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ABSTRACT: NarL is a model response regulator for bacterial two-component signal transduction. The NarL
C-terminal domain DNA binding domain alone (NarLC) contains all essential DNA binding determinants
of the full-length NarL transcription factor. In the full-length NarL protein, the N-terminal regulatory
domain must be phosphorylated to release the DNA binding determinants; however, the first NarLC-
DNA cocrystal structure showed that dimerization of NarLC on DNA occurs in a manner independent of
the regulatory domain [Maris, A. E., et al. (2002)Nat. Struct. Biol. 9, 771-778]. Dimerization via the
NarLC C-terminal helix conferred high-affinity recognition of the tail-to-tail promoter site arrangement.
Here, two new cocrystal structures are presented of NarLC complexed with additional 20mer oligonucle-
otides representative of other high-affinity tail-to-tail NarL binding sites found in upstream promoter
regions. DNA structural recognition properties are described, such as backbone flexibility and groove
width, that facilitate NarLC dimerization and high-affinity recognition. Lys 188 on the recognition helix
accommodates DNA sequence variation between the three different cocomplexes by providing flexible
specificity, recognizing the DNA major groove floor directly and/or via bridging waters. The highly
conserved Val 189, which enforced significant DNA base distortion in the first cocrystal structure, enforces
similar distortions in the two new cocrystal structures. Recognition also is conserved for Lys 192, which
hydrogen bonds to guanines at regions of high DNA helical writhe. DNA affinity measurements for model
NarL binding sites, including those that did not cocrystallize, suggest a framework for explaining the
diversity of heptamer site arrangement and orientation.

The nitrate-responsive Nar two-component regulatory
system inEscherichia coliis representative of a broad class
of bacterial signal transduction systems (1) that modulate
cell metabolism in response to environmental and/or intra-
cellular signals. Related two-component regulatory systems
are present in many bacteria and archaea and occur in isolated
examples in eukaryotes (2). Control may be exerted at the
level of enzyme activity, gene regulation, or cell motility
and behavior. InE. coli, the Nar two-component system
regulates a large family of cell respiration and fermentation
processes by controlling the expression of nearly 100 genes
in a nitrate-dependent fashion. In the presence of extracellular

nitrate, genes needed for nitrate respiration are switched on
whereas genes needed for less energetically favorable
pathways such as fumarate reduction or fermentation of
simple sugars are switched off. Signal detection occurs in
the periplasmic space of the cell by either of the two
membrane-bound sensors, NarX or NarQ (3). Signaling
across the cell membrane and into the cytosol occurs when
external nitrate levels are sufficient to activate the autokinase
activity located at the C-terminus of each sensor (4). Either
sensor then serves as a phosphoryl donor, activating the dual
response regulatory proteins NarL and NarP for subsequent
DNA recognition and transcription regulation. The readout
of the Nar two-component signaling system by DNA
recognition results in positive or negative control of tran-
scription at multiple respiratory and fermentation pathway
operons (5-7). Whereas little is known about NarP opera-
tion, NarL has been a productive model for understanding
the general principles of response regulator function at the
molecular level.

X-ray structures of two crystal forms of full-length NarL
have been determined previously, which provided the first
structural model for understanding the FixJ/NarL class of
response regulators (8, 9). NarL is composed of two domains
(Figure 1A), the N-terminal regulatory domain (NarLN)1 and
the C-terminal output domain (NarLC). They are joined by
a 10-residue helix (helix 6) and a 12-residue flexible linker.
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NarLN is typical of the activation domains of other response
regulators, including CheY, that consist of an alternating
series of five R helices and fiveâ sheet strands (10).
Phosphorylation of Asp 59, located in an acidic pocket of
NarLN (Figure 6 of ref9), releases NarLC for DNA binding.
The mechanism of NarL activation is poorly understood, but
must involve aspects of the flexible linker region and the
unmasking of the NarLC domain that docks to the NarLN

domain in the unphosphorylated state (refs9, 12, and 13
and Figure 5 of ref11). The NarL DNA recognition

determinants reside within the four-helix bundle C-terminal
domain (NarLC) (9, 11). Helices 8 and 9 form a helix-turn-
helix motif common to many DNA binding proteins (Figure
1B,C). Helix 10 and the loop region between helices 7 and
8 form the dimerization interface (11) (Figure 1B,D). Three
residues contact the floor of the DNA major groove.

The NarL consensus recognition sequence consists of the
heptameric element TACYYMT (where Y is a pyrimidine
and M is cytosine or adenine) (5, 6, 14-16). The NarL
heptamer is found in different numbers and arrangements in
the upstream regions of many nitrate-regulated promoters
(Figure 2). Depending upon the heptamer location and
arrangement, NarL can repress, activate, or derepress tran-
scription in an operon-specific manner (14). The 5′-TA end

1 Abbreviations: NarLC, NarL C-terminal DNA binding domain;
NarLN, NarL N-terminal receiver domain; EMSA, electrophoretic
mobility shift assay; M, adenine or cytosine; K, guanine or thymine;
Y, pyrimidine; R, purine.

FIGURE 1: (A) Structure of theE. coli NarL response regulator (9). The NarLN N-terminal domain is colored blue, while the NarLC C-terminal
domain is colored green. The joining region (gold) consists of 10-residue helix 6, the six preceding residues, and the 12-residue flexible
linker. Residues for which no electron density was visible are indicated with a dashed line. (B) Crystal structure of the 2:1 NarLC-DNA
complex. Dimerization via helix 10 of each NarLC domain inserts recognition helix 9 into consecutive DNA major grooves. (C) Extensive
protein-DNA contacts in a view down helix 9. Residues with a main chain or side chain contacting DNA in any way are shown in stick
representation. The three residues whose side chains contact the floor of the major groove, Lys 188, Val 189, and Lys 192, are labeled. (D)
Close-up of the helix 10 dimer interface with the van der Waals surface representation. The loop region between helices 7 and 8 also
contributes to the dimer interface. Both helix 10 and the loop region were involved in the unactivated full-length NarL interdomain interface
(9). Panels A and D were rendered with Pymol (36). Panels B and C were generated using InsightII (Biosym, San Diego, CA).
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of the consensus sequence is termed the head, and the 3′-
MT end is termed the tail. The NarL heptamers occur in
tandem (tail-to-head), antiparallel (head-to-head or tail-to-
tail), or singly (half-site). The spacing between head-to-head
and tail-to-head heptamer site arrangements is often one to
three bases, denoted by 7-1-7 to 7-3-7, respectively, in
Figure 2, whereas tail-to-tail sites often have a spacing of
two bases (the 7-2-7 arrangement). DNA sequences of this
study (Table 1) represent commonly found genomic sites
(Figure 2).

Unresolved is a molecular understanding of NarL recogni-
tion and binding at the diverse NarL-controlled promoters.
To compare NarL recognition and binding between the
different arrangements of NarL heptamer sequences, syn-
thetic oligonucleotides representative of native NarL-
regulated promoter sites were designed. Only cocrystalliza-
tion trials containing the tail-to-tail arrangement resulted in
cocomplex crystals. Similarly, micromolar EMSA studies
used to test crystallization conditions yielded clearly shifted
cocomplex bands only for the tail-to-tail arrangement (11).
Quantitative NarLC binding affinities for the synthetic binding
sites are presented here, along with two new cocrystal
structures containing tail-to-tail promoter sites. The first new
cocrystal structure contains a native tail-to-tail arrangement
(nirB -74/-65), and the second contains anarG promoter
heptamer (narG -89/-89) arranged in the tail-to-tail ori-
entation (Table 1, sequences B and C, respectively). These
structures, along with that reported previously (Table 1,

sequence A; ref11), reveal how DNA sequence variation is
accommodated by NarL in accomplishing specific high-
affinity recognition.

MATERIALS AND METHODS

Production of NarL Protein.The N-His6-tagged NarL
(147-216) protein was prepared as described previously
(11).

Production of Synthetic NarL Binding Sites. The DNA
sequences (Table 1A-F) were synthesized at the 5µmol
scale by the solid-phase phosphoramidate method on an
Eppendorf ECOSYN D300 synthesizer. After the 5′-
dimethoxytrityl protecting group had been removed, the DNA
solution was dried by rotating evaporation under vacuum,
resuspended in 7 M urea, and purified using 32 cm× 52
cm × 0.25 cm PAGE (7 M urea, 1× TBE, and 20%
acrylamide, 19:1). The desired DNA bands were visualized
by brief UV shadowing and excised from the gel. Electro-
elution was performed using an S&S Elutrap separation
system. Purified DNA was desalted by methanol elution from
C8 resin. DNA was lyophilized and resuspended in water
prior to annealing in 25 mM magnesium acetate. DNA
annealing was performed with an oligonucleotide concentra-
tion of approximately 10 mg/mL. Palindromic sequences
were not always annealed. DNA duplexes were filtered prior
to complex formation with 0.45µm spin filters.

Crystallization.Crystals were grown as described previ-
ously (11). Briefly, 24-well Linbro plates were used for 5-20

FIGURE 2: Arrangement of NarL heptamer sites at NarL-activated and NarL-repressed promoters. The number, location, and orientation of
heptamer sites are indicated by the box arrows. Each box arrow below the line represents a 7 bprecognition site of the5′TACYYMT 3′

sequence. When these are grouped in pairs, then 7-n-7 above the line denotes a possible NarL oligomerization site withn base pairs
between heptamers. The numbering is relative to the start of transcription of the indicated genes. FNR recognition sites are also indicated
for anaerobic induction of the genes by the CAP homologue, FNR.
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µL hanging drops in which protein and DNA were mixed
using a 2:1 protein:DNA molar ratio, with 50% reservoir
solution in the initial drop. The order of addition was
important. Reservoir was first mixed with DNA to maintain
a minimum of 0.35 M ammonium sulfate, which prevented
precipitation upon complex formation. The NarLC concentra-
tion in the initial drop was 3.5-4.0 mg/mL to favor large
crystal formation. The NarLC concentration prior to drop
addition was approximately 16 mg/mL in 9 mM Tris (pH
7.6), 70 mM KCl, 0.6 mM MgCl2, and 2% glycerol. At room
temperature, crystals appeared after 1 day and grew to
approximately 1 mm× 1 mm × 0.07 mm plates within 1
week. The crystals were cut to fragments of approximately
0.3 mm× 0.3 mm× 0.07 mm, which reduced diffraction
mosaicity arising from cryoprotection.

Data Collection and Structure Refinement. Cryoprotected
crystals were prescreened in-house at the Molecular Biology
Institute. The platelike crystals had few packing contacts,
resulting in four different crystal packing forms showing
P212121 pseudosymmetry. The different packing forms were
easily distinguished by comparison of their native Patterson
maps (17). Selected crystals were shipped to Brookhaven

National Laboratory beamline X8C for data collection and
processing, as described previously (11). The two new
complexes presented here were of the same packing form
as the earlier structure analysis (11), in which the highest
crystallographic symmetry wasP21 with the 21 axis along
the shortest unit cell dimension (Table 2). Each asymmetric
unit (the smallest unit that can generate the entire unit cell)
contained two protein-DNA complexes. Noncrystallographic
symmetry between the two complexes of each asymmetric
unit was not enforced. Therefore, four NarLC protomers and
two DNA 20mers were uniquely refined. Refinement was
begun using CNS (18) rigid body refinement with the
previously published NarLC-DNA asymmetric unit (PBD
entry 1JE8). DNA was initially restrained to B-form. DNA
difference density was visible in sigma-a weighted (Fo -
Fc) electron density maps, indicating that the DNA base
identities were different from the initial model, as expected.
The correct DNA bases were built into density. Minimization
and B-factor refinement were performed in CNS. Density
visualization and model rebuilding were performed using O
(19). Simulated annealing was performed after each building
cycle until its use did not improve refinement. Composite

Table 1: Sequence and Arrangement of DNA Heptamers Used in This Study

a The arrows below the boxes point in the 5′-3′ direction of each heptameric half-site. Each arrow represents a 7 bprecognition module of
5′TACYYMT 3′ sequence. These are grouped in pairs where the spacer is two or three bases between heptamers. The numbering above and below
the consensus 7-2-7 sequence indicates the base position of the 20mers.b Protein-DNA structures have been determined for sequences A-C.
c The base pairs that differ between the determined crystal structures (A-C) are colored red.d Sequence G contains a single heptamer, in contrast
to the heptamer pairs in all other sequences.e ApparentKd values are listed for each sequence as determined by a gel shift assay with NarLC (Figure
4).
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omit maps (5%) were often examined to reduce any model
bias in refinement. DNA backbone difference density
persisted in the flexible noncontacted DNA backbone
regions. Modeling alternate phosphate positions did not
improve theR-factors or the difference density in these
regions. The cocrystal structures of the nonpalindromic DNA
sequence (nirB -74/-65) continued to displayFo - Fc

difference density at DNA bases that differed between the
two half-sites of the sequence, because the nonpalindromic
DNA was oriented in both directions. All permutations of
DNA orientations in the unit cell were tested in refinement
using bothP1 andP21 data, with no markedly better fitting
orientation arising. This demonstrated that the nonpalindro-
mic DNA was packed indistinguishably in the crystal in both
directions at approximately equal ratios. UsingP21 data, the
orientations yielding slightly lowestR-factors were chosen
for final refinement cycles. The electron density of NarLC

protein side chains contacting the nonpalindromic DNA was
clear and unambiguous, and concomitantly changed as one
orientation was replaced by the other. Crystals of the
nonpalindromic sequences display overall a higher level of
disorder than those of the palindromic sequences (Table 2).

Structure factors and final atomic coordinates for the NarLC-
nirB -74/-65 and NarLC-narG -89/-89 cocrystal struc-
tures have been deposited with the Protein Data Bank (entries
1ZG1 and 1ZG5, respectively).

Preparation of Gel Shift Probes from Synthetic NarL
Oligonucleotides.Synthetic DNA oligonucleotides containing
NarL-heptamer sites in differing arrangements (Table 1)
were individually cloned into the pCR4-TOPO vector using
the TOPO TA cloning kit (Invitrogen, Carlsbad, CA). Correct
inserts were confirmed by sequencing. To generate DNA
fragments for gel shift analysis, PCR amplification was
performed with the recombinant pCR4-TOPO vectors as
templates to give 241 bp (for the 7-2-7 sites) or 242 bp
(for the 7-3-7 sites) fragments containing the NarL binding
sites. The PCR products were digested with SpeI that gave
a 208 or 209 bp DNA fragment. The vector was similarly
amplified and digested to generate the nonspecific binding
control oligonucleotides. The control oligonucleotide was the
same length as test sequences because 20 additional vector
bases were included instead of a NarL binding site. TheSpeI-
digested products were end labeled with [γ-32P]ATP using
the Klenow fragment of DNA polymerase.

NarLC-DNA NatiVe Gel Shift Assays.Gel shift assays
were performed at room temperature by incubating 2 nM
32P-labeled DNA probe with N-His6-tagged NarLC (147-
216) for 10 min in the reaction buffer [10 mM Tris, 50 mM
KCl, 1 mM EDTA, 1 mM DTT, 5 mM MgCl2, 15 mg/mL
poly-dIdC, and 10% glycerol (v/v) (pH 7.5)]. The vector
DNA was incubated with 4µM NarLC as the nonspecific
control. The reaction mixtures were immediately subjected
to nondenaturing 6% polyacrylamide DNA retardation gel
electrophoresis (Invitrogen) at 100 V and 4°C for ∼1 h.
Gels were quantitatively analyzed with a PhosphorImager
system (Molecular Dynamics Inc., Sunnyvale, CA).

RESULTS

General Structure Considerations

Synthetic NarL Binding Sites.Six synthetic oligonucle-
otides (Table 1A-F) representing functionally important
heptamer sites (Figure 2) were prepared to test cocrystalli-
zation with NarLC. Each double-stranded DNA contained
two consensus-like heptamers arranged in tail-to-tail, head-
to-head, or head-to-tail format (Table 1). For example, the
narG -185 heptameric site fornarGHJI activation (Table
1A) is also found in a tail-to-head 7-3-7 arrangement in
vivo (-195/-185) (Table 1F). ThenarG -195/-185
heptamers are important in vivo, but the tail-to-head ar-
rangement is recognized weakly in vitro by NarLC (described
below). In contrast, synthetic oligonucleotides containing the
7-2-7 tail-to-tail arrangements ofnarG -185/-195 hep-
tamers exhibit high-affinity binding (Table 1B). ThenirB
-74 palindrome cocrystal structure (Table 1A) has been
reported in a previous study (11). The nirB -74/-65
nonpalindromic sequence (Table 1B) represents the in vivo
arrangement. ThenarG -89/-89 palindromic sequence
(Table 1C) is a tail-to-tail arrangement of the-89 half-site,
which is found in vivo in thenarG -89/-79 head-to-head
arrangement (Table 1E). ThenapF -49/-40 promoter site
(Table 1D) is a naturally occurring palindrome. ThenarG
-195/-185 tail-to-head arrangement is found in vivo (Table
1F).

Table 2: Data Collection and Refinement Statistics

sequence B
(nirB -74/-65)

sequence C
(narG -89/-89)

space group P21 P21

unit cell
a (Å) 76.58 76.89
b (Å) 52.82 52.57
c (Å) 84.97 84.61
â (deg) 90.07 90.00

no. of complexes per AU 2 2
wavelength (Å) 1.1 1.1
resolution (Å) 25.0-2.25 50.0-2.20
Rmerge(%)a,b 8.8 (48.1) 10.4 (68.7)
completeness (%)a 98.4 (98.8) 99.5 (96.4)
I/σ(I)a 18.3 (3.9) 16.4 (2.9)
no. of reflectionsa 32539 (1942) 34483 (2194)
refinement

resolution (Å) 9-2.3 20-2.3
no. of protein non-H atoms 2192 2192
no. of nucleic acid non-H atoms 1628 1628
no. of water molecules 92 260
no. of sulfate ions 9 12
no. of reflections

working set 27963 28705
test set (5%) 1490 1495

R-factor (%)a,c 25.6 (36.9) 21.7 (33.3)
Rfree (%)a,c 28.6 (40.2) 25.2 (38.4)
rms deviation

bonds (Å) 0.0059 0.0084
angles (deg) 1.02 1.03
dihedrals (deg) 19.3 19.0
impropers (deg) 1.01 0.99

B-factor (Å2)
overall 43.5 38.6
solvent 45.7 38.9

Ramachandran plot (%)d

most favored 97.1 95.7
allowed 2.9 3.3
generously allowed 0.0 1.0
disallowed 0.0 0.0

a The numbers in parentheses are for the last shell, which was 2.25-
2.20 Å for thenirB -75/-65 data, 2.44-2.30 Å for thenirB -74/-
65 refinement, 2.25-2.20 Å for thenarG -89/-89 data, and 2.44-
2.30 Å for thenarG -89/-89 refinement.b Rmerge ) ∑|I - 〈I〉|/∑I,
whereI is the integrated intensity of a given reflection.c R-factor )
∑(|Fo| - k|Fc|)/∑(|Fo|), andRfree was theR-factor calculated using the
5% test set of randomly selected reflections.d Ramachandran plot
parameters were calculated with PROCHECK.
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Crystallization and Molecular Packing.Cocrystallization
trials were attempted with all promoter site arrangements
shown in Table 1 except G-I. Additional sequences (not
shown) were also tested (11, 17). Cocrystals were obtained
only with sites containing the tail-to-tail 7-2-7 arrangement
(Table 1A-C). Cocrystals were also obtained with sequence
D, but the structure has not yet been determined because of
cryoprotection issues. The CG bases on either end of the
crystallization oligomers are not necessarily those found next
to actual NarL sites but have been incorporated to increase
termini stability, which may encourage ordered crystal
packing. Similarly, the central two bases between the
heptamer elements vary among NarL 7-2-7 sites.

Oligonucleotides designed for crystallization often are
synthesized as 10mers or 20mers with the expectation that
the helices will stack end to end, enhancing crystal growth
by forming a semicontinuous helix. Such semicontinuous
DNA helices have been observed previously in crystallized
complexes containing both bent and straight DNA. The
NarLC-DNA 20mer complex, however, does not form a
semicontinuous helix. Instead, the complexes crystallize in
sheets (17), with no visible protein-protein contacts between
sheets (Figure 3A) and few intrasheet contacts (Figure 3B,C).
Because of this lack of protein-protein contacts, each
NarLC-DNA complex is almost an isolated entity. Crystal
packing interactions involve mainly protein-DNA contacts
(17). For example, each terminal guanine of the blunt-ended
oligonucleotide forms an intrasheet crystal packing contact
by hydrogen bonding to symmetry-related Arg 179 (Figure
3C).

NarL Recognition of the Synthetic Binding Sites.Electro-
phoretic mobility shift assays (EMSAs) were performed to
evaluate the relative binding between the different binding
site arrangements using short crystallization oligonucleotides
(see Figure 1 of ref11), and longer radiolabeled 122 bp DNA
fragments that contained the same crystallization sequences

(Table 1 and Figure 4). Affinities for the 7-2-7 arrange-
ments were 3-5-fold higher than for the other NarL
heptamer arrangements. ThenarG -89 ornarG -185 half-
site in the context of a palindromic tail-to-tail arrangement
was bound similarly to thenirB -74/-65 tail-to-tail site.
Binding of NarLC to an isolated half-site (i.e., a single
heptamer) is weak (ca. 2.5µM, Table 1G), and is ap-
proximately 3-6-fold weaker than the corresponding 7-2-7
diheptamer arrangements (Table 1C,H). Strikingly, NarLC

serves as a platform for DNA recognition and binding,
regardless of the orientation of heptamer pairs (tail-to-tail,
head-to-head, or head-to-tail) or their spacing (two or three
nucleotides). A nonspecific DNA fragment (Figure 4, lane
10) was not shifted by 4µM NarLC, thus demonstrating NarL
specificity for the heptamer sequence in pairs or alone.

FIGURE 3: Crystal packing of NarLC-DNA complexes. Individual complexes are isolated units in the crystal, with no direct protein-
protein contacts. (A) Stacking of sheets (green and blue, and orange and yellow) along thezaxis of the crystal. Because of pseudosymmetry,
the crystal packing form was first refined in the triclinicP1 space group, the lowest possible symmetry (11, 17). The asymmetric unit is
the smallest unit that can be repeated to describe the entire crystal. TheP1 space group had four complexes in each asymmetric unit,
colored blue, green, yellow, and orange here. Repeats of the green and blue units formed one sheet in the crystal, and the yellow and orange
units formed the next. No contacts are observed between sheets. (B) View of one sheet of green and blue complexes in thex-y plane.
These sheets are stabilized by protein-DNA contacts. The DNA termini from each complex interact with neighboring complexes. Panels
A and B were generated using SETOR (37). (C) In one of the crystal packing contacts, solvent-exposed R179 forms stable H-bonds with
the terminal guanine of a symmetry-related complex. Other packing contacts in this region involve van der Waals interactions and DNA
backbone hydrogen bonding. Panel C was rendered with Pymol (36).

FIGURE 4: Binding site arrangement correlates to NarLC binding
affinity. Native gel shifts were used to determine relative binding
affinities (Table 1) between NarL heptamer arrangements. (A) The
narG -195/-185 tail-to-head arrangement and thenarG -89/-
79 head-to-head arrangement (not shown) are important sites in
vivo, but in vitro were weakly recognized by NarLC. (B) Recogni-
tion of the nirB -74/-65 tail-to-tail site is representative of the
four tail-to-tail sites that were assayed, which demonstrated a 3.5-
5-fold higher affinity than thenarG -195/-185 arrangement, and
a 2-3-fold higher affinity than thenarG -89/-79 arrangement.
The narG -89 or narG -185 half-site in the context of a
palindromic tail-to-tail arrangement was bound in a manner similar
to that of thenirB -74/-65 tail-to-tail site. The concentration of
NarLC is given for each lane. The DNA fragment used in lane 10
of panels A and B contains a vector plasmid that lacks a consensus
heptamer element and therefore represents a nonspecific DNA
control sequence.
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OVerall Molecular Structure.NarLC is a monomer in
solution (11; A. E. Maris, R. P. Gunsalus, et al., unpublished
data) but dimerizes similarly on all three tail-to-tail binding
sites (Table 1A-C). The structure of the NarLC complex
with sequence A in Table 1 has been reported previously
(11). This paper presents the structures of complexes with
sequences B and C. The three NarLC-DNA complexes all
contain a blunt-ended DNA 20mer in the 7-2-7 binding
site arrangement. Their structures overlap but are not
completely identical (Figure 5). The overall rmsd between
identical DNA bases of the three complexes is less than 0.4
Å, and the rmsd between all equivalent atoms of the six
individual NarLC complexes of the three crystals is ap-
proximately 1.0 Å. The significant difference between protein
side chains among the complexes is the ability of Lys 188
to flexibly recognize the major groove face as discussed
below. Each oligonucleotide shows a gradual bend of
approximately 42°, apparently induced by extensive protein
contacts. Each binding site undergoes a B-form to A-form
transition where the major groove floor is contacted by NarLC

(11).

DNA Bending in the 7-2-7-Containing 20mers.Bending
in short DNA segments is conveniently examined by means
of a normal vector plot (21), in which a unit vector is placed
perpendicular to the best mean plane through each individual
base pair. These vectors are brought to a common origin,
and then examined in a view down the mean helix axis
(Figure 6). A planar bend is indicated when a succession of
points representing the tips of the unit vectors progresses
linearly across the field of view. In contrast, a writhe
produces a circular track of vector points within the plot.

Both types of DNA bending are found in all three NarLC-
DNA 7-2-7 complexes, as shown in Figure 6. In each case,
the two heptamer ends exhibit a writhe that is typical of
A-DNA, while the central region shows the straight progres-
sion typical of smooth, planar bending in B-DNA. It has
been known from studies of synthetic oligomers that runs
of successive GC base pairs are highly compatible with the
A-DNA geometry, and runs of AT base pairs with B (20).
Hence, the bending observed in Figure 6 is most probably a
consequence of the distribution of AT versus GC base pairs
along the 20mer. Bends for sequences A and B are nearly
identical, but that for C, which has a shorter central A-tract
(Table 1), is somewhat more abrupt. Some of the sequence
C central region data points are not visible because there is
little bend between them, leaving them superimposed.
Whether this reflects a significant difference or is to be
ascribed to crystal disorder is not clear.

Local Helix Parameters and Helix Type.Figure 7 shows
local helix parameters along the full 20mer helices: zp, the
distance between successive phosphate atoms; MGr and mGr,
the widths of major and minor grooves, respectively; P, an
indicator of puckering of the sugar rings; and vroll, a measure
of the relative rotation of two adjacent base pairs around
their long axes (21-24). All of these parameters emphasize
the A-DNA character of the GC-rich heptamer regions and
the B-DNA character of the central AT-rich zone. The inter-
phosphate distance is typically greater for A-DNA than for
B-DNA. The minor groove in A-DNA is broad and shallow,
whereas in B-DNA, it is deeper and narrower. Sugar
puckering in A-DNA typically is C3′-endo (low P) but in
B-DNA is more often C2′-endo (high P). And finally, the

FIGURE 5: Stereo superposition of the three NarLC-DNA complexes, viewed into the central DNA major groove. The two NarLC domains
are on the far side. The three structures are almost identical. Sequence A is colored blue, sequence B yellow, and sequence C red. The Lys
188 side chains are shown in stick representation. The bases are perpendicular to the DNA helix axis in the central region. At the NarLC

binding sites, the bases writhe around the DNA helical axis, typical of A-form DNA. Most of the DNA backbone flexibility occurs in the
noncontacted regions between the NarLC binding sites and the central dimerization region. This figure was rendered with Pymol (36).
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roll angle between adjacent base pairs is large in A-DNA
but near zero in B-DNA. All three sequences exhibit a
complete B to A transition at the center of each heptamer
binding site.

One further subtlety of bending is worth mentioning. The
roll between two adjacent base pairs is defined as positive
if the angle between them opens toward the minor groove
and negative if toward the major groove (25, 26). Figures
1B and 5 show that bending of the DNA helix is achieved
by inserting NarLC domains into two adjacent major grooves,
and stabilizing compression of the minor groove that lies
between them. This would tend to drive the roll values in
the center to even more negative values, and that is exactly
what the vroll plot at the bottom of Figure 7 indicates. These
local roll angles are not zero, but around-5°.

ConserVation of DNA Backbone Contacts between Com-
plexes.While only three protein side chains (Lys 188, Val

189, and Lys 192) contact the DNA major groove floor
directly (Figure 1C), DNA backbone contacts are extensive.
This is typical of protein-DNA complexes in which bent
DNA exhibits gradual curvature. Both crystallization trials
and EMSAs showed that NarLC complexes were more stable
when synthetic binding sites contained additional bases
peripheral to the heptameric consensus sequences. Cyt 1 and
Gua 2 were added to favor crystallization and are not
necessarily found at NarL binding sites (Table 1). DNA
backbone recognition occurs at two regions along the
20mer: one at the 5′-end of each heptameric consensus
sequence which will be termed the heptameric site and the
other at the central bend between binding sites. Contacts in
the heptameric site are primarily directly between protein
and DNA, whereas those in the central bend are frequently
water-mediated.

FIGURE 6: Normal vector plots (21) show similar overall DNA
bending in the three NarLC complexes. In each case, an overall
gradual bend of approximately 42° is seen. The two ends of the
DNA 20mer exhibit an A-DNA-like writhe, whereas the central
region has a planar bend as often seen in B-DNA.

FIGURE 7: Comparison of important local DNA helix parameters
for structures A (blue), B (green), and C (red). The general helical
nature of the DNA is indicated by “B” for B-form, “A” for A-form,
and “a” for A-like. The transition from B- to A-form is gradual, as
is the overall curvature of the DNA. The zp parameter measures
the separation of adjacent phosphates. Values greater than 1.5 Å
are typical of A-DNA. MGr and mGr are widths of major and minor
grooves, respectively. A broader minor groove width of∼15 Å is
typical of A-DNA. Sugar pseudorotation angle P is a measure of
sugar ring conformation, with A-form DNA having low values.
The roll angle between successive base pairs is called vroll. Positive
roll means the base pair is opening toward the minor groove. In
general, the parameters for nonpalindromic sequence B (green) are
the least well defined. Groove widths were calculated with
CURVES (23), vroll and P with FREEHELIX (21, 38), and zp
values with 3DNA (39).

DNA Recognition by NarL Biochemistry, Vol. 44, No. 44, 200514545



Although NarLC recognition involves extensive DNA
contacts (Figures 1 and 5), certain DNA bases are not
contacted. It is at these bases where large difference density
is visible at the phosphate backbone, indicating flexibility
of the DNA backbone at noncontacted regions (Figure 5).
Conversely, in the central AT-rich sequence, the central six
bases have some of the lowestB-factors in the entire
structure, indicating a stable, well-placed structure. NarLC

dimerizes above the minor groove in this central region,
compressing the groove. The nonpalindromic sequence
(Table 1B) is present randomly in both orientations in the
crystal, leading to increased crystal packing disorder, large
backbone difference density, andB-factors or temperature
factors in the central region which are not as low as in the
palindromes.

NarLC Dimerization at Three Different DNA Binding Sites.
NarLC dimerizes identically on each of the three synthetic
tail-to-tail oligonucleotides, placing the recognition helix in
consecutive major grooves on one face of the DNA helix
(Figure 1B). NarLC has extensive DNA backbone contacts
(Figure 1C). The DNA backbones of the three complexes
do not superimpose identically in regions where the sugar-
phosphate backbone is not stabilized by protein contact
(Figure 5). DNA backbone flexibility allows the three binding
sites to maintain a similar 42° bend due to dimerization of
NarLC. The NarLC dimerization interface is formed by
residues Val 204, Val 208, and His 211 on helices 10 (Figure
1D) and residues Ile 167, Ala 168, and Val 170 at the loop
region between helices 7 and 8 (11).

Secondary RecognitionVia DNA Backbone Interactions

Two different types of protein-DNA interaction can lead
to recognition of DNA sequence. The most familiar is that
in which protein side chains hydrogen bond with atoms on
the major or minor groove edges of base pairs; this will be
termed the “primary mode” of sequence recognition. But base
sequence can also be sensed by interactions of protein with
the sugar-phosphate DNA backbone, if a particular base
sequence produces specific alterations in DNA helical
structure. This will be termed the “secondary mode” of DNA
sequence recognition. The propensity for the GC-rich centers
of the heptamer sites to adopt A-like writhe and the AT-
rich central region to exhibit smooth B-like planar bend are
excellent examples of structure easily recognized by the
secondary mode recognition. This section considers such
secondary, but important, interactions between NarLC and
the sugar-phosphate DNA backbone.

Heptameric Sites.Helices 7-9 form the helix-turn-helix
DNA recognition motif. Helix 7 is the support helix for
helices 8 and 9 which comprise the helix-turn-helix motif.
The secondary mode contacts shown in the panels of Figure
8 are practically identical among the three DNA complexes.
Although all three complexes are overlaid, the high level of
identity between complexes results in the apparent appear-
ance of only one complex in panels A and B of Figure 8. In
panels C and D of Figure 8, differences between the DNA
backbones near the central bend of the three complexes are
visible in the noncontacted regions. Figure 8A shows the
interactions around DNA bases 1-3, and Figure 8B extends
the view along bases 3-5 from a slightly different angle.
Figure 8A involves contacts from the helix 7 N-terminus,

the linker residues preceding it, helix 9, and the turn
preceding helix 9: Thr 157, Pro 158, Arg 159, Ile 182, and
His 190 (Figure 1C). Figure 8B involves the N-terminus of
helix 9 and part of the turn preceding it: Ile 182, Thr 183,
Ser 185, and Thr 186 (Figure 1C).

In Figure 8A, Thr 157 and Pro 158 occur in the linker
preceding helix 7. Thr 157 is highly conserved, although Pro
158 is not always found in the NarL/FixJ subfamily
members. Aliphatic side chain carbons of both residues sit
in van der Waals contact with the Gua 2 phosphate,
constraining its position. The Thr 157 side chain hydroxyl
group is H-bonded to Gua 2 phosphate at OP1, and aliphatic
side chain atoms are in van der Waals contacts with Cyt 1
sugar atoms.

Within DNA recognition helix 9, the Arg 159 side chain
extends parallel to the DNA backbone and packs against
sugar-phosphate atoms of both Gua 2 and Thy 3. Its main
chain amide nitrogen H-bonds to OP1 of Gua 2 (3.2 Å); its
ε-nitrogen H-bonds to OP1 of Thy 3 (2.9 Å), and its terminal
amino nitrogen H-bonds to OP2 (2.9 Å).

His 190 at the center of DNA recognition helix 9 has a
H-bond from its ring Nε2 to OP1 of Thy 3 (2.7 Å). Ring
Cε1 is within van der Waals packing distance of both the
Gua 2 sugar (4 Å) and Thy 3 exocyclic methyl C7 (3.9 Å).

Figure 8B is a continuation of secondary mode contacts,
showing the DNA interactions of Ile 182, Thr 183, Ser 185,
and Thr 186 of recognition helix 9 and the turn that connects
it to helix 8. Ile 182, at the center of the connecting turn, is
usually either Ile or Leu. It makes extensive van der Waals
contacts with the DNA backbone between Thy 3 and Ade 4
phosphates, limiting their positions and facilitating H-bonding
by Arg 159.

Thr 183 occurs at the C-terminus of the helix-turn-helix
turn. Its amide nitrogen is H-bonded to Ade 4 OP1 (3 Å).
Its hydroxyl oxygen atom is also approximately 3 Å from
Ade 4 OP1, but its orientation away from the DNA backbone
suggests that the threonine methyl is more important in
specific DNA recognition. As with the Ile 182 side chain,
the Thr 183 side chain is inserted between phosphates of
two consecutive bases, Ade 4 and Cyt 5, limiting their
positions.

Ser 185 and Thr 186 are found at the N-terminus of DNA
recognition helix 9. Thr 186 is highly conserved. Its hydroxyl
group H-bonds with Ade 4 OP1 (2.7 Å), while its methyl
carbon is within van der Waals contact distance of Thy 3
backbone and base atoms (C6, 4.2 Å; C7, 4.3 Å). The Ser
185 main chain carbonyl stabilizes distorted DNA at the
A-DNA transition site by a water-mediated hydrogen bond
to O4 of Cyt 5 (11). The Ser 185 hydroxyl group hydrogen
bonds directly to Cyt 5 OP1 (3 Å). The serine is not well
conserved in NarL/FixJ subfamily members. Because its
main chain stabilizes the DNA base distortions conferred
by the highly conserved Val 189, it is likely that alternate
side chain identities will play additional undescribed roles
in DNA recognition.

Central AT-Rich Bend. The other important region of
secondary mode interaction occurs at the AT-rich central
bend (Figure 8C,D). The AT-rich nature of the central region
favors a narrowed minor groove, over which NarLC can
easily dimerize. Helix 10 is the locus of dimerization. The
central bend region involves base pairs 11-14, residues from
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helices 8 and 10, and the loops preceding helices 8 and 10
(Figure 1B-D).

Pro 172 in the loop preceding helix 8 (Figure 8C) serves
to position the DNA backbone, but is not highly conserved
in NarL/FixJ subfamily members. Pro 172R- andâ-carbons
are less than 4 Å from the Ade 12 phosphate group. Because
this loop between helices 7 and 8 also contributes to
dimerization, substitution of one hydrophobic group for
another may indicate only slight differences in dimerization
geometry. For example, Ala 166 of theE. coli UhpA
response regulator is in the position analogous to that of NarL
Pro 172. Instead of proline, serine is commonly found in
this position for the NarP family and for some members of
the NarL family.

Asn 173 and the highly conserved Lys 174 occur at the
N-terminus of helix 8. The backbone amide nitrogen of Asn
173 H-bonds with OP1 of Ade 12 (3 Å). Lys 174 forms a

salt bridge with Glu 184 and has a water-mediated contact
with OP1 of Thy 11.

Arg 203 is found at the N-terminus of dimerization helix
10 (Figures 1D and 8D). It is conserved in NarL and NarP,
but not in other related members of the NarL/FixJ subfamily
such as BvgA and UhpA. Arg 203 stabilizes the DNA
backbone at the central narrowed minor groove region. Its
backbone amide and NH1 H-bond with OP1 and OP2 of
base 13. Aliphatic carbons of the Arg 203 side chain make
van der Waals contacts with the sugar-phosphate backbone
at bases 12 and 13. Val 191 is at the center of DNA
recognition helix 9 and makes a 3.6 Å van der Waals contact
with OP1 of Thy 13. The position is not highly conserved,
but is often hydrophobic.

Leu 200, Lys 201, and Ser 202 are located at the
C-terminus of the loop preceding dimerization helix 10. Leu
200 is highly conserved in the NarL family and is a

FIGURE 8: Protein-DNA interactions viewed from the minor groove side, looking into the major groove. Important hydrogen bonds are
depicted as dotted lines. In these views, nonbonded OP1 recedes into the rear of the diagram and OP2 extends toward the viewer (26). All
three complexes are superimposed, but because of their high degree of similarity, individual chains are often indistinguishable. (A) Region
along bases 1-4, involving side chains Thr 157, Pro 158, Arg 159, and His 190. (B) Adjacent region along bases 3-5, with side chains
Ile 182, Thr 183, Ser 185, and Thr 186. (C) Central region involving bases 11 and 12 in the AT-rich region connecting heptamer sites. The
flexible Lys188 is visible in the background. (D) Adjacent central region involving bases 13 and 14. Lysines 196, 199, and 201 are visible
extending away from the DNA helix into solution. This figure was rendered with Pymol (36).
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hydrophobic residue in others. The Leu 200 backbone
carbonyl has a water-mediated contact to Gua 14 OP1 (not
shown). Lys 201 is not highly conserved, but is often polar
or positively charged. A water-mediated contact (not shown)
extends from its backbone carbonyl to the phosphate of base
14. The highly conserved Ser 202 CR, Câ, and backbone
carbons are within van der Waals distance of the base 13
phosphate group.

Primary RecognitionVia Base-Edge Contacts

Sequence RecognitionVia Three Key Contacts within the
Major GrooVe.Major groove recognition occurs in the GC-
rich regions of the heptamers (Table 1). The largest base
stacking distortions occur here along the pyrimidine strand
of the GC base pairs, leaving the guanine bases stacked and
poised for NarL recognition of their negatively charged major
groove base edges. Three residues of helix 9, Lys 188, Val
189, and Lys 192, are involved in recognition of the
consensus sequence (Figure 1C). The only significant protein
difference between the three NarLC complexes involves the
adaptation of Lys 188 to the major groove face.

In all three structures, Val 189 of helix 9 perturbs Cyt 5.
Cyt 5 occurs in the third position of the NarL consensus
sequence TACYYMT, near its more tightly specified 5′ end.
Guanine‚cytosine base pairs are normally thought of as being
planar because of their three Watson-Crick hydrogen bonds,
and so it was surprising to observe Val 189 causing a large
buckle and propeller twist at the distorted cytosine. This
distorted conformation is locked in place by a water-mediated
hydrogen bond from the NarLC backbone (11). A thorough
search of the Protein Data Bank yielded no comparable
interactions (11).

Lys 192 recognizes the Watson-Crick complements of
the third and fourth bases of the consensus sequence
TACYYMT, where Y indicates a pyrimidine. With palin-
dromic sequences A and C of Table 1, Lys 192 makes

hydrogen bonds to Gua 15 (complementary to Cyt 5 of the
opposing strand) and to Gua 16 (complementary to Cyt 6 of
the opposing strand) (see panels A and C of Figure 3 of ref
11). In asymmetrical nonpalindromic sequence B, the sym-
metrical equivalent for Gua 15 is Ade 15, and Lys 192 retains
an equivalent recognition H-bond to N7 of adenine. The
direct hydrogen bond from Lys 192 to O6 of Gua 16 is
slightly longer in sequence C than in sequence A or B.

While H-bonding of Lys 192 to the floor of the major
groove is direct, that of Lys 188 can be either direct or water-
mediated (Figure 9). In panels A and B of Figure 9, the
interactions are mediated by water molecules (“position 1”),
while in panel C, the hydrogen bonds are both direct and
water-mediated (“position 2”). In the positions observed in
the three DNA complexes, Lys 188 interacts with the
complementary DNA strand of the TACCYMT consensus
at base positions 5-7. Lys 188 is capable of utilizing a
“three-base-slide” type recognition to accommodate sequence
variation.

In the nirB -74/-74 palindromic cocomplex, Lys 188
hydrogen bonds with O4 of Thy 13 and N7 of Ade 12 via
intermediate water molecules (Figure 9A). Thy 13 and its
methyl moiety prevent Lys 188 from approaching the major
groove to form direct contacts, so Lys 188 in position 1 is
directed toward the protein rather than the DNA. Ade 12
and Thy 13 correspond to the complementary strand at the
seventh and sixth positions, respectively, of the TACCYMT
consensus sequence.

O6 of Gua 13 of the nonpalindromicnirB -74/-65
sequence is recognized indirectly (Figure 9B). Lys 188 is
again in position 1, whether guanine or thymine is present.
Lys 188 is 2.99 Å from Glu 184 OE2, which is similar to
the 3.2 Å distance shown in Figure 9A. Apparently, Glu 184
stabilizes the Lys 188 in position 1.

narG -89/-89 sequence C contains a four-guanine tract
in each heptamer (Table 1C). Lys 188 is found in position

FIGURE 9: Lys 188 can flexibly recognize different heptamer sequences. (A) Lys 188 position 1, found in the previously publishednirB
-74/-74 complex (Table 1A), is shown. In this position, water-mediated recognition of Ade 12 N7 occurs. Ade 12 corresponds to the
complementary strand at the seventh position of the TACCYMT consensus sequence. The structure of thenirB -74/-74 complex was
determined at the highest resolution, resulting in more visible waters than in the other complexes. A sulfate solvent molecule (green) is seen
at the bottom of panels A and B. (B) Lys 188 is again in position 1 in the nonpalindromicnirB -74/-65 complex (Table 1B) whether
guanine or thymine is present. Base 13 corresponds to the complementary strand at the sixth position of the consensus. Few waters are
visible in this complex, but a water-mediated contact with Gua 13 O6 is observed. (C) ThenarG -89/-89 complex contains a four-
guanine tract in each half-site (Table 1C). Lys 188 is found in position 2, directed down into the DNA major groove and hydrogen bonded
to Gua 13 N7. In this position, Lys 188 can also form a water-mediated contact with Gua 14 O6, and is slightly closer to the sulfate
molecule than in position 1. This figure was generated using O (19).
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2, directed down into the DNA major groove and hydrogen
bonded to Gua 13 N7 (Figure 9C). Thy 13 is replaced with
Gua13 in sequence C, and Lys 188 is able to contact N7 of
Gua 13 directly. In this position, Lys 188 also forms water-
mediated contacts to the O6 atoms of Gua 13 and Gua 14,
and is slightly closer to the sulfate solvent molecule than in
position 1.

The nonpalindromicnirB -74/-65 cocrystal structure
(sequence B) exemplifies the recognition flexibility of Lys
188. Because sequence B is nonpalindromic, base 13 is
guanine like in sequence C, while base 13 of the opposing
strand is thymine like in sequence A. Base 13 is comple-
mentary to the sixth position of the TACYYMT NarL
consensus sequence, where M is A or C. Although sequence
B base 13 is both guanine and thymine, in the cocrystal
structure Lys 188 is always found in position 1, directed
toward helix 9 rather than the DNA major groove floor
(Figure 9B).

DISCUSSION

The three NarL binding sites examined here are repre-
sentative of promoter arrangements found in vivo (Table 1
and ref14). The NarLC dimer places one recognition helix
in each of two successive major DNA grooves. All three
DNAs with different sequences adopt similar overall bends
(Figure 6) via sequence-dependent DNA distortions (Figure
7). The minor groove of the central AT-rich region between
binding sites is compressed, allowing helices 10 to approach
close enough to form the dimer interface. Some of the lowest
B-factors of the structures are found within the central bend,
indicating that the minor groove compression is stable and
energetically favorable. The three different sequences allow
one to examine base substitution effects at five different
points along the DNA helix, including a purine-to-purine
substitution and a number of purine-to-pyrimidine substitu-
tions (Table 1). The major groove hydrogen bonding pattern
recognized by NarLC side chains is conserved. The overall
DNA bend is unchanged, with noncontacted DNA backbone
showing flexibility that could variably compensate for the
energetic constraints imposed by the NarLC dimerization and
binding, which stabilizes DNA conformation at regions of
contact (Figures 5 and 8).

The NarLC-DNA contact surface is extensive, with each
base pair of the entire 20mer DNA interacting via primary
or secondary mode contacts with the protein. Positively
charged lysines on the DNA recognition helix form direct
primary contacts to guanines in the DNA major groove
binding site. The successive guanine-rich regions of the major
groove binding sites are separated by adenines and thymines
within the central region. The hydrogen bond donor/acceptor
pattern of AT base pairs is directionally indistinguishable
(see Figure 2 of ref27), and NarLC secondary recognition
via DNA structural features in this region, such as a narrowed
minor groove, is more relevant for specificity. The 7-2-7
DNA base pair spacing between heptamers allows the NarLC

dimer to form above the minor groove at this adenine/
thymine-rich region, directly contacting only the DNA
backbone. It is possible that oligomerization occurs at tail-
to-tail 7-1-7 and 7-3-7 sites, but the DNA spacing would
not allow the high-affinity 7-2-7 dimer to form. Because
NarLC is a monomer in solution (11; A. E. Maris, R. P.

Gunbsalus, et al., unpublished data) and high-affinity dimer-
ization occurs only on 7-2-7 sites, the tail-to-tail dimer-
ization would not interfere with alternate forms of oligo-
merization at non-tail-to-tail sites.

Similar C-Terminal Dimerization ObserVed in Other
Proteins.The NarLC dimer is oriented essentially identically
in all three cocomplex crystal structures, with the dimeriza-
tion interface comprising helix 10 and the loop region
between helices 7 and 8 (Figure 1B). Until the first NarLC-
DNA complex structure was determined, we did not know
the oligomeric state required for high-affinity DNA binding,
or how dimerization might occur. Full-length unphospho-
rylated NarL, like NarLC, is a monomer (A. E. Maris, R. P.
Gunsalus, et al., unpublished data). However, the NarLC

domain gave DNaseI footprinting patterns identical to those
of activated full-length NarL (11). Specific DNA contacts
were proposed on the basis of the monomeric binding mode
of the paired homeodomain (9). However, our crystallization
trials and EMSA data showed that only the 7-2-7 promoter
arrangement, containing two binding sites, was recognized
with high affinity. Dimerization via helix 10 was later
predicted by Ducros et al. (28) from the crystal structure of
the single-domain GerE transcription factor, with which
NarLC shares 38% sequence identity. Unlike NarLC, GerE
is a stable dimer in solution. It is therefore not surprising
that the GerE dimerization interface is more extensive than
that of NarLC and involves additional C-terminal residues.
Both GerE and NarLC dimerize along analogous C-terminal
helices, and both interfaces involve primarily hydrophobic
interactions at identical positions along the dimerization helix.
The orientation of dimerization helices with respect to each
other differs, with those of NarLC being almost parallel to
one another (Figure 1D) and those of GerE projecting away
from one another at the C-terminal ends (Figure 5 of ref
28). Three slightly different GerE dimers were found in the
asymmetric unit, demonstrating flexibility in dimerization
and that, in DNA binding, a specific dimer orientation may
be selected.

Dimerization via the C-terminal helix as a component of
DNA recognition was also revealed in the cocrystal structures
of a full-length, DNA-bound LuxR family member (29, 30).
In the TraR-DNA structures, the C-terminal dimerization
helices once again comprise an interface similar to that of
GerE and NarLC. However, the dimerization helices are
oriented almost parallel to each other, a case more similar
to NarLC than to GerE, only rotated away from each other
toward their C-termini. Dimerizations of the TraR N-terminal
regulatory domain and the C-terminal DNA binding domain
are essentially independent of each other, with few interdo-
main contacts and a flexible linker connecting the domains.
Superposition of the activated TraR structure with unphos-
phorylated NarL suggests where the phosphorylated NarL
regulatory domain could be (Figure 10). The unphospho-
rylated NarL structure (9) and NarLC dimerization on DNA
demonstrate where the phosphorylated regulatory domain
cannot be.

While response regulator output domains are diverse, for
those containing the C-terminal dimerization helix (see Table
7 of ref 31), similar dimerization can be expected for those
that have hydrophobic residues in equivalent positions. For
example, the NarL-related sister protein, NarP, has valine,
isoleucine, and leucine residues at NarL positions Val 204,
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Val 208, and His 211, respectively (Figure 11), and
recognizes a heptamer consensus similar to that of NarL (14).
Figure 11 also shows sequence alignments for NarL and NarP
orthologs found in other microorganisms also capable of
harvesting energy by nitrate reduction. Hydrophobic residues
found at the NarLC dimerization interface are conserved
across microorganisms for both NarL and NarP. In addition,
Arg 203 also is highly conserved among these orthologs and
in GerE and its homologues (28). This arginine is important
for dimerization because it forms stabilizing hydrogen bonds
with the DNA backbone at the narrowed minor groove region
between heptameric half-sites, over which dimerization
occurs (Figures 1D and 8D). The NarLC-DNA crystal
structures, the synthetic DNA binding studies (Table 1 and
Figure 2), and in vivo gene expression assays (32) demon-
strate that dimerization is important. Because the NarLC helix
10 hydrophobic residues are similarly conserved in NarP,
NarP could dimerize similarly on promoter DNA.

In another example of conserved secondary recognition
features, a homology model based on the NarLC-DNA
structure was built for BvgA, a whooping cough virulence
protein. Equivalent dimerization residues in BvgA are Val
197, Asp 201, and Lys 204. These residues are not

exclusively nonpolar, and a dimerization interface may not
have been predicted prior to determination of the NarLC-
DNA structure. DNA cleavage experiments based on the
dimeric BvgA model successfully demonstrated the orienta-
tion and locations of BvgA promoter binding relative to the
RNA polymeraseR subunit C-terminal domain (33). The
hydrophobic regions of BvgA side chains may play a role
in dimerization, as His 211 of NarLC does. This may also
be the case for the related response regulator UhpA (34), in
which the predicted dimerization residues would include an
arginine. Thus, members of the NarL/FixJ subfamily use
varied means to achieve dimerization and DNA recognition.
It is not yet known which NarL surface-exposed residues
contact RNA polymerase (35), or how the contacts may differ
at the diverse NarL-controlled operons (Figure 2).

Residues involved in the secondary DNA backbone
contacts shown in Figure 5 are well conserved among NarL
and NarP orthologs (Figure 11). Arg 159 hydrogen bonds
to two consecutive bases via DNA backbone contacts and
is highly conserved. The neighboring Thr 157 is not well
conserved, but always consists of a residue capable of
similarly hydrogen bonding to the DNA backbone. His 190
and Thr 186 on the DNA recognition helix hydrogen bond
to the DNA backbone and are highly conserved. An
exception to the many conserved residues is Ser 185, the
hydroxyl group of which hydrogen bonds to the DNA
backbone. The Ser 185 main chain carbonyl hydrogen bonds
to a water bound to the distorted Cyt 5 at the major groove
floor.

Many residues that are important for secondary DNA
contacts are conserved among both NarL and NarP orthologs,
but residues involved in primary DNA contacts distinguish
NarL and NarP orthologs. NarL Val 189, which contacts Cyt
5 distorting the major groove floor, is highly conserved, as
is Lys 192. However, the flexible Lys 188 position can be
lysine, glutamine, or arginine. This primary sequence varia-
tion provides the basis of similar but slightly differing NarL
and NarP consensus sequences. NarP orthologs contain
conserved residues that are important for secondary DNA
contacts in the NarLC-DNA structures and recognize a DNA
consensus sequence similar to the NarL consensus (6);
however, no biochemical data support NarL-NarP het-
erodimer formation. One possible explanation arises from
the position of bulky residues found on dimerization helix
10. The large NarL Trp 209, which contributes to the
hydrophobic core of the helical bundle, is not conserved in
the NarP family. Instead, members of the NarP family often
have phenylalanine in the position adjacent, which could alter
the orientation of helices with respect to each other,
disfavoring heterodimerization. Amino acid sequence align-
ments already suggested that considerable diversity was
embedded in structural features of the NarL/FixJ family
(Figure 4 of ref9). Now, these cocomplex structures and
the sequence conservations shown in Figure 11 can help
define promoter interactions of nitrate-regulated two-
component signaling pathways. We can begin to understand
the basis of promoter recognition by diverse organisms, such
as pathogenic, enteric, and soil bacteria.

Five complementary NarL recognition principles follow:

(1) Val 189 interacts with the major groove floor, distorting
a cytosine base, while successive purines on the opposite

FIGURE 10: Comparison of the TraR and NarL DNA binding
domains, which exhibit the same fold. (A) Superposition performed
using the DNA recognition helix of each protein. The rmsd for 59
CR atoms of the C-domain whose sequences are 20% identical is
1.8 Å (29). NarL (green) is in its unphosphorylated form (8, 9).
TraR (orange) is in its activated, DNA-bound form (29, 30). No
unactivated structure is yet available for TraR. In the TraR
structures, both the N- and C-domains dimerize independently of
one another, with a flexible linker between domains. While it is
clear that activation allows the NarL N-domain to move out of the
way for dimerization and DNA binding, interdomain flexibility
allows many possible N-domain locations. (B) Secondary structures
of the regulatory domains of TraR (B1) and NarL (B2) are shown
schematically, with strands of theâ sheet represented by numbered
triangles andR helices by circles. Although the DNA binding
domains are quite similar, the N-terminal regulatory domains differ
in both structure and activation: TraR is activated by binding
hormone and NarL by phosphorylation.
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strand stack stably for protein recognition (Figure 3B of ref
11).

(2) The flexible side chain of Lys 188 allows flexible
recognition of DNA bases on the major groove floor (Figure
9).

(3) Lys 192 requires purine in consensus positions 3 and
4 of the complementary strand.

(4) DNA substitutions in the minor groove below the
dimerization interface (in the AT-rich region) maintain
secondary backbone contacts by allowing DNA backbone
flexibility in noncontacted regions.

(5) DNA base spacing other than the two bases of the high-
affinity tail-to-tail 7-2-7 promoter sites (Table 1) desta-
bilizes the high-affinity NarLC dimerization interface.

Most two-component response regulators are transcription
factors, for which activation greatly enhances DNA binding.
However, it is not clear exactly how oligomerization and
DNA binding are related, or what roles the related aspects
play in transcriptional regulation. Activation in vivo is
accomplished by phosphorylation of the N-terminal receiver
domain (1), which in several examples strengthens the
oligomeric state. In the case of NarL, phosphorylation
releases the DNA binding determinants and may also
strengthen the oligomeric state, affecting local NarL con-
centration and communication with other transcription
machinery. However, the DNA binding domain does not
dimerize until recognition of the 7-2-7 DNA binding site.
While other binding site arrangements (Figure 2) serve as

recognition platforms (Table 1) for the NarL DNA binding
domain, molecular details of how NarL recognizes non-7-
2-7 sites are not yet known. Phosphorylation-driven oligo-
merization of NarL could no doubt enhance binding at non-
7-2-7 sites. The DNA-dependent dimerization of NarLC

allows for an additional level of transcriptional regulation
beyond phosphorylation. In the TraR-DNA structures, the
regulatory and DNA-binding domains oligomerize indepen-
dently, supporting this mechanistic model. The TraR struc-
tures also offer a model for positioning of the activated NarL
regulatory domains, although the relevant NarL structure
remains to be determined.
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