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Bradyrhizobium diazoefficiens, a bacterial symbiont of soybean and other

leguminous plants, enters a nodulation-promoting genetic programme in

the presence of host-produced flavonoids and related signalling com-

pounds. Here, we describe the crystal structure of an isoflavonoid-

responsive regulator (FrrA) from Bradyrhizobium, as well as cocrystal

structures with inducing and noninducing ligands (genistein and narin-

genin, respectively). The structures reveal a TetR-like fold whose DNA-

binding domain is capable of adopting a range of orientations. A single

molecule of either genistein or naringenin is asymmetrically bound in a

central cavity of the FrrA homodimer, mainly via C–H contacts to the p-
system of the ligands. Strikingly, however, the interaction does not provoke

any conformational changes in the repressor. Both the flexible positioning

of the DNA-binding domain and the absence of structural change upon

ligand binding are corroborated by small-angle X-ray scattering (SAXS)

experiments in solution. Together with a model of the promoter-bound

state of FrrA our results suggest that inducers act as a wedge, preventing

the DNA-binding domains from moving close enough together to interact

with successive positions of the major groove of the palindromic operator.

Introduction

Rhizobia are Gram-negative soil bacteria, particularly

known for their ability to form an endosymbiotic

nitrogen-fixing association with legumes [1, 2]. Attracted

by substances that are released by the plant, especially

(iso)flavonoids and related compounds, rhizobia colo-

nize their host while activating hundreds of genes that

promote the formation of root nodules. Simultaneously,

efflux systems are activated that mitigate the toxicity of

the flavonoids. How rhizobia sense the presence of these

molecules and react to them is still not fully understood.

The TetR-family comprises a large number of

dimeric transcription repressors, commonly involved in

the regulation of bacterial responses to small organic

compounds, solvents and metals [3,4]. These proteins

have N-terminally a highly conserved DNA-binding

domain, whereas the more divergent C-terminal regu-

latory domain forms the dimer interface and one or

two ligand-binding pockets [3]. The interaction with

ligand molecules causes conformational changes which

have allosteric effects on the repressor incompatible
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for DNA binding, inducing the transcription of target

genes.

Although database searches reveal that rhizobial

genomes encode numerous TetR-like proteins [4], only

few have been studied. In Rhizobium etli, CasR nega-

tively regulates the expression of casA, which encodes

a calmodulin-like protein [5]. The emrAB genes of

Sinorhizobium meliloti, likely to encode an efflux sys-

tem, are regulated by EmrR [6,7]. EmrR was shown to

bind to palindromic sequences in the emrAB-emrR

intergenic region. Binding was affected by luteolin,

which is a known signal molecule in the symbiosis

between S. meliloti and alfalfa (Medicago sativa).

In Bradyrhizobium diazoefficiens USDA 110 (for-

merly B. japonicum), two TetR family members, FrrA

and BdtR, have been characterized in detail [8,9]. Both

repress their own transcription as well as the expres-

sion of genistein-inducible efflux systems encoded by

neighbouring genes in the opposite orientation. Genis-

tein and daidzein (Fig. 1A), two known signal

molecules secreted by soybean seedlings [10], interfere

with DNA binding by FrrA, whereas BdtR responds

in similar fashion to genistein but not to daidzein [8,9].

For FrrA, it was shown that coumestrol (Fig. 1A) also

induces gene expression, albeit not as efficiently as

genistein and daidzein [8]. Naringenin (Fig. 1A), a fla-

vonoid released by pea seedlings [11], had no effect at

all [8]. However, a detailed understanding of the ori-

gins of this specificity is still lacking. Here, we report

the comprehensive structural analysis of a flavonoid-

responsive regulator by X-ray crystallography and

small-angle scattering (SAXS) in solution, revealing

how ligands are recognized and enabling us to propose

a model for the induction of this class of repressors.

Results

FrrA is a member of the TetR family

According to blue native acrylamide gel electrophoresis

[9] and SAXS data (see below), FrrA is a homodimer.

CD spectroscopy revealed an exclusively a-helical pro-
tein (Fig. 1B), confirmed by X-ray crystal structure

analysis. The ligand-free FrrA and its complexes with

genistein and naringenin crystallized isomorphously

with two almost identical dimers in the asymmetric

unit. The domain organization of the FrrA homodimer

shows a typical TetR-like fold (Fig. 2A). Previously,

sequence analysis of FrrA revealed high sequence iden-

tity of the N-terminal DNA-binding domain [9] typi-

cally observed for the TetR/AcrR transcriptional

regulator family [4,12]. This domain consists of a three-

helix bundle (a1 – a3, residues 19 – 63) plus a longer

helix (a4, residues 65 – 82) that connects it to the regu-

latory domain. The typical helix–turn–helix (HTH)

motifs (a2, a3 and their symmetry mates) bind to two

adjacent positions of the major groove of the palin-

dromic operator DNA [13,14]. In brief, both monomers

participate in dimer formation with six a-helices (a5 –
a10) representing the ligand-binding regulatory domain.

Most of these a-helices of the regulatory domain are

longitudinally oriented to the dimer axis. Helix a6 and

a8 are perpendicular to the dimer axis. Helices a9 and

a10 are antiparallel and form a four-helix bundle with

their symmetry mates at an angle of ~60 °, a typical

dimerization motif of the TetR family [15].

A search for structures comparable to FrrA using the

DALI server [16,17] identified a plenitude of transcrip-

tional regulators of the TetR-family with highly similar

structures. The DALI search revealed 64 structures with

a Z-score ≥ 10.0, but a sequence identity of less than

25%. Top examples are a repressor from Mesorhizo-

bium loti MAFF 303099 (PDB ID: 3BHQ, Z-score

Fig. 1. (A) Chemical structure of isoflavonoid genistein (IUPAC

nomenclature indicated) and flavonoid (S)-naringenin. In daidzein,

the hydroxyl group 5 of genistein is replaced by hydrogen. Note,

that coumestrol is a derivative of genistein. (B) CD-spectrum of

FrrA.
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20.6, RMSD on Ca atoms 2.7 �A), QacR [18] (PDB ID:

3BQZ, Z-score 15.4, RMSD on Ca atoms 3.6 �A) and

CmeR [19] (PDB ID: 2QCO, Z-score 14.8, RMSD on

Ca atoms 3.1 �A). The only difference in the polypeptide

fold is found for the C-terminal extension of helix a4.
In FrrA, this helix is two turns shorter resulting in an

extended conformation for residues 83 – 89.

Asymmetry of the FrrA dimers in the
crystal reveals mobile regions

The secondary structure and global fold of the four

FrrA monomers in the crystallographic asymmetric

unit (A, B, C and D) are almost identical. However,

chain-inverted superposition of the two independent

homodimers onto themselves (AB onto BA and CD

onto DC, yielding RMSD values for all Ca atoms of

1.4 �A and 1.9 �A, respectively) reveals that both dimers

are remarkably asymmetric. In each case, the asymme-

try is mainly brought about by a pendulum-like move-

ment of the DNA-binding domain (a1 – a4),
accompanied by a shift of helix a6 (residues 113 – 122)

within the ligand-binding domain (Fig. 2B). In sharp

contrast, the remainder of each FrrA dimer (residues

84 – 110 of helix a5 and residues 128 – 214 of helices

a7 – a10) is nearly symmetrical, with chain-inverted

superposition yielding RMSD values of 0.51 �A (dimer

AB) and 0.57 �A (dimer CD) on Ca atoms. Moreover,

this part of the structure is virtually identical in both

dimers (superposition can be achieved with RMSD of

0.40 �A on Ca atoms). Taken together, these observa-

tions suggest that most of the ligand-binding regula-

tory domain of FrrA forms a rigid dimeric core, while

the DNA-binding domain and helix a6 have a certain

freedom to move with respect to it. In the context of

the crystal, this allows the DNA-binding domain to

adapt its orientation to the lattice environment.

An eye-catching difference of the broken dimer sym-

metry is located at residues 111 – 113 which form a

short connection between helices a5 and a6. The

superposition of the monomers within the dimers

(A on B and C on D) revealed a difference of about

5 �A of the corresponding Arg111Ca positions. In

monomers A and C, the side chain of Arg111 points

into the dimer core, whereas in monomers B and D

the side chain of Arg111 is directly opposed and points

outwards (Fig. 2A). In both conformations of Arg111

direct interaction with the ligand is impossible.

FrrA specifically recognizes
isoflavonoids

Unlike many other proteins of the TetR family, FrrA

has only one ligand-binding pocket, which is located

at the dimer interface of the regulatory domain. This

is in contrast to TetR, which has two separated

symmetry-related ligand-binding sites. Other members

of the TetR-family are also induced by a single ligand

molecule, for example QacR [20]. The observed ligand

binding underlines the asymmetry of the FrrA dimers,

because only one genistein or naringenin is observed

close to the two-fold axis of the homodimer. Due to

the size of the pocket and the asymmetric positioning

of the ligand, an unoccupied volume (~ 20%) would

allow an alternative orientation of the ligand with

respect to the two-fold axis, but was not observed.

Fig. 2. (A) All-helical FrrA structure with vertical dimer axis. The N

and C termini are labelled in monomer B. The DNA-binding

domains (helices a1 – a3) are shown in blue, helices a4 and a6

light blue. Atoms of the central genistein and the side chains of

Arg111 are represented as spheres. Arg111 is located in the short

connecting turn of helices a5/a6. In monomer A Arg111 is rotated

inwards, in monomer B outwards. Genistein is sandwiched by both

helices a9 (red) of the FrrA dimer. The figure was produced using

PYMOL. (B) Stereo view (wall eyed) showing the superposed FrrA

homodimers AB (yellow and green) and CD (brown and cyan) as

Ca-traces. Both regions that appear to be mobile, the DNA-binding

domain (DBD) and helix a6, have been labelled. The figure was

produced using PYMOL.
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Genistein and naringenin are completely buried in

the hydrophobic binding-pocket and the major pro-

tein/ligand contacts can be described as van der Waals

interaction. Between the ligands and the protein sur-

face in the binding pocket is no space for water mole-

cules and we assume a significant entropic term for the

binding constant.

Both ligands have several oxygen substituents suit-

able as hydrogen bond acceptors and donors. Surpris-

ingly, only a single hydrogen bond of the phenolic

hydroxyl (OH7) of the chromen-4-one core and the

carboxylate of Asp113 (B and D monomer, respec-

tively) is observed at a distance of 3.3 – 3.5 �A (Fig. 3).

With naringenin, this interaction is only observed in

the AB dimer.

Several amino acid side chains with aromatic or

alkyl C–H point towards the p-systems of the ligands

at distances of 3.6 – 3.8 �A (Fig. 3A). This kind of

hydrogen bond with a C–H moiety as donor and a p-
system as acceptor, has been described frequently [21–
23]. In contrast, more polar interactions are observed

for enzymes which modify flavonoids [24–26].
Superposition of the dimers AB and CD shows a virtu-

ally identical genistein binding mode in both dimers. The

ligand with its chromen-4-one core is closely positioned

to the B and D monomer of the respective dimer. In these

monomers, the Arg111 side chain points outwards, away

from the ligand, and is located in a pocket formed by the

C-terminal residues of helix a4 (carboxylate Asp83,

Ser79Oc, carboxylate Glu76). In the other monomers (A

and C), the side chain of Arg111 is oriented towards the

C termini of helices a6 and a9, both of the complemen-

tary monomers (B and D).

For naringenin, in one homodimer the chroman-4-

one body of naringenin binds in the same orientation

as is observed for chromen-4-one of genistein. How-

ever, the phenyl group points into another direction

(~ 60 °) due to the different substitution patterns

(Fig. 3B). In the other dimer, the long axis of narin-

genin is tilted by about ~ 60 ° in such a way that the

three rings roughly cover the space otherwise occupied

by genistein (Fig 3C). Also, the conformations of the

ligands differ with respect to the plane-to-plane orien-

tation of the phenyl substituent to the core. In genis-

tein, the phenyl ring is rotated by about ~ 25 °,
whereas in naringenin the phenyl is out of plane by

~ 60 °. In all observed orientations of the ligands, the

phenyl substituent is surrounded by a hydrophobic

environment.

The side chain of Arg176 (a8, C-terminal) of mono-

mer B is close to the hydroxyl OH5 and carbonyl O6

of the ligand, but the guanidinium hydrogen bonds to

the phenolic Tyr104 hydroxyl and Gly177 carbonyl of

the other monomer, indicating a more polar interac-

tion. The hydroxyl OH5 faces the guanidinium p-
system of Arg176 (Ne, 3.2 �A). This interaction is

Fig. 3. (A) Genistein recognition by amino acid side chains of monomer A (one-letter code) and monomer B (three-letter code). The C-H

hydrogen bonds with the p-system are shown by dotted lines in the range of 3.6 – 3.8 �A. The carboxylate of Asp113 is hydrogen bonded to

genistein hydroxyl O7 (3.3 �A). Oxygen and nitrogen atoms are shown in blue and red, respectively. Hydrogen atoms are omitted for clarity.

The C-H���p hydrogen bond of Pro180 side chain (CH2 of Cc) to the aromatic C3 of genistein is not possible with naringenin, because it has

a methylene group in the corresponding position. (B) Ligand-binding pocket with superposition of the genistein (yellow) or (S)-naringenin

(grey blue) bound in the AB dimer of FrrA. (C) Superposition of the CD dimer with bound genistein or (R)-naringenin. Note that in both

dimers genistein is in the same orientation. The hydrogen bond of the carboxylate of Asp113 (monomer A, C) to genistein and naringenin

hydroxyl O7 (3.3 �A) and the C-H interactions of F108 (monomer B, D) with the phenolic hydroxyl of the B ring (3.6 – 3.8 �A) are shown by

dotted lines. Other interactions are omitted for clarity. Genistein and naringenin are sandwiched by helices a9 of both monomers, but only

helix a9 of monomer A is shown for clarity. The figures were produced using PYMOL.
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apparently less important, because this hydroxyl is

missing in another inducing isoflavonoid (daidzein).

The Arg176 of monomer A is without ligand contact.

Both monomers sandwich the ligand with Phe108

(C-terminal of a5) and Pro180 (N-terminal of a9).
Monomer A interacts with the phenyl substituent,

whereas the corresponding residues of monomer B

contact the chromen-4-one core. Also, one of the

methyl groups of Val117 (monomer B) and both

methyl groups and Cb of Leu181 (monomer A) are at

distances of 3.7 �A and 3.8 �A, respectively. The side

chains of Leu181 of monomer B and Val117 (of

monomer A) are at least 4 �A apart of the ligand.

These interactions differ only for the phenyl sub-

stituent of naringenin with its flavone core compared

to the isoflavone core of genistein, daidzein and

coumestrol. These isoflavonoids were characterized as

inducers, but not naringenin [9]. Obviously, the isofla-

vone framework is essential for induction.

It should be mentioned that at the observed resolu-

tion limit of the naringenin complex it is not possible

to discriminate between the enantiomers of naringenin.

(S)-naringenin fits best to the electron density maps of

the AB dimer, whereas (R)-naringenin was modelled in

the CD dimer. In the observed naringenin conforma-

tion, a superposition of the enantiomers differs only

by about 1 �A of the asymmetric C-atom, due to the

puckering of the C-ring [27].

The structure of FrrA in solution

Small-angle X-ray scattering (SAXS) measurements for

FrrA in the absence of inducers are shown in Fig. 4A.

Comparison of the extrapolated forward scattering (I0)

to that of a bovine serum albumin (BSA) reference

suggests a particle mass of 42 kDa. This corresponds

to approximately twice the mass of FrrA (23.8 kDa),

indicating that the repressor exists as a homodimer in

solution. This is consistent with data obtained by blue

native acrylamide gel electrophoresis [9].

Surprisingly, neither of the homodimers in the asym-

metric unit of the FrrA crystal can explain our SAXS

data to within experimental error. Analysis using

CRYSOL [28] and either the AB or the CD dimer as a

model yields a v2-value of 4.9, indicative of a consider-

able lack of fit. We argued that this could be related

to the marked asymmetry of the homodimers, which is

most likely caused by crystal packing forces. To find a

model that more accurately reflects the situation in

solution, we generated symmetric structures by super-

imposing two copies of a single chain onto the invari-

ant dimer core. However, none of these four

symmetrised models (AA, BB, CC and DD) satisfacto-

rily explained the experimental SAXS data either,

yielding v2-values ranging from 4.4 (CC) to 4.9 (DD).

We next used the simulated annealing approach imple-

mented in CORAL [20] to optimize the fit to the

experimental data by varying the orientation of the

DNA-binding domain as well as the position of helix

a6. Resulting models from several independent

CORAL runs explain the data almost perfectly, with

v2-values near unity. Compared to the crystallographic

dimers, the optimized models invariably show a rota-

tion of the DNA-binding domain away from the core

and a shift of helix a6 towards the resulting gap (a

typical example is shown in Fig. 4B). Thus, in solution

FrrA appears to be considerably less compact than in

the crystal lattice.

Fig. 4. (A) Logarithmic plot of the experimental SAXS data for ligand-free FrrA, shown as black dots. The blue curve shows the theoretical

scattering intensity for one of the homodimers in the crystal structure (chains A and B), computed using CRYSOL (v2 = 4.9). The red curve

corresponds to the theoretical scattering for the optimized model shown in panel b (v2 = 1.2). (B) Comparison of the structure of the AB

homodimer in the crystal and an optimized model produced by CORAL [20]. The invariable core of the homodimer is shown in grey. The

DNA-binding domain and helix a6, whose positions were optimized against the experimental data, are shown in blue (crystallographic

structure) and red (SAXS, optimized model). For clarity, dummy residues in the CORAL model are not shown. The figure was produced

using PYMOL.
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SAXS data recorded in the presence of saturating

amounts of either naringenin or genistein are indistin-

guishable from those obtained for the protein alone,

with correlation map scores [29] of 10 (P = 0.80) and

11 (P = 0.54), respectively. These observations are con-

sistent with our crystallographic analysis of the two

FrrA-ligand complexes and confirm that neither indu-

cer causes major structural changes in the repressor.

FrrA promoter binding and induction
by isoflavonoids

The absence of detectable conformational changes in

FrrA upon ligand binding suggests that inducers do

not alter the free state of the repressor, but act instead

by interfering with a structural transition required for

DNA binding. Since no structures of FrrA bound to

its target site are as yet available, we used DALI [17]

to search the PDB for closely related folds. The most

similar repressor whose complex with DNA has been

structurally characterized was found to be QacR, a

TetR-like regulator of multidrug resistance from Sta-

phylococcus aureus [30]. At the sequence level, the two

proteins exhibit 18% amino acid identity, while the

dequalinium-bound (induced) form of QacR, PDB ID:

1JT6 [31], can be superposed onto FrrA with RMSD

of 3.2 �A on Ca atoms. Figure 5A,B show a superposi-

tion of FrrA onto promoter-bound QacR, PDB ID:

1JT0 [32]. As this comparison demonstrates, a

pendulum-like movement of the DNA-binding

domains of the FrrA dimer towards each other is

required in order to fit the two instances of helix a3,
the recognition helix of the HTH motif, into consecu-

tive positions of the major groove on the same face of

the double helix. This DNA-binding mode, which is

highly conserved in all TetR-like repressors, requires a

specific distance between the HTH motifs as well as a

precise orientation of the DNA-binding domains in

order to align both a3 helical axes with the major

groove of the nucleic acid [13,14,33]. Interestingly, the

squeezing movement of the DNA-binding domains of

the FrrA dimer towards their DNA-binding positions

would inevitably push both a6 helices into the inducer-

binding pocket, but the inducing flavonoid prop the

domains in an open conformation (Fig. 5C). This

observation readily explains why DNA binding and

inducer binding are mutually exclusive despite the

apparent absence of flavonoid-induced structural

changes to the free repressor. Consistent with this

movement of helices a6 the inducer-binding pockets of

both FrrA complexes (~ 2650 �A3) decrease by about

21% in apo-FrrA (~ 2100 �A3).

According to the corresponding short operator

sequences of about 15 base pairs, it is not expected

that FrrA binds as a dimer of dimers like the QacR/

DNA complex [32].

Fig. 5. Model for FrrA DNA-binding and induction by isoflavonoids. (A) Superposition of FrrA (dimer AB, red) onto the QacR-DNA complex,

viewed down the helical axis of the nucleic acid (PDB ID: 1JT0, QacR dimer AC shown in grey, DNA in green). A pendulum-like, inward

rotation of the FrrA DNA-binding domain is required to position helix a3 (blue) inside the major groove, allowing sequence-specific

interaction with the base pairs. (B) The same superposition, view perpendicular to the helical axis of the DNA. (C)Model for induction of FrrA

by isoflavonoids. The inward movement of the DNA-binding domains towards each other (arrows), is essential for interaction with the

nucleic acid as shown in panels A and B. The bound inducer props helix a6 of both monomers and prevents conformational changes

required for DNA binding. The rigid core of the FrrA dimer is shown in grey, the DNA-binding domain and helix a6 in blue. A model of DNA-

bound FrrA, shown in red, was generated by independently superposing each DNA-binding domain, together with helix a6, onto the QacR-

DNA structure (PDB ID: 1JT0). Genistein is represented as a surface model (yellow). The figures were produced using PYMOL.
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Discussion

A systematic overview of the folding pattern and

sequence conservation of the TetR family is provided

in earlier work [3,4,15]. In contrast to the strong con-

servation of the DNA-binding domain, sequence iden-

tity within the regulatory domain of the TetR family is

weak. This variability reflects the requirements of

signal-molecule specificity, determined by differently

shaped pockets as well as numerous selective side

chain contacts.

It is instructive to compare the ligand-binding

pocket of FrrA to those of similar repressors that were

identified in our DALI search, such as QacR [31] and

CmeR [34]. These proteins share sequence identities

with FrrA of 18% and 21%, respectively. Although

their overall fold is highly similar to that of FrrA and,

consequently, the ligand-binding pockets are in

roughly the same position, major differences are

apparent. The QacR dimer binds one molecule of vari-

ous cationic lipophilic drugs in a pocket which over-

laps with the FrrA binding cavity. The central cavity

of CmeR is separated into two distinct binding sites,

which are specific for bile acids [34]. In contrast to

QacR and FrrA, CmeR binds two inducer molecules

symmetrically with respect to the homodimer axis,

which is common for the TetR family. These observa-

tions indicate that TetR-like repressors can accommo-

date a wide variety of inducers through evolutionary

adaptation of their central ligand-binding cavity. As

was proposed for TetR [35], changes in binding speci-

ficity would be expected to leave the allosteric mecha-

nism intact, enabling rapid incorporation of the

repressors into nascent regulatory pathways.

The induction model that we propose for FrrA

involves a pendulum-like motion of the DNA-binding

domain together with helix a4 and helix a6 upon ligand

binding. A similar movement has been postulated for

QacR [31]. In several crystal structures of QacR-ligand

complexes, the asymmetric unit comprises a remarkably

asymmetric ligand-bound QacR dimer, but also a sym-

metrical dimer of apo-QacR (e.g. PDB ID: 1jt6) [31]. In

relation to the ligand-free QacR, the asymmetric FrrA

conformation is favoured in apo-FrrA by crystal pack-

ing contacts. Although it seems tempting to speculate

that the asymmetric FrrA dimer in our crystals corre-

sponds to the induced state, we do not have any evi-

dence to that effect. Indeed, the asymmetric dimer

structure was found to be incompatible with our SAXS

data, irrespective of the presence of ligands.

Taken together, our crystallographic structures and

SAXS measurements in solution demonstrate that the

DNA-binding domain (helices a1 – a4) and helix a6 of

FrrA have a considerable freedom to move with

respect to the ligand-binding core of the repressor

dimer. A comparable situation has been observed for

TetR [33,36]. Interestingly, neither of our experimental

approaches have revealed any structural differences

between ligand-free FrrA and complexes with flavo-

noids. This suggests that inducers do not function by

forcing a change in the conformation of free FrrA,

but, on the contrary, prevent a structural transition

required for promoter binding. Based on the known

DNA-binding mode of other TetR-like repressors and

modelling of the DNA-bound form of FrrA, we pro-

pose a model of induction by isoflavonoids in which

the inducer, acting as a wedge, directly obstructs an

inward rotation of the DNA-binding domains that is

critical for their interaction with the closely spaced

half-sites of the palindromic operator. This remarkably

simple allosteric mechanism, which is likely to play a

role in many other TetR-type repressors, is particularly

well-suited for regulatory circuits requiring a broad

inducer specificity, as it hardly places any constraints

on the precise chemical nature of the ligand. Given

that their specificity can be altered without affecting

the allosteric mechanism, TetR-type repressors are

highly attractive as molecular switches in biotechno-

logical applications and synthetic biology [37,38].

Material and methods

Recombinant protein expression and purification

A synthetic frrA gene, codon-optimized for expression in

Escherichia coli, was purchased from Eurofins Genomics

(Ebersberg, Germany). The gene was integrated into pET-

28a, which adds a His6-tag followed by a TEV-protease

cleavage site (MGSSHHHHHHSSENLYFQ↓GH) to the

N-terminal end of the protein. FrrA was produced by over-

expression in E. coli strain BL21 (DE3). To solve the crys-

tallographic phase problem, the methionines of FrrA were

substituted by L-selenomethionine (SeMet) [39]. A precul-

ture was grown in LB medium with kanamycin (final con-

centration 50 µg�mL�1) and 1% glucose. The preculture

was centrifuged at 2150 9 g and 277 K for 20 min and

resuspended in M9 medium. The main culture was grown

at 310 K in M9 medium supplemented with kanamycin (fi-

nal concentration 50 µg�mL�1). At an OD600 of 0.8 the cul-

ture was supplemented with 20 mL L-SeMet (1 g l�1) and

5 mL of an amino acid mixture (L-Lys, L-Phe, L-Thr, D,

L-Ile, D,L-Val each 100 mM, 50 mM L-Leu) [39]. The pro-

tein expression was induced 15 min later by the addition of

IPTG to an end concentration of 1 mM. After 3 h of incu-

bation at 310 K, the cells were harvested by centrifugation

at 10 000 9 g and 277 K for 20 min. The pellets were

resuspended in lysis buffer (20 mM Na2HPO4, pH 7.5,
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250 mM NaCl, 5 mM imidazole). The cells were disrupted

by 15 9 1 min sonification and centrifuged at 40 000 9 g

and 277 K for 45 min. The supernatant containing the

His6-tagged protein was injected onto POROS 20 MC

metal chelate affinity resin (Applied Biosystems, Weiter-

stadt, Germany) loaded with Ni2+ ions. The column was

washed with lysis buffer and the protein eluted with elution

buffer (20 mM Na2HPO4, pH 7.5, 250 mM NaCl, 500 mM

imidazole). Protein-containing fractions were pooled and

the His6-tag was cleaved off with TEV protease at 291 K,

leaving the N-terminal sequence GH followed by the target

sequence. The protein was then loaded again onto the affin-

ity column to remove the His6 peptide, the His6-tagged

TEV protease as well as any contaminants that had previ-

ously coeluted. The flow-through contained pure FrrA,

which was dialysed against 20 mM Na2HPO4, pH 7.5,

50 mM NaCl and 50 mM imidazole. The purified protein

appeared as a single band on Coomassie-stained

SDS/PAGE gels.

The SeMet variant of FrrA was used throughout for all

experimental approaches and will be referred to in the fol-

lowing as FrrA.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) data were collected

at beamline P12 of the EMBL Outstation at PETRA III,

DESY, Hamburg [40], using a PILATUS 2 M pixel detec-

tor, a sample-to-detector distance of 3.1 m and a wave-

length of 1.24 �A. Measurements covered the momentum

transfer range 0.008–0.47 �A�1 (s = 4p �sin(h) / k, where 2h
is the scattering angle and k is the X-ray wavelength). All

experiments took place at a temperature of 283 K. A cap-

illary flow cell was used to obtain 20 successive 50 ms

exposures for each sample, revealing no significant change

in the course of any one experiment. Several FrrA dilu-

tions (0.94–8.3 mg�mL�1) were analysed in a buffer con-

taining 20 mM Na2HPO4, pH 7.5 and 100 mM NaCl. All

data were normalized to the intensity of the transmitted

beam and radially averaged. Scattering of the buffer was

subtracted and the resulting curves were scaled to unity

protein concentration (1 mg�mL�1). For further data anal-

ysis, version 3.0.3 of the ATSAS package was used [41].

Theoretical scattering patterns based on high-resolution

structural models were fitted to the experimental data

using the program CRYSOL, which accurately accounts

for protein surface hydration [28]. The program CORAL

[20] was used for SAXS-based modelling of the domain

positioning within FrrA as well as for adding dummy resi-

dues to represent a short N-terminal segment missing in

the crystal structure. In all CORAL calculations, twofold

symmetry of the homodimer was imposed. Both, the

DNA-binding domain (residues 20–83) and the region

comprising helix a6 (residues 111–127) were allowed to

move as rigid bodies, while the distance between residues

83 and 84 was restrained to 3 �A to favour pendulum-like

movements of the former.

Circular dichroism spectroscopy

Circular dichroism (CD) was measured with a J-810 CD

spectrometer (JASCO, Tokyo, Japan) in a wavelength

range of 185–270 nm and corrected for buffer contribu-

tions. The protein sample contained 50 lg�mL�1 FrrA and

20 mM Na2HPO4 (pH 7.5).

Protein crystallization

At concentrations suitable for crystallization SeMet-

labelled FrrA is stable in buffers with an imidazole concen-

tration of at least 50 mM. SeMet-labelled FrrA was crystal-

lized by means of the hanging drop vapour diffusion

technique at 291 K. For the hanging drops, 1 lL protein

solution (6 mg�mL�1 FrrA in 20 mM Na2HPO4, 100 mM

imidazole, pH 7.5, 50 mM NaCl) was mixed with 1 lL
reservoir solution (20% PEG8000, and 0.1 M 2-(N-

cyclohexyl amino)ethane sulfonic acid (CHES), pH 9.5)

and equilibrated against 500 lL reservoir solution.

FrrA was co-crystallized with equimolar ratio of genis-

tein and (R,S)-naringenin. Both ligands were dissolved in

70% ethanol. The racemate of naringenin was used in view

of spontaneous racemisation of flavanones reported in ear-

lier work [42]. The crystallization conditions were the same

as for apo-FrrA.

The crystals appeared after 2–3 days, were cryoprotected

with 16% PEG8000, 20% PEG400 and 0.16 M CHES, pH

9.5 and flash-frozen in liquid nitrogen prior to X-ray data

collection.

X-ray diffraction data collection

Multiple-wavelength anomalous diffraction (MAD) data

sets of SeMet-labelled FrrA crystals were collected at wave-

lengths near the selenium absorption K-edge (12.6578 keV,

k = 0.9795 �A). Data of peak and inflection points were col-

lected at 100 K at beamline BL14.1, operated by the Joint

Berlin MX-Laboratory at the BESSY II electron storage

ring (Berlin Adlershof, Germany) [43] and processed with

XDSAPP [44,45]. Diffraction data of FrrA in complex with

genistein and naringenin were collected at 100 K at beam-

line P13 [46], operated by EMBL Hamburg at the PETRA

III storage ring (DESY, Hamburg, Germany). Diffraction

data were processed with XDS [47]. Details are listed in

Table 1.

Structure determination and refinement

Initial phasing of SeMet-labelled FrrA was based on multi-

ple anomalous diffraction of peak and inflection datasets

(2WL-MAD) collected at the absorption K-edge of Se [25].
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We used the Auto-Rickshaw server [48,49] of the EMBL/

Hamburg (http://www.embl-hamburg.de/Auto-Rickshaw/),

which utilizes programs of the CCP4 suite [50], SHELX-C/

D/E [51–53], DM [54] and ARP/wARP [55,56].

The best solution was identified for space group P43 with

twelve Se positions with occupancies in the range of 0.87 to

0.40 above a noise threshold of 0.27. According to the self-

rotation function, this is in agreement with three SeMet in

the FrrA sequence assuming four monomers of FrrA in the

asymmetric unit. The same procedure for the alternative

enantiomorph space group P41 revealed only nine heavy

atoms with occupancies 0.41 to 0.29 above a threshold of

0.21.

After density modification and applying noncrystallo-

graphic symmetry (NCS), the electron density maps showed

long helical motifs. Tracing by ARP/wARP [55,56] pro-

vided 38 polypeptide fragments with 503 residues belonging

to four protein chains (A, B, C, D) with 196 residues each.

These fragments were suitable for complete model building

with COOT [57] and subsequent refinement with

REFMAC5 [58]. The numbering of the polypeptide refers

to the construct after TEV-protease cleavage of the expres-

sion tag. Thus, the used FrrA (amino acid residues 1 – 214)

has two additional residues N-terminal compared to the

wild-type sequence, verified by mass spectrometry. The

crystallized FrrA comprises amino acid residues 19 – 214.

Both FrrA complexes and apo-FrrA crystallized isomor-

phously in the tetragonal space group P43. Phasing of

diffraction data of FrrA in complex with genistein and

naringenin was successful by molecular replacement with

Table 1. Data collection statistics. Values in parentheses correspond to the highest resolution shell.

Protein, complex FrrA FrrA-genistein FrrA-naringenin

PDB ID 6G87 6G8G 6G8H

radiation source, beamline BESSY II, BL 14.1 PETRA III, BL 13, EMBL c/o DESY

Detector Pilatus 6 M Pilatus 6 M

Temperature (K) 100 100 100 100

Wavelength (�A) 0.9796

(inflection)

0.9790

(peak)

0.9763 0.9763

Resolution range

(highest shell) (�A)

47.576 – 3.08

(3.26 – 3.08)

47.57 – 2.92

(3.10 – 2.92)

119.1 – 2.60

(2.76 – 2.60)

118.71 – 2.60

(2.67 – 2.60)

Unit cell parameters

a = b; c (�A)

119.64; 78.49 119.59; 78.48 119.04; 78.31 118.71; 78.35

Space group P43 P43 P43

Rotation range (°) / increment (°) 360 / 0.1 360 / 0.1 180 / 0.1 180 / 0.1

measured reflections 282840 (44671) 330097 (53675) 225481 (35078) 223019 (14858)

unique reflections* 40276 (6469)* 47028 (7487)* 65566 (10480)* 65529 (4795)*

Redundancy 7.02 (6.91) 7.02 (7.17) 3.44 (3.35) 3.40 (3.10)

Mean I/r(I) 13.26 (1.95) 15.17 (1.96) 11.52 (0.82) 9.55 (0.74)

Completeness (%) 99.7 (99.5) 99.6 (99.0) 99.1 (97.7) 99.5 (98.4)

Rmeas (%) 12.6 (101) 10.9 (100) 9.1 (152) 9.3 (188)

Wilson B-factor (�A2) 73.1 70.5 76.3 79.8

CC 1/2 0.998 (0.716) 0.999 (0.704) 0.998 (0.279) 0.998 (0.183)

*Friedel pairs are treated as different reflections.

Fig. 6. Wall eyed stereo view of genistein in the binding site of the

AB-dimer with mFo - DFc electron density omit-map contoured at

2.5 r level. The figure was produced using PYMOL.
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PHASER [59] using an apo-FrrA dimer (chains AB) as

search model. Again, electron density map inspection and

final model corrections were done with COOT [57], fol-

lowed by refinement with REFMAC5 [58]. In the course of

refinement, the ligands were identified in different electron

density maps (Fig. 6) and subsequently included for final

refinement. Some molecules of the buffering agent (CHES)

of the crystallization setup were identified in all structures,

always in the neighbourhood of positively charged amino

acid residues. In the refinement of all structures, NCS

restraints were applied to all four monomers of FrrA in the

asymmetric unit. Further details are listed in Table 2.

Figures showing molecular models were prepared using

PYMOL [60]. The volume of inducer-binding pockets was

calculated with HotSpot Wizard v3.1 [61].
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