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Enterococcus faecalis is one of the major causes for hospi-

tal-acquired antibiotic-resistant infections. It produces an

exotoxin, called cytolysin, which is lethal for a wide range

of Gram-positive bacteria and is toxic to higher organisms.

Recently, the regulation of the cytolysin operon was con-

nected to autoinduction by a quorum-sensing mechanism

involving the CylR1/CylR2 two-component regulatory sys-

tem. We report here the crystal structure of CylR2 and its

properties in solution as determined by heteronuclear

NMR spectroscopy. The structure reveals a rigid dimer

containing a helix–turn–helix DNA-binding motif as part

of a five-helix bundle that is extended by an antiparallel

b-sheet. We show that CylR2 is a DNA-binding protein that

binds specifically to a 22 bp fragment of the cytolysin

promoter region. NMR chemical shift perturbation experi-

ments identify surfaces involved in DNA binding and are

in agreement with a model for the CylR2/DNA complex

that attributes binding specificity to a complex network of

CylR2/DNA interactions. Our results propose a mechan-

ism where repression is achieved by CylR2 obstruction of

the promoter preventing biosynthesis of the cytolysin

operon transcript.
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Introduction

Enterococci, ordinarily commensal organisms of the gastro-

intestinal tract, have emerged as leading causes of hospital-

acquired infections and these infections are often highly

refractory to antibiotic treatment (Huycke et al, 1998;

Mundy et al, 2000; Gilmore and Ferretti, 2003; Hancock and

Gilmore, 2003). The species Enterococcus faecalis causes most

of the enterococcal infections (Huycke et al, 1998; Mundy

et al, 2000), and several factors that are often encoded within

a pathogenicity island (Shankar et al, 2002) or on plasmids

have been shown to contribute to the virulence of the species

(Shankar et al, 2001; Coburn and Gilmore, 2003). Perhaps the

most thoroughly characterized virulence factor of E. faecalis

is the cytolysin (Gilmore et al, 2002; Coburn and Gilmore,

2003). The enterococcal cytolysin is a novel toxin that con-

sists of two nonidentical, post-translationally modified sub-

units (Booth et al, 1996; Coburn and Gilmore, 2003). These

subunits interact to cause lysis of erythrocytes and other

eukaryotic cells, and the cytolysin is lethal for a wide range

of Gram-positive bacteria (Jett and Gilmore, 1990; Coburn

and Gilmore, 2003). As this toxin is lethal for strains that lack

a specific immunity gene encoded within the same operon

(Coburn et al, 1999), regulation of cytolysin expression has to

be carefully orchestrated with regulation of immunity. It was

recently shown that cytolysin operon expression is regulated

by a quorum-sensing system, with two genes, CylR1 and

CylR2, shown to be essential for this regulation (Haas et al,

2002).

In most cases of cell–cell communication between bacter-

ia, binding of a signaling peptide to a histidine kinase

receptor on the cell surface results in autophosphorylation

of the kinase and the phosphate is transferred to a response

regulator converting it to an active transcription factor.

Alternatively, the peptide signal is imported into the cell by

an oligopeptide permease where it interacts with an intracel-

lular receptor (Hoch, 2000).

The CylR1/CylR2 two-component regulatory system differs

from known signal transduction systems in that neither

CylR1 nor CylR2 shows relatedness to the superfamily of

two-component regulators (Haas et al, 2002). Repression of

the cytolysin gene is overcome in a density-dependent fash-

ion as a result of the accumulation of one of the post-

translationally modified subunits of the toxin, CylLS
00, but

the mechanism by which this accumulation is sensed by the

cell is presently unknown. It is predicted that CylR2 may

contain a helix–turn–helix (HTH) motif, and that CylR1

would likely be a membrane-bound protein. Thus, a model

was proposed by Haas et al (2002) in which CylR2, interact-

ing with membrane-bound CylR1, binds and represses the

cytolysin promoter until CylLS
00 is accumulated to a threshold

level to trigger a change that alters or releases the promoter,

allowing for transcription.

Aside from the demonstration that mutations in either

CylR1 or CylR2 lead to derepression of the operon (Haas

et al, 2002), precise details of the mechanism as to how

quorum-sensing autoinduction of cytolysin expression is

achieved remain to be determined. As an important step
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toward unraveling the mechanism of regulation of this

enterococcal virulence factor, it was of interest to determine

(1) whether CylR2 actually binds DNA as the model predicts,

(2) whether it specifically binds within the promoter region of

the cytolysin operon, and (3) whether the three-dimensional

structure of CylR2 and the structural basis for its DNA-

binding specificity reveal opportunities for the design of

antagonists.

Results and discussion

CylR2 binds the cytolysin promoter region

A radiolabeled probe complementary to the intergenic region

between CylLL and CylR1, which contains two divergent

overlapping promoters Preg and Plys (Figure 1) that drive

transcription of the regulatory and structural transcripts of

the cytolysin respectively (Haas, submitted), was found to

interact with CylR2 resulting in a shift in electrophoretic

mobility by gel shift analysis (Figure 2A). This interaction

was detectable at an approximately equimolar ratio of CylR2

to probe in the presence of nonspecific DNA 100-fold in

excess to the labeled probe (Figure 2A), and exhibited an

apparent Kd of 2.2 nM (Supplementary Figure S1). A similarly

strong DNA binding with a Kd of about 3.3 nM was observed

for the repressor from bacteriophage 434 (Bell and Koudelka,

1993; Simoncsits et al, 1997).

CylR2 binds the intergenic region at inverted repeat 1

The binding of CylR2 to either of two inverted repeats (IR1

and IR2) within the cytolysin promoter (Figure 1) was

determined by gel shift analysis. In this case, the ability of

unlabeled IR1 and IR2 constructed from synthetic oligonu-

cleotides to compete with a labeled probe of the entire

intergenic region to bind CylR2 was assessed. The results

showed that CylR2 bound IR1, in that addition of double-

stranded (ds) IR1 in either 14- or seven-fold molar excess

with respect to CylR2 reduced the CylR2 binding of the

Figure 1 Intergenic region between cylLL and cylR1, containing
divergent overlapping promoters, Preg and Plyt, involved in cytolysin
expression and regulation. Two palindromic sequences within the
promoter region are designated IR1 and IR2. Promoter elements
(�10: �10 box, �35: �35 box, RBS: ribosomal binding site, bent
arrow: transcriptional start site) for Preg and Plyt are shown in green
and red, respectively.
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Figure 2 Gel shift analysis of CylR2 binding to different DNA sequences. (A) Titration of CylR2 to radiolabeled probe (1 ng probe (0.67 nM))
representing the cytolysin promoter region. (B) Effect of complementary ss IR1 oligonucleotides (p.1.s and p.1.as), alone or in combination,
in order to compete for CylR2 binding to the intergenic region of the cytolysin operon (1 ng probe, 0.67 nM). (C) Competition between nested
IR1 oligonucleotides shifted in the 30 direction (2 ng probe, 1.3 nM), or (D) 50 direction (2 ng probe, 1.3 nM) and the radiolabeled probe for
CylR2 binding.
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radiolabeled intergenic probe (Figure 2B). This effect was not

observed with neither single-stranded (ss) IR1 (Figure 2B),

nor ds IR2 or ss IR2, at concentrations identical to those used

for IR1 (data not shown). Nested, overlapping ds IR1 oligo-

nucleotides were tested to determine which sequences within

IR1 were critical for binding. Oligonucleotides that

were shifted by six bases in either the 50 or 30 direction

within IR1 showed reduced capacity to compete for CylR2

binding. Binding was completely lost when the sequence was

shifted by 15 bases in either the 50 or 30 direction of IR1

(Figure 2C and D).

Structure determination and quality of the final model

Molecular replacement trials were carried out with Bacillus

subtilis SinR (Lewis et al, 1998) and ribosome recycling factor

from Thermus thermophilus (ttRRF) (Toyoda et al, 2000) as

search models. According to a Blast search (Altschul et al,

1997), these proteins have the highest sequence identities to

CylR2, with 31 and 32%, respectively. The structure of CylR2

may contain an HTH DNA-binding motif, as indicated by

sequence-based structure predictions. Therefore, molecular

replacement trials were also performed using as search

models the paradigms of HTH DNA-binding proteins: cro

and repressor proteins from the bacteriophage 434

(Mondragon et al, 1989b; Harrison and Aggarwal, 1990).

All attempts to solve the structure by molecular replacement

failed. Therefore the structure was determined at 1.9 Å reso-

lution by single anomalous dispersion exploiting the anom-

alous signal of noncovalently bound iodide ions (Dauter and

Dauter, 2001; Dauter et al, 2000).

The model was refined up to an Rfactor and Rfree of 15.5 and

19.2%, respectively. The coordinate error estimated from the

diffraction-component precision index is 0.12 Å. A summary

of the refinement statistics and characteristics of the final

model is shown in Table I.

The model of CylR2 consists of 132 residues, correspond-

ing to two molecules in the asymmetric unit, 15 iodide ions, a

sodium ion and 194 water molecules. About 96% of the

residues are in the most favored regions of the Ramachandran

plot (Ramakrishnan and Ramachandran, 1965), as calculated

by PROCHECK (Laskowski et al, 1993). The structure is well

ordered: the overall Wilson plot B-factor is 25 Å2 and the

main chain of all residues, except for the C-terminal carboxyl

group of Glu66 in molecule B, fits well the electron density

map. A number of atoms belonging to side chains of Asn5,

Lys7, Leu8, Gln29, Lys36, Gln44, Gln62, Glu66 in molecule A

and Ser18, Glu19, Gln62 in molecule B were assigned occu-

pancy 0.5, as their electron density was not as good as that

for the rest of the structure. The positions of iodide ions

were confirmed by anomalous difference Fourier maps. Their

occupancies were adjusted to obtain B-factors comparable to

those of surrounding residues.

Three-dimensional structure of CylR2

The structure of CylR2 consists of five helices (a1–a5) and an

antiparallel b-sheet, which is formed by strands b1 and b2,

at the N- and C-terminus of CylR2, respectively (Figure 3).

Helices a2 and a3 make up the HTH DNA-binding motif and

are defined as the ‘scaffold’ and ‘recognition’ helix, respec-

tively (Harrison and Aggarwal, 1990).

Helices a1, a2 and a3 pack against each other and the

architecture of their fold is supported by hydrophobic and

hydrophilic interactions, reflecting their amphipathic nature.

The hydrophobic residues are oriented toward the center of

the molecule, while hydrophilic residues, on the surface of

the molecule, protect the hydrophobic core. A buried salt

bridge between Arg10 and Glu35 connects helices a1–a3.

The salt bridge has already been indicated as an important

feature in HTH DNA-binding proteins with the function

of stabilizing the fold and determining the relative orientation

of the scaffold and recognition helices (Pervushin et al,

1996).

In HTH DNA-binding proteins, the tight turns between the

helices are usually sterically favored by glycine (Mondragon

et al, 1989a). However, in CylR2, other residues replace these

glycines in sharp bends: Lys14 (a1–a2), Glu25 (a2–a3),

Asn37 (a3–a4) and Asn54 (a4–a5). All of these have main-

chain dihedral angles lying in the left-handed a-helical region

of the Ramachandran plot, which is usually occupied by

glycines. Their main-chain conformations are mostly stabi-

lized by H-bonds between their amino and carbonyl groups of

residues (n�3), a typical feature of b-turns.

Helices a4 and a5 are predominantly hydrophobic, con-

tribute to the hydrophobic patch in the interior of the

Table I Summary of refinement statistics and characteristics of the
model

Resolution range (Å) 19.8–1.9
Reflections unique/free 13 208/651
Rfactor/Rfree (%) 15.5/19.2
No. of residues 132
No. of iodide/sodium ions 15/1
No. of water molecules 194
R.m.s. deviations in bond lengths (Å) 0.012
R.m.s. deviations in bond angles (deg) 1.219
Ramachandran plot (%)

Most favored 95.8
Additionally allowed (%) 4.2

Average B-factor (Å2)
Protein (subunit A/B) 20.8/23.7
Solvent (subunit A/B) 38.2/41.8

Rfactor¼
P

hkl||Fobs(hkl)|–k|Fcal(hkl)||/
P

hkl|Fobs(hkl)|, in which Fobs

and Fcal are the observed and calculated structure factors, respec-
tively. Rfree, the crossvalidation Rfactor, was calculated with 5% of
the reflections omitted in the refinement process.
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Figure 3 Stereo view of the crystal structure of CylR2. Subunits A
and B are shown in red and green. Helices are labeled with a1–a5
and b-strands are labeled with b1 and b2. (A) Stereo view of the
homodimer looking down the dimer two-fold axis. (B) CylR2 is
rotated by 901 about the horizontal axis.
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molecule and, more importantly, mediate the dimeric con-

tacts (see below).

A DALI (Holm and Sander, 1993) search identified

B. subtilis SinR (Lewis et al, 1998) and the N-terminal domain

of 434 repressor as the structures having the closest structural

similarity to CylR2 dimer with r.m.s.d. values of 2.2 and

1.7 Å, respectively (alignment of 62 Ca atoms of SinR and 59

Ca atoms of 434 repressor with structurally equivalent atoms

of CylR2). The a-helical portion of the structure superimposes

quite well on both SinR (Lewis et al, 1998) and 434 repressor

(Mondragon et al, 1989a). The main divergences are in the

turn between a3 and a4 and in the N- and C-terminal regions.

In CylR2, the N- and C-terminal helices a1 and a5 are shorter

than in SinR and 434 repressor and are preceded and followed

by b-strands, which form an antiparallel b-sheet. SinR and

434 repressor lack this b-sheet.

NMR assignment of CylR2

In order to enable characterization of structure, dynamics and

DNA-binding properties of CylR2 in solution, NMR resonances

of CylR2 were assigned. Analysis of triple-resonance NMR

spectra (Bax and Grzesiek, 1993) allowed identification and

sequential assignment of all backbone amide resonances and

of all Ca and Cb chemical shifts. The assignment of Ha and the

aliphatic proton and carbon side-chain resonances is complete

for all residues with the exception of the carboxy-terminal

Glu66. Protonated 15N resonances have been found for the

side chains of all five glutamine residues, of five out of six

asparagines and of the tryptophan side chain. More than 80%

of the aromatic proton and carbon 1H and 13C side chains

have been unambiguously assigned. Assigned 1H, 13C and 15N

chemical shifts have been deposited in the BioMagResBank

(http://www.bmrb.wisc.edu), accession code 10065.

CylR2 structure and dynamics in solution

The structure of CylR2 in solution was probed by hetero-

nuclear NMR spectroscopy using residual dipolar couplings

(RDCs) (Tjandra and Bax, 1997). Comparison of experimen-

tal 1DNH couplings with values back-calculated from the

CylR2 crystal structure using singular value decomposition

resulted in a correlation of 0.97 (Figure 4A). This proves that

the backbone structure of CylR2 in solution agrees well with

that in the crystalline state.

Steady-state heteronuclear 15N{1H}-NOEs for most of the

CylR2 backbone amides are above 0.7, indicating that the

backbone of CylR2 is well ordered in solution (Figure 4B).

Only Ser42 in the (a3–a4) loop is flexible with an 15N{1H}-

NOE of 0.4 and the four N-terminal residues are slightly

affected by motion.

Dimerization

NMR relaxation times indicate that in solution CylR2 is

dimeric for concentrations above 10 mM (data not shown).

In the crystal structure, CylR2 forms a dimer with overall

dimensions of about 18 Å� 36 Å� 44 Å. The two subunits,

which are related by a two-fold noncrystallographic symme-

try, are very similar: the r.m.s.d. is 0.7 Å by superposition of

Ca atoms (Figure 3). The N- and C-terminal residues have the

highest r.m.s. deviations of about 2 Å. Helices a4 and a5

contribute extensively to the dimeric interface (Figure 5A).

Helices a4 are very close to one another at their N-termini

(the distance between the Leu43 Cas is 4.5 Å) and diverge at

their C-termini. C-terminally of a4, the two CylR2 subunits

again come closer by means of helices a5, whose N-termini

contact one another. Strands b1 and b2 mediate also inter-

subunit contacts by sandwiching helices a4 and a5.

In general, the side chains along the dimeric interface have

the same conformations and superimpose well. The interface

is predominantly hydrophobic, consisting of residues Ile2,

Pro41, Leu43, Ala46, Leu47 and the aliphatic part of Lys48,

Tyr51, Leu57, Phe61, Trp63, Pro65 (Figure 5A). The hydro-

philic interactions between the subunits are mostly water-

mediated. There are only four direct hydrogen bonds from the

side chains of Gln44 and Glu58 of one subunit to the main-

chain nitrogens of Met1 and Leu57 of the other subunit,

respectively. The side chains of the two Glu58 come close to

one another: into the electron density connecting them, a

sodium ion was placed. A water molecule introduced in this

position showed an unusual low B-factor upon structural

refinement. Thus the sodium ion between the Glu58 side

chains neutralizes the local negative potential.

A similar dimerization mode is also observed for the HTH

DNA-binding protein GerE (Ducros et al, 2001). However,

helices a5 and strands b1 and b2 are missing and the angle

between helices a4 is 201 narrower than in CylR2 (Figure 5B).

In CylR2, helices a5 are pushing apart helices a4 (Figure 5A).
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Dimerization of CylR2 is achieved by formation of an

extensive hydrophobic interface, which is shielded from the

solvent (Figure 5A). It buries a total of 1600 Å2 of the solvent-

accessible surface, accounting for about 18% of the total

accessible area of each subunit. This is significantly more

than in GerE and the N-terminal domain of 434 repressor,

where 12 (Ducros et al, 2001) and 9% (Aggarwal et al, 1988)

of the accessible area of each subunit are buried upon

dimerization, respectively. Especially for the 434 repressor,

dimerization is energetically more favorable in the DNA

complex structure as charged residues at the dimer interface

are neutralized upon DNA binding (Aggarwal et al, 1988).

The relative orientations of the two monomers in CylR2

and the N-terminal domain of 434 repressor bound to DNA

are quite different. If only one monomer of CylR2 is super-

imposed on one 434 repressor monomer, the other monomers

are related by a rotation of about 201 around the axis

connecting the CylR2 Ser42 Cas. In addition, the two recogni-

tion helices are about 2 Å further apart in CylR2 than in the

N-terminal domain of 434 repressor bound to DNA.

Mapping of the DNA-binding site by chemical shift

perturbation

The DNA interaction surface of CylR2 was determined using

the NMR chemical shift perturbation method (Craik and

Wilce, 1997), in which two-dimensional 1H-15N HSQC spectra

of CylR2 were recorded with successive addition of the 22 bp

DNA (Figure 7A). Upon DNA binding, resonances of un-

bound CylR2 weaken continuously and new resonances

appear with significant chemical shift differences. This in-

dicates that the free protein is in slow exchange on the NMR

time scale with its DNA complex form. For both free and

bound protein, only a single set of resonances was observed

(Figure 6). In order to allow quantification of the observed

chemical shift changes, backbone resonances of CylR2 in

complex with its DNA were reassigned. Based on this assign-

ment, the largest chemical shift changes were observed for

the backbone amides of Tyr39 and Asn40 and the side-chain

amides of Gln29, Asn40 and Gln44. In addition, large chemi-

cal shift changes are observed for the backbone amides of

residues 16–20, 28–34 and 44–46 (Figures 6 and 7B). This

indicates that especially the recognition helix, the (a3–a4)

loop and the N-terminal halves of the a2 and a4 helices are

involved in binding to the IR1 repeat sequence, similar to

what had been observed for the N-terminal domain of 434

repressor (Aggarwal et al, 1988; Shimon and Harrison, 1993).

A continuous, positively charged surface for binding to DNA

is formed (Figure 8).

Chemical shift mapping was also performed with an 18 bp

fragment. No chemical shift changes could be observed for

CylR2. This proves that CylR2 interactions also occur outside

of the 18 bp core and the minimum length of an IR1 fragment

required for binding to CylR2 is 20 or 22 bp in agreement with

gel shift results (see above).

Contribution of Asn40 of CylR2 to cytolysin expression

from Plyt

NMR chemical shift perturbation studies implicated Asn40 of

CylR2 in binding the cytolysin promoter. The consequence of

mutating this residue to an alanine residue on cytolysin

expression was examined in a LacZ reporter system, in

which LacZ transcription is driven by the cytolysin promoter

Plyt under the control of CylR1 and CylR2.

Levels of LacZ activity indicate that expression in

E. faecalis FA2-2 from the cytolysin promoter in the presence

of wild-type CylR2 (pLX110) is repressed until induced by the

exogenous addition of autoinducer CylLS
00, after which a 10-

fold increase in expression was observed (Figure 9). Analysis

of LacZ expression from an identical construct in which the

Asn40 residue of CylR2 was mutated to an alanine

(pLXR2N40A) revealed a derepression of the cytolysin pro-

moter resulting in large amounts of LacZ activity whether the

operon was induced or not (Figure 9). These results are

consistent with the proposed role of CylR2 as a repressor of

cytolysin expression from Plyt via its interaction with cytoly-

sin promoter DNA.

Model for the CylR2/DNA complex

We have shown that CylR2 binds specifically to the IR1

inverted repeat that exists within the cytolysin promoter.

The NMR shift perturbation results of CylR2 with a 22 bp

fragment of the IR1 repeat sequence (Figures 6 and 7) further

demonstrated that similar regions in dimeric CylR2 are inter-

acting with DNA as compared to the N-terminal domain of

434 repressor. In order to evaluate whether DNA binding is

accompanied by changes in the backbone conformation of

CylR2, RDCs were measured for CylR2 when bound to DNA

using NMR spectroscopy. Best fitting 1DNH couplings ob-

served for CylR2 in complex with DNA to the crystal structure

of free CylR2 results in a correlation of 0.94 between experi-

mental and back-calculated RDCs (Figure 7C). This shows

Figure 5 Dimer interface of CylR2. (A) Residues 1–5 and 40–65
of subunits A and B are colored red and green. Side chains of
the predominantly hydrophobic residues Ile2, Pro41, Leu43, Ala46,
Leu47, Lys48, Tyr51, Leu57, Phe61, Trp63 and Pro65 are shown.
The orientation corresponds to Figure 3A. (B) Residues 40–60 of
CylR2 (red/green) are superimposed on residues 55–74 of GerE
(blue). The orientation corresponds to Figure 3B.
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that there are no major changes in the backbone structure of

CylR2 upon binding to DNA.

Based on the combined information from gel shift, X-ray

crystallographic and solution NMR studies, a model of the

CylR2/DNA complex was constructed. In agreement with the

absence of major conformational changes in CylR2 upon

binding to DNA, a starting structure for the complex was

built by superposition of the structure of the unbound CylR2

dimer onto the N-terminal domain of 434 repressor and

replacement of the 434 operator by standard linear B-DNA.

This initial model was refined using the protein–DNA dock-

ing program Monty (Knegtel et al, 1994a, b): a Monte Carlo

simulation was performed where the DNA was allowed to

bend, side chains at the protein–DNA interface could rotate

freely, and van der Waals contacts and hydrogen bonding

between CylR2 and DNA were optimized. The docking was

guided by information obtained from the NMR chemical shift

perturbation studies: side chains of residues 10, 16–20, 24–32

and 34–45 were allowed to rotate freely in accordance with

Figure 7B. In addition, energy bonuses were given during the

simulation to complex structures where the backbone amides

of Tyr39, Asn40, Gln44, Leu45 and Ala46 are in close contact

with the DNA and when the NH2 of Gln29 contacts T50

reflecting the strong chemical shift changes upon addition

of DNA.

Figure 10 shows the model for the CylR2/DNA complex. It

agrees with established dimeric HTH/DNA interactions

(Wolberger et al, 1988; Harrison and Aggarwal, 1990); bind-

ing occurs with dyad symmetry on two adjacent major

grooves through their recognition helix. In a similar manner

as observed for the 434 repressor/OR1 complex structure, side

chains of Ser27 and Gln29 form a van der Waals pocket to

receive the methyl group of thymine 40 (Figure 10B).

Moreover, complex models indicate a bidentate hydrogen

bonding for the NH2 of Arg28 to either G8, T7 or C6 and a

hydrogen bond between the side chain of Gln29 and bp 4.

The Gln29 hydrogen bond is likely to be formed with Oe of

Gln29 as the hydrogen bond acceptor, because the Cd reso-

nance showed with B0.9 ppm a strong downfield shift while

Ne and He remain nearly unchanged (Figure 7B). For the side

chain of Arg28 only Ca and Cb could be assigned, whereas

both backbone and side-chain resonances were missing for

Ser27 in the complex. The disappearance or strong perturba-

tion of these resonances upon binding to DNA supports their

importance for complex formation. At the N-terminus of helix

2, Gln17 forms van der Waals contacts and a hydrogen bond

with the phosphate of T9, in agreement with the disappear-

ance of the side-chain resonances of the Gln17 carbonyl

group upon DNA binding. Docking results and chemical

shift changes also suggest that bp 6 accepts a hydrogen

bond from Asn32. NMR resonances from the carbonyl

side chain of Asn32 were neither found for free nor com-

plexed CylR2, but the Cb and Ca of Asn32 were shifted by

2.8 and 1.1 ppm downfield, respectively (Figure 7B). Very

important for stabilizing the CylR2/DNA complex is the

(a3–a4) loop: for both CylR2 molecules, a hydrogen bond is

formed from the main-chain –NH group of Asn40 to the

phosphate of C1 in more than 30% of docking solutions, in
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agreement with a downfield shift of 1.1 ppm of its amide

proton resonance.

The best-fit of DNA to the dimeric structure of CylR2 was

obtained for a DNA bending parameter of 0.4. For a more

extended DNA, formation of protein/DNA interactions,

which were expected on the basis of the NMR chemical

shift perturbation studies, was not possible for both mole-

cules of the CylR2 dimer simultaneously. When the DNA was

more strongly bent, on the other hand, no docking solutions

could be obtained that provided the necessary space to

accommodate both CylR2 molecules (in the orientation and

position that was observed for the uncomplexed CylR2

structure). Similar to the 434 repressor/DNA complex, the

DNA is relatively straight in the middle of the operator and

bends toward the ends to enable interactions with the side

chains of Arg28 and Gln29 (Figure 10B). The helical axes of

individual base pair, when projected onto the mean plane of

bending, lie on a circle with a radius of 65 Å (Figure 10A). A

specific feature of the 434/DNA complex is a strong compres-

sion of the minor groove due to insertion of the side chains of
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Figure 8 (A) Electrostatic surface of the CylR2 dimer with positive
and negative potentials colored blue and red, respectively. (B)
Chemical shift changes upon DNA binding mapped to the surface
of the CylR2 dimer. Protein residues whose dHN and dN chemical
shifts are affected very strongly (Y39, N40), strongly (Q29, T30, I31,
Q44, L45, A46) and intermediately (Q17, S18, E19, L20) are colored
orange, yellow and green, respectively. The orientation corresponds
to Figure 3A.
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Arg43 of both molecules of the dimeric 434 repressor: the two

positively charged side chains allow a closer approach of the

negatively charged phosphates (Aggarwal et al, 1988). In

CylR2, on the other hand, Arg43 is replaced by a serine;

hence, the positive side chains are absent within the minor

groove and no compression of the minor groove is required to

dock DNA onto CylR2.

Our results show that CylR2 binds as a preformed dimer to

a 22 bp fragment of the cytolysin promoter region and that

mutation of a residue shown to be important in binding this

region results in derepression in a reporter construct for the

assessment of cytolysin expression. This proposes a mechan-

ism where repression is achieved by CylR2 obstruction of the

promoter preventing biosynthesis of the cytolysin operon

transcript. The promoter binding is highly specific and is

mediated through a complex network of CylR2/DNA inter-

actions. In particular, the mutation of Asn40 to alanine

significantly reduces the strength of CylR2–operator binding.

CylR2 works together with CylR1 in order to repress tran-

scription of cytolysin genes (Haas et al, 2002). To get an idea

on how CylR1 influences CylR2–operator interaction, com-

parison with the repressor of phage 434 is particularly inter-

esting. In the case of 434 repressor, it is the intricate

combination of direct protein–DNA interactions and DNA

conformational effects that enables differential binding to

different operator binding sites. This very well orchestrated,

differential binding determines the developmental fate of

phage 434. By analogy, it can therefore be speculated that

in the presence of the autoinducer CylLS
00, CylR1 shifts the

DNA-binding specificity of CylR2 to sequences adjacent to the

IR1 repeat. The three-dimensional structure of CylR2 and its

DNA-binding properties presented here provide first steps in

understanding the molecular basis of cytolysin repression by

the CylR1/CylR2 two-component regulatory system.

Materials and methods

Gel shift analysis
A PCR product 188 bp in length spanning the cytolysin promoter
was amplified from pOPCT (25 ng) with 10 pmol primer ‘intergenic-
f’ (50-AAG TAG ACT ACA GAA ATG ATA TCC-30) and 10 pmol
‘intergenic-r’ (50-AAC TAG GAA CTA CAC TTA AA) under standard
conditions for 25 cycles. A dsDNA 33P-labeled probe of this region
was synthesized by reamplifying 50 ng of the purified PCR product
in the presence of 25 mCi [a33P]dCTP (Perkin Elmer, Boston, MA),
0.25 mM dATP/dTTP/dGTP and 6.25mM dCTP.

A 12.5ml aliquot of recombinant CylR2 (487 fmol) in 25 mM
HEPES (pH 7.0) and 125 mM NaCl was serially diluted 1.5-fold in
100 ng of salmon sperm DNA and radiolabeled probe (11.6 fmol), in
a total volume of 25ml, and was allowed to react for 45 min at room
temperature. The reaction was combined with 5ml of loading dye
(0.25% bromophenol blue, 40% sucrose), and was analyzed by
electrophoresis through a neutral 0.5� TBE/10% acrylamide gel
run at 275 V for 4 h at 41C. The gel was vacuum dried onto filter
paper, and was imaged with Kodak BioMax film (Eastman Kodak
Co., Rochester, NY).

The dissociation constant for CylR2 and the probe derived from
the intergenic region of the cytolysin operon was calculated based
on the concentration of CylR2 at which 50% of the DNA probe was
bound as described (Wieland et al, 2001). The 25 and 15 bp
sequences, constituting inverted repeats IR1 and IR2 within the
cytolysin promoter region, were constructed from complementary
ss oligonucleotides: ‘p.1.s’ (50-TTT TGT CAA GTG ACA CTT GAC
AAA A-30), ‘p.1.as’ (50-TTT TGT CAA GTG TCA CTT GAC AAA A-30),
‘p.2.s’ (50-TAA CAT ATT ATG TTA-30) and ‘p.2.as’ (50-TAA CAT AAT
ATG TTA-30). These oligonucleotides were dissolved in TE (pH 7.0)
and were incubated at 991C for 5 min. An equal volume of each
complementary oligonucleotide was combined and boiled in a
water bath for 5 min. Ss oligonucleotides were subjected to the
same treatment but were mixed with an equal volume of TE (pH
7.0). The oligonucleotides were annealed by allowing the H2O bath
to slowly cool to room temperature on the benchtop. A 1 ml aliquot
of IR1/IR2 oligonucleotide at the specified concentrations was
incubated with a 12.5ml aliquot of CylR2 (96 fmol) in the presence
of 100 ng of salmon sperm DNA in a total volume of 22.5ml for
45 min at room temperature. To the reaction, 2.5ml of probe
(16.7 fmol) was added and incubation proceeded at room tempera-
ture for an additional 45 min.

From the sequence surrounding IR1 in the intergenic region of
the cytolysin operon, 25 bp complementary oligonucleotides in
which the sequence was shifted 50 or 30 in a stepwise fashion were
synthesized and allowed to anneal as described above. A 5ml
aliquot of the ds oligonucleotides (250 ng for each) was incubated
with a 12.5ml aliquot of CylR2 (155 fmol) for 30 min on ice. To the
reaction, a 7.5ml dilution of probe (33.4 fmol) was added and
incubation proceeded on ice for an additional 30 min. The reactions
were analyzed on acrylamide gels as described above.

Protein production for crystallization and data collection
Details of cloning, protein overexpression, purification and crystal-
lization have been described elsewhere (Razeto et al, 2004).

Crystals were soaked for 30–60 s in mother liquor solutions
containing 30% glycerol and flash-frozen. Crystal rotation of 3821 f
was collected at 1001C up to 1.9 Å resolution with a Mar 345 area
detector, using the CuKa radiation from a Siemens rotating anode
generator. Data were processed by DENZO and SCALEPACK
(Otwinowski and Minor, 1997).

Structure solution and refinement
The structure was solved by single anomalous wavelength
diffraction (SAD) as described in Supplementary data. The data
were subjected to 10 cycles of automated model building from
experimental phases by ARP/wARP (Perrakis et al, 1999), coupled
with REFMAC refinement (Murshudov et al, 1997) (a total of 100
cycles). This run succeeded in tracing 128 residues in three chains
(out of 132 total residues belonging to two molecules in the
asymmetric unit). The initial model was subjected to positional and
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Figure 10 (A) Overall model of the CylR2/DNA complex structure.
(B) Detailed stereo view indicating important protein–DNA inter-
actions in the major groove. The DNA is shown with the sense
strand in yellow and the antisense strand in cyan. Side chains
of CylR2 and nucleobases interacting by van der Waals contacts
and/or hydrogen bonds are indicated.
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B-factor restrained refinement with REFMAC (Murshudov et al,
1997), coupled with ARP/wARP solvent building (Perrakis et al,
1999). Except for the last three cycles, refinement was performed
with 95% of the data, and 5% of randomly chosen reflections were
used for the calculation of Rfree. Manual rebuilding was carried out
with XtalView (McRee, 1999). The model converged to an Rfactor

and Rfree of 15.5 and 19.2%, respectively (Supplementary data).

NMR measurements
NMR experiments were carried out at 298 K on Bruker AVANCE 600
or 800 MHz spectrometers. NMR samples contained 0.5 mM protein
or 1 mM protein–DNA complex with uniformly 15N- or 15N/13C-
labeled protein in 95% H2O/5% D2O, 50 mM HEPES (pH 7.0) and
350 mM NaCl. The protein:DNA ratio in the complex sample was
2:1. Backbone Ca, C0 and N assignments were obtained using
standard triple-resonance experiments (Bax and Grzesiek, 1993).
3D TOCSY and NOESY spectra were performed with refocusing and
mixing of 13C magnetization using adiabatic pulses (Zweckstetter
and Holak, 1999; Peti et al, 2000). Additional experiments used for
assignment of the free and bound protein are listed in Supplemen-
tary Table S2. All spectra were processed using NMRPipe/
NMRDraw (Delaglio et al, 1995) and analyzed using NMRView
5.0.4 (Johnson and Blevins, 1994).

Anisotropic media for measurement of dipolar couplings were
prepared by addition of filamentous phages (Pf1) to a concentration
of 12 mg/ml (Hansen et al, 1998; Zweckstetter and Bax, 2001). In
order to lower the electrostatic attraction between CylR2 and the
highly negatively charged Pf1 phage, the ionic strength was raised
to 500 mM for measurement of RDCs in both free and complexed
CylR2. 1HN-15N splittings were measured under isotropic and
anisotropic conditions using 2D IPAP-1H-15N HSQC experiments
(Ottiger et al, 1998). RDCs were extracted by subtraction of the 1JNH

scalar coupling measured for the isotropic sample. 1DNH dipolar
couplings could be observed for 59 and 53 out of 63 backbone
amide protons in CylR2 and the CylR2/DNA complex, respectively.
The smaller number of RDCs for the complex is due to an increased
line broadening in the DNA-bound state and a corresponding lower
spectral quality. RDCs were best fitted to the crystal structure using
singular value decomposition as implemented in PALES (Zweck-
stetter and Bax, 2000). The magnitude Da and rhombicity R of the
alignment tensor were back-calculated as Da¼�26.0 Hz and
R¼ 0.16 for the free protein and as Da¼ 19.2 Hz and R¼ 0.18 for
the protein/DNA complex.

15N-1H-NOE values were calculated as the intensity ratios of the
15N-1H correlation peaks from pairs of interleaved spectra acquired
with and without 1H presaturation during the recycle time of 5 s
(Farrow et al, 1994).

DNA titration
The oligonucleotides used for NMR measurements were purchased
from Eurogentec (Liège, Belgium). The 22 bp oligonucleotide used
for NMR has the sequence 50-TTGTCAAGTGACACTTGACAAA-30

(Figure 7A). The oligonucleotide was resuspended in 5 mM HEPES
pH 7.6, 0.05 M NaCl and 0.01 M MgCl2, and annealed by heating to
1001C for 5 min in a heatblock and cooling down slowly to room
temperature. The annealed DNA was dialyzed against water,
lyophilized and dissolved in the same buffer as the protein.

The CylR2/DNA complex formation was monitored by recording
a series of 2D 1H-15N-HSQC spectra of a 100mM 15N-labeled CylR2
solution with final DNA concentrations of 10, 20, 30, 50, 60 and
100mM. The combined chemical shift change of a particular residue
upon DNA binding was calculated according to

Ddtot¼ ½ðoHNDdHNÞ
2þðoNDdNÞ

2þðoCaDdCaÞ
2þðoCbDdCbÞ

2

þðo
C
0 Dd

C
0 Þ2	1=2

DdCaCb¼ ½ðoCaDdCaÞ
2þðoCbDdCbÞ

2	1=2 and

DdC
0¼ ½ðoC

0DdC
0Þ2	1=2

For the amide side chains, chemical shift changes were determined
as

Ddside ¼ ½ðoHeDdHeÞ
2 þ ðoNeDdNeÞ

2 þ ðoCg=dDdCg=d
2Þ1=2	 and

DdsideC ¼ ½ðoCg=dDd
2
C=dÞ	

1=2

Ddi are the differences between the free and bound chemical shifts
and oi denotes the weight factor of nucleus i; oHN¼oHe¼ 1,
oN¼oNe¼ 0.154, oCa¼oCb¼ 0.256 and oC/d¼oC0 ¼ 0.341
(Mulder et al, 1999).

Construction of CylR2 Asn40 to Ala mutation in pTCV-lac
Vector pT2T318U (MS Gilmore, unpublished) known to harbor the
entire sequence of CylR1, CylR2 and the cytolysin promoter was
used as a template for mutagenesis of CylR2. The mutant was
constructed using a QuikChangeTM Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). A 40 ng portion of pT2T318U was
amplified with mutagenic primers R2:Asn-Ala AS (50-TAACTG
TAAAGAAGGTGCATATTTATTTTTTTC-30) and R2:Asn-Ala S (50-
GAAAAAAATAAATATGCACCTTCTTTACAGTTA-30). DNA from the
mutagenesis reaction was electroporated into Escherichia coli XL-1
blue. A 910 bp piece of DNA including CylR1, mutant CylR2 and the
promoter was amplified by PCR from pT2T318UN-A with primers
CFV1829R-E (50-AGAATTCGTTAGAAATGAAAGGC-30) and CF614R-
B (50-CCATAATTCTTAGGATCCATCATAAAATTGTTG-30) under stan-
dard conditions. The PCR product was ligated between the BamHI
and EcoRI sites of pTCV-lac to make pLXR2N40A (Poyart and Trieu-
Cuot, 1997). For the Miller assay, this construct was electroporated
into strain FA2-2 as previously described (Shepard and Gilmore,
1995).

Miller assay for analysis of pLXR2N40A
Cultures of FA2-2 pLX110 and FA2-2 pLXR2N40A were grown
overnight at 371C in 10 ml of brain-heart infusion (BHI) supple-
mented with 1 mg/ml kanamycin and 50mg/ml erythromycin. The
bacteria were then subcultured 1:10 into 70 ml BHI with 1 mg/ml
kanamycin and 50 mg/ml erythromycin and were incubated for 3 h
at 371C. In triplicate, 10 ml aliquots of culture were then either
induced with 2.5 ml of CylLS

00-containing supernatant (sterile
supernatant from an overnight culture of FA2-2 pWH617) or left
uninduced by the addition of 2.5 ml control supernatant (sterile
supernatant from an overnight culture of FA2-2 pAT28). The
cultures were then incubated an additional 3 h at 371C, after which
LacZ expression was analyzed as described by Hancock et al (2003).

Model for DNA binding
The structure of the CylR2/DNA complex was modeled by Monte
Carlo docking using the program Monty (Knegtel et al, 1994a, b).
The preparation of a starting model for the CylR2/DNA complex
and the used Monty parameters are described in Supplementary
data.

For each starting model and DNA bending parameter, 64 Monte
Carlo simulations of 200 000 attempted moves were performed.
Prolonged simulations with 600 000 Monte Carlo moves showed
virtually no improvement. From the 64 final solutions, those in
which the DNA was detached from the protein were removed,
leaving a total of 41 CylR2/DNA complexes. Since the number of
possible side-chain conformers is extremely large and sampling is
computationally limited, it is unlikely that one can obtain
complexes with all correct protein–DNA interactions simulta-
neously present. Therefore, important CylR2/DNA interactions
were identified based on their presence in more than 20% (van
der Waals) or more than 30% (H-bonds) of the successful docking
solutions.

Coordinates
The coordinates of the CylR2 protein structure have been deposited
in the Protein Data Bank (accession code 1utx).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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