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1. Introduction

Sequence-specific protein—DNA interactions are
responsible for the regulation of key biological func-
tions such as replication of the genome, initiation of
transcription, and repair of damaged DNA. All of
these regulatory pathways are built on the founda-
tion that proteins are able to bind selectively to a
particular DNA site in the genome. The most chal-
lenging issue for specific protein—DNA recognition
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is that the target sequence is immersed in a huge
molar excess of nonspecific DNA sequences, which
also compete for the same protein. The distribution
of protein between regulatory and nonspecific se-
guences determines the occupancy of the target site
in the cell and, hence, the transcriptional activity of
the corresponding promoter. The problem is much
more acute than it is for other protein—ligand inter-
actions, because obviously the protein cannot dif-
ferentiate between these sites on the basis of their
size or shape.® For repressor molecules, such as the
lactose (lac) repressor, the problem of finding the
correct site is even more severe, as only a few copies
(~10) of the protein exist in the cell. Thus, to compete
with the large excess of nonspecific genomic DNA,
these proteins have evolved to bind with a very high
specificity ratio (~107).

The mechanisms by which regulatory proteins dis-
cern specific target DNA sequences remain a major
area of inquiry. The selective binding of a protein to
a particular DNA sequence requires the recognition
by the protein of a set of steric and chemical features
that in total delineate the binding site. Double-
stranded DNA has a relatively uniform structure,
with a highly negatively charged sugar—phosphate
backbone and a core of stacked base pairs whose
edges are exposed in the major and minor grooves.
Each DNA sequence has a unique chemical and
structural “signature” governed by the pattern of the
functional groups that are exposed in the DNA
grooves and the sequence content; it is this chemical
surface that is recognized by proteins. Correlations
between available structural and functional data on
protein—DNA binding have established that although
there are certain amino acid base-pair preferences,??
an amino acid base-pair code that underlies protein—
DNA interactions does not exist.* Initially, it was
thought that sequence specificity comes from hydro-
gen bonding interactions between the protein and the
DNA, due to the requirement for near collinear posi-
tioning of donor and acceptor groups. However, the
large number of van der Waals interactions found at
protein—DNA interfaces imposes steric constraints
on the types of side chains and bases that can be
accommodated at particular positions, thereby play-
ing a role in sequence selectivity.® In addition, water-
mediated protein—DNA hydrogen bonds®’ and con-
formational transitions of local protein and/or DNA
regions play key roles in stabilizing specific protein—
DNA complexes.?

© 2004 American Chemical Society

Published on Web 08/11/2004



3568 Chemical Reviews, 2004, Vol. 104, No. 8

Rolf Boelens was born and raised in Groningen, The Netherlands. He
received his B.S. and M.S. degrees in chemistry and physical chemistry
at the University of Groningen. He completed his Ph.D. on “Ligand Binding
to and Electron Transfer in Cytochrome ¢ Oxidase” in the Department of
Biochemistry of the University of Amsterdam, working with Bob van Gelder
and Ron Wever. Thereafter, he joined the research group of Robert
Kaptein, initially as a Postdoctoral Fellow at the University of Gronigen
and later as an assistant and associate professor at the Faculty of
Chemistry, Utrecht University, The Netherlands. In 1997 he was appointed
Professor of Biomolecular NMR Spectroscopy and in 2000 Director of
the High-Resolution NMR Facility at Utrecht University. He has worked
on EPR of metalloproteins, NMR spectroscopy of DNA binding and ribo-
somal proteins, and method development in biomolecular NMR spectros-
copy. His current interests are biomolecular interactions with an emphasis
on transcription and DNA repair. His research has resulted in over 240
publications. He enjoys time outside of work with his wife and two children.

i) - 1y

Charalampos (Babis) Kalodimos was born in Volos, Greece, in 1972. He
received his B.S. degree in chemistry from University of loannina. He
started his graduate studies in Institute Curie, Orsay, and received his
Ph.D. in Biophysical Chemistry jointly from the University of loannina and
Institute Curie under the supervision of Professor loannis Gerothanassis
and Dr. Michel Momenteau. During his studies he received fellowships
from the European Molecular Biology Organization and the Federation of
European Biochemical Societies to accomplish research projects in solution
and solid-state NMR spectroscopy and bioinorganic chemistry at the
University of London and the University of Paris 6 & 7. In 1999 he joined
the group of Professor Robert Kaptein at Utrecht University as a
Postdoctoral Fellow, where he was introduced to the fascinating world of
biomolecular NMR spectroscopy. In 2003 he moved to Rutgers University
(Newark, NJ), where he is currently Assistant Professor in the Chemistry
Department. The main research interests of his group are focused on the
elucidation of the molecular basis of protein—protein and protein—-DNA
recognition and their structure—function relationships by employing NMR
spectroscopy and other hiophysical methods.

Understanding the mechanisms by which regula-
tory proteins recognize their target sequences within
the DNA genome requires that we also understand
the properties of their complexes with nonspecific
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DNA, since it is the competition between these two
types of sequences for the available protein that
defines the specificity factor.® Given that the specific
sequence is a tiny fraction of the total DNA, the
initial encounter of a protein with the DNA polymer
in vivo will always be with a random nonspecific site.
Nonspecific protein—DNA interactions are biologi-
cally important because they contribute significantly
to the fast in vivo translocation of regulatory pro-
teins.’® Thus, detailed knowledge of the function,
structure, dynamics, kinetics, and energetics of the
interaction of a particular protein with both nonspe-
cific and cognate DNA sequences is imperative.

Lactose repressor (lac) binding to its operator has
long been recognized as the prototypical system for
transcription regulation, and their interaction has
been the subject of intensive study over the past
decades due to their profound biochemical and bio-
technological interest. A number of reviews have
covered the biochemical and X-ray crystallographic
data of the intact repressor bound to its cognate DNA
sequences.''? These studies were essential for un-
derstanding the topology of the lac repressor and the
mechanism of induction. However, the crystal struc-
tures have failed to yield the subtle features of
protein—DNA interactions due to their low resolution
and the presence of significant thermal motion in the
protein—DNA region.'3715 In contrast, a very detailed
insight into the mechanisms that underlie protein—
DNA recognition has been provided by a combination
of structural and dynamic NMR studies using the
isolated DNA-binding domain of the lac repressor as
a model system. Lac is the only protein—DNA system
to date for which the complete recognition pathway
(free protein and nonspecific and specific complexes)
has been structurally and dynamically characterized.
Over the years, the lac system has been a proving
ground for testing new concepts and developing new
techniques. A new methodology that provides a
residue-specific view of the association and dissocia-
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tion pathway of protein—DNA complexes has also
been also developed and tested on this prototypical
system. In this review, we summarize how NMR
spectroscopy may address unique features of protein—
DNA recognition and how the knowledge that has
become available through these studies can be com-
bined to give an unprecedented insight into the
intricate interactions between proteins and DNA.

2. Lac Repressor Interaction with DNA

2.1. Lac Repressor Binds DNA in Both the Major
and Minor Grooves

The lac repressor protein regulates the expression
of genes required for lactose transport and metabo-
lism through a process that involves its allosteric
interaction with inducer molecules and specific op-
erator DNA sites. The intact repressor is tetrameric,
organized as a dimer of dimers, with each subunit
(360-residues long) being composed of four func-
tional units: an N-terminal DNA-binding domain
(DBD; residues 1—49), a polypeptide linker (residues
50—58), which is referred to as the hinge, a ligand-
binding domain (residues 62—333), and a C-terminal
tetramerization domain (residues 340—357) (Figure
1).13 Effective down-regulation of transcription re-
quires that tetrameric lac protein binds with one of
its dimeric subunits to the primary operator O1 and

inducer binding
—. site

C subdomain

Figure 1. Crystal structure of a dimeric lac repressor
bound to the SymL DNA operator.'* The intact repressor
is composed of two such units that are assembled through
the tetramerization domain (not shown). The DNA-binding
domain and the hinge helices are red and orange, respec-
tively. The inducer binding pocket is located at the junction
of the N- and C-subdomains. The figure was drawn with
MOLMOL1% ysing the PDB accession code 1EFA.
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simultaneously, using the other dimeric subunit, to
one of the two auxiliary operators O2 and O3 (Figure
2). Strong interaction with the DNA requires that the

1 5 10 * 15 20
AATT GATAR TT
Ol 2 ran CTATT A A
AAAT AGTAR cc
02 rrr1a TCATT G e
cecaA cAACG TT
03 ccar GTTGC AA
4 AATTGTGAGC GCTCACAATT
Symb. v raacacTca CGAGTGTTAA
sﬂR AATTGTTATCCGGATAACARATT
y TTAACAATAGGCCTATTGTTA ALA- A

Figure 2. Sequences of the naturally occurring and two
symmetric lac operators. The three natural operators O1,
02, and O3 are aligned with the numbering referred to in
the text and figures. The asterisk denotes the central base
pair. The bases conserved in all natural operators are
highlighted. The two binding sites within each natural
operator are asymmetric and are referred to as the left
(base pairs 1—10) and right (12—21) sites. In O1, the
asymmetric regions between the two sites relative to the
central base pair are underlined. The SymL operator is a
palindrome of the left site of O1 with the central G:C base
pair deleted, and is the sequence used in previous struc-
tural studies. The SymR operator is a palindrome of the
right site of O1 including the central base pair.

DBD of lac repressor binds as a dimer. Studies of the
isolated DBD indicated that this region retains its
ability for site-specific binding'® and thus, in prin-
ciple, could be used to address the issue of operator
recognition. The structure of a short construct of a
lac headpiece (residues 1—51; HP51) bound to an 14-
mer operator (half-site) was the first protein—DNA
complex ever solved by NMR spectroscopy.'” The
N-terminal headpiece contains a helix—turn—helix
motif (HTH), whose function is to recognize the
operator DNA. The HTH motif was first identified
as a conserved sequence element in the repressors
encoded by the lambdoid phages of E. coli.'® Subse-
guently, this element has been found in a large
variety of DNA-binding proteins, both in prokaryotes
and in eukaryotes, and it shows a very high degree
of structural conservation.® It consists of two short
o helices which are separated by a short linker
containing a glycine residue. This amino acid, in
concert with its neighbors, acts as a flexible hinge
allowing the polypeptide chain to make a turn
between the two helices so that they can make
hydrophobic contacts with each other. The second of
the two a helices, referred to as the recognition helix,
inserts into the major groove and forms both base
and sugar—phosphate backbone contacts. Although
the structure of this domain is highly conserved, the
orientation of the motif with respect to its DNA
binding site is quite variable.

The X-ray structure, first, of the highly homologous
pur repressor? and later of the tetrameric lac repres-
sor complexed to a left-site symmetrized operator'?
showed that the polypeptide segment connecting the
DBD with the core (residues 50—58) forms an a helix,
which is referred to as the hinge helix. However, the
low resolution of 4.8 A of the intact lac repressor
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structure and the presence of thermal motion in the
DBD region hindered the observation of protein—
DNA contacts. NMR studies of a 62-residue long
headpiece (HP62) construct comprising the hinge
region demonstrated that this region is unstructured
in the free state, and it folds up to an a helix only
when the protein is bound to its operator (Figure
3).2%22 In contrast, a similar construct of pur was

hinge helices

Figure 3. NMR solution structure of wild-type lac HP62
bound to the SymL operator (PDB access code 1CJG).22 The
two hinge helices (residues 50—58) bind to the minor groove
of the SymL operator and bend significantly the DNA. On
the basis of this structure, Val52 (green) was later replaced
by a cysteine residue, so that a disulfide bond could link
the two subunits, to yield a covalently linked dimeric lac
that bound the natural operator O1 with very high affin-
ity.35

shown to be incapable of inducing hinge helix forma-
tion upon specific binding to the purf operator,
suggesting that the core domain of the pur repressor
is critical for stabilizing the hinge helices.?® The
combined structural studies revealed that the two
headpieces bind symmetrically to the operator with
their HTH motifs inserted into the major groove. The
hinge helices, which run antiparallel, form the in-
terface of the two headpieces and contact the bases
of the minor groove in the center of the operator.
Intercalation of Leu56 side chains pries apart the
central base step, and a 45° kink that bends DNA
away from the protein, together with unwinding and
base unstacking at the central base step, opens the
minor groove sufficiently to enable residues in the
hinge helix pair to form direct contacts with bases
in the minor groove. The binding mode of lac repres-
sor to DNA is essentially the same as that of purine
repressor (PurR),? and they are notable examples of
complexes where the DNA is significantly deformed
to accommodate the protein fold. The great majority
of protein—DNA complex structures contain DNA
that is essentially B-form, with only a moderate
degree of bending and deformation. In these cases,
it is the surface of the protein that conforms to the
DNA structure. While deforming the DNA requires
energy, the cost can clearly be compensated by a
sufficient number of favorable contacts with the
protein.?425 In most cases deformation appears to be
incidental to complex formation, although, in proteins
such as BmrR, the transcription regulator for the
multidrug transporter gene bmr in B. subtilis, the
observed DNA distortions are thought to have func-
tional significance for gene regulation.?®
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2.2. Hinge Helices and Allosteric Mechanism

The hinge region is central to the biological func-
tion of the lac repressor, as it plays a crucial role in
the induction mechanism. Inducer binding to the core
domain is believed to alter the network of interac-
tions between the core and the DNA-binding domain,
thereby destabilizing the binding of the hinge helices
to the minor groove of the operator.'®'# The signifi-
cance of the hinge region, which is implicated in both
the induction mechanism and DNA bending, has
motivated extensive biochemical and structural analy-
sis of this flexible segment. For example, mutagenesis
data have shown that all residues in the hinge region
are highly sensitive to amino acid replacements.?’
Until recently, however, formation of the hinge
helices had been unambiguously demonstrated only
in the case of lac binding to an artificial symmetric
operator (SymL; Figure 2). This fragment lacks the
central base pair and is a palindrome of the left-
operator site. Due to its high affinity for the lac
repressor, it has been widely used for binding stud-
ies.?® Previous data had indicated that lac repressor
does not bend the primary operator (O1), thus
guestioning the role of the hinge helices in DNA
binding and the validity of the induction model in
the wild-type lac operon.?°~3! In contrast, a more
recent biochemical study provided evidence that
hinge helices form when the lac repressor is bound
to the O1 operator and that DNA is significantly
bent.? In support of this conclusion, a low-resolution
X-ray structure of a dimeric lac repressor bound to
the iodinated O1 sequence showed that for the O1
operator the bending is similar to that of the sym-
metric sequences. The NMR spectrum of the O1
complex with HP62 suffered from unfavorable chemi-
cal exchange processes, which resulted in very broad
NMR lines (Figure 4A). Thus, a detailed analysis of
the hinge helix stability and its difference in binding
to the left and the right sites had not been possible
until recently.

2.3. Engineering Protein—DNA Affinity

Detailed NMR analysis has shown that the N-
terminal domain of the lac repressor binds operator
DNA in an almost identical way to that of the intact
protein,?? yet with significantly lower affinity. The
reason that the isolated headpiece binds DNA weakly
(in the uM range) is that binding of two monomers
is entropically less favorable than that of a dimer.
In fact, the ability to form dimeric or higher-order
multimers is of crucial importance for DNA-binding
proteins, since it dramatically increases their binding
affinity. Extensive genetic studies on the lac repres-
sor have also emphasized this point. Mutations at
positions that disturb the dimerization interface
result in monomeric protein that completely abolishes
the ability to repress.333* Therefore, the design and
production of engineered DNA-binding domains that
could restore the binding affinity of the intact repres-
sor would be of great importance. The low affinity of
the isolated headpiece for DNA had also been the
main obstacle for studying the structural and dy-
namic features of lac binding to variant operators.
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Figure 4. 'H—1N HSQC spectra of (A) the wild-type lac HP62 bound to the O1 operator, (B) the dimeric lac HP62—V52C
in complex with the natural operator O1, and (C) the dimeric lac HP62—V52C in complex with the SymR operator. Peaks
corresponding to the hinge region (residues 50—58) are labeled. In part B normal numbers indicate residues of the left site
while primed numbers indicate residues of the right site. In part C peaks corresponding to the different folding states of

hinge region residues are indicated in circles.

Recently, it was demonstrated that a designed
V52C mutant with a Cys52—Cys52' disulfide bond
in the hinge region of lac HP62 (Figure 3) provides a
large increase in the stability of the lac HP62—DNA
complex.®®> This mutation has been originally intro-
duced in the intact lac repressor, and it was designed
to generate a protein in which a disulfide bond could
be formed between the N-terminal domains.®¢ Ac-
cording to the high-resolution NMR structure of lac
HP62 complexed to the SymL operator (Figure 3), the
distance between the Co atoms of Val-52 and its
dimer mate is 5.60 A, thus matching exactly the
optimal distance of disulfide bond formation. Con-
sidering also the relative positions of the side chains
of the residues, this site is ideal for accommodating
a disulfide bond. Remarkably, the disulfide cross-
linked (oxidized) HP62—V52C mutant exhibited a (3
x 10%)-fold higher DNA-binding affinity as compared
with the reduced form, reaching an apparent K4 value
of 30 pM.2® Under the same conditions, the tetrameric
lac repressor binds DNA with similar affinity, sug-
gesting that rationally designed DBD can be used to
restore the binding affinity of the intact proteins. The
“chelate effect” has been frequently exploited, and
several DBDs have been fused either with a peptide
linker or disulfide bonds to yield dimers with in-
creased affinity for DNA. Examples include the 1
repressor,3’ the 434 repressor,3 and the Arc repres-
sor.%® However, the enhancement of binding strength
reported for the HP62—V52C construct has been by
far the highest reported in the literature. The high
affinity and the relatively small size of this dimeric
lac headpiece rendered it an ideal system to inves-
tigate in detail the structural and dynamic features
of lac binding to various operator sequences. Indeed,
the increase of the stability of the lac HP62—01
operator complex resulted in the dramatic improve-
ment of the quality of the NMR spectra (Figure 4B).

3. Plasticity in Protein—DNA Recognition

3.1. Lac Protein Binding to Its Natural Operator

Pseudo-dyad related sequences are commonly found
as the DNA target sites of both prokaryotic and
eukaryotic multimeric gene regulatory proteins. Struc-
tural data on these complexes would be very inter-
esting, since they may reveal the mechanisms that
proteins use to recognize different DNA sequences
within the context of a unique operator. However, in
NMR studies it has been a common strategy to use
symmetric sequences to force identical and symmetric
protein—DNA interactions in order to reduce the
assignment task and the number of NOESY cross-
peaks by 2-fold.“° Similarly, only a small set of crystal
structures of dimeric proteins bound to asymmetric
DNA target sites have been obtained, as in most
cases altered sequences with idealized symmetry for
improved crystallization and diffraction have been
used. The recent high-resolution structure of the
dimeric lac HP62 bound to its natural operator O1
was the first asymmetric protein—DNA complex
solved by NMR spectroscopy (Figure 5).4

Until recently, all of the detailed structural studies
of the lac repressor—operator system have employed
a fully symmetric “ideal” operator (SymL operator;
Figure 2), which has given the best results in both
the crystallographic and NMR studies.'31422 How-
ever, the absence of the central G:C base pair in the
symmetric operator places the two half-sites out of
register with one another with respect to the natural
operator. If the operators were B-form DNA, the two
half-sites of the SymL operator would be spaced 3.4
A closer along the DNA axis and rotated by 36°
relative to the natural operators. These structural
variations, which can be further amplified by the
intrinsic asymmetry of the two half-sites in the
natural operator, point to the possibility of significant
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Figure 5. Three-dimensional structure of the dimeric lac
DBD complexed to its natural O1 operator (PDB accession
code 1L1M).*! A ribbon diagram of the protein is shown
bound to the solvent-accessible surface of the operator. The
left and right lac headpiece subunits are dark blue and
dark orange, respectively. The major and minor grooves of
the operator are light blue, and the ribose-phosphate
backbone is gray. The side chains of Leu56 (shown in
yellow) of both monomers protrude into the minor groove
of the O1 operator and introduce a ~36° kink centered
between base pairs 10 and 11.

differences in the way the lac repressor binds to the
natural operator sequences.*? The lack of structural
data had not allowed assessing the importance of the
naturally occurring sequence deviations from sym-
metry. Within the lac operon, each of the three
operator sites is pseudopalindromic (Figure 2). The
2-fold symmetry is broken by variations in sequence
between the two half-sites and by a central G:C base
pair that separates the two half-sites. Relative to the
complex with the SymL operator, lac repressor could
accommodate binding to the natural operator O1 in
two ways: (i) as a rigid protein dimer, which implies
that due to the extra central base pair very different
sequences are recognized in the left and right half-
sites, or (ii) by elongation and twisting of the protein
so that the consensus base pairs are recognized in
both half-sites, while maintaining the hinge helix
interactions (Figure 6A). However, this latter option
would entail a considerable change in conformation
in one protein monomer with respect to the other.
The specific mode of lac repressor binding to its
natural operator had remained a mystery, and most
of the data that had been reported over the past 15
years were controversial.**~4¢ This controversy has
been further amplified in view of the outcome of
recent structural studies. A low-resolution crystal
structure of a dimeric lac repressor bound to the O1
operator suggested that the two DBDs bind to DNA
in the same orientation by shifting the right subunit
as a rigid body by one base pair toward the center of
the operator.’® In contrast, a high-resolution NMR
structure of the dimeric HP62 construct of the lac
repressor bound to the O1 operator (Figure 5) re-
vealed a dramatically asymmetric global positioning
of the dimer on the operator, which results in a
different pattern of specific contacts between the two
sites.** Below we highlight the most important fea-
tures of the protein—DNA contacts of the complex
(which are discernible only in the NMR structure),
since the set of recognition mechanisms involved in
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Figure 6. (A) Possible modes of lac repressor binding to
the natural operator O1. According to the first, lac repres-
sor's DBDs bind as rigid bodies, and so, by virtue of the
intrinsic asymmetry of the DNA sequence, the right
headpiece encounters an almost entirely different sequence
relative to the left one (shown in yellow). If the right DBD
moves one base pair further away from the center (second
model) then it is juxtaposed to a very similar sequence
(red). (B) Superposition of the dimeric lac HP62 structure
bound to SymL (yellow) and the natural operator O1 (red).
The hinge helix in the right site moves by ~3.4 A closer to
the center of the sequence, and the recognition helix rotates
by 48° relative to the left one. In the left site of both
structures, the hinge helix is stabilized through a hydrogen
bond (green dashed line) between GIn54 and Asn25. The
extension of the loop linking the third helix with the hinge
helix in the right site of the O1 complex results in the
disruption of this critical contact, thereby diminishing the
stability of the right hinge helix.

the lac repressor—operator system present a nice
example of the adaptability that both proteins and
DNA exhibit in the context of their mutual interac-
tion. Then, we come back to the discrepancy between
the crystal and solution structures.

3.2. Protein Adaptability

The recognition helix of both headpieces makes
extensive contacts to the major groove of the natural
operator while the hinge helices penetrate, as ex-
pected, into the minor groove between base pairs 10
and 11, thereby introducing a kink of ~36° in the
DNA (Figure 5). The structure of the left site of the
complex is similar to the structure of the lac head-
piece bound to the SymL operator (Figure 3). How-
ever, due to the increased stability of the complex
afforded by the introduction of the disulfide bond in
the protein interface, a larger number of intermo-
lecular NOEs were collected, which in combination
with hydrogen bond constraints yielded a much
better defined structure. Extensive chemical shift and
NOE analysis comparison of the wild-type HP62 and
the covalent dimer HP62 complexed to the SymL
operator demonstrated that the covalent link does not
introduce any additional effect. Remarkably, the
right protein subunit in the O1 operator complex
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adopts an alternative conformation in order to specif-
ically recognize the right half-site of the natural
operator (Figure 6B). Although the hinge helix binds
to the minor groove between base pairs 10 and 11,
the three-helical domain shifts by one base pair
further away from the center. To form an optimum
interface with the right half-site of the natural
operator, the right lac headpiece undergoes a 48°
rotation relative to the left monomeric site (Figure
6B). This is the result of the shift by one base pair
(the helix twist of B-DNA is 36°) and an additional
12° rotation of the recognition helix apparently
needed for maximizing the interaction with the right
half-site sequence. Therefore, the two protein sub-
units align in a very different way with respect to
the center of the operator in order to achieve opti-
mum juxtaposition of the protein—DNA interface in
the two sites.

The conformation adopted by the right lac head-
piece results in an extension of the loop linking the
third and the hinge helix in the right subunit (Figure
6B). This has some important implications regarding
the stability of the complex. In the left subunit, Asn25
makes a key hydrogen bond via its side chain CO to
the side chain NH, of the hinge helix residue GIn54,
thus providing a critical link between the core of the
lac headpiece and the hinge helix (Figure 6B). This
link is expected to contribute significantly to the
stability of the hinge helix and thus of the dimer
interface, and is also present in the highly homolo-
gous pur repressor.?° This H-bond is also present in
more than 50% of the structural conformers of the
wt-HP62—SymL structure, despite the fact that this
structure is not as well defined as the dimeric HP62
structure. In the right lac headpiece subunit, how-
ever, these two groups are far apart, due to the
structural rearrangement, rendering impossible the
formation of the corresponding hydrogen bond (Fig-
ure 6B). This may explain the lower stability of the
hinge helices in the complex with the natural opera-
tor as compared to that with the SymL operator (see
below). Therefore, when the lac repressor binds to
right symmetrized DNA fragments, the hinge helices
would be expected to be even more unstable. To test
this hypothesis, a right-site symmetrized full opera-
tor, SymR, was used (Figure 2). Interestingly, in the
complex of the lac headpiece with the SymR operator
the hinge helices are not well ordered and exist at
equilibrium between a-helical and random coil con-
formations (Figure 4C).%% The alternative conforma-
tions that the lac repressor adopts when bound to
different sequences may be the structural origin of
the different allosteric response of the lac repressor
to inducer molecules.*’

The extensive NMR studies of the lac DBD inter-
action with its operators over the years have provided
a wealth of information. Ultimately, all of these
efforts culminated in the structure determination of
the O1 operator complex. This structure is the best
defined one so far, due to the large number of
intermolecular constraints, and it allows for a very
detailed comparison of the protein—DNA contacts in
both sites of the natural operator. Below, we high-
light its most important features that provide an
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atomic view of the recognition code. All protein—DNA
contacts are summarized in Figure 7. Despite the
alternative conformation assumed by the two sub-
units, the lac headpiece makes extensive hydrogen
bonding contacts to the sugar phosphate in both sites
through the same set of residues. Interestingly, Leu6
and Tyr7, the first residues of the HTH, participate
in numerous sequence-specific contacts in the left
site, whereas these intermolecular contacts are not
conserved in the right site of the complex, where the
corresponding residues are involved only in nonspe-
cific contacts. Therefore, the first helix residues do
not confer any specificity to the recognition of the
right-site sequence. Tyrl7 and GInl18, both key
residues for specificity, make extensive hydrogen
bonds to the bases in both sites. The side chain of
Arg22 is poised to interact favorably with the
base of Guab, which is in agreement with muta-
tional data.*® The His29—Ser31 loop makes identical
contacts in both sites with the highly conserved
Thy3—Thy4 base step. Both hinge helices protrude
into the minor groove between base pairs 10 and 11
and introduce a significant kink in the operator with
a mechanism that is identical to the symmetric
sequences. Asn50 and GIn54 hydrogen bond to the
DNA backbone, whereas Ala53, Leu56, and Ala57 are
involved in extensive hydrophobic interactions with
the partner hinge helix and the bases at the center
of the operator.

The 2-fold symmetry of the natural operator is
broken at two sites; the G:C base pairs at positions
7 and 9 become A:T at the right site (at positions 13
and 15) (Figure 2). The G:C base pair at position 9 is
recognized through specific contacts by Leu6 and
Tyr7; these contacts are missing in the right site.
Interestingly, the A:T base pair at position 13 is
recognized by Tyrl7, the side chain of which hydro-
gen bonds to the N7 atom of Adel3. This contact is
achieved by an alteration of the side chain conforma-
tion of Tyr7 and Tyrl7 in the right site, in which an
aromatic-ring-stacking interaction reorients the two
tyrosines relative to the left site (Figure 8). In the
left half-site, Thy8 is specifically contacted by the
methyl groups of Leu6. In the right site, however,
there is a complete reorganization: the symmetry
related Thy14 is contacted at its methyl group by
Tyrl7, GIn18, and Ser21l in a specific manner. This
side chain rearrangement, in conjunction with an
additional rotation of 12° of the recognition helix
relative to the left one, allows GIn18 to recognize
three different bases, instead of two in the left site
(Figure 7). Therefore, despite the global shift of the
right HTH domain by one base pair further away
from the center, the side chains of Tyrl7 and GIn18
adjust locally and move toward the center of the
operator, thereby forming entirely different contacts
to the operator compared to the case of the left site.
Overall, there are surprisingly extensive structural
differences between the left and right half-sites with
respect to protein—DNA interactions, including a
shift of the right lac headpiece by one base pair and
a rotation of 48° relative to the left one. In most of
the asymmetric protein—DNA structures that have
been reported so far by X-ray crystallography, the
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Figure 8. Specific recognition of the two sites of the
natural operator Ol requires also significant rearrange-
ment of the side chain conformation (the three most
important residues (Y7, Y17, and Q18) are depicted) as well
as a sequence-dependent deformation of the operator. Dark
blue and dark orange refer to the left and right sites,
respectively. Reprinted with permission from ref 42. Copy-
right 2002 Oxford University Press.

protein subunits align roughly symmetrically on the
DNA half-sites, despite local structural adjust-
ments.**~2 The lac repressor's DBD adopts a novel
mode for recognizing its pseudosymmetric natural
operator sequence, which is in fact a combination of
the strategies employed by a variety of DNA-binding
proteins.

As was mentioned above, a low-resolution crystal
structure of a dimeric lac repressor bound to the O1
operator suggested that both DBDs bind with the

same orientation with the right-side DBD shifted
toward the center.’® In both NMR and X-ray struc-
tures a similar bend in the DNA and a close interac-
tion between the hinge helices inserted between base
pairs 10 and 11 are observed. However, the struc-
tures are different in the position of the three-helical
DBD on the right side such that in the X-ray
structure it is juxtaposed to an almost completely
noncognate DNA sequence. What is the origin of this
discrepancy? First, the interaction of the disulfide
bond cannot be the reason, since the hinge helices
are packed identically in the NMR and X-ray struc-
tures. The presence of the repressor core in the X-ray
structure could in principle be the origin of the
differences. However, we believe that this is not the
case. The most important argument is that the NMR
structure is in much better agreement with biochemi-
cal data accumulated already in the 1970s. Thus,
protection of purine methylation by bound repressor
extends to base pair 3 on the left side and to base
pair 19 on the right side.>® Repressor—operator cross-
linking by UV irradiation of operators in which
thymines are substituted by bromouridine extended
to thymine at position 22, even further away from
the center on the right side than on the left side
(Thy1).5* Finally, base substitution experiments also
showed an effect on binding affinity more distant
from the center for the right operator side (Thy25 vs
Thy4). Thus, the combined evidence of the chemical
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modification experiments is not consistent with a
shift of the DBD toward the center of the operator.
It should be mentioned that due to the low, 4.0 A,
resolution of the crystal structure, many details
cannot be observed. For instance, the loop consisting
of residues 26—31, crucial for interactions distant
from the center, is not seen clearly in the electron
density. Furthermore, the only consensus contact
between the core of the lac repressor and its DBD is
the Arg118'—11e48.%* 1le48 is located in a flexible loop
(as evidenced by relaxation data; see below) between
the third and the hinge helix, and it is very doubtful
that only this contact could force the headpiece to
recognize a sequence in the right site that is entirely
different from that in the left site. If this were the
case, then deletion of base pair 12 would be expected
to have a positive contribution to the binding affinity,
as the right DBD would encounter a sequence very
similar to that encountered by the left one (Figure
6A). However, this deletion is deleterious for lac
repressor binding.>® The G—C base pair in positions
5 (left site) and 17 (right site) is the only absolutely
conserved base pair contacted by the recognition helix
in all of the six half-sites in the natural operator
sequences (Figure 2), and their mutation severely
compromises lac repressor—operator interaction.%¢ If
the right headpiece moved one base pair toward the
center, then the critical Arg22—G17 contact would
be out of register. This same would be true for the
conserved base pairs at positions 18 and 19, which
would not be reached by the headpiece residues.
Overall, on the basis of structural and biochemical
data, we believe that the intact repressor recognizes
the O1 operator in the same way as the dimeric
headpiece construct seen in the NMR structure.

3.3. DNA Deformability

Understanding the role DNA plays in facilitating
the association of DNA-binding proteins is necessary
for understanding how sequence specificity is ac-
complished, since DNA responds to protein binding
through sequence-dependent kinking and intercala-
tion. This deformability is essential at both the global
and local levels, serving as a potential long-range
signal for molecular recognition as well as accom-
modating the local distortions of the double helix
induced by tight binding.5” The latter is usually
referred to as the indirect readout of DNA residues.>®
DNA distortion also affects the thermodynamics of
protein—DNA recognition. A recent analysis revealed
that formation of complexes with relatively undis-
torted DNA is driven by a favorable enthalpy change,
while the entropy change is unfavorable; the reverse
phenomenon was observed for complexes with highly
distorted DNA.5° The observed parameters of the O1
operator bound to the lac repressor DBD (base-pair
roll, twist, and major and minor groove width) are
summarized in Figure 9. The kink is reflected in
increases in the roll and twist angles of the central
base pairs and in deviations of the major and minor
groove widths and depths, compared with standard
B-DNA values. All parameters in the left half-site of
the operator sequence are normal for undistorted
B-DNA. However, the base pairs of the triplet A:T:A
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grooves are shown. Reprinted with permission from ref 42.
Copyright 2002 Oxford University Press.

in the right half-site show significant local deforma-
tions with base-pair roll that deviate significantly
from the averaged values of B-DNA. In addition, the
major groove in this region is narrower by ~2 A
compared to that in its symmetry related region in
the left half-site. The conformation of the A:T:A
triplet differs significantly from that in its symmetry
related region in the left site, where a G:A:G triplet
exists, and it imparts asymmetry by providing unique
contacts to the HTH domain of the lac headpiece. The
specific contacts to base pairs provided by Tyr7,
Tyrl7, and GIn18 are very different between the two-
half-sites. Apparently, the base pairs at positions 13,
14, and 15 should deform significantly for optimum
interaction with the side chains of the residues
located in the recognition helix. Therefore, appropri-
ate recognition of the right half-site requires that the
lac repressor assumes an alternative conformation
in conjunction with the sequence-dependent ability
of the half-site to adopt the required conformation
upon repressor binding. These results contribute to
an evolving view of the importance of the sequence-
dependent conformational flexibility of the DNA on
protein recognition and affinity.5%1
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4. Structure and Dynamics Adaptation along the
Protein—DNA Recognition Pathway

4.1. Importance of Protein—Nonspecific DNA
Interactions

The critical missing piece toward constructing the
puzzle of the physicochemical mechanisms that un-
derlie the protein—DNA recognition process is the
knowledge of the nature of interaction of the regula-
tory proteins with nonspecific DNA. Because in the
cell nonspecific sequences compete with the target
operator for the available regulatory protein, estab-
lishing the origin of the recognition requires intimate
comparison of protein binding to cognate and non-
cognate sequences. Protein—nonspecific DNA inter-
actions may also play an important role in the in vivo
translocation of DNA-binding proteins during the
search for their operator site.®2%3 Indeed, it has been
demonstrated that proteins can find their DNA target
sites at much faster than diffusion-controlled rates.
For example, the lac repressor binds its operators
10%2-10° times faster than the rate estimated for a
3D diffusion-controlled reaction.®* A two-step mech-
anism has been proposed to describe this process. In
the first step, a complex with a nonspecific site is
formed via a diffusion-controlled reaction. Once
bound to DNA, the protein searches for operator sites
by a series of intramolecular steps that appear to
include sliding (1D diffusion along the DNA back-
bone) and intersegment transfer (formation of a
ternary complex between two DNA sites with a single
repressor tetramer) with release to another site
within the same DNA molecule. These mechanisms
contribute to the high affinity of this regulatory
protein for its cognate site by generating a rapid
association rate constant for repressor binding to the
operator sequence.®3~%” Many site-specific DNA bind-
ing proteins make use of linear diffusion along a DNA
molecule. In some cases, a strong correlation between
the ability of mutant proteins to undergo linear
diffusion and their biological function in vivo has
been established.®® RNA polymerase and a small
repressor with a HTH motif were directly visualized
to slide on DNA by single-molecule dynamics.6265
Almost all proteins that interact with specific sites
bind nonspecific DNA sequences with appreciable
affinity.

As it is now well founded that nonspecific interac-
tion is an important step in the process of sequence-
specific recognition and binding, it becomes impera-
tive to describe the structural, dynamic, and thermody-
namic response of a protein binding to both nonspe-
cific and cognate operator sequences. Many studies
have revealed that sequence-specific binding is coupled
to extensive conformational changes in both protein
and DNA components.2® How does binding to non-
specific DNA, which precedes the specific binding,
alter the structural and dynamic features of the two
partners? How does the complex switch from the
nonspecific to the specific mode during the explora-
tion process? The question of how binding and
specificity are coupled to these conformational changes
and to the dynamic processes that occur during these
interactions is a very important one.
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4.2. Structure of the Dimeric Lac Headpiece
Complexed to a Nonspecific DNA Sequence

The apparent lack of structural and especially
dynamical information on the interactions of sequence-
specific DNA binding domains with nonspecific DNA
sequences is mainly due to difficulties inherent in
studying complexes in which the protein can bind in
multiple positions on a DNA fragment. The combined
use of the dimeric lac headpiece-62 (HP62—V52C)
mutant with an 18-base-pair long nonspecific frag-
ment proved to be very successful, since a stable and
unique complex was formed.” The structural analysis
of the nonspecific complex (Figure 10), coupled to the

Figure 10. Structure of the dimeric lac HP62 complexed
to nonspecific DNA. (A) The lowest-energy structural
conformer. The C-terminus (residues 50—62) of each of the
dimers is unstructured. The protein backbone is depicted
in red whereas the DNA heavy atoms are depicted in blue.
(B) Schematic diagram of the 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 dark blue,
and the ribose phosphate backbone is light blue. Residues
involved in intermolecular hydrogen bonding and Coulom-
bic interactions are shown in yellow and green, respec-
tively. Backbone amides are indicated with spheres.

previous studies of the lac DBD in the free state and
complexed to its cognate sequences, completed the
structural characterization of the whole protein—
DNA recognition process (Figure 11).

The most remarkable feature of the nonspecific
complex structure is that the protein rearranges its
backbone and side-chain conformations, as compared
to the specific complex, in such a way so as to form
an extensive electrostatic and hydrogen bond net-
work with the DNA phosphate backbone (Figure 11).
To accomplish this, the protein tilts by ~25° its
position relative to the DNA, as compared to the
specific complex, resulting in a dramatic alteration
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Figure 11. Structural, dynamic, and hydrogen exchange characterization of the pathway of protein—DNA recognition.
(A) The hinge region (residues 50—62), which is red, remains unstructured in both the free state and the nonspecific
complex, whereas it folds up to an a-helix in the specific complex. In the nonspecific complex the DNA adopts the canonical
B-DNA conformation, whereas in the specific complex it is bent by ~36°. (B) Color-coded representation of the conformational
exchange dynamics alteration along the protein—DNA recognition pathway. Exchange values R, indicate motions in the
us-ms time regime. (C) Alteration of protection factors (P) of the dimeric lac HP62.

of the protein—DNA contacts (Figures 7 and 12). As
was described above, Tyr7, Tyrl7, GIn18, and Arg22
are primarily the residues that confer specificity
through interactions with the base pairs in the major
groove of the specific operators. In contrast, in the
nonspecific complex, the side chains of these residues
shift and twist so as to participate to hydrogen bond
and/or electrostatic interactions with the phosphates.
The rearrangement of the protein—DNA surface
causes all of the specific base pair interactions that
are present in the specific complex to vanish in the
nonspecific one throughout the recognition sequence
(Figure 7). Apparently, when the protein is located
at nonspecific sites, which contain several “incorrect”
base pairs, it switches to the nonspecific mode that
is totally electrostatic, as was earlier suggested on
the basis of thermodynamic analysis.” In the specific
complex Arg22 interacts uniquely and directly with
the bases in the major groove and lies more than 6
A apart from the phosphates. Compared to the case
of the specific complex, two additional charged resi-
dues, Arg35 and Lys37, approach the DNA phos-
phates in the nonspecific complex within a Coulombic
interaction distance, thus enhancing significantly its
electrostatic character (Figure 7). Numerous protein

side-chain and backbone contacts to the sugar phos-
phates further stabilize the nonspecific complex.
Interestingly, all these interactions are preserved in
the specific one. The persistence of these intermo-
lecular contacts may be energetically important for
a smooth switch from the nonspecific to the specific
binding mode once the cognate sequence has been
encountered during the exploration process. There-
fore, the structural data revealed that the protein
presents a scaffold for DNA binding that can be fine-
tuned for either nonspecific or specific binding.

In the inducer-bound state, the lac protein relieves
repression as a result of a dramatic drop of its DNA-
binding affinity at nonspecific levels. Inducer binding
within the C-terminal oligomerization domain of the
repressor (Figure 1) affects the DNA-binding proper-
ties of the N-terminal domain located more than 40
A away. The hinge region (residues 50—58) is pos-
tulated to communicate the allosteric signal. Cross-
linking the two hinge helices by means of a disulfide
bond renders the system noninducible, thus high-
lighting the role of this polypeptide segment in the
induction mechanism.®® The available structural data
demonstrated that, in the free state, the hinge region
is disordered and it forms an a-helix when bound to
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Figure 12. Comparison of specific versus nonspecific
binding modes and interactions. The left sites of the specific
and nonspecific complexes are overlaid on their DNA
backbone so that the protein positions with respect to the
DNA can be compared. The protein in the specific and
nonspecific complexes is yellow and red, respectively. Part
A depicts the 25° rotation on the DNA of the protein in
the nonspecific complex. In part B, the four most important
residues for conferring specificity are shown and their
conformations are compared.

specific DNA (Figure 11). Significantly, binding of the
lac DBD to the nonspecific sequence was shown to
be incapable of inducing o-helix formation, further
emphasizing the importance of this region both for
specificity and as a structural switch between non-
specific and specific binding modes. This may have
a vital implication for the mechanism of target site
location, because the lac repressor while being bound
nonspecifically to DNA scans several hundreds of
base pairs by linear diffusion, searching for its
recognition site.®* As a direct consequence of the
nonfolding of the hinge helices, no minor groove
contacts are present and thus the central kink of
~36° observed in the operator in the specific complex
is absent in the nonspecific one, where DNA remains
in the canonical B-form (Figure 10). Therefore, a key
observation extracted from that study is that both
protein and DNA change their structures very little
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as they bind nonspecifically to each other. This
indicates that protein folding and/or DNA distortion
is not a significant feature of the nonspecific DNA
recognition. These results are in agreement with
earlier observations from EcoRV and BamHI sys-
tems.’?273 It has been suggested, on the basis of
thermodynamic observations, that the protein—DNA
interface in nonspecific complexes retains a signifi-
cant portion of its hydration. Indeed, three residues
(Tyr7, GIn18, and Arg22) were found to form water-
bridged hydrogen bonds with bases in the major
groove of the nonspecific operator (Figure 13). Due

Figure 13. Schematic diagram of the structure of the left
site of the dimeric lac HP62 complexed to the nonspecific
operator. The red spheres represent the water molecules
that were consistently seen (in more than 70% of conform-
ers) to mediate interactions of the side chains of residues
Arg22 and GIn18 with the bases of the major groove and
of Tyr7 with the phosphate backbone.

to the major side-chain rearrangement, a cavity is
formed in the protein—DNA interface in the major
groove that can accommodate water molecules.

4.3. Dynamics Is a Central Feature of
Protein—DNA Recognition

Because biomolecules are inherently dynamic,
analyses of time-averaged structures do not provide
a complete description of the mechanisms involved
in biomolecular recognition. Protein flexibility and
the dynamics of intermolecular interfaces can regu-
late binding affinity and specificity in molecular
recognition, and they can also have a profound effect
on determining the thermodynamics and kinetics of
the binding process.”7® Now it is well-known that
proteins have various motions covering a wide range
of amplitudes and time scales ranging from picosec-
onds to hours. These movements may correlate with
protein function; however, the relative contributions
of the various motions to function are yet to be
known. The first step toward understanding the in-
terplay between dynamics and function is to recog-
nize the range and amplitudes of motions present in
the system under investigation. In this respect NMR
offers a great advantage over all the other techniques
and enables detailed characterization of sequence-
specific local and global dynamical properties of
proteins and their complexes in aqueous solution.”s77
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The fluctuating local magnetic fields, which cause
spin relaxation, arise as a consequence of intramo-
lecular motions and rotational tumbling of the entire
molecule. A suite of NMR techniques is now available
that allows one to investigate and distinguish in-
tramolecular motions in different “time windows”; in
solution NMR these windows are commonly divided
into the picosecond to nanosecond (ps-ns), microsec-
ond to millisecond (us-ms), and second time scales.
By measuring the longitudinal relaxation time (T4),
the transverse relaxation time (T>), and the steady-
state {*H}-*N NOE for each residue in the protein,
information about the type and time scale of motion
experienced by each residue can be obtained. Many
motions on the ps-ns time scales with small excursion
angles are regarded as librations or hindered motions
within an energetic well and can be associated with
retention of entropy in the folded state and with the
protein’s management of thermal energy in general.
Slower motions are considered as activated processes
in which the system must cross some energetic max-
imum and are very important because they are close
to the time scales on which docking, protein folding,
allosteric transitions, and catalysis take place.

Flexibility of DNA-contacting regions and its modu-
lation upon DNA complex formation have now been
reported for several DNA-binding proteins.”®~8 Of-
ten, the DBD in the free state is characterized by fast
or slower time scale motions that quench upon
binding to the specific DNA target. Thorough dy-
namic analysis of the binding of a certain protein to
variant specific sequences would potentially hint at
the role of dynamics in protein—DNA recognition;
however, this area still remains unexplored. Very
recently, the whole protein—DNA reaction process of
the lac DBD has been dynamically characterized
(Figure 11).7° The data revealed for the first time how
the various time-scale motions adjust along the
protein—DNA reaction coordinate, from the free state
to the specific complex via the nonspecific complex
formation, and how the changes may modulate the
thermodynamics of the system. More specifically, the
heteronuclear NOEs for the a-helical residues were
found to be >0.7 in all three forms, indicating that
motions on the fast time scale (ps-ns) of structured
regions are restricted and do not vary along the
pathway (Figure 14A). In contrast, the loop residues
(28—31) exhibited an interesting variation. In the free
form the loop showed enhanced mobility on the ps-
ns time scale, which becomes gradually more rigid
upon binding to nonspecific and finally to specific
DNA.7%84 The conformation of this loop is important
for recognition and binding stabilization; it interacts
nonspecifically with DNA through hydrogen-bond
and Coulombic interactions and recognizes the cog-
nate sequence through specific hydrophobic contacts.

Slower motions on the us-ms time scale exhibited
a very interesting variation. Motions on this time
scale are identified by the exchange term Rex, which
indicates exchange between conformations that sense
different chemical environments.83 Many residues in
the free state show prominent us-ms time-scale
motions (Figure 14B). Binding to the nonspecific
sequence increases significantly the R, term of most
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Figure 14. Dynamic analysis of protein—DNA recognition.
In parts A and B values for the free state and nonspecific
and specific complexes are shown in red, green, and blue,
respectively. Results of (A) {¥®’N—'H} NOE and (B) ex-
change values R indicating motions in the us-ms time
regime are plotted as a function of residue number of the
lac HP62.

residues located in the protein—DNA interface, which
show concerted motions on the us-ms time scale. Of
particular interest is the potential correlation be-
tween the dynamic features of the protein and its
DNA-binding properties, as most of the residues that
exhibit enhanced mobility on the us-ms time scale
form the protein—DNA interface and are involved in
DNA binding in both the nonspecific and the specific
complex. The structure ensemble analysis of the
nonspecific complex revealed that while almost all
of the residues with enhanced R¢ interact with the
DNA backbone, some of them adopt alternative
conformations.”® For example, Arg22 and to a lesser
extent Tyrl7 and GIn18 were seen to participate not
only in direct hydrogen bonds with the DNA phos-
phate but also in water-mediated interactions with
base pairs in the major groove. From inspection of
space-filling models of the structures, it seems that
exchange between these positions is not hindered
sterically. Thus, the flexibility enhancement may
primarily originate from the sampling of different
base-pair environments in the nonspecific complex,
which is mainly performed by the recognition helix
residues. The high flexibility of the complex on the
us-ms time scale may be of significant advantage for
rapid and efficient location of the specific site, since
these motions indicate thermally assisted conforma-
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tional transitions. Interestingly, the prominent con-
formational dynamics exhibited by these residues in
the free state and the nonspecifically bound state
were totally quenched upon binding to the cognate
operator, consistent with the selection of a single
conformer (Figures 11B and 14B). These results
support experimentally the view about nonspecific
versus specific binding, where the less selective
complexes are expected to have a more rugged bottom
to the binding energy funnel, with low barriers
between conformers of the complex.8> This rugged-
ness corresponds to the presence of several conform-
ers with slightly different energies, and hence, there
is some interconversion between these conformers at
a given temperature. This manifests itself as slow
time scale dynamics. Each of these conformers is
capable of binding ligands that are slightly different
in conformation and thus are more forgiving to the
detailed structural features. In contrast, highly spe-
cific complexes are relatively rigid, with a steep
funnel of conformations leading to the native struc-
ture, and accommodate only those ligands which have
distinct structural features.

5. Residue-Specific Insight into Energy
Propagation and the Interaction Pathway in
Protein—DNA Recognition

5.1. Redistribution of the Native-State Ensemble
along the Protein—-DNA Pathway

The propagation of energy through three-dimen-
sional structure represents the physical basis for
allosterism in biological systems. The precise path-
way of signal transmission remains, however, elusive.
Especially with respect to protein—DNA interactions,
very little is known about the association and dis-
sociation reaction pathways. The protein—DNA rec-
ognition process is quite intricate and involves for-
mation of a large number of specific and nonspecific
intermolecular contacts. In regulatory systems, the
DNA-binding affinity of the protein, for example, the
lac repressor, is modulated by binding of effector
molecules at distant sites. Recently, it was proposed
that an important condition for the propagation of
binding effects to distal regions is the presence of a
significant fraction of residues with low structural
stability in the uncomplexed binding site.?® Low
intrinsic stability may be a common feature of
regulatory proteins, thus challenging traditional
concepts of the control of protein activity.887.88 DNA
binding may also induce allosteric changes in a
protein that are crucial in the signal transduction
process.° How these conformational changes are
transmitted is of major importance for understanding
the regulatory, kinetic, and recognition properties of
the proteins.

Experimental observations, particularly those ob-
tained from hydrogen—deuterium (H—D) exchange
experiments, indicate that under native conditions
the predominant equilibrium is not between the
native state and the unfolded state but between a
large number of states generated by the occurrence
of local unfolding reactions within the native struc-
ture. These local unfolding reactions involve only a
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few residues, occur independently of each other, and
define, to a large extent, the native-state ensemble.8®
The immediate and perhaps most relevant conse-
guence is that the Gibbs energy of stabilization of a
protein is not uniformly distributed throughout its
3D structure. According to the modern concepts of
protein-folding funnels and energy landscapes, pro-
tein function is not determined purely by the static
structure but rather through a redistribution of
already existing populations in response to external
perturbations.®® Recently, it was demonstrated that
NMR-detected exchange of amide protons can be used
to characterize, at residue level, the mechanism,
kinetics, and thermodynamics of the lac headpiece
interaction with DNA operators, providing an un-
precedented view of the interaction mechanism of a
protein—DNA complex.®® Furthermore, the redistri-
bution of the native-state ensemble along the com-
plete protein—DNA recognition pathway was moni-
tored.

Hydrogen exchange techniques, with their residue-
level specificity, exquisite sensitivity, and adapt-
ability to many solution conditions, are becoming
essential to the study of protein stability, folding and
dynamics.??~% The exchange takes place according
to the following scheme®

ku kin
closed (NH) ‘—T’:’ open (NH) Ht)’ exchanged (ND)
Cl 2

According to the model, exchange can take place only
from the open conformation with an intrinsic rate
constant Kin, which depends on sequence, pH, and
temperature and can be easily calculated.®® Open and
closed conformations interconvert with the rate con-
stants ko, and kg, respectively. There are two mech-
anisms by which exchange can take place: EX2 and
EXZ1. In the first case the rate constant for reprotec-
tion, kg, is much greater than ki, and the observed
hydrogen exchange reflects the equilibrium constant
between the closed and the open states [Kops =
(Kop/Kenkint]. The ratio Ke/Kop 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(kops/Kint). At the other extreme, when Kin: is
much greater than the rate constant for reprotection
(typically above pH 9), the mechanism becomes EX1,
and the observed rate constant becomes independent
of kint and simply equals the rate constant for the
formation of the unprotected state, kq,. Thus, ex-
change rates measured under both conditions can be
used to extract both the thermodynamics and kinetics
of the opening event. Recently, it has been shown
that this simple model for NH exchange appears to
be a robust framework for obtaining quantitative
information about molecular motions in native pro-
teins.%’

The lac system was used as a model to investigate
with residue-level specificity the energy propagation
upon DNA binding, as well as the intricate way a
protein—DNA complex forms and dissociates. The
hydrogen—deuterium exchange rates of each indi-
vidual backbone amide proton of the dimeric lac
headpiece in the free state and complexed to specific
and nonspecific DNA operators were measured by
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NMR spectroscopy. Thirty two protons per monomer-
ic unit are protected in the free state, and an
additional 5 and 12 are protected in the nonspecific
and specific operator-bound states, respectively, due
to participation in intermolecular hydrogen bonds,
burial in the binding interface, or hinge helix forma-
tion. Protection factors for the lac DBD in the free
state (Figure 15) were unexpectedly low (average

8 4
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Figure 15. Protection factors (P) of the dimeric lac HP62
plotted as a function of residue number. Values for the free
state, the nonspecific complex, the SymR complex, natural
operators O3 and O1, and the SymL complex are shown in
red, green, blue, yellow, cyan, and orange, respectively.

value below 10?) for a folded protein, suggesting a
high population of open microstates (conformations
from which exchange can take place). The low stabil-
ity of the molecule in the uncomplexed state®® was
further corroborated by thermal denaturation experi-
ments, which showed significant unfolding of the
a-helices already at 42 °C. Interestingly, binding to
the nonspecific DNA fragment results in a small
increase in the protection factors; thus, no significant
redistribution of the protein ensemble takes place.
However, upon binding to the SymL operator (Figure
14) there is a dramatic increase in protection as a
result of consolidation of the complex. Thus, binding
to the cognate operator reduces dramatically the
population of open conformational states of the lac
DBD, narrowing the population distribution and
contributing significantly to the observed negative
heat capacity (see below). Interestingly, it was dem-
onstrated that the pattern and magnitude of protec-
tion factors of lac DBD binding to DNA are modu-
lated by the degree of specificity of the operator
sequence (Figure 15). SymL is the sequence that
binds more strongly to the repressor, followed by the
natural operators O1, 02, and 0O3. As Figure 15
depicts, the extent of population narrowing follows
the specificity trend. The natural lac operator O1
(Figure 2) is asymmetric, and the two binding sites
differ significantly in their affinity for the lac repres-
sor when considered separately.®® Quite interestingly,
measured protection factors for the dimeric lac
headpiece complexed to its cognate operator are the
same for the left and the right protein subunit
(Figure 14B). The significant cooperative effect of
hinge helices stabilization on the headpiece core is
demonstrated in the case of the SymR operator,
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where the hinge helices exist at equilibrium between
a-helical and random coil conformations (Figure 4C).
This complex exhibits the lowest protection factors
among the specific sequences. Therefore, the lac
repressor employs the same binding site to interact
with both specific and nonspecific DNA sequences,
with the equilibrium population of the protein con-
formational substates being redistributed and shifted
depending upon the DNA sequence. The data sug-
gested a hierarchical model where the biological
system becomes more ordered going from the non-
specific to the most specific complex formation.

Even more impressive was the observation that
protection is not confined to the binding interface but
is spread throughout the whole molecule, even for
nonspecific binding. This is clearly a manifestation
of extended energetic coupling between different
regions of the protein. The locally resolved free
energy changes in protein upon DNA binding are
depicted in Figure 15. How can the dramatic DNA-
induced redistribution of the native-state ensemble
be explained? Because the binding domain is not
intrinsically stable, DNA binding selects those states
in which the core is stably formed. This process
results in a large redistribution of the native-state
ensemble in the presence of the DNA. Because the
DNA-induced redistribution of the native-state en-
semble affects not only those regions in direct contact
with the DNA but also regions linked by cooperative
interactions, the potential exists for the occurrence
of effects at distal sites from the binding site.

5.2. Residue-Specific View of the Dissociation
and Association Pathways of the Protein—DNA
Complex

The lac repressor—operator system was used as a
model for developing a methodology with the exciting
prospect of following the dissociation of the protein—
DNA complex with residue-level specificity. To this
end, hydrogen exchange rates of the dimeric lac DBD
bound to SymL operator were measured as a function
of pH. For local exchange, EX2 kinetics were observed
as expected, since the native-state fluctuations are
rapid and there is a fast closing step (Figure 16A).
However, most of the residues switched to the EX1
mechanism at elevated pH values. The possibility of
following the Kinetics of structural fluctuations re-
quired to break the hydrogen bond and/or expose
individual amides to solvent is of great importance,
since it may reveal concerted phenomena that are not
possible to follow with conventional experiments. The
results are mapped on the three-dimensional struc-
ture of the complex in Figure 16B. Opening rates
segregate in four distinct groups. The first group to
open is the hinge helix, with an exchange rate of 0.20
h~1, followed by N50 and the C-terminal residues of
the third helix (0.11 h~1). Unfolding of this part of
the protein is propagated to the rest of the molecule
by progressive destabilization and collapse of protein—
protein and protein—DNA contacts, resulting in the
complex being dissociated with a rate of 0.02 h™. The
apparent dissociation constant of the complex, mea-
sured by biochemical methods, is ~0.05 h™1,% indi-
cating that the slowest ko, rate corresponds to the
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Figure 16. Summary of the kinetic data extracted from
hydrogen exchange data. For clarity reasons, only the left
site of the complex is depicted. Helices 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 the EX1
mechanism at high pH values are red. (B) Mapping of the
opening rates, ko, of the dimeric lac HP62 bound to the
SymL operator. The color code used to display ko, is as
follows: ko = 0.20 h73, red; Koy = 0.11 h71, coral; kop =
0.04 h1, yellow; ko, = 0.02 h71, violet. Reprinted with
permission from ref 89. Copyright 2002 Nature Publishing
Group.

macroscopic kinetics of dissociation. The group of
backbone amide hydrogens slowest to exchange tend
to cluster in mutually packed elements of secondary
structure, which suggests the existence of a partially
folded submolecular domain. Its structure is stabi-
lized by the specific contacts to DNA from the
recognition helix, which remains intact, and by strong
hydrophobic interactions with residues from the other
helices (Figure 16B). On the basis of the variation of
the lifetime of protected states, a model of progressive
unfolding and dissociation of the protein—DNA com-
plex was proposed and is illustrated in Figure 17.
Although identical ko rates do not necessarily imply
that cooperative unfolding takes place, binding of the
lac repressor to DNA is accompanied by cooperative
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phenomena. For example, formation of the hinge
helix, which has been shown to require both protein—
protein and protein—DNA contacts, is stable only
when the hinge helix of the other subunit is folded.
The recognition helix should be the last one to
dissociate from DNA, because the side chains of its
residues form most of the contacts to the operator.
The dissociation pathway of the lac repressor from
its wild-type operator was found to be identical to
that of the symmetric operator, yet the complex
responds to hinge helix unfolding twice as fast as the
SymL complex. It is remarkable that measurement
of individual opening rates can reveal with such
detail the pathway of the progressive unfolding of
subglobal structural units, providing a clear picture
of how the protein dissociates from DNA.

The H—D approach followed in that work revealed
further important information about the association
pathway of the protein—DNA complex as well. The
key to accomplishing this was to measure the closing
rates, namely the rates by which amide protons
become reprotected. As residues that are protected
only in the DNA-bound state were considered, the
potential existed of monitoring the process of repro-
tection of individual structural units. The analysis
showed that GIn18, a crucial residue of the recogni-
tion helix, becomes solvent protected ~2 times faster
than Leu6, with a rate of ~40 s™! (this is consistent
with an apparent association rate constant of ~10°
M-t s71). Based also on the submolecular core that
is slowest to exchange, the results suggest that the
recognition helix is the first to fit to DNA and this
orientation is locked by subsequent hydrogen bond
formation of the Leu6 backbone to DNA. It is
interesting to note that this contact is highly con-
served among helix-turn-helix (HTH) proteins, ir-
respective of the nature of the residue.'® Hinge helix
formation is slower than QIn18 protection by a factor
of ~10, and the last H-bond to form is that of Asn50
with the DNA phosphate. 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 been properly
oriented with respect to DNA. Thus, the DNA se-
guence is first read out in the major groove by the
recognition helix, followed by discrimination of the
minor groove by the hinge region and its subsequent
folding to an a-helix. This view is enhanced by the
recent structural data of the nonspecific complex,
which showed that while the headpiece has posi-
tioned its recognition helix over the major groove of
the operator and Leu6 is hydrogen bonded to the
DNA backbone, the hinge region is unstructured and
folds up to an a-helix only when the specific sequence
is encountered.

5.3. 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 the intact lac repressor exerts control over
gene expression. If only “high-stability” residues
constituted the binding site, then all the states in the
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Figure 17. 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. Leu6 and Asn50 hydrogen bond to DNA phosphate, whereas the backbone amide of Vall5 hydrogen bonds to the
carbonyl oxygen of Alal0 and is a key residue in defining the proper orientation of the HTH domain. (A) All rarely opened
residues are protected. The first structural unit to unfold is that of the hinge helices (B) followed by disruption of the N50
to DNA hydrogen bond and opening of the C-terminal residues of the third helix (C). Further unfolding takes place in part
D, where the hydrogen bond from L6 to DNA is disrupted and the only helix that remains intact is the recognition helix.
In part D, the slowest to exchange core remains that is stabilized by specific contacts to DNA from the recognition helix
and strong hydrophobic interactions with residues from the other helices. V15 and the residues located in the middle of
the first and third helices do not contact DNA but are apparently very important because they are involved in critical
packing interactions with the recognition helix that stabilize this submolecular domain. Their disruption results in protein—
DNA dissociation (E). Reprinted with permission from ref 89. Copyright 2002 Nature Publishing Group.

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 large difference
in mobility between the free and DNA-bound lac
DBDs can be used advantageously by the biological
system to switch between functional states. There-
fore, alteration of dynamics between free and bound
states coupled to destabilization of crucial structural
subunits may provide a level of control that allows

rapid and accurate response of the biological system
to changes in the cell environment.

As has been demonstrated, two important phenom-
ena accompany recognition of sequence-specific op-
erators by the lac repressor: hinge helix formation
and a profound reduction in the manifold of the
protein native-state ensemble. The slow time-scale
flexibility of the DBD of the lac repressor in the
presence of noncognate operator sites allows it to
slide along the DNA facilitating target location. Once
the specific site has been recognized in the major
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groove, the hinge helices form and recognize the
minor groove. The recognition is followed by selection
of only the binding-competent states of the ensemble,
which manifests itself as a negative contribution to
the heat capacity of the system (see below). The
combined structural and dynamic results provide a
unique view of the order of events that result in
protein—DNA association and dissociation, which
may enrich our understanding of how proteins pro-
ceed toward selecting their target sites from the sea
of nonspecific sequences present in the environment.
Moreover, they present a compelling example of a
large redistribution in the ensemble of conforma-
tional states of a protein when it binds specifically
to DNA.

6. Relating Structure and Dynamics with
Thermodynamics

6.1. Variation of AC, in Protein—DNA Interactions

To provide a proper molecular foundation for the
elucidation of the protein—DNA recognition features,
an in-depth insight into the energetics of the process
is needed. The lac repressor—operator system may
again serve as a model system for which a correlation
can be made between the structure, dynamics, and
thermodynamics of the biological process. A large
body of thermodynamic data exists for the binding
of both the intact lac repressor and its isolated
headpiece to various operator sequences.’® It has
been long recognized that specific binding is ac-
companied by a large negative heat capacity change
(ACp), whereas a less dramatic change is character-
istic of the nonspecific binding.®® Thus, many efforts
have been focused on understanding heat capacity,
a fundamental thermodynamic parameter, and cor-
relating its magnitude and sign of change with
protein—DNA binding parameters. AC, for the lac
repressor binding to specific operators is ~ —1100—
1300 cal mol~t K=1, whereas for nonspecific binding
it is only ~ —200 cal mol~* K~1.1%0 The most produc-
tive link between thermodynamic and structural data
has proved to be the relationship between AC, and
the change in buried surface area on going from one
equilibrium state to another. The variation in AC,
of specific versus nonspecific binding has been gener-
ally accounted for by a difference in the solvent-
accessible surface area (ASA) removed from bulk
water upon complex formation. In light of the re-
cently available structural and dynamic data, a
molecular interpretation of AC, can be attempted.
Binding to the cognate operator O1 results in 4900
Az (2500 A2 nonpolar; 2400 A2 polar) of buried surface
area compared to 3500 A2 (2100 A2 nonpolar; 1400
Az polar) for the nonspecific one. The contribution of
surface area burial to AC, amounts to ~465 cal mol~*
K= for the specific complex and to a maximum of
~470 cal mol~* K1 for the nonspecific one (using the
algorithm AC, = —(0.34 £ 0.04)AA,, + (0.14 +
0.04)AA, cal mol~t K™1).%® Although formation of the
specific complex results in a 1400 A2 excess of the
buried surface, its contribution to AC, is the same
as that of the nonspecific one. This is due to the much
higher amount of polar surface being excluded from
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the solvent in the specific complex, which contributes
to a positive AC,. Thus, the portion of AC,, left un-
explained by surface area considerations for specific
binding is more than 600 cal mol~* K~1. The failure
to account for the total observed AC, solely on buried
surface arguments has been observed very often.

There are, however, additional sources of AC, that
have proved very difficult to integrate in a model due
to scarce data on nonspecific binding.'°* Changes in
flexibility upon binding modulate conformational
entropy, which contributes significantly to AC,. Both
ps-ns and us-ms time scale fluctuations, which can
be probed by relaxation experiments, affect AC,.
Furthermore, restriction of soft vibrational modes
characterized by force constants weak enough to be
affected by ligand binding has been suggested to
account for up to 20% of the total AC,,.2%? The dynamic
data demonstrate that the protein—DNA interface in
the nonspecific complex is highly flexible on all
probed time scales, whereas in the specific complex
it is tied down by strong contacts and optimal
juxtaposition (Figures 11 and 14). Moreover, the
redistribution of the native-state ensemble induced
by ligand binding appears to be a significant source
of AC,. As has been earlier suggested, reduction of
the population of microstates will give rise to in-
creased negative AC,.1931%4 Our H—D exchange data
reveal that lac binding to the nonspecific operator has
a small effect on the ensemble, whereas binding to
the specific operator results in dramatic narrowing
of the population distribution throughout the whole
molecule. Additionally, the extent of narrowing is
modulated by the degree of specificity of the DNA
sequence and reduces in the order SymL > O1 > O3
(Figure 15). AC,, of both the intact repressor®:1%° and
the isolated dimeric HP627° binding also significantly
decreases in the same order. As both burial of surface
area®?#! and relaxation data (Figure 11)7 are identi-
cal for these complexes, it becomes apparent that the
distribution of the native-state ensemble significantly
affects AC,.

6.2. Salt Dependence of Specific versus
Nonspecific Binding

The available data further provided the proper
structural basis for explaining another long-standing
issue in protein—DNA interactions: the large and
characteristically different salt dependences of spe-
cific versus nonspecific binding. Comparison of the
high-resolution structures of the nonspecific and
specific complexes reveals that significant charge
redistribution takes place, which results in stronger
electrostatic interactions in the nonspecific complex.
Formation of the nonspecific complex involves the
release of ~11 monovalent ions while formation of
the specific complex releases the thermodynamic
equivalent of only ~6 ions from the vicinity of the
DNA.1%5 His29, Lys33, and Lys59 are the only charged
residues whose side chains are close to DNA phos-
phates in the specific complex (Figure 7), thus giving
rise to three ion pairs per monomer (six in total).
Analysis of the nonspecific structure suggests that
(additionally to His29 and Lys33) Arg22, Arg35, and
Lys37 interact with the DNA phosphate, whereas
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Lys59 moves away due to the unfolding of the hinge
helices, accounting for the two additional charge—
charge interactions that are expected on the basis of
the thermodynamic findings.

The combined set of structural and dynamic data
on the DNA-binding domain of the lac repressor
summarized in the present review provides a very
detailed insight into how a protein progresses from
its free state toward selecting its cognate DNA site
from the sea of nonspecific sequences present in the
environment and into the mechanisms that the
biological system makes use of in order to accomplish
its task.
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