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ABSTRACT: TipAL is a Streptomycestranscriptional activator assigned to the MerR/SoxR family based
both on homology within its putative DNA recognition domain and the fact that its operator binding sites
lie within a region of its promoter normally occupied by RNA polymerase. ThetipA gene is also
independently translated as the C-terminal ligand-binding domain of TipAL (TipAS; residues 111-254).
Both TipAS and TipAL share broad recognition specificity for cyclic thiopeptide antibiotics. The molecular
mechanism by which TipAL catalyzes prokaryotic transcriptional activation at thetipA promoter (ptipA)
in response to thiostrepton was studied using a combination of analytical ultracentrifugation (AU), circular
dichroism (CD), optical waveguide lightmode spectroscopy (OWLS; a sensitive in situ binding assay),
and mutational analyses. AU showed that TipAL, but not TipAS, was a dimer in solution in the presence
or absence of thiostrepton. This indicated that activation of TipAL by thiostrepton was not mediated by
changes in multimerization and mapped the dimerization domain to its N-terminal 110 amino acids,
presumably within amino acids predicted to form a coil-coil domain (residues 77-109). CD spectra showed
that TipAL had moreR-helical content than TipAS, probably because of the presence of the additional
N-terminal region. The helicity of TipAL and TipAS both increased slightly after binding thiostrepton
demonstrating conformation changes upon thiostrepton binding. OWLS experiments determined the overall
binding constants via measurements of association and dissociation rates for both TipA proteins and RNA
polymerase withptipA. Thiostrepton slightly enhanced the rate of specific association of TipAL with
ptipA, but drastically lowered the rate of dissociation from the binding site. TipAL-thiostrepton increased
the affinity of RNA polymerase forptipAmore than 10-fold. In conjunction with genetic experiments, we
propose that, while there are some similarities, the mechanism by which TipAL activates transcription is
distinctly different from the established MerR/SoxR paradigm.

TipAL is a transcriptional regulator that reacts with diverse
cyclic peptide antibiotics and thereby activates gene expres-
sion in differentStreptomycesstrains. It has been studied
most extensively inStreptomyces liVidans where the anti-
biotic thiostrepton induces accumulation of thiostrepton-
induced proteins (Tip) and resistance to several structurally
heterogeneous antibiotics (1). Two of these proteins, TipAL
and TipAS, are alternative in-frame translational products
of the same gene (tipA, Figure 1). TipAL is needed for
thiostrepton-induced transcription of its promoter [ptipA (2)]
both in vivo (2) and in vitro (3). The TipAL binding-site is
an inverted repeat sequence (Figure 2), mapped by DNase
footprinting to nucleotides located-13 to-36 bp upstream
of the transcriptional start site (3). This binding-site is within
the region of the promoter normally occupied by RNA
polymerase (RNAP),1 between the putative-10 and-35
recognition hexamers. In vitro studies have shown that

transcriptional activation is enhanced (3) by a covalent
interaction between thiostrepton and TipAL (4).
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1 Abbreviations: AU, analytical ultracentrifugation; bp, base pairs;
cb, bulk concentration; CD, circular dichroism; EDTA, ethylenedi-
aminetetraacetic acid;ka association rate coefficient;kB, Boltzmann
constant;kd, dissociation rate coefficient; KT,Streptomyces liVidans
1326 containing a disruptedtipAL gene; Mr, molecular mass;Na,

Avogadro’s number; OWLS, optical waveguide lightmode spectros-
copy; PAGE, polyacrylamide gel electrophoresis;ptipA, the promoter
of the tipA gene;R, gas constant; RNAP, RNA polymerase; TPP,
tetraphenylphosphonium chloride; SDS, sodium dodecyl sulfate; SE,
sedimentation equilibrium; SV, sedimentation velocity.

FIGURE 1: Primary structure of TipAS and TipAL proteins. Both
TipAS and TipAL share a carboxyl-terminus containing a cysteine
residue that binds covalently to thiostrepton-like thiopeptide
antibiotics (2). TipAL has sequence similarity to other transcrip-
tional regulators of the MerR family that share with it a putative
N-terminal helix-turn-helix (H-T-H) motif and a predicted coiled-
coil domain (35, 45).
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Amino acid sequence homology puts TipAL in the MerR/
SoxR/BmrR family of transcriptional regulatory proteins (5,
6). An unusual feature of these proteins is that they bind
between RNAP recognition hexamers centered around the
nucleotide positions-10 and-35 upstream of the tran-
scriptional initiation site. Members of this family, most of
which have not yet been fully characterized, can be identified
by their conserved N-terminal helix-turn-helix DNA binding
motif of about 20 amino acids (7, 8). In the case of MerR,
the 30 amino acids that follow this motif affect the ability
of the protein to interact with RNAP (9) either as a repressor
or an activator (10). Dimerization requires a predicted helical
domain including residues 80-128 (11). The diverse C-
terminal domains of these proteins are involved in a variety
of sensing functions. Mta, a multidrug resistance regulator
recently reported inBacillus subtilis(12), is the only member
of the MerR family with homology to the extended C-
terminal domain of TipAL.

The C-terminus of TipAL serves as a broad-spectrum
thiopeptide recognition domain (2) that can be independently
translated as TipAS. Thiostrepton binds covalently to TipAL
and TipAS via one of its two C-terminal cysteine residues
(2, 4). In S. liVidans, this covalent interaction apparently
enables transcriptional activation at nanomolar concentrations
of thiopeptide (2). Other transcriptional activators are
recognized by different effector molecules: MerR by mer-
curic ion (13, 14); SoxR by unknown oxidants (15); and Bmr
and BltR by various antiseptics and drugs including rhodamine
6G and tetraphenylphosphonium chloride (TPP) (16). A
structural basis for multidrug recognition has recently been

revealed by the crystal structure of the C-terminal binding
domain of BmrR complexed with TPP (17). Structural
changes may mediate crosstalk between the N- and C-
terminal domains that coordinates promoter, ligand, and
RNAP interactions. This has been inferred from studies on
Mta demonstrating that deletion of its C-terminal domain
enables it to promote transcription in the absence of ligand
(12).

Under noninducing conditions, MerR binds to the promoter
and enhances RNAP binding (18, 19). Binding of MerR (8)
and SoxR (20) to their promoters is not enhanced by ligand
interactions. In contrast, gel mobility shift assays suggested
that thiostrepton enhanced TipAL binding to its promoter
fragment, albeit at large protein/DNA molar ratios (3). These
experiments do not however reveal discrete protein-DNA
bands, which could reflect the instability of DNA-protein
complexes during gel electrophoresis (21) or because the
linear DNA fragments used in the assay do not possess the
superhelical structure required for binding.

Upon activation, MerR undergoes a change in conforma-
tion that promotes transcription by causing the promoter to
bend and twist (3, 8, 22, 23) leading to open complex
formation (18). This apparently compensates for the abnor-
mally large nucleotide spacing between the-10 and-35
promoter recognition motifs. MerR- and SoxR-independent
activation of their respective promoters can be achieved by
single nucleotide deletions within this region (24, 25).
Corresponding mechanistic studies of other MerR/SoxR-
related transcriptional activators have not yet been carried
out.

To compare TipAL with other members of this family,
binding events between regulator, RNAP and DNA need to
be carefully monitored. An attractive route to obtaining this
information is optical waveguide lightmode spectroscopy
(OWLS), a relatively new technique which allows events at
the solid/liquid interface to be probed noninvasively with
good time resolution and excellent sensitivity (currently about
10-16 mol of protein/mm2) (26). It has recently been
successfully exploited to study the dynamics of restriction
enzymes binding to DNA (27), many problems in the
adsorption of proteins to solid surfaces (28), and the binding
of antibodies and other ligands to membrane-anchored
receptors (26, 29). A further advantage of the method is that
it permits determination of the absolute number of bound
proteins per unit area of surface without ad hoc assumptions.
Double stranded covalently closed circular superhelical
plasmids containingptipA were immobilized at a planar
optical waveguide for measurement of the association and
dissociation of the TipA proteins and RNAP under controlled
hydrodynamic conditions. These studies, along with analyti-
cal ultracentrifugation (AU), circular dichroism (CD), and
genetic analyses provided a model of thiostrepton-induced
transcriptional activation.

MATERIALS AND METHODS

DNA and Plasmids.A 143-bp fragment containingptipA
was cloned into pUC19 to provide a double stranded closed
circular plasmid for the DNA binding experiments [pAK113
(1)]. The plasmids were isolated fromEscherichia coli
W3110 cells grown at 37°C in LB broth containing 100
µg/mL ampicillin using a Qiagen plasmid purification kit.
The isolated plasmids were precipitated using cold 2-pro-

FIGURE 2: Genetic studies of theptipA promoter sequence.
Oligonucleotide primers A (AACTGAAGCTTACGTCCGGGCT-
TGCACCTCA) and B (AACTGGAATTCGACGCCGTCCACGCT-
GCCTC) were used to amplify a 51-bp fragment from pAK108
(1) including putative-10 and-35 RNAP recognition hexamers
(boxed), TipAL binding sites (inverted repeat indicated by arrows)
and transcriptional start site (arrowhead) defining a reducedtipA
promoter sequence of 51 bp. This fragment was cleaved at its
termini with HindIII and EcoRI termini, subcloned into pUC19
(pUC19ptipA∆) and sequenced. This reducedptipA fragment
(ptipA∆) shown in the figure was mutagenized using the following
primers (∆, deleted base): M4, GTTTTCCCAGTCACGAC; RV,
CAGGAAACAGCTATGAC; P1, CACGTGAGG∆GGCAGCGT-
GGACGGCGT; P2, CACGTGAGG∆∆GCAGCGTGGACGGCGT;
P3, CACGTGAGG∆∆∆CAGCGTGGACGGCGTC; P4, CACGTG-
AG∆∆∆∆CAGCGTGGACGGCGTC; P5, TCCACGCTGCC-
∆∆∆CCTCACGTG; P6, TCCACGCTGC∆∆CCTCACGTGACG;
P7, TCCACGCTG∆∆∆CCTCACGTGACG; P8, TCCACGCTG-
∆∆∆∆CTCACGTGACGT; P9, TTGCACCTCACGT∆ACGT-
GAGGAGGCA; P10, TGCCTCCTCACGT∆ACGTGAGGTGCAA.
Upstream and downstream overlapping fragments containing the
mutated sequence were generated in two separate reactions contain-
ing a mutant (P1-P10) and vector primer (RV, upstream; M4
downstream). The reactions employed the following primer pairs
to generate deletions of 1-4 bases:∆1, P1/M4 and P4/RV;∆1′,
P9/M4 and P10/RV;∆2, P2/M4 and P6/RV,∆3, P3/M4 and P7/
RV; ∆4, P5/M4 and P8/RV. These mutatedptipA fragments were
fused as a single fragment in a PCR reaction using primers RV
and M4, cleaved withEcoRI and HindIII, inserted into pUC19,
sequenced, and finally cloned into pIJ486::ermE(as aHindIII/EcoRI
fragment).
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panol or ethanol (30) and resuspended in MA buffer (50 mM
Tris-HCl, pH 8.0, 1 mM EDTA pH 8.0, and 100 mM NaCl).
The plasmid, pIJ486ermE, was constructed by subcloning
the erythromycin resistance gene,ermE, from pIJ4026
(provided by M. Bibb) into theKpnI site of pIJ486 (31).
The plasmid, pIJ486, has the thiostrepton resistance gene as
its only selectable marker. TheermE gene allowed for
selection of the promoter probe vector with erythromycin
(flooding R2YE plates with 1 mL of 200µg/mL erythro-
mycin solution or NE plates containing 200µg/mL eryth-
romycin), thus avoiding induction ofptipA.

Proteins.TipAS and TipAL were produced inE. coli and
purified as described earlier (4). Protein concentrations were
determined by ultraviolet absorption with an extinction
coefficient (ε280nm) 23 000 M-1 cm-1) derived from amino
acid analysis.S. coelicolorJ1980 (32) was grown in YEME
medium containing 5 mM MgCl2, 34% (w/v) sucrose (33),
and 10µg/mL hygromycin to early stationary phase.

Total RNAP was isolated using the method of Buttner and
Brown (34) with one modification: after the polymin P
extractions and subsequent ammonium sulfate precipitation,
Heparin Sepharose chromatography was performed instead
of the DNA cellulose chromatography. The sample was
loaded onto a 25 mL Heparin Sepharose Cl-6B (Pharmacia)
column equilibrated in TGED buffer [0.1 M Tris-HCl, pH
7.9, 5% (v/v) glycerol, 0.1 mM EDTA, 0.1 mM dithiothrei-
tol] containing 0.15 M NaCl. The column was washed
extensively with TGED containing 0.2 M NaCl and RNAP
was step-eluted with TGED containing 1 M NaCl. The eluate
was dialyzed in TGED to a final salt concentration of 0.1 M
NaCl and then applied to an 8 mL Source 15Q column
(Pharmacia) equilibrated with the same buffer. After a
washing step with TGED containing 0.2 M NaCl, RNAP
was eluted with a 80 mL linear gradient of TGED buffer
containing 0.7 M NaCl. Fractions (1 mL) were collected and
analyzed on a 10% Laemmli SDS-PAGE gel. Fractions
containing RNAP were identified by theirR andââ′ subunits
stained with Coomassie Brilliant Blue. Fifty microliter of
each fraction containing RNAP were combined to yield the
RNAP mixed holoenzymes (50µg) that were used in the
subsequent experiments.

The program PROSITE (www.expasy.ch) was used to
predict the secondary structure of TipAL protein. The
program COIL (www.ch.embnet.org/software) was used to
predict the presence of a coiled coil motif (35).

Analytical Ultracentrifugation.Proteins were suspended
in a buffer containing 50 mM Tris pH 7.0 250 mM NaCl, 1
mM EDTA, 10% v/v glycerol, 10% v/v DMSO. Sedimenta-
tion velocity (SV) and sedimentation equilibrium (SE)
experiments were done in a Beckman XLA Optima analytical
ultracentrifuge equipped with absorption optics at 20°C. SV
runs were carried out at 56 000 rpm in a 12 mm double sector
Epon cell. SE runs were performed in the same cell type.
The conventional SE method was used (36) and the cells
were not meniscus depleted. Hence, the protein concentra-
tions throughout the cell did not deviate significantly from
the specified midpoint values. For the SE runs, rotor speeds
were adapted to the different masses of the various mol-
ecules. A floating baseline computer program that adjusted
the baseline absorbance to obtain the best linear fit of lnA
vs r2 (whereA is absorbance andr the radial distance) was
used. The density (F ) 1.032 g/cm3) and viscosity (η ) 1.25

cP) of the solution (assumed to be the same as those of the
pure solvent) were estimated using standard reference tables
(37). The protein partial specific volume was assumed to be
0.73 cm3/g (ν ) 0.73 cm3/g). The molecular massMr was
determined from the sedimentation equilibrium runs accord-
ing to ref 36

whereω is the rotor angular velocity,kB is the Boltzmann
constant,T is the temperature,c is the protein concentration,
and r is the radial distance in the cell. The sedimentation
coefficientSwas determined from the sedimentation velocity
runs using the equation

The protein diffusion coefficientD could then be determined
from the sedimentation equilibrium and sedimentation veloc-
ity data according to

whereR is the gas constant.
CD Spectroscopy.The TipA proteins and their corre-

sponding complexes with thiostrepton were dialyzed exten-
sively against 25 mM potassium phosphate (pH 6.0). The
CD spectra were measured at 20°C under a nitrogen
atmosphere in a Jasco J720 spectropolarimeter and averaged
over at least 10 scans. The spectra were measured using 1
nm resolution, 1.0 nm bandwidth, 20 mdeg sensitivity, 2 s
response, and a scan speed of 20 nm/min. Background
spectra of buffer with thiostrepton were recorded and
subtracted from samples containing protein and thiostrepton.

Optical WaVeguide Lightmode Spectroscopy (OWLS).
Planar optical waveguides equipped with a grating coupler
(either Type 1400 or Type 2400 from Artificial Sensing
Instruments, Zurich) were precoated with a layer of poly-
allylamine as described previously (38). This is an excellent
substrate for binding DNA that apparently allows it to retain
its native conformation (27). Either pAK113 or pUC19 were
immobilized in situ, i.e., while carrying out OWLS (see
below), to determine the amount of DNA immobilized on
the substrate. The DNA immobilization was carried out in a
closed cuvette, with gentle intermittent agitation. The rates
of binding of both pUC19 and pAK113 plasmids were
similar, as expected since pAK113 was derived from pUC19
(2686 bp) by the addition of a 143-bp fragment containing
ptipA. The plasmid, pUC19, served as a nonspecific (i.e.,
not base specific) DNA control. Both plasmids were prepared
in the same manner from the same host. The buffer used
was 20 mM sodium phosphate at pH 7.0, 1 mM DTT, and
5% glycerol.

To measure the optical waveguide lightmode spectrum,
the diffraction grating was incorporated into the waveguide
to enable the excitation of the different peaks in the spectrum
by varying the angle of incidence of an external light beam
(wavelength ) 632.8 nm) falling on the grating. The
waveguide-cuvette assembly was mounted in an IOS-1
integrated optical scanner (Artificial Sensing Instruments,
Zurich) that incorporated a precision goniometer measuring
the angles corresponding to the spectral peaks with micro-
radian precision (39). The entire spectrum was recorded

Mr ) (2kBT/((1 - νF)ω2)) (2.303 d logc/dr2) (1)

S) (1/ω2r) dr/dt (2)

D ) RTS/Mr (1 - νF) (3)

12952 Biochemistry, Vol. 40, No. 43, 2001 Chiu et al.



repeatedly in order to obtain kinetic data. The amount of
adsorbed DNA and protein is calculated from the peak
positions via the mode equations (26, 27, 29) using assumed
refractive index increments of 0.26 and 0.18 cm3/g for DNA
and protein, respectively.

After removal of the DNA solution and flooding with
buffer until no DNA was eluted, proteins were introduced
into a flow-through cuvette with the optical waveguide as
one of its sides, at a wall shear rate (γ) of 8.0 s-1 at 20°C.
Protein flow was continued until the binding approached
saturation. Buffer flow was then resumed and the dissociation
kinetics measured. The DNA was regenerated by removing
all associated proteins with a brief flux of 5 M NaCl.

To measure the binding of RNA polymerase to DNA to
which TipAL was already bound, following attachment of
TipAL. Since the rates of dissociation of specifically bound
TipAL was much slower than the rate of RNAP binding, it
was not necessary to add TipAL to the RNAP solution.

Our basic concept for protein-DNA interaction is based
on an initial encounter of the protein with an arbitrary (non-
base-specific) site on the DNA followed by linear migration
of the protein along the DNA until a specific binding site is
encountered (27). Hence, the nonspecific association is an
essential precursor to specific association leading to much
greater efficiency in finding the specific binding site (40).

Non-base-specific association and dissociation of TipA
proteins to DNA were characterized by rate coefficientska

andkd, according to the equation

whereΓn is the amount of nonspecifically bound protein,s
is the number of possible nonspecific binding sites per unit
area [i.e., total base pairs (41)], and c1 is the near-surface
concentration of dissolved protein, which is related to the
bulk concentrationcb (27) according to

where D is the protein diffusion coefficient andδ is the
thickness of the diffusion boundary layer (42):

wherex ) 3.5 mm is the distance from the inlet of the cuvette
to the center of the measuring zone. Equation 4 was
numerically integrated and fitted to the experimental pUC19
binding data withka and kd as free parameters. Since this
number of bound proteins is far smaller than the number of
nonspecific binding sites,s was taken to remain constant.

The base-specific binding process is characterized by a
rate coefficient (ks), determined with the help of an additional
equation,

whereΓs is the amount of specifically bound protein,Θs

the average occupancy of the recognition site, defined by

where B () 2823) is the ratio of nonspecific to specific
binding sites (the target plasmid, pAK113, is 2823 bp long
and includes one specific binding site for the TipAL dimer),

andkt is the rate constant for dissociation from the recogni-
tion site. Equation 4 must accordingly be modified to become

Equations 7 and 9 were numerically integrated and fitted to
the pAK113 binding data (note that the sumΓs + Γn is the
quantity measured by OWLS) withka, kd, ks, andkt as free
parameters, and withka andkd as a first estimate expected
to be the same as those determined for pUC19.

RESULTS

Analytical Ultracentrifugation.Sedimentation velocity data
(Table 1) showed that TipAS (the C-terminal domain of
TipAL) and TipAS-thiostrepton complexes were monomers.
The diffusion coefficients calculated from eq 3 were equal
within experimental uncertainty to the Stokes-Einstein
estimates for a perfect sphere [D ) kBT/(6πηr) wherer is
the protein radius estimated fromr ) [3Mrν/(4πNa)]1/3].
Hence, there was practically no difference in shape in TipAS
upon thiostrepton binding. Sedimentation equilibrium experi-
ments (Table 1) showed no evidence of dimer formation
(within the concentration range 0.1-7 mg/mL).

In contrast to TipAS, the measured sedimentation equi-
librium results of TipAL and TipAL-thiostrepton showed that
even at the lowest concentration investigated (0.15 mg/mL),
they were predominately present as dimeric proteins (Table
1). Figure 3 shows SE data for TipAL-thio at two dilutions.
At least 80% of the protein was present as the dimer in both
cases, which gave indistinguishable results, putting an upper
limit of the dimerization coefficient of approximately 10-6

M-1. The difference in the ratio of the experimentally
determined friction coefficient to that of a perfect sphere
implied that the thiostrepton bound form was slightly
ovoid.

Circular Dichroism.The CD spectra of the TipA proteins
(Figure 4) had minima at 222 and 209 nm and a maximum
below 200 nm. They suggested that both proteins have
limited stable secondary structure, with some evidence for
R-helicity in TipAL. There was little change in spectra for
the TipA proteins with and without thiostrepton in the near
UV region up to 330 nm. This suggested that the regions of
TipAS and TipAL near the aromatic amino acids, which have
absorption band maxima in region of 270-300 nm, were
unchanged upon binding to thiostrepton. Secondary structure
predictions from sequence data using PROSITE also indicate
that TipAS has fewer secondary structural domains than
TipAL; TipAL contains putative helix-turn-helix domains

dΓn/dt ) c1ska - Γnkd (4)

c1 ) (cbD/δ + Γnkd)/(D/δ + ska) (5)

δ ) 3 (xD/2γ)1/3 (6)

dΓs/dt ) ksΓn (1 - Θs) - ktΓs (7)

Θs ) (Γs/Mr)/(s/B) (8)

Table 1: Sedimentation Velocity and Sedimentation Equilibrium
Data of TipA proteins

sample
theoreticalMr

(kDa)a
experimentalMr

(kDa) S20,w D/D0
b

TipAS 16.9 16.8( 0.5 1.8( 0.15 1.0( 0.1
TipAS-thio 18.5 18.9( 1.0 2.0( 0.15 1.0( 0.1
TipAL 28.8 48( 3 3.4( 0.2 1.0( 0.1
TipAL-thio 30.5 54( 3 3.5( 0.2 0.9( 0.1

a Note that since the stoichiometry of the TipAL-thiostrepton
complex is 1:1 (4), two thiostrepton molecules should be bound to the
dimer. b Ratio of measured diffusion or friction coefficients to those
of ideal spheres.

dΓn/dt ) c1ska - Γnkd - ksΓn (1 - Θs) (9)
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and a coiled coil (Figure 1) that would account for the
additional R-helical character. After binding thiostrepton,
both TipAS and TipAL slightly increased their alpha-helical
contents. Since thiostrepton alone showed no significant CD
features, this change was likely to be due to the protein, and

would then indicate that the antibiotic induced a conforma-
tional change.

OWLS. OWLS was used to measure association and
dissociation rates, and hence the binding constants, for both
TipA protein dimers and RNAP withptipA.

The affinity of TipAL for pAK113 (ptipA containing
fragment cloned in pUC19) was much higher than that for
pUC19 (Figure 5). Upon flooding with buffer, TipAL rapidly
dissociated from pUC19 on a time scale comparable to that
of the nonspecific association rate constant. However, the
dissociation of TipAL from pAK113 was much slower,
indicating specific binding between TipAL andptipA. While
thiostrepton had no measurable effect on the nonspecific
binding of TipAL to pUC19 DNA, it increased the specific
affinity of TipAL to pAK113 by more than 10-fold. The
specific association rate constant increased slightly and the
specific dissociation rate constant decreased upon thiostrepton
binding (Table 2). The affinities of TipAS and TipAS-
thiostrepton to both pUC19 and pAK113 were extremely
weak (data not shown).

The affinities ofS. coelicolorRNAP for ptipA and the
TipAL and TipAL-thiostrepton complexes with DNA were
similarly determined (Figure 6).StreptomycesRNAP prepa-
rations are mixtures of different holoenzymes containing an
array of sigma subunits encoded by theStreptomyces
coelicolor genome (http://www.sanger.ac.uk/Projects/
S•coelicolor/). One or more components that may be present

FIGURE 3: Sedimentation Equilibrium data for TipAS-thio. Sedimentation Equilibrium data for TipAS-thio panels a and b, raw data, panels
c and d, data plotted according to eq 1. Panels a and c, protein concentration) 0.30 mg/cm3; panels b and d, protein concentration) 0.15
mg/cm3.

FIGURE 4: CD spectra of TipA proteins. CD spectra of TipAS,
TipAS-thiostrepton, TipAL, and TipAL-thiostrepton were measured
using 1 nm resolution, 1.0 nm bandwidth, 20 mdeg sensitivity, 2 s
response, and a scan speed of 20 nm/min. TipAL had distinctly
moreR-helical content than TipAS, which increased upon binding
to thiostrepton.
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in the mixture can interact with thelac promoter (43) and
possibly other promoters on pUC19. Consequently, the
measured kinetics will represent an average from high and
low affinity components. Equation 4 could be fitted to the
RNAP binding data, yielding a weak affinity, slightly higher
than the nonspecific interaction of TipAL with pUC19.S.
coelicolorRNAP did not form stable complexes withptipA
(pAK113) unless TipAL was present. The RNAP affinity
was enhanced more than a 100-fold by the presence of the
TipAL-thiostrepton complex.

Genetic Analysis of the tipA Promoter.ThetipA promoter
fragment was subcloned to localize the region required for
TipAL-thiostrepton-induced transcription. A fragment of 51
bp (ptipA∆; Figure 2; from -48 to +2 relative to the
transcriptional start site) was amplified by PCR and sub-
cloned into a promoter probe vector pIJ486ermE (31). In
the resulting plasmid, pAK100, a kanamycin resistance gene
served as the reporter of promoter activity in eitherS. liVidans
1326 or KT, a S. liVidans 1326 mutant in which the
chromosomaltipA gene had been inactivated by site-directed
mutagenesis (2). These strains were tested for thiostrepton-
induced kanamycin resistance. pIJ486ermEcontainingptipA
allowedS. liVidans, but not KT, to grow on NE agar (44)
plates containing 40-400µg/mL kanamycin in the presence
of the inducer, thiostrepton. Neither of these strains grew
on similar plates lacking thiostrepton.

This minimal tipA promoter was used to address the
question of whether, as in MerR and SoxR promoters,
inappropriate spacing of the-10 and-35 regions explains
its lack of promoter activity in the absence of activator
protein. In the case of MerR and SoxR, this defect could be
offset by nucleotide deletions (24, 25). The start site ofptipA
has been mapped in vivo and in vitro (1, 3). On the basis of
these data, a series of adjacent 1, 2, 3, or 4 bp deletions
were made in the corresponding region ofptipA (∆1-∆4,
Figure 2). The location of these deletions had to be restricted
to a region between the predicted-10 and -35 RNAP
recognition hexamers and the minimal inverted repeat
sequence within the TipAL binding site [mapped by DNase
footprinting (3)]. Another unlinked 1-bp deletion further
removed from the putative promoter hexamers (∆1′), be-
tween the inverted repeat of the TipAL binding site was also
constructed (Figure 2). These mutant promoters were tested
for activity in pIJ486ermEusing the same plate reporter gene
assays. None of these promoter mutants provided induced
or uninduced kanamycin resistance under these conditions
in eitherS. liVidans1326 or KT.

Table 2: TipAL and RNAP Binding Parametersa

nonspecific specific

ka (M-1 s-1)
(on rate)

kd (s-1)
(off rate) Kd

(ns) (M)a
ks/s

-1

(on rate)
kt/s

-1

(off rate)f Kd
(s) (M)b

TipAL (pUC19) 100 0.021 2.1× 10-4 0.00 0.00 c
TipAL:thio (pUC19) 100 0.021 2.1× 10-4 0.00 0.00 c
TipAL (pAK113) 100 0.021 2.1× 10-4 0.27 0.0007 5.4× 10-7

TipAL:thio (pAK113) 100 0.021 2.1× 10-4 0.60 0.0001 3.5× 10-8

RNAPd (pUC19) 15 0.0012 8× 10-5 0.00 0.00 c
RNAP TipAL (pAK113) 26 0.01 4× 10-4 0.02 0.0007 1.4× 10-5

RNAP TipAL:thio (pAK113) 24 0.01 4× 10-4 0.02 <0.00001 <2 × 10-7

a Estimated errors are( the last significant digit.b Kd
(ns) ) kd/ka. c Kd

(s) ) kdkt/(kaks). d Not defined.e These numbers refer to the sum of nonspecific
and various specific interactions of a mixture of RNAP holoenzymes with pUC19. In the absence of TipAL, the kinetics of the interactions between
RNAP and pUC19 or pAK113 were not significantly different.f All kinetic measurements were obtained from experiments repeated at least three
times. In all the experiments in the presence of thiostrepton (TS), the off-rate was immeasurably small. Taking into account the average noise level
of the measurements, this suggests that the off-rate with TS was at least 100 times smaller than that without TS.

FIGURE 5: Kinetics of TipAL protein binding. The solid line
represents TipAL-thio (at a bulk concentrationcb of 20 µg/cm3)
binding to pAK113 (0.21 nmol bp/cm2); the dashed line represents
TipAL (cb ) 20 µg/cm3) binding to pAK113 (0.21 nmol bp/cm2);
the dotted line represents TipAL or TipAL-thio binding to pUC19.
Samples began flowing at timet ) 0, and the arrows mark the
start of flooding with buffer. TipAL dissociated more rapidly from
pAK113 than TipAL-thio. There was no difference between the
association and dissociation of TipAL and TipAL-thio on pUC19.

FIGURE 6: Kinetics of RNAP binding. The solid line shows RNA
polymerase (cb ) 35 µg/cm3) binding to TipAL-thio bound to
pAK113 (0.11 nmol bp/cm2); the dashed line shows RNA poly-
merase (cb ) 45µg/cm3) binding to TipAL bound to pAK113 (0.11
nmol of bp/cm2); the dotted line shows RNA polymerase (cb ) 40
µg/cm3) binding to pUC19 (0.21 nmol of bp/cm2). Samples began
flowing at time t ) 0, and the arrows mark the start of flooding
with buffer. RNAP dissociated from TipAL-thiostrepton bound to
pAK113 more slowly than from TipAL bound to pAK113. RNA
polymerase bound weakly to pUC19 alone. In all the experiments
in the presence of thiostrepton (TS), the off-rate was immeasurably
small. Taking into account the average noise level of the measure-
ments, this suggests that the off-rate with TS was at least 100 times
smaller than that without TS.
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DISCUSSION

We have applied a combination of different biophysical
techniques including analytical ultracentrifugation, CD, and
OWLS, to gain insights into the mechanism by which TipAL
protein activates transcription from thetipAL promoter in
response to thiostrepton. These techniques were used to
analyze changes in dimerization, conformation, and specific
DNA recognition leading to enhanced binding of RNAP to
the promoter.

Dimerization.Analytical ultracentrifugation showed that
TipAS and TipAS-thiostrepton were monomers and both
TipAL and TipAL-thiostrepton were dimers within a wide
range of concentration. Although TipAL may not be in a
monomeric form at the submicromolar concentrations in the
cell, DNase protection assays suggest that TipAL binds to
ptipA as a dimer (3). This indicated that activation of TipAL
by thiostrepton may not be mediated by dimerization. Instead,
dimerization could an inherent property of the protein,
presumably determined by its N-terminal 110 amino acid
domain. TipAS, the C-terminal ligand-binding domain of
TipAL (111-244), was not dimeric under our experimental
conditions. Furthermore, secondary structure prediction
programs suggested that the amino acid sequence 77-109
(Figure 1) had anR-helical structure that might dimerize via
a putative coiled-coil interaction (35, 45). A similar prediction
(46), supported by experimental data (11), has been made
for MerR. Hence the dimerization domain of TipAL resided
in the N-terminal domain. However these results do not
exclude the possibility that DNA binding could depend on
a monomer-dimer equilibrium for TipAL.

Thiostrepton-Induced Changes in the Conformation of
TipAL. CD spectral analysis indicated that thiostrepton
induced changes in theR-helical content of the TipA proteins.
The CD signal for TipAL at 209 and 222 nm was much
greater than for TipAS, implying moreR-helical structure
within the N-terminal region (due to residues absent in
TipAS). However, any quantitative interpretation of the
R-helical content could be fraught with error since TipAL
and TipAS could have differently sized domains. The
differences between the TipAL and TipAL-thiostrepton
secondary structures indicated conformational changes in-
duced by thiostrepton binding. This small specific increase
in R-helical structure suggests that thiostrepton does not act
by denaturing a C-terminal domain, which then inhibits the
N-terminal DNA binding activity. It is in accordance with
the behavior of other transcriptional activators whose con-
formation also becomes more alpha-helical after ligand
binding (47-49). In contrast, crystal structure analysis of a
related multidrug sensor, BmrR (17), revealed that drug
binding led to unfolding of a singleR-helix. Further evidence
for conformational changes comes from the observation that
the specific on rate (rate of search,ks) was doubled in the
presence of thiostrepton (see discussion of OWLS results
below).

TipAL-thio-Induced Changes in the Conformation of the
tipA Promoter.TipAL might be similar to other MerR-type
proteins that activate transcription after ligand interactions
by untwisting or unwinding within the spacer region (3, 8,
22, 23). In the case of MerR (24) and SoxR (25), the critical
role of spacing can be demonstrated by the fact that
nucleotide deletions within the-10 to-35 region allowed

transcription in the absence of their respective activator
proteins (24). However, in the case ofptipA, a series of
comparable nucleotide deletions did not have such an effect.
Gel retardation assays (M. Folcher and C. J. Thompson,
unpublished data) showed that these mutant promoter frag-
ments were able to bind TipAL-thio (with one exception,
∆1′). Nevertheless, instead of providing for constitutive
expression inS. liVidans, they had no detectable activity in
the presence or absence of thiostrepton. Since MerR can
function as a repressor, it was conceivable that this effect
reflected a similar activity of TipAL on these mutant
promoters. This was ruled out by the fact that these promoters
were also inactive in atipAL mutant strain (KT).

Thus, while the nonoptimal 19-bp spacing between puta-
tive RNAP recognition hexamers argues that TipAL-
regulated promoters may act by unwinding the DNA between
the-10 and-35 hexamers (3), genetic analyses similar to
those that demonstrated the critical role of spacing for SoxR-
and MerR-regulated promoters were inconclusive. We be-
lieve that the inactivation of deleted promoters results from
unanticipated interactions between these bases and either
RNAP or TipAL. Indeed, only bases outside the inverted
repeat were targeted for deletion, to minimize their effects
on TipAL binding. These bases were juxtaposed to the
putative-10 hexamer and could possibly have inactivated the
promoter. While none of these mutations were within the
inverted repeat presumed to form the binding site for dimeric
TipAL and the mutations did not prevent binding (M. Folcher
and C. J. Thompson, unpublished data), deleted bases were
within the zone of TipAL-DNA interaction as inferred from
DNAse protection experiments (3). Furthermore, the recently
determined structure of the BmrR-promoter complex shows
that BmrR interacts with bases occupying corresponding
positions. These bases participate in an extended conforma-
tional change in DNA structure catalyzed by ligand bound
BmrR (50).

Thiostrepton-Induced Changes in TipAL Leading to Tran-
scriptional ActiVation. TipAL bound only to the plasmid
containing its own promoter fragment (pAK113). Whereas
in the case of pUC19, rapid dissociation occurred upon
flooding with buffer on a time scale comparable to that of
association, dissociation from pAK113 was extremely slow,
suggesting that it took place in the presence of a competing
reaction, i.e., very strong association to the specific DNA
binding site. According to the model developed earlier (27,
40), the protein associates nonspecifically to the DNA and
executes a random walk along the DNA until it dissociates.
If the DNA contains a specific binding (recognition)
sequence, then there is a finite probability that during the
walk, the protein will encounter and bind to the recognition
sequence, this process being characterized by the rate
constantks which is directly related to the rate of walking
along the DNA.

The increased affinity of TipAL in the presence of
thiostrepton resulted primarily from a decrease in the rate
of TipAL dissociation from the operator site. In the absence
of thiostrepton, the affinity (Kd) of TipAL for its promoter
was ca. 10-7 M, similar to that estimated from gel shift assays
(<10-7M) using renatured TipAL (3). This is lower than
most values for other prokaryotic transcriptional regulatory
proteins (10-8-10-13M) (51), especially MerR (promoterPT

) 10-10 M) (52) and SoxR (soxSpromoter) 10-10 M) (15).
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The addition of thiostrepton increased the affinity to within
this range.

TipAL dissociation appeared to be the rate-limiting step
for RNAP release in the absence of thiostrepton. TipAL-
thiostrepton increased the affinity of RNAP forptipA more
than 10-fold (Kd < 10-7M), in agreement with a previous
estimate for average RNAP-promoter closed complex
formation in E. coli (Kd ca. 10-7-10-8 M) (53). The
observation that TipAL-thiostrepton/RNAP complex was
more stably associated with thetipA promoter than TipAL-
thiostrepton alone (Table 2) reflected stabilizing interactions
within this transcriptional initiation complex. The measured
stoichiometry of the RNAP binding specifically to the DNA
(Figure 6) is 1:1 at the binding plateaus, which therefore
corresponds to saturation of the binding. However, TipAL
binding to DNA occurred in considerable excess with
stoichiometry of monomeric protein:DNA being roughly 10:
1. If the protein binds to the DNA as a dimer and considering
possible uncertainties in the DNA and protein refractive index
increment values, we are left with apparent excess specific
binding of 1-2 TipAL dimers to the 143 bp insertion.

In contrast, MerR and SoxR transcriptional activity is not
regulated by increased affinity to the promoter. Ligand
binding has no effect on the affinity of SoxR for the SoxS
promoter (15) and actually decreases the affinity of MerR
for its promoter (52). This unanticipated feature of TipAL
(and probably others, including BmrR (16)) showed that the
mechanism by which it activates transcription is distinctively
different from the well-characterized MerR/SoxR paradigm.
Furthermore, TipAL differs from BmrR in that ligand binding
resulted in opposite effects on overall proteinR-helical
structure.

These differing mechanisms of transcriptional activation
nevertheless share a fundamentally important biological
feature. Low concentrations of these transcriptional activators
in the cytoplasm provide an ever-ready surveillance system
that allows the organism to monitor and react swiftly to a
progressively toxic environment. Within this family of
transcriptional regulators, reaction can occur either by
catalyzing transcription from preexisting RNAP promoter
complexes [MerR (54)], or by increasing RNAP affinity for
the promoter (ptipA), a function otherwise provided by
specific RNAP subunits.
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