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ABSTRACT

INTRODUCTION

Isovaleryl coenzyme A (IV-CoA) is an important building block of iso-fatty acids. In myxobacteria, IV-CoA
is essential for the formation of signaling molecules
involved in fruiting body formation. Leucine degradation is the common source of IV-CoA, but a second, de novo biosynthetic route to IV-CoA termed
AIB (alternative IV-CoA biosynthesis) was recently
discovered in M. xanthus. The AIB-operon contains
the TetR-like transcriptional regulator AibR, which we
characterize in this study. We demonstrate that IVCoA binds AibR with micromolar affinity and show
by gelshift experiments that AibR interacts with the
promoter region of the AIB-operon once IV-CoA is
present. We identify an 18-bp near-perfect palindromic repeat as containing the AibR operator and
provide evidence that AibR also controls an additional genomic locus coding for a putative acetyl–
CoA acetyltransferase. To elucidate atomic details,
we determined crystal structures of AibR in the apo,
the IV-CoA- and the IV-CoA-DNA-bound state to 1.7 Å,
2.35 Å and 2.92 Å, respectively. IV-CoA induces partial unfolding of an ␣-helix, which allows sequencespecific interactions between AibR and its operator.
This study provides insights into AibR-mediated regulation and shows that AibR functions in an unusual
TetR-like manner by blocking transcription not in the
ligand-free but in the effector-bound state.

Myxobacteria are swarming soil-populating bacteria that
exhibit a complex developmental cycle to survive critical
environmental changes (1,2). To promote this life style,
they have an enormous metabolic potential, reflected for
instance in the use of unusual biochemistry in biosynthesis. One example is the production of isovaleryl coenzyme
A (IV-CoA). This molecule is an important substance for
myxobacteria as it is used as a building block for certain
fatty acids and secondary metabolites needed during development (3–7). These iso-odd fatty acids maintain the
membrane fluidity and serve as signaling molecules during
differentiation (8,9). Typically, IV-CoA is generated by the
branched-chain ␣-keto acid dehydrogenase complex (Bkd)
acting during leucine degradation. However, Bode et al.
(10) showed that the model myxobacterium, Myxococcus
xanthus, harbors an additional route to produce IV-CoA
from acetyl-CoA under leucine-limited conditions. By using global gene expression analysis and biochemical investigation the genes involved in this additional pathway, assigned as alternative IV-CoA biosynthesis (AIB), have been
determined (10,11). These genes are clustered in the AIBoperon, which appeared to be highly active under leucinelimiting conditions. It contains five open reading frames
coding for two subunits of a novel type of decarboxylase
(AibA/AibB) (11), a dehydrogenase (AibC), a 3-hydroxyl3-methylglutaryl coenzmye A synthase (MvaS) (12) and
a regulatory protein (AibR). Furthermore, a gene coding
for a 3-hydroxy-3-methylglutaryl coenzyme A dehydratase
(LiuC), located in another operon, was shown to be involved in the pathway as well. MvaS converts acetyl coen-
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MATERIALS AND METHODS
Cloning and expression
Expression plasmid pET28a-aibR encoding for AibR Nterminally tagged with a thrombin-cleavable His6 -tag was
freshly transformed into chemically competent E. coli
BL21(DE3) cells and subsequently used for preculture inoculation supplemented with 50 mg l−1 kanamycin. The largescale production was carried out in terrific broth including the same antibiotic. The cells were incubated at 37◦ C
(310 K) and 120 rpm until the optical density at 600 nm
reached 0.8. At this step, the temperature was reduced to
20◦ C (293 K), heterologous gene expression was induced
with 500 M isopropyl-ß-D-thiogalactopyranoside for another 20 h. Cells were harvested by centrifugation at 5000 g
for 10 min and flash frozen in liquid nitrogen until needed.
L-seleno-methionine labeled AibR was produced in minimal media (M9) as described elsewhere (22). The LB
pre-culture was centrifuged and washed with M9 minimal media before inoculation of a larger culture in M9
media with 50 mg l−1 kanamycin at 37◦ C (310 K) and
120 rpm. An amino acid cocktail comprising 100 mg l−1
lysine, 100 mg l−1 phenylalanine, 100 mg l−1 threonine,
50 mg l−1 isoleucine, 50 mg l−1 leucine and 50 mg l−1
valine was added to the cell suspension to suppress methionine biosynthesis when the optical density at 600 nm
reached 0.5. After an additional incubation of 15 min, 60
mg l−1 L-seleno-methionine and 500 M isopropyl-ß-Dthiogalactopyranoside were added to the cells and the culture was further incubated at 20◦ C (293 K) for 20 h.
Purification
Cells were diluted with buffer A (50 mM TRIS pH 7.8; 300
mM NaCl; 20 mM imidazole) and subsequently lysed using an ‘EmulsiFlex-C3 homogenizer’ (AVESTIN®). To remove insoluble parts the cell suspension was centrifuged
at 30 000 g for 45 min at 4◦ C (277 K). The cleared supernatant was applied onto a HiTrap chelating column (GE
Healthcare Life Science) loaded with 100 mM nickel sulfate
and then equilibrated in buffer A. The column was washed
with buffer A until the absorption at 280 nm reached the
baseline again. Bound proteins were eluted with a threestep gradient, ranging from 10% to 20% and 60% buffer
B (buffer A containing 500 mM imidazole). To remove the
affinity tag, thrombin protease cleavage was carried out in
a 1:20 molar ratio (protease to protein) over night at 4◦ C
(277 K) during dialysis against buffer C (50 mM TRIS pH
7.0; 50 mM NaCl). Anion exchange chromatography using
a HitrapQ column (GE Healthcare Life Science) was used
to separate AibR from the residual His6 -tag and thrombin protease. Elution was performed with a linear gradient ranging from 0 to 1 M NaCl (Buffer D: 50 mM TRIS
pH 7.0; 1 M NaCl). Fractions containing the recombinant
protein were collected, concentrated and applied to an S200
16/60 size exclusion column (GE Healthcare Life Science)
equilibrated with buffer E (50 mM TRIS pH 7.5; 100 mM
NaCl). Fractions containing pure protein were collected,
concentrated to 20 mg ml−1 and flash frozen. The L-selenomethionine labeled protein was treated in the same way as
described for the wild-type protein.
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zyme A (Ac-CoA) and acetoacetyl coenzyme A (AcAcCoA) to 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA), which is then dehydrated by LiuC. The resulting
3-methylglutaconyl coenzyme A (MG-CoA) is decarboxylated by AibA/AibB and further reduced by AibC, leading
to the final product IV-CoA (Figure 1) (11).
The first gene of the AIB-operon, aibR, encodes a transcriptional regulator that has been shown to be involved
in negative transcriptional regulation of the entire operon
(13). Based on sequence analysis, AibR belongs to the TetR
family repressors (TFR), which are named after the famous
member involved in regulating tetracycline resistance genes
(14). TetR-like proteins consist of nine ␣-helices arranged
in a N-terminal helix turn helix motif also known as DNA
binding domain (DBD) and a C-terminal ligand binding or
sensory domain (LBD). This LBD interacts with the respective effector molecule and transmits the signal to the DBD
(15,16). The active form of TFRs is a dimer that binds to
a palindromic promoter sequence via contacts of helix ␣3
and ␣1 with the major groove of the DNA, respectively (17).
Typically, the regulator shows higher affinity toward DNA
in the ligand free-state, resulting in repression of transcription. After ligand binding, a conformational change and a
reorientation of helix ␣3 results in a decrease of DNA affinity and gene transcription. This has been shown for example for FabR and FadR from Escherichia coli, which regulate fatty acid biosynthesis or degradation (18,19), and in
other TFRs involved in the regulation of different cellular processes like antibiotic resistance, metabolism or cell–
cell signaling (17). In addition to the typical role as repressor, TFRs also appear as activators as shown for FasR
from Streptomyces coelicolor (20) or Corynebacterium glutamicum, both showing an increase in DNA affinity after
ligand binding (21).
The regulation of IV-CoA biosynthesis is very important
for myxobacteria, since this molecule is crucial for several
metabolic processes and cellular functions. This importance
is also reflected in the fact that myxobacteria have evolved
the unique AIB-mediated route to produce this molecule
(10). However, the regulation of IV-CoA production by
AibR has not been investigated until now. Because of the
great variety of TFR ligands and the sequence diversity of
the ligand binding domains of these proteins, it is generally difficult to predict the identity of their cognate effector
molecule(s), even if their target genes are known (17).
Here, we describe the identification of IV-CoA as the effector molecule controlling DNA-binding of AibR and we
identify an 18-bp near-perfect inverted DNA-repeat as the
operator sequence. Further, we provide detailed structural
insights into effector and DNA binding by determination of
crystal structures of AibR in the ligand-free and in the IVCoA bound state as well as in complex with IV-CoA and a
16-bp segment of the operator sequence. With these, we are
able to track the signal transduction between the LBD and
the DBD upon IV-CoA binding and show in binding experiments that AibR interacts with the operator sequence
only in the Iigand-bound state. Further, we identify one additional locus in the genome of Myxococcus xanthus that is
predicted to interact with AibR and we propose a mode of
transcriptional regulation of the myxobacterial AIB.
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Microscale thermophoresis
To determine the binding affinity between AibR and IVCoA or other coenzyme A derivatives, microscale thermophoresis (MST) was used (23). For this, AibR was labeled with CyTM 5 Mono NHS Ester (AmershamTM ) according to the vendor’s manual. To determine KD -values
for IV-CoA and 3,3-dimethylacrylyl coenzyme A, a fixed final concentration of 200 nM AibR-CyTM 5 was titrated with
serial 1:1 dilutions of both ligands in labeling buffer (50
mM HEPES pH 7.5, 100 mM NaCl, 0.5 mg ml−1 bovine
serum albumin), while 100 nM labeled AibR was used for
the non-binding molecules Ac-CoA, acetoacetyl coenzyme
A, HMG-CoA, CoA and isovaleric acid (IVA).
The determination of the KD for the AibR/IV-CoA complex and the operator sequence was performed similarly
with 100 nM of a CyTM 5-labeled DNA fragment (5 -CyTM GCT ACC TAC CGG TCG GTA GGT). To generate the
respective DNA double strand, oligonucleotides Cy5 for
(5 -CyTM -GCT ACC TAC CGG TCG GTA GGT) and
Cy5 rev (5 -ACC TAC CGA CCG GTA GGT AGC) were
mixed at equal concentrations, incubated for 10 min at 95◦ C
(368 K) and cooled to room temperature overnight. The resulting DNA fragment was titrated with a serial 1:1 dilution
of AibR/IV-CoA complex.
The experiments were performed using a NanoTemper
Monolith™ NT.115 instrument with standard (for nonbinding molecules) or premium coated capillaries (for binding ligands) at 25◦ C (293 K), 10% LED power and 40%
MST power. For KD determinination, experiments were executed in triplicates. The response value was averaged and
plotted against the concentration of the ligands. KD values
were extracted by fitting to the quadratic equation shown
below (Equation (1)), using the vendor’s software (KD fit in

MO.Affinity Analysis software, NanoTemper).
F(CT ) =
FA +

FAT −FA
2CA




CT + CA + KD − (CT + CA + KD )2 − 4CT CA

(1)

Here, FA represents the response value of unbound labeled
molecules, FAT the response value of the complex of labeled
and the unlabeled ligand molecules, CA the concentration of
labeled molecule and CT the concentration of the unlabeled
ligand molecule.
For the titration of AibR with IV-CoA, the highest ligand
concentrations reproducibly led to a decrease of the MST
response. These values were therefore not included in the
KD determination (Figure 2A).
Electrophoretic mobility shift assay
Fluorescent labeling of DNA fragments and electrophoretic
mobility shift assays (EMSA) were performed as described before with modifications (24). In brief, the modifications were as follows: poly-dIdC (Poly(deoxyinosinicdeoxycytidylic acid sodium salt; Sigma-Aldrich) was used
instead of salmon sperm DNA as competitor DNA at a final concentration of 25 ng l−1 . A total of 0.8 pM of the
labeled DNA fragments were used in each experiment. Purified AibR was added in a 10- to 1000-fold molar excess
to the reactions (0.4–40 M). All reactions were pipetted
on ice prior to loading on the gels. EMSA assays were performed at 4◦ C (277 K) at 3.5 V cm−1 for 45 min. Supplementary Table S3 lists specific primers used for amplification of putative promoter regions and primers used for the
construction of oligo-based EMSA-fragments.
For the determination of the KD of the AibR/IV-CoA
complex and the operator sequence in EMSA assays, a 40-
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Figure 1. Alternative isovaleryl coenzyme A biosynthesis (AIB) in (A) Myxococcus xanthus and organization of the (B) AIB-operon. aibR is highlighted in
grey. The alternative isovaleryl coenzyme A pathway is marked by the dotted line. AcAc-CoA: acetoacetyl CoA, HMG-CoA: 3-hydroxy-3-methylglutaryl
CoA; MG-CoA: 3-methylglutaconyl CoA, DMA-CoA: 3,3-dimethylacrylyl CoA; IV-CoA: isovaleryl CoA. Modified according to Liu et al (11). Black
lines in (B) indicate the position and names of DNA segments tested for AibR binding.

4 Nucleic Acids Research, 2016

bound DN A = Bmax ∗

[Ai b R/I VCo A]2
[Ai b R/I VCo A]2 + KD2

(2)

Here, Bmax is the amount of DNA where a maximum of
DNA was bound and a plateau was reached.
Crystallization, data collection and refinement
Initial crystallization conditions were identified at room
temperature using the vapor diffusion method in a 96 well
format. Screening was performed by mixing 0.2 l AibR
(20 mg ml−1 ) and 0.2 l reservoir solution using a HoneyBee dispensing robot (Zinsser Analytic, Frankfurt am
Main, Germany). The drops were equilibrated against 70
l reservoir solution. High-quality diffracting crystals were
obtained after optimization by mixing 0.2 l reservoir consisting of 0.1 M TRIS pH 7.4, 0.2 M ammonium acetate
and 20% (w/v) PEG 3350 and 0.2 l protein solution at
20 mg ml−1 . Reservoir supplemented with 10% (w/v) glycerol was used as cryo-protectant. L-seleno-methionine labeled AibR crystals were obtained from initial screening
against reservoir containing 0.1 M TRIS pH 8.5, 0.2 M
trimethylamine N-oxide and 20% polyethylene glycol monoethyl ether 2000. Crystals were cryo-protected with 10%
(w/v) glycerol as well. Crystals of the AibR/IV-CoA complex were obtained by using the random microseeding approach (28). For this, 20 mg ml−1 AibR were mixed with 1
mM IV-CoA, incubated for 30 min at 4◦ C (277 K) and 0.2
l mixed with 0.05 l seeding solution and 0.15 l reservoir solution using an OryxNano dispending robot (Douglas Instruments, Hungerford, UK). To produce the seeding solution, apo AibR crystals were crushed and diluted
in 50 l reservoir solution containing 0.1 M HEPES pH
7.6, 0.2 M ammonium acetate and 23% (w/v) PEG3350.
Crystals of the complex appeared after 20 days in a condition comprising 0.1 M sodium acetate pH 4.6, 2 M sodium
chloride and were used for diffraction data collection without cryo-protection. The complex of AibR, IV-CoA and

a 16-bp DNA fragment was obtained by incubation of 20
mg ml−1 AibR, 1 mM IV-CoA and 470 M DNA for 1
h at room temperature and mixing with reservoir comprising 35% 2-ethoxyethanol, 0.1 M imidazole pH 7.8 and 0.05
M calcium acetate at 4◦ C (277 K). The 16-bp DNA double strand was reconstituted by the incubation of a primer
(5 -CCTACCGATCGGTAGG) dissolved in water at a concentration of 10 mM at 95◦ C (368 K) for 10 min and then
cooled to room temperature overnight.
Diffraction data were collected at −173◦ C (100 K)
on beamline X06DA-PXIII at Swiss Light Source (Paul
Scherrer Institute, Villingen, Switzerland), on beamline ID
23.1 at European Synchrotron Radiation Facility (Grenoble, France) and on beamline BL14.1 operated by the
Helmholtz–Zentrum Berlin at the BESSY II electron storage ring (Berlin–Adlershof, Germany (29)), indexed and integrated with XDS (30) or XDSAPP (31) and scaled with
AIMLESS from the CCP4 package (32). Single anomalous
diffraction data of an L-seleno-methionine labeled AibR
crystal were collected at a wavelength of 0.97795 Å, data
of the wild-type crystals at 1.0003 Å, for the IV-CoA complex at 0.97625 Å and for the DNA complex at 0.91841 Å.
For the Se-single anomalous diffraction data, the hkl2map
package was used to extract the anomalous signal, to locate the anomalous scatterers, for density modification and
automated model building (33). In order to solve the wildtype, the IV-CoA and the DNA complex structures, the
resulting model was used for rigid body refinement and
molecular replacement in PHENIX, respectively (34). The
structures were refined using alternating steps of manual
adjustment in Coot (35) and maximum likelihood refinement with the TLS-option (translation-libration-screw refinement, (36)) in PHENIX (34). Restraints for IV-CoA
were generated by using eLBOW in PHENIX (37). For the
AibR/IV-CoA/DNA complex, two DNA double strands
were modeled with 50% occupancy and subjected to occupancy refinement in PHENIX as well. Molprobity (38)
was used for final structure validation. An overview of
all data-collection, refinement statistics and corresponding
PDB codes is provided in Supporting Table S1 and S2.
RESULTS
AibR specifically binds IV-CoA and the putative promotor region PaibR
To gain insight into the regulation of AIB by AibR, we
aimed to identify DNA segments which are recognized and
specifically bound by AibR. For this, it was first necessary
to identify the molecule(s) that potentially modulate the activity of AibR. It has previously been shown that the transcription of mvaS, a gene belonging to the AIB-operon (Figure 1), is downregulated by the addition of isovalerate (3),
which suggests that AibR inhibits the transcription of AIBenzymes after binding isovalerate, a precursor of isovalerate
or an activated form of isovalerate.
After cellular uptake, isovalerate is required to be transformed to IV-CoA by an unknown coenzyme A transferase.
This suggests that coenzyme A derivatives produced during AIB bind to and control inhibitory activity of AibR,
which we investigated with MST experiments. Of the tested
molecules, only IV-CoA and 3,3-dimethylacrylyl coenzyme
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bp CyTM 5-labeled dsDNA-fragment (aibR-Cy5) was generated as described for the MST measurements using the
oligonucleotides aibR-wtF and 5 -CyTM -aibR-wtR. A total
of 0.8 pM of the DNA-fragment was titrated with a serial
1:1 dilution of AibR/IV-CoA complex ranging from 10 nM
to 5.12 M. The experiment was performed in triplicates.
Fluorescence of unbound DNA and DNA bound to the
AibR/IV-CoA complex was recorded by scanning the gel
with a Typhoon™ 9410 gel imager (GE Healthcare) using
the excitation laser at 633 nm and an emission filter of 670
nm. The fluorescent signal in each DNA band was quantitated using the ImageJ software (25). Signals from blank
regions of the EMSA gel were subtracted from the fluorescence values measured from DNA bands. The portion of
DNA bound to the AibR/IV-CoA complex was determined
using these background-subtracted values in the quotient
bound DNA/(unbound DNA + bound DNA). The calculated amounts of bound DNA were subsequently plotted
against the concentration of the AibR/IV-CoA complex.
The resulting data were fit in a non-linear regression based
on the Equation (2) in Excel (Microsoft) using the Solver
add-in (26,27).
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Figure 2. Identification of isovaleryl coenzyme A (IV-CoA) as effector molecule of AibR. (A) Microscale thermophoresis (MST) measurements reveal that
IV-CoA binds AibR with a KD of 0.99 M ± 0.35 M (left), enabling binding to PaibR in electrophoretic mobility shift assays (EMSA) analysis (right).
(B) CoA and (C) IVA show no interaction with AibR. For details, refer to the Materials and Methods section.
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Identification of the DNA binding site in the PaibR region
and the first insight into the AibR regulon
In order to further narrow down the DNA binding site
within the putative promoter PaibR, we divided the initial 310-bp PaibR DNA fragment into 12 regions of 40 bp
length, each sharing a 20 bp overlap to their two neighboring regions (Supplementary Figure S4A). The respective
DNA fragments were used in EMSA assays as Cy5-labeled
DNA fragments aibR1 to aibR12 as described in the Materials and Methods section. In the presence of IV-CoA, we
observed binding of AibR to DNA fragment aibR8 (Supplementary Figure S4A). Computational analysis revealed
that this fragment contains the 18-nt near-perfect inverted
repeat ACCTACCG-2N-CGGTAGGT with a spacer of
two nucleotides (2N). We hypothesized this repeat to be
the locus of AibR binding and corroborated this in subsequent EMSA analysis using mutated variants (two to
five mutated positions per DNA fragment) in binding assays (Supplementary Figure S4B). Mutations reduced the
binding affinity of AibR significantly as indicated by a reduced ability to form a complex with DNA. A final series of
EMSA assays using variants mutated in every single position of the 18-nt inverted repeat (DNA fragments 3aibR1
to 3aibR18, Supplementary Table S3) revealed the influence of each nucleotide in binding to the AibR/IV-CoA
complex (Figure 3A). Thirteen residues were found to be
of importance for binding to AibR/IV-CoA by exhibiting
either major or minor effects upon mutation. Major effects
were observed after mutation of residues A5 or G8 (resulting in unstable, smeary complex formation), after mutation

of T10 (decreased shift) and after mutation of G12 (completely abolished complex formation). Mutations of nine
additional residues led to a decreased affinity as the shift
was not quantitative when compared to the wild-type fragment.
The affinity of the AibR/IV-CoA complex for this operator sequence was determined with MST and EMSA analyses. Whereas MST with a Cy5-labeled 21-bp DNA molecule
bound with relatively low affinity (KD = 2.3 M ± 0.85
M, Supplementary Figure S1), EMSA assays using a 40bp segment revealed approximately 10-fold tighter binding
at KD = 233 nM ± 20 nM (Figure 3B and Supplementary Figure S5A). A similar value was obtained with a fragment of approximately 190 bp. Although these results may
be difficult to compare, these observations indicate that the
affinity of AibR/IV-CoA toward longer DNA molecules is
higher than to minimized fragments around the operator
sequence.
A first search for additional copies of the AibR recognition sequence in the Myxococcus xanthus DK1622 genome
revealed two additional loci in intergenic regions that have
similar palindromic sequences and contain the important
bases at positions 5, 8, 10 and 12, suggesting that the respective downstream genes may be controlled by AibR (see
Supplementary Table S4). Noteworthy, one of these genes
(mxan 3791) encodes for a putative acetyl-CoA acetyltransferase that most likely catalyzes the formation of
acetoacetyl-CoA, one of the substrates of MvaS in AIB
(Figure 1). Specific binding of AibR to the putative promoter region of mxan 3791 could indeed be demonstrated
by EMSA analysis using DNA fragment P3791 (Figure 3C
and Supplementary Figure S5B).
Taken together, these experiments reveal that AibR requires IV-CoA to interact with an 18-nt near-perfect inverted repeat in the 5 -region of the AIB-operon, of which
most of the nucleotides 1–17 contribute to AibR binding.
This sequence motif is also found in at least one further locus of the Myxococcus xanthus genome, providing first indications that the AibR regulon extends beyond the AIBoperon itself.
Structural insights into IV-CoA binding and specificity
To address atomic details of IV-CoA binding, we determined the crystal structure of AibR without and in complex
with IV-CoA to 1.7 Å and 2.35 Å resolution, respectively.
The ligand-free form crystallized in space group P21 and
the complex in P61 with two chains in the asymmetric unit.
According to the large interaction surface of 2440 Å2 (16
900 Å2 total surface area), AibR is a dimer, consistent with
other TFRs and the apparent molecular weight observed
in size exclusion chromatography. The interaction of both
monomers is mainly hydrophobic and mediated by residues
from helix ␣8 and ␣9. The AibR monomer possesses the
typical TFR architecture characterized by nine ␣-helices,
arranged in an N-terminal DNA-binding domain (␣1–␣3)
connected via helix ␣4 with the larger C-terminal ligandbinding domain (␣4–␣9). The electrostatic surface potential of the DNA binding domain is predominantly positive,
a feature important for the interaction with the phosphate
groups of the DNA backbone (Supplementary Figure S6).
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A showed binding with KD s of 0.99 ± 0.35 M and 5.8 ±
1.51 M, respectively (Figure 2A and Supplementary Figure S1, S2A–C). In order to demonstrate that IV-CoA and
not CoA or IVA binds AibR, we also measured interaction
with these molecules. Neither CoA nor IVA bound, demonstrating the specificity of AibR for IV-CoA (Figure 2B and
2C).
Since transcriptional start sites of the AIB-operon are
not known, we used amplified HEX-labeled DNA fragments of the M. xanthus DK1622 genome spanning upstream intergenic- and downstream regions of the annotated start codons of genes aibR, aibA, aibB, aibC and mvaS
(mxan 4263 to mxan 4267) in initial EMSA assays with
AibR. The DNA fragments were assigned PaibR, P4264,
P4265, P4266 and P4267 ( = putative promoter regions of
the respective mxan-genes; Figure 1). In the absence of AIBpathway intermediates, no binding of AibR to these DNA
fragments was observed even in presence of a 1000-fold molar excess of the regulator protein (Supplementary Figure
S3A). In a second series of EMSA assays, PaibR was incubated with AibR in presence of various ligands (Supplementary Figure S2D). Here, we indeed observed binding of
AibR in the presence of IV-CoA as indicated by a clear shift
in the gel retardation assay (Figure 2A). This shift was not
observed with any of the other DNA fragments mentioned
above (Supplementary Figure S3B), corroborating the hypothesis that AibR interacts with a specific DNA sequence
in the putative promoter region PaibR, but only in the IVCoA bound state.
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The AibR dimer contains two IV-CoA binding sites
that are independent of each other and span over both
monomers (Figure 4A). These ligand binding sites can be
divided into a solvent-exposed charged site interacting with
the adenine moiety and a buried and hydrophobic pantothenate and isovalerate binding pocket (Figure 4B and
C). The adenine moiety interacts with the backbone carbonyl atoms of Lys175 and Val180, residues located in a
loop connecting helix ␣8 and ␣9. The phosphate groups
are hydrogen-bonded to Lys175 and Lys132* (* indicating the second monomer), whereas the pantothenate part
is fixed by Lys172, Trp169 and a water molecule interacting with Lys131*. The isovalerate head group points into
a hydrophobic pocket that is perfectly shaped to interact
with IV-CoA and is formed by Phe72*, Leu100*, Val101*,
Val109*, Ile112*, Leu113*, Tyr134* and Leu168* (Figure
4C and D).

Isovaleryl coenzyme A induces an open and flexible state essential for DNA interaction
In order to track conformational changes and signal transduction upon IV-CoA and DNA binding (Figure 5A), we
also determined the structure of AibR/IV-CoA in complex with a 16-bp DNA fragment of the AibR recognition
sequence to 2.92 Å resolution. Different DNA constructs
were used for crystallization, but only a perfect palindromic
16-bp fragment yielded well-diffracting crystals (nt 2–17 of
the 18-bp inverted repeat, in which guanosine 9 has been exchanged by adenine, Figure 3A). The complex crystallized
in space group I422 with two homodimers and one DNA
duplex in the asymmetric unit. At first sight, two homodimers seemed to interact with two different positions of the
same single double-stranded DNA molecule. However, in
the course of refinement, we observed additional difference
electron density for four base-pairs at one end of the double helix, indicative of the presence of a second alternative,
partially shifted position of the 16-bp DNA molecule in the
asymmetric unit. Therefore, we ultimately refined the structure by placing two partially occupied 16-mer DNA double
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Figure 3. Binding of the AibR/IV-CoA complex to dsDNA in EMSAs. (A) Effect of single nucleotide mutations within the operator sequence. The sequence
of DNA fragment 3aibRwt is shown at the top, the 18 nucleotides of the near-perfect inverted repeat (1-18) have been underlined. Red and blue indicate a
strong and medium effect on the affinity toward AibR/IV-CoA. (B) Determination of the binding affinity of the AibR/IV-CoA complex and the operator
sequence. Plot of bound labeled DNA versus the concentration of AibR/IV-CoA. Error bars were calculated from three independent assays. The calculated
KD based on the curve-fit is 233 nM ± 20 nM (R2 = 0.983). (C) Identification of an additional locus putatively regulated by AibR. EMSA assay using
Cy5-labeled DNA fragments aibR8 and P3791 (left). For details, refer to the Materials and Methods section.
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strands as alternative conformations shifted and rotated by
4 base-pairs. With this, both AibR homodimers show the
same base specific interactions, as they do not interact with
only a single DNA double helix on opposite sites, but rather
with two partially occupied DNA molecules contained in
the protein crystal. The crystal lattice is built by protein–
protein contacts only and no contacts are observed between
the DNA strands, which may explain the partial occupancy
of the two DNA double strands (Supplementary Figure S7).
The ligand-free form and the IV-CoA complex of AibR
superimpose with an rms deviation of 1.216 Å over 4018
atoms. Interestingly, the two DNA binding domains are separated by 42.7 Å in the apo form and by 45.2 Å (between
Tyr51 of each subunit) in the IV-CoA complex, which is
not compatible with the gap of two consecutive DNA major
grooves (Figure 5B) (16).
Major changes between the two structures involve movements of helix ␣1, ␣2, ␣4 and ␣6, mainly mediated by
His114. This residue is located in the ligand-binding site
and moves approx. A total of 10 Å upon IV-CoA binding to
form a hydrogen bond with Tyr171 (Figure 5C). As a consequence, helix ␣6 elongates, leading to interruption of the
hydrogen-bonding network created by Arg24, Lys107 and
Glu108 and subsequently resulting in higher flexibility of
␣1 (Figure 5D). Additional hydrophobic repulsions and the
movement of Phe72, a residue that blocks the active site in
the apo from of AibR, push helix ␣4 outward and result in
additional flexibility of ␣1 via the disruption of a salt bridge
formed by Arg16 and Glu74 (Figure 5E).
In contrast to the IV-CoA-bound structure, the IV-CoADNA complex shows a condensed and rigid structure perfectly suited to interact with DNA. Helix ␣4 and ␣7 move
toward the centre of AibR and ␣6 unfolds at the end
to enable an interaction of His114 and Tyr171 of both

monomers (Figure 5C). Helix ␣1 is stabilized in its new position through the interaction of Glu28 and Lys107 (Figure
5D). With this, Arg29 (␣1) is now able to hydrogen-bond
to Glu38 (␣2) and stabilize the position of ␣2 (Figure 5F).
These movements lead to a closed conformation and the reduction of the gap between the two DBDs from almost 45.2
to 36.2 Å (distance between Tyr51 of both DBDs).
Further, IV-CoA shows a slightly different binding mode
in the AibR/IV-CoA/DNA complex when compared to the
structure without DNA. It binds in a different conformation, but the interactions with the protein remain almost
identical. The only exception is Lys131 that directly contacts the pantothenate part of IV-CoA (Figure 6A). This
seems to be a consequence of the transition between the
highly flexible IV-CoA and the rigid and condensed IVCoA-DNA complex.
Together, the three structures show that IV-CoA binding
renders the rigid apo form flexible, which enables proper reorientation of the DNA binding domain to interact with
the operator sequence. DNA-binding then rigidifies AibR
again.
Lys47 and Tyr51 are important for specific DNA sequence
recognition
After DBD repositioning, helix ␣2 and ␣3 directly contact
the phosphate backbone and specific bases. Both monomers
show the same interactions with the DNA, hence only
monomer A is discussed in this paragraph. In more detail,
interactions with the DNA backbone appear between the
guanidinium group of Arg14 and the phosphate group of
cytosine 2, the hydroxyl group of Ser35 and the phosphate
group of cytosine 11, the backbone amide of Met36 and the
phosphate group of guanosine 12 and the hydroxyl group of
Thr46 with the phosphate group of cytosine 2. Additional
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Figure 4. Structural insights into IV-CoA binding and specificity. (A) Overall structure of the AibR and IV-CoA complex. The difference electron density is contoured at 3. (B) Surface charge distribution of the solvent-exposed CoA binding site (calculated by using PDB2PQR (49,50)). (C) View into
the hydrophobic IV-CoA binding pocket. (D) Entire interactions between AibR and IV-CoA. All molecular presentations were generated using PyMol
(Schrödinger) (51).
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hydrogen bonds with phosphate groups of the DNA are
formed by the phenol moiety of Tyr51 and guanosine 13,
the imidazole side chain of His53 and cytosine 2 and between the backbone amide and the ⑀-amino group of Lys57
with guanosine 12 and 13, respectively (Figure 6C and D).
In contrast, only two amino acid side chains are responsible for base-specific contacts. Here, the ⑀-amino group of
Lys47 forms two hydrogen bonds to O6 of guanosine 12
and 13, whereas Tyr51 is involved in CH- interaction with

the methyl group of thymine 14. The C7 carbon atom is
oriented perpendicular to the phenol moiety of Tyr51 and
shows a distance of 3.7 Å, perfectly suited for such an interaction (Figure 6B and D) (39). Taken together, AibR utilizes
seven amino acids in DNA backbone interactions and only
two in direct base specific contacts.
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Figure 5. Comparison of apo, IV-CoA and IV-CoA and DNA bound AibR. (A) The apo structure (grey) represents the ‘off state’ of AibR where AIBrelated genes are transcribed. IV-CoA binding results in a highly flexible intermediate (orange) that enables repositioning of the DNA binding domains
to interact with the consensus sequence in the ‘on state’ (green). (B) Overall comparison of apo AibR (grey), IV-CoA (orange) and IV-CoA and DNA
bound AibR (green). The distance between the DBDs was calculated using the position of Tyr51. (C) His114-mediated shift of ␣6 (‘ indicates apo-AibR).
(D) Disruption of the Arg24/Lys107/Glu108-generated hydrogen-bonding network (IV-CoA and IV-CoA-DNA complex) leads to interaction of Glu28
(‘indicates the IV-CoA-DNA complex) and Lys107 (IV-CoA-DNA complex) as a result of IV-CoA and DNA binding. (E) Disruption of the interaction
between Arg16 and Glu74 upon IV-CoA binding. (F) Interaction between Arg29 and Glu38 in the IV-CoA-DNA complex.
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DISCUSSION
IV-CoA is an important metabolite in myxobacteria, since
this molecule is a widely used building block in many cellular processes (3–7). This finding is mirrored in the presence of an alternative biosynthetic route that has only recently been characterized (10,11). IV-CoA generation must
be properly controlled to maintain and provide sufficient
levels during bacterial development. In this study, we have
elucidated molecular details of the transcriptional regulation of AIB in Myxococcus xanthus. The system is regulated by AibR, a TetR-like transcription factor. Although
the overall structure of TFRs is highly similar, the chemical identity of interaction partners, the signal transduction
mechanism upon ligand binding and the specific DNA sequence recognition show significant differences within this
family. We identified IV-CoA as small effector molecule of
AibR and determined the KD as 0.99 M ± 0.35 M. Compared to other TetR-like regulators, IV-CoA binds with unusually weak affinity. Typically, these affinities lie in the
lower nanomolar range, which is a prerequisite to immediately respond to very low concentration of antibiotics or environmental changes by enabling rapid transcription of resistance machineries or other enzymes (17). Although TetRligands typically act agonistically, IV-CoA in the AibR/IVCoA system functions as an antagonist that represses transcription in the effector-bound state and enables IV-CoA
biogenesis in the ligand-free form, as shown by EMSA and
MST analysis. This fact may explain the relatively weak
binding affinity, as a certain level of IV-CoA is mandatory for the cell and thus the pathway is not shut down
at low concentrations of the molecule. We identified an 18-

nt near-perfect inverted repeat containing a two nucleotide
spacer as the AibR binding site, in which most of the nucleotides 1–17 are important to mediate binding. Similar inverted repeats are often found in TetR-like regulatory systems and differ not only in sequence and length, but also
in spacer composition. RutR (40), for example, binds to an
inverted repeat separated by 5 bp, whereas HrtR or TetR
interact with palindromic sequences separated by only one
nucleotide (39,41).
Further, we identified an additional locus that the
AibR/IV-CoA complex interacts with, although with lower
affinity. This is most probably the consequence of a nucleotide exchange at position 14, a base directly involved in
AibR binding (Figures 3A and 6B). In aibR8, position 14 is
occupied by thymine whose methyl group is involved in CH interaction with Tyr51. In the novel locus, mxan 3791, the
thymine is replaced by adenine such that it is no longer able
to establish this interaction.
Mxan 3791 codes for a putative acetyl coenzyme A
acetyltransferase (42). These enzymes catalyze the condensation of two acetyl-CoA molecules to generate acetoacetylCoA. Interestingly, acetoacetyl-CoA is one of the two substrates of MvaS, a 3-hydroxy-3-methylglutaryl-CoA synthase involved in the first step of AIB (Figure 1; (3,10)). Although Mxan 3791 did not appear to be up-regulated under
leucine limiting conditions (10), we propose a role in AIB by
providing one of the two substrates for the first enzyme of
the pathway.
In order to provide detailed structural insights into
effector binding, signal transmission and DNA interaction, we determined the structure of AibR in the ligand
free, the IV-CoA and IV-CoA/DNA-bound form. TFR
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Figure 6. Interactions of AibR with IV-CoA and with the operator. (A) Interactions between AibR and IV-CoA (* indicates the second monomer). (B)
Interactions of Lys47 and Tyr51 with G12, G13 and T14. (C) Protein–phosphate backbone interactions (* indicates the second strand). (D) Schematic
representation of AibR-DNA interactions. Blue arrows indicate base-specific and red arrows phosphate backbone contacts. Only one half of the DNA is
shown for clarity.
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In contrast to most other family members, the affinity of
233 ± 20 nM of the AibR/IV-CoA complex to the operator sequence is relatively low. TetR and HrtR, for example,
bind their operator sequences with a KD of 0.2 nM, indicating that tight and strong binding is important for their
function. It has been stated that these strong interactions
enable constant binding to the respective DNA sequences
and lead to tight repression of transcription (39,41). It is
therefore attractive to speculate that AibR does not block
the transcription of AIB completely but rather establishes
a leaky system that constantly produces small amounts of
this molecule.
In this study, we were thus able to also shed light into the
in vivo regulation of the AIB-operon by AibR and identified the putative acetyl-CoA acetyltransferase (mxan 3791)
to potentially belong to the AibR regulon. Interestingly,
AIB involves the dehydratase LiuC, which is not encoded
in the AIB-operon. LiuC acts at a branching point between
isoprenoid and alternative IV-CoA production (Figure 1).
It has been shown that liuC is not up-regulated in leucine
degradation deficient bkd− mutants, indicating that it is
not controlled by AibR, and it has been stated that this
might be important to maintain equilibrated partitioning
of HMG-CoA between IV-CoA biosynthesis and mevalonate production (10,11). Therefore, since MvaS, the enzyme acting before LiuC, is part of the AIB-operon and under control of AibR, LiuC might not be regulated at the
transcriptional level but rather by the activity of MvaS. Besides the AibR/IV-CoA system, exploring the regulatory
role of LiuC might add further insight into our understanding of myxobacterial IV-CoA production.
In summary, our data suggest that the AibR/IV-CoA
system controls AIB in an unusual TFR-like manner by
repressing the transcription of genes located in the AIBoperon in the ligand-bound state (16,37). We propose that
under non-starving conditions, IV-CoA is produced by
leucine degradation, binds to AibR and blocks transcription of AIB-genes. As soon as the IV-CoA concentration
drops below a certain threshold, IV-CoA diffuses from
AibR. As a consequence, His114-mediated conformational
rearrangements occur, leading to reduced affinity for the operator sequence and finally to de novo IV-CoA production.
ACCESSION NUMBERS
Diffraction data and coordinates have been deposited in the
Protein Data Bank under accession code 5K7F (AibR apo),
5K7H (AibR/IV-CoA complex) and 5K7Z (AibR/IVCoA/operator DNA complex).
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Supplementary Data are available at NAR Online.
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members respond to a broad spectrum of effectors; small
molecules such as uracil, more complex substances like
ethidium, fatty acids or different CoA-derivatives have
been identified in this regard (39,42–44). IV-CoA as the
effector of AibR shows a binding mode that is similar to HIP-CoA (3a␣-H-4␣(3 -propanoate)-7a␤-methylhexahydro-1,5-indanedione-CoA), the ligand of Mycobacterium tuberculosis regulator KstR2 (45). Interestingly, the
co-crystal structures of KstR, another mycobacterial regulator, in complex with 3OCh- (3-oxocholest-4-en-26-oyl) and 4-BNC-CoA (3-oxo-23,24-bisnorchol-4-en-22-oylCoA) revealed different binding modes of these CoAderivatives compared to AibR. In this protein, the CoAbinding pocket is located on the opposite site of the protein and interacts with only one monomer, again showing
the diversity of TFR members (Supplementary Figure S8;
(46)).
IV-CoA binding shifts His114 out of the binding site
to hydrogen-bond with Tyr171. This shift induces the disruption of the hydrogen bonding networks between Arg24,
Lys107 and Glu108 and Arg16 and Glu74, both connecting the LBD and the DBD in the apo form. This loss of hydrogen bonds leads to a transition of the rigid and slightly
opened apo form to the highly flexible and widely opened
IV-CoA-bound intermediate state. The induced flexibility
is a prerequisite for proper positioning of the DNA binding domain with respect to the major groove of the cognate
operator sequence. The complex with IV-CoA and DNA
appeared rigid and closed again, mainly as a consequence
of the direct interaction of helix ␣2 and ␣3 with the DNA
backbone and with specific bases. Further, the hydrogen
bonds between Glu28 and Lys107 and Arg29 and Glu38
connecting ␣1 with ␣6 and ␣2 provide stabilization of the
operator complex. This mode of signal transduction upon
effector binding is similar to TetR, characterized by a partial unfolding of helix ␣6 and a pendulum-like movement of
helix ␣4. However, in contrast to IV-CoA and AibR, tetracycline binding leads to a widening of TetR, reduction in
DNA affinity and consequently gene transcription (16).
Besides the different effector interactions and signal
transduction mechanisms, the interaction with DNA also
differs among TetR family members. TetR itself uses all
residues of ␣3 for specific base-pair recognition, whereas
CprB from Streptomyces coelicolor and QacR from Staphylococcus aureus use only four amino acids (41,47,48). Based
on our complex structure of AibR/IV-CoA with DNA and
EMSAs with clustered and single mutations of the 18-nt
near-perfect inverted repeat, base-specific interactions are
mediated between Lys47 and Tyr51 and the bases G12, G13
and T14. These bases, specifically G12, are particularly important for DNA interaction, since mutation in this region
led to an almost complete loss of DNA affinity (Figure
3A and Supplementary Figure S4B). Similar contacts have
been observed for HrtR, a regulator involved in heme homeostasis in lactococci (39). This TFR member uses Arg46 and
Tyr50 in a pairwise interaction for specific interactions with
G11 and T12. Interestingly, AibR’s Tyr51 CH- interaction
with T14 is also observed for Tyr50 and T12 in HrtR. AibR
is therefore the second TetR-like protein using this type of
interaction.
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