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Introduction

Protein–DNA complexes play essential roles in a large range of
cellular processes such as translation, regulation of gene ex-
pression, DNA repair, and replication. Understanding the mech-
anism of these processes requires insight into how proteins
recognize DNA and form specific or nonspecific complexes.
The lac repressor plays the central role in the regulation of
gene expression in the lac operon of E. coli, the classical exam-
ple of transcription regulation in prokaryotes. The large
amount of structural and biological data available[1] make the
lac repressor an ideal model system with which to study the
molecular basis of protein–DNA recognition.
The lac repressor consists of four subunits of 360 amino

acids each; DNA-binding surfaces are formed by two dimeric
units. The DNA-binding domain, known as the lac headpiece,
is located at the N terminus of the protein (residues 1–62). It
belongs to the family of helix-turn-helix (HTH) proteins that are
common among transcription regulators.[2] The second helix of
the HTH motif is known as the recognition helix. Specific inter-
actions 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 regu-
lators.[2–3]

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 re-
pressor and the DNA in the major groove.[4] DNA binding is
concomitant with folding of the C-terminal segment (residues
52–58) of the lac headpiece into an a-helix that penetrates
into the minor groove and causes bending of the DNA.[5] Other
important sites of protein–DNA recognition are located in the
loop connecting 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 be-
tween the lac repressor and the major groove of the lac opera-
tor are made by the side chains of Tyr17, Gln18, and Arg22 at
positions 1, 2, and 6 of the lac repressor recognition helix, re-
spectively.[4b–d,g]

Addressing the specificity of the lac repressor, MAller-Hill
and co-workers performed an in vivo screen, thereby identify-
ing several complementary mutations both on the repressor
and on the lac operator, and tested their ability to repress the
expression of the lacZ gene coding for b-galactosidase.[4c–e,6]

These studies found evidence that several mutant lac repress-
ors with substitutions at positions 1 and 2 of the recognition
helix are able to recognize lac operator variants with substitu-
tions in the base pair at position 7, while mutant repressors
with substitutions at position 6 of the recognition helix recog-

Recognition of the lac operator by the lac repressor involves spe-
cific interactions between residues in the repressor’s recognition
helix and bases in the DNA major groove. Tyr17 and Gln18, at
positions 1 and 2 in the lac repressor recognition helix, can be ex-
changed for other amino acids to generate mutant repressors
that display altered specificity. We have solved the solution struc-
ture of a protein–DNA complex of an altered-specificity mutant
lac headpiece in which 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.
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nize variant lac operators with different base pairs at position 5
of the lac operator. Some of these mutants bind better to the
variant operator than to the ideal lac operator,[7] which indi-
cates a change of DNA specificity. This was the case for mutant
lac repressors in which 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 re-
pressors. These lac repressor mutants showed specificity for
variant lac operators in which the GC7 base pair had been al-
tered for the base pair found in the equivalent position of the
gal and deo operator, respectively.[4c,8]

In order to understand the altered specificity of the mutant
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 found in the equivalent posi-
tions of the gal repressor (Figure 1A, B). 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 1C,
D) much better than the wild-type lac repressor.[4c]

In this paper, we describe the NMR structure of a protein–
DNA complex formed 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 are 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 relation to the wild-type
lac system and provide further information for understanding
the role of the residues at positions 1 and 2 of the lac repress-
or recognition helix in the determination of DNA specificity.

Results

Relative in vitro affinities and DNA bending

A mutant lac headpiece in which Tyr17 and Gln18 at positions
1 and 2 of the recognition helix had been exchanged for Val
and Ala, respectively, as found in the recognition helix of the
gal repressor (Figure 1A, B), 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 con-
ditions. As previously described, the dimeric lac headpiece
binds much more tightly than the monomeric form to the lac
operator.[9]

From the work of Lehming et al. (1987), the Val17Ala18 lac
headpiece should specifically recognize the lac-gal operator,
which differs from the ideal lac operator at position 7, and fur-
ther differs from the left side of the gal Oe operator at posi-
tions 9 and 3 (Figure 1C, D).[7, 8c,4c]

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

Figure 1. A) Sequence alignment of the DNA-binding domains of lac (top) and gal (bottom) repressors. The residues at positions 17 and 18 of the recognition
helices (numbering of the lac repressor) are circled, conserved 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 at the top, and
MAller-Hill’s numbering scheme at the bottom. The residues 17 and 18 (or 1 and 2 according to MAller-Hill’s numbering scheme[4c]) are shown in bold. C) Nu-
cleotide 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, so only one half site is shown and the center of
symmetry is symbolized by a double dot. Lac-gal is the operator specific for the Val17Ala18 headpiece, while lac-SymL, also called ideal lac operator, is a pa-
lindrome of the left side of the natural lac operator O1 with the central base pair deleted. NOD is a nonspecific operator. D) 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.
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operator) showed that the Val17Ala18 headpiece binds to the
lac-gal operator, whilst the wild-type headpiece does not
(Figure 2). Binding experiments showed that the apparent
equilibrium dissociation constants (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 2, Table 1). The high affinity of the Val17Ala18 lac head-
piece for the lac-gal operator observed here provides an ex-
planation for the 200-fold increase in repression of b-galactosi-
dase activity observed in the presence of the Val17Ala18 lac
repressor in relation to the wild type, when the transcription
of the lacZ gene was under control of the lac-gal op-
erator.[4c]

Remarkably, control experiments showed that the
Val17Ala18 headpiece also binds to the lac-SymL op-
erator under low salt conditions. However, at high
salt concentrations (250 mm KCl) the binding is
strongly reduced (Figure 2, Table 1).
Furthermore, we observed that the Val17Ala18

headpiece recognizes the natural gal Oe operator
while the wild-type lac headpiece does not
(Figure 2). However, binding to the gal Oe operator is
also strongly reduced by increasing salt concentra-
tion. In all cases the apparent Kd values were at least
one order of magnitude smaller than those observed
for binding to a nonoperator DNA (NOD; Figure 1C,
Table 1).
Protein-induced DNA bending was investigated by

using the circular permutation method of Wu and
Crothers on complexes with the lac-gal, the lac-SymL,
and the gal Oe operators.[10] The profile of the migra-

tion of the complexes with the circularly permuted DNA frag-
ments on a polyacrylamide gel clearly showed that the mutant
headpiece bends the lac-gal operator by an estimated angle of
368 (Figure 3, Table 1).
The bending of the lac-gal operator by the Val17Ala18 head-

piece indicates the recognition of the minor groove by the
hinge helices and the insertion of the side chain of Leu56 be-
tween the central base pair, inducing a kink in the DNA struc-
ture.[11,5b] As shown in Figure 3, the Val17Ala18 headpiece also
bends the lac-SymL operator by an estimated angle of 348
(Table 1), indicating that the hinge region also interacts with
the minor groove of the DNA in this case. Note that the hinge
helices are absent and the DNA is not bent in the structure of
the lac headpiece in complexation with a nonspecific operator
(Figure 3).[12]

Figure 2. Representative DNA-binding experiment with the indicated opera-
tors, with serial dilution of the dimeric Val17Ala18 mutant (upper part) or
wild-type (lower part) lac headpiece under high salt conditions (250 mm

KCl). The highest and lowest protein concentrations [nm] are indicated
above each experiment. The different operator fragments lac-gal, lac-SymL,
gal Oe, and NOD are described in Figure 1C. The free probe and the pro-
tein–DNA complex are indicated by F and C, respectively

Table 1. Binding affinities[a] and bend angles[b] obtained with Val17Ala18
and wild-type lac headpieces and the DNA operators described in Fig-
ure 1C, D.[a]

Headpiece Operator Kd [nm] Bend angle
KCl (250 mm) KCl (50 mm) [8]

wild-type lac-SymL 0.04 0.02 35
lac-gal n.d.[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 values, were determined
as described in the Experimental section, from three independent experi-
ments using the oxidized (dimeric) wild-type lac headpiece and the
Val17Ala18 mutant with the binding sites as described in Figure 1C, D.
Apparent Kd values were also determined in the presence of KCl
(250 mm) under further identical conditions. [b] Bend angles were deter-
mined under standard conditions (without additional KCl) by the circular
permutation method and are the averages of two to three experiments.
[c] No binding detected at the highest protein concentrations used
(10 nm).

Figure 3. Representative circular-permutation-method bending experiments with the di-
meric Val17Ala18 mutant (upper part) or the wild-type (lower part) lac headpiece under
standard conditions (50 mm KCl), through the use of the indicated amount of protein
[nm] with the operator fragments lac-gal, lac-SymL, gal Oe, and NOD as described in Fig-
ure 1C. The free probe and the protein DNA complex are indicated by F and C, respec-
tively.
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Interestingly, the Val17Ala18 headpiece is also able to bend
the gal Oe operator by approximately 358 upon binding
(Figure 3), mimicking the behavior of the gal repressor,[13] while
the wild-type lac headpiece fails to induce a bend in this
operator.

Structure description

The tight binding between the dimeric Val17Ala18 headpiece
and the lac-gal operator resulted in a complex in slow ex-
change on the NMR timescale. Because of 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 spec-
trum. The solution structure of the complex was solved by het-
eronuclear double- and triple-resonance NMR techniques, as
described in the Experimental Section. The ensemble contain-
ing the 16 lowest-energy structures is shown in Figure 4. The
statistics for the structures are described in Table 2.

The structure of the mutant lac headpiece bound to DNA
contains four a-helices: residues 5–13, 17–25, 32–45, and 53–
58. An overlay with the structure of the free lac headpiece
shows that the root mean squared deviation (RMSD) of the po-
sitions of the backbone atoms (Ca, N, and C’) of amino acids 5–
25 and 32–45 is 0.90�0.01 L, indicating that the structure of
the three-helical globular subdomain of the Val17Ala18 head-

piece is not significantly different from that of the lac head-
piece in the free form.[14]

The overall fold, the positions, and the relative orientations
of the a-helices in the complex are the same as in the wild-

Figure 4. Ensemble of the 16 lowest-energy structures of the Val17Ala18
headpiece–DNA complex shown in two different views. 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 red, and DNA
bases in blue. The DNA backbone is shown in gray.

Table 2. Structural statistics.

R.m.s.deviation [L] of the backbone/all heavy atom 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 (j i�j j=1) 299
medium-range NOEs (2< j i�j j<4) 251
long-range NOEs (j i�j j>5) 229
intermonomer NOEs 19
DNA NOEs 294
intermolecular NOEs 144
intermolecular H bonds 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 [L]: 0.053�0.001
dihedral angles [8]: 0.7�0.1
DHN [Hz] 0.076�0.003

Average Q factor for dipolar coupling restraints[c]

DHN 0.09�0.01
DCaHa

[d] 0.49�0.02

Experimental restraints
violations

distances with violations >0.3 L 2.8�2.0
dihedral angles with violations >58 0.4�0.7
DHN with violations >0.2 Hz 3.2�0.8

R.m.s. deviation from idealized geometry

bonds [L] 0.0051�0.0001
angles [8] 0.71�0.01
impropers [8] 0.67�0.02

Ramachandran analysis [%]

residues in the most favored 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 [kcalmol�1] �742�29
electrostatic [kcalmol�1] �5620�131

[a] RMSD values were calculated by use of PROFIT (http://acrmwww.
biochem.ucl.ac.uk/software/profit), fitting on the backbone included the
N, Ca, and carbonyl atoms of 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 f and f angles (see Ex-
perimental Section).[28] [c] The Q-factors were calculated with PALES.[30c]

[d] The DCaHa dipolar couplings were not included in the calculations.
[e] The nonbonded energies were calculated by use of the OPLS non-
bonded parameter set with a cutoff of 8.5 L.
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type headpiece bound to the lac operator.[4g,11, 15] Comparison
with the structure of the wild-type lac headpiece bound to the
left side of the lac operator[4g] gives a backbone RMSD (Ca, N,
and C’) of 0.97�0.06 L for amino acids 5–58, while the RMSD
of the backbone atoms in the HTH domain (Ca, N, and C’ of
amino acids 5–25) is 0.43�0.03 L. 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 resid-
ual dipolar couplings (RDCs) based on the intrinsic anisotropic
magnetic susceptibility of the DNA at high magnetic fields (see
Supporting Information).
The starting structure for the lac-gal operator was a regular

DNA in the B-form. However, docking of the protein onto the
DNA resulted in a large kink in the DNA structure (Figure 4).
Analysis of the DNA helical parameters shows large deforma-
tions around the central base pair (see Supporting Informa-
tion). The central base pair step C10pG11 displays an unusual
roll angle of 568, a helical rise of 5.3 L, and a small twist of 128 ;
this indicates that the DNA is unwound around the central
base pair. The average bend angle of the DNA in the structures
in the ensemble is 42�118 as estimated with CURVES.[16] As
observed in the wild-type complex, the deformation of the
DNA is the result of the double insertion of the side chain of
Leu56 between the central base pair step C10pG11.
Experimentally, the degree of DNA bending can only be as-

sessed 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. An estimate of the alignment tensor param-
eters resulted in a rhombicity of 0.6�0.1; the diagonal align-
ment tensor components are Axx=�(0.03�0.01)O10�4, Ayy=

�(1.00�0.01)O10�4, and Azz= (1.04�0.01)O10�4. Prediction of
the axial and rhombic components of the protein–DNA com-
plex magnetic susceptibility tensor based on our structure
yields a rhombicity of approximately 0.45�0.06 (see Support-
ing Information). This value by itself indicates a larger degree
of asymmetry than would be expected for an axially symmetric
DNA.[17]

The quality factor (Q-factor),[18] given by fitting of the DCaHa

data (which were not included in the structure calculations),
for the structures is 0.49�0.02 (Table 2). Taking into account
that, due to the larger experimental errors on the measure-
ment of small 1JCaHa scalar couplings, a Q-factor as large as 0.3
for the DCaHa data was obtained when those data were includ-
ed in the calculations, the value of 0.49 indicates a reasonable
agreement between the structures and the experimental data.

Protein–DNA interactions

An analysis of the intermolecular interactions found in the en-
semble shows how the Val17Ala18 headpiece recognizes the
operator. Extensive protein–DNA contacts are made by the res-
idues 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 (Figure 5).

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, to a hydropho-
bic pocket formed by the methyl groups of Thy6, Thy7, and
Thy8 (Figure 5).
Ala18 is closest to the altered base pair AT7 (Figure 5). Ala18

Ha is in close contact with the methyl group of Thy7. The b-
CH3 group, which is within van der Waals distance of the
amide protons of Ade6 (Figure 5), establishes hydrophobic in-
teractions 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 inter-

molecular 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 of the
amide groups of Ade7 (Figure 5E, F), makes hydrophobic inter-
actions with the methyl groups of Thy6 and Thy8. Val17 also
contacts the Thy8 methyl group with its carbonyl oxygen.
The position of Tyr7 is well defined by ten intermolecular

NOEs to the DNA. The orientation of the Tyr7 aromatic ring is
not altered by the interaction with the g1-CH3 group of Val17.
The orientation observed in the wild-type complex is con-
served, and Tyr7 makes specific contacts to Cyt9 through a hy-
drogen bond to its amino group (Figure 5).
The altered base pair AT7 also interacts with Ser21. The

Ser21 hydroxyl group makes a hydrogen bond to the phos-
phate of Thy8, and the Ser21 b-CH2 group enters into hydro-
phobic interactions with the methyl groups of Thy8 and Thy7
(Figure 5).
As can be observed in Figure 5, most of the remaining pro-

tein–DNA contacts made by the other residues of the first
helix, the recognition helix, and the loop connecting the rec-
ognition helix to the third helix are also observed in the struc-
ture of the wild-type complex. The orientations of these side
chains—Thr5, Leu6, Ser16, Thr19, Asn25, His29, and Thr34—are
therefore conserved in both structures. Moreover, the detailed
conformation of the side chains of Tyr47, Asn25, His29, Ser16,
and Thr19 is very similar to the conformation observed in the
wild-type complex; the conformations of Leu6 and Thr5, how-
ever, are slightly different.
The NMR structure of the lac headpiece bound to the natu-

ral operator O1 shows that Arg22 amino groups form hydro-
gen bonds to O6 of Gua6 on both the left- (Figure 5) and the
right-hand sides,[4b,g] and this orientation is in agreement with
biological experiments that showed this side chain to be es-
sential for specific recognition of the lac operator.[4d–e] Here the
side chain of Arg22 is found to be very dynamic, and only part
of the time does it form a H-bond to Gua5 O6, a phenomenon
also observed in previous complexes.
From the hinge helix, Ala53, Leu56, and Ala57 are engaged

in extensive hydrophobic interactions with the DNA, contact-
ing both the bases and the sugars of Cyt9, Gua10, and Gua10’
on the right side of the lac-gal operator. Asn50 and Gln54
form hydrogen bonds with the DNA backbone, while the
Ala53 carbonyl group forms a hydrogen bond with the amide
group of Gua10. The mechanism of DNA bending is therefore
the same as in the lac operator. Insertion of the hinge helix
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Figure 5. Protein–DNA interactions observed in the Val17Ala18 (left) and in the wild-type lac headpiece DNA complexes (right). A), B) Schematic diagram
showing hydrophobic contacts in green and hydrogen bond contacts in red. Only contacts that appear in at least 50% of the structures in the NMR ensemble
are shown. C), D) Details of the structures of the complexes, showing some of the interactions made by residues at the recognition helix with the bases and
the backbone in the DNA major groove. Phosphate oxygens of the DNA that accept hydrogen bonds from protein backbone or side chain atoms are depict-
ed in magenta. Red or green arrows are used according to the hydrogen bonding or hydrophobic interactions involved, as described in the diagram above.
E), F) Detailed view of the interactions between Ala17 and Val18 side chains and Thy6, Thy7, and Thy8 methyl groups in the case of the Val17Ala18 head-
piece–DNA complex, or the interactions between Tyr17 and Gln18 with Gua7, Ade8, Cyt7, Ade6, and Thy6. Hydrogen atoms were included in the representa-
tion of the protein side chains and of the bases of the DNA. Hydrogen bonds are represented by segmented red lines.
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induces opening of the minor groove in order to accommo-
date the side chains of Leu56 that penetrate the C10pG11
base pair step.[5,11]

Discussion

We have described DNA-binding studies and the solution
structure of an altered specificity mutant, the Val17Ala18 lac
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 determining the solution structure of the mutant head-

piece in complexation with the lac-gal operator, we provide
structural insight into DNA specificity. By gel retardation assays
we showed that the dimeric Val17Ala18 lac headpiece recog-
nizes the lac-gal operator better than the wild-type headpiece
in vitro, confirming what had previously been proposed for
the whole Val17Ala18 lac repressor on the basis of in vivo ex-
periments.[4c] 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 in which the lac headpiece binds to
the lac operator.

Comparison with the structure of the wild-type lac head-
piece bound to the left side of the lac operator

In the wild-type lac headpiece bound to the lac operator, both
Tyr17 and Gln18 recognize GC7 through hydrogen bonding
contacts. Gua7 accepts a hydrogen bond from Tyr17 OH, while
Cyt7 donates a hydrogen bond to Gln18 (Figure 5).
Comparison of the structures of the Val17Ala18 lac head-

piece and the wild-type headpiece bound to DNA (Figure 5)
shows that both the Val17 and Ala18 pair and the Tyr17 and
Gln18 pair contact the base pairs 6, 7, and 8 in the operator,
making hydrophobic or hydrogen bonding contacts according
to the hydrophobic or polar natures of the side chains and the
bases involved.
Analysis of the other protein–DNA contacts in the structure

of the wild-type lac headpiece 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 5). Therefore, the orientations 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 only make contacts to the DNA back-
bone, such as Thr5, Ser16, Thr19, Asn25, Val30, Ser31, Thr34, or
Tyr47 (Figure 5).

The structural basis for the specificity change

The isolation of mutant repressors that display altered DNA-
binding specificity has been described for other HTH transcrip-
tion 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.[3b] Similarly, Wharton et al. (1984) showed
that the specificity of the 434 repressor could be switched to
that of the cro protein by redesigning the recognition helix.[19]

Comparison of the protein–DNA contacts observed in the
structure of the Val17Ala18 headpiece bound to the lac-gal op-
erator with those observed in the structure of the wild-type lac
headpiece bound to the left side of the lac operator shows
that, while Val17 and Ala18 make a different network of inter-
actions, the orientation of most side chains that contact the
major groove of the DNA is surprisingly conserved (Figure 5).
We propose that the contacts made by the side chains of Thr5,
Leu6, Ser16, Thr19, and Tyr47 to the DNA backbone are an-
choring contacts that help the headpiece to assemble correctly
on the lac operator. Once these anchoring points are estab-
lished, the specificity is then provided by the hydrophobic in-
teractions made by Val17 and Ala18 with the base pairs 6, 7,
and 8 on the major groove of the lac-gal operator.
The hydrophobic interaction between Ala18 Ha and b-CH3

groups and the methyl group of Thy7 contribute to the stabili-
zation of the protein–DNA complex to a large extent. Similarly,
the hydrogen bond contacts from Tyr17 and Gln18 to GC7
must make a large contribution to the stabilization of the wild-
type complex (Figure 5). The specificity of the Val17Ala18 head-
piece for the lac-gal operator is therefore driven by the com-
plementarity of the protein–DNA interface.

Broad specificity of the Val17Ala18 headpiece

Gel retardation experiments confirmed the much higher affini-
ty of the Val17Ala18 headpiece for the lac-gal operator than
for the lac-SymL operator under high salt conditions, thus indi-
cating a clear specificity change upon mutation of these two
residues.
However, the effects of the salt concentration on the bind-

ing affinities of the Val17Ala18 lac headpiece to the lac-gal and
to the lac-SymL operators shown in Figure 2 and Table 1 indi-
cate that the Val17Ala18 headpiece displays a lower specificity
than the wild-type headpiece under low salt conditions. A de-
tailed inspection of the Kd values reported in Table 1 shows
that the Val17Ala18 headpiece binds more tightly than the
wild-type headpiece to nonoperator DNA under either low or
high salt conditions. This indicates that the mutant headpiece
requires higher salt concentrations in order to decrease the
contribution of nonspecific binding in the recognition mecha-
nism. It is not clear why the Val17Ala18 headpiece binds more
tightly than the wild-type lac headpiece to nonoperator DNA.
It is remarkable that, at low salt concentrations, the

Val17Ala18 headpiece binds tightly to the lac-SymL operator
and also bends this operator. Similarly, a very weak binding of
the wild-type lac headpiece on the lac-gal operator is detected
under low salt concentrations and the fraction of the DNA
bound is also bent by approximately 338 (Table 1). However,
DNA bending was not observed in the NMR structure of the di-
meric lac headpiece bound to a nonspecific DNA sequence;
this observation was confirmed by our present biochemical
data (Table 1).[12]
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The above observations can be related to studies of the in-
teraction of wild-type lac repressor with lac operator variants
containing single symmetric substitutions[20a] and lac operators
containing constitutive mutations.[20b] 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 conformation adapts to the new
DNA sequence in such a way as to optimize the interactions at
the interface in a particular way for each sequence.[20]

Comparison with mutagenesis data

The orientations of the side chains of Val17 and Ala18 in our
structure seem to be compatible with several observations
made by Lehming et al. based on experiments using single-res-
idue mutant lac repressors containing Val at position 1 or Ala
at position 2 of the recognition helix.[4c]

Lehming et al. also noticed that the complex between the
double mutant Val17Ala18 lac repressor and the equivalent
lac-gal operator (341 in their nomenclature[4c]) 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 recog-
nition 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, respec-

tively, was studied by Sartorius et al. , who screened several
other repressor mutants that would be able to recognize the
variant lac operator with AT at position 7, using similar in vivo
assays for detecting repression.[4e] Mutants containing
Ser17Ala18, Ser17Thr18, Pro17Thr18, Ile17Thr18, and His17-
Val18 were found; this suggests a strong preference for Ala or
Thr in position 2, while a larger degree of variability is allowed
for position 1.

Implications for the recognition of the gal operator by the
gal repressor

Probably as a consequence of its broad specificity, the
Val17Ala18 headpiece binds, although with lower affinity, to
the gal Oe operator (Figure 2 and Table 1). Moreover, it also
bends the gal Oe operator upon binding (Figure 3, Table 1).
Figure 1D shows that the left-hand side of the gal Oe opera-

tor differs from the lac-gal operators at positions 3 and 9,
while the right-hand side differs from the lac-gal operator at
position 15. The base pair at position 15 is the symmetric
equivalent of position 8 (Figure 1D); it is specifically recog-
nized by Val17 and Ala18 in the Val17Ala18 headpiece–DNA
complex (Figure 5). It therefore appears reasonable that the
Val17Ala18 headpiece should display broad specificity and be
able to recognize a GC at that position. In fact, Sartorius et al.
detected lower levels of b-galactosidase repression in the inter-
action of the Val17Ala18 lac repressor with variant operators
containing C, G, or A at this position.[4e]

The sequence alignment of the DNA-binding domains of lac
and gal repressors shows that several amino acids that contact
the DNA in the lac headpiece–DNA complex are conserved in
the gal repressor (Figure 1A).[8b] This is the case for Thr4 and
Ile5 in the gal, which correspond to Thr5 and Leu6 in the lac
repressor, or galR Ser14, Thr17, Asn23, Ala28, Ser29, and Tyr45,
which correspond to lacR Ser16, Thr19, Asn25, Val30, Ser31,
and Tyr47. Moreover, the amino acid sequences of the recogni-
tion helices of the gal and lac repressors differ only in positions
1, 2, and 8 (Figure 1A, B). It therefore appears valid to propose
that the gal headpiece recognizes the gal Oe operator in a sim-
ilar way to that in which the Val17Ala18 lac headpiece recog-
nizes the lac-gal operator. The base pairs TA6, AT7, and AT8 on
the left-hand side, or TA13, TA14, and CG15 on the right-hand
side of the gal Oe operator (Figure 1D), would then participate
in specific hydrophobic interactions with Val and Ala at posi-
tions 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 DNA-bending mecha-
nisms of gal and lac repressors are similar. Although the se-
quence identity between the lac and the gal repressors in the
hinge region is lower than in the recognition helix, Leu56—
which intercalates in the minor groove of the lac operator—is
conserved in the primary sequence of the gal repressor.

Experimental Section

Expression and purification of the Val1Ala2 lac headpiece : The
plasmid pET-HP62(Y17V/Q18A/V52C) was constructed by combina-
tion of the plasmid pET-HP62(V52C) with the plasmid pET-HP56
containing the substitutions Y17V and Q18A,[9,21] by use of 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 E. coli DH9 by use
of a T7 RNA polymerase/promoter system.[22,23] Production and iso-
lation of uniformly 15N- or 13C/15N-labeled proteins followed the
procedure described for the dimeric wild-type lac headpiece.[9,23]

All samples were concentrated with the aid of Amicon concentra-
tors and ultrafiltration membranes from Millipore. The HPLC-puri-
fied lac-gal operator (5’-GAATTGTAAGCGCTTACAATTC-3’) was pur-
chased 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. (1999).[24] Binding experiments were performed
with 140 bp DNA fragments containing the 22 bp lac-gal, lac-SymL,
and nonoperator DNA (NOD), and the 23 bp gal Oe operator sites
(Figure 1C, D) ligated in the center. These fragments were the
same as those used in the bending experiments. All the experi-
ments were performed at 4 8C in 20 mL of reaction buffer contain-
ing Tris (pH 8.1, 10 mm), KCl (50 mm or 250 mm), EDTA (1 mm),
glycerol (5% v/v), and BSA (0.1 mgmL�1).

NMR spectroscopy : The NMR samples contained dimeric 15N- or
15N/13C double-labeled Val1Ala2 lac headpiece (1 mm) and unla-
beled lac-gal operator (1 mm) in KPi buffer (pH 6.0, 10 mm), KCl
(20 mm), [D8]glycerol (5%), D2O (5%), and NaN3 (0.1%). All the
NMR spectra were acquired at 315 K on Bruker AVANCE spectrome-
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ters. Backbone resonance assignments were based on previous as-
signments 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 was 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 from
a 2D (1H,13C) HSQC modified for aromatic resonances, 3D HBHA-
(CO)NH, 3D (H)CC(CO)NH, 3D HC(C)H-TOCSY, and 3D (H)CCH-
TOCSY experiments acquired at 700 MHz or on a 600 MHz spec-
trometer fitted with a cryoprobe. Intramolecular NOEs for the pro-
tein were identified from 2D NOE, 3D NOESY-(1H,15N)-HSQC, and 3D
NOESY-(1H,13C)-HSQC experiments acquired at 750 or 900 MHz with
a mixing time of 100 ms. The assignment of the DNA resonances
and the collection of intramolecular DNA NOEs and intermolecular
protein–DNA NOEs were performed in a 2D NOE spectrum ac-
quired at 900 MHz, and 13C/15N double-filtered 2D NOE experi-
ments acquired in water and in D2O 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 ex-
periment performed with and without 31P decoupling during the
constant time delay of 60 ms.[25] 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 hy-
drogen bond. Residual 1DNH and

1DCH dipolar couplings were deter-
mined from the differences in measured 1JNH and

1JCH values 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 intrinsic anisotropic
magnetic susceptibility of DNA. The values for the 1JNH and 1JCH
couplings were extracted from J-modulated 2D HSQC experiments
as described by Tjandra et al.[26] The 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. All
spectra were processed with NMRPipe and analyzed by using
NMRView.5.0.4.[27]

NMR restraints : Intra- and intermolecular NOEs were analyzed and
converted into distance restraints by use of NMRView.[27b] Chemical
shifts of 15N, Ha,

13Ca,
13Cb, and

13C’ resonances were used as input
for TALOS to predict f and y dihedral angles, which were subse-
quently used as restraints in the structure calculations.[28] Two pro-
tein–DNA hydrogen bonds connecting Leu6 HN and Tyr47 OH with
the phosphate group of Cyt9 were also used as intermolecular re-
straints. The assignment of these hydrogen bonds is based on the
observations described previously, and also on the analysis of pre-
liminary structures in which both Leu6 HN and Tyr47 OH hydrogen
bond the phosphate group of Cyt9; these contacts have also been
observed in the wild-type complex. They were introduced as am-
biguous restraints to either of the two oxygen atoms of the phos-
phate group of Cyt9, with upper bounds of 2 L (H-OP) or 3 L (N-
OP, or O-OP). NOEs that could have a contribution from protein–
protein intermonomer contacts were assigned on the basis of simi-
larity with the previously described wild-type lac-headpiece–lac op-
erator complexes.[4g, 11] They were treated as ambiguous intra- and
intermonomer restraints. RDCs were included as harmonic
restraints.[29] The value of the RDC force constant
(100 kcalmol�1Hz�2) was chosen such that the difference between
the back-calculated and the experimentally determined values was
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,[30a, c] and further refined by a grid search

procedure.[30b] By 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 sym-
metric Val17Ala18 lac headpiece dimer was performed with
ARIA1.3 protocols by use of CNS,[31a–b] with the parallhdg5.3 force
field and the PROLSQ parameter set.[31c–d] The structure was initially
calculated on the basis of distance and dihedral angle restraints as
described previously for the wild-type complex.[4g] The 20 struc-
tures with lowest total energy were further refined with the DNH re-
straints in a second simulated annealing protocol in torsion angle
space, also including C2 and noncrystallographic (NCS) symmetry
restraints.[32] 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 on the basis of low total energy and suita-
ble orientation of the two monomers, in agreement with the previ-
ously determined wild-type complex.

Structure calculation of the protein–DNA complex : Docking on
the lac-gal operator was performed with HADDOCK1.3 with use of
CNS,[33,31b] the parallhdg5.3 force field, and the OPLS nonbonded
parameter set with full electrostatic and van der Waals potentials
with use of an 8.5 L cutoff and a dielectric constant of 10 for the
vacuum part.[31c,34] The starting B-DNA structure was built by use of
Namot2 (www.t10.lanl.gov/namot/). Watson–Crick base pairing and
the planarity of purine and pyrimidine rings were ensured by a set
of artificial restraints.[4g] Backbone dihedral angle restraints for B-
DNA were used in order to maintain the conformations of the first
seven and the last seven base pairs of the DNA (bps 1–7 and 16–
22). Symmetry restraints were used in order to maintain the C2
symmetry of the complex during the whole docking procedure.
The docking strategy consisted of a first step of rigid body minimi-
zation with DNA and protein 50 L away from each other. The
actual docking was performed during the simulated annealing
stage in torsion angle space, with the protein and the eight central
DNA base pairs treated as fully flexible (5000 steps at 2000 K, 8000
steps from 2000 to 500 K, and a final 8000 steps from 2000 K to
50 K, with the remainder of the DNA treated as flexible as well). In
total, 200 structures were generated, and the 50 lowest-energy
structures were selected for refinement in explicit water including
the DNH restraints. The 20 lowest-energy structures were selected
for analysis. Protein–DNA interactions were analyzed with DIM-
PLOT,[35] the DNA helical parameters and the bend angle were ana-
lyzed with CURVES,[16] and the RDC quality factor (Q-factor[18]) was
evaluated with PALES.[30c] The figures depicting the structure were
generated with MOLMOL.[36] The atomic coordinates of the final
structures have been deposited in the Protein Data Bank (accession
code 2BJC).
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