with enhanced Rex interact with the DNA backbone,
some of them adopt alternative conformations in
the structural ensemble. For instance, the side
chains of the recognition residues Q18 (25) and
R22 adopt alternative conformations with a total
energy very similar to that calculated from the

remains in the canonical B form instead of
having a central kink as observed in the
specific complex (20) (Figs. 1 and 3). The
observation that neither the protein nor the
DNA change their structures significantly
in the nonspecific complex is in agreement
with previous observations from the
EcoRV and BamHI systems (21, 22).
Because biomolecules are inherently dynamic, analyses of time-averaged structures do not
provide a complete description of the mechanisms involved in biomolecular recognition. We
have therefore characterized the dynamic properties of the protein at all three stages in order to
monitor how the dynamics of the system adjusts
along the protein-DNA recognition coordinate.
NMR relaxation of backbone amides provides a
powerful experimental approach for detecting
conformational dynamics of proteins at atomic
resolution (23). The fast pico- to nanosecond
(ps-ns) motions of structured (␣ helical) regions
are restricted and do not vary along the pathway
(fig. S2). These motions are different only in the
loop between helices II and III (around His29)
and the hinge region (residues 52 to 58), where
they become quenched upon operator binding.
Fig. 1. Structure of the
dimeric lac DBD complexed to a palindromic nonspeciﬁc DNA.
(A) Ensemble of the ﬁnal 20 structural conformers. The C terminus (residues 50 to
62) of each of the
dimers is unstructured. Protein backbone is depicted in red,
whereas the DNA
heavy atoms are depicted in blue. The thin
red lines depict the
unstructured C-terminal region (51 to 62).
The ﬁnal structures
have been deposited
in the PDB (accession
code 1OSL). (B) Structure of the left site of
the complex. A ribbon
diagram of the protein
is shown bound to the
solvent-accessible surface of the DNA. The
major and the minor
grooves of the DNA are
colored dark blue, and
the ribose phosphate
backbone, light blue.
Residues involved in intermolecular hydrogen
bonding and Coulombic
interactions are shown
in yellow and green,
respectively. Backbone
amides are indicated
with spheres. The structure has been rotated by
80° about the DNA axis
relative to (A).
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structure determination protocol, with all of them
satisfying the experimental constraints. Thus, the
remarkable flexibility of the protein-DNA interface may primarily originate from the recogni-

tion-helix residues sampling different base pair
environments in the nonspecific complex. Because motions on the s-ms time scale indicate thermally assisted conformational

Fig. 2. Comparison of speciﬁc with nonspeciﬁc binding mode and interactions. In (A) and (B),
the left sites of the speciﬁc O1 and nonspeciﬁc complexes are overlaid on their DNA backbone
so that the protein position with respect to the DNA can be compared. The proteins in the
speciﬁc and nonspeciﬁc complexes are colored yellow and red, respectively. (A) The protein in
the nonspeciﬁc complex is rotated 25°, relative to the DNA, compared to the protein in the
speciﬁc complex. In (B), the four most important residues for conferring speciﬁcity are shown
and their conformation is compared. (C) Schematic summary of the protein-DNA contacts in
the speciﬁc and nonspeciﬁc complex (25). The bases that are speciﬁcally recognized by lac
repressor are colored yellow. The solid and dashed lines indicate interactions in the major and
minor grooves, respectively. Red, green, and dashed blue lines indicate hydrogen bonding and
hydrophobic and electrostatic contacts, respectively. (D) Salt concentration dependence of
speciﬁc and nonspeciﬁc binding for wild-type (wt) and Y17F repressors.

transitions, the high flexibility of the complex may be of advantage for efficient probing of binding sites. The prominent conformational dynamics exhibited by these
residues in the free state and the nonspecifically bound state are completely quenched
upon binding to the cognate operator, consistent with the selection of a single conformer (Fig. 4, A and B). These results
support experimentally the view of nonspecific versus specific binding in which the
less-selective complexes are expected to
have a wider and more rugged bottom of the
binding energy funnel, with low barriers
between conformers of the complex (26 ). In
contrast, highly specific complexes are relatively rigid, with a steep funnel of conformations leading to the native structure.
It is now well established that the native
state ensemble of a protein consists of an equilibrium ensemble of microstates with different
ligand binding affinities (27). H-D exchange
rates of amide protons were measured by NMR
for the lac DBD at all three stages of the
reaction coordinate in order to monitor how the
native state ensemble is redistributed along the
recognition pathway. In the free state, the protein backbone amides are only marginally protected, suggesting a high population of open
microstates (conformations from which exchange can take place) (Fig. 4C) (28). Binding
to the NOD fragment does not significantly
increase the protection factors, thus no redistribution of the protein ensemble takes place (Fig.
4C). In contrast, binding to the specific operators dramatically reduces the population of
open conformational states of lac DBD (Fig.
4C). In fact, the extent of redistribution is modulated by the nature of the DNA sequence. Lac
repressor binds most tightly to a left half-site
symmetrized sequence (SymL), followed by
the natural operators O1 and O3 (12) (fig. S1).
We show that the extent of population narrowing increases as the DNA binding becomes
tighter (Fig. 4C). Therefore, lac repressor uses
the same binding site to interact with both
specific and nonspecific DNA sequences, with
the equilibrium population of the protein conformational substates redistributed and shifted
depending on the DNA sequence. The data
suggest a hierarchical model where the biolog-

Fig. 3. Structural
N'
pathway of proteinC
DNA recognition. The
C'
N'
hinge region (residues
C'
50 to 62), which is
N
N
5'
N'
5'
5'
colored red, remains
C
unstructured in both
N
the free state and the
nonspeciﬁc complex,
C
3'
3'
C'
3'
whereas it folds up to
an ␣ helix in the spefree lac DBD
nonspecific complex
specific complex
ciﬁc complex with the
natural operator O1.
In the nonspeciﬁc complex, the DNA adopts a canonical B-DNA conformation, whereas in the speciﬁc complex it is bent by ⬃36°.
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ical system becomes more ordered going
from the nonspecific to the specific complex formation.
It has been long recognized that specific
binding is accompanied by a large negative
heat capacity change (⌬Cp), whereas a less
dramatic change is characteristic of nonspecific binding (9). The ⌬Cp for lac repressor
binding to specific operators is ⬇–1100 to
–1300 cal mol⫺1 K⫺1, whereas for nonspecific binding it is only ⬇–200 cal mol⫺1 K⫺1
(29). The variation in ⌬Cp of specific compared with nonspecific binding has been generally accounted for by the difference in the
solvent-accessible surface area removed from
bulk water upon complex formation. However, although formation of the specific complex results in 1400 Å2 excess of buried
surface, its contribution to ⌬Cp is the same as
for the nonspecific complex (SOM Text).
Changes in flexibility and the population of
microstates upon binding contribute significantly to ⌬Cp (30, 31). The protein-DNA
interface in the nonspecific complex is highly
flexible on all probed time scales, whereas in
the specific complex it is rigid (Fig. 4A and
fig. S2). Moreover, considerable narrowing

of the microstates population takes place only
upon specific and not nonspecific binding
(Fig. 4C and SOM Text). Thus, these sources
may contribute to the larger value of ⌬Cp
observed for the specific complex.
The notable charge redistribution, which
results in stronger electrostatic interactions in
the nonspecific complex, may explain the
large and characteristically different salt dependence of specific compared with nonspecific binding (Fig. 2D and SOM Text).

15.
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