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SUMMARY
Histidine kinase receptors are a large family of membrane-spanning proteins found in many
prokaryotes and some eukaryotes. They are a part of two-component signal transduction systems,
which each comprise a sensor kinase and a response regulator and are involved with the regulation
of many cellular processes. NarX is a histidine kinase receptor that responds to nitrate and nitrite
to effect regulation of anaerobic respiration in various bacteria. We present high resolution x-ray
crystal structures of the periplasmic sensor domain from Escherichia coli NarX in a complex with
nitrate and in the apo state. Our analysis reveals that nitrate-binding induces conformation changes
that result in a piston-type displacement between the N- and C-terminal helices of the periplasmic
domain. Such conformational changes might represent a conserved mechanism of signaling in
histidine kinases by which ligand binding is communicated across the lipid bilayer.
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INTRODUCTION
To ensure survival, bacteria must adapt to changing external environmental conditions.
Two-component signal transduction pathways allow bacteria to couple changes in the
extracellular environment to an internal response. Over the last decade, many of such
pathways have been found, universally in prokaryotes and also in eukaryotes such as yeast
and plants, but not in metazoan animals (Stock et al., 2000; West and Stock, 2001). Typical
two-component systems consist of a sensor histidine kinase and its paired response
regulator, which interact in tandem to relay an external stimulus, often from a small
molecule ligand, across the periplasmic membrane to effectors in the cytoplasm. Typical
histidine kinases are homodimeric transmembrane proteins composed of a modular
extracellular domain and a conserved cytoplasmic kinase domain (Wolanin et al., 2002).
Upon detection of a signal, changes within the sensor domain are coupled to a
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phosphotransfer cascade that ultimately affects the state of the effector domain of the
response regulator. Sensory stimulation typically leads to ATP-dependent
autophosphorylation of a conserved histidine residue in the sensor protein and subsequent
transfer of the phosphoryl group to an aspartate residue in the regulatory domain of the
cognate response regulator (Dutta et al., 1999), but in some instances stimulation leads to
dephosphorylation of the response regulator (Russo and Silhavy, 1993). The state of
phosphorylation of the response regulator modulates the activity of its effector domain, often
a transcriptional repressor, which then leads to an adaptive cellular response (Robinson et
al., 2000).

In this study, part of a larger project aimed at understanding how signals are transferred
across membranes by sensor histidine kinases, we analyze the sensor domain structure of the
nitrate-responsive histidine kinase NarX. The NarX-NarL two-component system is
involved in the control of anaerobic respiration and is responsive to both nitrate and nitrite,
although exhibiting a stronger response to nitrate (Lee et al., 1999). The response regulator
NarL is a transcription factor, and upon phosphorylation it activates the gene cluster for
nitrate reductase (narGHJI) but represses those for fumarate reductase (fdrABCD) and
dimethyl sulfoxide reductase (dmsABC) (Iuchi and Lin, 1991; Schroder et al., 1994;
Stewart, 1993). By increasing expression of genes involved in nitrate respiration and
decreasing expression of genes involved in alternate respiration pathways, the cell is able to
increase its efficiency for utilizing nitrate as an electron acceptor in anaerobic conditions.
More recently it has also been shown that phosphorylated NarL also activates an aspartate-
ammonia lyase (aspA), the DcuS-DcuR two-component system (dcuSR) (Goh et al., 2005),
as well as proteins of unknown function (yeaR-yoaG) (Lin et al., 2007). NarX displays 32%
amino acid identity with NarQ, a homologous nitrate sensor of the NarQ-NarP pair. NarQ is
able to phosphorylate NarL at a faster rate than NarX, but it exhibits a much slower
phosphatase activity (Schroder et al., 1994). NarL and NarP also have different specificities
for the various downstream target operons (Kaiser and Sawers, 1995).

The periplasmic sensor domain of NarX (residues 43 - 148) is flanked by two hydrophobic
transmembrane regions (residues 15 - 42 and 149 - 171). Mutational analyses of conserved
residues in the “P-box” region (residues 43 - 60) of the sensor domain suggest that some of
these residues are involved with ligand binding (Cavicchioli et al., 1996). The linker region
(residues 181 - 233), found in many sensor kinases, follows the second transmembrane
region and is thought to be composed of two short amphipathic α-helices involved with
transmission of a signal from the sensor to the kinase domain (Appleman et al., 2003).
Unique to NarX and NarQ sensors is a cysteine rich central region (residues 227 - 387 of
NarX ) lying between the linker and the kinase domain, but mutational evidence has not
shown a critical role for the cysteine residues in signaling (Stewart, 2003).

Although numerous genetic and mutational studies have been performed, no structural
information for NarX has been published to date. Here we report crystal structures of the
NarX sensor domain in complex with nitrate and in its apo state. We expressed and purified
the recombinant sensor domain from Escherichia coli as a soluble protein, and structures
were solved in the presence of nitrate and in the apo state by x-ray crystallography. The
NarX sensor is found to be dimeric in the ligated state in crystals, despite the lack of
observable association of this molecular fragment in solution. Conformational changes that
occur upon nitrate binding are analyzed in relation to the mechanism of signal transduction
through the plasma membrane.
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RESULTS
Overall Structure and Topology

We used multiwavelength anomalous diffraction (MAD) at the Se K-edge to determine the
structure of NarXS1 (sensor domain residues 38 – 151) in complex with nitrate at 1.7Å
resolution from a single crystal of the selenomethionyl (SeMet) protein (Table 1). Two
polypeptide units were found in the asymmetric unit as an apparent molecular dimer, and we
refer to the protomers as A and A′. Each protomer is fully ordered from residue 42 through
residue 151, and electron density corresponding to the linker segment from a polyhistidine-
tagged fusion construct could also be observed to varying degrees. Positions through 155
and 154′ were included in the final refinement of the structure. A total of 227 residues, 255
water molecules, and 1 nitrate ion were refined against a high-angle dataset taken at the edge
wavelength (Table 2) to R and Rfree values of 21.7% and 25.8% respectively.

The structure of NarXS (Figs. 1A and 1B) is best described as a dimer of four-helix bundles,
related by a quasi two-fold axis of symmetry running roughly parallel to the long axes of the
helices. The protomers of this dimer are very similar (rmsd on Cα = 0.71Å). We name the
four helices of each subunit H1 to H4 and H1′ to H4′ respectively. The first helix spans
residues 43 to 62 of each protomer. Each of the second, third, and fourth helices contain
short breaks that divide each into two shorter subhelices. Helix H2/H2′ contains a kink at
residues 82 and 83, dividing it into H2a/H2a′ (residues 68 - 81) and H2b/H2b′ (residues 84
- 93); helix H3/H3′ contains a bulge-forming insertion at residue 109, which dividing it into
H3a/H3a′ (residues 96 -108) and H3b/H3b′ (residues 110 - 116); and Helix H4/H4′
contains a turn at position 123, dividing it into H4a/H4a′ (residues 120 - 122) and H4b/H4b′
(124 - 151). Both H1/H1′ and H4/H4′ are slightly curved in nature, but run roughly parallel
to each other, while the other helices appear to be oriented at more of an angle to one
another.

Nitrate binding in NarXS

Clear electron density was found for a single nitrate ion partially buried within the dimer
interface, between H1 and H1′ (Fig. 1A and Fig. 2) in the conserved P-box region
(Cavicchioli et al., 1996; Stewart, 2003) of the protein. This single ligand-binding site
between NarX protomers contrasts with the situation in Tar where each subunit contains a
potential ligand binding site, but the allosteric binding of aspartate to only one site suffices
to elicit a signaling state of the receptor (Yeh et al., 1996). The orientation of the nitrate ion
is such that one nitrogen-oxygen bond is aligned with the quasi two-fold rotation axis of the
dimer; consequently one of its three oxygen atoms is located on-axis while the other two lie
off-axis. The nitrate ion is flanked on either side by Arg54 and Arg54′, which make
hydrogen bonds to the two off-axial oxygen atoms of nitrate via their Nε atoms and to the
axial oxygen atom via each Nη2 atom. The carbonyl oxygen atoms of Gly51 and Gly51′ lie
on either side of the nitrogen atom of nitrate and make short van der Waals contact at 2.7Å
and 2.8Å, respectively. A water molecule found within hydrogen bonding distance from the
carbonyl oxygen of Ile47′ is located essentially equidistant from the axial nitrate oxygen
(3.26Å) and the carbonyl oxygen of Ile47 (3.25Å). These distances are slightly beyond the
optimal hydrogen bonding range of 2.7 to 3.2Å. We believe that the refined water site is
probably an average of two mutually exclusive states, one optimally hydrogen-bonded to the
carbonyl oxygen of Ile47 and the other optimally to the axial oxygen of nitrate.

Similarities of NarX with Other Structures
A search of the structural database using the Dali server (Holm and Sander, 1993) has
shown high structural similarity (Z >7.5) with other four-helix bundle proteins of similar
topology such as the oxygen-carrier myohemerythrin (Sheriff et al., 1987) and the aspartate
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receptor Tar (Yeh et al., 1996). Because of the high structural and functional similarity
between NarXS and Tar, we present a structure-based sequence alignment (Fig. 3) of these
periplasmic domains, from which 67 of 114 Cα positions superimpose with a root mean
square deviation of 1.9 Å. We also include the periplasmic domain sequences of NarX and
NarQ from other organisms as sequence aligned to the E. coli NarX periplasmic domain
sequence using ClustalW (Thompson et al., 1994). It is evident that in contrast to the
relatively high sequence similarities between the NarX homologs (23.7% to 73.9% pairwise
identity), Tar is quite dissimilar (7.3% identity with E. coli NarX). Despite structural
similarities, NarXS1 and Tar are diverged beyond sequence recognition if they are indeed
homologs.

Differences between the structures of NarXS1(NO3) and Tar lie in helix lengths, helix
curvatures, and inter-helical loops. Helix H1 of NarXS is shorter and more curved than α1 of
Tar. The loop in NarXS that corresponds to the extended nine-residue loop between α1 and
α2 in Tar, which contains residues involved with its ligand binding (Yeh et al., 1996), is
shorter. Helix H2a of NarXS is relatively straight and follows α2 of Tar but is shorter in
length as well. Tar lacks a helix corresponding to H2b of NarXS but instead contains a six-
residue loop between α2 and α3. Helix α3 of Tar is longer than H3 of NarXS and lacks an
insertion that consequently throws residues in H3a of NarXS out of alignment with some
residues of α3 in Tar. Helix H4 of NarXS is similar in length to α4 of Tar but is more
curved. Because helices in Tar tend to be straighter and longer than those in NarXS, Tar
protomers have a more elongated overall shape than NarXS (Fig. 4).

Dimerization
The dimer interface of NarXS(NO3) buries a combined total of 1926Å2 in accessible surface
area from the two subunits (rotation X = 177.3°, screw translation tX = −0.103Å)
(Hendrickson, 1979). This interfacial area is somewhat higher than in Tar (1699Å2, Yeh et
al., 1996) or in a functional dimer of PhoQ (1528Å2, Cheung et al., 2008) and a similar
DcuS dimer (1684Å2, Cheung & Hendrickson, 2008). Most of the interactions at the dimer
interface in NarXS are between residues of the highly conserved P-box region (Fig. 3),
located on H1 and H1′ and centered at the nitrate-binding site. Inter-subunit hydrogen bonds
are formed between Arg54 side chains and the Oδ and carbonyl oxygen atoms of Asn48′,
and reciprocally between Arg54′ and Asn48. In addition, reciprocal van der Waals contacts
join residues at the beginnings of H1/H1′ and ends of H4′/H4 and with residues in loops
H1-H2/H1′-H2 and in loops H3′-H4′/H3-H4.

The orientation of the two NarX subunits with respect to each other is similar to that of Tar,
but there is a small difference. If one protomer from the NarXS(NO3) dimer is superimposed
onto one from the Tar dimer, a rotation of 9.3° is needed to superimpose the NarXS dimer
mate onto the respective Tar dimer mate to generate the new ‘Tar-like’ dimer. The axis of
rotation passes through the middle of the fourth helix in NarXS and almost intersects the
quasi two-fold rotation axis of the dimer, lying roughly orthogonal to it (Fig. 4). These
orientational differences are slight and might be affected by connections to transmembrane
helices in the intact proteins.

Ligand-free NarX
The structure of NarXS2 (residues 42-148) in the apo state (Fig. 5) was solved by molecular
replacement with four molecules (A, B, C, and D) in the asymmetric unit. Two electron-
density features in proximity to crystal contacts were modeled in as isopropanol, which was
present in the crystallization buffer although not an absolute requirement for obtaining
crystals. Together with 438 water molecules and 2 isopropanol molecules, 406 residues of
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NarXS2(apo) have been refined to 1.7Å to a final R and Rfree of 18.9% and 23.9%,
respectively (Table 2).

The four molecules in the asymmetric unit of NarXS2(apo) appear to form a pair of pairs.
Molecules A and B contact each other in a similar way as for C and D. Residues lying on H2
of molecule A contact residues on H3 of molecule B, and likewise between molecules C and
D. Molecule B and C contact each other in a different manner, mainly between residues of
H1 in each. All of the interfaces are small and not related to those in the complex with
nitrate.

Structural Deviations within NarXS(NO3) and NarXS(apo)
The presence of multiple molecules in the asymmetric unit in the structures of NarXS1(NO3)
and NarXS2(apo) allows discrimination between genuine structural changes associated with
binding of the nitrate ligand and irrelevant differences such ones that might be due to lattice
packing interactions. We thus identified regions of structural invariance within molecules of
each state, at a conservative 3σ level, using error-scaled difference distance matrices
generated by ESCET (Schneider, 2000; Schneider, 2002). We then used only these invariant
regions in each state as the basis for superimposition. Corresponding Cα positions were
superimposed in LSQMAN (Kleywegt and Jones, 1994) in a combinatorial pairwise manner
for all molecules within a given state. After these superpositions, the averaged Cα
deviations were found over the entire span of each state (Fig. 6). With exception of some
residues at the N- and C-termini, structural variations are small at less than 0.5Å on average.
The largest of structural differences within a state are at the C-terminal ends of helix H4b in
the nitrate-bound structure, from residue 144 and onward. These helices extend away from
the body of NarXS1(NO3) and are involved in lattice contacts with neighboring molecules.

Conformational Differences between the Two States
In order to understand structural differences between the nitrate-bound and apo state of the
NarX sensor domain, we first identified a conformationally invariant region (residues 83 to
106) common to all molecules of both states as a reference point against which to compare
differences. This analysis was done using ESCET (Schneider, 2000; Schneider, 2002) as
before and results are reflected in the difference distance matrix (Fig. 7). All molecules of
the apo state were superimposed pairwise onto each molecule of the nitrate-bound state
using the identified conformationally invariant Cα positions, and the averaged Cα
deviations between corresponding positions were plotted against residue number (Fig. 6).
The averaged structural differences between the nitrate-bound and apo state are much
greater than those within each state, and they cannot be attributed to crystal packing.

Conformational differences between the nitrate-bound and apo states can be directly
visualized by superimposition of molecules from each state by least squares minimization of
the conformationally invariant Cα positions of residues 83 to 106. These differences are best
described as a ‘hinging’ movement at junctures from helices H2a to H2b and from H3b to
H3a, respectively (Fig. 8A). This results in a differential tilting between H4 and H1 such
that H1 is displaced relative to H4 along the long axis of the helices. These changes happen
without repacking of interfacial sidechains, however. The consequences of such movements
are best appreciated in a dimeric context, whereby a hypothetical apo dimer is constructed
by superimposition of apo state monomers upon each protomer of the nitrate-bound state.
Then, relative to the apo state, helices H2a and H3b are displaced towards the plane of the
dimer interface upon nitrate binding, and there is a piston-like displacement of H1 helices,
relative to H4 helices, by ~1Å towards the plane of the putative membrane (Fig. 8B).

Cheung and Hendrickson Page 5

Structure. Author manuscript; available in PMC 2013 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conformational Changes at the Ligand-Binding Site
The binding of nitrate appears to induce local conformational changes of H1 residues in the
vicinity of the binding site. In particular, Arg54 adopts alternative confomations in the two
states. In the apo state, the side chain of Arg54 turns inward and is hydrogen bonded to a
carboxylate oxygen of Glu135. In the nitrate-bound dimer, the side chains of Arg54 and
Arg54′ are oriented towards the apposed protomers and make inter-subunit hydrogen bonds
to the backbone carbonyls and the side chain oxygen atoms of Asn48′ and Asn48,
respectively. In the apo state, residues in H1 above and below the nitrate binding site assume
a relatively straight α-helical conformation. In the nitrate-bound state, there is a distortion of
H1/H1′ at residues below Gly51/Gly51′ such that the lower portion of each helix is bent
towards the opposite protomer, and the hydrogen bonding patterns between residues on
successive turns become more similar to that of a 310-helix. The hydrogen bonding in this
region of the nitrate-bound state involves bifurcated interactions to carbonyl i from amides i
+3 and i+4, whereas those of the apo state are strictly between residues i and i+4. Resulting
distortions in the ligated state increase the helical pitch of the lower portion of H1 and H1′,
which contributes to the relative displacement of N-termini towards the putative plane of the
membrane.

DISCUSSION
The high resolution structures that we present for the periplasmic sensor domain of NarX in
the apo state and nitrate-bound state reveal a four helix bundle. The all helical fold is similar
to that of the aspartate receptor Tar (Yeh et al., 1996), but different from histidine kinase
sensor domains of similar size such as PhoQ (Cho et al., 2006), CitA (Reinelt et al., 2003),
and DcuS (Pappalardo et al., 2003), all of which have the PhoQ/DcuS/CitA (PDC) sensor
fold (Cheung et al., 2008). Unique to NarX is the location of a single ligand binding site at
the dimer interface, involving residues of both protomers.

Histidine kinase receptors are thought to function in the context of a dimer in the cell
membrane (Wolanin et al., 2002), and similarities between the NarX dimer in our nitrate-
bound state and the Tar dimer (Yeh et al., 1996) suggest biological relevance for this dimer.
Nevertheless, NarXS1 remains monomeric in solution even at protein concentrations up to
10mM in the presence of excess nitrate, when analyzed by equilibrium sedimentation
ultracentrifugation at physiological conditions (data not shown). What is not physiological
about this experiment is the absence of membrane association. We believe that the ability of
the NarX periplasmic domain to dimerize on its own is reduced when expressed in absence
of its cognate transmembrane and cytoplasmic domains. Theoretically, the likelihood of a
membrane-tethered protein to associate has been shown to be 106-fold greater than when
tumbling freely in solution (Grasberger et al., 1986; Metzger, 1992). Apparently authentic
dimerization was likely promoted here by high protein concentrations in the crystal (55mM).

The role of Arg54 in nitrate binding is consistent with biochemical and genetic studies of
NarX (Cavicchioli et al., 1996; Chiang et al., 1997; Stewart, 2003; Williams and Stewart,
1997). The coordination of nitrate by the side chains of Arg54 and Arg54′ is through direct
hydrogen bonding, and contrasts with aspartate binding by Tar where interactions between
protein and ligand involve indirect water-mediated hydrogen bonding (Yeh et al., 1996). The
binding of nitrate to NarX is also quasi-symmetric, and contrasts with the asymmetric
binding of aspartate to Tar in which only one of the two binding sites is fully occupied (Yeh
et al., 1996). Although binding of a single water molecule at the nitrate-binding site appears
to be asymmetric, it is difficult to determine the consequence of its effect on the rest of the
structure.
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The binding site of NarX readily accommodates nitrite as well as nitrate, perhaps in multiple
poses, which is consistent with redundant binding characteristics (Lee et al., 1999). NarX
also responds to the non-planar sulfite ion (Williams and Stewart, 1997), which may indicate
a certain plasticity at the ligand binding site and dimer interface. Other anions such as
ClO3

−, MoO4
2−, WO4

2−, SeO3
2−, BrO3

−, HCO3
−, SO4

2− and HPO4
2− have no measurable

activation effect on NarX (Williams and Stewart, 1997), and are likely to be excluded from
the binding site in part by steric conflicts with the carbonyl oxygen atoms of Gly51 and
Gly51′, which lie 5.49Å apart, or because they cannot satisfy proper hydrogen bonding
requirements. Single-residue substitutions in NarX, mostly in the P-box region of H1, result
in altered signaling phenotypes (Williams and Stewart, 1997). Such results indicate that in
addition to the residues involved with ligand binding, wild-type NarX signaling is highly
sensitive to disruptions in the conformation and packing of the helices at the dimer interface
and in the region proximal to the putative plane of the membrane.

The location of a single ligand-binding site within a conserved region of the dimer interface
suggests a role of ligand binding in dimer stabilization. Although histidine kinases function
as dimers, and it is presumed that NarX exists as a dimer within the membrane in the apo
state, the stability of the periplasmic dimer interface in the apo state is unknown. Our
inability to detect self-association of the NarX sensor domain by sedimentation equilibrium
ultracentrifugation, even in the presence of nitrate at very high protein concentrations,
suggests that the intrinsic affinity for self-association is relatively weak. We believe that the
conformational differences observed between the nitrate-bound and apo state are likely the
concerted result of both ligand binding and increased dimeric interactions. In the absence of
nitrate, the periplasmic domain of NarX crystallizes as a monomer, but in such a way that
the ligand binding site remains accessible. Soaking of nitrate into these crystals fails to cause
cracking, which suggests that the binding of nitrate alone does not suffice for all the
structural changes observed between the two states. Lattice disruption would be expected
from the NarXS(NO3) conformation. Of course, lattice interactions might resist such
disruption but the contact interfaces appear to be weak. It seems more likely that nitrate can
only bind to NarX when two protomers are favorably disposed in a dimeric arrangement.
We believe that when NarX is in its native apo state, with the sensor domain anchored to its
dimeric transmembrane domain, ligand binding causes local conformational changes that
reinforce the dimer interface between sensor domains. The side chains of Arg54/Arg54′ are
repositioned by their binding to nitrate in a way that allows inter-subunit hydrogen bonding
to N48′/N48, respectively. The dimer interface is thus stabilized by ligand binding, resulting
in conformational changes that displace H1 with respect to H4 towards the putative plane of
the membrane.

The conformational changes that occur within the periplasmic domain of NarX upon binding
of nitrate are reminiscent of those in Tar, in which a ~1Å displacement between the N- and
C-terminal helices of the periplasmic domain also occurs upon ligand binding (Chervitz and
Falke, 1996; Ottemann et al., 1999; Falke and Hazelbauer, 2001). It should be noted that in
our case such results were obtained from crystals grown at 4°C, and the structural changes
occurring at physiological temperatures may be different. Such helix displacements are of
relatively low energy, requiring only side-chain conformational adjustments along inter-
helical interfaces (Chothia and Lesk, 1985) and mutations along H1 that result in signaling
defects in NarX (Williams and Stewart, 1997; Appleman et al., 2003) may perturb inter-
helical contacts and alter the extent to which the proper conformational changes can occur. It
is important to note that there are distinct differences between the conformational changes
that take place in NarX and Tar upon ligand binding. The conformational changes in NarX
occur symmetrically between the two protomers as the binding of nitrate is symmetric, while
in Tar they appear to be localized to only one subunit due to asymmetric aspartate binding
(Biemann and Koshland, 1994; Chervitz and Falke, 1996; Falke and Hazelbauer, 2001). In
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addition, the relative displacement between the N- and C-terminal helices of the NarX
sensor domain is opposite in direction to that of the Tar sensor domain.

The opposite directionality in conformational changes on ligand binding correlates with
differences in Tar and NarX function. A downward displacement of the N-terminal helix in
NarX occurs upon nitrate binding, which contrasts with a downward displacement of the C-
terminal helix, within only one subunit in Tar, upon aspartate binding (Chervitz and Falke,
1996; Falke and Hazelbauer, 2001). These opposing directions of helix displacements
between the two receptors are reflected in differences of signaling responses; ligand binding
in NarX promotes the phosphorylated signaling state but ligand binding in Salmonella
typhimurium Tar gives an attractant response, which by analyses of chimeric proteins seems
to correspond to promotion of dephosphorylation. Histidine kinase sensors and chemotactic
receptors are sufficiently parallel that functional chimeric receptors can be constructed from
components of each (Utsumi et al., 1989), and this approach has been taken in NarX-
chemoreceptor fusions (Ward et al., 2002; Xu et al., 2005; Ward et al., 2006; Xu et al.,
2007). One of these, the NarX-Tar (Tart) chimeric protein, is directly relevant here. Tart is a
fusion of the NarX periplasmic sensor domain with the Tar cytoplasmic signaling domain,
and it is shown to be sensitive to nitrate and nitrite as repellants (Ward et al., 2002). This
reversal from the attractant response of Tar to aspartate is consistent with our observation of
oppositely directed transmembrane displacement in NarX compared with Tar. It should be
noted, however, that directionality of sensory response is not an intrinsic property of Tar-
like receptors. McpB is a Tar-receptor homolog in Bacillus subtilis that responds to
asparagine to activate CheA whereas Tar inactivates CheA (Garrity and Ordal, 1997;
Szurmant et al., 2004).

Our studies reveal a possible conserved signaling mechanism between histidine kinase and
chemotaxis sensors as piston-type displacement, on the order of about 1Å, between the N-
and C-terminal helices of the periplasmic domain. Such a displacement must be transmitted
through the transmembrane helices in order to reach the cytoplasmic domain. At this point it
is unknown whether the same vectors of motion are retained upon entry into the cytoplasmic
domain, or whether such motions are converted into twisting or torqueing motions within
the transmembrane region en route to the cytoplasm. Further work is necessary to determine
exactly how piston-type displacements between the N- and C-terminal helices of periplasmic
sensor domains trigger conformational changes in the cytoplasmic histidine kinase domains.

EXPERIMENTAL PROCEDURES
Cloning

A DNA fragment corresponding to residues 38 to 151 of NarX (NarXS1) was amplified from
genomic DNA of E. coli K-12 (ATCC Bioproducts) using 5′ and 3′ primers containing
Nde1 and Not1 restriction sites respectively. The fragment was ligated into the pET22b+
expression vector (Novagen) between the Nde1 and Not1 sites of the polylinker region. The
resulting construct was used for isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible
cytoplasmic expression of NarXS1 as a fusion protein, containing a hexahistidine tag on the
C-terminus separated by a five residue linker of the amino acid sequence “AAALE”.

Based on ordered residues of the nitrate-bound structure, a shorter DNA fragment
corresponding to residues 44 to 148 of NarX was amplified from the pET22b+ NarXS1
construct using the appropriate primers, and ligated into the pGEX-4T-2 expression vector
(Amersham Pharmacia Biotech) between the BamH1 and EcoR1 cloning sites. A stop codon
was engineered immediately following the last residue of the construct, allowing IPTG-
inducible cytoplasmic expression of NarX 44-148 as an N-terminal glutathione S-transferase
(GST)-fusion protein. Within the construct lies an internal thrombin cleavage site, which
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upon cleavage leaves an extra glycine and serine on the N-terminus of NarX 44-148.
Because the two residues left behind are identical to residues 42 and 43 of the native NarX
sequence, the resulting purified protein is effectively NarXS2 (NarX 42-148).

Expression and Purification
Selenomethionyl (SeMet) NarXS1 was expressed from Novagen E. coli BL21 (DE3) cells,
grown in 4L of selenomethionine minimal media at 37°C to an optical density (OD) of 0.6,
after being inoculated 1:100 from an overnight culture grown from minimal media.
Expression was induced using IPTG at 1mM for 3 hours at 30°C. The cells were harvested
and resuspended in 50mM Tris-HCl pH 8.0 and 100mM NaCl. Cell supernatant was
prepared by sonication, cleared by centrifugation, and then passed through a 5ml HiTrap™

Chelating column (Pharmacia) previously equilibrated with Ni2+. The protein was eluted
from the column using an imidazole gradient and then further purified using a MonoQ™

10/10 column (Pharmacia) over a shallow salt gradient. The protein was dialyzed into
storage buffer (20mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonate (HEPES) pH 8.0,
50mM NaCl, 1mM EDTA) and concentrated to ~16mg/ml. The protein appeared
homogenous by SDS-PAGE and native PAGE, and appeared to be monomeric by gel
filtration chromatography in comparison to protein molecular weight standards. Full
incorporation of selenomethionine into the expressed protein was confirmed by mass
spectrometry (data not shown).

NarXS2 was expressed at 30°C for 3 hours with 1mM IPTG from a 2L culture of E. coli
BL21 (DE3) cells (Novagen) in Luria-Bertani (LB) media. Induction began upon reaching
an OD of ~0.6 following a 1:100 inoculation from an overnight culture grown in LB media
at 37°C. The cells were harvested and resuspended in phosphate buffered saline (PBS) pH
7.4 and 5mM dithiolthreitol (DTT). Cell supernatant was prepared by sonication, cleared by
centrifugation, and then passed through a hand-poured 8mL glutathione Sepharose™ 4B
(Pharmacia) gravity column. The column was washed with PBS and the fusion protein was
eluted using 0.1M Tris-HCl pH 8.0, 150mM NaCl, 1mM EDTA, and 20mM glutathione
(reduced form). The protein was then further purified by gel filtration on a Superdex200
26/60 (Pharmacia) column, previously equilibrated in 50mM Tris-HCl pH 8.0, 150mM
NaCl, and 1mM EDTA, and subsequently subjected to thrombin digest ( 1U thrombin/mg
protein) for 3 hours at 20°C. NarXS2 was then purified from the cleaved GST by gel
filtration on a Superdex75 26/60 (Pharmacia), previously equilibrated with 20mM Tris-HCl
pH 7.5, 50mM NaCl, and 1mM EDTA. The purified protein appeared homogenous by SDS-
PAGE and native PAGE, and was concentrated to ~40mg/ml for crystallization.

Crystallization
Sodium nitrate from a 1M stock was added to NarXS1 to a final concentration of 5mM
before crystallization. Crystals of NarXS1(NO3) were grown by hanging drop vapor
diffusion against a buffer containing 0.1M Tris-HCl pH 8.5 and 2M NH4H2PO4 at 4°C with
a protein to reservoir buffer ratio of 1:1. Large prism-shaped single crystals up to 600μm in
length appeared after four days. The crystals were serially soaked in crystallization buffer
supplemented with gradually increasing glycerol concentrations from 5% to 20% prior to
freezing in liquid nitrogen.

Crystals of NarXS2(apo) were grown by hanging drop vapor diffusion against 23%
polyethylene glycol (PEG) 3350, 1% isopropanol, and 0.1M HEPES pH 7.5 at 4°C. The
protein concentration used was 20mg/ml and the protein to reservoir buffer ratio was 1:1.
Clusters of plates appeared after two days, and slowly increased in thickness and size over a
period of two weeks. Plate fragments were initially soaked in crystallization buffer
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supplemented with a mixture of 5% glycerol and 5% ethylene glycol, and then finally in
10% glycerol and 10% ethylene glycol prior to freezing in liquid nitrogen.

Although crystals of NarXS1 could not be grown without the presence of nitrate, crystals of
NarXS2 could be grown in the presence of nitrate in a different condition than that required
for the crystallization of NarXS1. Such crystals appeared to be of a different morphology
than the nitrate-complexed NarXS1 crystals; however, due to their small size and difficulties
in their reproducibility, they were not used for diffraction experiments.

Structure Determination
NarXS1 in Complex with Nitrate—MAD data from four wavelengths at the Se K-edge
were collected from a single frozen SeMet NarXS1(NO3) crystal at the X4A beamline of the
NSLS (National Synchrotron Light Source) at Brookhaven National Laboratory. Data to
2.0Å spacings (170mm detector distance) were collected using 1° oscillations of 6s exposure
times. Because of numerous overloads, a low-angle MAD data set was also collected to
~3.5Å spacings (375mm detector distance) using 4° oscillations of 4s exposure times. A
final high-angle data set extending to 1.7Å spacings (130mm detector distance) was
collected with an exposure time of 21s at the edge wavelength from the same crystal, using
0.8° oscillations to minimize overlaps. The data were indexed and merged using Denzo and
Scalepack of the HKL program package (Otwinowski and Minor, 1997). Initial phases were
calculated using Solve (Terwilliger and Berendzen, 1999) in each possible space group
(P41212 and P43212) and improved by solvent flattening using DM (Cowtan, 1994) of the
CCP4 program package (Bailey, 1994). Visual inspection of the resulting electron density
maps at 2.2Å resolution confirmed P43212 as the correct space group. A figure of merit of
0.67 was obtained from phasing and refinement of seven selenium sites found in the two
molecules of the asymmetric unit, and after solvent flattening, the figure of merit rose to
0.82. Phasing was then extended to 1.7Å spacings using DM (Cowtan, 1994) against the
high angle dataset collected at the edge wavelength. The model was almost entirely built
using Arp/Warp 5.1 (Perrakis et al., 1999) and missing residues (8% of the final model)
were manually built in O (Jones et al., 1991). The model was then refined against the high
angle dataset in CNS (Brunger et al., 1998) using iterative cycles of simulated annealing,
conjugate gradient minimization, temperature-factor refinement, and manual rebuilding.
Diffraction data and refinement statistics are listed in Tables 3.1 and 3.2 respectively.

NarXS2 in the Apo State—A native dataset to 1.7Å spacings (140mm detector distance)
from a single frozen crystal of NarXS2(apo) was collected at X4A of the NSLS at
Brookhaven National Labs using 1° oscillations with 30s exposure times. Due to overloaded
reflections, a low resolution dataset was collected from the same crystal to ~3.2Å spacings
(300mm detector distance) using 3° oscillations and 15s exposure times. The data was
indexed, merged, and processed using the HKL program package (Otwinowski and Minor,
1997) and the CCP4 program suite (Bailey, 1994) in space group P1. According to
Matthew’s coefficient calculations (Matthews, 1968), the unit cell most likely contained
either 3 or 4 molecules. Using residues 42 to 148 of the refined NarXS1(NO3) structure as a
molecular replacement search model, cross-rotation and translation function searches were
performed in CNS (Brunger et al., 1998) to locate and fix the position of an initial molecule.
The positions of three additional molecules were subsequently located by fixing the position
of an initial molecule and then performing additional cycles of cross-rotation and translation
searches to find them in iteration. Arp/Warp 6.0 (Perrakis et al., 1999) was used for model
improvement and re-tracing of the apo structure, and refinement was performed using O
(Jones et al., 1991) and CNS (Brunger et al., 1998) in the same manner as outlined before.
Diffraction data and refinement statistics are also listed in Tables 3.1 and 3.2 respectively.
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Figure 1. Structure of NarXS in complex with nitrate
(A) Ribbon diagram with secondary structure elements labeled appropriately. Nitrate is
depicted in ball-and-stick representation with nitrogen colored blue and oxygen colored red.
(B) A stereo plot of the Cα trace. Every tenth Cα atom is depicted as a black sphere and
labeled accordingly. The P-box region (Cavicchioli et al., 1996) in the first helix of each
protomer is shown in red. Nitrate was omitted for clarity. Drawings were made with
MolScript (Kraulis, 1991) and BobScript (Esnouf, 1997).
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Figure 2. Nitrate-binding site
The protein backbone of helices H1 and H1′ are shown in worm representation with
residues at the nitrate-binding site depicted in stick representation and labeled accordingly.
Atoms are colored black, red, and blue for carbon, oxygen, and nitrogen respectively. Water
is depicted as a light blue sphere. Hydrogen bonds (red dotted lines) are labeled with
distances (Å).
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Figure 3. Structure-based sequence alignment of NarX, NarQ, and Tar
The sequences of the periplasmic domains of NarX and Tar are aligned and numbered
accordingly. The secondary structure elements of NarX and Tar are shown and labeled
above and below the sequences respectively. The P-box region of NarX (Cavicchioli et al.,
1996) is indicated by a black rectangle. Conserved residues are shown in red, structurally
aligned residues are highlighted in green, and organism names are abbreviated in italics (Ec
for Escherichia coli, Ps for Pseudomonas stutzeri, St for Salmonella typhimurium, and Yp
for Yersinia pestis). Structural alignment is assigned when at least three contiguous
Cαpositions of NarX are within 3.0Å of Tar counterparts.
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Figure 4. Comparison of NarXS and Tar dimers
(A) Worm representation of the dimeric aspartate receptor Tar, drawn in stereo. Subunits A
and B of Tar (Yeh et al., 1996) are colored yellow and blue respectively. (B) Worm
representation of NarXs1 dimers in stereo. A ‘Tar-like’ NarXs dimer is formed when
subunits A (yellow) and B (blue) from NarXs1(NO3) are independently superimposed upon
subunits A and B of Tar, respectively. Subunit B from the natural NarXs dimer of Fig. 1 is
shown in grey. The black vertical line represents the quasi two-fold rotation axis of the
observed dimer. The red line shows the resulting axis of 9.3° rotation that relates B subunits
from the natural, observed NarXS dimer and the constructed ‘Tar-like’ NarXs dimer. In the
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orientation of the molecules shown, the red rotation axis intersects the black rotation axis
and is angled approximately 30 degrees above the plane of the figure.
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Figure 5. Structure of NarXS(apo)
The overall structure of NarXS2 in a nitrate-free state is shown as a ribbon diagram. Each
monomer is colored and labeled individually.
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Figure 6. Intermolecular Cα deviations of superimposed NarX molecules
Residue number is plotted on the horizontal axis and intermolecular Cα deviation is plotted
on the vertical axis. The blue graph represents the average of all Cα distances between
pairwise superimposition (residues 47 - 51 and 57 - 141) of all four NarXS2(apo) molecules.
The red graph represents Cα distances between the superimposed (residues 47 - 115)
NarXS1(NO3) protomers. The green graph represents the average of Cα deviations between
pairwise superimpositions (residues 83 - 106) of each nitrate-bound protomer with each apo
monomer.
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Figure 7. Difference distance matrix
An ESCET (Schneider, 2000; Schneider, 2002) error-scaled difference distance matrix
calculated for molecules of NarX in the apo and nitrate-bound states. Regions of
conformational variance (red and blue) and invariance (white) are colored according to the
magnitude of their difference. The program identified residues 83 to 106 (highlighted in
gray) to be a structurally invariant region common to all molecules at the 3σ level. White
‘blocks’ along the diagonal of the matrix correspond to the positions of the helices in the
structures, and flexible regions between H2a and H2b, and H3a and H3b allow the relative
orientations of these helices to shift as rigid bodies with respect to each other. Residues in
the upper portion of H1 and H2a (residues 60-70), and the H1-H2a loop (residues 103-119)
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are conformationally invariant with respect to each other, and they appear to move together
as a rigid unit.
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Figure 8. Superimposition of NarX in nitrate-bound and apo states
(A) Nitrate-bound NarX protomer A is shown superimposed with apo-state NarX molecule
B and are both depicted in worm representation. Conformationally variant regions of the
nitrate-bound and apo structures are colored gold and blue, respectively. Conformationally
invariant Cα positions of residues 83 to 106 are superimposed and colored light gray. (B) A
model of a dimeric apo state (blue) is created by superimposition of Cα positions of residues
83 to 106 of the apo state monomer B upon nitrate-bound protomers A and A′ (gold),
showing a piston-type displacement between the N- and C-terminal helices upon binding of
nitrate. Only residues of the N- and C-terminal helices from residues 43 to 62 and 120 to
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151 of each signaling state are shown for greater clarity, and the location of the single bound
nitrate ion is shown in gold in CPK representation. Drawings are in stereo.
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Table 2

NarX refinement statistics

Parameter NarXS1 ( NO3 ) NarXS2 (apo)

Bragg Spacings (Å) 25 – 1.7 20 – 1.7

Space Group P43212 P1

Cell Parameters a, b, c 55.76, 55.76, 155.26 28.24, 39.82, 83.95

(Å)/α, β, γ (°) 90, 90, 90 80.76, 89.57, 85.29

Za
a 2 4

Solvent Content (%) 43.2 37.0

Rwork
b 0.217 0.189

Rfree
c 0.258 0.239

Number of Reflections 27155 36888

Number of total atoms (non-hydrogen) 2079 3945

Number of protein atoms 1820 3499

Number of ligand atoms 4 (nitrate) 8 (isopropanol)

Number of waters 255 438

Average B factor 32.6 23.1

RMS Bonds 0.017 0.015

RMS Angles 1.7 1.5

PDB Code 3EZH 3EZI

a
Za stands for number of molecules per asymmetric unit.

b
Rwork = (Σ ||Fo| − |Fc||)/Σ|Fo|, where Fo and Fc denote observed and calculated structure factors respectively.

c
Rfree was calculated using 5% of data excluded from refinement.
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