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Abstract
The σ subunit of bacterial RNA polymerase (RNAP) regulates gene expression by directing RNAP
to specific promoters. Unlike σ70-type proteins, the alternative σ factor, σ54, requires interaction with
an ATPase to open DNA. We present the solution structure of the C-terminal domain of σ54 bound
to the –24 promoter element, in which the conserved RpoN box motif inserts into the major groove
of the DNA. This structure elucidates the basis for sequence specific recognition of the –24 element,
orients σ54 on the promoter, and suggests how the C-terminal domain of σ54 interacts with RNAP.

Introduction
The sigma (σ) subunit of RNA polymerase (RNAP) is a key regulator of gene expression in
bacteria. The σ-factor controls transcription initiation by directing RNAP binding to specific
promoter sequences and "melting" the double-stranded DNA 1; 2. Unlike the σ70-RNAP,
σ54-RNAP requires interaction with an upstream activator protein3. This activator is an AAA
+-ATPase that couples promoter opening to ATP hydrolysis4. Thus, understanding the details
of σ54-dependent transcription will help us understand more broadly the process of DNA
opening. Further, σ54-dependent transcription is important for the virulence of many plant and
animal pathogens, such as Borrelia burgdorferi5, the agent of Lyme disease, and Vibrio
cholerae6, a major cause of mortality in developing countries.

To date only relatively low resolution information from electron microscopy has been available
for σ54 7; 8. The σ70 –type proteins have been structurally well-characterized by x-ray
crystallography9; 10; 11. However, the structures determined for σ70 are of little aid in
understanding how σ54 functions because there is no apparent sequence similarity between
σ54 and σ70. Therefore the details of σ54-dependent transcription are still unknown, including
the basic question of how σ54 recognizes and binds its promoter DNA.
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The σ54 promoter element contains two highly conserved sequences centered at -12 and -24
basepairs upstream of the start site of the gene 12(Figure 1B). The C-terminal region of σ54

(the last 53 residues) has been shown to be essential for binding these sequences13. Further,
the RpoN box (Figure 1A: boxed), nine highly conserved amino acids found at the C-terminal
end in all σ54 proteins, has been shown by DNA cleavage assays to be near the -24 promoter
element during transcription initiation14. However, the minimal DNA-binding domain for
σ54 was unknown. We recently solved the structure of the C-terminal domain from Aquifex
aeolicus alone (less nine C-terminal residues) and found that it forms an unpredicted helix-
turn-helix (HTH) motif, similar to many DNA-binding domains15. Here we show that this
domain, which we refer to as the “RpoN domain,” specifically interacts with the –24 promoter
element of the σ54 binding site. We also present the high-resolution structure of this domain
in complex with –24 region. This structure provides the first detailed information about how
σ54 recognizes its promoter. The structure also provides insights into how the C-terminal end
of σ54 interacts with RNAP and suggests a new role for this domain in promoter melting.

Results and Discussion
C-terminal RpoN domain binds to the –24 promoter element

We found that the last 60 residues of the Aquifex aeolicus σ54 (Figure 1A), the “RpoN domain,”
bind specifically to the -24 promoter consensus sequence (Figure 1B: red) with high affinity
(Kd = 114 nM ± 10 nM s.d. [n=3]; Figure 1C), but it does not interact with the -12 element
(Figure 1C: inset). Throughout the article, nucleotide numbering is as shown in Figure 1B with
“t” and “n” designating “template” and “nontemplate” strands, respectively.

We also found that the last nine residues of σ54 are required for high DNA binding affinity.
Protein construct “B” in Supplemental Figure 1, which is missing residues Ile390 to Ile398,
fails to bind to a full σ54 promoter (Supplemental Figure 1C: bottom left) To ensure that the
N-terminal region of construct “B” was not inhibiting DNA binding, we also created a construct
from Thr323 to Ile398 (the union of constructs “A” and “B” in Supplemental Figure 1B). This
fragment only expressed in insoluble inclusion bodies but still bound the -24 element when
the protein was refolded in the presence of DNA (data not shown).

Structure of RpoN domain-DNA complex
We then solved the structure of the RpoN domain (Figure 1A) in complex with a 14-basepair
oligonucleotide (Figure 1B: boxed) that includes the -24 consensus promoter element 5'-
GGCACG-3'. We used a combination of 15N, 13C-edited and 13C-filtered experiments with
1377 distant restraints, including 70 intermolecular restraints between the protein and the DNA
(Table 1). Examples of the data used to obtain intermolecular restraints are shown in Figure
3A. The structure converged well (Figure 2B); the superposition of the final 20 structures has
an r.m.s.d. from the mean structure of 0.48 Å ± 0.13 Å s.d. for DNA heavy atoms and protein
backbone and 0.76 Å ± 0.13 Å s.d. for all heavy atoms (Table 1). Statistics for the final ensemble
of structures is presented in Table 1.

The overall topology of the RpoN domain (Figure 2A), including the length of the loop and
the angle of the helices in the HTH motif, is more similar to winged-HTH (wHTH) domains
than to the basic HTH domains. In a structural homology search of the Protein Databank, four
of the five top-scoring proteins were members of the wHTH family (Supplemental Table).
However, unlike wHTH proteins, the RpoN domain does not have β-strand elements or a
“wing” at the C-terminal end. In place of the “wing”, the RpoN domain has a novel short helical
segment (Figure 2A: arrow). The function of this extension is highly similar to that of a “wing,”
stabilizing the first loop of the domain via hydrogen bonds and hydrophobic interactions16.
Also like many “wings,” this is essential for DNA binding affinity. Removing this helix (the
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last nine residues of the protein) reduces DNA affinity greater than 100-fold (see above and
Supplemental Figure 1). DNA contacts along this C-terminal segment include potential
hydrogen bonds between Ser361 and Thy –29n along the backbone and between Arg394 and
Thy –29n in the minor groove (Figure 5). Thus, the RpoN domain is a hybrid between the basic
HTH and wHTH proteins.

Role of RpoN box residues in DNA binding
The highly conserved RpoN box (Figure 1A: boxed) forms the recognition helix of the HTH
motif (Figure 2A) that is inserted into the major groove at the center of the -24 promoter
element. Alanine mutations of positively charged and aromatic residues of the conserved RpoN
box (bold: 377-ARRTVAKYRE-386) have previously been shown to reduce dramatically in
vitro DNA binding and transcriptional activities to ≤ 20% and ≤ 30% the activities of wild-
type proteins, respectively17. The RpoN domain-DNA structure presented here clearly shows
how each of these residues and others of the RpoN box function in DNA binding and promoter
recognition. Protein-DNA interactions are summarized in Figure 5.

At the N-terminal end of the recognition helix, Ala377’s amide and Thr380’s hydroxyl group
(Figure 4A) form hydrogen bonds with the phosphate of Thy -23t. We could observe the
hydrogen bonding for both of these hydrogens, as the hydroxyl hydrogen of Thr380 was clearly
present in H2O-NOESY spectra and the amide hydrogen of Ala377 showed slow exchange
with D2O (data not shown). The aliphatic hydrogens of Thr380 are then oriented to make van
der Waals interactions with the methyl group of Thy -23t (Figure 4A). Although not detected
directly in NOESY spectra, in all 20 structures the hydroxyl hydrogen of Tyr384 also forms a
hydrogen bond along this side of the DNA backbone (Figure 4A), specifically with the
phosphate (O3*) of Cyt -21t. These three hydrogen bonds all occur along the downstream side
of the template strand (Figure 2A).

The hydrogen bonding network described above positions Lys383 in the major groove where
it can make hydrogen bonds with either O4 of Thy -23t or N7 of Gua -25n (Figure 4A). The
configuration of Lys383 is strikingly similar to the configuration of Lys50 in the x-ray crystal
structure of the eukaryotic engrailed homeodomain mutant, Q50K, bound to DNA18. In that
structure, electron density revealed two conformations for Lys50 (Supplemental Figure). As
with the RpoN domain lysine, the homeodomain lysine hydrogen bonds to either a thymine
(Thy4) or guanine (Gua6) on opposite strands of the DNA.

The highly conserved arginines of the RpoN box, Arg378 and Arg379, are also in the major
groove at the center of the -24 element. They are positioned to make multiple hydrogen bonding
and ionic interactions, including potential hydrogen bonds with the conserved guanines, Gua
-25n and Gua -26n (Figure 4B). In 4 of the 20 structures, Arg378 hydrogen bonds to O6 of
Gua -26n. In 2 others, it hydrogen bonds with N7 of Gua -26n. Arg379 shows hydrogen bonds
with O6 of Gua -25n; N7 and O6 of Gua -26n; and, the phosphate backbone of Gua -24t and
Cyt -25t. The number of structures containing these interactions significantly increased when
the structures were refined with the AMBER force field; specific values before and after
AMBER refinement are given in Figure 5.

Both Arg378/Arg379 backbone and side chains are dynamic on the chemical shift timescale
(10−6 to 10−1 sec), consistent with the possibility of multiple interactions between the side
chains and the major groove. At 30°C all aliphatic atoms for the arginines in the RpoN domain
could be assigned (Figure 3B: right), except for Arg378 and Arg379. At 45°C the crosspeaks
for Arg378 and Arg379 sharpened considerably (Figure 3B: left). At this higher temperature
we could completely assign Arg378 and Arg379 since their cross peaks were well-dispersed
in the 3D HCCH-TOCSY spectrum. The backbone at Arg378/379 also shows significant line-
broadening at 30°C. The peak volumes of Arg378 and Arg379 amide crosspeaks in the 15N-
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HSQC spectrum (6 and 7, respectively) were considerably more than one standard deviation
lower than the average cross peak volume of 29 ± 15 s.d. In addition, both guanines (Gua -25n
and Gua -26n) that interact with Arg378 and Arg379 are also severely exchanged broadened
in the protein-DNA complex, but not in the DNA alone (data not shown). Other residues at the
protein-DNA interface that showed significant line-broadening in the 15N-HSQC spectrum at
30°C were Ser361, Asp362, Gln363, Lys375, Ala377, Val381, and Lys383.

The line-broadening of Arg378 and Arg379 reduced the number of intermolecular restraints
obtained for this region, preventing us from having detailed information on the different
subpopulations present. Future mutational experiments may determine which specific
conformations dominate in solution. However, the motion present in this region appears to be
critical to the function of the RpoN domain because this pair of arginines (Arg378/Arg379) is
found in 98.9% of 182 σ54 sequences analyzed and the pair of guanines (Gua -24t/Gua -25t)
is found in 99% of 186 promoters analyzed. Further, mutation of either guanine reduces
promoter activity to ≤ 6 % the activity of a wild-type promoter19, and mutations in either
arginine reduce DNA binding to ≤20% the binding activity of wild-type protein17.

Comparison with Region 4 of σ70-type factors
The structure of the RpoN domain-DNA complex enables the first structural comparison of
σ54 polymerase subunit with the better-characterized σ70 factors. Despite lack of sequence
homology between the C-terminal RpoN domain of σ54 and the C-terminal Region 4 domain
of σ70 (PDB ID 1KU7) 11; 15, both domains form similar three-helical HTH motifs with an
r.m.s.d. of 2.5 Å between the two structures over 44 amino acids (Figure 6A). The data
presented here also show that the RpoN domain of σ54 functions similarly to Region 4 of
σ70. Like Region 4, the RpoN domain binds specifically to the upstream consensus element
(-24 element for σ54 -type proteins and the -35 element for the σ70-type proteins). Further, both
proteins recognize their consensus element via a recognition helix inserted into the major
groove 11; 15 (Figure 6A).

A closer comparison of the σ54 RpoN domain-DNA and σ70 Region 4-DNA structures reveals
significant differences between these DNA-binding domains. These structural differences
affect how the domains interact with core RNAP and their promoter elements. First, the
recognition helix of σ70 Region 4, which has six helical turns, is twice as long as the recognition
helix of the RpoN domain, which has only three. Further, in Region 4 this long helix forms
part of a hydrophobic pocket (Figure 6B:◀◀), which interacts with the flap tip helix of the β
subunit of RNAP20. Instead of a hydrophobic pocket, the RpoN domain has a negatively
charged surface on the face opposite the DNA-binding surface11; 15. Second, compared with
the orientation of Region 4 on promoter DNA, the RpoN domain is rotated 180° about an axis
parallel to the recognition helices (Figure 6B). Thus, the RpoN domain must interact with core
RNAP via a different mechanism than σ70 Region 4's.

RpoN domain-DNA complex modeled onto RNAP-holenzyme-DNA structure
A different mode of interaction of σ54 with RNAP is not surprising given that the σ54 -24
element is approximately 10 basepairs downstream of the σ70 -35 element. To predict how the
C-terminal domain of σ54 interacts with RNAP, we modeled the RpoN domain-DNA complex
onto the x-ray crystal structure of the Thermus aquaticus RNAP-holoenzyme-DNA structure
(PDB ID 1L9Z)21 by aligning the promoter DNA sequences (see Materials and Methods). This
places the RpoN domain one major groove downstream of Region 4, where a small gap exists
between RNAP and the DNA (Figure 6C). Although a small amount of steric clash exists
between the RpoN domain and RNAP, the model correctly orients the RpoN domain on the
DNA; the N-terminal end of the RpoN domain points towards the -12 promoter element, where
the N-terminal half of σ54 is known to be located6.
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In this model, the first loop of the RpoN domain interacts with the β-flap region of RNAP,
specifically residues 781-795 and 716-719 (Figure 6C). Interestingly, Wigneshweraraj et al.
(2003) found that removal of the β-flap (residues 757-786) weakens the affinity of σ54 for
RNAP22. Further, the deletion mutant of RNAP was defective in initial DNA melting and
properly orienting σ54 at the upstream –12 promoter element where melting occurs. Therefore,
this model suggests a new role for the RpoN domain in transcription initiation: properly
orienting the σ54-RNAP holoenzyme at the site of melting via its interaction with the β-flap
region of RNAP. Future experiments are required to confirm this interaction and characterize
the RpoN domain’s role in promoter melting.

Materials and Methods
Sample preparation of RpoN domain-DNA complex

The RpoN domain of σ54 from Aquifex aeolicus (residues 338–398) was cloned into the pSKB3
plasmid by PCR and expressed in E. coli BL21 (DE3) with Rosetta.pLysS plasmid, as
previously described15. The protein fragment was purified by Ni affinity chromatography
(Qiagen) and ion exchange chromatography (Heparin; Amersham Biosciences). The His-tag
was cleaved with the tobacco etch virus (TEV) protease and removed by reloading the protein
onto the Ni resin. Uniformly labeled 13C, 15N- and 15N-labeled lysate was prepared as
previously described15. The DNA sequence used for structure determination was designed
from the NirB promoter element in A. aeolicus: NirB-nontemplate 5'-
TTTTGGCACGTTTG-3'; NirB-template 3'-AAAACCGTGCAAAG-5'. Oligonucleotides
were prepared by the Yale DNA Synthesis Laboratory. They were purified by denaturing 20%
PAGE, eluted by the “crush and soak” method, and desalted with Sep-Pak Cartridges (Waters
Corporation).

NMR samples were created by mixing the protein and DNA in a 1:1 ratio in high salt (500 mM
NaCl; 50 mM HEPES, pH 6.9; 2 mM EDTA). The sample was then diluted 2-fold and
concentrated complex with an Amicon Ultra centrifugal concentrator (5-kDa cutoff; Milipore
Corporation), for a final sample of ~ 1 mM protein-DNA in 250 mM NaCl; 25 mM HEPES,
pH 6.9; 1 mM EDTA.

NMR spectroscopy and structure calculations
Samples studied for structure determination were: 13C, 15N- RpoN domain-DNA in 100%
D2O; 13C, 15N- RpoN domain-DNA in 90% H2O, 10% D2O; and, 15N- RpoN domain-DNA
in 90% H2O, 10% D2O. NMR data were collected at 303 K and 318 K on a Bruker DMX or
Bruker Avance 600 MHz spectrometer. All data were processed with NMRPipe23 and
analyzed with NMRView24. Protein backbone and side chain assignments were obtained using
the 3D experiments HNCA, CBCA(CO)NH, 15N-NOESY-HSQC, 15N-TOCSY-HSQC, C
(CO)NH, and HCCH-TOCSY, as well as the 2D proton DQF-COSY for the aromatic proton
assignments. 1H DNA assignments were made using a 2D [F1,F2] 13C-filtered NOESY (55
ms mixing time) and a 2D [F1] 13C-filtered TOCSY recorded on the 100% D2O25.
Exchangeable protons were assigned using a 2D NOESY with jump-return water
suppression26 recorded on the 90% H2O sample.

Intermolecular protein distance restraints were obtained from 3D15N-NOESY-HSQC
and 13C-NOESY-HSQC, both with 100-ms mixing times. Intermolecular protein-DNA
distance restraints were identified with a 2D [F1] 13C-filtered NOESY25 and a 3D [F1] 13C-
edited [F2] 13C, 15N-filtered HSQC-NOESY27. All these spectra were recorded with 100 ms
mixing times. 3JHNHA-coupling constants were obtained from an HNHA spectrum and
converted to dihedral angle restraints using the Karplus equation28. Hydrogen bond restraints
for the protein were defined from slowly exchanging amide protons.
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The structure of the RpoN domain was determined with the program CYANA29 using 707
manually assigned NOE restraints as input data. Starting with standard B-form DNA, the DNA
was refined alone using all intramolecular NOE restraints. The structure of the RpoN domain-
DNA complex was determined with the program XPLOR-NIH30 using the protocol described
previously31. Briefly, the protein and DNA were randomly separated by 75 Å, creating 50
unique structures. Using only intermolecular protein-DNA NOE restraints, the protein was
then docked onto the DNA with rigid-body minimization. Each of these 50 structures was then
refined with simulated annealing using all NOE distant and dihedral restraints. Weak planarity
restraints were applied to the six base pairs not involved in protein-DNA interactions. Loose
torsion angle restraints that are consistent with A- and B- form DNA were applied to the
phosphate backbone31. The simulated annealing protocol included internal torsion angle
dynamics and conformational database potentials for protein and DNA dihedral angles and a
DELPHIC base-base positioning database potential for the DNA32. At the end of refinement,
four and six distant restraints were used to maintain Watson-Crick hydrogen bonding of A-T
and G-C basepairs, respectively. The 20 structures with the lowest energy, no NOE violations
> 0.5 Å, and no angle violations > 5º were chosen to represent the structure of RpoN domain-
DNA complex.

To characterize further nonbonded interactions at the protein-DNA interface, the final 20
structures were then subjected to 20 ps of simulated annealing using the SANDER module of
AMBER 7.033 with the 1994 force field (ff94) and the generalized Born solvent model. First,
0.5 ps of energy minimization was performed. Then simulated annealing was run from 300 K
to 0 K using NMR distant and dihedral restraints, as well as a distance dependent dielectric
and a nonbonding cutoff of 15 Å.

Modeling
The RpoN domain-DNA complex was modeled onto the σ70 -holoenzyme-DNA complex
(PDB ID: 1L9Z) by aligning the nontemplate strands in each structure. The -24 region is
approximately one major groove (nine basepairs) downstream from the -35 promoter element
σ70 promoter. This aligns the -24 promoter element (5'-TTTTGGCACGTTTC'-3') with the
sequence 5'-AAAAGTGTTAAATT-3' of the σ70 promoter in the σ70 -holoenzyme-DNA
complex.

DNA binding assays
For gel shift assays, protein-DNA complexes were formed in 500 mM NaCl; 25 mM HEPES,
pH 6.9; and, 10% glycerol. Samples were electrophoresed through a 12% polyacrylamide gel
(70:1 acrylamide:bis-acrylamide) for approximately one hour at 100 V using 1X Tris-borate
buffer. DNA was detected by silver-staining or SYBR Gold (Invitrogen) staining.

Binding constants were obtained by following the change in fluorescence anisotropy of labeled
DNA upon titration with RpoN domain. The template strands were labeled at the 5' end with
Oregon Green 488 (MWG-Biotech). Experiments were performed at 25º on a Spex
Fluoromax-3 fluorimeter (JY Horiba) with Glan-Thomspon polarizers. Excitation and
emission wavelengths were 494 nm and 523 nm, respectively. DNA was kept at 10 nM or 25
nM and titrated with RpoN domain to a final concentration of > 500 nM . At each time point,
fluorescent emission from 9–12 scans was averaged to improve the signal-to-noise ratio. All
experiments were performed in triplicate and at two different salt concentrations (60 mM and
250 mM NaCl). Binding curves were fit to a one site model.

Accession codes
Coordinates, restraints, and chemical shift assignments for the XPLOR-NIH and AMBER
refined ensembles have been deposited in the PDB (http://www.rcsb.org/pdb) as accession
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numbers 2O8K and 2O9L, respectively. The GenPept accession numbers for the genes and
gene produces mentioned in this paper are A. aeolicus RPON protein sequence (AAC06814);
A. aeolicus NirB gene (AQ-206).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
HTH  

helix-turn-helix

r.m.s.d  
root mean square deviation

RNAP  
RNA polymermase

s.d  
standard deviation

wHTH  
winged-helix-turn-helix
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Figure 1.
The RpoN domain binds to the –24 element (A)Protein sequence alignment of the C-terminal
RpoN domain of σ54; residues conserved in two or more species are highlighted in blue. The
conserved RpoN box is bracketed, and (▲) designates residues that contact DNA. (B)
Nucleotide sequence of the full σ54 binding site. The -24 and -12 consensus sequences are
shown in red and orange, respectively; oligonucleotide used for structure determination is
boxed. (C)Changes in fluorescence anisotropy of dye-labeled -24 promoter upon titration with
the RpoN domain. Inset: The RpoN domain binds to the -24 element (left) but not to the -12
element (right).
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Figure 2.
Solution structure of the RpoN-DNA complex (A)Ribbon diagram of the RpoN domain (blue)
complexed with the –24 promoter (red). The highly conserved pair of guanines (-25 and -26)
and the RpoN box are indicated; residues making hydrogen bonds with the DNA in all 20
structures are green sticks; (▶▶) points to the C-terminal segment (purple) required for
binding; and, the three α-helices of the RpoN domain are labeled, starting at the N-terminus.
(B)Stereoview of 20 NMR structures of the RpoN-DNA complex (colored as in “A”).
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Figure 3.
Examples of key NMR data (A) Panels from the 3D [F1] 13C-edited [F3] 13C-filtered HSQC-
NOESY spectrum used to obtain intermolecular restraints between the RpoN domain and the
DNA. The identity of each amino acid proton is above the panel and the identity of each DNA
proton is labeled on the side. (B)Panels from the 3D HCCH-TOCSY experiment illustrating
the significant line-broadening seen for Arg 378 and Arg379 side chains (left) in comparison
to other arginines in the RpoN domain (right). Left: Panels for the HA of RpoN box residue
Arg379 at 30°C and 45°C; at 30°C we could assign only the HA and HB for Arg379, but at
45°C we could assign all aliphatic atoms for this side chain. Right: Panels for the HA of Arg385
showing an example of the typical peak intensities seen for arginines in the RpoN domain-
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DNA complex. For each arginine residue, except Arg378 and Arg379, a cross peak from HA
to HD (labeled 385HD2/3) was observed in the HCCH-TOCSY spectrum at 45°C.
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Figure 4.
Key interactions in the major groove between highly conserved RpoN box residues and the –
24 consensus sequence. Designated side chains (blue) and bases (yellow) are shown as sticks
with 20 and 10 lowest energy structures overlayed in A and B, respectively. The RpoN box
helix is represented as a blue ribbon.
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Figure 5.
Cartoon representation of protein-DNA interactions. The -24 consensus sequence is in red with
the template strand (bottom strand) shaded darker than the non-template strand (top strand).
The number of times the hydrogen bond appeared in the ensemble of 20 structures before (and
after refinement in the AMBER 1994 force field) is given next to each line black line.
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Figure 6.
Comparison σ54 RpoN domain with σ70 Region 4 (A)Superposition of the CA backbone of the
σ54 RpoN domain and σ70 Region 4. In all images, the RpoN domain and -24 element are in
blue and red, respectively. Region 4 and the -35 element are in yellow. (B) Surface electrostatic
potentials of the σ54 RpoN-DNA complex (left) and σ70 Region 4-DNA complex (right). Here
proteins are rotated approximately −30°/−160° about the x/y-axes from the orientation in (A).
(C)Model of σ54 RpoN-DNA complex on the σ70 -RNAP-holoenzyme-DNA complex. Left:
The β and β' subunits are teal and violet; σ70 and its promoter are yellow and gray. Right: Close-
up of the -24 region of the promoter showing the predicted interaction between the RpoN
domain and the β-flap region (dark green).
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Table 1
Structural statistics for the RpoN-DNA complex1

NMR distance & dihedral restraints <SA>

R.m.s. deviation from NOE interproton distance restraints (Å)

 All (1377) 0.052 ± 0.002

  Protein sequential (|i−j|=1) (296) 0.043 ± 0.005

  Protein medium range (1 < |i−j| < 5) (319) 0.033 ± 0.002

  Protein long range (|i−j| > 4) (153) 0.039 ± 0.004

  Protein intraresidue (188) 0.034 ± 0.006

  DNA (351) 0.079 ± 0.002

  DNA-protein (70) 0.056 ± 0.005

R.m.s. deviations from hydrogen bonding restraints hydrogen bonds2 0.081 ± 0.006

  Protein (10) 0.055 ± 0.006

  DNA (68) 0.055 ± 0.006

R.m.s. deviations of dihedral angle restraints (°)3 0.147 ± 0.125

Deviations from idealized geometry

 Bond lengths (Å) 0.005 ± 0.001

 Bond angles (º) 0.776 ± 0.008

 Impropers (º) 0.459 ± 0.016

Average pairwise r.m.s.d. (Å)4

 Protein backbone plus DNA heavy 0.43 ± 0.12

 All protein heavy atoms plus DNA heavy 0.73 ± 0.10

 Protein backbone 0.28 ± 0.06

 All protein heavy atoms 0.82 ± 0.09

 DNA heavy atoms 0.42 ± 0.12

Procheck statistics

 Residues in the most favored region 77.0%

 Residues in additional allowed region 17.3%

 Residues in the generously allowed region 5.7%

 Residues in disallowed region 0.0%

1
<SA> are the 20 simulated annealing structures (from 50 starting structures) with the lowest overall minimization energy with XPLOR-NIH, no distance

violation > 0.5 Å, and no dihedral angle violation > 5°. After restrained simulated annealing with the AMBER 1994 force field, the 20 structures have an
r.m.s.d. from the mean structure of 0.61 Å ± 0.15 Å and 1.18 Å ± 0.22 Å for protein backbone/DNA heavy atoms and all heavy atoms, respectively;
average r.m.s.d. from the NOE interproton distance restraints is 0.028 Å ± 0.007 Å.

2
For the protein, hydrogen bond restraints were defined from slowly exchanging amide protons and added at the end of refinement. To maintain Watson-

Crick hydrogen bonding, four and six distant restraints were added at the end of refinement for A-T and G-C base pairs, respectively.

3
For the protein, 18 JHNHA coupling constants were converted to phi dihedral restraints using the Karplus curve. For the DNA, 130 loose dihedral

restraints that are compatible with A- and B-DNA for were added.

4
R.m.s.d values are calculated from the mean structure. For the protein, all residues were used, expect for the two N-terminal and the last C-terminal

residues. For the DNA, only residues at the protein interface, nucleotides −30 to −22, were included in the calculation.
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