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Abstract At the transcriptional level, the pSM19035-encoded ®»
protein coordinates the expression of proteins required for
control of copy number and maintenance of plasmids. Using
circular dichroism, fluorescence spectroscopy, ultracentrifuga-
tion and an electrophoretic mobility shift assay, the wild-type ®
protein and a variant with a C-terminal hexa-histidine tag
(w-Hg) were characterized. The ® protein is mainly o-helical
(42%), occurs as homodimer in solution, unfolds thermally with
half transition temperatures, 7T,, between ~43 and ~78°C
depending on the ionic strength of the buffer, and binds PcopS-
DNA with high affinity. The ®-Hg protein has a modified
conformation with lower o-helix content (29%), lower thermal
stability, and strongly reduced affinity to PcopS-DNA. © 2001
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.

Key words: Plasmid copy number control;
Transcriptional repressor; Protein-DNA interaction;
Protein stability; Circular dichroism; Fluorescence;
Thermal unfolding; Urea unfolding

1. Introduction

The low-copy-number, broad-host-range and non-conjuga-
tive Streptococcus pyogenes plasmid pSM19035 shares > 90%
identity with the other members of the incl8 incompatibility
group (namely the conjugative plasmids pIP501 and pAMp1)
in regions associated with replication (cop, RNAIIIL, rep, ori)
and maintenance of plasmid copy-number stability [segA
(oBy) and segB (dw and wel)] [1-6]. pSM19035-encoded
o protein binds specifically, with high cooperativity and
with similar affinity to the upstream promoter regions of three
genes and directly represses their transcription: & (P3), ® (Pm)
and copS (Pcop; contains two overlapping promoters Pcopl
and Pcop2); o protein indirectly controls expression of the
€ and C genes of the w-e-{ operon [7]. Inhibition of transcrip-
tion by o protein does not occlude the binding of vegetative
Bacillus subtilis RNA polymerase (c*RNAP) to the P§, Po
and Pcop promoters [7].

Because ® protein has a central role in regulating plasmid
replication and stable maintenance functions [5-7], a detailed
analysis of its properties was undertaken. Crystals of ® pro-
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tein diffracting to 1.5 A resolution were grown [8] and their
structure was determined by X-ray analysis. @ Protein belongs
to the MetJ/Arc repressors superfamily featuring a dimer with
a ribbon-helix-helix DNA-binding motif, and model building
suggests that the B-ribbon is located in the major groove of
the DNA substrate (K.M., Peter Orth, A.B.d.LH., J.C.A. and
W.S., submitted). Here, we describe the thermal- and urea-
induced unfolding behavior of ® protein and of an ® variant
containing a C-terminal hexa-histidine tag (o-Hg). This var-
iant protein was constructed to facilitate the preparation of
o protein, but proved not to be suitable for further studies
because of the influence of the His tag on conformation and
unfolding behavior of w-Hg protein and its strongly reduced
binding affinity to DNA fragments containing upstream pro-
moter sequences of 8, ® and copS genes.

2. Materials and methods

2.1. Bacterial strains and plasmids

Escherichia coli BL21(DE3) strain, pCB230, pT712-borne ®
(pT7120) and pT712-borne mutant ®w-Hg gene, were as previously
described [7-9].

2.2. Chemicals, DNA, RNA, enzymes, proteins and reagents

Urea (ultrapure) from ICN Biomedicals, Eschwege, Germany, was
used without further purification. All other chemicals were purchased
from Merck, Darmstadt, Germany, in p.a. quality. DNA restriction
and modification enzymes, ATP, RNaseA, and poly[d(I-C)] were pur-
chased from Boehringer Mannheim, Germany.

The concentrations of dsDNA were determined using a molar
extinction coefficient per nucleotide of 6500/M/cm at 260 nm.

The ® and w-Hg¢ proteins were prepared from BL21(DE3) cells
carrying pT712w or pT712w-Hg after induction with IPTG (1 mM)
during 30 min and addition of rifampicin (200 pg/ml) during 90 min.
Cells were resuspended in buffer A (50 mM Tris—-HCI, pH 7.5, 10 mM
MgCl,, 2 mM DTE, 0.2 mM PMSF, 5% glycerol) containing 50 mM
NaCl and lysed with a French press. The crude extract was centri-
fuged at 12000X g for 30 min and the supernatant was used for
further purification by conventional column chromatography (phos-
phocellulose, S-Sepharose and Superose 12). The w-Hg protein was
purified using a nickel-chelating column (Applied Biosystems, Weiter-
stadt, Germany). The protein concentrations were determined at
276 nm using absorption coefficients of A1y, jem =3.63 and Ay, jem =
3.29 for o and w-Hg proteins, respectively, as calculated from the
amino acid composition according to ([10]; http://www.expasy.ch/
tools/protparam.html). The molecular masses of the ® and w-Hg pro-
tein monomers calculated from the sequence are 7988 and 8811 Da,
respectively, and theoretical isoelectric points of both proteins are 9.5.

2.3. Circular dichroism (CD) and fluorescence measurements
CD spectra in the far ultraviolet (UV) region were obtained with a
Jasco-J720 spectropolarimeter using 0.01, 0.1 and 1 cm path length
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quartz cuvettes in a thermostated cell holder at 25+ 0.2°C. Protein
concentrations ranged from 0.01 to 0.9 mg/ml in buffer B (50 mM
sodium phosphate, pH 7.5) or buffer C (50 mM Tris-HCI, pH 7.5)
with 0-3 M NaCl. Molar mean residue ellipticities (©) (deg/cm?/dmol)
were calculated using mean residue molecular masses of 112.5 for
o and 114.4 for -Hg. The content of secondary structure was deter-
mined from the far UV CD spectra using the variable selection meth-
od (program VARSLCI) starting with a set of 33 reference proteins
[11]. In parallel, the secondary structure was predicted from the amino
acid sequence using the PHDsec program of the PredictProtein pack-
age ([12,13]; http://cubic.bioc.columbia.edu/predictprotein).

o Protein contains no tryptophan, but two tyrosines per monomer,
Tyr62 and Tyr66. Tyrosine fluorescence spectra were obtained with a
Shimadzu RF5001 spectrofluorimeter at an excitation wavelength of
276 nm, and 5- and 10-nm bandwidths for excitation and emission
monochromators, respectively. Proteins at concentrations of 0.09 mg/
ml were in buffer B, 150 mM NaCl.

2.4. Urea- and thermal-induced unfolding

Urea-induced unfolding was monitored by changes of © at 222 nm
and by changes of the intensity at the maximum of the tyrosine fluo-
rescence, 302 nm. For unfolding experiments, ® and w-Hg proteins
(0.01 or 0.09 mg/ml) were incubated overnight at 20°C with the re-
spective buffer and urea conditions. For refolding experiments,
o protein (0.4 mg/ml) was first unfolded by overnight incubation in
buffer B, 150 mM NaCl, 5 M urea. Individual samples (0.09 mg/ml
o protein in buffer B containing 150 mM NaCl and the desired urea
concentration) were prepared by mixing appropriate aliquots of pro-
tein stock solution, urea-free buffer B and buffer B containing 5 M
urea, and then incubated for about 15 h at 20°C. For thermal unfold-
ing of ® and ®-Hg proteins, the temperature was increased to 90°C at
a heating rate of 20°C/h, and changes in @ were monitored at 222 nm.
The reversibility of unfolding of the proteins was checked by cooling
(40°C/h) to 15 or 20°C. The fraction f, of unfolded protein was
calculated from the urea unfolding curves according to the following
equation:

o F u_F obs

where F, and F, are O or fluorescence intensity of the native and
unfolded protein, respectively, and Fyps is the © or fluorescence in-
tensity at the respective urea concentration [14].

2.5. Analytical ultracentrifugation

Molecular-mass studies on @ protein were performed in an XL-
A-type analytical ultracentrifuge (Beckman, Palo Alto, CA, USA)
equipped with UV absorbance optics. Sedimentation equilibrium dis-
tribution was analyzed using externally loaded six-channel centerpie-
ces of 12-mm path length with the capacity to handle three solvent
solution pairs of about 70 ul of liquid; buffer B, 0.15 M NacCl, was
used as solvent. In order to determine the state of oligomerization of
o protein and the equilibrium constant, a broad range of protein
concentrations from 0.07 to 1.01 mg/ml were analyzed. Sedimentation
equilibrium was reached after 2 h of overspeed at 24000 rpm, fol-
lowed by an equilibrium speed of 20 000 rpm for 24-28 h at 10°C. The
radial absorbance in each compartment was scanned at three different
wavelengths between 230 and 280 nm, selected appropriately depend-
ing on the loading concentration. Molecular-mass calculations em-
ployed the simultaneous fitting of the experimental radial absorbance
distribution curves described by

A, = A, exp[MK(r*—12)] 2
with

[(1—pV)@?]
K== )

using our program Polymole [15]. In these equations, 4, and 4, are
the radial absorbance at radius r and at meniscus position ry,, respec-
tively; M is the molar mass, p the solvent density, v the partial specific
volume, @ the angular velocity, R the gas constant, and 7 the absolute
temperature. The program Polymole [15] allows the determination of
partial concentrations and equilibrium constants of self-associating
proteins. The experimental data obtained for the ® protein were ex-
amined assuming a monomer—dimer equilibrium.
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2.6. Measurement of protein-DNA interactions

Electrophoretic mobility shift assays (EMSA) were performed with
gel-purified 291-bp 32P-end-labelled DNA containing the PcopS pro-
moter binding site (0.2 nM). The DNA fragments were incubated for
15 min at the indicated temperatures in a 20-ul final volume of buffer
C, 10 mM MgCl,, 50 mM NaCl, with different amounts of ® protein
in the presence of 1 ug of poly[d(I-C)] as non-specific-competitor
DNA, as previously described [7]. The mixture was then loaded and
separated on a 4% non-denaturing polyacrylamide gel electrophoresis
run with 45 mM Tris-borate, pH 8.0, 10 mM EDTA, at 50 V and 4°C
and dried prior to autoradiography.

3. Results

3.1. Purification of the pSM19035 @ and @-Hyg proteins

The o and w-Hg proteins were overexpressed using the T7
RNA polymerase expression system (see [7]). Plasmids
pT7120 and pT712m-Hg, which contain genes ® and ®-Hg
downstream of a T7 promoter, were introduced into E. coli
strain BL21(DE3)/pLysS, and genes of ® and w-Hg proteins
were overexpressed by the addition of IPTG and rifampicin,
as previously described [7]. Under the expression and prepa-
ration conditions described in Section 2, the w and ®-Hg
proteins account for ~4% and ~ 6%, respectively, of total
protein mass, and yields of about 1 and 1.5 mg, respectively,
per liter of induced culture were obtained.

3.2. Spectroscopic characterization of @ and @w-Hg proteins

General spectroscopic features of the far UV CD spectra of
o and w-Hg proteins are similar and point to mostly a-helical
structures of both proteins (Fig. 1A). In buffer B without
NaCl, at protein concentrations of 0.9 mg/ml and in 0.01-
cm cuvettes, spectra can be measured up to 180 nm and are
characterized by maxima at 190 nm, and double minima at
208 and 222 nm. A small blue shift of the zero transition point
(200.0 and 198.5 nm for ® and w-Hg protein, respectively) and
lower O values of the spectrum of ®w-Hg in comparison to
o protein indicate differences in the conformations of the
two proteins. In the absence of NaCl, the content of a-helices
is significantly higher for @ protein (42%) than for w-Hg pro-
tein (29%), but the differences in the content of B-sheets (13%
versus 18% for o and w-Hg proteins, respectively) and turns
(19% versus 22% for @ and w-Hg proteins, respectively) are
smaller, as calculated by VARSLCI. The secondary structure
of o protein is not affected by the ionic strengths of the buffer.
The CD spectra of ® protein in buffer B containing 0.15-3 M
NaCl are practically identical between 195 and 260 nm with
the CD spectrum in buffer B without NaCl, as shown in Fig.
1A. The amounts of secondary structure calculated from the
CD spectrum agree with those calculated against full-length
o protein (42% o-helix, 7% B-sheet, 51% others) from the
X-ray crystal structure, where only amino acids 23-71 are
clearly seen in the electron density map and amino acids
1-22 are disordered (K.M., Peter Orth, A.B.d.LH., J.C.A.
and W.S., ibid.).

Using the PHDsec program [12,13], the secondary structure
of ® protein was predicted from the amino acid sequence to
be 23.9% a-helix, 7.0% B-sheet and 69% loop structures (all
residues not in a-helices or B-sheets). These values changed to
23.9% o-helix, 4.2% B-sheet and 32.4% loop structures when
only values with an expected average accuracy > 82% (reli-
ability index > 5) were considered; under these stringent con-
ditions, for 39% of the residues, no prediction was given. For
both reliability indices, only one a-helix was predicted for the
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Fig. 1. Far UV CD spectra, thermal stability and refolding of ® and
o-Hg proteins. A: CD spectra of o protein (solid line) and w-He
protein (dashed line) in buffer B without NaCl. B: Melting curves
of w-Hg (thin solid line) and w protein (thick solid line) in buffer B,
150 mM NaCl, and melting curve of ® protein in buffer B, 3 M
NaCl (dotted line), monitoring changes of @ at 222 nm. C: CD
spectra of w-Hg protein in buffer B, 150 mM NaCl, in the peptide
region between 200 and 260 nm measured at 15°C before heating
(solid line), at 80°C (dotted line), and after cooling to 15°C (dashed
line). D: CD spectra of @ protein in buffer C measured at 20°C
(solid line), at 90°C (dotted line), and after cooling to 20°C (dash-
dotted line); and in buffer C, 3 M NaCl, after cooling to 20°C
(dashed line).
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Fig. 2. Sedimentation equilibrium measurements of ® protein. Plot
of molecular mass versus @ protein concentration. The dashed and
solid horizontal lines indicate the theoretical molecular masses of
dimer and monomer, respectively. The solid curve was calculated as-
suming a monomer—dimer equilibrium and yields a dissociation con-
stant K4 =3.2 uM.

amino acid region 52-68. This was confirmed by the X-ray
crystal structure analysis (helix B starts at Val51 and termi-
nates at Tyr66), but an additional helix A comprising amino
acids Ala34 to Asn47 was identified in the crystal structure
(K.M., Peter Orth, A.B.d..LH., J.C.A. and W.S., ibid.), but
not predicted.

3.3. o Protein is a dimer in solution

Sedimentation equilibrium experiments were performed in
the o protein concentration range 0.07-1.01 mg/ml. In some
experiments, small amounts (<5%) of high-molecular-mass
aggregates were observed near the cell base. To obtain reliable
fitting results, it is mandatory to eliminate data points corre-
sponding to these aggregates. Simultaneous fitting of the ra-
dial absorbance distributions using the program Polymole [15]
resulted in molecular-mass values between 13.2 kDa (¢=0.07
mg/ml) and 15 kDa (¢=1.01 mg/ml). The data correspond to
a monomer—dimer equilibrium with an average equilibrium
dissociation constant K4 =3.2 uM (Fig. 2).

3.4. Thermal stability of @ and o-Hg proteins

Thermal unfolding of ® and ®w-Hg proteins in buffer B
containing up to 3 M NaCl was monitored by changes of
the © at 222 nm. Protein concentrations and heating rates
were 0.09 mg/ml and 20°C/h, respectively. In Fig. 1B, melting
curves of ® and w-Hisg proteins are shown. Half-transition
temperatures, Tp,, were obtained by calculating the first de-
rivative of the melting curves. At 0.15 M NaCl, the w-Hg and
o proteins unfold with T}, values of 43 and 56°C, respectively.
With increasing ionic strength, the thermostability of ® pro-
tein increases to a Tj, value of 78°C at 3 M NaCl (Fig. 1B,
dotted line). There is no obvious evidence for intermediates
during thermal unfolding.

The reversibility of thermal-induced unfolding of w-Hg
(Fig. 1C) and o proteins (Fig. 1D) was checked by slow cool-
ing. At 0.15 M NaCl, o-Hg protein refolds nearly completely
(Fig. 1C, compare solid with dashed line), whereas ® protein
only partially refolds at this ionic strength (Fig. 1D, dash—
dotted line). At 3 M NaCl, however, ® protein also refolds
completely, as indicated by the nearly identical CD spectra
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Fig. 3. Protein concentration and ionic strength dependence of urea-
induced unfolding of ® and ®w-Hg proteins at 25°C. A: Normalized
urea-induced unfolding curves of ®-Hg protein (triangles) and
o protein (open and closed circles) were calculated from experi-
ments monitoring @ at 222 nm (triangles and open circles) and
changes of the tyrosine fluorescence-emission intensity at 302 nm
(closed circles) in buffer B, 0.15 M NacCl, at various urea concentra-
tions and protein concentration of 0.09 mg/ml. B: Unfolding curves
calculated from CD experiments of ® protein in buffer B, 0.15 M
NaCl, protein concentrations 0.01 mg/ml (circles) and 0.09 mg/ml
(crosses), and in buffer B, 1.0 M NaCl, at 0.09 mg/ml (triangles).
Refolding of ® protein was studied in buffer B, 0.15 M NaCl, at
0.09 mg/ml (squares).

before heating and after cooling (Fig. 1D, compare solid with
dashed line).

3.5. Urea-induced unfolding of @ and w-Hyg proteins

Spectral probes of unfolding and refolding were © at 222
nm and the tyrosine fluorescence emission intensity that reflect
changes of secondary and tertiary structure, respectively. Fig.
3A shows the urea-induced normalized unfolding curves of
o protein monitored by CD at 222 nm (open circles) and
fluorescence (closed circles), and the unfolding curve of
o-Hg protein monitored by CD (triangles). The o and w-Hg
proteins unfold cooperatively at relatively low urea concen-
trations with half transition concentrations c;/, of 2.2 and
1.3 M urea, respectively (Fig. 3A). The coincidence of the
CD and fluorescence-monitored unfolding curves of ® protein
point to a simple two-state transition between folded and un-
folded molecules. Evidently, ®-Hg protein not only differs in
its secondary structure (Fig. 1A), but also has a significantly
lower thermodynamic stability in comparison to ® protein
(Fig. 3A).
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Unfolding of ® and w-Hg proteins is strongly dependent on
protein concentration as expected for oligomeric proteins
[16,17]. Fig. 3B shows the unfolding curves of ® protein in
buffer B, 0.15 M NacCl, at low (0.01 mg/ml; circles) and high
protein concentration (0.09 mg/ml; crosses). Unfolding is
characterized by half transition concentrations ¢;/, of 1.6 M
and 2.2 M urea at the lower and higher protein concentration,
respectively. Fig. 3B also shows a refolding curve of ® protein
measured at 0.09 mg/ml (squares). The data illustrate the re-
versibility of urea-induced unfolding of ® protein.

The unfolding curves shown in Fig. 3 were evaluated, as
described [14], assuming a two-state transition between folded
dimers and unfolded monomers [18]. From the data in the
transition region, the equilibrium unfolding constants K
were determined according to

12
l_fu

K, =2P; “4)

where Py is the total protein concentration (in moles of mono-
mer) and f, is the fraction of unfolding. From the K, values,
the free energies of unfolding, AG,, were calculated using
equation

AG, = —RT In K, (5)

AG, values vary linearly with urea concentration and were
analyzed using the linear extrapolation model

AG, = AGy n,0—m]urea] (6)

where m is a measure of the dependence of AG, on urea
concentration, and AG,n,0 is the value obtained by linear
extrapolation of the AG, values to 0 M urea. The parameters
characterizing the urea denaturation of ® protein are
AGy n,0 = 12.2 kcal/mol and m = —2.53 kcal/mol/K for protein

A]M

— 4+ + + + o+

m-His,
® - *T +++ 4+ - - - - -

1 23 45 6 7 8 91011

ey

Fig. 4. Efficiency of ® and w-Hg proteins binding to PcopS DNA
at different temperatures. 3?P-labelled 291-bp PcopS DNA (0.2 nM)
and 1 pg of poly[d(I-C)], as non-specific competitor DNA, were in-
cubated for 15 min with 2.6 pug/ml o protein (32 nM monomers)
and 23 pg/ml o-Hg protein (260 nM monomers) in buffer C, 10 mM
MgCl, and 50 mM NacCl, at 4, 10, 20, 30 and 37°C (lanes 2-6, and
7-11). The protein-DNA complexes were analyzed by EMSA. The
symbols — and + indicate the absence and presence of protein, re-
spectively.
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concentration 0.01 mg/ml, and AGy,0=11.1 kcal/mol and
m=—1.96 kcal/mol/K for 0.09 mg/ml.

Similar to thermal unfolding, with increasing ionic strength,
the stability of ® protein against urea-induced unfolding is
enhanced, as indicated by the shift of the unfolding curves
to higher denaturant concentrations. As an example, Fig. 3B
(triangles) shows an unfolding curve measured in buffer B,
1.0 M NaCl.

3.6. w-Hg protein binds to its target site at low temperature

Previously, it has been shown that ® protein binds cooper-
atively to the promoters of the copS, d and ® genes. The
affinity of ® protein for Pcop, Pd and Pm was determined
by EMSA and DNase I footprinting [7]. The apparent binding
constant (Kqapp) of @—PcopS DNA complex formation at pH
7.5 and 37°C in buffer C, 10 mM MgCl,, 50 mM NaCl, was
estimated to be ~4 nM [7].

Comparable DNA-binding assays were performed for o-Hg
protein at various temperatures (from 4 to 37°C) with 0.2 nM
[*P]PcopS DNA, 2.6 ug/ml o protein (32 nM monomers) and
23 pg/ml o-Hg protein (260 nM monomers). The EMSA study
indicated that the binding affinity of w-Hg protein to PcopS
DNA is much weaker than that of ® protein (Fig. 4). At all
tested temperatures (4-37°C), 2.6 ug/ml o protein completely
transfer the available PcopS DNA into the complex, whereas
as much as 23 pg/ml w-Hg protein are necessary to bind a
fraction of DNA at least at low temperatures (4 and 10°C). At
10°C and pH 7.5, the w-Hg protein binds to PcopS DNA with
a Kgapp of ~50 nM; the affinity was greater than five-fold
reduced when the experiments were performed at 20°C, and
no binding was observed at higher temperatures. This we
associate with the low thermal stability of w-Hg protein whose
unfolding starts already at ~ 35°C.

4. Discussion

Under the conditions chosen in this study, thermal- or urea-
induced unfolding of @ protein is reversible. Urea-induced
unfolding monitored by fluorescence and CD spectroscopy
revealed similar curves without obvious evidence for the for-
mation of largely populated intermediates, pointing to a two-
state mechanism of unfolding. The data, however, can not
exclude low populations of folding intermediates which can
be expected for the formation of folded dimers from unfolded
monomers. The strong protein-concentration dependence of
the unfolding suggests that ® protein occurs as oligomer in
solution. Our sedimentation equilibrium measurements indi-
cate dimers as the main component of ® protein in 50 mM
sodium phosphate, pH 7.5, 150 mM NaCl, at the protein
concentration range between 0.07 and 1.0 mg/ml (Fig. 2).
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This is in contradiction to the finding of ® protein tetramers
in an earlier study using gel-filtration chromatography [7], but
is supported by the fact that ® protein crystallized as homo-
dimer from 50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5%
glycerol in the presence of the precipitating agent PEG
3350, as shown by the X-ray crystal structure analysis
(K.M., Peter Orth, A.B.d.1.H., J.C.A. and W.S., ibid.). The
results do not exclude tetramers formed by the association of
two dimers in complexes of w protein with its target DNA

7.
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