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ABSTRACT: Global transition state regulator proteins represent one of the most diverse classes of prokaryotic
transcription factors. One such transition state regulator, AbrB fromBacillus subtilis, is known to bind
more than 60 gene targets yet displays specificity within this target set by binding each promoter with a
different affinity. Microelectrospray ionization mass spectrometry (µESI-MS), circular dichroism,
fluorescence, UV spectroscopy, and molecular modeling were used to elucidate differences among AbrB,
DNA, and AbrB-DNA complexes.µESI-MS analysis of AbrB confirmed its stable macromolecular state
as being tetrameric and verified the same stoichiometric state in complex with DNA targets.µESI-MS,
circular dichroism, and fluorescence provided relative binding affinities for AbrB-DNA interactions in
a qualitative manner. UV spectroscopy was used in a quantitative manner to determine solution phase
dissociation constants for AbrB-DNA complexes. General DNA structural parameters for all known
natural AbrB binding sequences were also studied and significant similarities in topological constraints
(stretch, opening, and propeller twist) were observed. It is likely that these parameters contribute to the
differential binding proclivities of AbrB. In addition to providing an improved understanding of transition
state regulator-DNA binding properties and structural tendencies of target promoters, this comprehensive
and corroborative spectroscopic study endorses the use ofµESI-MS for rapidly ascertaining qualitative
binding trends in noncovalent systems in a high-throughput manner.

The key to bacterial adaptability and survival lies in the
organism’s capacity to initiate an appropriate response for a
specific environmental situation. These situations include
changes in chemical concentrations, temperature, osmolarity,
viscosity, light, pH, density, and exposure to anti-infectives.
Accordingly, bacterial responses also comprise numerous
forms, ranging from the secretion of toxins, polymer-
degrading enzymes, and antibiotic synthesis to the organism
undergoing complete physiological transformation. In this
final case, many bacteria can undergo cellular differentiation
leading to the development of endospores which are highly
resistant to heat, sunlight, chemicals, and drugs (1).

Bacteria do not make these decisions frivolously. Instead,
they enter a cellular holding pattern termed the “transition
state” to consider whether a measured protective response
is required. During such periods of critical decision making,
the responsibility of channeling the cell along the proper
pathway falls to a class of transcriptional regulators termed
transition state regulator proteins (2-4). The role of a

transition state regulator is multifaceted, assisting the cell
as it constantly evaluates the surroundings while also
ensuring that cellular processes required for both growth and
survival are regulated simultaneously through the activation
of normally silent genes (2, 5-7). Since bacterial environ-
ments are in constant flux, it is likely that bacteria spend
much of their time in this state. As more genomes are
sequenced, the prevalence of transition state regulator
proteins is becoming more apparent. More than 30 known
or potential global transition state regulators of the antibiotic
resistance protein B (AbrB)1 class are present inBacillus,
Clostridium, Carboxydothermus, Geobacillus, Listeria, Ocean-
obacillus, Pyrococcus, Pasteuria, Staphylococcus, Strepto-
coccus, Sulfolobus, and Thermoanaerobacter(8, 9). This
rapidly expanding list of AbrB-like transition state regulators
reinforces the importance of determining both the general
and specific mechanisms of AbrB-DNA binding.

The only transition state regulator to have been character-
ized to any extent is AbrB fromBacillus subtilis(7, 10-
14). AbrB has recently been identified as a regulator of the
lethal factor, edema factor, and protective antigen toxins in
Bacillus anthracis, the causative agent in anthrax infection
(15, 16). AbrB regulates, with high affinity, the expression
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of more than 60 different genes nominally expressed or
repressed in suboptimal environments. Among the functions
it regulates during the transition state are transport systems
for sugars, antibiotic synthesis, degradative enzymes, regula-
tion of the phosphate regulon, oxidative/osmotic stress
functions, cell division regulators, histidine and nitrate
utilization enzymes, protein secretion, and regulators of
cellular differentiation, including sporulation. Particularly
striking is the fact that the DNA sites targeted by AbrB share
no apparent consensus sequence. Although our investigations
of the DNA-binding domain of AbrB (residues 1-53,
AbrBN) have aided in the understanding of these promiscu-
ous DNA recognition properties, the model is still incomplete
(9, 17). While AbrB has broad DNA binding properties, it
does exhibit specificity. Certainly it does not bind randomly
to DNA (18, 19). Additionally, AbrB does not bind to all its
cognate promoters with the same affinity, implying another
level of discrimination. Affinity constants for AbrB binding
to several promoters have been determined through filter
binding and gel retardation assays with reportedKd values
varying greatly (2-4, 18, 20-24). While these techniques
provide a good approximation for affinity, filter binding and
gel retardation assays require separation of bound and free
mixture components for analysis and can perturb the equi-
librium position (25, 26).

In this study, AbrB’s DNA binding preferences were
investigated using microelectrospray ionization mass spec-
trometry (µESI-MS) in a rapid manner to determine relative
binding affinities.µESI-MS provided unique insights into
the regulation of these DNA targets, so much so that a variety
of bioanalytical and computational techniques were used to
further investigate and validate theµESI-MS findings. A
more quantitative analysis of the dissociation constants of
these AbrB-DNA complexes was then provided by solution
phase UV spectroscopy. Additionally, the DNA targets were
further characterized using circular dichroism (CD), tyrosine
fluorescence emission spectrophotometry, and molecular
modeling. These complementary studies were carried out in
an effort to evaluate DNA characteristics that may contribute
to the binding specificity as seen inµESI-MS. These data
represent the first comprehensive attempts to assess such
specific properties for this system. Our analysis reinforces
the hypothesis that AbrB-DNA interactions are strongly
dependent upon the topological structure of the particular
DNA sequence and/or its propensity to adopt a suitable
conformation. Furthermore, all the spectroscopic techniques
that have been employed disclose the same protein-DNA
binding hierarchy that was initially observed viaµESI-MS.
This is a particularly important point since it validatesµESI-
MS as a particularly attractive and efficient method for
rapidly generating accuraterelatiVe binding affinities for
protein-DNA interactions in a high-throughput manner.

EXPERIMENTAL PROCEDURES

Construction of the pET21b-AbrB Construct.The con-
structed plasmid and purified protein corresponding to full-
length AbrB were obtained from DNA fragments (via PCR
methods) using oligonucleotide primer pairs AbrB-Forward
and AbrB-Reverse: AbrB-Forward, 5′-CAG GAA ACA
TAT G AA ATC TAC TGG-3′; AbrB-Reverse, 5′-GAG
AGT AGG CGG TTT TGA AGC-3′.

Primers were designed to incorporate NdeI and EcoRI
restriction sites. These fragments were inserted into the
pET21b expression vector from Novagene to place the genes
under isopropylâ-D-thiogalactopyranoside (IPTG) inducible
transcription. DNA sequencing confirmed that the desired
constructs were obtained. The expression plasmids were
introduced intoEscherichia colicells [Bl(21)DE3 cell line],
and transformants were tested for IPTG-induced overexpres-
sion of polypeptides of the desired size (ca. 10 500 Da). All
transformants that were tested exhibited induction of an
∼10-11 kDa protein.

Expression and Purification of AbrB and AbrBN.Expres-
sion and purification of AbrB and AbrBN were carried out
as previously described by Benson et al. (19). Briefly,
expression was carried out in the Bl(21)DE3 cell line and
purification through Q-Sepharose and heparin columns.
Purification was monitored throughout with 12% tricine gel
electrophoresis.

DNA. All oligonucleotides and their complementary
strands were synthesized by MWG Biotech, Inc., or the
Molecular Biology Core Facility at the Mayo Clinic/
Foundation. These sequences are shown in Table 1. Oligo-
nucleotides were annealed in 100 mM NH4HCO3 (pH 8.0)
in a heating block set at 95°C for 10 min and gradually
cooled to room temperature. Concentrations of double-
stranded oligonucleotides used in this study were obtained
from using extinction coefficients and serial dilutions and
confirmed via UV spectroscopy.

Microelectrospray Ionization Mass Spectrometry.µESI-
MS was carried out as previously described (8, 19). Briefly,
stock protein solutions in 10 mM Tris-HCl (pH 8.3 at 4°C
or pH 7.9 at room temperature), 1 mM EDTA, 0.1 mM
MgCl2, and 10 mM KCl were exchanged into 10 mM NH4-
HCO3 (pH 8.0) using a P-6 gel filtration spin column (Bio-
Rad, Hercules, CA). Ammonium bicarbonate-buffered AbrBN
and AbrB proteins were diluted to 40 and 30µM, respec-
tively, and infused into theµESI source at 0.3µL/min. All
protein-DNA complexes were combined at a 2:1 protein:
DNA ratio (40µM AbrBN with 20 µM DNA or 30 µM AbrB
with 15 µM DNA) and incubated at room temperature for
45-60 min prior toµESI-MS analysis.

Circular Dichroism.CD spectra were measured using a
Jasco J600A spectropolarimeter using a 0.1 cm (far-UV)

Table 1: DNA Sequences Used in All Bioanalytical Studies

promoter sequence (5′-3′)a

sinIR CTA GAT TTA ATG GCA AAT GAC TTC CAG AGA
spo0E CTA GAA TAT GTT TAC AAA TAA AGT ATA ATC TGT AAT AAT GCA C
BS18 CAA CAA ATT GGA AAA CAT TGC CAG TAG AAA GCA CTA GCG AAC TA
TGGNA3 AAA TTG GAA AAC ATT GCC AGT AGA AAA ATT GGA AAA CAT TGC CAG TAG AA
TGGNA1 TAT GGG AGT TAT ACC ATG TTT TAT GGG AGT TAT ACC ATC TTT
negative control TAC TAC TGC TGA GCC CGG TAC TTA CTG CTG AGC CCG G

a The 5′-3′ sequences of DNA used inµESI-MS, CD, fluorescence, UV, and modeling studies.
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Hellma cuvette (Hellma Corp.). All measurements were
corrected for background signal, and buffer conditions were
subtracted under the same experimental conditions. For the
protein-DNA complex, protein spectra were subtracted
under the same experimental conditions, leaving spectral
contributions of solely the DNA. All protein-DNA com-
plexes were combined at a 2:1 protein:DNA ratio (15µM
AbrBN with 7.5 µM DNA or 15 µM AbrB with 7.5 µM
DNA) and incubated at 4°C for 24 h. Stock protein and
DNA were stored in 10 mM Tris-HCl (pH 7.5), 10 mM KCl,
1 mM EDTA, and 1 mM DTT and/or 10 mM NH4HCO3

(pH 8.0). Spectra were collected for both types of buffering
conditions. Titrations were performed with MgCl2 at 0.2µM
to 0.2 mM. Spectra were recorded in triplicate at 25( 1.0
°C from 190 to 320 nm.

Tyrosine Fluorescence Emission.Tyrosine fluorescence
emission measurements were performed using a PTI C-61
spectrofluorometer (Photon Technology International) with
a 1 mL four-sided Hellma cuvette (Hellma Corp.). Samples
were excited at 275 nm (tyrosine fluorescence), and emission
was measured from 300 to 400 nm. Protein and protein-
DNA spectra were collected in triplicate at 10 mM Tris-
HCl (pH 7.5), 10 mM KCl, 1 mM EDTA, and 1 mM DTT
and/or 10 mM NH4HCO3 (pH 8.0). All protein-DNA
complexes were formed using a 2:1 protein:DNA ratio (15
µM AbrBN with 7.5 µM DNA or 15 µM AbrB with 7.5 µM
DNA) and incubated at 4°C for 24 h. pH titrations were
completed in triplicate at 10 mM Tris-HCl, 10 mM KCl, 1
mM EDTA, and 1 mM DTT at varying pHs (6.0-8.5). The
instrument was equipped with thermostated cell holders, and

the temperature was held constant at 25( 1.0 °C using a
circulating water bath.

UV Spectroscopy.Spectrophotometric binding studies were
performed using an Agilent 8453 UV-vis spectrophotometer
(Agilent Technologies Inc., Palo Alto, CA). Protein-DNA
binding was monitored by measuring the absorbance between
190 and 1100 nm in a 1 cm, 25µL quartz Hellma cuvette
(Hellma Corp.). Changes in spectral features due to DNA-
protein binding were identified by subtraction of protein
spectra, resulting in only DNA contributions being present.
Concentrations of protein to be titrated ranged 1 order of
magnitude on either side of the previously reported or
expectedKd for that particular DNA target, and DNA
concentrations were kept at the previously reported or
expectedKd. Six sets of scans were taken, and dissociation
constants were calculated from the average of these scans.
Changes in absorbance for each scan and normalization to
the DNA concentration at 260 nm provided the data points
for Kd determination. The resulting graphs were then fit to
eq 1:

where∆Abs is the observed change in absorbance from 200
to 240 nm,∆Abstotal is the difference in∆Abs from the first
titration point to the last measurement point, and [ligand]total

is the concentration of the protein at a particular measurement
point.

Molecular Modeling.DNA sequences used in modeling
studies are outlined in Table 2 in addition to those in Table
1. DNA Protein Data Bank files were constructed with

Table 2: Known Natural AbrB DNA Targets Used in Modeling Studiesa in Addition to Those Listed in Table 1

promoters regulationb absolute positionc location target binding sequence ref

abrB negative 45219-45248 -43:-14 CAAAATGATTGACGATTATTGGAAACCTTG 23
aprE negative 1105085-1105157 -59:+15 AAAATCATCTCAAAAAAATGGGTCTACTAAAATATT 23

ATTCCATCTATTACAATAAATTCACAGAATAGTCTTT
bsuB1 ND ND -60:-10 GAAAAGTACCAGCAGGGTTTATTGTGTT 22

--AATCATTACAAAAAATGATAAA
comK negative 1116464-1116583 ND CATTAAATATCATTAAAAGATGATTTTATCTT 14

AAATGTTAAAAAAACCTGTCGTTTTACAAAAA
CAGATGATAGATTATTAGTATAAATTTTGCAG
AAAAAGGATGGAGGCCATAATATG

dppA negative 1359815-1359848 -16:+18 TTTAATATAATTTGTTAGAATATTCATAATTTAG 24
ftsA negative 1595731-1595749 -1:+18 AATAAACATAAAATGTGAA 22
ftsA negative 1595765-1595788 +34:+57 TTCTGTTGTTATTTTTTGTTACAC 22
hutP positive 4040438-4040460 +199:+221 CAATTGAAACCGCTTCCAAAAAG 2
kinB negative ND -20:ND AAAATGAAGATTATAAATCACAATATTAT 22
pbpE negative 3534606-3534630 -75:ND ATGTGATGGGTTAAAAAGGATCTCT 22
pbpE negative 3534573-3534598 -40:ND GGATTTTTCAAAATATTTGAAACGTT 22
rbsR positive 3700294-3700370 -133:-67 GAAATCTTCATCCATATTTGTGAAGACTTTGTC 18

AAAAAAAGAGTGAAAACCTTAAATTTTTCAA
TTATATATACAAT

rbsR positive 3700432-3700464 -4:+29 CTATGTAAACGGTTACATAAACAAGGAGGAGCT 18
sigW negative 194824-194850 +14:+41 GAGGTTAGATAAATATGGAAATGATGA 13
sinI negative 2551623-2551645 +24:+46 TTTAATGGCAAATGACTTCCAGA 12
sinI negative 2551622-2551647 ND ATTTAATGGCAAATGACTTCCAGAGA 21
spo0E negative 1430061-1430095 -39:-5 TATGTTTACAAATAAAGTATAATCTGTAATAATGC 23
spo0H negative 116537-116576 -35:+5 TGACGCTTTTTTGCCCAATACTGTATAATATTTCTA 22

TCTA
spoVG negative 55753-55822 -75:-6 TAACTATATCCTATTTTTTCAAAAAATATTTTAAAAA 4

CGAGCAGGATTTCAGAAAAAATCGTGGAATTGA
tycA negative ND -60:-35 TTTTTTGCAAAATATCCCTATTTTTTAAT 4
tycA negative ND +169:+199 GAAGGGAATTTCCCAGAAACAGGAAATTTTCT 4
tycA negative ND +207:+231 TTAAAATACCCAAATGATGGAAAAT 4

a From http://dbtbs.hgc.jp/COG/tfac/AbrB.html.b Positive regulation (upregulation), negative regulation (downregulation), and ND (unknown).
c Reference in this paper.

∆Abs/∆Abstotal ) [ligand]total/(Kd + [ligand]total) (1)
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MODEL IT (http://hydra.icgeb.trieste.it/∼kristian/dna/) (27).
MODEL IT was used to construct straight B-DNA and bent
B-DNA in a 2 and 3 bp step. Helical parameters were
obtained from running all of the PDB entries (four PDB
entries per sequence) obtained from MODEL IT, with
AMBER minimizations, through the program 3DNA (28).

RESULTS

Microelectrospray Mass Spectrometry.Figure 1A shows
the positive ion modeµESI-MS spectrum of AbrBN. The
charge state envelope (m/z 2000-3000) includes both
monomeric and dimeric species. Monomeric AbrBN shows
a charge state range of+4 to +6, which deconvolutes to a
molecular mass of 6098 Da (expected mass of 6100 Da).
Monomeric AbrBN has previously been shown to be an
expected artifact of the transition from the liquid to gas
phases during theµESI-MS process (8, 19, 29). Size
exclusion liquid chromatography (SELC) and native gel
electrophoresis have shown only dimeric AbrBN is present
in solution; therefore, no monomeric-dimeric equilibrium
exists (19, 21, 30). Dimeric AbrBN shows a charge state
series of+4 to +5 which deconvolutes to a molecular mass
of 12 196 Da (expected mass of 12 198 Da). Figure 1B shows
the negative ion modeµESI-MS spectra of AbrBN. This
spectrum affords the same molecular masses as the positive
ion mode spectrum upon deconvolution.

The multimeric state of wild-type AbrB was also examined
using µESI-MS and reveals a population of monomeric,
dimeric, and tetrameric species, as shown in panels C and
D of Figure 1. Monomeric and dimeric AbrB have previously

been shown to be expected artifacts of the transition from
the liquid to gas phase during theµESI-MS process (8, 19,
29). SELC and native gel electrophoresis have shown that
only tetrameric AbrB is present in solution; therefore, no
monomeric-dimeric-tetrameric equilibrium exists (19, 21,
30). The charge state envelope ranges fromm/z2000 to 3500
and is composed of charge states of+6 to +10 for the
dimeric species (“D”) and+12 to+15 for the tetramer (“T”)
(Figure 1C). Deconvolution of peaks corresponding to
tetramers provides a molecular mass of 41 972 Da (expected
mass of 41 976 Da). The same multimeric states were
observed for AbrB in the negative ion mode (Figure 1D).
The tetramer is the highest-order multimeric form of AbrB
observed.

Figure 2 shows the negative ion modeµESI-MS spectra
resulting from the incubation and subsequent complexation
of AbrB with a series of target DNA sequences in a 2:1 ratio.
Figure 2A shows spectra of the AbrB-sinIRcomplex, Figure
2B spectra of the AbrB-spo0Ecomplex, Figure 2C spectra
of the AbrB-BS18complex, and Figure 2D spectra of only
the AbrB protein, which, though incubated with the negative
DNA control, was unable to form a complex with it. Figure
3 shows the negative ion modeµESI-MS spectra resulting
from the incubation and subsequent complexation of AbrBN
with the same series of targets in a 2:1 ratio. Figure 3A shows
spectra of the AbrBN-sinIRcomplex, Figure 3B spectra of
the AbrBN-spo0E complex, Figure 3C spectra of the
AbrBN-BS18 complex, and Figure 3D spectra of only
AbrBN, which, though incubated with the negative DNA
control, was unable to form a complex with it. The AbrB-

FIGURE 1: µESI mass spectrum of AbrB and AbrBN. Positive and negative ion spectra of 40µM AbrBN and 30µM AbrB in 10 mM
ammonium bicarbonate buffer (pH 8.0). Peaks marked with a D or Tcorrespond to dimeric or tetrameric species, respectively, with the
indicated charge states: (A) positive ion spectrum of AbrBN, (B) negative ion spectrum of AbrBN, (C) positive ion spectrum of AbrB, and
(D) negative ion spectrum of AbrB. Any peaks labeled with an M in panels A-D and any peak labeled with a D in panels C and D are
artifacts of the ESI-MS process (see the text for a discussion).
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sinIR and AbrBN-sinIR complexes provided a molecular
mass consistent with tetrameric AbrB and dimeric AbrBN
binding to one DNA molecule, and there are no other
multimeric states observed in complex with DNA targets (8,
19, 31). These same stoichiometries of binding are observed
for all detectable protein-DNA complexes examined using
µESI-MS with the exception of the negative control DNA,
for which no binding was observed. Examining the relative
intensities of complex peaks to unbound protein and DNA
and taking ionization efficiencies into account (see the
Discussion), we rapidly ascertained the following hierarchy
of relative binding affinities: sinIR . spo0E> BS18>
TGGNA3> TGGNA1. negative control (no binding). Data
are not shown for TGGNA3 and TGGNA1.

Circular Dichroism.One of the best means of measuring
DNA distortion due to protein binding is via CD spectros-
copy. CD spectra of double-stranded DNA are dominated
by nearest-neighbor base interactions, which are highly
sensitive to the distance and orientation of the neighboring
bases (32). CD of AbrB and AbrBN was monitored in the
far-UV spectrum. Far-UV analysis of AbrB and AbrBN
furnishes spectra that are consistent with a protein with
characteristics of bothR-helix andâ-sheet, with two unequal
minima at approximately 208 and 219 nm (data not shown).
Figure 4 shows the results from CD studies of DNA alone
and of AbrB- and AbrBN-DNA complexes. All wave-
length scans were performed from 190 to 320 nm. Figure
4A shows data for DNA only, with Figure 4B as an
expansion of the 200-230 nm region. Maxima and minima
at 275 and 245 nm, respectively, indicate a B-DNA structure
(33). The structure of the DNA was significantly influenced

upon binding AbrBN (Figure 4C,D) and AbrB (Figure 4E,F).
Intensities changed across the entire spectrum, but when the
reaction was monitored at∼215 nm (maximum forsinIR),
a recognizable trend for protein-DNA binding was discern-
ible. A DNA distortion difference plot (the difference in
intensity at∼215 nm for each oligonucleotide from the
intensity of the negative control in its unbound and bound
state) showed the same hierarchy of binding as seen in the
µESI-MS studies (Figure 5; see the Discussion). The relative
changes in intensity at∼215 nm upon AbrB and AbrBN
binding rank the DNA:sinIR. spo0E> BS18> TGGNA3
> TGGNA1. negative control (no binding) (the same order
seen inµESI-MS). CD experiments were performed in the
same buffer as theµESI-MS studies, as well as in Tris buffer,
to make certain no contributions to binding or conformational
changes were induced by the buffer. Furthermore, all CD
experiments were performed with and without MgCl2 to
ensure no ionic cofactor was required for binding; in both
instances, no differences in the spectra were observed (data
not shown).

Tyrosine Fluorescence Emission Spectrophotometry.AbrB
has two tyrosine residues, at positions 37 and 48, both in
the N-terminal DNA-binding domain. The protein has no
phenylalanine or tryptophan residues. Tyrosine fluorescence
emission spectra following excitation at 275 nm are super-
imposable for each protein for the pH range from 6.0 to 8.5
(Figure 6A). To confirm no factor is needed for or induces
changes in conformation or binding, MgCl2 (0.100µM to
0.200 mM) titrations in ammonium bicarbonate and Tris
buffer were investigated. The titrations showed no difference
in spectra, congruent with CD titrations (data not shown).

FIGURE 2: µESI mass spectrum of AbrB incubated with the target DNA sequences. Negative ion spectrum of 40µM AbrB incubated with
each DNA target sequence at 20µM: (A) sinIR, (B) spo0E, (C) BS18, and (D) negative control oligonucleotides. Peaks marked with a C
correspond to fully complexed tetrameric AbrB and DNA (no peaks corresponding to the monomer or dimer protein are observed); broad
peaks in the baseline correspond to unbound DNA, while peaks marked with a P correspond to unbound protein, with the indicated charge
states (see the text for a discussion).
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Relative fluorescence levels decrease approximately 2-fold
(2.0 × 106 to 1.0× 106) for AbrB compared to AbrBN.

Fluorescence emission spectra for the DNA titrations were
similar for both AbrB and AbrBN protein samples. The
greatest disparity between the relative fluorescence curves
for the AbrB-DNA complex in Figure 6A is seen at∼345
nm. SinceµESI-MS and CD both demonstrated thatsinIR
was the strongest binder of AbrB, normalization of the
intensity of the fluorescence spectra at 345 nm with respect
to sinIR revealed the same relative affinity order of binding
for AbrB and AbrBN. Therefore, a strength-of-interaction
hierarchy identical to that observed in theµESI-MS and CD
studies is seen at 345 nm in the fluorescence emission study
(Figure 6B). This trend is as follows:sinIR. spo0E> BS18
> TGGNA3> TGGNA1. negative control (no binding).

UV Spectroscopy.UV spectroscopy was used to clarify
previously reported dissociation constants for AbrB-DNA
complexes (3, 18, 34); however, this study identified theKd

values in a solution phase manner. TheseKd values are listed
in Table 3 along with previously reported affinity constants
(3, 18, 34). Scanning from 190 to 1100 nm allowed for the
determination of binding trends in the titration of DNA with
protein. Dissociation constants were determined by varying
the protein concentration while holding the DNA concentra-
tion constant. Due to spectral dominance by the protein,Kd

determinations were limited by the ability to observe
structural changes solely attributed to the DNA. Because of
this, trends were observed for only three of the six DNA
targets. Changes in absorbance, as seen in Figure 7, were
then fit to eq 1, and the dissociation constants were
determined by averaging over six titration scans. The general

trend observed for AbrB-DNA binding was the same as
seen forµESI-MS, CD, and fluorescence.

DNA Modeling. It is likely that the specificity of AbrB
binding is related to a particular DNA topology (18, 22). To
investigate if known natural AbrB binding targets might
exhibit any shared topological characteristics distinct from
DNA sequences not bound by AbrB, specific helical
parameters of the target sites were modeled using 3DNA
(28). 3DNA, a program capable of handling complex
algorithms for the analysis, reconstruction, and visualization
of three-dimensional nucleic acid structures, was used to
accurately define local DNA structure. Table 4 lists the
modeled parameters of intrinsic DNA topology pertaining
to AbrB binding and recognition. Minor groove width,
propeller twist, opening, stretch, and other structural param-
eters were examined. Rotational structural components of
DNA are described by the parameters propeller twist and
opening. Propeller twist is the angle of rotation between
adjacent nucleotides in the non-nucleotide plane. Opening
is the angle in adjacent nucleotides in the nucleotide plane.
The translational structural component of DNA is represented
by the parameter stretch, the distance between adjacent
nucleotides.

Plots of propeller twist versus opening, opening versus
stretch, and propeller twist versus stretch display a linear
relationship (Figure 8), suggesting a close correlation of these
parameters. In addition, all the natural binding sequences
analyzed here, along withBS18, TGGNA1, andTGGNA3,
are clustered within a distinct region in each case (boxed in
Figure 8; Tables 1 and 2). The single outlier in each case is
the negative control DNA. The requirements for acceptable

FIGURE 3: µESI mass spectrum of AbrBN incubated with the target DNA sequences. Negative ion spectrum of 30µM AbrBN incubated
with each DNA target sequence at 15µM: (A) sinIR, (B) spo0E, (C) BS18, and (D) negative control oligonucleotides. Peaks marked with
a C correspond to fully complexed dimeric AbrBN and DNA (no peaks corresponding to the monomer or dimer protein are observed);
peaks marked with an asterisk correspond to unbound DNA, while peaks marked with a P correspond to unbound protein, with the indicated
charge states (see the text for a discussion).
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values of propeller, opening, and stretch are-0.108° to
-0.087°, -6.32° to -7.18°, and 0.132-0.172°, respectively.
Distances calculated for one turn of B-DNA suggested a
length of approximately 26.4-30.36 Å for all oligonucle-
otides that were examined, including the negative control.
However, comparison of the minor groove distances reveals
a width of approximately 4.6-7.4 Å for all oligonucleotides
which bind AbrB. The negative control has a minor groove
width of only 4.0 Å, lying outside of the range of appropriate

values for the minor groove widths for establishing a binding
interaction.

DISCUSSION

AbrB regulates the expression of more than 60 different
genes nominally expressed or repressed in suboptimal
environments. The genes are regulated to different extents,
and the AbrB-binding sites responsible for regulation exhibit
no apparent consensus base sequence linking them. Although

FIGURE 4: Near- and far-UV circular dichroism spectra of DNA and protein-DNA complexes. Protein:DNA ratio of 2:1 (same asµESI-
MS): red3, sinIR; blue 0, spo0E; green], BS18; black×, TGGNA3; pink +, TGGNA1; and cyan4, negative control. (A and B) DNA
only, (C and D) AbrBN-DNA complex; and (E and F) AbrBN-DNA complex. All spectra have protein contribution subtracted out. All
scans were from 190 to 320 nm with the inset from 260 to 290 nm.
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initial investigations of the DNA-binding domain of AbrB
have aided in the understanding of these promiscuous DNA
recognition properties, there is still much that is unknown
(9, 17). At this time, the most detailed mechanism proposed
for describing DNA targeting by AbrB is simply that the
protein appears to recognize some general DNA tertiary
structure (8, 17, 22, 30, 35). From DNase 1 footprinting
assays, it is known that AbrB binds to one face of the DNA
with a coverage length equal to the width of one turn of
DNA or longer, suggesting at minimum an interaction
between the protein and DNA in the major and minor
grooves (3, 21). The studies described in this work represent
the first attempts to expand on these original observations
and/or hypotheses and to provide more detailed information
about the general AbrB-DNA interaction.

The DNA target sequences used in this study were chosen
for several reasons:sinIRandspo0Eare well-studied AbrB-
binding sites present inB. subtilispromoters (3, 18, 34, 36).
BS18was chosen because it contains one “idealized” AbrB
binding sequence of TGGNA-5 bp-TGGNA;TGGNA1,
TGGNA3, and the negative control were constructed on the
basis of results from Strauch et al. (3). The negative control
was designed to represent an area known to be completely
unprotected in DNase 1 footprinting assays, not just from
sequences that exhibited weak, sub-millimolar binding (3).
To further elucidate the mode of interaction,µESI-MS
experiments were performed on AbrB, AbrBN, and protein-
DNA complexes.

Our initial goal was to identify a rapid, but accurate,
method for determining the relative binding affinities of AbrB
for different gene targets. With this in mind, we explored
the use ofµESI-MS for efficiently measuring the relative
strength of the AbrB-DNA noncovalent interaction.µESI-
MS studies were performed at 10 mM NH4HCO3 (pH 8.0)

to preserve multimeric protein complexes and to examine
formation of complexes between AbrB or AbrBN and known
natural binding promoters. The experiments were performed

FIGURE 5: DNA distortion difference plot of AbrB-DNA CD data.
Data obtained from subtraction of the maximum intensities around
∼215 nm for each oligonucleotide from the intensity of the negative
control in its unbound and bound state. TheY-axis is the difference
in intensity of the AbrB titrations. TheX-axis is the difference in
intensity of the unbound DNA: (3) sinIR, (0) spo0E, (]) BS18,
(×) TGGNA3, (+) TGGNA1, and (4) negative control. The resulting
order of the strength of DNA distortion is the same as the relative
binding affinity seen in theµESI-MS studies.

FIGURE 6: Tyrosine fluorescence emission spectrum of AbrB and
AbrBN. Experiments were performed in 10 mM Tris-HCl, 10 mM
KCl, 1 mM EDTA, and 1 mM DTT or 10 mM NH4HCO3 at varying
pH (6.0-8.5). (A) In the double-y-axis plot (the left axis corre-
sponds to AbrBN with filled symbols and the right axis corresponds
to AbrB with the empty symbols) are depicted the results of a pH
titration study on the protein. (B) Protein difference plot of AbrB
binding to DNA, with the data normalized tosinIR’s intensity: (3)
sinIR, (0) spo0E, (]) BS18, (×) TGGNA3, (+) TGGNA1, and (4)
negative control. The resulting graph conveys the same relative
order as seen inµESI-MS.

Table 3: Comparison of Dissociation Constants for AbrB-DNA
Interactions Obtained Using UV Spectroscopy (this work) with
Previously Determined Dissociation Constantsa

promoter Kd
b (nM) Kd

c (nM) Kd
d (nM) Kd

e (nM)

sinIR 0.75( 0.15 - - 28-200
spo0E 3.3( 0.90 300 - 6-23
BS18 >40 30 4 -
TGGNA 3 N/Df - - -
TGGNA 1 N/Df - - -
negative control - - - -

a Solution phaseKd determination was accomplished to clarify
previous reports of gel shift assay measurements that may have had
the equilibrium process perturbed by separation of bound and free
components.b From this work.c From ref34. d From ref3. e From ref
21. f Could not be experimentally determined using UV spectroscopy.
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in both positive and negative ion modes. In the positive
mode, the affinity of the DNA and protein-DNA complexes
for cations present in solution formed salt adducts which
results in adversely broadened peaks in theµESI-MS spectra.
While both positive and negative ion modes afford signals
that could be easily assigned and deconvoluted, the negative
ion mode was chosen because of less salt adduct formation
and the corresponding improved spectral quality. In the
negative ion mode, the DNA spectra generated both single-
stranded and double-stranded DNA ion series. Deconvolution
of these data provided the correct molecular mass for all the
expected values of the DNA sequences (data not shown).
All protein-DNA complexes were stable over time and
under conditions of increased electrospray ionization voltage
and capillary temperatures.

µESI-MS experiments revealed that the multimeric state
of AbrB is a tetramer unbound and bound to all DNA in

this and previous studies (Figures 1 and 2) (8, 19). While
we cannot rule out throughµESI-MS alone that a small
equilibrium exists between monomeric, dimeric, and tet-
rameric AbrB, we do not observe monomeric or dimeric
species in the ESI-MS spectra of AbrB-DNA complexes.
This strongly suggests that only the tetrameric form of AbrB
is functionally significant (31, 37, 38). Additionally, SELC
and native gel electrophoresis studies have shown only
tetrameric AbrB to be present in solution, with no evidence
for dimeric or monomeric forms (19, 21, 30). Other studies
have accurately and quantitatively determined by ESI-MS
that solution-based, dissociation-based processes are pre-
served (26, 39). With this in mind, it appears that for the

FIGURE 7: UV spectroscopy titration ofsinIR. Six titration curves
were produced for every DNA target, and two of six titration curves
for sinIR are shown here for clarity. For each titration, the
concentration of protein titrated ranged 1 order of magnitude on
either side of the previously reported or expectedKd and the DNA
concentration was kept at the previously reported or expectedKd.
Subsequently for each DNA target, six titration curves were globally
fit to eq 1. Then the resulting sixKd values for each DNA target
were averaged and are listed in Table 3.

Table 4: Intrinsic DNA Parametersa for the Oligonucleotides Used
in AbrB and AbrBN Binding Studies

promoter

minor
groove

width (Å)
stretch
(deg)

opening
(deg)

propeller
twist
(deg)

sinIR 6.1 -0.107 -6.40 0.139
spo0E 5.2 -0.095 -6.79 0.158
BS18 5.2 -0.108 -6.36 0.136
TGGNA1 7.1 -0.103 -6.52 0.145
TGGNA3 4.7 -0.103 -6.49 0.141
all known

natural binders
4.6-7.4 -0.108 to

-0.087
-6.32 to

-7.18
0.132-0.172

negative
control

4.0 -0.121 -5.90 0.115

a The table shows the trend for several parameters for the modeled
DNA. All modeling of each sequence was carried out on B-DNA. This
table lists those parameters that are essential in deducing the strength
of DNA-protein interactions.

FIGURE 8: Molecular modeling of DNA binding targets of AbrB.
The program 3DNA was used to examine more than 22 different
local DNA structural parameters based on di- and trinucleotide steps.
DNA PDB entries made through MODELIT were constructed as
bent and straight B-DNA, energy-minimized through AMBER.
Three DNA structural parameters showed relationships similar to
that of the relative binding affinity seen inµESI-MS, CD,
fluorescence, and UV spectroscopy: (A) propeller twist vs opening,
(B) stretch vs opening, and (C) stretch vs propeller twist. The data
contained inside the box are for the binding targets, and the one
outlier corresponds to the negative control (nonbinder).
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case of AbrB any equilibrium among monomeric, dimeric,
and tetrameric forms is negligible (8). In addition, no
complex was seen with the negative control. AbrBN is seen
to bind solely as a dimer to the same DNA used in the
titrations with full-length AbrB and maintains the same
dimeric state in the unbound form (Figures 1 and 3). The
negative control afforded no complex and thus provided a
reasonable baseline for assessing sequence specificity inter-
actions between AbrB, AbrBN, and the DNA targets.
Importantly, the results using AbrBN also confirmed that
determinants responsible for binding DNA reside entirely
within the N-terminal domain. The N-terminal domain thus
represents the apparent minimal structural requirement
necessary to bind DNAin Vitro. The collected spectra
showed the ability of AbrB and AbrBN to bind and form
stable and significant/relevant complexes with the DNA
oligonucleotides used in this study (Figures 2 and 3). The
spectra also provided information concerning the relative
affinity of AbrB and AbrBN for DNA. Charge state
envelopes shifted to higherm/z values upon incubation of
protein and DNA (as compared to protein alone), an
indication of complex formation.

For all theµESI-MS spectra that were obtained, the same
concentrations of individual protein, DNA, and buffer were
used and each complex was analyzed using identicalµESI-
MS conditions.µESI-MS spectra were obtained for each
sample multiple times and displayed the same result of
relative ion intensity level (within experimental error) for
all complexes. DNA target sequences were predominantly
designed to have similar ionization efficiencies so that the
relative ion abundanceµESI-MS spectra of the AbrB-DNA
complexes could be directly compared. The shortest target
sequence used wassinIR which possesses a slightly lower
ionization efficiency in the negative ion mode. However, the
AbrB-sinIR and AbrBN-sinIR complex peaks seen in
Figures 2A and 3A, respectively, are substantially more
intense than for all other complexes. This indicates that the
interaction between AbrB andsinIR is even stronger than
that suggested by direct comparison. Therefore, the relative
affinity of complexes can be inferred in a straightforward
manner (23, 26, 31, 37, 40-42). The highest-relative
intensity signals from the protein-DNA interactions were
observed for AbrB-sinIR and AbrBN-sinIR complexes.
Conversely, for protein equilibrated with the negative control,
there were no detectable species corresponding to the
molecular mass of a protein-DNA complex (Figures 2 and
3). From these data, the DNA strength of binding can be
ranked on the basis of the level of complex present in the
following manner: sinIR . spo0E> BS18> TGGNA3>
TGGNA1. negative control. The differences seen in the
relative affinity of AbrB-DNA binding byµESI-MS prompted
investigations of structural components of AbrB, AbrBN, and
the DNA that could account for the binding disparity
observed viaµESI-MS. Additionally, these subsequent
studies were also intended to endorse the use ofµESI-MS
for this type of analysis.

To investigate general conformational changes upon DNA
binding, CD and tyrosine fluorescence emission were used
to probe the structural characteristics of AbrB, AbrBN, and
the DNA. CD was employed to discern any gross changes
in structural motifs of AbrB, AbrBN, and the DNA that may
contribute to this differential binding. While CD provided

an excellent method of probing secondary structure, our
studies were limited by instrumentation sensitivity. The
lowest concentration that could be used to provide acceptable
spectra was not within a range of calculated affinity
constants. For this reason, CD was used only for structural
characterization and quantitation of affinity constants was
not pursued. While it is not possible to deconvolute the
protein CD data into their secondary structural elements,
reference spectra described by Baase and Johnson (29)
indicate that the data for both AbrB and AbrBN are consistent
with proteins that contain bothR-helix andâ-sheet elements,
with the R-helical structures contributing to the minimum
at 208 nm. The AbrB and AbrBN protein spectra are not
superimposable when the data are normalized for the total
number of amino acids for each protein. Analysis of the mean
residue ellipticity suggests the secondary structure of the
AbrBN dimer was affected by the loss of the C-terminus to
some degree.

All spectra of unbound and bound DNA maintained
characteristics of B-DNA throughout protein titrations (Fig-
ure 4). As AbrB bound each target, the intensity of the CD
signal at∼215 nm displayed the same trend in relative
binding affinity as determined viaµESI-MS. A DNA
distortion difference plot was obtained from subtraction of
the maximum intensities around∼215 nm for each oligo-
nucleotide from the intensity of the negative control in their
unbound and bound state. Figure 4 also shows the level of
DNA distortion is greatest insinIRupon binding, but occurs
in all DNA targets with the notable exception of the negative
control (Figure 5). This is a particularly strong indication
that no binding occurs at all between AbrB and the negative
control (3). A particularly significant finding from CD studies
was that the negative control is significantly more topologi-
cally constrained (blue shifted by 5.4 nm) compared to the
other target sequences. The ability of a DNA target sequence
to be able to easily alter its conformation is therefore critical
in its ability to bind AbrB. This flexibility represents the
first characteristic of DNA that has been determined to be a
contributing factor in the ability of AbrB to bind its targets.

To ensure that the complexation, as seen inµESI-MS, does
not require any ionic cofactor binding or that there is not
any buffer-induced conformational change occurring, the
titrations were repeated in the presence of MgCl2 and in
different buffers with variable pHs. In all instances, no
differences were observed in the spectra that were obtained
(data not shown). These data support our conclusions and
develop previous suggestions that AbrB recognizes multiple/
flexible conformations of DNA (30).

Tyrosine fluorescence emission is a very useful probe in
characterizing the interactions of AbrB since the only
tyrosines present in the protein, Y37 and Y48, are located
in the N-terminal DNA-binding domain (AbrBN). The
structure of AbrBN indicates that the two tyrosine residues
reside in theâ-sheet scaffold of the dimerization interface
and are solvent-exposed (10, 11). In addition, monitoring
fluorescence differences between AbrB and AbrBN provides
the first information about the orientation of the N-terminus
with respect to the C-terminus. The relative fluorescence level
decreased when AbrB was compared to AbrBN, approxi-
mately 2-fold. This is due to the ionic state of the exposed
tyrosine residues in AbrBN compared to those in AbrB; both
tyrosine residues in AbrBN are likely protonated as they are
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solvent-exposed. One tyrosine in AbrB is most likely
hydrogen bonded as a tyrosinate anion with a cation in the
C-terminus of AbrB, thereby reducing the level of emission
by half. This suggests, for the first time, that the C-terminus
positions itself so that it contacts theâ-sheet scaffold of the
dimerization domain in AbrBN, thereby contributing to the
loss of signal.

It was determined that varying pH, as well as the
introduction of Mg2+ as a possible binding cofactor, did not
affect the overall tyrosine emission spectra, suggesting no
major conformational changes in the DNA (Figure 6A). This
is comparable withµESI-MS and CD studies. Fluorescence
was also used to probe protein-DNA interactions. Emission
at 345 nm was normalized to the response fromsinIR, which
is seen to be the strongest binder inµESI-MS and CD studies.
The resulting AbrB-DNA relative binding affinity hierarchy
from the fluorescence data is identical to those provided by
µESI-MS and CD studies:sinIR . spo0E > BS18 >
TGGNA3> TGGNA1. negative control (Figure 6B).

Though the relative AbrB-DNA binding trend was
determined independently via three different spectroscopic
techniques, solution phase dissociation constants have not
been available to this point. In addition, the previously
reported dissociation constants based on gel shift assays have
been inconsistent (3, 21, 34). While the gel shift studies
provide a reasonable approximation for affinity, they seem
to be contradictory (Table 3). To address this, we used UV
spectroscopy to determine solution phase dissociation con-
stants. The results from these studies were subsequently used
to reinforce the relative binding data obtained in theµESI-
MS, CD, and tyrosine fluorescence emission experiments
described here. Solution phase dissociation constants (Table
3) determined by UV spectroscopy showed that the following
order of binding to AbrB determined by other methods is
reasonable:sinIR. spo0E> BS18> TGGNA1> TGGNA3
. negative control. The solution phase dissociation constants
are in general agreement with those previously determined
by gel shift assays but have the distinct advantage that they
did not require separation of free and bound mixtures of
protein and DNA that may perturb the equilibrium (25, 26).

The four separate bioanalytical techniques used in this
study provide some of the first detailed insights into both
the promiscuity and specificity of AbrB-DNA binding. To
supplement these studies, molecular modeling approaches
were employed using the program 3DNA. 3DNA is a robust
molecular modeling program capable of handling complex
rebuilding routines to define local structural features of DNA
(28). Molecular modeling provided a means of identifying
DNA structural components and parameters that may be
responsible for the discrimination and binding specificity of
AbrB and perhaps transition state regulators as a class of
proteins. The targets used in this study, along with all other
known natural DNA targets of AbrB, were modeled (Table
2). Comparisons of the parameters that likely play a role in
AbrB binding are given in Table 4. The molecular modeling
studies determined that the DNA structural characteristics
of propeller twist, opening, and stretch were similar for all
the AbrB targets that were examined. Significantly, the
nonbinding negative control DNA was predicted to possess
structural characteristics that were notably different from
those of all the binding targets (Figure 8). While the negative
control is seen to lie considerably outside the range of values

of propeller twist, opening, stretch, and minor groove width
required for binding, more thorough studies on a larger,
statistically more relevant group of targets need to be
performed. Nevertheless, the modeling work described here
lends definite credibility to the premise that AbrB interacts
with a common three-dimensional DNA topology rather than
a base-pairing consensus sequence. Molecular modeling
provides a rapid technique that is suitable for the identifica-
tion of the structural parameters found in AbrB binding
sequences. Construction of potential binding and nonbinding
sequences can be accomplished by specifically designing
DNA molecules to fit the given subset of topological
parameters unique to AbrB binding sequences. These pre-
dicted binding sequences can then be empirically verified
for binding using µESI-MS to assess relative binding
affinities and competitive binding behavior.

This comprehensive spectrometric, spectroscopic, and
modeling study suggests a multitiered model for binding site
discrimination and variable binding affinity which can begin
to address the global regulatory properties of AbrB. An
observable complex between AbrB and the negative control
used in these studies did not form under any circumstances.
This suggests that a dynamic condition, inherent to that
sequence, is resistant to forming any type of stable or
metastable complex, and any sequence approximating this
conformation is rejected. This initial level of discrimination
would be followed by a more rigorous sampling of poten-
tially higher-affinity interaction sites based upon allowable
ranges of structural parameters (minor groove width, propel-
ler twist, opening, and stretch). Therefore, binding affinities
will vary on the basis of the conformational flexibility
presented to the protein. The variable affinities of binding
may play a very important functional role. AbrB regulates a
multitude of genes whose simultaneous expression would
be extremely detrimental to the cell. Therefore, it is possible
that a safer, temporal order for lifting the repressive effects
of AbrB could be established by virtue of the observed
differences in AbrB-DNA binding affinities (10, 17).
Environmental and metabolic factors can affect protein
conformation and their ability to respond to stimuli. The same
concept may be true for the gene targets of AbrB, where
changing environmental conditions in the transition state
could alter local DNA topology. These local changes in DNA
could serve as signals to alter the affinity at the AbrB binding
site and thus play an important regulatory role. Our studies
show that several DNA structural characteristics are required
for interaction with AbrB, and even minor perturbations in
one or more of these characteristics could result in either a
more pronounced binding event or a complete inability to
bind.

In summary, several conclusions and propositions can be
made on the basis of the work presented here. Overall, these
studies are the first to identify and detail any specific DNA
traits that contribute to AbrB’s ability to bind to more than
60 DNA targets that share no base pair consensus sequence.
Our investigations underscore the need for some conforma-
tional suppleness of the gene target region for AbrB-DNA
binding to occur. All the known natural binding DNA targets
of AbrB display a propensity or ability to alter conformation
slightly upon binding, while the apparent rigidity of the
negative control DNA sequence prevents it from binding to
AbrB at all. It is then likely that a sustainable and significant
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interaction between AbrB and one of its gene targets is the
result of a combination of a set of DNA structural parameters
falling within a defined range (e.g., propeller twist, opening,
stretch, and minor groove length).

CD experiments provided a means of monitoring structural
characteristics of the protein, DNA, and protein-DNA
interactions. Fluorescence studies also provided the first
insight into the contact location for the C-terminal domain
with the DNA-binding N-terminal domain of AbrB. UV
experiments were used to obtain solution phase dissociation
constants which helped clarify previous AbrB-DNA binding
results by reporting solution phase constants in a manner
that does not require the separation of bound and free
mixtures. The UV studies also corroborate the results of
various relative binding affinity measurements usingµESI-
MS, CD, and fluorescence. Molecular modeling of AbrB’s
DNA targets provides the first insight into both shared and
contrasting features that play a role in the promiscuity and
discrimination traits involved in AbrB-DNA binding.

Of particular note is the fact that the CD and fluorescence
studies discussed accurately confirmed the relative binding
affinity hierarchy for AbrB-DNA interactions initially
determined byµESI-MS: sinIR . spo0E > BS18 >
TGGNA3 > TGGNA1 . negative control. The CD and
fluorescence studies, of course, took much longer to complete
than theµESI-MS studies. This clear corroboration of using
µESI-MS for determining the relative affinities of nonco-
valent interactions is an extremely valuable result. In
principle, and with experimental care,µESI-MS binding
studies can be of exceptional use in rapidly defining a
hierarchy of relative binding for nearly any protein-ligand
mixture. With all other experimental parameters being
consistent, relative binding affinities can be obtained if the
ionization potential of the ligand is taken into account. In
this study, we have shownµESI-MS’s ability to describe
the relative binding affinities of the protein-DNA interaction
between AbrB and its DNA targets when ionization potentials
of the DNA were taken into consideration. It is apparent that
using µESI-MS as a very rapid high-throughput assay to
study relative interactions of DNA-binding proteins is both
appealing and feasible (43).
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