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Signal propagation in biological systems occurs through a
series of inter- and intramolecular events, the precise path-
ways of which remain elusive in most cases. With respect to
protein—-DNA interactions in particular, little is known about
the association and dissociation reaction pathways. Here we
show that the exchange of amide protons detected by NMR
can be used to characterize, at residue level, the mechanism,
kinetics and thermodynamics of Lac headpiece (HP) interac-
tion with DNA operators. Specific protein—-DNA contacts
responsible for the direct readout of the sequence are formed
and broken at distinct time scales. Unfolding of the hinge
helices triggers protein—-DNA dissociation by progressive
destabilization of distinct structural units, which is facilitated
by the low stability of the protein in the uncomplexed state.
Upon DNA binding, a dramatic alteration in the dynamics of
the protein is observed, which may be used advantageously by
the biological system to switch between functional states.
Hydrogen-deuterium exchange can provide an unusually
detailed view of the interaction mechanism of a protein—-DNA
complex and the associated energetics of DNA recognition
with residue-level specificity.

Specific interactions between proteins and nucleic acids play
crucial roles in a variety of biological processes. The recognition
process is usually intricate and involves formation of many spe-
cific intermolecular contacts. Effector molecules that control a
regulatory mechanism often modulate binding affinity. Recently,
the presence of a significant fraction of amino acid residues with
low structural stability within the uncomplexed binding site was
proposed to be important to propagating the binding effects to
distal regions!. Low intrinsic stability may be a common feature
of regulatory proteins, challenging traditional concepts of the
control of protein activity?®. Ligand binding may induce
allosteric changes in a protein that are crucial to signal transduc-
tion*. How these conformational changes are transmitted is
important to understand the regulatory, kinetic and recognition
properties of proteins. However, little is known about the associ-
ation and dissociation reaction pathways of protein-DNA inter-
actions.

The Lac repressor, which has long been recognized as the
prototypical system of transcription regulation in prokaryotes, is
a particularly suitable system for association—dissociation stud-
ies because there is much biological and structural information
available for both free and DNA-bound states>'°. Lac repressor
is a tetrameric protein that binds with a dimeric DNA-binding
unit to specific operators. It regulates the expression of genes
required for lactose transport and metabolism through a process
that involves allosteric interactions with inducer molecules.
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Fig. 1 The Lac operator sequences used for the present studies. a, The
wild type operator. The two binding sites are asymmetric and referred to as
the left (base pairs 1-10) (red) and right (base pairs 11-20) (blue). The hinge
helices bind to the minor groove between base pairs 10 and 11. b, The
SymL operator is a palindrome of the left site of the wild type sequence.
¢, The SymR operator is a palindrome of the right site of the wild type
sequence?. The center of symmetry is indicated with a dotted line.

A polypeptide linker that connects the DNA-binding domain
(DBD) (residues 1-49) to the core domain (residues 63-357),
referred to as the hinge region, is central to Lac repressor func-
tion. In the uncomplexed state, the hinge region is disordered
and forms an o-helix only when bound to DNAS®. The interface
between the two protein subunits is formed by antiparallel pack-
ing of the hinge helices, which gain stabilization through mutual
hydrophobic interactions These hinge helices penetrate into the
minor groove of DNA and force the operator to bend toward the
major groove and away from the protein. The hinge region plays
a key role in the induction mechanism of the Lac repressor.
Binding of the inducer to the core domain probably destabilizes
the binding of the hinge helices to the minor groove of the oper-
ator, ultimately resulting in protein—-DNA dissociation and
repression relief>°.

Here, we have taken advantage of the high affinity of a
recently reported dimeric Lac-headpiece (HP) mutant'® for DNA
to investigate with residue-level specificity the energy propaga-
tion upon DNA binding, as well as the intricate formation and
dissociation of a protein—-DNA complex. Towards this aim, we
used NMR spectroscopy to measure the hydrogen—deuterium
exchange rates of each individual backbone amide proton of the
dimeric Lac headpiece in the free state and in complex with three
selected DNA operators (Fig. 1). Our data reveal in detail the
order of events that results in DNA recognition. Unfolding of the
hinge helices triggers protein-DNA dissociation by progressive
destabilization and collapse of protein—protein and protein—
DNA contacts. Furthermore, upon complex formation, a pro-
found redistribution of the protein native-state ensemble occurs,
which may play a crucial role in DNA recognition.

Hydrogen exchange in protein-DNA complexes

Amide proton exchange is now established as a powerful tech-
nique in the study of protein stability, folding and dynamics!-'7.
Here we demonstrate how this methodology can be used to
acquire thermodynamic and kinetic information on
protein—-DNA complexes at the residue level. Backbone amide
hydrogen exchange rates were measured for the dimeric Lac
headpiece in the free state and in complex with its wild type and
left and right symmetrized (SymL and SymR) DNA operators
(Fig. 1) by NMR spectroscopy (see Methods). Each subunit of
the Lac headpiece construct comprises the DNA-binding
domain (residues 1-49) with the hinge region (residues 50-62)
and a Cys residue in place of Val 52 (Lac HP62-V52C)'. In the
free state, 32 protons per monomeric unit are protected, and an
additional 12 are protected in the DNA-bound state due to hinge
helix formation, participation in intermolecular hydrogen
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bonds or burial in the binding interface. The exchange rates were
analyzed according to the following scheme!®

ko kint
Closed (NH) ?P* Open (NH) — Exchanged (ND)
ky D,0

According to the model, exchange can take place only from the
open conformation, with a rate constant k;,, which depends on
sequence, pH and temperature and can be easily calculated.
Open and closed conformations interconvert with rate constants
k,, and kg, respectively. There are two mechanisms by which
exchange can take place: EX2 and EXI1. In the first case, the rate

SymL operator complex

Fig. 2 Protection factors (P) and opening rates of the dimeric Lac HP62-
V52C plotted as a function of residue number. Protection factors of the
backbone amide protons of Lac headpiece in a, the free state (red bars)
and in complex with the SymL (blue bar), b, wild type and ¢, SymR oper-
ators. In (b), orange bars refer to the residues of the left subunit, where-
as the blue ones refer to the right. Protection factors were calculated
from the ratio k.. / kops @and are displayed as a logarithmic scale. Values
for residues 30 (right subunit) and 37 (left subunit) were not measured
due to overlap. d, Opening rates, K, plotted as a function of residue
number, of the backbone amide protons of the dimeric Lac HP62-V52C in
complex with the SymL operator. All residues within a group cluster
around the mean value, with maximum deviation of 15%. The color
code is in accordance with that of Fig. 3c. The lowest measurable protec-
tion factor of free Lac headpiece is ~10. Helix Il and IV refer to the recog-
nition and hinge helices, respectively.

constant for reprotection, kg, is much greater than k;, and the
observed hydrogen exchange reflects the equilibrium constant
between the closed and the open states: kg, = (Ko, / kg) kiy. The
ratio ky/ k,, is referred to as the amide protection factor and can
be used to estimate the free energy for the dominant opening
reaction AG,, = —RT In (kg / kiy). At the other extreme, when
ki, is much greater than the rate constant for reprotection (typi-
cally above pH 8-9), the mechanism becomes EX1; the observed
rate constant becomes independent of ki, and simply equals the
rate constant for the formation of the unprotected state, k.
Thus, exchange rates measured under both conditions can be
used to extract both the thermodynamics and kinetics of the
opening event. Recently, this simple model for NH exchange had
been shown to be a robust framework for obtaining quantitative
information about molecular motions in native proteins®.

DNA-induced redistribution of the native-state
ensemble

Protection factors for Lac HP62-V52C in the free state (Fig. 2a,
red bars) are unexpectedly low (average value <10?) for a folded
protein, which typically has values ranging from 10* to 108. We
were able to measure exchange rates only at low temperature
(290 K) and pH (pD = 4.5). The low stability of the molecule in
the uncomplexed state is further corroborated by thermal
denaturation experiments, which showed significant unfolding
of the o-helices already at 42 °C (data not shown). However,
upon binding to the SymL operator (Fig. 1b), there is a
dramatic increase in protection, with maximum values up to

SymL operator complex wild type operator complex

Fig. 3 Summary of the thermodynamic and kinetic data extracted from hydrogen exchange data. For clarity reasons, only the left site of the complex
is depicted. Helix Il and IV refer to the recognition and hinge helices, respectively. a, All backbone amide protons that are protected in the DNA-
bound state. NHs that exchange only under the EX2 mechanism are blue, whereas those that switch to EX1 at high pH values are red. b, Difference
in the free energy of the opening process, AAG, at each residue site between the free and SymL-bound state. Values of AAG (kcal mol-!) are displayed
with a continuous color scale (6 (blue)-12 kcal mol- (yellow)). ¢, Mapping of the opening rates, ko, of the dimeric Lac HP62-V52C bound to SymL
operator. The color code used to display k, is as follows: ko, = 0.20 h is red; ko, = 0.11 h-%, orange; K, = 0.04 h2, yellow; and Kk, = 0.02 h-%, violet
(Fig. 2d). d, Mapping of the opening rates, k,,, of the dimeric Lac HP62-V52C bound to wild type operator. Only the left site is depicted because the
residues of the right subunit show the same rates with the exception of Asn 50, which is not protected. The color code used to display K, is as fol-
lows: Kop = 1.9 htis red; ko, = 0.75 -2, yellow; and ko, = 0.39 h-, violet. Note that the same color in panels (c,d) do not mean the same rates. The data
are projected on the three-dimensional structure of the Lac HP62 complex with the SymL operator’. All models were drawn in MOLMOL?® using
Protein Data Bank entry 1CJG.
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Fig. 4 Plot of equilibrium (observed) exchange rate, Ky, Versus intrinsic
HP62-V52C complex with a,b SymL and c, wild type operator is illustrated.

ki (57) ki (57)

exchange rate, ki,,. The behavior of selected residues of the dimeric Lac
Exchange under EX2 conditions shows a linear dependence on pH and the

kit rate increase by a factor of ten for each pH unit. The switch to EX1 mechanism occurs at the pH where k= k., in which case the plateau value of
kons @pproaches the opening rate. Therefore, residues with slower reprotection rates are expected to switch to EX1 at lower pH. Curves are fit to the

two-state model for exchange, according to the equation Koy, = Kop X Kine /
is rather insensitive to pH®.

(kg + kine). As reported, the stability of the Lac repressor-operator complex

108 (Fig. 2a, blue bars). Even more impressive is the observation
that protection is not confined to the binding site but is spread
throughout the whole molecule (Figs 2a, 3b), as indicated
through locally resolved free energy changes in protein upon
DNA binding (Fig. 3b). This clearly means that there is a pro-
found reduction in the various conformational states from
which exchange can occur.

The natural lac operator (Fig. 1a) is asymmetric, and the two
binding sites differ significantly in their affinity for Lac repressor
when considered separately?’. However, measured protection
factors for the dimeric Lac headpiece in complex with its cognate
operator are the same for the left and the right protein subunit
(Fig. 1b). The only difference is Asn 50, which hydrogen bonds
to DNA only in the left site. In order to probe the cooperative
effect of hinge helices destabilization on the redistribution of the
native-state ensemble, we used the complex with the SymR oper-
ator (Fig. 1c), in which the hinge helices exist at equilibrium
between oi-helical and random coil conformation'®. The mea-
sured hydrogen exchange rates show no protection in the hinge
region (Fig. 2¢), whereas the conformational states from which
exchange takes place are clearly more populated compared to the
complexes with SymL and wild type operator. The difference in
the reduction in the manifold conformational states upon Lac
binding to DNA may explain the variation of heat capacity
reported earlier for various operators?2.

Dissociation of the protein—-DNA complex

To follow the dissociation of the protein—-DNA complex with
residue-level specificity, we measured hydrogen exchange of the
dimeric Lac HP62-V52C bound to SymL operator as a function
of pH. For local exchange, EX2 kinetics are generally observed as
expected, because the native state fluctuations are rapid and
there is a fast closing step (Fig. 4a). However, most of the
residues switched to the EX1 mechanism at elevated pH values
(Figs 34, 4a,b). The possibility of following the kinetics of struc-
tural fluctuations required to break the hydrogen bond and/or
expose individual amides to solvent is of great importance
because it may reveal concerted phenomena that cannot be fol-
lowed with conventional experiments. Opening rates segregate
in four distinct groups (Fig. 2d). As shown mapped onto a three-
dimensional structure of the complex (Fig. 3¢), the first group to
open is the hinge helix, with an exchange rate of 0.20 h-!, fol-
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lowed by Asn 50 and the C-terminal residues of the third helix
(0.11 h!). Unfolding of this part of the protein is propagated to
the rest of the molecule by progressive destabilization and col-
lapse of protein—protein and protein-DNA contacts, resulting in
the complex being dissociated with a rate of 0.02 h-'. The appar-
ent dissociation constant of the complex, measured by biochem-
ical methods!?, is ~0.05 h-!, indicating that the slowest k,, rate
corresponds to the macroscopic kinetics of dissociation. The
group of backbone amide hydrogens that are slowest to
exchange tend to cluster in mutually packed elements of sec-
ondary structure, suggesting the existence of a partially folded
submolecular domain. The structure of this domain is stabilized
by the specific contacts to DNA from the recognition helix,
which remains intact, and by strong hydrophobic interactions
with residues from the other helices (Fig. 3¢). Based on the vari-
ation of the lifetime of protected states, a model of progressive
unfolding and dissociation of the protein—-DNA complex is pro-
posed (Fig. 5). Although identical k,, rates do not necessarily
imply that cooperative unfolding takes place?, binding of Lac
repressor to DNA is accompanied by cooperative phenomena.
For example, formation of the hinge helix, which has been
shown to require both protein—protein and protein-DNA con-
tacts, is stable only when the hinge helix of the other subunit is
folded®!°. The recognition helix should be the last one to dissoci-
ate from DNA, because the side chains of its residues form most
of the contacts to the operator. Measurement of individual
opening rates can reveal the pathway of the progressive unfold-
ing of subglobal structural units, providing a clear picture of
how the protein dissociates from DNA.

In view of the asymmetry of the two binding sites, we also
investigated the dissociation pathway of Lac repressor from its
wild type operator. Does the least stable site (the right one) open
more frequently? Exchange rate measurement as a function of
pH allowed us to follow the kinetics of the dissociation under
EX1 conditions (Fig. 4c). The opening rates are the same for
both protein subunits. As compared with the SymL complex,
hinge helices open with a ~10-fold higher rate, whereas the com-
plex dissociates ~20x faster (0.39 h') (Fig. 3d). Overall, the
complex responds to hinge helix unfolding twice as fast as the
SymL complex, but the pathway for dissociation remains the
same (Fig. 3d). Although the two sites of the cognate operator
show different affinity for Lac repressor when considered inde-
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Fig. 5 Model of the dissociation pathway of the Lac repressor from the ideal SymL operator. The progressive unfolding of individual structural units
is based on the opening rates measured by hydrogen-deuterium exchange for the individual sites. Along with the helices, three backbone amides
are displayed (as spheres) that form crucial hydrogen bonds. Leu 6 and Asn 50 hydrogen bond to DNA phosphate, whereas the backbone amide of
Val 15 hydrogen bonds to the carbonyl oxygen of Ala 10 and is a key residue in defining the proper orientation of the HTH domain. a, All rarely
opened residues are protected. b, The first structural unit to unfold is that of the hinge helices, c, followed by disruption of the Asn 50 hydrogen
bond to DNA and opening of the C-terminal residues of the third helix. d, Further unfolding takes place in which the hydrogen bond of Leu 6 to
DNA disrupts and the only helix that remains intact is the recognition helix. A slowest to exchange core remains, which is stabilized by specific con-
tacts to DNA from the recognition helix and strong hydrophobic interactions with residues from the other helices. Val 15 and the residues located in
the middle of the first and third helices do not contact DNA, but are apparently important because they are involved in critical packing interaction

with the recognition helix that stabilizes this submolecular domain. e, Their disruption results in protein-DNA dissociation.

pendently, their behavior is the same in the full operator by
virtue of the cooperative nature of the hinge helices. Attempts to
measure exchange rates of the dimeric Lac headpiece bound to
the SymR operator under conditions that favor EX1 mechanism
failed due to very fast exchange. Hinge helix destabilization
forces the SymR complex to dissociate much faster than that of
SymL, and there is an overall decrease in binding affinity by a
factor of ~1,000 (Fig. 2¢)*.

Insight into the protein—-DNA association pathway

The approach we followed in the present work could reveal
important information about the association pathway of the
protein—-DNA complex as well. The key to accomplishing this is
to measure the closing rates, specifically the rates by which
amide protons become reprotected (see Methods). If residues
that are protected only in the DNA-bound state are considered,
the potential exists for monitoring the process of reprotection
of individual structural units. The analyses show that Gln 18, a
crucial residue of the recognition helix, becomes solvent pro-
tected approximately two times faster than Leu 6, with a rate of
~40 s7! (this is consistent with an apparent association rate
constant of ~10° M~! s7!). In conjunction with the observation
of the submolecular core that is slowest to exchange, the results
suggest that the recognition helix is the first to fit to DNA. This
orientation is then locked by subsequent hydrogen bond for-
mation of Leu 6 backbone to DNA. This contact is highly con-
served among helix-turn-helix (HTH) proteins, irrespective of
the nature of the residue?. Hinge helix formation is slower
than Gln 18 protection by a factor of ~10, and the last residue
to close is Asn 50. This observation suggests that protein—-DNA
interactions in the minor groove are difficult to establish and
can take place only after the HTH core of the headpiece has
properly oriented with respect to DNA. Thus, the DNA
sequence is first read out in the major groove by the recogni-
tion helix, followed by discrimination of the minor groove by
the hinge region.
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Implications for the allosteric mechanism and DNA
recognition

The significant instability of the DNA-binding domain in the
uncomplexed state appears to have severe implications for the
allosteric mechanism whereby intact Lac repressor exerts control
over gene expression. If only ‘high stability’ residues constituted
the binding site, then all the states in the ensemble would be
binding competent, and DNA binding would induce only an
energy shift without any redistribution of the states in the
ensemble!. In that case, unfolding of the hinge helices would
affect only binding to the minor groove. The dramatic difference
in mobility between the free and DNA-bound Lac repressor can
be used advantageously by the biological system to switch
between functional states. Therefore, alteration of dynamics
between free and bound state coupled to destabilization of cru-
cial structural subunits may provide a level of control that allows
rapid and accurate response of the biological system to changes
in the cell environment®. Furthermore, the present results impli-
cate DNA as an allosteric activator of Lac repressor?®?’. Another
functional advantage of the high flexibility of Lac repressor in
the free state is the ability to recognize various operator
sequences.

As demonstrated here, two important phenomena accompany
recognition of sequence-specific operators by Lac repressor:
hinge helix formation and a profound reduction in the protein
native-state ensemble. The flexibility of the DNA-binding
domain of the Lac repressor in the presence of noncognate oper-
ator sites allows it to slide along the DNA, facilitating target loca-
tion. Once the specific site has been recognized in the major
groove, the hinge helices form and recognize the minor groove.
This recognition is followed by the selection of only the binding-
competent states of the ensemble, which manifests itself as a
negative contribution to the heat capacity of the system.

The present results provide a unique view of the order of
events that result in protein-DNA association and dissociation,
enriching our understanding of how complex systems function.
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Moreover, they present a compelling example of a large redistri-
bution in the ensemble of conformational states of a protein
when it binds specifically to DNA.

Methods

Sample preparation. Uniformly 15N-labeled dimeric Lac-HP62-
V52C was prepared as described?®. All Lac operator DNA fragments
(Fig. 1) were purchased at Carl Roth GmbH and further purified on a
Q-Sepharose (Pharmacia) column. Free dimeric Lac HP62-V52C was
dissolved in buffer containing 60 mM KP; and 400 mM KCI, whereas
the complexes with DNA were dissolved in 10 mM KP; and 20 mM
KCI. Trace amounts of NaN; were added as a preservative. Protein
concentration in all samples was 1 mM, and the protein:DNA ratio
was adjusted to 1:1 by titration.

NMR spectroscopy. All spectra were collected on Bruker DRX spec-
trometers equipped with triple-resonance probeheads operating at
750 and 600 MHz (*H frequency). A typical HSQC spectrum was
recorded with four scans per free induction decay (FID), 64 complex
15N points and 1,024 complex 'H points. For the complex with wild
type operator, the spectra were recorded with higher resolution in
the 5N dimension (128 or 256 complex points). Experiments for the
dimeric Lac HP62-V52C in the free state were performed at 290 K
and pD = 4.5. Exchange rates for the complex with SymL and wild
type operators were determined for numerous pD values, in the
range 5.1-9.7, at 320 K. Due to low stability of the complex with
SymR operator, experiments were performed at 303 K and pD = 5.5
for this system.

Determination and analysis of exchange rates. Amide proton
exchange rates were determined from the time course of the peak
intensities in a series of H-1°N heteronuclear single quantum corre-
lation (HSQC) spectra after dissolving lyophilized samples in D,0O.
The final pD was adjusted by DCI or NaOD solutions and was mea-
sured with a glass electrode at the temperature of the exchange
experiment, taking into account the isotope effect: pD = pH,eaq +
0.4. Exchange rates were determined by plotting the intensities of
each residue against time and fit by a first-order rate expression.
Rates are accurately determined, and the typical error for data fit-
ting is 5%. Determination of closing rates, k,, is less accurate as
compared to opening rates because fitted values of k, depend
entirely on knowledge of k;,. In this respect, predicted values of k;,
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generally agree to within a factor of three with rates observed in
denatured proteins, and most of the measured and predicted val-
ues are within a factor of two28. The systematic measurement of
exchange under conditions where both equilibria and opening
rates are assessed allows us to estimate relatively accurate k rates.
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