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ABSTRACT: Solution structure of the region 4 ofσ70 subunit ofEscherichia coliRNA polymerase, whose
4.2 subregion is involved in specific recognition of the-35 element of cognate promoters, has not been
yet studied. Using multinuclear NMR spectroscopy, we have assigned recently all the backbone and aliphatic
side-chain13C resonances for a recombinant His6-tagged protein containing the whole region 4 and a part
of region 3.2 of σ70 in aqueous solution at pH 2.8 (Poznan´ski, J., Zhukov, I., Bolewska, K., and
Wierzchowski, K. L. (2001)J. Biomol. NMR20, 181-2). The protein proved to be sufficiently soluble
and did not aggregate only in the protonated state. In this paper, the structure and dynamics of this state
at pH 2.8 have been extensively examined using CD and NMR spectroscopy. Both analysis of CD spectra
and NMR observables (secondary chemical shifts of the13CR, 13CO, and1HR nuclei and of vicinal3JHNHR
coupling constants) indicated that a significant amount of helical structure remained in the protonated
protein. The amount of this structure increased upon deprotonation of carboxylic amino acids, as shown
by pH titration CD experiments. 2,2,2-Trifluoroethanol induced an even more extensive build up of this
structure. Distribution along the protein sequence of the secondary shifts and3JHNHR couplings demonstrated
partition of the helical secondary structure into three helices located similarly as in the crystal structures
of the homologous region 4 of theσA subunit ofThermus aquaticusRNA polymerase (Campbell, E. A.,
Muzzin, O., Chlenov, M., Sun, J. L., Olson, A., Weinman, O., Trester-Zedlitz, M. L., and Darst, S. A.
(2002)Mol. Cell 9, 527-39) andσ70 of theThermus thermophilusRNA polymerase (Vassylyev, D. G.,
Sekine, S., Laptenko, O., Lee, J., Vassylyeva, M. N., Borukhov, S., and Yokoyama, S. (2002)Nature
417, 712-9.). Spectral density analysis of NMR relaxation parameters,R1 and R2, and {1H}-15N
heteronuclear NOEs indicated that backbone fluctuations in the whole region embracing the three helices
and intervening nonhelical sequences are severely restricted on the nanosecond time scale as compared
with the N- and C-terminal protein segments. Inspection of the side-chain contacts stabilizing the crystal
structures well explains the observed folding and solution properties ofσ70

4 protein in its protonated
state.

The primary sigma factorσ70 of Escherichia coli(ECσ70)1

RNA polymerase regulates the initiation of the transcription
of genes involved in the general metabolism of cells (1).
When bound to the core of the RNA polymerase (R2, â, â′),
it helps to recognize the-35 and-10 regions of cognate
promoters through specific interactions with the 4.2 and 2.4
subdomains, respectively. Some parts of the 4.2 subdomain
have also been identified as binding sites for antisigma and
transcription activation factors (2). Alignment of the 4.2
subdomain sequence with the HTH consensus sequence (3)
and subsequent homology modeling studies (2, 4) have
suggested that the structure of this region is similar to that
of a typical HTH DNA binding motif. On our part, we have
overexpressed the whole region 4 ofσ70 (called σ70

4) and
assigned, sequence-specifically,15N and 13C backbone and

aliphatic side-chain resonances in the NMR spectra of this
protein in acidic aqueous solution (5). Recently, crystal
structures of corresponding regions inσ subunits of RNA
polymerasesσA

4 of Thermus aquaticus(6) and σ70
4 of

Thermus thermophilus(ref 7, abbreviated there as CD) have
been solved to a high resolution and shown to be consistent
with earlier suggestions. In this paper, we report results of
our further heteronuclear NMR and CD studies on the
solution structure of theσ70

4 recombinant polypeptide.
N-His6-taggedσ70

4 dissolves in water without aggregation
only below pH 3, where it is almost fully protonated.
Preliminary chemical shift analysis suggested that the pro-
tonated protein could retain locally the helical secondary
structure (5). Therefore, a number of NMR parameters
including secondary chemical shifts,3JHNHR coupling con-
stants,{1H}-15N heteronuclear NOE, and longitudinal (R1)
and transverse (R2) relaxation rates, known to be sensitive
to the structure surrounding the corresponding nuclei (8),
were determined and used to evaluate the propensity of
various backbone regions of the protonated protein to retain
locally a stable conformation. By all the criteria applied, in
two subregions ofσ70

4, 4.1 and 4.2, three helices were found
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to be significantly populated, while the intervening residues
forming a putative loop and turn remained in an extended
â-conformation. Comparison of the conformational and
dynamic properties ofσ70

4 in solution with the crystal
structures ofσA

4 (6) and TTσ70
4 (7) has shown that the three

helical regions forming this structure are partially retained
in the ensemble of unfolded states.

MATERIALS AND METHODS

Materials.Restriction enzymes andT4 DNA ligase were
purchased from Amersham. Plasmids pHTT7f1-σ and pAED4
were obtained from Drs. W. Werel and P. S. Kim, respec-
tively; plasmid pET-15b and His-Bind resin were purchased
from Novagen. Ammonium sulfate (15N, 98%) andD-glucose-
13C6 (13C, 98%) were from Cambridge Isotope Laboratories,
Inc. All chemicals used were of the highest purity grade.

Preparation of Recombinantσ70
4 Protein. (1) Plasmid

Construction.The Xho I/Hind III fragment of the rpoD gene,
corresponding to the C-terminal residues 528-613 of σ70

4,
was first cloned into pAED4 plasmid, cut off from the latter
using Xho I and BamH I restriction enzymes, and recloned
into pET-15b plasmid within a frame containing a sequence
coding for the (His)6-Tag and thrombin cleavage site. The
sequence of the gene was confirmed by the dideoxy
sequencing method.

(2) Gene Expression and Protein Purification. E. colicells,
strain BL21(DE3), were transformed with pET-15b plasmid
bearing theσ70

4 gene fragment. The transformed cells were
grown from overnight cultures at 37°C in Luria broth (500
mL) containing 100µg/mL ampicilin, induced at A600 ) 0.7
with 1 mM isopropyl-â-D-thiogalactopyranoside (IPTG) for
1.5 h, and harvested by centrifugation. The overexpressed
protein was found accumulated in the form of inclusion
bodies. The cells (ca. 2.0 g) were resuspended in 10 mL of
buffer A (20 mM Tris‚HCl, pH 7.9/500 mM NaCl/5 mM
imidazole), sonicated, and centrifuged at 4°C. The pelleted
cells were washed with buffer A by centrifugation. The pellet
was resuspended in 7 mL of buffer B (20 mM Tris‚HCl, pH
7.9/500 mM NaCl/5 mM imidazole/6 M urea) and incubated
at room temperature for 1 h and again centrifuged at 4°C.
The supernatant was loaded on a 1 mLcolumn containing
His‚Bind resin, but the column was washed first with 15
mL of buffer B and then with 7.5 mL of 25 mM imidazole
buffer B. The His6-tagged protein was eluted with 4 mL of
0.5 M imidazole in buffer B. The yield was ca. 25 mg per
1 L of the cell culture. For NMR investigations, the protein
was uniformly labeled isotopically (9), and the yields of the
15N-labeled and15N, 13C double-labeled protein were,
respectively, 18 and 15 mg per 1 L of cell culture. All protein
samples were found homogeneous in polyacrylamide gel
electrophoresis and electrospray mass spectrometry. The last
method and NMR sequencing indicated a lack of the
N-terminal methionine. The experimentally determined mass
of the unlabeled proteinMw ) 12 033.3 was close to the
calculated average one of 12 032.5. Similar agreement was
found between experimental and calculated masses of labeled
proteins.

The His6-tag from the recombinant protein was removed
by thrombin cleavage that, owing to solution properties of
the protein, had to be performed under acidic pH conditions
that are far from optimal for this protease: 20 mM MES

buffer, pH 5.0 at 0.75 mg/mL protein concentration (1:500,
w/w ratio of thrombin to the fusion protein), and incubation
time 20 h at room temperature. The yield of the reaction
was less than 50%. The cleavage product was separated from
the remaining His-tagged protein using the Ni2+-NTA
agarose batch procedure under denaturing conditions in
buffer B. The effluent containing denaturedσ70

4 was dialyzed
against 1 mM HCl, lyophilized, dissolved again in buffer B,
and mixed with His‚Bind resin (0.5 mL per 10 mg of protein)
for 1 h. After the removal of the beads by centrifugation,
the solution was dialyzed against 1 mM HCl. Protein
concentrations were determined according to Bradford (10).
Polyacrylamide gel electrophoresis of protein samples was
performed according to ref11.

CD Spectroscopy.The CD spectra were recorded using
an Aviv Model 202 spectropolarimeter equipped with a HP
89100A temperature controller. All measurements were
carried out in a 1 mm path-length cell. The protein
concentration was determined spectrophotometrically at 274
nm assuming a molar extinction coefficient of 1400 (12).
CD spectra were deconvoluted into contributions from
various structural forms with the aid of the CDNN program
(13).

Mass Spectrometry.Mass spectra for natural abundance,
15N enriched, and13C, 15N double enriched proteins were
determined on an electrospray (ESI-MS) quadrupole time-
of-flight (Q-Tof) Micromass spectrometer, with a resolution
of approximately 10 000. The spectrometer was calibrated
with a bovine pancreatic trypsin inhibitor (BPTI) probe.

NMR Spectroscopy.1H, 13C, and15N chemical shifts of
σ70

4 were determined for15N, 13C doubly enriched protein
at 3 mM concentration in aqueous solution (pH 2.8)
containing 10% D2O, at 298 K. All 2-D and 3-D hetero-
nuclear spectra were processed with the aid of NMRPipe
(14) and analyzed using the XEASY (15) programs. Resolu-
tions in the indirect dimensions were increased by linear
prediction andπ/3 shifted squared sine-bell weight function
multiplication followed by zero-filling.

Resonance Assignments.The 15N-1H HSQC resonances
were assigned to a given type of residue using the C(CO)-
NH (16), HN(CO)CA (17), and CBCA(CO)NH (18) experi-
ments. Because of extensive overlap of the carbon signals,
sequential assignment was done simultaneously by a com-
bination of the gradient versions of the CBCA(CO)NH (18),
HNCACB (19), HNCO (20), and (HCA)CO(CA)NH (21)
experiments. HR resonances were assigned on the basis of
the HA(CO)NH (22) experiment. Most of the1H aliphatic
side-chain resonances were assigned on the basis of a
combination of H(CCO)NH (22), 15N-NOESY-HSQC (23)
(τm ) 150, 250 ms), and13C-1H HSQC spectra. To avoid
errors, each sequential assignment trace was followed using
CR, Câ, and CO resonances and verified by the15N-
NOESY-HSQC experiment.

3JHNHR Coupling Constants. Values of3JHNHR were evalu-
ated from a series ofJ-modulated HSQC experimental data
(24) according to the following relation:V ) Vo exp(-t/T2)
cos(2πJt), wheret is the evolution time (40, 50, 60, 70, 80,
90, 100, 120, 160 ms),T2 is the HN transverse relaxation
time, andV andVo are signal volumes measured (att) and
estimated (att ) 0), respectively. The3JHNHR vicinal coupling
constants,15N relaxation parameters, and{1H}-15N hetero-
nuclear NOEs (see next) have been deposited in the Bio-
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MagResBank database (http://www.bmrb.wisc.edu) under the
same accession number of 4870 at which chemical shift data
were deposited previously (5).

Relaxation Measurements. Relaxation measurements were
performed at 298 K for15N uniformly labeled protein
dissolved in water (pH 2.8) at a single 11.4 T magnetic field
(500 MHz spectrometer). The pulse sequences, used for
determination of the longitudinal (R1) and transverse (R2)
relaxation rates, were analogous to those previously reported
by Farrow et al. (25). ForR2 measurements, a Carr-Parcell-
Meiboom-Gill (CPMG) 180° pulse train with a refocusing
delay of 650µs was used during evolution. Delays between
protonπ pulses, used for the suppression of cross-correlation
effects between1H and15N nuclei (26), were 5 and 10 ms
in R1 andR2 measurements, respectively. The recycle delay
was kept as long as 2.5 s. A total of 1024 and 128 complex
data points in time domains were collected in the hyper-
complex mode.15N decoupling during acquisition was
performed as 3.2 kHz GARP pulse scheme (27). The
relaxation rates were measured using eight delays both for
R1 (0.01, 0.05, 0.13, 0.25, 0.41, 0.61, 0.85, 1.13 s) and for
R2 (0.01, 0.03, 0.05, 0.09, 0.13, 0.17, 0.21, 0.25 s).{1H}-
15N heteronuclear NOEs were measured according to the
dynamic-progressive saturation manner with seven delays
(0.00, 0.06, 0.18, 0.42, 0.90, 1.80, 3.30 s) using the standard
pulse sequence (gNnoe) from the ProteinPack (Varian Inc.,
Palo Alto, CA) software.

Data Transformation. To avoid problems with calibration
and to diminish experimental uncertainties, all relaxation
experiments were performed as the pseudo-3-D experiments
(28). The specific processing script for transforming such
data under the NMRPipe program (14) was used. Spectra
were processed by applying a square cosine-bell weighting
function in both time dimensions followed by a zero-filling
procedure up to 2000 and 1000 complex points. The baseline
correction was applied during processing along the F2
dimension.

Determination of Relaxation Parameters.Relaxation analy-
sis was performed for 94 out of the 102 backbone amide
groups characterized by nonoverlapping cross-peaks in the
1H-15N HSQC spectrum, using the method of spectral
density mapping (29). This method provides values ofJ(0),
J(ωN), andJ(0.87ωH) from R1, R2, and the{1H}-15N cross
relaxation rates.

Computational Methods. Sequential alignment ofσA
4 and

σ70
4 domains was conducted using version 1.8 of the

CLUSTAL-W program (30) and the Blosum30 (31) scoring
matrix. Structural analysis was performed with the help of
the MolMol program (32).

Statistical Treatment. For more precise analysis of the
distribution of NMR observables (CSI and3JHNHR) along the
sequence, a moving average smoothing (33) procedure was
applied with a five residue window roughly corresponding
to the length of one helical turn.

RESULTS

Properties of the His6-Taggedσ70
4 in Solution.The re-

combinant 107 residue protein contained the C-terminal
fragment ofσ70, residues from 528 to 613 (comprising the
whole region 4 and a part of region 3.2), and a 21 residue
sequence carrying the thrombin cleavage site and N-His6-

Tag (cf. Figure 1). The protein was purified by metal-ion
affinity chromatography under denaturing conditions (6 M
urea), as described in the Materials and Methods. Attempts
at its renaturation by stepwise removal of the denaturing
agent through dialysis against 50 mM Tris/HCl and acetate
buffers of pH from 4 to 8 failed because the protein
precipitated. Only dialysis against 1 mM HCl allowed the
protein to be retained in solution in a nonaggregated form
at a concentration up to ca. 5 mM. Under these pH
conditions, all basic amino acid residues and most of the
acidic ones are protonated (calculated pI) 9.79). Lyophilized
protein could be redissolved in water, but when the pH was
increased above 4, it started to aggregate, as indicated by
the broadening and disappearance of signals from the15N-
HSQC NMR spectrum. The aggregation could be reversed
by the addition of HCl to pH≈3. In acidic solution, the
protein was found to be chemically stable for a prolonged
time.

Untaggedσ70
4 (calculated pI) 8) exhibited a stronger

tendency for aggregation relative to its tagged form under
similar pH and concentration conditions. Therefore, the
tagged form, calledσ70

4 further in the text, was selected for
CD and NMR investigations.

CD InVestigations. CD spectra ofσ70
4 recorded at a number

of pH values are shown in Figure 2. The spectra were
deconvoluted (13), and contributions from different confor-
mational forms thus obtained were plotted as a function of
pH in the inset to Figure 2. It is evident from these plots
that at pH 2.7 the dominant contributions to the spectrum
come from extendedâ (ca. 0.38) and random coil (0.31)
conformations, while those due toâ-turn (0.2) andR-helical
(0.11) secondary structures are much smaller. Previously (5),
the content of the latter form was overestimated. Upon
increasing the pH up to 4.7, the content of theR-helical form
grows at the cost of the extendedâ-ones, whereas contribu-
tions from the other two remain practically invariant. This
observation indicates the occurrence of a simple pH-
dependent two-state conformational equilibrium between
some extendedâ andR-helical forms. The transition between
these two states manifests itself in the spectra by the presence
of an isoeliptic point at 204 nm. Therefore, from these plots,
the corresponding two-state equilibrium constant, pKtrans )
3.94 ((0.13), was estimated. The value of pKtrans suggests
that this transition is controlled by protonation/deprotonation

FIGURE 1: Sequence of the recombinantE. coli (EC) σ70
4 and its

alignment with sequences of theT. aquaticus(TAQ) σA
4 (6) and

T. thermophilus(TT) σ70
4 domain of the cognate RNA polymerase

σ subunit (7). The His6-tag and thrombin cleavage sequence are in
italics. In the alignment, symbols *, :, and . indicate identical
residues, homologues, and polar replacements, respectively. Regions
4.1 and 4.2 of ECσ70

4 (1) are underlined and double underlined,
respectively. Helical regions in the crystal structures ofσA

4 and
TT σ70

4 domains, named H1, H2, and H3, are marked by a gray
background.
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equilibria involving carboxylic groups of Glu and Asp and
the C-terminal carboxyl present in the protein.

The CD spectrum of the protonated form ofσ70
4 was only

slightly sensitive to temperature: between 5 and 45°C, only
a general decrease in optical activity, accompanied by a small
blue shift of the minimum at 200 nm, was observed (not
shown).

The presented data allow us to conclude that protonated
σ70

4 in aqueous solution is partially unfolded and retains some
residualR-helical structure since CD is sensitive only to
ordered secondary structures. This conclusion is strongly
supported by changes induced in the CD spectra ofσ70

4 (cf.
Figure 3) on the stepwise addition of TFE. Owing to specific
solvation of peptide groups (34, 35), TFE induces the closure
of individual hydrogen bonds (36) and thus propagates

context-dependent formation of nativelike secondary struc-
tures in polypeptides (37). The spectra recorded at pH 2.69
and 4.55 in solutions containing 0-30% (v/v) of TFE form
a family with an isoeliptic point at 203 nm indicative of the
occurrence of a conformational transition induced by TFE.
Indeed, systematic changes in the calculated contributions
to the experimental spectra fromR-helical andâ-extended
forms (contributions from the random coil andâ-turn form
proved practically invariant), plotted as a function of TFE
content (cf. inset to Figure 3), clearly demonstrate that they
are mainly due to the build-up ofR-helical structures up to
45%, almost at the sole cost of the extendedâ-forms. TFE
induced also large systematic changes in the chemical shift
patterns of15N-1H HSQC NMR spectra (not shown), the
structural interpretation of which was not yet attempted.

FIGURE 2: CD spectra ofσ70
4 in aqueous solution at indicated pH values, 25°C. In the inset, the estimated populations of different secondary

structure elements contributing to the observed spectra are plotted as a function of pH (solid lines drawn through the data points correspond
to the two-state transition with pKtrans ) 3.94).

FIGURE 3: TFE-induced changes in the CD spectra ofσ70
4 at pH 2.69 (open symbols) and 4.55 (filled symbols); the content of TFE (%,

v/v) is indicated in the script window. In the inset, the estimated populations ofR-helical and extendedâ-secondary structure elements are
plotted as a function of TFE content (practically invariant contributions from random coil andâ-turn forms omitted).
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NMR InVestigations. Detailed insight into the structure of
partially folded and unfolded proteins can be obtained with
the help of high-resolution NMR experiments providing
information on the distribution of theæ, ψ dihedral angles
and backbone dynamics (8). In particular, the deviations of
the chemical shifts of13CR, 13CO, and1HR nuclei from
random coil values, termed secondary chemical shifts, and
the vicinal3JHNHR coupling constants, both primarily deter-
mined by the backboneæ, ψ dihedral angles, are used for
the estimation of local secondary structure propensities in
unfolded or partially folded proteins. Analysis of measured
15N longitudinal (R1) and transverse (R2) magnetization
relaxation rates, as well as the heteronuclear{1H}-15N
steady-state NOEs, provides clues to backbone dynamics.
Some connectivity patterns, inferred from NOESY experi-
ments, can also be useful. We applied all these approaches
to further characterize secondary structures contributing to
the CD spectra of protonatedσ70

4.
Chemical Shifts.Using the experimental chemical shift

values of13CR, 13CO, and1HR from the NMR spectra of
σ70

4 in aqueous solution at pH 2.8 and respective reference
values for random-coil chemical shifts (38-42) (corrected
for sequence-dependent contributions (43)), corresponding
secondary chemical shifts,∆δ(i), were calculated. Plots of
the∆δ(i) values for13CR, 13CO, and1HR nuclei as a function
of residue number in theσ70

4 sequence shown in Figure 4
indicate that in some regions of the 4.1 and 4.2 subregions,
13CO and 13CR resonances form a consistent pattern of
downfield shifts, whereas1HR are shifted upfield; all the
three descriptors are thus indicative of a high propensity of
these backbone regions to populate the helical conformation
(8). These regions are helically folded in the crystal state of
the homolgous domains ofT. aquaticus(6) andT. thermo-
philus (7).

The population of those helically folded regions in the
protonatedσ70

4 was evaluated from the measured distribution
of the residual secondary chemical shift values∆δ(i) (Figure
4) based on the concept of the chemical shift index (CSI)
(39). Assuming for theR-helical structure average values of
secondary chemical shifts∆δo(i) for 13CR, 13CO, and1HR
equal to 2.8, 2.3, and-0.4 ppm, respectively (41, 42), the
population of theith residue in this conformation can be
expressed aspR(i) ) ∆δ(i)/∆δo(i). The data obtained were
smoothed by a moving average method (33) with a five
residue window, using the expression:

In view of the consistency of the∆δ(i) distribution pattern
for 13CR, 13CO, and 1HR (cf. Figure 4a-c), population
analysis of local structural propensities could be done
simultaneously for the three structure descriptors in the form
of their geometric average:

The calculated values of theP̂R(i) function, plotted in Figure
4d, clearly identified inσ70

4 the two most populated helical
regions embracing the L551-M561 and F580-A594 se-
quences, corresponding to the H1 and H3 crystal state helices,

respectively, and a much less populated third region of
T572-E575, corresponding to the H2 helix in the crystal
structure. The average partition of helical structure in
protonatedσ70

4 estimated in this way was found to be equal
to 0.11, in perfect agreement with the population of this
structure obtained from the analysis of the CD spectra (see
infra).

p̃R(i) ) max(0,
1

5
∑

|j-i|<3

pR(j))

p̂R(i) ) x3

∏
CR,CO,HR

p̃R(i)

FIGURE 4: Secondary chemical shifts,∆δ(i), corrected for the
sequence-dependent contributions (43), for (a)13CR, (b) 13CO, and
(c) 1HR nuclei as a function of residue number in protonatedσ70

4
at pH 2.8 and 25°C. (d) Population ofR-helical regions inσ70

4
estimated as the residue-dependent geometric mean of the∆δ(CR),
∆δ(CO), and ∆δ(HR) descriptors averaged over five residue
windows; black bars identify helical regions, and outlined ones
correspond to the N-terminal part ofσ70

4 preceding the proper
domain 4 sequence; helical regions found in the crystal structure
of TT σ70

4 (7) are indicated by gray vertical strips.
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Comparison of the three helical regions in the solution
structure of protonatedσ70

4 and in the crystal structure of
TT σ70

4 (cf. gray strips in Figure 4d) indicates that the H1
and H3 helices are located similarly. In the protonatedσ70

4,
the ends of helix H1 are considerably frayed, as indicated
by the distribution ofP̂R(i) values; the longer H3 helix seems
to be more compact than helix H1 and does not extend up
to P601 toward the C-end, as observed in the crystal
structures, and propagates back into the turn 581DVT region;
the third H2 helix is less populated and much shorter.
However, both location and extension of the loop region
between the H1 and the H2 helices in the solution structure
are similar to that seen in the crystal structures. The backbone
conformation of the loop in solution seems to be generally
similar, as suggested by negative values of∆δ(CR) in this
region (cf. Figure 4a), compatible with aâ-type structure.

3JHNHR Coupling Constants. The measured values of vicinal
3JHNHR coupling constants for protonatedσ70

4 at pH 2.8 are
presented in the form of a histogram in Figure 5 (some of
the couplings could not be determined owing to the signal’s
overlap). They exhibit relatively low variability along the
protein sequence in the range of 3.5-6.5 Hz. To make this
distribution pattern more meaningful, measured values of
coupling constants were averaged over the five residue
window (cf. solid boundaries over the bars in Figure 5),
which roughly corresponds to one helical turn.

Interpretation of the vicinal coupling data can be performed
with a reference to the mean3JHNHR values predicted for
R-helical andâ-strand conformations from the population
of torsion angles in a database of 85 high-resolution protein
structures (44) equal to 5.2 Hz (with residues at the termini
of helical structures included in calculations) and 8.5 Hz,
respectively. The calculated coupling constants for a majority
of residues found in the random coil state in the database
are in the range of 7.1-7.7 Hz. In unfolded protein states in
solution, conformational averaging would result in intermedi-
ate values of the observed3JHNHR couplings.

The 3JHNHR values determined forσ70
4 at pH 2.8 are well

below those expected for residues in the random coil state
and thus point to a significant population of the helicalæ, ψ
dihedral angles in the ensemble of unfolded states. Despite

some gaps in the3JHNHR data, the two most populated
R-helical regions, H1 and H3, proposed on the basis of the
secondary chemical shifts, could be easily recognized in the
regions of consistently lower3JHNHR values between 3.5 and
5 Hz. The elevated values of the coupling constant,3JHNHR

> 5 Hz, in the I565-E574 region corresponding to a putative
loop between the two helices indicate a larger contribution
from extended conformations.

NOESY Data. Analysis of the 15N-NOESY-HSQC
spectra allowed us to assign per residue more than three
sequential cross-peaks. In the HLH region, 20 relatively
strong HNi,i+1 correlations were found. However, in the H3
region, the existence of an efficient HNi,i+1 magnetization
transfer could be neither confirmed nor falsified. Addition-
ally, a total number of 20 structural cross-peaks was found
and unequivocally assigned (cf. Table 1). Unfortunately,
because of very low dispersion of HR and amide HN
resonances and the presence of slow conformational ex-

FIGURE 5: Vicinal coupling constants3JHNHR of protonatedσ70
4 at pH 2.8 and 25°C. Coupling constants averaged over the five residue

windows are depicted as solid curves over the bars. Black bars identify helical regions, and outlined ones correspond to the N-terminal part
of σ70

4 preceding the proper domain 4 sequence; gray vertical strips mark helical regions found in the crystal structure of TTσ70
4 (7).

Table 1: Structural Crosspeaks from15N Edited NOESY Spectrum
(250 ms Mixing Time) ofσ70

4 at pH 2.8a

NOE between atoms

L 548 HN A 546 HA

G 550 HN L 548 QQD
G 550 HN L 548 QB
T 552 HN E 555 QB
T 552 HN E 555 QG
R 554 HN T 552 HB
A 556 HN L 551 QQD
F 563 HN I 565 QG2
G 564 HN R 562 HA
G 564 HN M 567 QB
I 565 HN F 563 QB
I 565 HN F 563 HA
M 567 HN I 565 HA
D 570 HN I 565 QG2
T 572 HN E 575 QG
L 573 HN D 581 HA
E 574 HN D 581 HA
G 577 HN E 575 HA
Q 579 HN G 577 QA
D 581 HN G 577 QA

a In bold, those that do not agree within the 6 Å limit with the crystal
structure of TTσ70

4 (7).
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change, thei,i + 3 connectivity pattern that would support
the postulated helical structures could not be discerned.

Inspection of the assigned structural cross-peaks shows
that they locate mainly at the termini of putative helices,
and in particular, in the I565-E574 loop region. This
observation will be discussed later in connection with the
crystal structure of TTσ70

4.
Relaxation Analysis.Longitudinal (R1) and transverse (R2)

magnetization relaxation rates for amide15N nuclei and the
heteronuclear{1H}-15N steady-state NOEs were measured
at a single 11.4 T magnetic field for 94 out of 102 backbone
amide15N nuclei observed in the1H-15N HSQC spectrum
of uniformly 15N-labeledσ70

4. TheR1 andR2 relaxation rates
and{1H}-15N NOEs thus obtained exhibit a characteristic
variation along theσ70

4 sequence (Figure 6a-c), indicative
of greatly differentiated dynamics of the protein backbone
in the acid-unfolded state. The patterns of distribution of the
relaxation parameters across the whole region embracing
residues T552-L598 are similar to each other and character-
ized by the presence of three maxima corresponding to
relatively slower backbone motions. Location of the three
maxima coincides closely with the three H1-H3 helical
regions deduced from the∆δ and3JHNHR data (cf. Figures 4
and 5). Residues exhibiting weakly positive NOEs (cf. inset
in Figure 6c) and elevatedR1 values in these subregions of
the T552-L598 sequence are motionally restricted on a
subnanosecond time scale; simultaneously, they are charac-
terized by the largestR2 values indicative of slower motions

with a possible contribution from chemical exchange pro-
cesses on the micro- to millisecond time scale. Large negative
values of{1H}-15N NOE and distinctly lowerR1 and R2

values for N- and C-terminal sequences indicate increased
flexibility of the polypeptide chain in these regions (45). Only
the His6-tag fragment seems to be somewhat more restricted
motionally.

The model-free approach (46) is not applicable for the
description of backbone dynamics of unfolded proteins
because of their nonisotropic tumbling in solution (47-49).
In such a case, quantitative interpretation of the15N relaxation
data can be performed by direct analysis of the spectral
density functionJ(ω) using spectral density mapping (50).
Such analysis has been successfully applied in investigations
on the conformational dynamics of a number of unfolded
proteins (8, 51-53). Following this approach, the spectral
densitiesJ(0), J(ωN), andJ(0.87ωH), sampled at frequencies
0, ωN ) 50, and 0.87ωH ) 465 MHz, respectively, were
calculated from the measured{1H}-15N NOEs andR1 and
R2 relaxation rates. They are plotted as a function of residue
number in panels d-f of Figure 6.

J(0) is more sensitive toR2; therefore, increased values
of this function reflect the occurrence of slower motions on
the nanosecond time scale with possible contribution from
chemical exchange processes on the micro- to millisecond
time scale, while low values point to a dominant contribution
from rapid pico- to nanosecond internal motions. Indeed, the
distribution pattern of the calculatedJ(0) values (Figure 6d)

FIGURE 6: (a) Longitudinal (R2) relaxation rates, (b) transverse (R1) relaxation rates, and (c) heteronuclear{1H}-15N NOEs (in inset,
magnified central fragment) for the amide backbone nitrogens in aqueousσ70

4, at pH 2.8 and 25°C, and corresponding calculated spectral
density values ofJ(ω) function sampled at (d) 0, (e) 50, and (f) 465 MHz. The horizontal dotted lines in panels d-f show the mean values
of 0.67, 0.26, and 0.028 ns rad-1, respectively. Filled and open circles correspond toR-helical and extendedâ-structures, respectively; gray
vertical strips mark helical regions found in the crystal structure of TTσ70

4 (7).
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closely matches that ofR2 (Figure 6a). The whole fragment
embracing the H1-H3 three helical subregions and a part
of the intervening loop between H1 and H2 helices, ap-
proximately F563-Y571, exhibits significantly elevatedJ(0)
values over the average value ofJ(0) ) 0.67 ns/rad. The
maxima of theJ(0) function at the middle part of the H1
and H3 helical sequences reflect a slow conformational
exchange of the residues in the interface region. However,
most of the F563-Y571 loop sequence is characterized by
the lowestJ(0) values in the whole region in question. Also,
there is an evident minimum in theJ(0) plot between H2
and H3 helical regions. The flanking sequences are charac-
terized by distinctly lowerJ(0) values, compatible with the
dominance of fast pico- to nanosecond motions. Also,J(ωN)
values are distinctly larger in this region and similarly
distributed as in the case ofJ(0) (cf. Figure 6d). The
J(0.87ωH) values most sensitive to fast pico- to nanosecond
internal motions proved to be the smallest, exhibiting an
inverted distribution over this region (Figure 6f), as compared
with the distribution ofJ(0) andJ(ωN) (cf. panels d and e of
Figure 6). In other words, contribution of these motions to
the backbone dynamics is minimal in those sequence regions
in which the contribution from slow motions becomes the
largest.

The slow backbone dynamics of the whole fragment
embracing 4.1 and 4.2 subregions of protonatedσ70

4 in
solution, and in particular, of the three identified helical
fragments, strongly supports the notion that the helical
secondary structures become formed cooperatively and
exhibit a high propensity to fold into a relatively stable
tertiary structure similar to that of the HLHTH DNA binding
motif seen in the crystal structures of homologousσ4

domains.

DISCUSSION

The presented results of CD and NMR experiments and
their analysis demonstrated that the ensemble of acid-
unfolded states ofσ70

4 in aqueous solution retains some of
the secondary structural features shown to be present in the
crystal structures (6, 7). Characteristic for this structure, the
HLHTH folding pattern is clearly reflected in sequential
distribution of secondary chemical shifts and vicinal coupling
constants, both indicative of preferential population of the
R-region of theæ, ψ space. Two of the three helical regions,
corresponding to the H1 (L551-M561) and H3 (F580-
A594) helices, are particularly highly populated (∼30-40%).
The third one between T572 and V575, corresponding to
the H2 helix, is less populated (∼10%), reduced to one initial
helical turn and followed by a short turn sequence GKQ.
The H3 helix is elongated toward the N-terminus by one
turn, into an interhelical putative turn region (DVT), and
shortened at its C-terminal end.

The whole fragment, embracing the H1, H2, and H3
helices and the intervening loop/turn sequences, is displayed
by significantly higher than the average values of the spectral
density functionsJ(0) andJ(ωN) and by smaller than the
average values ofJ(0.87ωH), indicating a reduced backbone
flexibility on the pico- to nanosecond time scale and large
contributions from slow motional processes on the micro-
to millisecond time scale in the helical regions. The greatly
increased values of theJ(0) function, with the maxima

coincident with middle segments of the helical regions,
provide evidence for slow conformational exchange pro-
cesses involving cooperative formation/dissociation of the
helices and hydrophobic contacts between their interfaces.
The relaxation data thus strongly suggest that in the acid-
unfolded state ofσ70

4, the two, H1 and H3, helices tend to
be similarly oriented and remain in close contact with one
another, as in the crystal structures. Therefore, results of this
analysis were included in a sausage model (shown in Figure
7), based on the crystal structure of TTσ70

4, where the radius
of the tube following the CR trace is proportional to the low-
frequencyJ(0) correlation time. This model illustrates in
which sequence regions the ensemble-averaged structure of
acid-unfoldedσ70

4 largely retains the HLHTH-like fold
characteristic for the neutral form of the protein. The two
helices crossing each other, H1 and H3, marked blue form
a universal framework for the spatial organization of the
HLHTH DNA binding motif. The N- and C-terminal regions,
helical in the crystal state, are unstructured in solution.

The sequences of theσ70
4 domains ofE. coli and T.

thermophilusin the helical regions differ one with another
only by a few homologous amino acid replacements (cf.
Figure 1). In the crystal structures, these amino acids have
fully solvent-exposed side chains. Thus, their replacement
by homologous amino acids should not disturb the backbone
organization. This observation justified the construction of
the sausage model on the basis of the TTσ70

4 CR backbone
trace.

By a similar token, the interactions responsible for
stabilizing the helical motifs retained in the acid unfolded
structure of ECσ70

4 should be generally similar to those
between the helices forming the HLHTH fold in the crystal
structures. Inspection of interhelical side chain contacts
(defined by interatomic distances in the range of 2.5-5 Å)
in these structures indicated that the main characteristic
feature of these contacts are interspersed hydrophobic clusters
and salt bridges, particularly numerous at the H1/H3
interface. The helical structures of the two 4 regions are also
locally stabilized by a number of putativei,i + 3 salt bridges.

The pattern of interactions involved in stabilization of the
crystal structures helps to rationalize the conformational and
solution properties ofσ70

4 in its acid-unfolded state. In this
state, deprotonation of carboxylic groups, involved in salt
bridging, can be expected to increase the electrostatic

FIGURE 7: Sausage model ofσ70
4 based on the crystal structure of

TT σ70
4 (7). The radius of the tube following the CR trace of the

backbone is proportional to 1/J(0), taken as a rough measurement
of the backbone conformational mobility. The three helical regions
determined from NMR secondary chemical shifts and confirmed
by relaxation data for the acid-unfolded protein are marked in blue;
unstructured regions in solution are in green.
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stabilization of the secondary and tertiary structures ofσ70
4.

The growing contribution from helical structures to the CD
spectra ofσ70

4 on an increase of the pH of the solution, above
the value corresponding to pKtrans ) 3.94, is surely a
manifestation of this process. On the other hand, the
significant partition of the extendedâ-structures at pH< 4,
accompanied by a dramatic decrease in the protein solubility
at its higher concentration, strongly suggest a possibility of
formation of an extensive network of intermolecular/intramo-
lecular salt bridges and local hydrophobic clusters facilitating
protein aggregation and precipitation, observed under such
conditions. The expected structure of fully foldedσ70

4 helps
also in understanding the greatly increased content of helical
forms in its unfolded form in the presence of TFE in solution.
It is well-known that solvation by TFE of partially unfolded
proteins in mixed aqueous solutions helps to stabilize their
residual nativelike, hydrogen-bonded folds by decreasing the
solute-water interactions involving H-bonding, charge in-
teractions, and polarizability effects. Hence, the folded motifs
become more compact owing to an increased number of
intramolecular H-bonds. Usually, maximal stabilization of
the conformational ensemble is attained at 30% of TFE (36),
and a further increase in its content does not influence the
observed partition. One can thus expect that partial replace-
ment of water by TFE in the solvation sphere ofσ70

4 should
drive the equilibrium between unfolded and HLHTH-folded
forms in favor of the latter. It is thus highly probable that
the buildup ofR-helical structures up to 45% content at pH
4.55 in 30% aqueous TFE solution ofσ70

4, deduced from
analysis of the respective CD spectrum (Figure 3), reflects
a large shift in this equilibrium.

The scanty structural NOESY data (Table 1) deserve a
comment in connection with the conclusion drawn from the
interpretation of the spectral density functions. Most of the
unambiguously assigned 20 structural cross-peaks are local-
ized in the regions terminating the adjacent helices. This
seems to indicate the occurrence of dynamic and spatial
constraints imposed on the corresponding pairs of residues
by interaction of adjacent helices, H1/H2 and H2/H3, leading
to the stabilization of the whole HLHTH fold. This region
is less rigid than the helices themselves, allowing spatial
organization of the H1LH2 motif. Several cross-peaks lying
in the F563-D570 putative extended loop region cannot be
explained by the crystal structure (7). In the loop region, as
much as eight out of nine residues ofσ70

4 are different than
in σA

4 and TTσ70
4 (cf. Figure 1); in particular, none of the

three basic residues ofσ70
4 is present in the former twoσ4

regions, and the two carboxylic amino acids are located in
different regions of the loop. It is thus understandable that
conformation of the loop in acid-unfoldedσ70

4 also can be
expected to be different than in the two crystal structures. It
is worth pointing out that in both crystal structures this loop
region is also more flexible, as shown by the increased values
of the B factor for TT σ70

4 (7) and lack of order inσA
4 (6).

In this connection, it has to be stressed that in the whole
family of σ70 proteins the largest divergence between
sequences is observed for this loop region (1). Our own
alignment (not shown) of over 100 protein sequences
exhibiting more than 50% identity with the region 4 ofσ70

demonstrated that the largest sequential heterogeneity was
found for the region corresponding to D566-Y571 of σ70

4,
with the only consensus of a small residue (G, S, or N) at

568 location. We are thus tempted to conclude that the lack
of sequence conservation in the L loop region, and hence
its conformational flexibility, is important for functional
interactions of theσ4 domain with theâ-subunit flap-tip helix
in RNA polymerase holoenzyme (54, 55) and with different
transcription regulation factors mapped in the binding
hydrophobic cleft of this domain (2). This notion is supported
by the most recent model of the specific binding of theT4

anti-σ factor (AsiA) by this domain, formed by the C-
terminal helices of the 4.1 and 4.2 subregions, according to
which upon binding AsiA must disrupt the interaction ofσ4

with the RNA polymeraseâ-subunit flap domain (56).
Finally, we would like to relate the results of this work

with those of the most extensive studies thus far on
multiphase acid-induced unfolding of apomyoglobin (ref8
and references cited). Structural and dynamic NMR studies
have provided strong evidence that (i) in the molten globule
intermediate at pH 4 (57), three highly populated helices are
retained, forming a compact rigid core of nativelike topology
and (ii) in the fully protonated state of apomyoglobin at pH
2.3, two of these helices, although not exactly similar, still
have appreciable helical content and exhibit restricted
backbone motions (58). Kinetic unfolding experiments at pH
2.7 (59) and refolding experiments at neutral pH (60) have
suggested a strong similarity between the acid unfolding and
the refolding pathways. Moreover, in a recent fully atomistic
simulation of acid-induced unfolding of apomyoglobin (61),
cooperativity in secondary and tertiary structure formation
was observed. These findings provide strong support to the
presented interpretation of the experimental data for acid-
unfolded σ70

4 in terms of a residual nativelike average
structure of the HLHTH motif, stabilized by concomitant
formation of the secondary helical structure and tertiary
hydrophobic/hydrogen bonded polar contacts between the
helices, undergoing a transition to a more nativelike form
on the deprotonation of carboxylates and/or replacement in
the solvation layer of the high-dielectric aqueous environment
by a more low-dielectric TFE environment, strengthening
the network of H-bonds responsible for stabilizing the
secondary structures.
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