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Abstract AbrB is a global regulator of transition state

that is known to repress more than 100 genes in Bacillus

species. Although AbrB is involved in the regulation of

most cellular processes, a conserved binding motif seems

to be elusive. Thus, the mechanism of AbrB-mediated

transcriptional control is still unclear. In our previous work

we identified two separate AbrB-binding sites within

phytase gene region (phyC) of Bacillus amyloliquefaciens

FZB45, whose integrity is essential for repression. Com-

parable architecture of AbrB-binding sites is also described

for tycA that encodes an antibiotic synthesis enzyme.

Considering the size of the AbrB tetramer (56 kDa) and

other AbrB binding motifs (*20 to 98 bp) we hypothe-

sized preferred binding positions within both AbrB sites of

phyC that exhibit higher affinities to AbrB. Thus, we used

surface plasmon resonance (SPR) to study the binding

kinetics between AbrB and 40-bp ds-oligonucleotides that

were derived from both binding sites. Surface plasmon

resonance sensorgrams revealed strong binding kinetics that

showed nearly no dissociation and positive cooperativity of

the AbrB-DNA interaction to the whole AbrB-binding site 2

and to a small part of AbrB-binding site 1. Using chemically

modified DNA we found bases contacting AbrB mainly at

one face of the DNA-helix within a core region separated by

one helical turn each. High content of modified guanines

presented in the control reaction of the KMnO4 interference

assay indicated distortion of the DNA-structure of phyC.

In vitro transcription assays and base substitutions within the

core region support this idea and the cooperativity of AbrB

binding.

Keywords AbrB � Protein–DNA interaction � Biacore �
Chemical interfereces � Phytase � Bacillus

amyloliquefaciens

Introduction

Soil-dwelling populations of Bacillus subtilis and its clos-

est relatives undergo permanent changes in its environment

that demand a fast adaptation to the specific situation to

ensure survival. The stage in which the cell decides about

an appropriate response to a given environmental stress is

called the transition state. This state is controlled by dif-

ferent transcription factors, called transition-state regula-

tors (TSRs). The best-analyzed key TSR, AbrB (antibiotic

resistance protein B), represses more than 100 genes in

B. subtilis and is involved in most of the pathways that

ensure survival and bypass nutritional deficiencies (Strauch

and Hoch 1993; Phillips and Strauch 2002). Despite

numerous studies, the nature of the DNA-AbrB interaction

is still elusive. AbrB interacts specifically with numerous

DNA targets, but no general consensus sequence for AbrB

binding sites could be determined that suitable details

binding mechanism. Therefore, it was hypothesized that

AbrB prefers certain specific three-dimensional structures
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of the DNA-helix (Phillips and Strauch 2002; Bobay et al.

2004, 2006) rather than a specific sequence. However, the

recognition sites of AbrB within the cognate promoters

vary strongly in their sizes which range from 19 bp

(Strauch 1995a) to 175 bp (Makarewicz et al. 2008) as well

as their binding affinities. Recent studies showed that AbrB

and its homologous Abh bound to hundreds of sites within

the Bacillus genome (Chumsakul et al. 2010). Thereby

58% of the binding sites were determined within the coding

regions indicating its possible role in the nucleoid archi-

tecture. Moreover, AbrB form heteromers with Abh

expanding its range of efficacy. Since homologs of AbrB

are widely distributed in bacterial species (Strauch et al.

1989; Klein and Marahiel 2002; Bobay et al. 2004) it is of

major interest to understand both the specific and general

binding mechanisms of this class of DNA-binding proteins.

AbrB binds to DNA as a tetramer via its N-terminal

domains (Xu and Strauch 2001), which show a swapped-

hairpin motif that is related to double-psi beta barrels

(Coles et al. 2005). Based on NMR and mutational data a

DNA-AbrB binding model could be computed (Bobay

et al. 2005) indicating that AbrB might interact with bent

target DNA. Indeed, DNA promoter sequences, to which

AbrB binds, possess a high AT content, but only some have

an intrinsic bend in their structure (Strauch and Ayazifar

1995; Strauch 1995a). Therefore, bending is not a condi-

tion prerequisite to binding of AbrB.

In our previous studies, we identified the phyC gene of

Bacillus amyloliquefaciens FZB45 as being repressed by

AbrB (Makarewicz et al. 2008). PhyC becomes activated

during phosphate starvation (Makarewicz et al. 2006) and

encodes an extracellular enzyme (phytase) hydrolyzing

phytic acid, thereby releasing phosphates (Powar and

Jagannathan 1982). Using DNase I footprinting we identified

two distant regions, covering 175 and 125 bp within the

phyC-promoter that are essential for the AbrB-mediated

repression in vivo as well as in vitro. We demonstrated that

integrity of both sites is crucial for the function of AbrB

(Makarewicz et al. 2008) indicating a cooperative mecha-

nism of AbrB-mediated repression. Until now, only one

gene, tycA, was described to possess comparable properties

and structure of AbrB-binding sites (Furbass et al. 1991;

Furbass and Marahiel 1991). However, considering the

huge amount of targets bound by AbrB and the relatively

small number of genes that have been investigated to date,

we cannot exclude that a cooperative binding mechanism

of AbrB might also play a role in transcriptional regulation

of some genes.

Here, we analyzed the binding properties of AbrB with

parts of both binding sites, previously identified for the

phyC-region by surface plasmon resonance (SPR). To the

best of our knowledge these are the first studies to analyze

the real-time kinetic of the AbrB-DNA interaction. Surface

plasmon resonance is a powerful technique to study pro-

tein/protein and protein/DNA interactions under aqueous

conditions in real-time. By applying this technique, we

found that different parts of the AbrB-binding sites within

the phyC regions possess different behavior toward the

protein. Chemical interference footprints allowed us to

predict the bases contacting AbrB within the AbrB-binding

site 1 (ABS1) indicating a core region with high affinity

and cooperativity toward AbrB. In vitro transcription using

wild type promoter DNA and fragments substituted within

ABS1 in presence of AbrB confirmed these findings.

Materials and methods

Cloning

The expression plasmids pAbrB and pAbrBQ81K were

constructed as previously described (Makarewicz et al.

2008). To construct the plasmid pAbrB55 that encodes a

truncated AbrB protein of 55 amino acids (additionally the

His-tag of 20 amino acids) the plasmid pAbrB was mutag-

enized using the QuikChange XL Site-Directed Mutagenesis

Kit (Stratagene) and the primer pair AbrB55for and Abr-

B55rev (Table 1) according to manufacturer’s protocol.

Prior to the construction of the nucleotide substitutions

in the AbrB binding site 1 of the phyC-promoter the PCR-

product of primers Sn4 and OM09 ranging from -392

to ? 221 was amplified and cloned into pGEMT

(Promega). This plasmid pSN1 was mutagenized using the

QuikChange XL Site-Directed Mutagenesis Kit (Strata-

gene) and the primer pairs Sn43-1for/Sn34-1rev and Sn34-

2for/Sn34-2rev yielding plasmid (Table 1) pSN34-1 and

pSN34-2, respectively. All the plasmids were confirmed by

sequencing.

Protein expression and purification

Plasmids pAbrB, pAbrBQ81K, and pAbrB55 were

expressed in E. coli BL21. Purification of the proteins was

performed as previously described (Makarewicz et al.

2008). Protein concentrations were determined using

NanoDrop ND2000 (Peqlab Biotechnologie) at 280 nm.

Purity of the proteins was analyzed by SDS-polyacryl-

amide electrophoresis. The tetrameric state of AbrB and

the dimeric state of AbrBN were proven by analytical gel

filtration on a SuperdexTM 75 column (ÄKTA GE Healthcare,

data not shown).

Lysozyme from chicken egg white used as unspecific

protein was purchased from Sigma-Aldrich. The histidine

kinase PhoR, the response regulator PhoP (Makarewicz

et al. 2006) and RNA-polymerase (Fujita and Sadaie 1998)

were purified as described previously.
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Double-stranded oligonucleotides

Forty-mer single-stranded complementary oligonucleotides

were obtained from Eurofins MWG Operon (Germany). The

40-mer oligonucleotides capture the AbrB-binding sites 1

(ABS1) and 2 (ABS2) and overlap by 20 bp. The comple-

mentary strands were dissolved in water to obtain 100 lM

stock solutions and mixed 1:1. To produce double-stranded

DNA the oligonucleotides were denatured three times at

96�C for 5 min and annealed at room temperature. The

qualities of the ds-oligonucleotides were analyzed on a 10%

TBE-acrylamide gel. The ds-oligonucleotides derived from

ABS1 were named U1 to U8 and from ABS2 D1 to D5.

The template for in vitro transcription was amplified

using primers F2for and Om09 yielding a product of

326 bp and a transcript of 221 bases (Makarewicz et al.

2008). ABS1 (-371 to -185) was amplified using Sn3 and

Sn4 primers (Table 1) from chromosomal DNA of the wild

type B. amyloliquefaciens FZB45 and the plasmid pSN34-1

and pSN34-2. All sequences were purified using the Nu-

cleoSpin Extract II Kit (Machery-Nagel) according to the

manufacturer’s instructions.

Immobilization of the proteins on CM5 chip

Initially the research-grade CM5 sensor chip (Biacore, GE

Healthcare) was conditioned three times by sequential

injections of 10 mM HCl, 50 mM NaOH and 0.1% (w/v)

SDS for 10 s at flow rate of 100 ll/min. Finally, the CM5

chip was primed three times with running buffer (10 mM

sodium acetate, pH 5, 150 mM NaCl) to remove the rest

of the conditioning reagents. The amine-coupling reagents

(N-ethyl-N0-(3-dimethylaminopropyl) carbodiimide (EDC),

N-hydroxysuccinimide (NHS), and ethanolamine HCl) were

purchased from Biacore (GE Healthcare). Immobilization

of the proteins to the CM5 sensor chip was performed by

the standard primary amine coupling reaction according

to the Biacore (GE Healthcare) manual. The proteins to be

covalently bound to the matrix were diluted in 10 mM

sodium acetate buffer (pH 5) to a final concentration of

10 ng/ll (0.7 lM AbrB, 1.2 lM AbrBN, and 0.65 lM

lysozyme) and 30 ll were applied on the activated chip at a

flow of 10 ll/min. In total 8,679 resonance units (RU) of

full-length AbrB were coupled at flow cell 4 (Fc4),

6,638 RU of the truncated AbrBN at Fc3 and 3,289 RU of

lysozyme at Fc2. Assuming that 1,000 RU correspond to a

charging of 1 ng/mm2 and considering the molecular

weight and polymeric forms of the proteins these RU

yielded a molar charging of 0.16 pmol/mm2 of AbrB tet-

ramer, 0.39 pmol/mm2 of AbrBN dimer and 0.23 pmol/

mm2 of lysozyme. Flow cell 1 was untreated and used as

blank. Equilibration of the baseline was completed by a

continuous flow (50 ll/min) of running buffer through the

chip for 1 h.

Surface plasmon resonance measurements

Interaction analyses were performed using Biacore 3000

optical biosensor equipment (Biacore, GE Healthcare). All

Biacore data were collected at 25�C and a constant flow of

50 ll/min. Before use, all buffers were filtered through a

0.2 lm membrane and degassed by sonification for 10 min.

Prior to data collection, various buffer conditions were

tested with reference to a stable base line as well as several

methods for surface regeneration after ligand binding.

A sloping base line was observed under physiological

conditions indicating dissociation of the polymeric state.

The proteins showed no significant dissociation in 10 mM

sodium acetate (pH 5.5) and 150 mM NaCl as a running

buffer. This is in accordance with the observed in vivo

activation of AbrB under low pH conditions of the medium

that caused reduction of cytoplasmic pH due to re-diffusion

of protonated acetate and the ionization within the cell

(Cosby and Zuber 1997).

Table 1 Primers used in this

study; substituted bases are

underlined

The position of the primer pair

for amplification of abrB is

indicated relative to translation

start

Primer Sequence 50?30 Position relative to

transcription start

Om09 ATTCTTGGGATCCAGCCAAATCG ?199 to ?221

Sn3 TATTCTATTAATCGGATAAAGCG -208 to -185

Sn4 GCGTTTTACTATTTGGCTTCC -392 to -371

F2for AATATTTGCTCACGTCAATTTTTTTTCTCC -104 to -75

F2rev GTGTTTTTGAATGATTCATTTTCCTTCC ?13 to ?44

F3rev GTGATAAGGATCAGACAGCTTATGC ?107 to ?131

Sn43-1for TGGCGGAGCCTCCAACTCTCGTTTCTCTACC -291 to -261

Sn34-1rev TGGAGGCTCCGCCATGCCTAAACAGCAAGC -307 to -277

Sn34-2for TTTCTCTAGGCTGCATCATATGTTGAACAATTTCAG -270 to -235

Sn34-2rev ATGATGCAGCCTAGAGAAACGAGAGTTGGAGG -283 to -252

AbrB55for CCAAACATGACTTGCCAATAAACTGGTGAAG ?152 to ?182

AbrB55rev CTTCACCAGTTTATTGGCAAGTCATGTTTGG ?152 to ?182
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An injection of 10 ll of 500 mM NaCl and 0.1% Tween

20 in the running buffer efficiently (99.37%) removed the

bound ds-oligonucleotides and preserved the binding

capacity of sensor chip surface (Supplementary Material 1

D). The AbrB-surfaces were stable for at least hundred

binding and regeneration cycles. The reconstitution was

performed by injection of 30 ll of 0.5 lM protein at a flow

rate of 10 ll/min (Supplementary Material 1 C). The chip

was washed and primed three times with running buffer.

Before continuing the measurement U3 ds-oligonucleotide

that yielded the highest signals was injected at three dif-

ferent concentrations to control the signal quantity.

The ds-oligonucleotides were diluted in running buffer

and sequentially injected over the immobilized proteins at

different concentrations (5–100 nM) (Supplementary

Material 1 D). The unloaded flow cell 1 was used as ref-

erence and was subtracted from all raw data. The sensor-

grams of one series of measurements were transformed

vertically to the baseline (as zero) before injection.

Computation of thermodynamics

The SPR data were first analyzed in relation to different

binding models using the BIAevaluation 3.1 software

package. Unfortunately, it was not possible to get any

satisfactory results for globally fitting association and dis-

sociation phases, simultaneously. Therefore, it was only

possible to evaluate the thermodynamical parameters. The

resonance units at the steady-state were plotted against the

analyte concentration and the resulting data were fitted

using BIAevaluation 3.1 software. The curves were fitted to

the Langmuir equation (1) or the 4-parameter equation (2):

1

Req

¼ 1

Rmax

þ K

Rmax½oligo� ð1Þ

Req ¼
Rhi � ðRhi � RloÞ

1þ ð½oligo�A�1
1 Þ

A2
ð2Þ

where Req is the SPR signal at equilibrium for the given

concentration of analyte [oligo], Rhi represents the maxi-

mum signal at an infinite x-value, that corresponds to Rmax.,

Rlo is the intersection with the ordinate; A1 and A2 are two

fitting constants, whereas A1 corresponds to macroscopic

dissociation constant KD.

The apparent dissociation constants Kapp were also

derived from Hill-plots at steady-state.

log
R

Rmax � R

� �
¼ nH log½oligo� � log Kapp ð3Þ

where R is the instrument response at given oligonucleotide

concentration [oligo], Rmax is the maximum response

obtained from the fitting curves and nH is the Hill-coeffi-

cient, describing the cooperativity.

For simple binding reaction Kapp constant is identical to

KD. In case of a cooperative system Kapp stands for a

microscopic constant, which represents the concentration at

which ligand occupies half of the binding sites.

Chemical interference footprints

Radioactive 50-labeling of the DNA-fragments corre-

sponding to the AbrB-binding sites 1 and 2 of phyC were

performed as described previously (Makarewicz et al.

2008). For ABS2 primers F2for and F3rev were used

resulting in a DNA-fragment extending from -26 to ?130.

The ABS1 was amplified using Sn4 and Sn3 primers

yielding a fragment ranging from -392 to -185.

Labeled DNA was modified by KMnO4 and NH2OH

as described previously (Rubin and Schmid 1980). For

dimethyl sulfite (DMS) modification, labeled DNA was

dissolved in 200 ll DMS-buffer (50 mM Na-cocodylate,

pH 7.0, 1 mm EDTA) and 14 ll calf thymus DNA (10 mg/

ml) and 1 ll DMS were added and the mixture was incu-

bated at 30�C for 4 min. The methylation was stopped

by adding 50 ll G-buffer (1.5 M Na-acetate, pH 7.0, 1 M

b-mercaptoethanol, 0.25 g/l tRNA from yeast and 1 mM

EDTA) and samples were precipitated with 1 ml 98%

ethanol at -20�C for at least 1 h. After centrifugation (4�C,

15 min) pellets were dissolved in 100 ll 0.3 M Na-acetate,

precipitated with 1 ml ethanol again and finally resus-

pended in deionized water. Modified DNA (50,000 cpm)

was subjected to AbrB-binding and a preparative EMSA.

The binding assay was performed as described previously

(Makarewicz et al. 2008) using an AbrB-protein concen-

tration (determined experimentally) at which half of the

DNA was bound. The bound and unbound DNA-bands

were cut out and extracted from the gel by diffusion in

E-buffer (50 mM TrisHCL, pH 8.0, 10 mM EDTA, 0.15 M

NaCl). After addition of 1/10 volumes of 3 M Na-Acetate

(pH 5) the eluted DNA was precipitated by three volumes

of ethanol (98%). DNA was resuspended in 100 ll

deionized water. DNA samples (100 ll) and protein-free

DNA-fragments (100 ll) as controls were treated with

11 ll piperidine for 30 min at 90�C. After addition of 1 ll

glycogen (10 lg/ll) and 10 ll 3 M Na-acetate (pH 5) the

reaction mixtures were precipitated in ethanol twice,

resuspended in formamide loading dye and separated on a

6% polyacrylamide gels containing 7 M urea.

In vitro transcription

In vitro transcription experiments were performed as

described previously (Makarewicz et al. 2008). The assays

were carried out at 37�C for 30 min in transcription buffer

(20 mM Tris–HCl, pH 8, 10 mM NaCl, 10 mM MgCl2,

50 mM KCl, 1 mM CaCl2, 0.02 mM EDTA, 1 mM
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dithiothreitol, and 2% glycerol) in the presence of 10 nM

template (F2for/Om09 PCR-product), 100 nM RNA-poly-

merase and 125 nM of phosphorylated PhoP (transcription

mix). Various concentrations (0.25–10 nM) of ABS1

fragment (PCR-product of Sn4/Sn3) were added to the

transcription mix. AbrB was used at constant concentration

of 650 nM that was not sufficient to repress the in vitro

transcription in the exclusive presence of ABS2.

Results

Preparation and assessment of the AbrB chip

In order to investigate the kinetic and thermodynamic

features responsible for the interaction between AbrB and

the ABS1 and ABS2 we used 13 ds-DNA-fragments, that

were approximately 40 bp in length and together covered

the two AbrB binding regions previously identified

upstream of the B. amyloliquefaciens FZB45 phytase gene.

Each of the oligonucleotide overlapped with the neigh-

bored by 20 bp (Fig. 1) In order to simplify the binding

model, we decided to use relatively short DNA-fragments

as analytes and the AbrB proteins as ligands, which have

been amine-coupled to the dextran matrix on the Cm5

sensor chip. The resonance units are directly proportional

to the mass bound to the chip surface and there is no dif-

ference in the instrument response between proteins and

DNA (Di Primo and Lebars 2007). In some previous tests

AbrB of B. subtilis was immobilized with different densi-

ties of the CM5 sensor chip (226, 540, 1,020, and

8,000 RU) and were treated with U3-oligonucleotide at a

flow rate of 50 ll/min. The response signals rose in a linear

manner (Supplementary Material 1 A). However, at low

densities, signal responses were extremely noisy. There-

fore, we decided to immobilize the proteins at the chip

surface with higher densities.

AbrB and its truncated N-terminal derivative AbrBN

exhibit high isoelectric points (IEP [ pH 8.5). To rule out

that instrument response is not only a result of unspecific

electrostatic interactions of the negatively charged DNA

with the positive-charged protein, we used lysozyme

bearing an IEP of around 10 as an unspecific protein control.

No significant differences of the instrument response (com-

pared to the reference cell Fc1) were registered at this flow

cell (Supplementary Material 1 B).

Binding kinetics of the oligonucleotides with AbrB

and AbrB55

Representative sensorgrams showing the interactions

between the ds-oligonucleotides of ABS1 (U1 to U8) and

ABS2 (D1 to D5) and the full-length AbrB as well as the

truncated AbrBN protein are shown in Fig. 2 (for a com-

plete documentation, see Supplementary Material 2). As

expected, the instrument response during the association

phase increased in a concentration dependent manner.

According to the sensorgrams presented in Fig. 2, the

binding properties of the various oligonucleotides can be

divided into two groups. Group I (GI) displayed high

maximum responses (around 800) in binding to AbrB

(Fig. 2a, U3 and D2) but low responses in binding to Ab-

rBN (Fig. 2b, U3 and D2). There was no dissociation

detectable for binding of GI-oligonucleotides to AbrB up to

a concentration of around 60 nM. Only at higher concen-

trations a slow dissociation can be determined. The mem-

bers of GI were the oligonucleotides U3 and U4 of the

ABS1 and all ABS2 harboring oligonucleotides (D1 to

D5). The sensorgrams of group II (GII) showed no sig-

nificant differences between the full-length protein and its

C-truncated form. Only DNA-fragments bearing ABS1

(U1, U2, U5, U6, U7 and U8) were among this group.

Interestingly for all nucleotides the sensorgrams for Ab-

rBN-binding looked comparable, with maximum response

units of less than 250 RU and a more visible dissociation.

Since the response units are directly proportional

(1,000 RU = 1 ng/mm2) to the mass bound at the surface,

it is notionally possible to figure out the stoichiometry of

Fig. 1 Phytase gene region

with two AbrB-binding sites

(ABS) which are separated by a

window of 162 bp. The

oligonucleotides U1 to U8

represent the upstream located

ABS1, D1 to D5 represent

ABS2 that overlaps with the

transcription start (Makarewicz

et al. 2006) and ATG (boxed).

Fragments overlap by 20 bp.

Substituted bases within the

ABS1 are depicted above the

sequence (34-1 and 34-2)
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the binding reaction by the SPR signals if the total response

of bound ligand and maximum response of the analyte as

well as their molecular masses are known. However, it

must be assured that all ligands are not impaired after the

immobilization on the chip surface. Here we bound the

protein via the lysine residues. One AbrB monomer con-

tains seven lysine residues within the N-terminus and four

lysine residues within the C-terminus that might be

immobilized on the chip. We tried to immobilize similar

molar densities of both proteins. However, it is unknown

how binding of AbrB or AbrBN via the lysine residues

influences the functionality of the proteins. Therefore, we

could not definitely predict the molar mass of active protein

at the surface. Due to the relatively low signal intensities

yielded by the oligonucleotides compared to the immobi-

lized response units of the proteins we supposed that only a

part of the AbrB and AbrBN molecules were active on the

surface. But even if not all bound AbrB proteins are

available for the analyte, signal response of different oli-

gonucleotides at one cell can be compared to each other.

Evaluation of the dissociation constants

from the SPR data

Since the obtained sensorgrams could not be analyzed

kinetically, the thermodynamic data have been obtained

under equilibrium binding conditions. Besides the equili-

brium dissociation constants, some more additional information

can be derived from the steady-state data. Therefore,

resonance units at the steady-state were plotted against the

analyte concentration and the resulting data were fitted

using BIAevaluation 3.1 software. GII-oligonucleotides

showed hyperbolic curves for binding at AbrB as well as

AbrBN (Supplementary Material 3) and were fitted to the

Langmuir isotherm (Eq. 1). Since the GI-oligonucleotides

exhibited sigmoid runs (Supplementary Material 3) for

binding at AbrB the curves could be satisfactory fitted

(lowest Chi-square values) by applying the 4-parameter

equation (2).

The equilibrium dissociation constants can also be

deduced from the Hill-plot as the interception with x-axis

that displays logKapp (Eq. 3). However, one should con-

sider that for simple binding reaction (hyperbolic curves of

GII) the equilibrium dissociation constant (KD) can be

easily derived from the steady-state. In case of sigmoidal

curves (GI) this intersection expresses the concentration of

a half-saturation of the protein-DNA complex. Since the

binding reaction in cooperative systems lags at the begin-

ning, these macroscopic dissociation constants are mostly

higher than the real KD-values.

The resulted KD and Kapp values for all oligonucleotides

are listed in Supplementary Material 5. The obtained val-

ues from both methods did not vary strongly for binding to

the full-length AbrB, neither between the methods nor the

oligonucleotides. They ranged between 16.4 9 10-9 M

(KD U1) and 87.7 9 10-9 M (KD U8) or 15.7 9 10-9 M

(Kapp U1) and 133 9 10-9 M (Kapp U8). For binding to the

truncated AbrBN the dissociation constants showed more

Fig. 2 Representative SPR

sensorgrams of oligonucleotide-

AbrB interactions. On a Cm5-

sensor chip, AbrB was

immobilized at flow cell 4

(a) and the truncated AbrBN at

flow cell 3 (b). Lysozyme was

used as an unspecific control

protein at Fc2 (SM1). The chip

was flown with various

concentrations (5–100 nM) of

GI (U3, D2) and GII (U5)

ds-oligionucleotides. Data were

normalized as described in

‘‘Materials and methods’’
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significant between the two oligonucleotide groups. GI-

oligonucleotides exhibited slightly higher KD-values,

ranging between 66.1 9 10-9 M (KD U3) and 189 9

10-9 M (KD D5) compared to GII (21.9 9 10-9 M U5 to

38.2 9 10-9 M U6) implying that the affinity of GI is

somewhat lower to the AbrBN dimer. GII-oligonucoetides

exhibited no significant differences in binding to both

proteins. Nevertheless, the dissociation of all sensorgrams

was very slow, demonstrating the stability of the DNA-

protein complexes of both AbrB forms over the time.

Evaluation of Hill-coefficients

Sigmoid curves are typical for cooperative systems.

Therefore, Hill-plots (log R/(Rmax - R) as a function of

analyte concentration were used to deduce the cooperative

nature of the AbrB-oligonucleotide binding (complete

documentation in Supplementary Material 4). In coopera-

tive systems the Hill-coefficient given by the slope (nH)

corresponds to the number of subunits that act coopera-

tively. One AbrB tetramer contains two DNA-binding sites

formed by two merged N-termini. Consequently, two ds-

oligonucleotides may be bound by one tetramer. Therefore,

a Hill-coefficient of 2 could be expected. Indeed, we

determined Hill- coefficients of nH = 2.37 for U3,

nH = 2.07 for U4 and nH = 2.38 for D1 (Supplemtary

Material 5) suggesting that at least two cooperative binding

sites exist in one AbrB tetramer. Some DNA-fragments

from the downstream located AbrB-binding site 2 yielded

even higher coefficients with nH = 2.78 for D2, nH = 3.58

for D3, nH = 2.52 for D4 and nH = 2.99 for D5. These

values indicated even four binding sites within one

tetramer.

The oligonucleotides U1, U2, U5, U6, U7, and U8

yielded Hill-coefficients of around 1. In case of the

N-terminal domain AbrB55 that consists of only one DNA-

binding domain, we determined nH of around 1 for all

nucleotides. These results suggest that binding properties

of full-length AbrB differ within ABS1 of phyC but show

similar characteristics within the ABS2. Since no signifi-

cant differences could be observed for the C-truncated

AbrBN, these point back to the dimeric state of AbrBN and

the presence of only one DNA-binding site.

Stoichiometry of the complexes

Taking into account that the GII-oligonucleotides showed

no cooperativity and exhibited equal maximum responses

in SPR measurements (between 250 and 320 RU) for

binding to both proteins, we assumed that they bind at a

ratio of 1:1 to both proteins. This indicates that comparable

amounts of both proteins were active on the chip. There-

fore, we can estimate an approximate stoichiometry of the

AbrB- and AbrBN-complexes formed with the GI-oligo-

nucleotides indirectly. GI-oligonucleotides yielded 2–3

folds higher maximum responses for binding to AbrB

compared to the N-terminal domain AbrBN and GII-oli-

gonucleotides. Since one AbrB tetramer exhibits two

DNA-binding sites it is very likely that it binds two

GI-oligonucleotides yielding a stoichiometry of 2:1

(DNA:AbrB4).

Mapping of the contact sites of ABS1

DNase I footprinting revealed that AbrB protects an unu-

sual large region of 175 bp (Makarewicz et al. 2008)

upstream of the phytase gene (ABS1). Most of the known

AbrB targets exhibit protected sites that range from 24 bp

for sinIR (Shafikhani et al. 2002) to around 120 bp for

yknW (Qian et al. 2002). The different behavior of AbrB

toward a short region within the ABS1 (represented by U3

and U4 oligonucleotides) led us to perform more detailed

chemical interference footprints. We used KMnO4 modi-

fication of thymine bases, NH2OH modification of cytosine

bases and the methylation of purines by DMS.

Best results were obtained with KMnO4 interferences

(Fig. 3a). KMnO4 oxidizes the 5,6-double bond of the

thymine base to produce cis-thymine glycol (Iida and

Hayatsu 1970), thereby altering the DNA surface in the

major groove. KMnO4 is also known to be slightly reactive

to the other bases (dT � dC [ dG, dA) causing a faint

background corresponding mainly to C and G (Rubin and

Schmid 1980).

Within ABS1, five modified thymines (at positions

-232, -241, -242, -263, and -285) of the reverse strand

and four of the forward strand (-250, -301, -304, and

-305) interfered strongly (black arrowheads) with the AbrB

binding. These thymines could be found in the control lines

as well as in the unbound fractions but were missing in the

bound fractions. Interestingly, we also found some modi-

fied guanines and two adenines strongly affecting the AbrB

binding: A-252, G-282, and G-302 on the reverse strand

and G-235, A-285, G-294, and G-295 on the forward

strand. On the forward strand many weak interfering (open

arrowheads) thymines and guanines could be determined.

In this case the bases were still detectable in the bound

fraction, but the signals were visibly weaker compared to

the unbound fraction.

To evaluate the guanine and adenine bases contacting

AbrB, methylation interference assays were performed

(Fig. 3c). The DNA-fragments were modified by DMS at

purine residues before the binding reaction. Dimethyl sul-

fate methylates adenine at the position N3 in the minor

groove and guanine at position N7 in the major groove

(Siebenlist and Gilbert 1980). Since guanine methylation

occurs more frequently (up to 10 folds) than adenine
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methylation, the band pattern after cleavage exhibited

mainly G signals. Surprisingly, we generally found weak

interferences on both strands. Thus, guanines at -282,

-283, and -295 as well as A-252 that were previously

identified to contact AbrB could be confirmed and some

more adenines were found. However, signals upstream of

-293 on the reverse strand are principally very weak and

the contact could not be verified for that region. Similarly,

the region downstream of -220 on the forward strand was

not evaluable.

Determination of cytosine bases that contact AbrB were

performed using hydroxylamine that adds across the 5–6

double bond of C thereby causing ring opening. We found

only two modified cytosines interfering with AbrB binding

at positions -231 (forward strand) and -291 (reverse

strand) (Fig. 3b). However, there were some thymines

involved in contacting AbrB on the forward strand that

were partially identified by KMnO4 modification (-224,

-241, -242, -263, and -285) and some further could be

found (-200, -203, and -251).

Mapping of the contact sites of ABS2

Interference footprints were also performed for the ABS2

region; however, no bases could be determined unambig-

uously that strongly interfered with AbrB binding (Sup-

plementary Material 6). KMnO4 interferences revealed

decreased signals for almost the whole bound fraction

compared to the unbound and control fractions. Methylation

interference assays of the ABS2 yielded less stringent

contacts for the reverse strand and some weak signals

for the forward strand. No differences were found in

hydroxylamine assays. We suppose that in the case of

ABS2, where presumably many bases interact with AbrB,

these assays are not appropriate to predict the involved

contacts.

Effect of the ABS1-oligonucleotides on transcription

In previous experiments we could demonstrate that AbrB

was not able to repress the transcription in the exclusive

presence of ABS2. However, by addition of ABS1-bearing

DNA, repression was restored, suggesting that both

AbrB binding sites were necessary for full functionality

(Makarewicz et al. 2008). The negative effect of ABS1 on

transcription might be due to the competition of RNAP-

binding, since the upstream region of phyC (ABS1) con-

tains a putative promoter of the yodU gene that showed

weak but constitutive activity in the in vitro transcription

assays (data not shown). However, we could not determine

any promoter of the divergent cryptic yodU gene by primer

extension.

In order to examine the functionality of the core region

within ABS1 we substituted two of the strong interacting

DNA surfaces around -285 (TTAT?GGAG, corre-

sponding to oligo 34-1) and -260 (CCA?GGC, corre-

sponding to oligo 34-2) and used increasing amounts of

these mutated ABS1 sites to perform in vitro transcription

Fig. 3 Chemical interferences

assays. Radioactive 50-labeled

DNA was modified by

a potassium permanganate

(KMnO4) or b hydroxylamine

(NH2OH) or c DMS used for

AbrB-binding reaction. In

preparative gel retardation

assays unbound (indicated by

U) and bound DNA (indicated

by B) were extracted from the

polyacrylamide gel, cleaved by

piperidine and separated on

sequencing gel. Sn3 and Sn4

indicate the reverse and the

forward strands, respectively.

Protein-free control reactions

(indicated by F) containing only

modified DNA were processed

in identical manner. Black
arrowheads marks strong

signals and white arrowhead
weak signals, the position

relatively to the ?1 is included
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in absence and presence of AbrB. Interestingly, transcript’s

intensity decreased in concentration dependent manner in

presence of the wild type ABS1. However, the effect was

stronger when AbrB was present and 0.5 nM of ABS1 was

sufficient to repress the transcription of 10 nM template. In

contrast, substituted ABS1 fragments did not effect the

transcription, neither in absence nor in presence of AbrB

(Fig. 4).

Discussion

To the best of our knowledge, we present here the first study

of real-time AbrB-DNA-binding kinetics using SPR. The

sensorgrams revealed that both AbrB and its N-terminal

DNA-binding domain AbrBN exhibited high affinities to

all oligonucleotides resulting in only weak dissociation of

the complex over a long time. The nanomolar range of the

KD values corresponded to affinities described previously

for other AbrB targets, like spo0E, aprE or abrB itself

(Strauch 1995b). We have divided the analyzed oligonu-

cleotides into two groups (G I and GII) based on the sen-

sorgrams and the Hill-plots obtained at steady-state. GI

bound with higher molarity to the full-length AbrB and

with lower molarity to the N-terminal domain AbrBN. On

the other hand, GII bound with similar molarities to both

proteins that were also similar to those detected for GI

bound to AbrBN. Therefore, we assumed that one AbrBN

dimer consisting of only one DNA-binding site interacts

with one oligonucleotide without distinguishing between

the types GI or GII. On the contrary, the AbrB tetramer

exhibited different binding properties to the analyzed oli-

gonucleotides. All parts of the ABS2, but only a small

region within ABS1 represented by U3 and U4, were

bound cooperatively to AbrB with a stoichiometry of 2:1

(DNA:AbrB4) and a Hill-coefficient of 2 \ nH [ 4 indi-

cating two to four cooperative sites of the tetramer. The

other fragments (U1, U2, U5–U8) showed no cooperative

characteristics and only one GII-oligonucleotide was bound

at AbrB. Thus, we hypothesize that exclusively binding

of a GI-oligonucleotide at one N-terminal DNA-binding

site induces conformational changes of the second

DNA-binding site of one AbrB tetramer thereby facilitating

the interaction to the second oligonucleotide. The overall

structure of the AbrB is still unknown but it seems that the

N-terminal DNA-binding sites are not involved in tetra-

merization (Yao and Strauch 2005). Therefore, the coop-

erative changes have to be conducted via the C-terminal

domains. A cooperative behavior of AbrB was already

proposed for the spo0E (Fig. 5) and other promoters

(Strauch 1995b) yielding Hill-coefficients between 1.5 and

2.7, depending on the length of the binding site’s flanking

sequence. This indicates that AbrB-binding might be a

multistep cooperative process.

Despite AbrB is one of the key regulators in Bacillus

species controlling expression of numerous genes, a con-

sensus for AbrB-binding site is still not satisfactorily

identified and seems to be elusive. The regions recognized

by AbrB vary in size, their position relatively to ?1,

numbers of motifs and the distances between them (Fig. 5).

Moreover, some genes are positively regulated by AbrB

but the majority is repressed. In vitro and in vivo search for

optimal AbrB binding sites yielded relevant duplicated

TGGNA-like motifs (Xu and Strauch 1996) in different

arrangements and distances (0–6 bp) (Chumsakul et al.

2010). Indeed, in chemical interference assays mainly

thymines and guanines within ABS1 seemed to be impor-

tant for contacting AbrB. These sequences exhibit incom-

plete sequence homologies to the AbrB binding motif with

one mismatch (from -296 to -292 ‘‘aGGcA’’; from -291

to -287 ‘‘TGGct’’ as well as from -282 to -278 ‘‘ctCCA).

Moreover, the positions -264 to -260 (34-2) correspond to

the inverted AbrB-motif TACCA. However, we could not find

any TGGNA or TNCCA related repeats within ABS1 and

ABS2 of phyC.

Despite the multitude of known targets, AbrB-binding

sites of phyC show the highest similarity only to the tycA

gene (Fig. 5) encoding an antibiotic synthesis enzymes

(Furbass et al. 1991). There are some more similarities

between phyC and tycA. Thus, we assume that regulation of

both genes might also be similar. It was shown that AbrB

interacts with two distant regions of the tycA gene sepa-

rated by 204 bp. One site overlaps (30 bp) -35 and the

other (60 bp) is located within the coding region and is

Fig. 4 In vitro transcription pattern of phyC in absence (-) or

presence of AbrB (?, at a concentration of 650 nM). As templates,

PCR-fragments bearing the promoter region and ABS2 (Makarewicz

et al. 2008) were derived form wild type phyC gene (-104 to ?134).

Increasing amounts (as indicated above the gels) of the ABS1-DNA

were added to the reaction mixture containing constant concentrations

of template (10 nM), RNAP (100 nM) and PhoP * P (125 nM). The

ABS1 fragments were amplified (primers Sn3 and Sn4) from wild

type B. amlyloliquefaciens FZB45 chromosomal DNA and the

substituted plasmids pSN34-1 and pSN34-2
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supposed to be a leader binding site since deletions of this

site caused a constitutive promoter activity of Ptyc-lacZ

fusions (Furbass et al. 1991; Furbass and Marahiel 1991).

A comparable structure of the AbrB sites was found for

phyC gene. However, we cannot experimentally discrimi-

nate the leader sequence within phyC-region since one site

overlaps the promoter. Similar to tycA, the integrity of both

sites is crucial for the AbrB-mediated repression. Based on

the SPR data, the chemical interference and in vitro tran-

scription assays we conclude that ABS1 of phyC might

consist of a core region represented by the site enclosed by

U3 and U4, which includes the most contacts to AbrB.

Transcription regulators of the AbrB-family share a

conserved structure in the N-terminal DNA-binding

domain called a swapped-hairpin barrel (Bobay et al. 2005;

Coles et al. 2005) that has been proposed to bind of one

turn of the DNA-helix via the positively charged arginine

residues R8, R15, R23 and R24 (Bobay et al. 2005; Vaughn

et al. 2000). Based on the NMR solution structure of the

N-terminal domain of AbrB and previous biochemical

studies, a structural model of AbrB bound to abrB8 pro-

moter was proposed. According to this model, AbrB binds

in both major and minor grooves at one site of the promoter

(Sullivan et al. 2008). Thereby the d-guanidino group of

arginine R15 is proposed to make hydrogen bonds to N7

and O6 of guanidine and the DNA-phosphate backbone.

However, methylation of guanine at position N7 yielded

only weak interference pattern for ABS1. Instead oxida-

tions of G and T (as well as A at two positions) by KMnO4

and ring opening of T (and C at two positions) by NH2OH

resulted in loss of contacts to AbrB. Oxidative modifica-

tions by KMnO4 that are known to alter the DNA surface,

particularly in the major groove, caused much stronger

effects. Analogous to the predicted model it was also

shown that cumulative contacts were primarily located at

one site of the helix in a strict distance of on turn (Fig. 6).

Interestingly, some isolated contacts (almost all thymines)

were found on the opposite helix site between the main

contacts. These could play a role in the binding of multiple

AbrB tetramers. For the tycA gene, hydroxyl radical foot-

prints of the leader binding region revealed two repeats of

three contact sites each (Furbass et al. 1991). The contacts

were also located in a distance of approximately one

helical turn but the repeats were separated by one and a

half turn. Thus, within one repeat, AbrB occupies one face

of the DNA-helix but the protein contacts on both repeats

are rotated 180� to each other. For the ABS1 of phyC we

suggest three main contacts between -305 and -280 in

similar distances of one helix turn and possibly three fur-

ther strong interactions between -265 and -230 (Fig. 6,

shaded arrows). These regions showed the strongest inter-

ferences. Weak interfering bases haven been found

Fig. 5 Comparison of the known AbrB binding sites within various

promoters: phyC (Makarewicz et al. 2008) and tycA (Furbass et al.

1991) show the strongest similarities regarding size and distance,

sigW (Qian et al. 2002) and rbs (Strauch 1995c) contain two AbrB

binding sites as well that are separated by a short sequence (*30 bp),

the recognition sites of AbrB within fstAZ and pbpE (Strauch 1995a)

are only two helix turns in size (*20 bp) and are separated by less

(7 bp) or more than one turn (15 bp), singular AbrB binding sites

were found for abrB promoter (Strauch 1995c) as well as for spo0E
(Strauch et al. 1989) and sinIR (Shafikhani et al. 2002). Gray colored
sites indicate higher affinities, black boxes above the lines and the

arrow indicate the promoter structures (-35, -10 and ?1, respec-

tively). The numbers show the size and the range of the analyzed

DNA-fragments by DNaseI footprinting (if denoted by the authors)
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upstream, downstream, and between the main contacts

might indicate some alternative binding positions (Fig. 6,

with arrows). In contrast to tycA, all protein contacts are

located on the same face of the DNA-helix.

The unexpectedly high content of modified guanines,

present also in the control reaction in the KMnO4 inter-

ference assay, might indicate distortion of the DNA-

structure at the strongly interacting region. Usually, dou-

ble-stranded B-form DNA does not undergo modifications

by KMnO4 due to the steric hindrance from base stacking.

Therefore, the analyzed DNA had to be denatured prior to

the modification. However, in sequences altered from the

B-form, any base could be modified when the rings become

susceptible to KMnO4 (Kahl and Paule 2001). Since there

is no peculiar content of A or T repeats within the leader

region, bending can be excluded indicating other deviations

from the B-form. Futhermore, the reduced in vitro tran-

script signals in presence of free ABS1 and absence of

AbrB could be a result of structural distortions of the

promoter DNA like triplex formation by one of the strands

of the core region of ABS1. Substitutions leading to

decrease pyrimidine content of the core region restored in

vitro transcription and abolished the AbrB-mediated

repression. However, this possibility is only speculative

and has to be investigated in further experiments.

Finally we assume that the most probable scenario for the

mechanism of phyC repression is that the cooperative core

region of ABS1 interacts with one or more AbrB proteins at

one of their DNA-binding sites and this interaction cooper-

atively conducts the proteins to bind at the ABS2 with higher

flexibility since all regions within ABS2 exhibited similar

cooperative characteristics. Possibly, AbrB recognizes

higher order DNA structures like triplexes or it promotes the

formation of such structures. Recent investigations support

this idea. In a genome wide search for AbrB and Abh binding

sites more than 700 candidates (Chumsakul et al. 2010) could

be determined in B. subtilis during the exponential growth. In

addition, more than 50% of the recognized sites were located

within coding regions without any effect on transcription

indicating a possible role of AbrB and Abh in nucleoid

organization according to the small basic H-NS proteins in

E. coli (Dame et al. 2005). These findings and our results

support the idea that AbrB recognizes specific three-

dimensional DNA structures. Possibly these might be more

complex as the proposed local structural characteristics

(Bobay et al. 2004) of propeller twist, opening or stretch.
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