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Genes are units of DNA that contain information for the synthesis of proteins. 
The synthesis of proteins does not happen at any time in the cell; it is subjected to a 
strict control from the regulatory mechanism, which may activate or repress the 
synthetic processes according to signals from the environment. In a pictorial view, the 
DNA can be compared to the text of a book, and the regulatory network is supposed to 
determine which pages of the book to read, at what time. 

At the moment, the complete genomes of various organisms have been 
sequenced, producing a large amount of data, which will have to be analysed, annotated, 
and will give information background for future investigations concerning the functions 
of these genes. While all this work is not completed, some interesting observations 
come from a simple inspection of the data that is available. For example, the human 
beings and a laboratory mouse contain the same number of estimated genes, of the order 
of 30,000. Also, long-diverged species share several families of genes that regulate 
important aspects of the function of the cell (Carrol, 2000). 

Although most of the human cells contain the same set of genes, not all of 
them are expressed at the same time. Changes in gene regulation can have a dramatic 
effect on the morphology of a cell; how these genes are expressed and regulated gives 
rise to the distinct features of different animals (Ptashne and Gann, 2002). Furthermore, 
there is evidence that the evolution of the mechanisms of gene regulation had an 
important impact in the generation of diversity among species (Carrol, 2000).  
 The basis for the modern study of gene regulation was established by the work 
of François Jacob, Jacques Monod and André Lwoff, at the Institut Pasteur, in Paris, in 
the 1950s. This work was done after the demonstration that the genetic specificity is 
carried by the DNA (Avery et al., 1944; Hershey and Chase, 1952), and the molecular 
interpretation of the genetic phenomena, which was granted by the discovery of the 
structure of the DNA by Watson and Crick (Watson and Crick, 1953).  

At that time, Jacob, Monod and Lwoff were studying the way that bacteria 
grow on various sugars, including lactose, and the lifestyle of a bacterial virus, called 
bacteriophage, λ. The gene encoding the enzyme β-galactosidase is silent until lactose is 
added in the medium. Then it is transcribed, and the enzyme is synthesized. A set of 
genes of the phage λ, the so-called lytic genes, are maintained in the bacteria in a silent 
state, called lysogeny, until these bacteria are exposed to UV light when they are 
transcribed.  

Jacob and Monod proposed the model of the operon to explain their 
observations on the study of the induction of phage production by lysogenic bacteria 
and on the induction of β-galactosidase synthesis. The operon was proposed as a genetic 
element, which contains the structural genes that specify the enzymes that will be 
synthesized, and the regulatory genes, which control the expression of these genes. In 
both cases the properties of mutants showed that the effect of the regulatory gene 
consisted in inhibiting the expression of the structural genes by forming a cytoplasmic 
product called repressor (at that moment it was not known that the repressor was a 
protein), and in both cases the induction of the system was the result of a similar 
process, the inhibition of the inhibitor (Jacob, 1966). 
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Today, the λ and the lac systems are the most completely studied systems of 
gene regulation, both genetically and structurally, as it can be seen in recent books about 
this topic (Ptashne and Gann, 2002; Müller-Hill, 1996). In this introduction, I briefly 
describe the most relevant aspects of the biology of the lac operon, and how the lac 
repressor recognizes the lac operator. 
 
 
The lac operon 
 
The lac operon contains the genes, lacZ, lacY and lacA, that code for three enzymes 
involved in the metabolism of lactose in bacteria, β-galactosidase, lac permease and 
thiogalactoside transacetylase, respectively. The genes lacZ, lacY and lacA are 
transcribed together in a single messenger RNA (mRNA). The lacZ gene, which codes 
for β-galactosidase, is the largest one. It contains 3072 bp, and it is preceded by three 
regulatory sites, the specific site for the binding of the catabolite activator protein 
(CAP), the lac operator O1, and the promoter P1 (Figure 1). Although the lac system 
has two promoters, P1 and P2, only the first one is active. 

The enzyme β-galactosidase, the product of the lacZ gene, cleaves lactose into 
glucose and galactose. The lac permease is a pump, that brings lactose inside the 
bacteria, while the function of the thiogalactoside transacetylase is still not clear, and it 
has received less attention (Müller-Hill, 1996). 
 

 
Figure 1. Schematic diagram of the lac operon. The genes, lacZ, lacY and lacA, depicted in black, code for β-
galactosidase, lac permease and thiogalactoside transacetylase, respectively. They are transcribed in a single 
mRNA. The regulatory sites for the CAP protein, and promoter and the operator are depicted in light colour. 
The promoter comprises approximately 60 bp, and the CAP and the operator (the lac repressor binding site) 
consist of approximately 20 bp each. Note that the promoter overlaps with the operator site. The CAP binding 
site is located upstream from the promoter site. The representation is not in the correct scale, the lacZ gene 
contains, 3072 bp, while the lacY and lacA contain 1251 and 609 bp, respectively. Adapted from Ptashne and 
Gann (2002). 
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How and when is the expression of the lac genes switched on? 
The preferred energy source for bacteria is glucose. While the bacteria are growing in 
the presence of glucose and lactose, only few copies of the genes of the lac operon are 
transcribed. This is called the basal level of transcription. 

When the stocks of glucose are finished, the bacteria turns on the expression of 
the lac genes, and starts to use lactose as carbon source. In the absence of lactose, the 
lac repressor was bound specifically to the lac operator and repressing transcription of 
the lac genes; in the presence of lactose, allolactose, a side product of β-galactosidase, 
binds to the repressor and causes a conformational change, which decreases the affinity 
for the operators and allows the transcription of the operon into mRNA (Jobe and 
Bourgeois, 1972; Lewis et al., 1996). 

RNA polymerase does not need to be activated in order to transcribe the lac 
genes. However, the lac promoter P1 is a weak promoter, and it requires one activator 
for efficient transcription of the lac genes (Müller-Hill, 1996; Ptashne and Gann, 2002). 

Therefore, when the level of glucose decreases, the concentration of cyclic 
AMP, a signalling molecule in the cell, increases. Cyclic AMP then binds to the CAP 
protein making it active. Once active, CAP binds to its specific regulatory site close to 
the lac promoter and increases transcription fifty times (Müller-Hill, 1996). 
 CAP activates transcription of the lac genes because, in the presence of DNA, 
it binds weakly to the subunit α of the RNA polymerase. This interaction increases the 
probability with which RNA polymerase is going to be found bound to the lac promoter 
and, therefore, increases the efficiency of the transcription (Müller-Hill, 1996; Ptashne 
and Gann, 2002).  
 Figure 2 summarizes the conditions in which expression of the lac operon is 
turned on or off according to the signals from the environment. In the first panel, in the 
presence of glucose and lactose, neither the lac repressor nor CAP is bound to the DNA, 
and RNA polymerase transcribes the lac genes at the basal level. When glucose is 
finished, the bacteria switch on the expression of the lac genes at full rate, which 
includes the binding of CAP to the DNA activating RNA polymerase. In the last panel, 
lactose is absent; therefore, the bacteria are using glucose, and the repressor is bound to 
the lac operator preventing the transcription of the lac genes. 
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Figure 2. Three states of the lac genes: basal (top), activated (center) and repressed (bottom). The RNA 
polymerase is shown in a simplified form. CAP binds the DNA as a dimer, while the lac repressor binds as a 
tetramer, with two binding surfaces at each operator. Adapted from Ptashne and Gann (2002). 
 
How is it switched off? 
How does the lac repressor inhibit transcription? This question has been a matter of 
discussion.  

The locus of the promoter, P1, partially overlaps with the lac operator O1 
(Figure 3B), suggesting that the mechanism would be competition between the RNA 
polymerase and the repressor for the promoter site (Majors, 1975). A more complicated 
mechanism, based on an interaction between the lac repressor and the RNA polymerase 
preventing the initiation of the transcription, was proposed (Straney and Crothers, 
1987). However, a more recent kinetic analysis showed that, indeed, the lac repressor 
inhibits transcription by competing with the RNA polymerase for the same locus on the 
DNA (Schlax et al., 1995). 

This view, however, is still incomplete. 

 11

the middle of the lacZ gene (Figure 3A). All lac operators O1, O2 and O3, are pseudo 

Although binding to O1 is sufficient for repression, the lac operon has two 
auxiliary operators O2 and O3. The latter is located 82 bp upstream the transcription 
initiation site, while O2 is located 410 bp downstream the transcription initiation site, in 
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palindromes but with slightly different sequences. O2 and O3 are much weaker 
operators than O1. The lac repressor binds to O2 with 10 % of the binding affinity it has 
for O1, and with 0.3 % to O3. However, they are essential for repression in vivo (Oehler 
et al., 1990). 
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Figure 3. A) Schematic diagram of all control sites of the lac operon. B) Nucleotide sequence of the region of 

Experiments performed in vivo showed that with the destruction of both O2 
and O3 

icroscopy (Krämer et al., 
1987) th

er for this question is that the lac repressor forms stable tetramers in 
solution,

1, and preventing 
RNA po

the lac operon that contains the promoter, P1, and the operator, O1. Only the sequence of the left side of the 
operator O1 is shown. The first base pair transcribed is numbered +1. The –35 and –10 regions of the 
promoter are contacted by the subunit σ of the RNA polymerase.  
 

the repression level becomes less than 2 % of the normal wild type level. The 
presence of O2 or O3 increases the repression by 30 times. And when both of them are 
present, repression increases 70 times (Oehler et al., 1990).  

It was shown by gel electrophoresis and electron m
at in the chromosome of E. coli, lac repressor binds to either O1 and O2, or O1 

and O3, forming a loop on the DNA. How can the lac repressor bind to two operators 
simultaneously? 

The answ
 and the tetrameric lac repressor binds the DNA as a dimer, with two subunits 

recognizing each lac operator. The crystal structure of the lac repressor bound to a 
symmetric lac operator showed the repressor bound simultaneously to two operator 
DNAs forming a V-shaped structure (Figure 4) (Lewis et al., 1996).  

Since the repressor inhibits transcription by binding to O
lymerase of initiating transcription, the function of the auxiliary operators is to 

increase the efficiency of the repression. This effect is explained by the fact that the 
binding of the repressor to O1 or O2 increases the local concentration at O1 (Müller- 
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Hill, 1996 and 1998), and also by the greater stability of the complex with DNA, which 
is given by the simultaneous binding to two operators.  
 

 
Figure 4. Crystal structure of the tetrameric lac repressor bound to two symmetric variants of the lac operator. 
The quaternary structure of the repressor can be seen as a dimer of dimers. The tetramer is roughly V-shaped, 
and each dimer is bound to one symmetric lac operator. The DNA binding domain, so called lac-headpiece, 
correspond to amino acids 1-62. It binds specifically to the DNA. Residues 63-329 form the core domain, 
which contains the inducer binding site and the dimer interface, the C-terminal segment, amino acids 330-360, 
contains an α-helix, that associates forming the tetramerization domain (Lewis et al., 1996). 
 

The lac repressor does not need to bind tightly to O2 and O3 in order to 
increase the efficiency of the repression. If the binding affinities of the lac repressor for 
O2 and O3 were as high as it is observed for O1, the efficiency of the repression would 
probably increase enormously and it would affect the efficiency of the induction 
mechanism.   

It is noteworthy that, the ability to bind to two operators simultaneously, 
forming a DNA loop, is not restricted to the lac repressor. The gal repressor, which is a 
very close homologous protein to the lac repressor, is a dimer in solution. It lacks the C-
terminal helix necessary for oligomerization. The gal operon has two promoters, OE and 
OI. Two gal repressor dimers bind to the two gal operators and interact with each other 
forming a tetrameric structure, and making a loop on the DNA (Semsey et al., 2002). 
However, in this case the formation of the DNA loop requires the help of auxiliary 
proteins, such as HU (Geanacopoulos et al., 2001; Semsey et al., 2002). The phage λ 
repressor is a monomer in solution, but it binds to the λ operators as a dimer. Two 
dimers bind to two adjacent OR operators and interact to form a tetramer. The tetramer 
further interacts with another tetramer that is bound to adjacent OL operators 3 kb away 
from the OR site, forming an octamer and a loop on the DNA (Ptashne and Gann, 
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2002). Binding to more than one operator simultaneously, forming a loop on the DNA, 
might constitute an efficient mechanism for transcription regulation.  

 
The lac repressor inside of the E. coli cell 
In the E. coli cell there are approximately 10 copies of the lac repressor, giving a 
concentration of 10 nM (Müller-Hill, 1996). Estimates made by Kao-Huang et al. 
(1977) showed that at least 90 % of the lac repressor is constantly bound non-
specifically to the DNA. 

Early studies on the repressor-DNA interaction have given a good 
characterization of the affinities of the lac repressor for the lac operator and for non-
operator DNA. The lac repressor binds lac operator on plasmid DNA as a tetramer, even 
at concentrations as low as picomolar (Levandoski et al., 1996). The equilibrium 
dissociation constant (Kd) of lac repressor to phage DNA containing one lac operator is 
of the order of 10-13 M (Riggs et al., 1970a), while the association rate (ka) is of the 
order of 109 M-1s-1 (Riggs et al., 1970b). Binding of the lac repressor to non operator 
DNA is several orders of magnitude lower than binding to the lac operator. 
Measurements made with phage λ DNA indicated a dissociation constant of the order of 
10-5 M (Revzin and von Hippel, 1977). The binding of the inducer to the core reduces 
the affinity of lac repressor for the lac operator by only 3 orders of magnitude (Jobe and 
Bourgeois, 1972; Barkley et al., 1975). This reduction seems small, but the 
chromosome of E. coli contains 4.7×106 bp, and competition by the enormous number 
of non-specific binding sites, will shift the equilibrium and releases the repressor from 
the operator (von Hippel et al., 1974).  

Another interesting aspect of the lac system, and that has raised some 
discussion, is how does the repressor find the small 22 bp lac operator sequence on the 
E. coli chromosome that contains 4.7×106 bp? 

The association rate of lac repressor to the lac operator is a few orders of 
magnitude larger than what would be expected for a diffusion-controlled reaction 
(Riggs et al., 1970b), suggesting that there should be a mechanism that facilitates the 
search for the lac operator within the large genome of E. coli. Two mechanisms were 
proposed, sliding on non-operator DNA and intramolecular transfer between non-
specific sites by transient DNA loop formation (von Hippel and Berg, 1989). It is still a 
matter of debate whether the lac repressor finds its operator on a high molecular weight 
DNA either via intersegment transfer mechanism or by a sliding mechanism (Fickert 
and Müller-Hill, 1992; Halford and Marko, 2004). Both mechanisms involve binding of 
the repressor to non-operator DNA. 
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Molecular basis of protein-DNA recognition in the lac operon 
 
 
DNA binding proteins recognize the DNA in various ways according to their functions. 
Several prokaryotic and bacteriophage transcription regulators, such as the lac repressor, 
the phage λ repressor and cro proteins, and the CAP protein, recognize specifically 
pseudo symmetric operator sites on the chromosome. They all have a helix-turn-helix 
(HTH) motif in their DNA binding domain (Pabo and Sauer, 1984, Harrison and 
Aggarwal, 1990). The mechanism of DNA recognition involves the binding of the 
second helix of the HTH motif, known as recognition helix, to the DNA major groove, 
where specific interactions between amino acids of the helix and bases of the DNA 
drive the specificity (Pabo and Sauer, 1984). In parallel to the recognition of the DNA 
by the HTH motif, folding transitions and deformations of the DNA structure such as 
bending or unwinding often occur (Lewis et al., 1996; Schumacher et al., 1994; Schultz 
et al., 1991). 

In the previous section it was described that lac, the gal and the λ repressors 
are binding simultaneously to more than one operator on the DNA, and this involves the 
formation of a loop on the DNA (for reviews see Weickert and Adhya, 1993; Müller-
Hill, 1998; Ptashne, 1992). Therefore, although a fine control over the gene expression 
requires that the transcription regulators display a high degree of specificity for the 
operator, they may also display a certain degree of broad specificity in order to 
recognize slightly different DNA sequences in their cognate operators. 

As described, transcription regulators also bind non-specifically to the DNA. 
Binding to non operator DNA could facilitate both the association and the dissociation 
reactions, and be an integral part of the regulatory mechanism. Non-specific DNA 
binding is involved in facilitating the search for a specific regulatory site on the DNA 
via different mechanisms: one-dimensional sliding on the DNA and intersegment 
transfer (von Hippel and Berg, 1989).  

Therefore, a delicate balance between the stability of a specific versus a non-
specific protein-DNA complex should be essential for efficient control of gene 
expression in vivo. The understanding of how DNA binding proteins recognize 
specifically the DNA, and the identification of the structural and thermodynamic origins 
of the specificity, are essential pre-requisites to fully understand the mechanisms of 
transcription regulation. 
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The lac repressor as a model system to study protein-DNA interaction 
Due to the large amount of genetic, structural and thermodynamic data available (for 
reviews see Kalodimos et al., 2004a, Pace et al., 1997, Müller-Hill, 1998, Bell and 
Lewis, 2001), the lac repressor is an ideal model system to study protein-DNA 
interactions. Figure 4 showed the crystal structure of the tetrameric repressor bound to a 
symmetric operator. Due to the limited resolution of the crystallographic data, the 
atomic interactions between protein and DNA could not be assigned in detail (Lewis et 
al., 1996). However, NMR studies of the complex of the lac repressor DNA binding 
domain and the lac operator allowed detailed description of the atomic interactions in 
the protein-DNA interface. 

 
How does lac repressor recognize the DNA 
The DNA binding domain of the lac repressor, the so-called lac headpiece (residues 1-
62) is composed of three α-helices forming a globular domain that is stabilized by a 
hydrophobic core (Kaptein et al., 1985; Slijper et al., 1996). The first two helices form a 
HTH motif. The recognition helix is connected to the third helix by a loop (amino acids 
26-32). The C-terminal segment (amino acids 45-62) that follows the third helix is 
unstructured in solution. The lac headpiece can be expressed and purified independently 
from the whole protein, and it retains the ability to recognize specifically the lac 
operator (Jovin et al., 1977; Ogata and Gilbert, 1979). 

The NMR structures of the lac headpiece bound to a half site of the lac 
operator (Boelens et al., 1987; Chuprina et al., 1993; Spronk et al., 1999) and to a 
palindrome of the left side of the lac operator O1, lacking the central base pair, lac-
SymL (Sadler et al., 1983; Simons et al., 1984), showed that the recognition helix 
penetrates in the major groove of the lac operator establishing a series of protein-DNA 
contacts (Figure 5B). Amino acids from the loop connecting the recognition helix to the 
third helix also interact with the DNA. Concomitant to the DNA binding, there is the 
folding of the C-terminal segment into an α-helix (residues 53-58), the so-called hinge 
helix, which binds to the minor groove causing the DNA to bend (Figure 5A). The 
hinge helix forms a dimerization interface upon interacting with the hinge helix of the 
monomer that is bound on the other half site of the operator. The dimer interface is 
stabilized by protein-DNA and protein-protein contacts (Spronk et al., 1999). 
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igure 5. A) NMR structure of the lac headpiece (amino acids 1-62 of lac repressor) bound to a symmetric 
 
F
variant of the left side of the lac operator O1, lacking the central base pair. The four α-helices that compose 
the structure of each monomer are indicated in the figure. The hinge helices, that are unfolded in the free 
form, bind to the minor groove inducing a bend on the DNA. The hinge helices compose the dimer interface, 
and are stabilized by protein-protein and protein-DNA interactions. The recognition helix binds the major 
groove of the DNA. B) Close view of the recognition helix in the DNA major groove. Some of the side chains 
that make contacts to the DNA are explicitly represented as heavy atoms: Leu6, Tyr7 in the first helix, Tyr17, 
Gln18, Ser21, Arg22 and Asn25 in the recognition helix, and His29 in the loop that connect to the third helix. The 
hydrogen bonds between the backbone amide protons of Leu6 to the phosphate of Cyt9, and between the amide 
group of the side chain of Asn25 and the phosphate of Thy8 are represented as dashed lines. 
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Anchoring contacts 
It is noteworthy that some protein-DNA contacts are conserved in the lac and the phage 
transcription regulators. These contacts are anchoring contacts, they are important to 
position the HTH motif on the DNA. 

The Leu6 backbone HN hydrogen bonds the phosphate of Cyt9 (Figure 5B), 
(Spronk et al., 1999; Chuprina et al., 1993); this interaction helps to position helix 1 
with respect to the DNA. A similar contact was observed in the structure of the λ 
repressor (Beamer and Pabo, 1992) and of the 434 repressor bound to their operators 
(Pabo et al., 1990). The hydrogen bond contact that is observed between Asn25 side 
chain and the phosphate of Thy8 also could work as an anchoring contact, helping to 
orient the recognition helix of the lac headpiece with respect to the major groove 
(Figure 5B). A similar contact was observed in the structures of the phage λ and 434 
repressors in complex with the operators (Harrison and Aggarwal, 1990; Pabo et al., 
1990). 
 
Another way of identifying protein DNA interactions: Altered specificity mutants 
A strategy used to identify which amino acids of the lac headpiece contact which base 
pairs of the lac operator, and therefore contribute to the specificity, is to screen 
mutations in the repressor recognition helix and on the operator, that would affect the 
binding affinity between repressor and operator. 

Müller-Hill and co-workers (Lehming et al., 1987, 1988 and 1990; Sartorius et 
al., 1989 and 1991) used this strategy extensively. In some cases, mutants that bind 
better to the variant operator than to the ideal lac operator (Sadler et al., 1983; Simons et 
al., 1984) were identified. These mutants are altered specificity mutants. 

The strategy consisted in an in vivo screening of mutant repressors for their 
ability in repressing the transcription of the lacZ gene, which codes for β-galactosidase 
(Lehming et al., 1987). The first work along this line used rational design to replace the 
amino acids at positions 1 and 2 of the lac repressor recognition helix, by those found in 
the recognition helix of the gal repressor (Lehming et al., 1987), (see Figure 6 for the 
numbering scheme). The recognition helix of the gal repressor differs from the lac 
repressor at positions 1, 2 and 8, where Tyr17, Gln18 and Val24 on the lac repressor are 
valine, alanine and isoleucine, respectively, on the gal repressor.  

The results showed that a mutant lac repressor containing the substitutions 
Y17V and Q18A recognized specifically a variant lac operator in which GC at position 
7 was replaced by AT, as found in the consensus gal operator. Single mutant lac 
repressors containing only valine at position 1 or only alanine at position 2 showed 
broad specificity for altered operators containing substitutions at positions 7 and 6, or 
only 6, of the lac operator. It was then concluded that valine and alanine at positions 1 
and 2 of the recognition helix cooperate in recognizing a base pair at position 7 of the 
lac operator; on the other hand single mutants would display broader specificity 
(Lehming et al., 1987). 

This conclusion was further supported by the study of another lac repressor 
mutant, in which the recognition helix was re-designed on the basis of a sequence 
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comparison with the deo repressor. The Y17Q, Q18M lac repressor recognized 
specifically a lac operator variant where GC7 was replaced by TA, as found in the deo 
operator (Lehming et al., 1987). 

 

 
Figure 6. Numbering schemes of the recognition helix of the lac repressor (bottom), and of the ideal lac 
operator (top). The Müller-Hill’s numbering scheme for the lac operator is used in the references Lehming et 
al., (1987, 1988 and 1990) and Sartorius et al. (1989 and 1991). 

 
The substitution of residue 6 of the lac repressor recognition helix, Arg22, also 

resulted in altered specificity mutants. Based on a sequence comparison with the 
recognition helix of a bacteriophage repressor, Lehming et al. (1988) changed Arg22 for 
asparagine. The R22N mutant was predicted to better recognize a variant lac operator 
containing TA at position 5, as found in the phage operators. This was indeed the result 
that was obtained. It was also shown that mutant lac repressors containing three 
exchanges, Y17V, Q18A and R22N, for example, would recognized variant lac 
operators containing AT at position 7 and TA at position 5 of the lac operator. 
Therefore, the residues at positions 1, 2 and 6 of the lac repressor recognition helix 
make independent specific interactions with the operator. 

A more extensive mutation analysis was performed by Sartorius et al. (1989) 
using libraries of plasmids coding for the lac repressor, and containing random amino 
acids at positions 1 and 2 of the recognition helix. Several mutants containing different 
amino acids at positions 1 and 2 of the recognition helix were selected. They were able 
to recognize variants of the lac operator containing substitutions in the base pairs 6 or 7. 
The results confirmed that amino acids at positions 1 and 2 of the recognition helix 
interact preferentially with a particular base pair at position 7 of the lac operator.  

As an attempt to understand if the interactions between the lac repressor and 
the lac operator could be divided into the individual contributions from each amino acid, 
Lehming et al. (1990) compared predicted with experimental repression values for 
various combinations of different residues at positions 1 and 2 of the lac repressor 
recognition helix, and different operators containing base pair substitutions at positions 
6 and 7. The results suggested that residues 1 and 2 of the recognition helix interact 
independently and non-cooperatively with base pairs 6 and 7 of the lac operator.  

 19
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All the analysis of altered specificity mutants described above were supported 
by the structural data, and at the same time confirmed the interactions observed in the 
NMR structures. The structural data provided structural interpretation for the 
information obtained by the mutational analysis, which helps to understand which 
particular protein-DNA interactions govern the specificity. 
 
The allosteric transition 
Based on the crystal structures of complexes of the dimeric lac repressor with the 
symmetric lac operator, the gratuitous inducer IPTG (Lewis et al., 1996), and both the 
symmetric lac operator and the anti-inducer ortho-nitrophenylfucoside, ONPF, (Bell and 
Lewis, 2000) a model for how the binding of the inducer reduces the affinity of lac 
repressor for the lac operator was proposed. According to the model inducer binding in 
the core domain causes a conformational change that alters the network of interactions 
between the core and the DNA binding domains, thereby destabilizing the binding of 
the hinge helices to the lac operator (Spronk et al., 1996; Bell and Lewis, 2000). 

Different experimental observations are in agreement with this model. The first 
one is that a mutant lac repressor, containing the substitution V52C, that allows a 
covalent link of the two hinge helices by a disulfide bond, looses its ability to respond to 
the inducer (Falcon et al., 1997). The other observation comes from hydrogen 
deuterium exchange experiments performed on the lac headpiece in complex with the 
lac operator. These experiments showed that the protection factors of the hinge helices 
(~105) are significantly lower than the protection factors of the exchangeable protons in 
the HTH domain (~108), indicating that the hinge helices are less stable than the other 
α-helices (Kalodimos et al., 2002). These results are all compatible with a model in 
which the dissociation of the lac headpiece from the lac operator is triggered by the 
destabilization and unfolding of the hinge helices (Kalodimos et al., 2002).  

Therefore, besides contributing for DNA binding specificity, the hinge helices 
are the key element for the allosteric transition that governs the induction of the lac 
operon. 
 
Specific versus non-specific protein-DNA interfaces 
Physico-chemical and thermodynamic studies of the repressor-operator interaction have 
indicated that the polyelectrolyte effect and the heat capacity change of association 
(∆C0

obs) are important driving forces for protein-DNA association (Record and Spolar, 
1990).  

The remarkable differences in the effect of the salt concentration on the 
binding constant of lac repressor to the operator and to non-operator DNA indicated that 
there are different binding modes for both the specific and the non-specific complexes, 
implying a larger number of ionic contacts in the non specific case (Record et al., 1977). 
Binding to non-operator DNA decreases with increasing salt concentration more 
strongly than does the binding to lac operator (Record et al., 1977).  

A large negative ∆C0
obs of association has been observed to be a characteristic 

of specific protein-DNA interactions, and to be related to the amount of apolar surface 
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that is buried from the water upon complex formation, and also to folding transitions 
coupled to DNA binding (Spolar and Record, 1994).  

The elucidation of the NMR structure of a protein-DNA complex involving a 
dimeric lac headpiece bound to a non-specific DNA allowed a structural interpretation 
of the observations described above. The structure showed that the binding mode of lac 
repressor to non-operator DNA is predominantly electrostatic (Kalodimos et al., 2004b), 
in agreement with the predictions from the thermodynamic studies (Record et al., 1977; 
Record and Spolar, 1990). It also showed that the lac headpiece bound to a non-specific 
DNA retained the flexibility observed in the free form; moreover, the hinge helices 
remained unfolded and DNA bending was not observed. These data are in agreement 
with the fact that the heat capacity changes observed in the formation of a non-specific 
complex are very small.  

The large negative ∆C0
obs associated with the specific binding could have 

contributions from the folding of the hinge helices, removing apolar surface from the 
water, but also from the stabilization of the headpiece, as reflected in the large increase 
of the protection factors of the exchangeable protons upon DNA binding, which 
indicates a decrease in the number of conformers from which exchange can take place 
(Frank et al., 1997; Kalodimos et al., 2002).  

 
After all, what governs the specificity? 
It is now clear that a combination of structural (Chuprina et al., 1993; Spronk et al., 
1999; Kalodimos et al., 2004b) and genetic data (Betz et al., 1986; Kleina and Miller, 
1990), with the identification of altered specificity mutants (Lehming et al., 1987, 1988 
and 1990; Sartorius et al., 1989 and 1991), and thermodynamics studies (Mossing and 
Record, 1985; Record and Spolar, 1990; Frank et al., 1997) is essential for a full 
understanding of how the lac repressor recognizes ideal lac operator.  

The protein-DNA contacts observed in the specific complex and in the non-
specific complex have been all described in detail. They confirm that the specific and 
non-specific protein-DNA interfaces are different, and this difference is reflected in the 
thermodynamic aspects of protein-DNA binding.  

It is clear from both structural and mutagenesis data, that interactions between 
the side chains of Tyr17, Gln18 and Arg22, at positions 1, 2 and 6 of the recognition helix, 
and bases in the major groove are the main determinants of the specificity towards the  
lac operator. However, the NMR data also showed that other residues, which are not 
from the recognition helix, make contacts with the DNA, and therefore, contribute to the 
specificity (Figure 5B). The side chains of Tyr7 and His29, for example, interact with the 
bases or the backbone atoms of Cyt9, Thy4 and Thy3. While, the amide proton of Leu6, 
and the side chain amide protons of Asn25 make hydrogen bonds with the phosphates of 
Cyt9 and Thy8, respectively, helping to anchor the HTH motif on the operator. 
Moreover, the stabilization of the hinge helices, and the bending of the DNA contribute 
to a large extent to the stabilization of the specific complex. 

Studies of the thermodynamics of the interactions of lac repressor with variants 
of the lac operator containing single base pair substitutions suggested that the lac 
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repressor is able to adapt to changes on the DNA sequence in order to maximize 
favourable interactions (Frank et al, 1997; Mossing and Record, 1985).  

The picture that emerges from all these studies is that the specificity is given 
by the proper contacts between protein and DNA, and by complementarity of the 
protein-DNA interface. Structural adaptations may occur in order to optimise the 
favourable interactions in the interface.  

 
 

Overview of this thesis 
 
Chapters 2 and 3 of this thesis are devoted to NMR studies on the DNA binding 
specificity of the lac repressor. In chapter 2, we describe the NMR structure of the 
dimeric lac headpiece bound to the natural lac operator O1. Different protein-DNA 
interfaces are observed in the left and in the right sides of the O1 operator, showing how 
the protein adapts and binds specifically to two different DNA sequences. In chapter 3, 
we describe the structure of the protein-DNA complex of an altered specificity mutant 
of the lac repressor, which was identified by Lehming et al. (1987). Tyr17 and Gln18, at 
positions 1 and 2 of the lac repressor recognition helix, were changed for valine and 
alanine, as found in the gal repressor. The alterations performed in the protein are 
compensated by the substitution of GC7 for AT in the lac operator, resulting in a 
different specific protein-DNA interface. Studies of DNA binding and DNA bending 
help to understand the specificity of this interface. In the fourth and last chapter, we 
describe hydrogen-deuterium experiments on the dimeric lac headpiece in complex with 
the ideal lac operator. We investigated if correlated movements within the stable α-
helices of the HTH motif are involved in hydrogen-deuterium exchange. 
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Abstract 
 
 
The lac repressor-operator system is a model system for understanding protein-DNA 
interactions and allosteric mechanisms in gene regulation. Despite the wealth of 
biochemical data provided by extensive mutations of both repressor and operator, the 
specific recognition mechanism of the natural lac operators by lac repressor has 
remained elusive. Here we present the first high-resolution structure of a dimer of the 
DNA-binding domain of lac repressor bound to its natural operator O1. The global 
positioning of the dimer on the operator is dramatically asymmetric, which results in a 
different pattern of specific contacts between the two sites. Specific recognition is 
accomplished by a combination of elongation and twist by 48º of the right lac subunit 
relative to the left one, significant rearrangement of many side chains as well as 
sequence-dependent deformability of the DNA. The set of recognition mechanisms 
involved in the lac repressor-operator system are unique among other protein-DNA 
complexes and present a nice example of the adaptability that both proteins and DNA 
exhibit in the context of their mutual interaction.  
 
Introduction 
 
 
The mechanism by which genetic regulatory proteins discern specific target DNA 
sequences remains a major area of inquiry. The lac repressor protein, which is a 
prototype for transcription regulation, controls the expression of lactose metabolic genes 
by binding to its cognate operator sequence O1 (Figure 1). Effective down regulation of 
transcription is further enhanced by lac repressor binding to two auxiliary operators O2 
and O3 (Oehler et al., 1990) (Figure 1). The intact repressor can be viewed as a dimer of 
dimers, where each dimer can bind one lac operator sequence with its two N-terminal 
DNA-binding domains (DBD) or headpieces (HP). The DBD is connected to the core 
domain via a hinge-region (residues 50-58), which has been shown to modulate the 
biological function of lac repressor (Falcon and Matthews, 2000; Kalodimos et al., 
2001). Studies of isolated headpiece indicated that this region retains its ability to site-
specific binding, yet it binds DNA with significantly lower affinity than the intact 
protein (Ogata and Gilbert, 1978). 
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Figure 1. Sequences of the naturally occurring and two symmetric lac operators. The three natural operators 
O1, O2, and O3 are aligned with 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). In O1 
operator, 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 sequence with the central GC base pair deleted, and is the 
sequence used in previous structural studies. The SymR operator is a palindrome of the right site of O1 
including the central base pair. 
 

Lac repressor-operator interactions have been the subject of intensive study 
over the past decades due to their profound biochemical and biotechnological interest 
(for a review, see Bell and Lewis, 2001a). Both the protein and DNA components have 
been mutated extensively in attempts to deduce the details of recognition. So far, all of 
the detailed structural studies (Lewis et al., 1996; Spronk et al., 1999a; Bell and Lewis, 
2000) have employed a fully symmetric “ideal” operator, which lacks the central base 
pair and is a palindrome of the left half-site of O1 (SymL operator; Figure 1). This 
fragment binds the repressor with the highest affinity (Sadler et al., 1983; Simons et al., 
1984) and has given the best results in both the crystallographic and NMR studies. The 
structural data have revealed the mode of lac repressor binding to DNA: the headpiece 
binds to the major groove of each half site of the operator, while the hinge helices 
dimerize and protrude into the minor groove at the center of the operator, thereby 
introducing a significant kink in the DNA. However, the absence of the central GC base 
pair in the symmetric operator and the intrinsic asymmetry of the two half-sites in the 
natural operator suggest the possibility of significant differences in the way lac 
repressor binds to the natural operator sequences. The lack of structural data has not 
allowed assessing the importance of the naturally occurring sequence deviations from 
symmetry.  

Within the lac operon, each of the three operator sites is pseudo-palindromic. 
The twofold symmetry is broken by variations in sequence between the two half-sites 
and by a central GC base pair that separates the two half-sites (Figure 1). Relative to the 
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complex with the SymL operator, lac repressor could accommodate binding to the 
natural operator in two ways: (i) as a rigid protein dimer, which implies that due to the 
extra central base pair a very different sequence is recognized in the left and right half-
sites, or (ii) by elongation and rotation of the protein so that the consensus base pairs are 
recognized in both half-sites, while maintaining the hinge helix interactions. However, 
this latter option would entail a considerable change in conformation in one protein 
monomer with respect to the other. Although extensively studied, the specific mode of 
lac repressor binding to its natural operator has been controversial. Methylation and 
Dnase protection studies (Ogata and Gilbert, 1979; Betz et al., 1986), operator 
constitutive mutations (Gilbert et al., 1975), and spectroscopic studies (Rastinejad et al., 
1993; Kalodimos et al., 2001) have demonstrated symmetric as well as asymmetric 
contacts. Previous binding footprint studies indicated that the central base pair shifts the 
pattern of binding and the right half site shifts further away from the center of symmetry 
as compared to the left site (Horton et al., 1997). In contrast, more recent biochemical 
studies suggested a model in which the repressor accommodates binding to the natural 
operator sequence by shifting the position of the complete right headpiece by one base 
pair closer to the center (Spronk et al., 1999b). This model was further supported by a 
recent crystallographic analysis of a dimeric lac repressor bound to the natural operator 
O1, which showed that the hinge helices bind to the minor groove between the left half-
site and the central GC base pair (Bell and Lewis, 2001b). However, due to the low 
resolution and thermal motion of the DNA in the crystals the interactions of lac 
repressor with the bases of the DNA could not be established. Previous NMR studies 
were also hindered by the intrinsic asymmetry of the natural operator sequence, as well 
as by the relatively weak affinity of the isolated DNA-binding domain. Thus, a detailed 
view of the specific binding mode of the repressor to the natural operators is still 
lacking.  

In the present work, we report the first high-resolution three-dimensional (3D) 
structure of a dimer of the DNA-binding domain (DBD) (residues 1-62) of lac repressor 
bound to its natural operator O1. Towards this end, we have taken advantage of the high 
affinity for DNA of a recently reported dimeric lac HP62 mutant, which was shown to 
bind the natural operator with an affinity comparable to the intact lac repressor (~pM 
range) (Kalodimos et al., 2001). The V52C mutation was designed so as to link two lac 
headpieces by means of a disulfide bond and biochemical experiments showed DNA 
binding parameters comparable to the intact repressor. The close packing of the hinge 
helices when lac repressor binds to the natural operator (Bell and Lewis, 2001b) 
validates the use of this construct, which has been further corroborated by NMR 
analysis (Kalodimos et al., 2001). The numerous genetic and biochemical studies 
performed in both lac repressor and operator sequences are now complemented by the 
detailed structural analysis of the dimeric lac repressor DBD complexed to the natural 
operator O1, with the overall goal of understanding the specific recognition mode.  
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Results and discussion 
 
 
Structure determination of the complex 
We have solved the solution structure of a 28-kDa complex between the dimeric lac 
HP62-V52C (residues 1-62) and the natural operator O1. The operator sequence used 
for the structural studies is a 23-mer (5´-GAATTGTGAGCGGATAACAATTT-3´) 
flanking one extra base pair in each site of O1. The structure of the protein-DNA 
complex was solved by heteronuclear double and triple resonance NMR spectroscopy 
using 15N- and 13C-labelled protein and unlabelled oligonucleotide. The high stability of 
the complex ensured that it exists in slow exchange on the NMR chemical shift time 
scale. Due to the asymmetry of the complex imposed by the intrinsic asymmetry of the 
operator sequence, each residue of the protein should give rise to its own signal. Indeed, 
~124 signals from the protein backbone show up in the 1H-15N HSQC spectrum of the 
complex, indicating that the two subunits are found in different environments when 
bound to DNA and no symmetry relation is present (Kalodimos et al., 2001). 

The structure calculation protocol used for the dimeric lac HP62-O1 operator 
complex consisted first of calculation of the protein dimer alone in the complex, then its 
docking onto the DNA, and a final refinement step in explicit solvent (see Materials and 
methods). A total of 100 conformers were calculated and the 20 of lowest energy were 
selected (Figure 2). The structure was determined on the basis of 2563 experimental 
NMR restraints (Table I). Due to the high stability of the complex a large number of 
intermolecular restraints were collected (254), which permitted the fine positioning of 
the dimeric lac DBD onto the operator sequence.  For residues 4-59, the backbone root 
mean square deviation (r.m.s.d.) from the mean structure is ~0.36 Å within each protein 
monomer and 0.54 Å for the dimer. Elements of secondary structure were defined on 
the basis of NOE connectivities, hydrogen-deuterium (H/D) exchange data and analysis 
using the program PROCHECK (Laskowski et al., 1996). Detailed H/D data were also 
used to identify intermolecular hydrogen bonds from the protein backbone to the 
operator. A summary of the structural and restraints statistics is given in Table I.  
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Table I. Structural statistics of 20 final structures of the dimeric lac HP62-O1 operator complexa 

R.m.s.d. (Å) with respect to meanb:                                                     Backbone/ Heavy 
 lac HP62 (left subunit)                                                  0.34 ± 0.09/0.85 ± 0.24 
 lac HP62 (right subunit)                                                0.38 ± 0.10/0.86 ± 0.26 
 lac HP62 (dimer)                                                           0.48 ± 0.13/0.93 ± 0.29 
 O1 operator                                                                    0.67 ± 0.37/0.62 ± 0.30 
 lac HP62-O1 operator                                                    0.62 ± 0.29/0.82 ± 0.34 
Number of experimental restraints  
 Protein (dimer) 
 Intraresidue NOEs     514 
 Sequential NOEs(|i-j| = 1)    419 
 Medium range NOEs(1<|i-j|<4)    260 
 Long range NOEs(|i-j| >4)    246 
 Interprotein     28 
 Total NOEs     1467 
 Dihedral angle restraints    162 
 DNA NOEs     680 
 Protein-DNA NOEs     245 
 Protein-DNA hydrogen bonds    9 
Restraint Violationsc

 NOE distances with violations  >0.3Å   2.9 ± 1.8
 Dihedrals with violations  >5º    4.2 ± 1.9 
R.m.s.d for experimental restraints 
 All distance restraints (2401) (Å)    0.06 ± 0.01 
 Torsion angles (162) (degrees)    4 ± 2 
CNS energies from SAd 

 Evdw(kcal mol-1)     -1096 ±10  
 Eelec(kcal mol-1)     -3077 ± 62 
R.m.s.d (Å) from idealized covalent geometry  
 Bonds(°)       0.003 ± 0.00 
 Angles(°)        0.54 ± 0.01 
 Impropers(°)      0.51 ± 0.01 
Ramachandran analysis   
 Residues in the favoured region(%)   85.1 
 Residues in additional allowed regions(%)   13.8 
 Residues in generously allowed regions(%)   0.6 
 Residues in disallowed regions(%)   0.6 
aBased on 20 structures, obtained by simulated annealing in CNS followed by refinement in 

explicit water using NOE distance restraints, dihedral angle restraints, bonds, angles, impropers, dihedral 
angle, van der waals and electrostatic energy terms (see Experimental procedures). 

bResidues 3-59 for the protein and base pairs 2-21 for the operator are taken into account.
cNo distances were violated by >0.5Å. 
dThe non-bonded energies were calculated with the OPLS parameters using a 11.5 Å cut-off. 
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Structure description 
The N-terminal domain of lac repressor complexed to DNA consists of four α-helices 
running from residues 6-13, 17-24, 32-45 and 51-57. The α-helical content is the same 
in both the left and right protein subunits. The recognition helix of both headpieces 
makes extensive contacts to the major groove of the natural operator while the hinge 
helices penetrate, as expected, into the minor groove between the base pairs 10 and 11, 
thereby introducing a kink of ~36° in the DNA. The structure of the left site of the 
complex is similar to the structure of lac headpiece bound to the SymL operator, 
especially in the minor groove region (Spronk et al., 1999a). However, the higher 
affinity of the dimeric lac HP62-V52C for DNA allowed us to collect a larger number 
of NOEs, which, coupled to detailed H/D experiments, give now a more detailed and 
slightly different, view of the protein-DNA contacts in the left site of the complex.  

Remarkably, the right protein subunit adopts an alternative conformation in 
order to specifically recognize the right half-site of the natural operator (Figures 2,3). 
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. In order 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. 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 needed for maximizing the interaction with the right 
half-site sequence. Therefore, the two protein subunits align in a very different way with 
respect to the center of the operator in order to achieve optimum juxtaposition of the 
protein-DNA interface in the two sites.  

If the natural lac operator O1 is viewed as two halves, with an approximate 
dyad axis through the central base pair, left-site to right-site differences occur at base 
pair 7 (GC) vs. 15 (AT) and 9 (GC) vs. 13 (AT) (Figure 1). Previous biochemical and 
structural studies have demonstrated that formation of the hinge helices, which is a 
prerequisite for the stabilization of the protein-DNA complex, requires both protein-
protein and protein-DNA contacts (Spronk et al., 1996; Kalodimos et al., 2001). 
Therefore, the right headpiece should move closer to the center of the natural operator, 
relative to the SymL operator, so that its hinge helix can interact with its left mate and 
strengthen the dimer interface. A recent low-resolution crystallographic analysis (Bell 
and Lewis, 2001b) showed indeed that the right hinge helix packs against the left one 
and both bind between Cyt10 and Gua11. If, however, the right headpiece moved as a 
rigid body to bind to a position shifted by one base pair closer to the center, then it 
would recognize a completely different sequence and not the sequence with 
approximate dyad symmetry to the left site. As the present results demonstrate lac 
repressor accommodates binding by a dramatic alteration of its DBD conformation, so 
that differences in the protein-DNA contacts between the two sites are kept to a 
minimum. Lac repressor’s ability to accommodate conformational variations is due to 
the high flexibility of its DNA-binding domain, as was recently demonstrated 
(Kalodimos et al., 2002).  
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Figure 2. 3D structure of the dimeric lac HP62-O1 operator complex. (A) Side-by-side stereoview of the 
ensemble of the final 20 structural conformers depicted in two different views (rotated by 90º). The left and 
right lac DBD subunits are colored dark grey and grey, respectively, while DNA is displayed in light grey. 
The O1 operator is bent by ~36° with the kink being centered between base pairs 10 and 11. For clarity only 
the backbone atoms of residues Val4-Lys59 and DNA heavy atoms of base pairs 2-20 are shown. (B) 
Schematic diagram of the structure of the complex. A ribbon diagram of the protein is shown bound to the 
solvent-accessible surface of the operator. The protein is colored as in (A) whereas the major and minor 
grooves of the operator are colored dark grey and the ribose-phosphate backbone grey. 
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Figure 3. Superposition of the two O1 operator-bound protein subunits. The left lac headpiece is colored dark 
grey and the left half-site of the operator sequence (base pairs 3-11) is colored light grey, whereas the right lac 
headpiece is colored grey and the right half-site of the operator sequence (base pairs 11-19) is colored light 
grey. (A) The two structures have been overlaid on their DNA backbone with respect to their approximate 
dyad-symmetric sequence (that is, base pairs 3 to 11 are overlaid with base pairs 19 to 11). The hinge helix in 
the right site moves by ~3.4 Å closer to the center of the sequence and the recognition helix rotates by 12° 
relative to the left one. (B) In left site, the hinge helix is stabilized through a hydrogen bond (dashed line) 
between Gln54 and Asn25. The extension of the loop linking the third helix with the hinge helix in the right site 
results in the disruption of this critical contact, thereby diminishing the stability of the right hinge helix. 

 
The conformation adopted by the right lac headpiece results in an extension of 

the loop linking the third and the hinge helix in the right subunit (Figure 3B). This has 
some important implications as to the stability of the complex. In the left subunit, Asn25 
makes a key hydrogen bond via its side chain CO to the side chain NH2 of the hinge 
helix residue Gln54, thus providing a critical link between the core of the lac headpiece 
and the hinge helix (Figure 3B). 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 homologous pur repressor (Schumacher et al., 1994). In the right lac headpiece 
subunit, however, these two groups are far apart, due to the structural rearrangement, 
rendering impossible the formation of the corresponding hydrogen bond (Figure 3B). 
This may explain the lower stability of the hinge helices in the complex with the natural 
operator as compared to that with the SymL operator. Therefore, when lac repressor 
binds to right symmetrized DNA fragments, the hinge helices would be expected to be 
even more unstable. Interestingly, in the complex of lac repressor with the SymR 
operator (Figure 1) the hinge helices are not well ordered and exist at equilibrium 
between α-helical and random coil conformations (Kalodimos et al., 2001). The 
alternative conformations that lac repressor adopts when bound to different sequences 
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may also strongly affect the allosteric response to inducer molecules (Falcon and 
Matthews, 2001). 

The total solvent-accessible surface area (ASA) buried upon DNA binding is 
equal for the two sites (~2220 Å2 each). Comparison of the bound monomers with the 
structure of free lac DBD (Slijper et al., 1996) shows that significant conformational 
changes occur upon binding. Apart from the ordering of the hinge region to an α−helix, 
the orientation of the helices within the HTH domain changes by ~11°. The backbone 
r.m.s.d. between the free and the bound conformation for the first three helices is 1.3 Å, 
whereas for heavy atoms it increases to 2.4 Å due to the significant local adjustments of 
the side chains configuration (see below). Overlay of the first 45 residues of the two O1 
operator-bound lac headpieces results in a 1.2 and 2.1 Å r.m.s.d. for backbone and 
heavy atoms, respectively. When all four helices are included, then the r.m.s.d. 
increases to 2.4 and 3.4 Å for backbone and heavy atoms, respectively. 
 
Protein-DNA contacts 
The intermolecular contacts observed in both sites of the complex are summarized in 
Figure 4. As can be seen most of the base pairs are contacted in a specific manner 
through the side chains of residues of both the HTH domain and the hinge helices. With 
respect to the left-site complex, many contacts have been already addressed in previous 
studies (Chuprina et al., 1993; Spronk et al., 1999a). However, the higher number of 
NOEs collected in the present work, in conjunction with H/D experiments, reveals 
additional and important DNA interactions. First of all, lac repressor makes extensive 
hydrogen bonding contacts to the sugar phosphate through many residues located in the 
HTH domain. More specifically, Leu6, Ser16, Thr19, Ser21, Asn25, Val30, Ser31 and Thr34 
hydrogen bond to DNA backbone either with their side chains or backbone or both. 
Remarkably, the right headpiece subunit retains all these nonspecific interactions with 
the sugar phosphate backbone of the DNA despite the alternative conformation it 
assumes (Figure 4). Thus, the flexibility in the DNA-binding domain allows lac 
repressor to accommodate conformational variations while retaining high affinity by 
maintaining sugar phosphate backbone interactions.  
 Sequence-specific protein-DNA contacts are mostly provided by residues of 
the HTH domain. Leu6, the first residue of the first helix, makes extensive apolar 
contacts with the bases of Thy8 and Cyt9, whereas Tyr7 contributes to specificity by a 
direct hydrogen bond from its side-chain oxygen atom to the H4 proton of Cyt9 and 
strong apolar contacts to the base of Gua10. Interestingly, these intermolecular contacts 
are not conserved in the right half-site of the complex. Therefore, the first helix residues 
do not confer any specificity to the recognition of the right-site sequence, since they are 
involved only in non-specific contacts (Figure 4B).  
 
 
 
 
 



Plasticity in protein-DNA recognition 

 

 
Figure 4. Comparison of the protein-DNA contacts in the two half-sites of the dimeric lac HP62-O1 operator 
complex. (A) Schematic summary of the DNA contacts in the left and right half-site. The bases that are 
specifically recognized by lac repressor are colored grey. Interactions in the minor groove are indicated by a 
prime symbol. Solid and dashed lines indicate hydrogen bonding and hydrophobic contacts, respectively. In 
the right site, the numbering displayed in thicker characters denotes the symmetry related base pairs in the left 
half-site. (B) View of the interactions of the left and right lac globular subdomain (residues 1-49) with their 
corresponding half-sites of the O1 operator. Residues involved in protein-DNA interactions are shown in 
detail. 
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 The second-helix residues are responsible for extensive recognition of the 
major groove of the operator. In contrast to previous structural studies, a large number 
of intermolecular NOEs have now been collected for this region. Ser16, Tyr17, Gln18, 
Thr19, Ser21 and Arg22 give in total 60 protein-DNA NOE restraints, resulting in their 
position being very well defined. In both sites, the recognition helix is anchored to DNA 
through hydrogen bonds to sugar phosphates formed by Ser16, Thr19, Ser21 and Asn25, 
which align the helix in a proper way across the major groove. In the left site, the 
hydroxyl group of Tyr17 hydrogen bonds to both O6 and N7 atoms of Gua7, while it 
accepts a hydrogen bond from the H6 proton of Ade8. Gln18, a key residue in the 
recognition process, confers specificity by accepting hydrogen bonds from both Ade6 
and Cyt7. Previous genetic data have indicated the important role of Arg22 for 
interacting with DNA. The side chain of Arg22 is poised to interact favorably with the 
base of Gua5, which is in agreement with mutational data (Sartorius et al., 1989). 
Additionally, Thy4 and Thy6 are also specifically recognized by strong apolar contacts 
through the side chains of Ser16, Gln18 and Arg22. 
 As pointed out above, the right lac headpiece undergoes a 48° rotation, relative 
to the left one, so as to contact the DNA sequence with approximate dyad symmetry to 
the left site. However, two base pairs are still different; GC base pairs at positions 7 and 
9 become now AT (at position 13 and 15). The GC base pair at position 9 is recognized 
through specific contacts by Leu6 and Tyr7; these contacts are missing in the right site. 
Interestingly, the AT base pair at position 13 is recognized by Tyr17, the side chain of 
which hydrogen bonds to the N7 atom of Ade13. This contact is achieved by an 
alteration of the side chain conformation of Tyr7 and Tyr17 in the right site, in which 
they form a nice aromatic-ring-stacking interaction that reorients the two tyrosines 
relative to the left site (Figure 4B). 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 Tyr17, Gln18 and Ser21 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 Gln18 to recognize 
three different bases, instead of two in the left site (Figure 4). The amino group of its 
side chain hydrogen bonds to the O4 atom of Thy15, whereas the carbonyl group of its 
side chain accepts hydrogen bond from the N6 atom of both Ade15 and Ade16. Arg22 is 
seen to participate in four possible hydrogen bonds in the structure ensemble, all of 
them solely with Gua17. 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.  
 Tyr17 and Gln18 are the most important residues for specific recognition of the 
lac operator and can be changed to obtain lac repressors that recognize different 
operator sequences (Sartorius et al., 1989). These two residues recognize three base 
pairs in the left half-site (the TGA triplet at positions 6, 7, and 8), whereas they contact 
four base pairs in the right site (the quadruplet ATAA at positions 13, 14, 15, and 16). It 
is interesting that Tyr17 contacts the AT pair at position 13, while its left site symmetry 
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related GC pair is recognized by Tyr7. Therefore, despite the global shift of the right 
HTH domain by one base pair further away from the center, the side chain of Tyr17 
adjusts locally and moves towards the center of the operator, thereby forming entirely 
different contacts to the operator compared to the left site. A similar rearrangement and 
shift is also seen for the side chain of Gln18 (Figure 4B). These asymmetric binding 
modes are consistent with the large chemical shift differences of these residues in the 
two sites. Tyr7 makes specific contacts only to the left half-site, yet it participates 
indirectly to the recognition of the right site by forming an aromatic cluster with Tyr17, 
which orients the side chain of the latter to interact favorably with the bases. The 
mechanisms of recognition of the natural operator O1 by lac repressor present a nice 
example of the adaptability that proteins exhibit towards discrimination of different 
operator sequences.  
 The loop following the recognition helix is also involved in interactions with 
the operator, in agreement with previous studies (Spronk et al., 1999a). The side chain 
of His29 makes extensive hydrophobic contacts with Thy3 and Thy4. The backbone of 
Val30 and Ser31 and the side chain of Thr34 hydrogen bonds to the DNA phosphates. 
Exactly the same set of interactions is also observed in the right half-site involving the 
AT base pairs at position 18 and 19. Just beyond this point only Tyr47 contacts DNA, 
with a hydrogen bond to the DNA backbone. This interaction is also present in the right 
site and its importance is reflected in its intolerance to mutations and its highly 
conserved nature in the LacI family of repressors (Weickert et al., 1992; Markiewicz et 
al., 1994).   

The left hinge helix makes extensive contacts to the minor groove that are very 
similar to those seen in the complex with the SymL operator. Asn50 and Gln54 hydrogen 
bond to the DNA backbone whereas Ala53, Leu56 and Ala57 are involved in extensive 
hydrophobic interactions with the bases at the center of the operator. A similar set of 
interactions is observed also for the right hinge helix with the exception of the backbone 
of Asn50 that does not hydrogen bond to DNA. The bending mechanism is the same as 
in the SymL operator; the side chain of Leu56 of both subunits protrude into the minor 
groove and pry open the DNA. 

   
DNA conformation and recognition through sequence-dependent conformation 
Understanding the role DNA plays in facilitating the association of DNA-binding 
proteins is necessary for understanding how sequence specificity is accomplished. The 
observed parameters of O1 operator bound to lac repressor DBD (base-pair roll, twist, 
and major and minor groove width) are summarized in Figure 5. The natural lac 
operator O1 is globally bent by ~36° (the kink is located between positions 10 and 11), 
some 9° less than the SymL operator. This is in agreement with gel shift mobility 
experiments which showed a lower degree of bending for the natural operator (Spronk 
et al., 1999b; Kalodimos et al., 2001). 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 (Figure 5). All parameters in 
the left half-site of the operator sequence are normal for undistorted B-DNA. However, 
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the base pairs of the triplet ATA in the right half-site show significant local 
deformations 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 Å compared to 
its symmetry related region in the left half-site. The conformation of the ATA triplet 
differs significantly from its symmetry related region in the left site, where a GAG 
triplet exists, and imparts asymmetry by providing unique contacts to the HTH domain 
of the lac headpiece. The specific contacts to base pairs provided by Tyr7, Tyr17, and 
Gln18 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, appropriate 
recognition of the right half-site requires that 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.  
 

 
Figure 5. Averaged helical parameters of lac operator O1 in complex with the dimeric lac HP62. Twist, roll, 
and width of the major (dashed line) and minor (solid line) grooves are shown. 
 
 Analysis of the mutational data provides interesting insights into the role 
played by DNA. None of the naturally occurring lac operators adheres to the idealized 
palindromic sequence. Alignment of the three operators O1, O2, and O3 reveals that 
base pairs 5 to 9 are absolutely conserved (Figure 1). The importance of this region is 
also consistent with mutational data, which showed that any base pair substitution 
results in very low affinity for lac repressor (Lehming et al., 1987). The central CpG 
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step, where the hinge helices bind, is also very sensitive to mutations. The central 
sequences in the natural operators may play a key role in bending and structural 
flexibility to generate the DNA binding conformation necessary for high-affinity protein 
binding. Even a purine-to-purine change in this central sequence abolishes high-affinity 
complex formation. This may be due to the fact that CpG steps have higher than average 
roll angles, resulting in enhanced flexibility and the ability to adopt greater positive rolls 
(Dickerson, 1998).  

In contrast, the right half-site sequence at positions 12 to 16, where the 
recognition helix binds, has no consensus. Mutational analysis has shown that 
alterations in the right-site sequence content are far less deleterious compared to the left 
site (Sadler et al., 1983; Betz et al., 1986). Thy at positions 18 and 19 is conserved in 
the right half-site within the natural operators, the methyl groups of which make 
favorable van der Waals contacts with the side chain of His29. In contrast, in the left 
half-site this region does not show strong consensus; in fact, substitutions at positions 3 
and 4 are much less detrimental to protein binding as compared with the base pairs at 
positions 5-10 (Lehming et al., 1987). The only unique and consistent sequence 
similarity between the two half-sites of the natural operators is the GC pair at position 5 
(position 17 in the right site). Any mutation at this position results in a complex being 
more than 100-fold less stable (Lehming et al., 1987). This base pair is specifically 
contacted, in both sites, by Arg22, which in general appears to be a very favorable 
contact (Pabo and Nekludova, 2000).  

How can the diminished stability of the complex with O1 operator, as 
compared to that with the SymL operator, be explained? Operators with single base pair 
mutations that make the right site of the natural operator more symmetric to the left bind 
operator with lower affinity than the natural operator. The doubly substituted operator, 
with two identical left halves reflected about the central base pair, is an even weaker 
binding site (Betz et al., 1986). In each case, the left mutation is more deleterious to 
repressor binding than the right mutation (Sadler et al., 1983), suggesting a greater 
overall contribution to binding by the left operator half. However, the base pairs which 
provide maximal repressor affinity at given positions in the left site of the operator do 
not improve binding of repressor when symmetrically introduced in the right side; in 
fact they appear detrimental to binding. Therefore, reduction in the affinity of the right 
half-site cannot be ascribed to “incorrect” base pairs in this sequence, particularly those 
of AT pairs at positions 13 and 15, since symmetrization gives rise to significant loss of 
affinity. This result might appear intriguing since, as the present data demonstrate, lac 
repressor is capable of reaching out one base pair further away from the center so that it 
could optimize its binding to the right half-site using the same mechanism for 
recognizing the left half-site. A plausible explanation based on the present results could 
be that distortions in the backbone and base stacking propagated from the central GC 
generate a conformation that is less favorable for lac repressor recognition and binding. 
Thus, the naturally occurring right-site lac operator sequences must compensate for 
binding loss generated by the presence of the central GC base pair. As our results 
demonstrate, in the O1 operator this is accomplished by significant distortions of the 
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base pairs at position 13, 14, and 15. Our suggestions are in close agreement with recent 
biochemical data demonstrating that subtle variations in DNA sequence can lead to 
structural changes that are detected by lac repressor and are reflected in large alterations 
in affinity and/or allostery (Falcon and Matthews, 2000, 2001). 

Furthermore, mutational studies have shown that changes at position 12 did 
little to reduce or enhance repressor affinity, the protein recognizing the sequence quite 
well regardless of the base pair in this position (Betz et al., 1986). This is in agreement 
with the present structural data, which show that there is no specific contact to this base 
pair. Actually, one could argue, based on the shift of the right headpiece further away 
from the center, that position 12 in the operator represents an extra base pair. However, 
an operator with position 12 merely deleted presents a very weak repressor target, over 
150 times weaker than the wild-type sequence (Betz et al., 1986). Overall, the present 
data indicate that optimizing protein binding is not simply a matter of providing two of 
the sequence preferential half operator sites, but that other factors, such as the relative 
rotational orientation of half operator sites within the context of the DNA helix, play a 
significant role. For example, SymL operator binds to repressor ~8 times more tightly 
than wild-type in vitro, but only ~2 times in vivo, where presumably the operator 
plasmids are under tension and the operator segments are underwound (Sadler et al., 
1983). The present results contribute to an evolving view of the importance of 
sequence-dependent conformational flexibility of the DNA on protein recognition and 
affinity (Lefstin and Yamamoto, 1998; Koudelka, 1998). 

 
Comparison with other asymmetric protein-DNA complexes 
Pseudo-dyad related sequences are commonly found as the DNA target sites of both 
prokaryotic and eukaryotic multimeric gene regulatory proteins. Structural data on these 
complexes would be very interesting since they may reveal how proteins are able to 
recognize different DNA sequences simultaneously. 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 crosspeaks by twofold. The present structure is the first of an asymmetric 
protein-DNA complex solved by NMR spectroscopy. 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. 

Crystallographic analysis of the glucocorticoid (GR) receptor DBD bound to 
target DNA with improper spacing between the half sites demonstrated that the DNA-
induced dimer fixes the separation of the subunits’ recognition surfaces so that one 
subunit interacts specifically with the consensus target half-site and the other contacts 
what is effectively a non-specific site, making many fewer contacts to the DNA bases 
(Luisi et al., 1991; Gewirth and Sigler, 1995). This is due to more favorable protein-
protein than protein-half-site interactions, which force the right subunit to shift as a rigid 
body closer to the center of the operator. Comparison of the structure of the human 
oestrogen receptor (ER) DBD complexed to a consensus binding site with that 
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containing a non-consensus DNA target, reveals that recognition of the non-consensus 
sequence is achieved by the rearrangement of a lysine side chain (Schwabe et al., 1995). 
Rearrangement of amino acid side chains between the protein-DNA interface at the 
consensus and non-consensus sequences, accompanied by displacement of the 
phosphate backbone of DNA, have also been seen in the structures of 434 repressor 
complexed with different DNA targets (Rodgers and Harrison, 1993), as well as in the 
case of the NF-κB p65 transcription factor (Chen et al., 2000). In all these cases, 
however, the protein subunits align roughly symmetrically on the DNA half sites. Lac 
repressor adopts a novel mode for recognizing its pseudo-symmetric natural operator 
sequence, which is in fact combination of the strategies employed by the above 
mentioned proteins. The dimer interface, which is essential for formation of a high 
stability complex, is always formed by packing of the two hinge helices. If the spacing 
of the two headpieces is too large, then complex formation is abolished (Spronk et al., 
1999b). In the O1 operator, both hinge helices bind to the minor groove between base 
pairs 10 and 11, thereby ensuring that the dimer interface remains tight. However, the 
right three-helical domain rotates by 48° relative to the left one and shifts further away 
from the center by ~3.4 Å. Additionally, extensive differences are observed in the 
protein-DNA interface as well as significant rearrangement of the side chain packing of 
residues located in the HTH domain (Figure 4B). This dramatic structural 
rearrangement of the protein, accompanied by significant local deformation of the DNA 
(Figure 5) suggests that proteins can adapt to recognize different DNA sequences by 
small- to large-scale rearrangement of side chains and/or entire domains. 
 
 
Conclusions 
 
The present report describes in detail the specific recognition mechanism of the natural 
lac operator O1 by lac repressor, a system with a profound biochemical and 
biotechnological interest. Recognition of the operator involves four distinct 
mechanisms, which are summarized schematically in Figure 6: (i) hinge helix-minor 
groove interaction dictated by protein-protein interactions and the stronger binding of 
the left headpiece, (ii) elongation of the right headpiece so that the three α-helical 
domain shifts by one base pair further away from the center and rotates by 48° relative 
to the left one, (iii) significant rearrangement of the side chains of the residues located 
in the HTH domain, and (iv) a sequence-dependent deformation of the operator. This 
mode of recognition is unique among other protein-DNA systems. Our results 
underscore how proteins can take advantage of the intrinsic flexibility of its DBD to 
recognize different DNA targets, as well as the essential role that DNA sequence plays 
in the association of the repressor to operator through sequence-dependent deformability 
that contribute significantly to binding and sequence discrimination. The numerous 
genetic and biochemical studies performed in both lac repressor and its natural operator 
sequences are now complemented by the detailed structural analysis. These combined 
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efforts have lead to a better understanding of the mechanisms a protein can use in order 
to recognize different DNA targets.  
 

 
Figure 6. Distinct recognition mechanisms involved in lac repressor interaction with the left and 
right operator sites. (A) The left hinge helix is displayed in dark grey. If lac repressor recognized 
the right half-site in a similar way to the left site, then it would adopt the conformation displayed 
in light grey. However, recognition of the right half-site is accomplished by a 48º rotation and a 
shift of ~3.4 Å further away from the center of the operator of the three α-helical domain, 
whereas the hinge helices still pack together. The calculated conformation of the right subunit of 
lac repressor’s DBD is displayed in grey. (B) Specific recognition of the two sites requires also 
significant rearrangement of the side chains conformation (the three most important residues (Y7, 
Y17, and Q18) are depicted) as well as a sequence-dependent deformation of the operator. Dark 
grey and light grey refers to the left and right site, respectively. 
 
 
Materials and methods 
 
Expression and preparation of the dimeric lac HP62-V52C protein and its complex 
with the natural lac operator O1: The HP62-V52C mutant was amplified from the 
corresponding Lac I genes by the polymerase chain reaction and expressed in E. coli 
using T7 polymerase based system. The protein was purified as described earlier 
(Kalodimos et al., 2001). Uniformly 13C/15N- and 15N-labeled proteins were grown in 
BIOEXPRESS-CN 1000 (CIL) media. The natural lac operator O1 fragment was 
purchased at Carl Roth GmbH (Germany) and further purified on a Q-Sepharose 
(Pharmacia) column. For complex formation the protein was mixed with an equimolar 
amount of the operator and dissolved in 0.01 M KPi buffer (pH 6.0) containing 0.02 M 
KCl. All samples were concentrated using Centricon concentrators (Amicon) and 
dissolved in 95% H2O / 5% D2O. Trace amounts of NaN3 were added as a preservative. 
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NMR spectroscopy: All NMR spectra were recorded on Bruker DRX750 and DRX600 
spectrometers equipped with triple resonance gradient probes at 315 K. Sequential 
assignement of the 1H, 13C, and 15N protein chemical shifts was achieved by means of 
through-bond heteronuclear scalar correlations along the backbone and the side chains 
using conventional 3D pulse sequences (Cavanagh et al., 1996). DNA assignments were 
obtained from 2D NOE and simultaneous 13C-15N double-half filter NOE experiments 
recorded on a sample containing a 1:1 complex of 13C-15N-dimeric HP62-V52C protein 
and unlabeled operator, using conventional sequential assignment methodology for 
nucleic acids (Wijmenga and van Buuren, 1998). Interproton distance restraints within 
the protein were derived from 3D 13C- and 15N-separated NOE experiments. Protein-
DNA interactions were assigned from 2D time-shared 13C-15N double-half filter, 2D-
NOE and 3D-NOESY-HSQC experiments. Amide proton exchange rates were 
determined from the time course of the peak intensities in a series of 1H-15N HSQC 
spectra after dissolving lyophilized samples in D2O (Kalodimos et al., 2002). All 
spectra were processed using the NMRPipe software package (Delaglio et al., 1995) and 
analyzed with NMRView (Johnson and Blevins, 1994). 
 
Structure calculations: All calculations were performed with CNS (Brünger et al., 
1998) using the ARIA setup and protocols (Linge and Nilges, 1999). Approximate 
interproton distance restraints were grouped into four distance ranges, 1.8-2.8 Å, 1.8-3.4 
Å, 1.8-5.0 Å and 1.8-6.0 Å, corresponding to strong, medium, weak and very weak 
NOEs, respectively. Watson-Crick base pairing was maintained in the DNA by the 
following hydrogen bond restraints (r): For GC pairs rG(N1)-C(N3)=2.95±0.2 Å, rG(N2)-

C(O2)=2.86±0.2 Å, rG(O6)-C(N4)=2.91±0.2 Å; for AT base pairs rA(N1)-T(N3)=2.82±0.2 Å and 
rA(N6)-T(O4)=2.95±0.2 Å. Loose torsion angle restraints were used to alleviate problems 
associated with mirror images: α=-70±50, β=180±50, γ=60±35, ε=180±50 and ζ=-
85±50 (Huang et al. 2000). Weak planarity restraints were also included during the 
simulated-annealing protocol. The 13Cα, 13Cβ, 13C´, Hα, 15N and NH chemical shifts of 
116 residues served as input for the TALOS program (Cornilescu et al., 1999) to extract 
φ and ψ angles. The structure of the complex was calculated in two phases. First the 
structure of the dimeric lac HP62-V52C alone was calculated following the standard 
Cartesian space simulated annealing setup and protocols in ARIA. The best 100 
structures in terms of restraint energies were subsequently refined in explicit water 
using the OPLS parameters (Jorgensen and Tirado-Rives, 1988) and the TIP3P water 
model (Jorgensen et al., 1992). Those 100 structures were then docked onto a B-DNA 
following a torsion-angle (TAD) simulated annealing protocol. The protein was 
randomly positioned within a 10 Å cube at a 50Å distance from the DNA. For the high 
temperature (5000 steps at 5000K) and the first cooling stage (from 5000K to 500K in 
10000 steps), both protein and DNA were treated as semi-rigid bodies: the backbone of 
the core (residues 6-45) of the two lac headpieces and of the two hinge helices (residues 
51-57) and the entire DNA except the central three base pairs were defined as rigid 
bodies in torsion angle dynamics. This was followed by Cartesian space refinement: in 
the first cooling stage (from 1000K to 500K in 10000 steps), position restraints were 
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applied on the DNA atoms with a force constant of 20 kcal Å-2 Mol-1, then, in the final 
refinement (from 500K to 50K in 10000 steps), both protein and DNA were completely 
free to move. The NOE restraint force constants were set initially to 50 and 5 kcal Å-2 
Mol-1 for intra- and intermolecular NOEs, respectively. The intermolecular force 
constant was scaled up to 10 kcal Å-2 Mol-1 during the first TAD cooling stage. The 
resulting complex structures were refined in explicit water with all NOE force constants 
set to 50 kcal Å-2 Mol-1 using electrostatic and Lennard-Jones non-bonded energy terms. 
A modified version of the PARALLHDG5.2 parameter set was used for the protein (M. 
Williams and A. Bonvin, personal communication) and the DNA parameters were taken 
from the dna-rna-allatom parameter set from the CNS distribution. The best 20 
structures in terms of restraint energies were selected for analysis. Structural DNA 
parameters were analysed using the program CURVES (Lavery and Sklenar, 1988). 
Structure figures were generated using the program MOLMOL (Koradi et al., 1996). 
The chemical shifts of the protein-DNA complex have been deposited in the BMRB 
(accession number 5345). The final structures have been deposited in the PDB 
(accession code 1L1M). 
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Abstract 
 
 Recognition of the lac operator by the lac repressor involves specific 
interactions between residues in the repressor’s recognition helix and bases in the DNA 
major groove. Tyr17 and Gln18, at positions 1 and 2 of lac repressor recognition helix, 
can be exchanged for others amino acids generating mutant repressors that display 
altered specificity. We have solved the solution structure of a protein-DNA complex of 
an altered specificity mutant lac headpiece, where Tyr17 and Gln18 were exchanged for 
valine and alanine, respectively, as found in the recognition helix of the gal repressor. 
As previously described by Lehming et al. (EMBO J. 1987 6 3145-3153) this altered 
specificity mutant of the lac repressor recognizes specifically a variant lac operator 
which is similar to the gal operator Oe. The mutant lac headpiece showed the predicted 
specificity and was also able to mimic the gal repressor by recognizing and bending the 
natural gal operator Oe. The present structural data shows that while most of the 
anchoring points that help the lac headpiece to assemble on the lac operator were 
preserved, a different network of protein-DNA interactions between Ala17 and Val18 to 
bases in the DNA major groove drives the specificity towards the altered operator.  
 
 
Introduction 
 
Protein - DNA complexes play essential roles in a large range of cellular processes such 
as translation, regulation of gene expression, DNA repair and replication. The 
understanding of the mechanisms of these processes requires insight in how proteins 
recognize the DNA and form specific or non-specific complexes. The lac repressor 
plays the central role in the regulation of gene expression in the lac operon of E. coli, 
the classical example of transcription regulation in prokaryotes. The large amount of 
structural and biological data available (Pace et al., 1997; Müller-Hill, 1998; Bell and 
Lewis, 2001; Kalodimos et al., 2004b), make the lac repressor an ideal model system to 
study the molecular basis of protein-DNA recognition.  

Lac repressor consists of four subunits of 360 amino acids each; DNA binding 
surfaces are formed by two dimeric units. The DNA binding domain, which is known as 
the lac headpiece, is located at the N-terminal segment of the protein (residues 1-62). It 
belongs to the family of helix-turn-helix (HTH) proteins that are common among 
transcription regulators (Pabo and Sauer, 1984). The second helix of the HTH motif is 
known as the recognition helix. Specific interactions between amino acids in the 
recognition helix and the major groove of the DNA are a typical feature of protein-DNA 
recognition for several bacterial and phage transcription regulators (Ebright et al., 1984; 
Pabo and Sauer, 1984; Wharton and Ptashne, 1985; Brennan and Matthews, 1989; 
Harrison and Aggarwal, 1990). 

NMR and mutagenesis studies have shown that the lac headpiece recognizes 
the lac operator through a network of interactions that occur between the recognition 
helix of the repressor and the DNA in the major groove (Ebright, 1986; Lehming et al., 
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1987; Lehming et al., 1988; Boelens et al., 1988; Sartorius et al., 1989; Kleina and 
Miller, 1990; Kalodimos et al., 2002). DNA binding is concomitant with folding of the 
C-terminal segment (residues 52-58) of the lac headpiece into an α-helix that penetrates 
into the minor groove and causes bending of the DNA (Lewis et al., 1996; Spronk et al., 
1996). Other important sites of protein-DNA recognition are located in the loop that 
connects the recognition helix to the third helix, and at the N-terminal part of the first 
helix. However, structural and biological data showed that most of the specific contacts 
between the lac repressor and the major groove of the lac operator are made by the side 
chains of Tyr17, Gln18, and Arg22 at positions 1, 2 and 6 of lac repressor recognition 
helix, respectively (Lehming et al., 1987; Lehming et al., 1988; Boelens et al., 1988; 
Kalodimos et al., 2002). 

Addressing the specificity of the lac repressor, Müller-Hill and co-workers 
performed an in vivo screen, thereby identified several mutations both on the repressor 
and on the lac operator, and tested their ability to repress the expression of the lacZ 
gene which codes for β-galactosidase (Lehming et al., 1987; Lehming et al., 1988; 
Sartorius et al., 1989; Lehming et al., 1990). These studies showed evidence that several 
mutant lac repressors with substitutions at positions 1 and 2 of the recognition helix are 
able to recognize lac operator variants with substitutions in the base pair at position 7, 
while mutant repressors with substitutions at position 6 of the recognition helix 
recognize variant lac operators with different base pairs at position 5 of the lac operator. 
Some of these mutants bind to the variant operator better than to the ideal lac operator 
(Simons et al., 1984), which indicates a change of DNA specificity. This was the case 
for mutant lac repressors where Tyr17 and Gln18 at positions 1 and 2 of the recognition 
helix had been exchanged for those amino acids found in the recognition helix of the gal 
and the deo repressors. They showed specificity for variant lac operators where GC7 
had been altered for the base pair found in the equivalent position of the gal and deo 
operator, respectively (Gilbert and Maxam, 1973; von Wilcken-Bergmann and Müller-
Hill, 1982; Lehming et al., 1987; Majumdar and Adhya, 1987). 

In order to understand the altered specificity of lac repressor, we constructed a 
mutant lac headpiece in which the residues at positions 1 and 2 of the recognition helix 
were exchanged for valine and alanine as found in the equivalent positions of the gal 
repressor (Figure 1). Lehming et al (1987) demonstrated that in vivo the Val17Ala18 lac 
repressor would recognize a variant of the ideal lac operator containing an AT base pair 
at position 7 (here called lac-gal operator, Figure 2) much better than the wild type lac 
repressor. 

In this paper, we describe the NMR structure of a protein-DNA complex 
between the Val17Ala18 lac headpiece and the lac-gal operator. The structure shows 
that, while the anchoring contacts between the lac headpiece and the lac operator were 
preserved, the specificity is determined by a new network of protein-DNA interactions 
in the major groove of the DNA. The results are discussed in comparison with the wild 
type lac system, and provide further information for understanding the role of the 
residues at positions 1 and 2 of the lac repressor recognition helix in the determination 
of the DNA specificity. 
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Results 
 
Relative in vitro affinities and DNA bending 
A mutant lac headpiece where Tyr17 and Gln18 at positions 1 and 2 of the recognition 
helix were changed for Val and Ala, respectively, as found in the recognition helix of 
the gal repressor (Figure 1), was overexpressed in E. coli. The mutant also contains the 
substitution V52C, which allows the protein to be isolated as a covalent dimer under 
oxidizing conditions. As described, the dimeric lac headpiece binds to the lac operator 
much tighter than the monomeric form (Kalodimos et al., 2001). 

 
Figure 1. A) Sequence alignment of the DNA binding domain of lac (top) and gal (bottom) repressors. The 
residues at positions 17 and 18 of the recognition helices (numbering of the lac repressor) are highlighted with 
a circle. The identical residues are shown in bold. B) Comparison of the amino acid sequences of the 
recognition helices (residues 17-25) of the wild type lac headpiece and the Val17Ala18 headpiece. The 
numbering scheme of the lac repressor is shown in the top, and Müller-Hill`s numbering scheme at the 
bottom. The residues 17 and 18, or 1 and 2 according to Müller-Hill’s numbering scheme (Lehming et al., 
1987), are shown in bold. 
 

Based on the work of Lehming et al. (1987), the Val17Ala18 lac headpiece 
should recognize specifically the lac-gal operator, which differs from the ideal lac 
operator at position 7, and further differs from the left side of the gal Oe operator at 
positions 9 and 3 (Figure 2) (Lehming et al., 1987; Majumdar and Adhya, 1987; Simons 
et al., 1984). 
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Figure 2. A) Nucleotide sequences of the lac-gal, the lac-SymL and the NOD operators. The different base 
pairs at position 7 of the lac-gal and SymL operators are depicted in bold. All the operators are perfect 
palindromes and contain two identical binding sites for the protein, therefore only one half site is shown and 
the center of symmetry is symbolized by a double dot. Lac-gal is the specific operator for the Val17Ala18 
headpiece, while lac-SymL is a palindrome of the left side of the natural lac operator O1 with the central base 
pair deleted. NOD is a non-specific operator. B) Comparison of the nucleotide sequences of the lac-gal and 
gal Oe operators. The identical base pairs are shown in bold. The center of symmetry is symbolized by a 
double dot. 

 
The DNA specificity of the Val17Ala18 headpiece was studied by gel 

retardation assays. The experiments performed with both the lac-gal operator and the 
ideal lac operator (lac-SymL operator) showed that the Val17Ala18 headpiece binds to 
the lac-gal operator, and that wild type headpiece does not (Figure 3). Binding 
experiments showed that the apparent equilibrium dissociation constant (Kd) of both the 
wild type headpiece and the Val17Ala18 headpiece for the lac-SymL and the lac-gal 
operators, respectively, are in the nM range (Figure 3, Table 1). The high affinity of the 
Val17Ala18 lac headpiece for the lac-gal operator observed here, provides explanation 
for the 200 fold increase in repression of β-galactosidase activity in vivo of the lac-gal 
operator by the Val17Ala18 lac repressor compared to the wild type.  

Remarkably, control experiments showed that the Val17Ala18 headpiece also 
binds to the lac-SymL operator under low salt conditions. However, at high salt 
concentration (250 mM KCl) the binding is strongly reduced (Figure 3, Table 1). 

Furthermore, we observed that the Val17Ala18 headpiece recognizes the 
natural gal Oe operator while the wild type lac headpiece does not (Figure 3). However, 
binding to the gal Oe operator is also strongly reduced by increasing the salt 
concentration. In all cases the apparent Kds were at least one order of magnitude smaller 
than those observed for binding to a non operator DNA (NOD, Figure 2); (Table 1). 
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Figure 3. Representative DNA binding experiment using the indicated operators with a serial dilution of 
dimeric Val18Ala18 mutant (upper part) or wildtype lac headpiece (lower part) using high salt conditions 
(250mM KCl). The highest and lowest protein concentrations (nM) are indicated above each experiment. The 
different operator fragments lac-gal, lac-SymL, galOe and NOD are described in Figure 2. The free probe and 
the protein DNA complex are indicated with F, and C respectively. 
 
Table 1. Binding affinities[a] and bend angles[b] obtained with the Val17Ala18 and the wild type 
headpieces and the operators described in Figure 2. 

Kd / nM Kd / nM Bend angle / ° 
Headpiece Operator 

KCl (200 mM) KCl (50 mM)  
wild type lac-SymL 0.04 0.02 35 

 lac-gal nbd[c] 28 33 
 gal Oe 444 69 0 
 NOD 784 35.1 0 
     

Val17Ala18 lac-SymL 0.88 0.02 33 
 lac-gal 0.03 0.01 36 
 gal Oe 11.0 0.06 35 
 NOD 173 12.6 0 

[a] Binding affinities, presented as apparent Kd in nM, were determined as described in the Materials and 
methods section, from 3 independent experiments using oxidized (dimeric) wildtype lac headpiece and the 
Val17Ala18 mutant with the binding sites as described in Figure 2. Apparent Kd was also determined in the 
presence of 200 mM KCl under further identical conditions. [b] Bend angles were determined, under standard 
conditions (without additional KCl) using the circular permutation method and are the average of two to three 
experiments [c]] nbd: no binding detectable at the highest protein concentrations tested (10 nM). 
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 Protein induced DNA bending was investigated using the circular permutation 
method of Wu and Crothers (1984) on complexes with the lac-gal, the lac-SymL and the 
gal Oe operators (Wu and Crothers, 1984). The profile of the migration of the 
complexes with the circularly permuted DNA fragments on a polyacrylamide gel, 
clearly showed that the mutant headpiece bends the lac-gal operator by an estimated 
angle of 36° (Figure 4, Table 1). 
 

 
Figure 4. Representative bending experiment using the circular permutation method with the dimeric 
Val17Ala18 mutant (upper part) or the wildtype lac headpiece (lower part) under standard conditions (50 mM 
KCl), using the indicated amount of protein (nM) with the operator fragments lac-gal, lac-SymL, gal Oe and 
NOD as described in Figure 2. The free probe and the protein DNA complex are indicated with F, and C 
respectively. 
 
 The bending of the lac-gal operator by the Val17Ala18 headpiece indicates the 
recognition of the minor groove by the hinge helices, and the insertion of the side chain 
of Leu56 between the central base pair inducing a kink on the DNA structure (Lewis et 
al., 1996; Spronk et al., 1999a). As shown in Figure 4, the Val17Ala18 headpiece also 
bends the lac-SymL operator by an estimated angle of 34° (Table 1), indicating that, 
also in this case, the hinge region interacts with the minor groove of the DNA. Note that 
the hinge helices are absent and the DNA is not bent in the structure of the lac 
headpiece in complex with a non-specific operator (Figure 4) (Kalodimos et al., 2004a). 
 Interestingly, the Val17Ala18 headpiece is also able to bend the gal Oe 
operator by approximately 35° upon binding (Figure 4) mimicking the behavior of the 
gal repressor (Zwieb et al., 1989), while the wild type lac headpiece fails to induce a 
bend on this operator.  
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Structure description 
The tight binding between protein and DNA resulted in a complex in slow exchange on 
the NMR time scale. Due to the C2 symmetry of the complex, only one set of 59 cross-
peaks corresponding to backbone amide atoms was observed in the 1H-15N HSQC 
spectrum. The solution structure of the complex was solved using heteronuclear double 
and triple resonance NMR techniques as described in the Materials and methods 
section. The calculation of the structure relied on experimental NMR data which 
included distance restraints derived from analysis of nuclear Overhauser effect (NOE) 
connectivities, dihedral angles, hydrogen bonds and residual dipolar couplings (RDCs). 
The ensemble containing the 16 lowest energy structures is shown in Figure 5. Statistics 
of the structures are described in Table 2.  
 

 
Figure 5. Ensemble of the 16 lowest energy structures of the Val17Ala18 headpiece - DNA complex shown 
in two different views rotated by 90º. Backbone atoms from amino acids 4-58 of the two monomers and base 
pairs 2-21 of the DNA were used for the superposition. The protein is shown in dark grey, and DNA in light 
grey. 
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Table 2. Structural statistics 
R.m.s.deviation (Å) of the backbone/all heavy atoms coordinates[a] 
Val17Ala18 headpiece – DNA complex 0.54 ± 0.15/ 0.74 ± 0.18 
Protein 0.38 ± 0.15/ 0.65 ± 0.14 
DNA 0.80 ± 0.25/ 0.73 ± 0.24 
Number of experimental restraints (for each protein monomer and DNA half site) 
Distance restraints  
     Intraresidue NOEs 533 
     Sequential NOEs (|i-j| = 1) 299 
     Medium range NOEs (2 < |i-j| < 4) 251 
     Long range NOEs (|i-j| > 5) 229 
     Inter monomer NOEs 19 
     DNA NOEs 294 
     Intermolecular NOEs 144 
     Intermolecular Hbonds 2 
     Total number of distance restraints 1771 
Dihedral angle restraints[b] 56 
Dipolar coupling restraints (DHN) 49 
R.m.s. deviation from experimental restraints 
All distance restraints (Å): 0.053 ± 0.001 

Dihedral Angles (º): 0.7 ± 0.1 

DHN (Hz) 0.076 ± 0.003 

Average Q factor for dipolar coupling restraints
[c]

 
DHN 0.09 ± 0.01 

DCαHα
[d] 0.49 ± 0.02 

Experimental restraints violations  
NOEs with violations > 0.3 Å 2.8 ± 2.0 
Dihedral angles with violations > 5° 0.4 ± 0.7 
DHN with violations > 0.2 Hz 3.2 ± 0.8 
R.m.s. deviation from idealized geometry 
Bonds (Å) 0.0051 ± 0.0001 

Angles (º) 0.71 ± 0.01 

Impropers ( º ) 0.67 ± 0.02 

Ramachandran analysis (%) 
Residues in the most favoured regions  83.8 ± 2.2 

Residues in additional allowed regions  9.9 ± 2.6 

Residues in generously allowed regions 4.2 ± 1.4 

Residues in disallowed regions  2.2 ± 1.2 

CNS energies[e] 
Lennard-Jones (kcal/mol) -742 ± 29 

Electrostatic (kcal/mol) -5620 ± 131 

[a] RMSD values were calculated using PROFIT 
http://acrmwww.biochem.ucl.ac.uk/software/profit/index.html), fitting on the backbone included the N, Cα 
and carbonyl atoms of the residues 4-58 from the two monomers, and C2’ and P atoms of the base pairs 2-21 
from the DNA. [b] Dihedral angle restraints were derived from TALOS predictions of φ and ϕ angles (see 
Materials and methods section). [c] Q-factors were calculated with PALES (Zweckstetter and Bax, 2000). [d] 
DCαHα dipolar couplings were not included in the calculations. [e] Non-bonded energies were calculated using 
the OPLS non bonded parameter set with a cut off of 8.5 Å. 
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The structure of the mutant lac headpiece bound to DNA contains four α-
helices at the same positions as in the wild type headpiece bound to the lac operator 
(residues 5-13, 17-25, 32-45, 53-58). They were well identified by their characteristic 
NOE patterns, by dihedral angle predictions derived from analysis of 15N, Hα, 13C’, 13Cα 
and 13Cβ chemical shifts using TALOS (Cornilescu et al., 1999), and hydrogen-
deuterium (H/D) exchange data (data not shown). 

An overlay with the structure of the free lac headpiece shows that the root 
mean squared deviation (RMSD) of the position of the backbone atoms (Cα, N and C’ 
of amino acids 5-25 and 32-45) is 0.90 ± 0.01 Å, indicating that the structure of the 
three-helical globular subdomain of the Val17Ala18 headpiece is not significantly 
different from the lac headpiece in the free form (Slijper et al., 1996).  

The overall fold and the relative orientation of the α-helices in the complex are 
the same as in the wild type headpiece bound to lac operator (Chuprina et al., 1993; 
Spronk et al., 1999a; Kalodimos et al., 2002). Comparison with the structure of the wild 
type lac headpiece bound to the left side of the lac operator (Kalodimos et al., 2002), 
gives a backbone RMSD (Cα, N and C’ of amino acids 5-58) of 0.97 ± 0.06 Å, while the 
RMSD of the backbone atoms in the HTH domain (Cα, N and C’ of amino acids 5-25) 
is 0.43 ± 0.03 Å. The recognition helix binds the major groove, while the hinge helix 
interacts in the minor groove forming the interface between the two monomers. These 
orientations are compatible with the measured HN RDCs based on the natural alignment 
of the DNA at high magnetic fields. The RDCs measured for the recognition helix are 
very small, in agreement with the orientation seen in the structure where this helix 
forms an angle almost perpendicular to the long DNA axis, while those measured for 
the hinge helix are larger and negative, in agreement with their tilted position with 
respect to the long DNA axis (data not shown). 

The starting structure for the lac-gal operator was a regular DNA in the B-
form. However, docking of the protein on the DNA resulted in a large kink of the DNA 
structure (Figure 5). Analysis of the DNA helical parameters shows large deformations 
around the central base pair (Figure 6). The central base pair step C10pG11 displays an 
unusual roll angle of 56°, helical rise of 5.3 Å, and small twist of 12° indicating that the 
DNA is unwound around the central base pair. The average bend angle of the DNA in 
the structures of the ensemble is 42° ± 11° as estimated with CURVES (Lavery and 
Sklenar, 1988). As observed in the wild type complex, the deformation of the DNA is 
the result of the insertion of the side chains of Leu56 between the central base pair step 
C10pG11.  
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Figure 6. Inter base-pair DNA helical parameters over both strands of the left half site of the lac-gal operator 
as a function of the DNA sequence. The parameters were calculated with CURVES (Lavery and Sklenar, 
1988) and represent an average over 16 structures. 
 

Experimentally, the degree of DNA bending can only be accessed by the use of 
long range structural information such as RDCs. Although we do not have RDCs for the 
DNA, the RDCs measured on the protein could also contain information about the DNA 
bending. The estimation of the alignment tensor parameters resulted in a rhombicity of 
0.65; the diagonal alignment tensor components are Axx = - (0.03 ± 0.01)×10-4; Ayy = -
(1.00 ± 0.01)×10-4; Azz = (1.04 ± 0.01)×10-4. The large rhombicity indicates a larger 
degree of asymmetry than what would be expected if an axially symmetric DNA would 
dominate the alignment tensor (Kung et al., 1995; Tjandra et al., 2000), and it confirms 
the bending observed in the lac-gal operator structure. 

The quality factor, (Q-factor) (Cornilescu et al., 1998), given by the fitting of 
the DCαHα data, (which was not included in the calculations), on the structures is 0.49 ± 
0.02 (Table 2). Taking into account that, due to the larger experimental errors on the 
measurement of small 1JCαHα scalar couplings, a Q-factor as large as 0.3 for the DCαHα 
data was obtained when those data were included in the calculations, the value of 0.49 
indicates a reasonable agreement between the structures and the experimental data.  
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Protein – DNA interactions 
The positioning of the recognition helix with its N-terminal part perpendicular to the 
major groove exposes the side chains of Val17 and Ala18, at positions 1 and 2, towards a 
hydrophobic pocket formed by the methyl groups of Thy6, Thy7 and Thy8 (Figures 7C, 
7E). An analysis of the intermolecular interactions found in the ensemble shows how 
the Val17Ala18 headpiece recognizes the operator. Extensive protein-DNA contacts are 
made by the residues from the recognition helix and the loop that connects the third 
helix to the major groove, while the residues of the hinge helix make extensive contacts 
with the bases in the minor groove (Figures 7A, 7C). 

Ala18 is closest to the altered base pair AT7 (Figures 7C, 7E). The orientation 
of this residue is defined by NOEs from its amide, Hα and Hβ protons to the methyl 
groups of Thy6, Thy7 or Thy8. Analysis of the structures shows that Ala18 Hα is in close 
hydrophobic contact with the methyl group of Thy7. The β-CH3 group, which is within 
van der Waals distance to the amide protons of Ade6 (Figures 7A, 7C, 7E), establishes 
hydrophobic interactions with the methyl group of Thy6, and is also in close proximity 
to the amide group of Gua6.  

Furthermore, the side chain of Val17 makes intra and intermolecular contacts. 
One of the methyl groups of Val17 stacks with the aromatic ring of Tyr7 in all the 
structures. The other CH3 group, which is located at van der Waals distance to the 
amide groups of Ade7 (Figures 7A, 7C, 7E), makes hydrophobic interactions with the 
methyl groups of Thy6 and Thy8. Val17 also contacts Thy8 methyl group with its 
carbonyl oxygen. The proposed orientations are supported by NOEs between Hδ and Hε 
of Tyr7 and both the valine methyl groups, and by the fact that the methyl group that is 
oriented towards the DNA shows stronger NOEs to Thy6 and Thy8 methyl groups.  
 The orientation of Tyr7 is well defined by 10 intermolecular NOEs to the DNA: 
Hδ and Hε of Tyr7 show NOEs to H5 of Cyt9, to H8 and the sugar protons of Gua12, and 
only the Hε shows a weak NOE to the methyl group of Thy8. Therefore, the orientation 
of the aromatic ring of Tyr7 is not altered by the interaction with the γ1-CH3 group of 
Val17. The orientation observed in the wild type complex is conserved, and Tyr7 makes 
specific contacts to Cyt9 through a hydrogen bond to its amino group (Figures 7A, 7C).  

The altered base pair AT7 also interacts with Ser21, whose conformation is 
defined by NOEs from the Hα and Hβ to the methyl groups of Thy7 and Thy8. Ser21 
hydroxyl group makes a hydrogen bond to the phosphate of Thy8, and hydrophobic 
interactions with the methyl groups of Thy8 and Thy7 (Figure 7A, 7C). 

As can be observed in Figure 7, most of the remaining protein-DNA contacts 
that are made by the other residues of the first helix, the recognition helix, and the loop 
that connects the recognition helix to the third helix are also observed in the structure of 
the wild type complex. Therefore, the orientations of these side chains are conserved in 
both structures. This is the case for Thr5, Leu6, Ser16, Thr19, Asn25, His29, and Thr34. 
Moreover, the detailed conformation of the side chains of Tyr47, Asn25, His29, Ser16 and 
Thr19 is very similar to the conformation that is observed in the wild type complex; the 
conformations of Leu6 and Thr5, however, are slightly different. 
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Figure 7A-7B. Protein-DNA interactions observed in Val17Ala18 and wild type lac headpiece DNA 
complexes. (A,B) Schematic diagram showing hydrophobic (dashed line) and hydrogen bond contacts (line). 
Only contacts appearing in at least 50 % of the structures in the NMR ensemble are shown.  
 

The NMR structure of the lac headpiece bound to the natural operator O1 
shows that Arg22 amide groups form hydrogen bonds to O6 of Gua6 in both the left 
(Figure 7B) and right sides (Boelens et al., 1988; Kalodimos et al., 2002) and this 
orientation is in agreement with biological experiments that showed that this side chain 
is essential for specific recognition of the lac operator (Lehming et al., 1988; Sartorius 
et al., 1989). The side chain of Arg22 is found to be very dynamic, and only part of the 
time it forms a H-bond to Gua5 O6, a phenomena that was also observed in previous 
complexes. The dynamic nature of this side chain is in agreement with the very broad 
lines of the Arg22 aliphatic protons observed in the NMR spectra, and with the 
observation of few NOEs to the DNA: a weak NOE connectivity between the Hε of the 
guanidinium group and the methyl group of Thy4, and a very weak NOE cross peak to 
the methyl group of Thy8. 
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igure 7C-7F. Protein-DNA interactions observed in Val17Ala18 and wild type lac headpiece DNA 

From the hinge helix Ala53, Leu56 and Ala57 make extensive hydrophobic 
teracti

drogen bonds revealed that the 
Hδ1 of H

 
F
complexes. (C,D) Details of the structure of the complexes showing some of interactions made by residues at 
the recognition helix to bases and backbone in the DNA major groove. (E,F) Detailed view of the interactions 
between Ala17 and Val18 side chains and Thy6, Thy7 and Thy8 methyl groups in the Val17Ala18 headpiece-
DNA complex, or the interactions between Tyr17 and Gln18 with Gua7, Ade8, Cyt7, Ade6 and Thy6 in the wild 
type complex. Hydrogen atoms were included in the representation of the protein side chains and of the bases 
of the DNA. Hydrogen bonds are represented by segmented lines. 
 
 
in ons with the DNA, contacting both the bases and the sugars of Cyt9, Gua10 and 
Gua10’ in the right side of the lac-gal operator. Asn50 and Gln54 make hydrogen bonds 
with the DNA backbone, while the Ala53 carbonyl group forms a hydrogen bond with 
the amide group of Gua10. Therefore, the mechanism of DNA bending is the same as in 
the lac operator. Insertion of the hinge helix induces opening of the minor groove in 
order to accommodate the side chains of Leu56 that penetrate in the C10pG11 base pair 
step (Lewis et al., 1996; Spronk et al., 1996 and 1999a). 

An analysis of the presence of water bridged hy
is29 imidazole ring forms a water mediated H-bond to the amide group of Cyt5 

and also to the phosphate of Thy4 in 62 % and 25 % of the structures of the ensemble, 
respectively. The latter water mediated contact, was also observed in a previous 
molecular dynamics (MD) study on the wild type complex (Chuprina et al., 1993). 
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W
mutant of the lac headpiece, the Val17Ala18 headpiece, bound to the lac-gal operator, in 
which base pair 7 of the lac operator has been changed to an AT base pair.  

By determination of the solution structure of the mutant headpiece
 lac-gal operator we provide structural insight in DNA specificity. By gel 

retardation assays we showed that the dimeric Val17Ala18 lac headpiece recognizes the 
lac-gal operator better than the wild type headpiece in vitro, confirming what had been 
proposed before for the whole Val17Ala18 lac repressor based on in vivo experiments 
(Lehming et al., 1987). Interestingly we also demonstrated that the Val17Ala18 
headpiece mimics the gal repressor by binding and bending the natural gal Oe operator. 
This suggests that the binding mode of the gal repressor to its natural operator is 
compatible with the way the lac headpiece binds to the lac operator. 

 
ison w

the lac operator 
In the wild type la
GC7 through hydrogen bonding contacts. Gua7 receives a hydrogen bond from Tyr17 
OH, while Cyt7 donates a hydrogen bond to Gln18 (Figure 7B, 7D, 7F). 

Comparison of the structure of the Val17Ala18 lac headpiece a
e bound to DNA (Figure 7) shows that both Val17 and Ala18 or Tyr17 and Gln18 

contact the base pairs 6, 7 and 8 in the operator, making hydrophobic or hydrogen 
bonding contacts according to the hydrophobic or polar nature of the side chains and the 
bases involved. 

The ana
piece bound to the lac operator shows that all the other residues that would be 

expected to contact the lac operator do contact the lac-gal operator (Figure 7). 
Therefore, the orientation of those side chains that make specific contacts to the bases in 
the major groove of the lac operator, such as Leu6, Tyr7, Ser21, Arg22 and His29 seem to 
be very similar in both the Val17Ala18 headpiece and the lac headpiece DNA 
complexes. The same conclusion holds for those side chains that make only contacts to 
the DNA backbone, such as those made by Thr5, Ser16, Thr19, Asn25, Val30, Ser31, Thr34, 
or Tyr47 (Figure 7A-D).  

 

The isolation of mutant repressors that display
described for other HTH transcription regulators. Wharton and Ptashne (1985) 
demonstrated that by redesigning the recognition helix of the bacteriophage 434 
repressor, it was possible to change its specificity to that of the P22 repressor. Similarly, 
Wharton et al. (1984) showed that the specificity of the 434 repressor could be switched 
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 observed in the structure 
of the w

the lac-SymL operator for AT in the 
lac-gal o

e – lac-SymL 
complex

 wild type headpieces 
Gel retardation experiments confirmed the much higher affinity of the Val17Ala18 

high salt 

DNA 
specifici

 that the binding to non-operator DNA 
decrease

l and to the lac-SymL operators shown in Figure 3 and Table 
1, indica

Comparison of the protein-DNA contacts observed in the structure of the 
Val17Ala18 headpiece bound to the lac-gal operator with those

ild type lac headpiece bound to the left side of the lac operator shows that, while 
Val17 and Ala18 make a different network of interactions, the orientation of most side 
chains that contact the major groove of the DNA is surprisingly conserved (Figure 7). It 
is likely that the contacts made by the side chains of Thr5, Leu6, Ser16, Thr19 and Tyr47 to 
the DNA backbone are anchoring contacts that help the headpiece to assemble correctly 
on the lac operator. Once these anchoring points are established, the specificity is then 
given by the hydrophobic interactions that Val17 and Ala18 make with the base pairs 6, 7 
and 8 on the major groove of the lac-gal operator.  

Stabilization of the complex requires the optimal DNA surface. This is 
achieved by the substitution of GC at position 7 in 

perator (Figure 2). The hydrophobic interaction between Ala18 Hα and β-CH3 
groups and the methyl group of Thy7 contribute to a large extent to the stabilization of 
the protein-DNA complex. Similarly, the hydrogen bond contacts from Tyr17 and Gln18 
to GC7 must make a large contribution for the stabilization of the wild type complex 
(Figure 7). Therefore, the specificity of the Val17Ala18 headpiece to the lac-gal 
operator is driven by the complementarity of the protein-DNA interface.  

H/D exchange data obtained for the Val17Ala18 headpiece – lac-gal operator 
complex in comparison with experiments performed with the wild typ

 (data not shown) showed that the residues in the recognition helix have higher 
protection factors in the lac-gal complex, indicating a higher stability of the recognition 
helix in the Ala17Val18 – lac-gal complex.  

 
Broad specificity of the Val17Ala18 headpiece and the

headpiece for the lac-gal operator than for the lac-SymL operator under 
conditions indicating a clear specificity change upon mutating these two residues. 

The interaction between the Val17Ala18 headpiece and the lac-SymL operator, 
under conditions of low salt concentration, helps to understand the origins of the 

ty of this mutant lac headpiece.  
Studies of the effect of the ion concentration on the lac repressor binding to 

operator and to non-operator DNA showed
s with the higher salt concentration more strongly than does the binding to lac 

operator (Table 1) (Record et al., 1977). Moreover, the binding mode of lac repressor to 
non-operator DNA was shown to be predominantly electrostatic (Record et al., 1977; 
Kalodimos et al., 2004a). 

The effect of the salt concentration on the binding affinities of the Val17Ala18 
lac headpiece to the lac-ga

te that the Val17Ala18 headpiece displays a lower specificity under low salt 
conditions than the wild type headpiece. A detailed inspection of the Kd’s reported in 
Table 1, shows that the Val17Ala18 headpiece binds tighter to non-operator DNA than 
the wild type headpiece under low or high salt conditions. This indicates that the mutant 
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g of the 
wild typ

bstitutions (Frank et 
al., 1997

The position of the side chains of Val17 and Ala18 in our structure seems to be 
 made by Lehming et al. (1987), that were based 

ac operator was recognized by a single mutant lac 
pressor containing the substitution Y17V, better than an AT pair. This observation is 

re.  

racts with Thy6, this observation 

oticed that the complex between the double mutant 
al17Ala18 lac repressor and the equivalent lac-gal operator (341 in their 

nomencl

e 

headpiece requires higher salt concentrations in order to decrease the contribution of 
non-specific biding in the recognition mechanism. It is not clear why the Val17Ala18 
headpiece binds tighter to non operator DNA than the wild type lac headpiece. 

It is remarkable that at low salt the Val17Ala18 headpiece binds tightly to the 
lac-SymL operator and also bends this operator. Similarly, a very weak bindin

e lac headpiece on the lac-gal operator is detected under low salt concentrations 
and the fraction of the DNA that is bound is also bent by approximately 33º (Table 1). 
DNA bending was not observed in the NMR structure of the dimeric lac headpiece 
bound to a non specific DNA sequence (Kalodimos et al., 2004a). 

The above observations can be related to studies of the interaction of lac 
repressor with lac operator variants containing single symmetric su

), and lac operators containing constitutive mutations (Mossing and Record, 
1985). These studies showed that the binding mode to these altered operators can retain 
some of the thermodynamic characteristics of the binding to the wild type operator, 
namely the polyelectrolyte effect and the heat capacity change of association. It has 
been proposed that in all cases the protein tries to adapt to the new DNA sequence in 
order to optimize the interactions at the interface in a particular way for each sequence 
(Mossing and Record, 1985; Frank et al., 1997).  

 
Comparison with mutagenesis data 

compatible with several observations
on experiments using single mutant lac repressors containing or Val at position 1 or Ala 
at position 2 of the recognition helix: 
 
(i) a TA base pair at position 7 of the l
re
consistent with the position of the methyl group of Val17 in our structure, since it is 
closer to amide group of Ade7 on the other strand. 
(ii) Val at position 1 of the recognition helix would recognize base pair 6 of the lac 
operator. We confirm this interaction in our structu
(iii) Ala at position 2 of the recognition helix recognizes preferentially a base pair at 
position 7. Although the methyl group of Ala18 also inte
is consistent with our structure. 
 

Lehming et al. (1987) n
V

ature), was much more stable than the complexes between the Val17 or Ala18 
single mutant repressors and the lac-gal operator, suggesting that the combination of 
residues at positions 1 and 2 of the recognition helix forms a more favorable interface to 
interact with base pairs 6 and 7 of the lac operator under physiological salt conditions. 

The preference for Val and Ala at positions 1 and 2, respectively, was studied 
by Sartorius et al. (1989) who screened several other repressor mutants that would b
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able to r

plications for the recognition of the gal operator by the gal repressor 
Probably as a consequence of its broad specificity, the Val17Ala18 headpiece binds 

 and Table 1). 

erator on 
osition 

t the DNA in the lac 
headpiec

that used

ecognize the variant lac operator with AT at position 7 using similar in vivo 
assays for detecting repression. Mutants containing Ser17Ala18, Ser17Thr18, 
Pro17Thr18, Ile17Thr18 and His17Val18 were found, suggesting a strong preference 
for Ala or Thr in position 2, while a larger degree of variability was allowed for position 
1. 

 
Im

specifically, although with lower affinity, to the gal Oe operator (Figure 3
Moreover, it also bends the gal Oe operator upon binding (Figure 4, Table 1).  
 Figure 2 shows that, the left side of the gal Oe operator differs from the lac-gal 
operators in positions 3 and 9, while the right side differs from the lac-gal op
p 15. The base pair at position 15 is the symmetric equivalent of position 8 
(Figure 2), it is specifically recognized by Val17 and Ala18 in the Val17Ala18 headpiece 
– DNA complex (Figure 7). Therefore it is reasonable that the Val17Ala18 headpiece 
displays broad specificity, being able to recognize a GC at that position. In fact, 
Sartorius et al. (1989) detected lower levels of β-galactosidase repression upon the 
interaction of the Val17Ala18 lac repressor with variants operators containing C, G or A 
at this position. Broad specificity of repressors is compatible with the fact that they 
generally recognize operator sequences that are slightly different.  

The homology between the primary sequences of the DNA binding domain of 
lac and gal repressors shows that several amino acids that contac

e – DNA complex are conserved in the gal repressor (Figure 1) (von Wilcken-
Bergmann and Müller-Hill, 1982). This is the case for Thr4 and Ile5 in the gal, which 
correspond to Thr5 and Leu6 in the lac repressor, or Ser14, Thr17, Asn23, Ala28, Ser29 and 
Tyr45, which correspond to Ser16, Thr19, Asn25, Val30, Ser31 and Tyr47 in the lac 
repressor. Moreover the amino acid sequence of the recognition helix of the gal and lac 
repressor differs only in positions 1 and 2, and 8 (Figure 1). Therefore it seems valid to 
propose that the gal headpiece would recognize the gal Oe operator in a similar way as 
the wild type lac and the Val17Ala18 lac headpieces recognize their operators. The base 
pairs TA6, AT7 and AT8 in the lef side, or TA13, TA14 and CG15 in the right side of 
the gal Oe operator (Figure 2) would then participate in specific hydrophobic 
interactions with Val and Ala at positions 1 and 2 of the gal repressor recognition helix.  

The fact that the Val17Ala18 headpiece was able to bend the gal Oe operator, 
suggests that the gal repressor could bend the gal Oe operator by a similar mechanism to 

 by the lac headpiece to bend the lac operator. Although the sequence identity 
between the lac and the gal repressors in the hinge region is lower than in the 
recognition helix, Leu56 that intercalates in the minor groove of the lac operator, is 
conserved in the primary sequence of the gal repressor.  
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Materials and methods 
 
 
Expression and purification of the Val1Ala2 lac headpiece: The plasmid pET-
HP62(Y17V/Q18A/V52C) was constructed by a combination of the plasmid pET-
HP62(V52C) with the plasmid pET-HP56 containing the substitutions Y17V and Q18A 
(Slijper, 1996; Kalodimos et al., 2001), using the SalI and SacI restriction sites present 
in the gene for the lac headpiece. The nucleotide sequence of the plasmid pET-
HP62(Y17V/Q18A/V52C) coding for the Va17Ala18 lac headpiece was confirmed by 
DNA sequencing. The protein was expressed in Escherichia coli DH9 using a T7 RNA 
polymerase/promoter system that is under control of the phage λ PL promoter and the 
heat sensitive λ cI repressor present in the plasmid pGP1-2 (Hare and Sadler, 1978; 
Tabor and Richardson, 1985). Uniformly 15N or 13C/15N labeled proteins were grown in 
Celtone (Spectra Stable Isotopes, USA) or E coli OD2 (Silantes GmbH, Germany) 
uniformly labeled media. The isolation of the protein followed the same protocol 
described for the purification of the wild type lac headpiece (Slijper et al., 1997), but in 
the presence of 5 mM dithiotreitol. In order to produce the dimeric form, the DTT was 
removed during the purification. The dimer was separated from the monomer using a 
Superdex 75 column (Amersham Pharmacia). All samples were concentrated using 
Amicon concentrators and ultra filtration membranes from Millipore. The HPLC 
purified lac-gal operator (5’ GAATTGTAAGCGCTTACAATTC 3’) was purchased 
from RNA-TEC (Leuven, Belgium); the lac-SymL operator (5’ 
GAATTGTGAGCGCTCACAATTC 3’) was purchased from Carl Roth GmbH 
(Karlsruhe, Germany).  
 
DNA binding and DNA bending assays: The gel retardation and the DNA bending 
assays were performed essentially as described in Spronk et al. (1999b). It is important 
to mention that binding experiments were performed using 140 bp DNA fragments 
containing the 22 bp lac-gal, lac-SymL, non operator DNA (NOD), and the 23 bp gal 
Oe operator sites (Figure 2) ligated in the middle. These fragments were the same as the 
ones used in the bending experiments. All the experiments were performed at 4°C in 
20µl of reaction buffer containing Tris (10 mM) pH 8.1, KCl (50 mM or 250 mM), 
EDTA (1 mM), glycerol (5 % vol/vol)and BSA (0.1 mg/ml). 
 
NMR spectroscopy: The NMR samples contained 1 mM of 15N- or 15N/13C double-
labeled Val1Ala2 lac headpiece and 1 mM of unlabeled lac-gal operator in KPi buffer 
(10 mM), pH 6.0, KCl (20 mM), d8-glycerol (5 %), D2O (5 %) and NaN3 (0.1 %). All 
the NMR spectra were acquired at 315 K on Bruker AVANCE spectrometers. Backbone 
assignments were based on previous assignments available for the wild type lac 
headpiece bound to the lac operator, and on the analysis of the sequential connectivities 
observed in 3D NOESY-(1H-15N)-HSQC spectra. Confirmation of these assignments 
were achieved by analysis of 3D CBCA(CO)NH and 3D HNCO experiments recorded 
on spectrometers operating at 600 and 750 MHz. Side chain assignments were obtained 
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from a 2D (1H-13C) HSQC modified for aromatic resonances, 3D HBHA(CO)NH, 3D 
(H)CC(CO)NH, 3D HC©H-TOCSY and 3D (H)CCH-TOCSY experiments acquired at 
700 MHz or on a 600 MHz spectrometer equipped with a cryoprobe. Intra-molecular 
NOEs for the protein were identified from 2D NOE, 3D NOESY-(1H-15N)-HSQC and 
3D NOESY-(1H-13C)-HSQC experiments acquired at 750 or 900 MHz and using mixing 
time of 100 ms. The assignment of the DNA resonances and the collection of intra-
molecular DNA NOEs were done in a 2D NOE spectrum acquired at 900 MHz, and 
13C/15N double filtered 2D NOE experiments acquired in water and in D2O at 700 and 
900 MHz, with a mixing time of 100 ms. The assignment strategy for the DNA 
resonances was based on base-H6/H8 to sugar H1’ NOEs (Scheek et al., 1983). Inter-
molecular protein-DNA NOEs were identified using 13C/15N double filtered NOE 
experiments acquired at 700 and 900 MHz with a mixing time of 100 ms. One protein-
DNA hydrogen bond involving the backbone HN of Leu6 and a phosphate group of the 
DNA could be identified by the observation of a cross hydrogen bond scalar coupling 
3JNP in a 31P-edited constant time (1H-15N) HSQC experiment performed with and 
without 31P decoupling during the constant time delay of 60 ms (Mishima et al., 2000). 
The observation of the OH signal of Tyr47 indicated that this atom was protected from 
exchange with the solvent, suggesting that it was also participating in a hydrogen bond. 
Residual 1DNH and 1DCH dipolar couplings were determined from the difference in 1JNH 
and 1JCH at two different magnetic fields, 21.14 T (1H frequency 900.21 MHz) and 11.75 
T (1H frequency 500.28 MHz) due to the natural alignment of the DNA. The values for 
the 1JNH and 1JCH couplings were extracted from a series of 30 J-modulated 2D (1H-15N) 
HSQC and J-modulated 2D constant time (1H-13C) HSQC experiments (Tjandra and 
Bax, 1997; Tjandra et al., 1996). All spectra were acquired with 256 complex points in 
the indirect dimension, and a constant time (CT) period of 28 ms for the CT-1H-13C-
HSQC experiments. They were processed with NMRPipe and analyzed using 
NMRView.5.0.4 (Delaglio et al., 1995; Johnson and Blevins, 1994). In order to extract 
the 1JNH and 1JCH scalar couplings the intensities of the HSQC cross peaks were 
measured at each dephasing period, and the data were fitted to the equations described 
in Tjandra et al., (1996) (to extract 1JNH), or in Tjandra and Bax, (1997), (in order to 
extract the 1JCH) using the non-linear least-squares Levenberg-Marquardt algorithm 
implemented in the program Gnuplot 3.7 (www.gnuplot.info).  
 
NMR restraints: Intra- and inter-molecular NOEs were analysed and converted into 
distance restraints using NMRView (Johnson and Blevins, 1994). They were classified 
into four distance ranges: 1.0-2.8, 1.6-3.4, 3.2-5.0 and 3.2-6.0 Å corresponding to 
strong, medium, weak and very weak NOEs, respectively. Chemical shifts of 15N, Hα, 
13Cα, 13Cβ and 13C’ were used as input for TALOS to predict φ and ψ dihedral angles 
which were subsequently used as restraints in the calculations (Cornilescu et al., 1999). 
Two protein-DNA hydrogen bonds connecting Leu6 HN and Tyr47 OH with the 
phosphate group of Cyt9 were also used as intermolecular restraints. The assignment of 
these hydrogen bonds is based on the observations described previously, and on the 
analysis of preliminary structures where both Leu6 HN and Tyr47 OH hydrogen bond the 

http://www.gnuplot.info/
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phosphate group of Cyt9; moreover, these contacts have also been observed in the wild 
type complex. They were introduced as ambiguous restraints to any of the two oxygen 
atoms of the phosphate group of Cyt9, with upper bounds of 2 Å (H-OP) or 3 Å (N-OP, 
or O-OP). NOEs that could have contribution from protein-protein inter-monomer 
contacts were assigned based on the similarity with the previously described wild type 
lac-headpiece – lac operator complexes (Kalodimos et al., 2002; Spronk et al., 1999a). 
They were treated as ambiguous intra- and inter-monomer restraints. Residual dipolar 
couplings were included as harmonic restraints during the refinement steps of the 
calculation of the lac dimer alone and of the protein-DNA complex (Tjandra et al., 
1997). The value of the RDC force constant, 100 kcalmol-1Hz-2, was chosen such that 
the difference between the back calculated and the experimental values were roughly in 
agreement with the experimental error. The axial and rhombic components of the 
molecular alignment tensor Da and R, respectively, were initially determined by the 
histogram method as implemented in PALES2.0 (Clore et al., 1998a; Zweckstetter and 
Bax, 2000), and further refined by a grid search procedure by calculating each time only 
10 structures where Da and R were systematically varied in order to minimize the total 
energy of the protein-DNA structures (Clore et al., 1998b). Using this approach, the 
optimal values were found to be Da = 1.1 Hz and R = 0.65. 
 
Structure calculation of the dimer: The calculation of the symmetric Val17Ala18 lac 
headpiece dimer was done with ARIA1.3 protocols using CNS (Brunger et al., 1998; 
Linge et al., 2003a), with the parallhdg5.3 force field and the PROLSQ parameter set 
(Engh and Huber, 1991; Linge et al., 2003b). The structure was initially calculated on 
the basis of distance and dihedral angle restraints: 200 extended structures were 
submitted to a high temperature dynamics in Cartesian space at 2000 K (20000 steps), 
followed by a first cooling phase from 2000 K to 1000 K in 10000 steps, and a second 
cooling phase from 1000 K to 50 K in 10000 steps, with a final 200 steps of restrained 
Powell minimization. The 50 lowest energy structures were submitted to a refinement in 
explicit solvent using the OPLS non-bonded parameter set and the TIP3P water model 
(Jorgensen et al., 1983; Jorgensen and Tirado-Rives, 1988). The 20 structures with 
lowest total energy were further refined with the DNH restraints in a second simulated 
annealing protocol in torsion angle space, also including C2 and non-crystallographic 
(NCS) symmetry restraints (Nilges, 1993). The high temperature torsion angle dynamics 
was performed at 10000 K with time steps of 27 fs, followed by two subsequent 
simulated annealing stages as described above. 200 structures were calculated, and 50 of 
them were refined in explicit water. An ensemble of 12 structures was selected for 
docking on the DNA based on low total energy, and proper orientation of the two 
monomers in agreement with the previously determined wild type complex.  
 
Structure calculation of the protein-DNA complex: The docking on the lac-gal 
operator was performed with HADDOCK1.3 using CNS (Brunger et al., 1998; 
Dominguez et al., 2003), the parallhdg5.3 force field and the OPLS non-bonded 
parameter set with full electrostatic and van der Waals potentials using a 8.5 Å cut-off 
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and dielectric constant of 10 for the vacuum part (Jorgensen and Tirado-Rives, 1988; 
Linge et al., 2003b). The starting B-DNA structure was built with Namot2 
(www.t10.lanl.gov/namot/). The Watson-Crick base pairing was maintained by a set of 
artificial hydrogen bonding restraints ( r ): for GC base pairs rG(N1)-C(N3) = 2.95 ± 0.2 Å, 
rG(N1)-C(N3) = 2.95 ± 0.2 Å, rG(N2)-C(O2) = 2.86 ± 0.2 Å, rG(O6)-C(N4) = 2.91 ± 0.2 Å, rG(N1)-C(N3) 
= 2.95 ± 0.2 Å, for AT base pairs rA(N1)-T(N3) = 2.82 ± 0.2 Å and rA(N6)-T(O4) = 2.95 ± 0.2 
Å. Weak restraints were included to keep the planarity of the purine and pyrimidine 
rings. Backbone dihedral angle restraints for B-DNA were used in order to maintain the 
conformation of the first and last 7 base pairs of the DNA (bp 1-7 and 16-22): α = -
63.6° ± 6.0°, β = 176° ± 7.0°, γ = 51.4° ± 7.0°, ε = -171.7° ± 3.7° and ζ = -103.8° ± 
10.1° for the phosphate backbone dihedral angles, and υ2 = 37.053°, υ3 = -155.59° and 
υ4 = 144.26° for the pentose ring dihedral angles. Symmetry restraints were used in 
order to maintain the C2 symmetry of the complex during the whole docking procedure. 
The docking strategy consisted of an initial rotational rigid body minimization: the 
DNA was positioned 50 Å away from the protein and their relative orientation 
optimized such as to satisfy the intermolecular restraints. No translation was allowed. 
To allow for possible conformational rearrangements upon binding, the solutions 
generated after the rotational rigid body minimization were submitted to three simulated 
annealing steps in Torsion angle space, during which the protein, and only the eight 
central base pairs of the DNA were fully flexible. The 7 base pairs at both ends of the 
DNA were treated as semi flexible segments with increasing degree of flexibility during 
the calculation protocol which consisted of: (i) 5000 steps of high temperature dynamics 
at 2000 K followed by a cooling stage from 2000 K to 500 K in 8000 steps, (during both 
procedures the semi-flexible par of the DNA was kept rigid), (ii) a second cooling stage 
from 2000 K to 50 K in 8000 steps in which the bases of the semi-flexible segments of 
the DNA were allowed to move, (iii) a third cooling stage from 300 K to 50 K in 500 
steps, during which the entire DNA is fully flexible. In total 200 structures were 
generated, and the 50 lowest energy structures were selected for water refinement in 
explicit solvent including the DNH restraints. The 20 lowest energy structures were 
selected for analysis. Protein-DNA interactions were analyzed with DIMPLOT 
(Wallace et al., 1995), the DNA helical parameters and the bend angle were analyzed 
with CURVES (Lavery and Sklenar, 1988), and the RDCs quality factors, (Q-factor) 
(Cornilescu et al., 1998), were evaluated with PALES (Zweckstetter and Bax, 2000). 
The structure figures were generated with MOLMOL (Koradi et al., 1996). The atomic 
coordinates of the final structures were deposited in the Protein Data Bank (accession 
code 2BJC).  

http://www.t10.lanl.gov/
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Chapter 4 

Abstract 
 
We performed hydrogen-deuterium exchange experiments on a protein-DNA complex 
involving the lac repressor headpiece bound to a symmetric variant of the lac operator. 
Close to the EX1 limit, measurements of the decay rate of the individual amides, and 
also of their mutual HN-HN NOE, demonstrate the occurrence of correlated exchange 
of the backbone amide protons in the center of the lac headpiece recognition helix, 
Val20, Ser21, Arg22 and Val23. The correlation is broken at Val24, close to the C-terminal 
segment of the helix. This demonstrates that concerted unfolding motions are the 
mechanism for the opening transitions that lead to hydrogen deuterium exchange in the 
central part of this helix. 
 
Introduction 
 
 
The protection of amide protons against exchange is associated with the participation in 
hydrogen bonds and with the degree of exposure to the solvent (Wagner and Wüthrich, 
1982; Woodward et al., 1982; Englander and Kallenbach, 1983). Although there is no 
consensus about which degree of protection against exchange is required to indicate 
hydrogen bonding, the identification of slow amide proton exchange rates is a 
qualitative indication of the involvement in secondary structure elements (Englander 
and Kallenbach, 1983; Boelens et al., 1985; Milne et al., 1998; Dempsey, 2001). This 
information, together with information derived from the analysis of short-range NOEs, 
can be used in structure calculations based on NMR data.  

Amide proton exchange in proteins is generally explained by a two-state model 
in which structural fluctuations convert the amide proton from an exchange-protected 
state (closed) to an exchange-competent state (open), as described by the equation 
(Hvidt and Nielsen, 1966; Roder et al., 1985; Dempsey, 2001) 
 

int( ) ( ) ( )op

cl

k k
k

NH closed NH open ND exchanged⎯⎯→ . 
 

Once in the open state, the exchange occurs by an acid catalyzed reaction, at 
pHs below ~4, or by a base catalyzed reaction at higher pHs (Woodward et al., 1982; 
Englander and Kallenbach, 1983; Dempsey, 2001). This reaction is irreversible and 
occurs with a rate constant kint, that is characteristic for each backbone amide 
(Woodward et al., 1982; Wagner and Wüthrich, 1982; Englander and Kallenbach, 1983; 
Roder et al., 1985; Dempsey, 2001) and can be accurately predicted (Bai et al., 1993).  

Two kinetic limits can be predicted from this model, EX1 and EX2. In the EX1 
limit, kint is much larger than the rate constant of the closing reaction, kcl, and every NH 
that reaches the open state will immediately exchange. The observed exchange rate in 
the EX1 limit will be 
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However, if kcl is larger than kint, which corresponds to the EX2 limit, the 
observed exchange rate will be 
 

int
op

cl

k k
kobs

k
= . 

 
Since kint is extremely dependent on pH and temperature, the exchange rate 

under the EX2 mechanism displays a pronounced pH dependence. The increase in pH 
leads to an increase of kint relative to kcl, and brings the system closer to the EX1 
mechanism. Alternatively, the EX1 mechanism can be reached by the addition of 
denaturants, which decrease kcl with respect to kint (Sivaraman et al., 2001). The EX1 
mechanism is characterized by the disappearance or the decrease of the pH dependence 
of the observed exchange rate, kobs. 

If we follow the kinetics of hydrogen exchange in D2O, it is possible to 
perform measurements of hydrogen exchange during longer time scales than in the pre-
saturation methods (Dempsey, 2001). Furthermore, it is remarkable that amide 
hydrogen-deuterium exchange yields valuable thermodynamic and kinetic information 
at a residue level and under native conditions. In the EX1 regime the rate constant for 
H-D exchange corresponds to that for the opening reaction, kop, while the combination 
of studies performed in the EX1 and in EX2 regimes yields the equilibrium free energy 
of the opening reaction, ∆Gop, and the closing rate kcl for the open state. 

Therefore, by providing both thermodynamic and kinetic information under 
native or unfolded conditions, hydrogen-deuterium exchange is a well established 
technique to study protein folding and unfolding pathways and kinetics, protein 
stability, dynamics, protein-DNA interactions and allosteric changes (Mayo and 
Baldwin, 1993; Bai et al., 1995; Englander, 2000; Luque et al., 2002; Kalodimos et al., 
2002; Ferraro et al., 2004). 

Two models explain the structural fluctuations that lead to the open state 
(Woodward et al., 1982; Englander and Kallenbach, 1983). In one of them, there appear 
transient cooperative unfolding transitions, under native conditions, of small segments 
of secondary structure elements, which expose the NH groups to exchange with the 
solvent. In the other model, local structural fluctuations and temporarily broken 
hydrogen bonds occur at random, leading to the exposure of the amide proton to the 
solvent. The last model is related to penetration models (Woodward et al., 1982). 

Studies of hydrogen - deuterium exchange performed in the presence of 
denaturants showed that, for certain amide protons, both the value of ∆Gop and its 
dependence on the denaturant concentration are similar to the value and the behavior of 
the global unfolding free energy, ∆GU, measured by other techniques, such as circular 
dichroism and fluorescence (Mayo and Baldwin, 1993). This gives an indication that the 
opening reactions that lead to exchange are due to global or partial unfolding processes; 
on the other hand, ∆Gop measured for faster exchanging amides was shown to be lower 
than ∆GU, indicating that the opening reactions were due to local unfolding transitions 
or structure fluctuations scattered throughout the protein in the native state (Mayo and 
Baldwin, 1993; Luque et al., 2002). 
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Therefore, both global or partial unfolding and local structure fluctuations may 
account for the opening reactions that lead to hydrogen exchange, and provide insight 
into the conformational fluctuations observed in proteins in the native state (Englander 
et al., 1996; Maity et al. 2003). The main difference between these two models resides 
in the fact that correlated transitions take place during the global unfolding, while 
structure fluctuations occur locally and should be non-correlated in nature (Roder et al., 
1985; Maity et al., 2003). 

We report a study on the correlated nature of the hydrogen exchange of the 
amide protons in the recognition helix and in the first helix of the DNA binding domain 
of the lac repressor, the so-called lac headpiece, in complex with a symmetric lac 
operator. Close to the EX1 limit, we have measured the hydrogen-deuterium exchange 
rates of individual backbone amide protons and the exchange decay rate of NOE cross-
peaks. Analysis of the data shows that the decay rates of NOEs have similar values as 
the individual exchange rates for the amide protons of the residues Val20 to Val23, in the 
central part of the recognition helix, which indicates their exchange is correlated. We 
therefore propose that exchange takes place by the reversible unfolding of the central 
part of the recognition helix in one event. These results may have further relevance for 
understanding the nature of motions within secondary structure elements. 

 
 

Results 
 
Hydrogen-deuterium exchange rates were measured on a protein-DNA complex of a 
dimeric lac headpiece, residues 1-62 of the lac repressor, in complex with the lac-SymL 
operator. The lac-SymL operator is a palindrome of the natural lac operator O1, lacking 
the central base pair (Simons et al., 1984; Sadler et al., 1983). The dimeric headpiece 
contains the substitution V52C, which allows the protein to be isolated as a covalent 
dimer. The dimer binds tighter to the lac-SymL operator than the monomer (Kalodimos 
et al., 2001). 

The kinetics of the exchange was followed by interleaved acquisition of the 
free induction decays (FIDs) of 2D 1H-15N HSQC and 2D NOE spectra. The backbone 
amide protons for which exchange was monitored belong to Val9 and Ala10, located in 
the center of the first helix, and Val20, Ser21, Arg22, Val23 and Val24, in the recognition 
helix (Figure 1). The two helices compose the helix-turn-helix (HTH) motif of the lac 
headpiece (Figure 1). At the high pH needed for the experiment, 9.8, all the other 
backbone amide protons were already exchanged after the first spectrum.  
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Figure 1. NMR structure of the lac headpiece bound to the lac operator SymL. The complex is symmetric; 
therefore, only one monomer bound to the left side of the operator is shown. The orientation of the complex 
shows the recognition helix entering in the DNA major groove. The Cα atom of residues Val9, Ala10, Val20, 
Ser21, Arg22, Val23 and Val24 is represented by spheres, and indicated in the figure. 
 
Exchange rates of individual amides  
As previously described (Wagner, 1983; Boelens et al., 1985; Roder et al., 1985), 
correlated or random exchanges of two protons can be distinguished by the decay rate of 
their mutual NOE. However, if deuterium exchange of the individual protons follows 
the EX2 mechanism, the amide protons can go from closed to open state and back 
several times before the exchange occurs, and correlations will not be observed. In 
contrast, in the EX1 mechanism, if both amides move to the open state simultaneously, 
correlations may be observed. In order to observe correlated exchange, it is therefore 
necessary to ensure that individual amide protons exchange according to the EX1 
mechanism. This is usually achieved increasing the pH, so that kint becomes larger than 
kcl. For this reason the experiments were done at pH 9.8, very close to the plateau region 
of the pH dependence of kobs (Kalodimos et al., 2002). Moreover, a higher pH could 
decrease the stability of the complex (Riggs et al., 1970). The temperature, 35.5 ºC, was 
chosen so that the rates were slow enough to allow the measurement of several 2D NOE 
spectra. 

Figure 2 shows the decays of the intensities of the individual amide protons 
during the course of the experiment. The observed exchange rates, kobs, obtained by 
fitting those curves to a single exponential decay, and the intrinsic rates, kint, are shown 
in Table 1. It is observed that the exchange rates are similar for all the amide protons, 
close to 1×10-5 s-1 (Figure 2, Table 1), except for Val24 HN, in which case the exchange 
rate is about 3.8×10-5 s-1.  
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On the other hand, the exchange rate of the individual unprotected amino acids, 
kint, varies more than 10 times, from 0.15×104 s-1 for Val9, up to 2.69×104 s-1 for Arg22 
(Table 1). Although the local characteristics of the structure may also affect the 
propensity of an amide proton to exchange, these observations provide indications that 
the exchange is not strongly coupled to kint, and that it is largely pH independent, thus 
close to the EX1 limit. 

 
Figure 2. Plots of the intensities of the 1H-15N HSQC cross peaks during the course of the experiment. The 
decay curves for the amide protons from Val20, Ser21, Arg22, Val23 and Val24 are shown in the left panel. The 
decay curves for Val9 and Ala10 are shown in the right panel. 
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Table 1. Rate of exchange (kobs) and intrinsic rate (kint) of amide protons in the helix I and in the 
recognition helix. The procedures used to obtain kobs and kint are described in Materials and 
methods. 

HN kobs (x10-5 s-1) kint (x104 s-1) 

Helix I   

Val9 1.03 ± 0.08 0.15 

Ala10 0.87 ± 0.04 0.81 

Recognition Helix   

Val20   0.91 ± 0.06 0.35 

Ser21 1.33 ± 0.08 1.90 

Arg22 1.13 ± 0.08 2.69 

Val23 0.85 ±0.05 0.37 

Val24 3.82 ± 0.21 0.16 

 
 
Decay rates of HN-HN NOEs 
In order to investigate if the exchange of the Val10 and Ala9, or Val20 to Val24 amide 
protons is correlated, we compared the kinetics of the decay of sequential HN-HN NOE 
cross peaks with the exchange rate of individual amides. The decay of the NOE peak 
intensities was followed using 2D NOE spectra that were acquired simultaneously to the 
1H-15N HSQC spectra.  

Since most of the amide protons inmediately exchanged upon dissolving the 
sample in D2O, non-overlapping sequential HN-HN NOE cross peaks could be resolved 
for Val9 and Ala10, Val20 and Ser21, Ser21 and Arg22, Arg22 and Val23, Val23 and Val24 
(Figure 3). Figure 4 shows the decay curves of the mutual NOE cross peaks of each 
amide pair in comparison with the decay curves for the individual amide protons. Table 
2 lists the decay rates for the NOEs that were obtained after fitting the decay curves to 
single exponentials, as compared with kobs obtained for the individual amide protons. 
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Figure 3. Expansion of the amide region of the first 2D NOE spectrum in D2O. The NOEs that were followed 
during the course of the experiment are indicated in the figure. 
 

If exchange is uncorrelated, the exchange decay rate of the NOE between two 
amide protons HN1 and HN2, kNOE, will be equal to the sum of the exchange rates k1 and 
k2. This is illustrated by the decay curve of the NOE between Val23 and Val24 amide 
protons (Figure 4E and Table 2). In contrast, if the exchange is perfectly correlated, 
both the individual amides HN1 and HN2 and their mutual NOE will exchange with the 
same rate, k1 = k2 = kNOE. 

As shown in Figure 4B-4D, none of the sequential HN-HN NOEs in the region 
between Val20 and Val23 (Figure 1) decay with a rate equal to the sum of k1 and k2, 
suggesting that there is a certain degree of correlation. An exception seems to be the 
NOE between Val9 and Ala10 amide protons, which decays faster than the Val9 HN 
(Figure 4A).  
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Figure 4A-4C. The decay curves of the amide protons (dashed line) are compared with the decay of their 
mutual NOE (thick line). 
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Figure 4D-4E. The decay curves of the amide protons (dashed line) are compared with the decay of their 
mutual NOE (thick line). 
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Taking into account the considerations described before, a degree of 
correlation, Ccorr, can be defined (Boelens et al., 1985). The current definition is  
 

1 2

0.5(corr

k k
C

k k

+ −
=

+1 2 )
NOEk

. 
 
It helps the analysis of the correlated exchange and the identification of intermediate 
cases. A value Ccorr=1 indicates perfectly correlated exchange, whereas Ccorr=0 is 
expected for uncorrelated exchange. Inspection of Table 2 shows that, within the 
experimental errors, the degree of correlation of the exchange for the amide proton pairs 
from Val20 and Ser21, Ser21 and Arg22, and Arg22 and Val23 is close to 1. The correlation 
is broken at Val24, where Ccorr for the Val23 and Val24 pair is zero. The degree of 
correlation between Ala9 and Val10 is 0.42, suggesting that the exchange in helix 1 is not 
strongly correlated.  
 
Table 2. Rates of exchange of amide protons in the helix I and in the recognition helix, and their 
mutual NOEa. Ccorr is the degree of correlation. 

HN1 – HN2 k1 (x10-5 s-1) k2 (x10-5 s-1) kNOE (x10-5 s-1) Ccorr
b 

Helix I     

Val9 – Ala10 1.03 ± 0.08 0.87 ± 0.04 1.50 ± 0.21 0.42 ± 0.17 

Recognition Helix     

Val20 – Ser21 0.91 ± 0.06 1.33 ± 0.08 0.93 ± 0.24 1.17 ± 0.21 

Ser21 – Arg22 1.33 ± 0.08 1.13 ± 0.08 1.00 ± 0.22 1.19 ± 0.19 

Arg22 – Val23 1.13 ± 0.08 0.85 ±0.05 1.33 ± 0.44 0.66 ± 0.31 

Val23 – Val24 0.85 ±0.05 3.82 ± 0.21 4.44 ± 1.10 0.10 ± 0.28 
a The procedure used to obtain the rate constants is described in Materials and methods. kNOE is the average of 
two rates obtained for the NOE peaks above and below the diagonal. 
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Discussion 
 
The study of correlated exchange was done before (Roder et al., 1985; Boelens et al., 
1985). Current results, however, are more uniquely interpretable since our studies could 
be done in the EX1 limit. Experiments of amide proton hydrogen deuterium exchange 
using mass spectrometry techniques have also been employed in an attempt to identify 
correlated exchange (Arrington et al., 1999). 

In this paper, we have described hydrogen-deuterium exchange rates for 
individual amide protons, as well as the decay rates of sequential HN-HN NOEs for 
residues in the recognition helix and in the first helix of the lac headpiece bound to 
DNA. The experiments, performed close to the EX1 limit, are based on the idea that, if 
the exchange of two neighboring amide protons is correlated, the decay rate of a NOE 
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between them will be equal to the exchange rate of the individual amide protons 
(Wagner, 1983). 

The results show that the degree of correlation of the exchange of the backbone 
amide protons of Val20 and Ser21, Ser21 and Arg22, Arg22 and Val23, in the center of the 
recognition helix (Figure 1), obtained from the 2D NOE and the 1H-15N HSQC data, is 
above 0.5, demonstrating correlation (Table 2). The correlation is broken at Val24 in the 
C-terminal part of the helix (Table 2). The amides of Val17, Gln18 and Thr19, at the N-
terminal part of the helix, do not participate in the helical hydrogen bond network; they 
exchange faster and were not detected.  

Hydrogen exchange experiments performed on the free lac headpiece (Boelens 
et al., 1985) revealed protection patterns consistent with the position of the three α-
helices that compose the globular structure of the free protein. A good correlation 
between the exchange rates and location of the amide protons in the interior or on the 
outside of the protein was observed. Moreover, the backbone amide protons of Val9, 
Ala10 and Val20 to Val24 were shown to cluster within the slowest exchanging amides. 
This was also observed previously for the protein bound to DNA (Kalodimos et al., 
2002). This observation is in agreement with structural data, which showed a similar 
structure of the globular domain of the lac headpiece in both free and bound forms 
(Slijper et al., 1996).  

The fact that exchange rates of the amide protons of Val9 and Ala10 in helix 1, 
and Val20 to Val23 in the recognition helix are very similar (Table 1), is in agreement 
with the proposal that these two helices may collapse together during the unfolding and 
destabilization of the lac headpiece bound to DNA. This collapse results in the 
dissociation of the headpiece from the DNA (Kalodimos et al., 2002).  

A faster exchange of the amide protons of the first three residues and the last 
residue of the recognition helix, Tyr17, Gln18, Thr19 and Asn25, respectively, in 
comparison with the residues located in the center of the helix, Val20 to Val24, was also 
observed in the free lac headpiece (Boelens et al., 1985) and in previous studies 
(Kalodimos et al., 2002). This behavior could be explained by the fact that the first three 
amino acids of an α-helix are not necessarily involved in hydrogen bonds, while Asn25, 
the last residue, would undergo larger dynamic motions due to fraying effects of the α-
helix. 

 
Concerted unfolding transitions dominate the exchange of amide protons in the 
center of the recognition helix 
The picture that emerges from these results is that the amino acids Val20, Ser21, Arg22 
and Val23, located in the center of the recognition helix (Figure 1), compose the most 
stable part of this helix. The backbone amide protons within this segment exchange with 
the solvent in one cooperative event, a reversible unfolding transition whose time scale 
is of the order of the inverse of the exchange rates, around 20 hours under the conditions 
of the experiment. The correlation of the opening motions within the helix is broken at 
Val24 and Asn25, in its C-terminal part, that displays faster opening motions, and in the 
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N-terminal segment, corresponding to the first three residues, Tyr17, Gln18 and Thr19 
which, probably due to the absence of hydrogen bonds, also open in a shorter time scale.  

An α-helical structure is generally stabilized by backbone hydrogen bonds 
between the HNi+3 amide proton with the COi carbonyl group, and by the interaction of 
the individual amide dipoles, which are aligned roughly parallel to the helix axis. 
Fraying effects at the extremes of the helix, are explained by the absence of CO 
acceptors for the four NH donors in the N-terminal part, and by the conformational 
freedom of the last amino acid in the C-terminal part (Cantor and Schimmel, 1980). The 
cooperativity of the helix-to-coil transition in polypeptides can be rationalized in terms 
of steric, energetic and statistical constraints in random coil and α-helical 
conformations, which induce the propagation of helical units next to preexisting ones 
(Zimm and Bragg, 1959; Cantor and Schimmel, 1980). Our observation of the 
correlated nature of the amide proton exchange in the central part of the recognition 
helix, and the greater stability of this segment with respect to the N- and C-terminal 
parts of the helix are, therefore, in agreement with the statistical theory that describes 
the origins of cooperative helix-to-coil transitions in polypeptides (Zimm and Bragg, 
1959; Qian and Schellman, 1992), which is also described in Cantor and Shimmel 
(1980).  

Our results are also compatible with the work described by Jaravine et al. 
(2001), where they observed gradual formation of a hydrogen bond network starting 
from the center of the polypeptide by measurements of cross hydrogen bond 3JNCO scalar 
couplings as a function of TFE concentration (Jaravine et al., 2001). Their results, when 
analyzed in the frame of the Lifson-Roig theory for helix-to-coil transitions (Lifson and 
Roig, 1961), provided evidence that the formation of helical segments is strongly 
cooperative (Jaravine et al., 2001). 

 
 

Materials and methods 
 
Sample preparation: lac headpiece containing the mutation V52C (HP62 V52C) was 
over expressed in Escherichia coli DH9 (Hare and Sadler, 1978) using a T7 RNA 
polymerase/promoter system based on the plasmids pET3a and pGP1-2. Expression of 
RNA polymerase is under control of a PL promoter and the heat sensitive cI repressor 
(cI 857) from phage λ (Tabor and Richardson, 1985). Uniformly 15N labeled protein 
was grown in Bioexpress (CIL) labeled medium. Isolation of the protein followed the 
protocol described by Slijper et al. (1997) but in the presence of 5 mM of dithiotreitol 
(DTT). In order to produce the dimeric form, the DTT was removed during the 
purification. The dimer was separated from the monomer by gel filtration on a Superdex 
75 column (Amershan Pharmacia). The lac-SymL operator (5’ 
GAATTGTGAGCGCTCACAATTC 3’) was purchased HPLC purified from Carl Roth 
GmbH (Karlsruhe, Germany). All samples were concentrated using Amicon 
concentrators and ultra filtration membranes from Millipore.  
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H/D exchange: A sample containing 0.5 mM 15N labeled protein and 0.5 mM unlabeled 
lac-SymL DNA, H3BO3 10 mM pH 9.8, and KCl 20 mM was used to adjust 
spectrometer conditions such as shimming, tuning and pulse lengths. The same sample 
was then lyophilized and afterwards dissolved in D2O to start the exchange. The dead 
time elapsed between dissolving the sample in D2O and recording the first spectrum was 
approximately 15 minutes. After dissolving in D2O, the pH of the sample was slightly 
adjusted to 9.8, pD 10.2 (with correction for glass electrode solvent isotope artefact), by 
adding small aliquots of NaOD. The exchange was performed at 308.5 K. 
 
NMR spectroscopy: Assignments of the backbone amide protons were taken from 
previous data available for the HP62-SymL complex (BMRB 4813). The NMR 
experiments were performed on a Bruker AVANCE spectrometer operating at 600 MHz 
and equipped with a cryo-probe. 1H-15N HSQC and 2D NOE spectra were acquired 
simultaneously as a pseudo-3D spectrum with the third pseudo-dimension being the 
number of experiments. After every 4 NOESY scans recorded, 1 1H-15N HSQC scan 
was acquired and stored in a separated buffer. In total, 64 and 16 scans were 
accumulated for each t1 increment of the 2D NOE and the HSQC experiment, 
respectively. Both experiments were recorded with 800 and 256 complex points in the 
acquisition and indirect dimensions, respectively. An interscan recovery delay of 0.69s 
was used. The NOE spectra were recorded with mixing time of 150 ms. All spectra 
were processed using XWinNMR (Bruker - Biospin). The indirect dimension of the 2D 
NOE spectra was extended by 256 data points using linear prediction and zero filled to 
1024 data points, followed by a 0.5π shifted squared sine bell window function. The 
same window function was used in the acquisition dimension, followed by zero filling 
to 2048 data points. Automatic base line correction was applied in both the acquisition 
and the indirect dimensions. The 1H-15N HSQC spectra were processed using a 0.5π 
shifted squared sine bell window function followed by zero filling up to 2048 and 512 
points in the acquisition and the indirect dimensions, respectively.   
 
Data analysis: Volumes of cross peaks in the 1H-15N HSQC and 2D NOE spectra were 
obtained using a standard integration routine in NMRView (Johnson and Blevins, 
1994). Their decay was fitted to a single exponential using three parameters 
(corresponding to the intensity at time zero, the decay rate and an off-set), and the non-
linear least-squares Levenberg-Marquardt algorithm implemented in the program 
Gnuplot 3.7 (www.gnuplot.info). Estimates for decay rate errors were taken from the 
standard errors given by Gnuplot. NOE decay rates correspond to averages of two rates 
obtained from the NOE peaks above and below the diagonal. Spectra recorded in water 
before the exchange, corresponding to time zero, were not included in the analysis. The 
intrinsic rates kint were predicted using the program SPHERES 
(www.fccc.edu/research/labs/roder/sphere). 
 

http://www.gnuplot.info/
http://www.fccc.edu/research/labs/roder/sphere
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Summary 
 
 
Biological processes, such as gene regulation, DNA replication, or signal transduction 
pathways, frequently involve intermolecular recognition events associated with the 
interaction between two partners. For example, protein-DNA interactions are often 
observed in replication and repair machineries. Another example is the interaction 
between a protein and a small ligand activating transcription, as observed when cyclic 
AMP binds to, and activates, the protein CAP. This is an indication that the cell has to 
activate the transcription of certain genes. 

In many cases, the need for a fine regulation of the biological processes 
requires that intermolecular interactions are quite weak; in other cases they should be 
tight, and specific. A full understanding of the biological processes requires the 
understanding of how two partners recognize each other at a molecular and atomic 
level. It is then essential the study of the structure of the individual partners in the free 
and in the bound forms. The ability to determine high resolution structures in aqueous 
solution makes the use of NMR a suitable tool for studying biomolecular interactions at 
an atomic level. 

However, often this interaction is very complex, and just looking at the 
structures is not enough to get insight on how the complex is stabilized, or the various 
kind of complexes one molecule can form. A combined approach using structural, 
thermodynamic and genetic information is then important, in order to give a complete 
understanding of how the two partners recognize each other. 

We have studied the interaction between the lactose repressor of E. coli with 
DNA. Lactose is not the first energy source of the bacteria; the metabolism of lactose 
has to be tightly controlled, being used only if it is strictly necessary. Therefore, we 
anticipate a strict control over the expression of the genes of the lac operon, which is 
involved in the metabolism of lactose. As a consequence, the interaction between the lac 
repressor and the lac operator is tight and specific; it has been extensively studied using 
structural, genetic and thermodynamic approaches. 

The DNA binding domain of the lac repressor is located in the N-terminal 
segment of the protein, the so-called lac headpiece. Lac headpiece is a very flexible 
molecule. This property is certainly important for its capacity to interact with different 
DNA surfaces, and to adapt in order to maximize the interactions that stabilize the 
interface.  

Two different examples of protein-DNA adaptation are given in chapters 2 and 
3 of this thesis. Chapter 2 describes the NMR structure of the lac headpiece bound to the 
lac operator O1. The operator binding surfaces in the left and in the right sides are 
different. The interface in the left side is optimal, while the affinity towards the right 
side is lower; however, the lac headpiece adapts its structure in order to maximize the 
number of interactions. In chapter 3, the specificity of lac headpiece was altered by two 
mutations introduced in its recognition helix. Altering the DNA surface by the change 
of one base pair, compensated the changes imposed on the protein. A new altered 
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specificity complex was obtained, and now, the lac headpiece mimics the DNA 
specificity of the gal repressor, the negative regulator of the gal operon. This altered 
specificity mutant of the lac repressor had been identified by Müller-Hill and co-
workers in 1987. The NMR structure of the complex lead us to the identification of new 
protein-DNA interactions at the interface, and to the understanding of how the 
specificity for the DNA was changed. However, one interesting aspect of this mutant lac 
headpiece is still not fully understood: it binds tighter to non-operator DNA than the 
wild type does.  

The last chapter contains a study of hydrogen-deuterium exchange as an 
attempt to identify correlated motions within the most stable helices of the lac headpiece 
bound to DNA. Hydrogen-deuterium exchange of the amide protons is a unique 
technique, in the sense that it provides information about very slow molecular motions 
at the time scale of minutes or hours. It is shown that the exchange of the amide protons 
of the recognition helix of the lac headpiece bound to DNA occurs by a cooperative 
unfolding mechanism. To our knowledge, it is the first time this has been shown for an 
α-helix. 
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Samenvatting 
 
 

Bij biologische processen, zoals genregulatie, DNA replicatie en 
signaaloverdrachtroutes, zijn vaak intermoleculaire herkenningsprocessen betrokken. 
Bijvoorbeeld, eiwit-DNA interacties worden vaak waargenomen bij DNA replicatie en 
reparatie. Een ander voorbeeld is de interactie tussen een eiwit en een klein ligand dat 
transcriptie activeert, zoals waargenomen wordt wanneer cyclisch AMP aan het eiwit 
CAP bindt en het activeert. Dit is een indicatie dat de cel de transcriptie van bepaalde 
genen moet activeren. 

In veel situaties is het, om fijn-regulatie van biologische processen mogelijk te 
maken, noodzakelijk dat intermoleculaire interacties tamelijk zwak zijn; in andere 
situaties dienen zij sterk te zijn, en specifiek. Voor een volledig begrip van de 
biologische processen is het nodig om te begrijpen hoe twee partners elkaar herkennen 
op een moleculair en atomair niveau. Het is dan essentieel om de structuur van de 
individuele partners te bestuderen in de vrije en de gebonden vorm. De mogelijkheid om 
hoge-resolutie structuren te bepalen in een waterige oplossing, maakt NMR een 
geschikte techniek om biomoleculaire interacties op een atomair niveau te bestuderen.  

Echter, deze interactie is vaak zeer complex en alleen naar de structuren kijken 
geeft niet voldoende inzicht in de manier waarop het complex wordt gestabiliseerd, of 
de verschillende soorten complexen die een molecuul kan vormen. Een gecombineerde 
aanpak die gebruik maakt van structuur-, thermodynamische en genetische informatie is 
dan belangrijk, om een volledig beeld te krijgen van de manier waarop de twee partners 
elkaar herkennen. 

We hebben de interactie van de lac repressor van E. coli met DNA bestudeerd. 
Lactose is niet de voornaamste energiebron van de bacterie; het metabolisme van 
lactose dient strikt gecontroleerd te zijn, aangezien het alleen gebruikt wordt wanneer 
dit volstrekt noodzakelijk is. Daarom gaan we uit van een strikte controle over de 
expressie van de genen van het lac operon, dat betrokken is bij het metabolisme van 
lactose. Een consequentie hiervan is dat de interactie tussen de lac repressor en de lac 
operator sterk en specifiek is; deze interactie is uitgebreid bestudeerd gebruik makend 
van structuur-, genetische en thermodynamische benaderingen. 

Het DNA-bindend domein van de lac repressor bevindt zich in het N-terminale 
deel van het eiwit, het zogenaamde lac headpiece. Lac headpiece is een zeer flexibel 
molecuul. Deze eigenschap is zeker belangrijk voor zijn capaciteit om interactie aan te 
gaan met verschillende DNA-oppervlaktes en zich zodanig aan te passen dat de 
interacties die het bindingsoppervlak stabiliseren gemaximaliseerd worden.  

Twee verschillende voorbeelden van eiwit-DNA aanpassing worden gegeven 
in de hoofdstukken 2 en 3 van dit proefschrift. Hoofdstuk 2 beschrijft de NMR-structuur 
van het lac headpiece gebonden aan de lac operator O1. De 
operatorbindingsoppervlaktes aan de linker- en de rechterkant zijn verschillend. Het 
bindingsoppervlak aan de linkerkant is optimaal, terwijl de affiniteit voor de rechterkant 
lager is; echter, het lac headpiece past zijn structuur aan om het aantal interacties te 
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maximaliseren. In hoofdstuk 3 is de specificiteit van het lac headpiece veranderd door 
twee mutaties te introduceren in de herkenningshelix. Verandering van het DNA-
oppervlak door één base paar te verwisselen, compenseerde de veranderingen opgelegd 
aan het eiwit. Een nieuw complex met veranderde specificiteit werd verkregen, en nu 
imiteert het lac headpiece de DNA-specificiteit van de gal-repressor, de negatieve 
regulator van het gal-operon. Deze mutant van de lac-repressor, met veranderde 
specificiteit, was geïdentificeerd door Müller-Hill en medewerkers in 1987. De NMR-
structuur van het complex bracht ons tot de identificatie van nieuwe eiwit-DNA 
interacties, en tot inzicht over de manier waarop de specificiteit voor het DNA was 
veranderd. Echter, één interessant aspect van dit gemuteerde lac headpiece wordt nog 
steeds niet volledig begrepen: het bindt sterker aan niet-operator DNA dan het wildtype.  

Het laatste hoofdstuk bevat een studie van waterstof-deuterium uitwisseling als 
een poging om gecorreleerde bewegingen te identificeren in de stabielste helices van het 
lac headpiece gebonden aan DNA. Waterstof-deuterium uitwisseling van de 
amideprotonen is een unieke techniek, aangezien het informatie levert over zeer 
langzame moleculaire bewegingen op de tijdschaal van minuten of uren. Het is 
aangetoond dat de uitwisseling van de amideprotonen van de herkenningshelix van het 
lac headpiece gebonden aan DNA plaatsvindt via een coöperatief 
ontvouwingmechanisme. Voor zover wij weten, is dit de eerste keer dat dit is 
aangetoond voor een α-helix. 
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Resumo 
 
 
Processos biológicos, tais como regulação da expressão gênica, replicação do DNA e 
transdução de sinal, freqüentemente envolvem eventos de reconhecimento 
intermolecular associados com a interação entre duas moléculas. Interações proteína-
DNA, por exemplo, são observadas em mecanismos de replicação e reparo. Outro 
exemplo é a interação entre uma proteína e um ligante pequeno, ativando transcrição, 
como ocorre quando AMP cíclico liga-se e ativa a proteína CAP. Este último evento é 
uma indicação de que a célula precisa ativar a transcrição de certos genes. 

Em muitos casos a necessidade de uma regulação perfeita dos processos 
biológicos requer que as interações intermoleculares sejam fracas; em outros casos elas 
devem ser fortes e específicas. Para haver um entendimento profundo dos processos 
biológicos é necessário compreender como as duas moléculas se reconhecem ao nível 
atômico e molecular. Torna-se então essencial o estudo da estrutura das moléculas 
individuais na suas formas livre e complexada. A habilidade de determinar estruturas 
em alta resolução, e em solução aquosa, faz da técnica de ressonância magnética nuclear 
(RMN) uma ferramenta adequada para estudar interações biomoleculares ao nível 
atômico.  

No entanto, em muitos casos, essas interações são bastante complexas, e o 
conhecimento das estruturas não é suficiente para fornecer informações sobre o que 
estabiliza o complexo, ou sobre os vários tipos de complexos que uma única molécula 
pode formar. Uma abordagem combinando informações estruturais, termodinâmicas e 
genéticas torna-se importante para gerar uma visão mais completa de como as duas 
moléculas se reconhecem.  

Nós estudamos a interação entre o repressor lac de E. coli com o DNA. Lactose 
não é a primeira fonte de energia da bactéria; o metabolismo de lactose deve ser 
mantido sob um controle rígido, sendo ativado somente quando for estritamente 
necessário. Portanto, antecipa-se um estrito controle sobre a expressão dos genes do 
operon lac, que são envolvidos no metabolismo de lactose. Consequentemente, a 
interação entre o repressor e o operador lac é forte e específica; ela tem sido bastante 
estudada através das abordagens estrutural, termodinâmica e genética. 

O domínio de ligação ao DNA do repressor lac localiza-se no segmento N-
terminal da proteína, conhecido como lac headpiece. O lac headpiece é uma molécula 
bastante flexível. Esta propriedade é, certamente, importante para a sua capacidade de 
interagir com diferentes superfícies de DNA, e adaptar-se de forma a otimizar as 
interações que estabilizam a interface. 

Dois exemplos diferentes de adaptação proteína-DNA são dados nos capítulos 
2 e 3 desta tese. O capítulo 2 descreve a estrutura de RMN do lac headpiece ligado ao 
operador lac O1. As superfícies de ligação nos lados direito e esquerdo do operador são 
diferentes. A interface com o lado esquerdo é ideal, enquanto que a afinidade pelo lado 
direito é menor; no entanto, o lac headpiece adapta a sua conformação de forma a 
maximizar o número de interações. No capítulo 3, a especificidade do lac headpiece foi 
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alterada por duas mutações introduzidas na α-hélice de reconhecimento. A alteração da 
superfície de ligação do DNA através da troca de um par de base compensou as 
mudanças impostas na proteína. Um novo complexo com especificidade alterada foi 
obtido; agora, o lac headpiece mimetiza o repressor gal, que é o regulador negativo do 
operon gal. Este mutante de especificidade alterada do repressor lac foi identificado por 
Müller-Hill e colaboradores em 1987. A estrutura de RMN do complexo nos permitiu 
identificar as novas interações entre proteína e DNA na interface, e compreender como 
a especificidade para o DNA foi alterada. No entanto, um aspecto interessante deste lac 
headpiece mutante permanece sem explicação: ele possui maior afinidade ao DNA não 
operador do que a proteína wild type. 

O último capítulo contém um estudo da troca hydrogênio-deutério como uma 
tentativa de identificar movimentos correlacionados nas hélices mais estáveis do lac 
headpiece em complexo com o DNA. A técnica de troca hidrogênio-deutério dos 
prótons amídicos é única no sentido em que fornece informações sobre movimentos 
moleculares muito lentos, na escala de tempo de horas ou minutos. Nós mostramos que 
a troca dos prótons amídicos da hélice de reconhecimento do lac headpiece, ligado ao 
DNA, ocorre através de um mecanismo cooperativo de desenovelamento. De acordo 
com o nosso conhecimento, essa é a primeira vez que isso é mostrado para uma hélice 
α. 
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