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Abstract

Receiver domains control intracellular responses triggered by signal transduction in bacterial two-

component systems. Here, we report the solution NMR structure and dynamics of Sma0114 from 

the bacterium Sinorhizobium meliloti, the first such characterization of a receiver domain from the 

HWE-kinase family of two-component systems. The structure of Sma0114 adopts a prototypical 

α5/β5 Rossman-fold but has features that set it apart from other receiver domains. The fourth β-

strand of Sma0114 houses a PFxFATGY sequence motif, common to many HWE-kinase-

associated receiver domains. This sequence motif in Sma0114 may substitute for the conserved Y-

T coupling mechanism, which propagates conformational transitions in the 455 (α4-β5-α5) faces 

of receiver domains, to prime them for binding downstream effectors once they become activated 

by phosphorylation. In addition, Sma0114 lacks the fourth α-helix of the consensus 455 face 

and 15N relaxation data show that it is replaced by a segment that is flexible on the ps-ns 

timescale. Secondary structure prediction of Sma0114 and other HWE-kinase-associated receiver 

domains suggests that the absence of helix α4 may be a conserved property of this family. In spite 

of these differences, Sma0114 has a conserved active site, binds divalent metal ions such as Mg2+ 

and Ca2+ that are required for phosphorylation, and exhibits μs-ms active site dynamics similar to 

other receiver domains. Taken together, our results suggest that Sma0114 has a conserved active 

site but differs from typical receiver domains in the structure of the 455 face that is used to effect 

signal transduction following activation.
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Phosphorylation is a commonly used mechanism to achieve signal transduction. In bacteria, 

phosphorylation-mediated signal transduction is carried out by two-component systems. 

These signaling cascades utilize a sensor histidine kinase that autophosphorylates when 

triggered by a stimulus, and a response regulator which mediates the downstream output 
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response upon receiving a phosphate from its cognate histidine kinase (1, 2). The output 

response is maintained while the receiver domain component of the response regulator 

remains phosphorylated. The lifetime of the phosphorylated state is controlled primarily by 

the autophosphatase enzymatic activity of the receiver domain.

The two-component system encoded by the genes sma0113 and sma0114 from the 

bacterium Sinorhizobium meliloti, was identified in a genetic screen for altered succinate-

mediated catabolite repression (3). Based on previous work it is expected that Sma0113 and 

Sma0114 play a role in catabolite repression and polyhydroxy butyrate (PHB) synthesis (3). 

The tandem genes encode a histidine-tryptophan-glutamate (HWE) histidine kinase 

(Sma0113), and a single-domain response regulator (Sma0114). HWE-kinases were first 

described in 2004 (4) and constitute a subclass of the larger histidine kinase superfamily. 

Compared to the well-characterized histidine kinase family, HWE-kinases have an altered 

ATP binding site, which lacks the F-box that is normally an integral component of the ATP 

lid.

The majority of response regulators have receiver and effector domains. The receiver 

domain acts as a “switch” that undergoes a conformational change in response to 

phosphorylation at a conserved aspartate (1, 5). The effector domain usually has a DNA 

binding function that regulates the transcription of its target genes (1). In some cases, 

including the response regulators CheY, Spo0F, and Sma0114 only the receiver domain is 

present (6, 7). The roles of single domain response regulators are not as well understood as 

their two-domain counterparts but there are three known functions. The receiver domain can 

act directly on a protein effector (e.g. CheY), it can participate in a phospho-relay cascade 

(e.g. Spo0F), or it can act as a histidine kinases inhibitor (e.g. DivK) (8-10). Structural 

studies of single-domain response regulators have shown that these are structurally similar 

in their inactive apo forms but show greater variability in their phosphorylated activated 

states (11). This is probably because the function of the inactive receiver domain is to 

receive a phosphate from its cognate histidine kinase, whereas the active phosphorylated 

enzyme can bind to a wide range of downstream effector proteins (12, 13).

Receiver domains have a conserved α5/β5 Rossman fold, where 5 α-helices surround 5 

parallel β-sheets. A conserved pair of acidic residues is located in the loop between strand β1 

and helix α1, that forms part of the binding site for a divalent metal cation which is required 

for stabilizing the incoming phosphate group and forming the acyl-phosphate linkage (5, 

14). The site of phosphorylation is a conserved Asp at the C-terminal end of strand β3 (1, 5). 

The C-terminal end of strand β5 houses a conserved Lys that stabilizes the incoming 

phosphate group (14). Phosphorylation induces a conformational switch, in which a 

conserved Thr at the C-terminal end of strand β4 hydrogen bonds with the phosphate group, 

and causes a rotameric change of an aromatic residue (Tyr or Phe) in strand β5 in a 

mechanism called ‘Y-T coupling’ (14). Y-T coupling mediates the more global 

rearrangement of the ‘455 face’ of the enzyme, comprised of the secondary structure 

elements α4-β5-α5. In Sma0114 the aromatic residue in the Y-T coupling mechanism is 

replaced by a leucine, and the conserved Thr is part of a PFxFATGY sequence motif that is 

common in the HWE-kinase-associated family of receiver domains.
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The NMR investigations described herein show that the unusual sequence features of 

Sma0114 lead to unique structural features, primarily affecting the 455 face of the 

enzyme. 15N relaxation data show that there are also changes in the dynamics of the 455 

face of Sma0114 compared to the corresponding regions of other receiver domains (15, 16). 

By contrast the active site of the enzyme and the ability to bind metals is retained, 

suggesting that the unusual features of Sma0114 do not alter the activation mechanism but 

rather the conformational changes of the 455 face accompanying phosphorylation.

Experimental Procedures

NMR Sample Preparation

Recombinant Sma0114 was ligated into a pET28(+) vector and transformed into 

Escherichia coli BL21 DE3 pLysS cells. Expression and purification of Sma0114 were 

performed as previously described (17). 15N-Sma0114 and 15N,13C-Sma0114 samples were 

dissolved in 50 mM Na2HPO4 buffered to pH 6.0. All samples for NMR had 500 μM 

concentrations of Sma0114, with 0.02% NaN3 to prevent bacterial growth and 1 mM DTT 

to prevent disulfide formation due to the sole cysteine at position 29 in the protein. For the 

metal titration with CaCl2 we used a pH 6.0 MES buffer rather than phosphate, to prevent 

precipitation of Ca2+.

NMR Structure Determination

Chemical shift assignments for Sma0114 have been published previously (17). 3D 15N- 

and 13C-editted NOESY experiments (18) were used to obtain NOE-based distance 

restraints. Long-range HNCO (19) and deuterium isotope exchange experiments were used 

to identify hydrogen bonds. Restraints for the backbone dihedral angles φ and ψ were 

calculated from the assigned HN, Hα, N, Cα, Cβ and C’ chemical shifts using the program 

TALOS (20). Additional 3D HNHA data were collected to check φ dihedral angles. Side-

chain χ1 dihedral angles and stereospecific assignments for prochiral methylene protons 

were determined from 3D HNHB data (18) and short-mixing time 2D NOESY spectra (21). 

Stereospecific assignments for the prochiral methyl groups of Leu and Val residues were 

obtained from a sample fractionally labeled with 10% 13C-glucose (22). The NMR structure 

of Sma0114 was calculated using the program X-PLOR (v. 3.851) (23) based on 1627 

experimental restraints (Table I). The 20 lowest energy structures have been deposited in the 

PDB under accession code 2LPM.

NMR Relaxation Measurements

Backbone dynamics of Sma0114 were investigated using 15N R1, R2 and 1H-15N NOE 

experiments. Longitudinal relaxation rates (R1) were characterized using relaxation delays 

of 0.02, 0.05,0.13,0.21,0.31,0.5,0.71 and 1.0 s. Transverse relaxation rates (R2) were 

measured using relaxation delays of 0.01,0.03,0.05,0.07,0.09,0.15,0.25 and 0.35 s. 1H-15N 

NOE values were determined from experiments in which the proton signals were saturated 

(s) for 4 s and control (c) experiments in which the saturation period was replaced by an 

equivalent preacquisition delay. Spectra were acquired in an interleaved manner for all three 

relaxation data sets. Relaxation rates were calculated from least-squares fits of the data to an 
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exponential decay model (Eq. 1) where I is the intensity for the relaxation period τ, I0 is the 

initial amplitude and R1,2 corresponds to the relaxation rate R1 or R2.

Equation 1

Experimental uncertainties in relaxation parameters were taken as the standard errors of the 

fits. 1H-15N NOE values were calculated according to Equation 2, where I(s) is the 

crosspeak intensity in the experiment with saturation (s) and I(c) is the crosspeak intensity 

without saturation (c).

Equation 2

The errors for the 1H-15N NOE experiment were determined as described previously (24, 

25). R1, R2 and 1H-15N NOE values were used as input for Model-Free calculations (26) 

using the program Tensor2.

Metal Titration Studies

NMR titrations were performed using 15N-labeled samples of Sma0114, over a range of 

concentrations between 0 and 500 mM MgCl2. Due to the large 150 mM concentration of 

MgCl2 needed to saturate the enzyme, we also looked at the binding of CaCl2 over a 

concentration range between 0 and 10 mM. With CaCl2, saturation of Sma0114 was 

achieved at a metal ion concentration of 1.5 mM.

Bioinformatics Analysis of Sma0114

A sequence alignment of Sma0114 was initially performed against 2036 receiver domains 

from the order Rhizobiales using the SMART database (v. 6) (27). Sequences with greater 

than 97% homology to Sma0114 were considered redundant and removed from further 

analysis. The remaining 1792 sequences were further aligned using MUSCLE (v. 3.8.21). 

(28). From this alignment, 100 bootstrap replicate maximum-likelihood phylogenies were 

constructed using RAxML (v. 7.3.0) (29) incorporating the WAG model of amino acid 

substitutions (30) and estimating the gamma model of rate heterogeneity with 4 discrete rate 

categories. The bootstrapped trees were mapped onto the best-scoring maximum-likelihood 

tree.

Analysis of 273 HWE-kinases collected from the MiST 1 database (31) showed that 84 of 

the kinases had associated receiver domains. Receiver domains were considered to be 

associated with an HWE-kinase if the genes were fused or immediately upstream or 

downstream of the kinase. The cognate receiver domains of the 88 HWE-kinases identified 

in this way, were analyzed using the secondary structure prediction program PsiPred (v 2.6) 

(32). The final alignment excluded 5 of the 88 sequences because they were less than 100 

amino acids in length and did not appear to encode full-length receiver domains. As a 

control, 8 receiver domain sequences of known structure were employed in the alignment to 

verify that the α5/β5 motif could be detected accurately by PsiPred (Fig.6C) (32). The 

sequences used for analysis are provided in Supplementary Table S1.
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Results

Phylogenetic Distribution of Receiver Domains Associated with HWE Kinases

In order to place the Sma0114 receiver domain in the context of a family of homologous 

proteins we characterized the distributions of HWE two-component systems in prokaryotes. 

The SMART database (v.6) contains 1326 proteins with HWE histidine kinase domains, and 

the majority of these (70.8%) are found in the α-proteobacteria, with just over half of the 

total number being found in the order Rhizobiales (65.3%). The SMART database has some 

2000 receiver domains from the Rhizobiales order of α-proteobacteria, of which ~1800 are 

non-redundant. Figure 1 shows a neighbor-joining tree of these receiver domains. There are 

28 non-redundant HWE-kinases that are either fused to receiver domains, or that have genes 

adjacent to ones encoding a HWE histidine kinase domain (Fig. 1). This mapping shows that 

a majority of 21 HWE-associated receiver domains, including Sma0114, are in a single 

branch (shown in grey) indicating that they have high sequence similarity. The other 

receiver domains in the grey branch of the neighbor-joining tree are likely to be cognate 

response regulators that are physically separated (i.e. not fused or adjacent) from their 

cognate HWE-kinase.

The NMR Structure of Sma0114 shows Differences from the Receiver Domain Superfamily

Figure 2 shows the NMR structure of Sma0114. The overall fold of the protein is similar to 

the canonical α5/β5 Rossman-fold of other receiver domains, which is schematically 

illustrated in Figure 2A. Backbone (Cα, N, C’) traces of the 20 lowest energy NMR 

structures of Sma0114 are shown in Figure 2B. Structure statistics for the NMR models are 

given in Table I.

The NMR structure of Sma0114 closest to the ensemble average is compared with that of a 

typical receiver domain Spo0F in Figs. 2C and 2D, respectively. The deviations from the 

canonical receiver domain fold occur primarily along the 455 face of Sma0114. The most 

conspicuous difference in Sma0114 (Fig. 2C), is that helix α4 is replaced by a disordered 

segment (residues 88-93). Another difference, is that strand β5 which is shorter than the 

other β-strands due to two flanking proline residues (P101, P106), turns inward toward the 

core of the Sma0114 structure (Fig. 2C).

To look more closely for similarities and differences to other receiver domains, we used the 

DALI server (33) to find the 10 best structural matches to Sma0114. The 10 best matches 

were all structures of inactive states of receiver domains, and had an average backbone 

RMSD of 3.17 Å to our Sma0114 structure over an average alignment length of 99 residues. 

The most prominent difference in Sma0114 is the absence of helix α4. Another important 

change is that the loop following strand β3 appears to cover and possibly restrict access to 

the phosphorylation site residue, Asp60, whereas it extends away from the hydrophobic core 

in the homologous structures.

The alignment to structurally homologous proteins using the DALI server (33) also indicates 

that the C-terminal portion of the PFxFATGY motif in Sma0114 differs from the 

corresponding region in the canonical receiver domain fold. The PFxFATGY motif is 

highlighted in cyan on the NMR structure of Sma0114 in Figure 3A. This motif 
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encompasses all of strand β4 and forms the beginning of the loop between strands β4 and β5. 

The conserved Thr of the Y-T coupling pathway is part of this motif and is the last residue 

in strand β4 (shown in purple in Fig. 3A). The partner aromatic residue in the Y-T coupling 

mechanism is replaced by a Leu103 in strand β5 (shown in black in Fig. 3A). The absence of 

the conserved aromatic residue has also been seen in the single domain response regulator 

CheY2 from S. meliloti, an enzyme that has been reported to lack Y-T coupling (34). These 

changes provide compelling evidence that the prototypical Y-T coupling mechanism is 

altered in Sma0114.

The two residues of the PFxFATGY motif that form part of the loop immediately following 

strand β4 (G87 and Y88) show large structural differences in Sma0114 compared to the top 

10 structural similarity hits. These two residues are located immediately before the start of 

the disordered segment that replaces helix α4 in Sma0114. The C-terminal portion of the 

PFxFATGY motif in Sma0114 superimposes with the N-terminal portion of helix α4 in the 

10 closest structural matches. Together with the placement of the Y-T coupling threonine, 

this suggests that at least the C-terminal part of the PFxFATGY motif belongs to the 455 

face of Sma0114.

While the 455 face of the enzyme shows deviations from the receiver domain superfamily, 

the active site of Sma0114 has features consistent with other receiver domains (Fig. 3A). 

The metal binding residues, Glu15 and Asp16, are located at a conserved position in the 

loop between β1 and α1 (7, 11, 13). The phosphorylation site (Asp60) is at the C-terminal 

end of β3 like in other receiver domains. The hydroxylic residue (Thr86) that hydrogen 

bonds with the incoming phosphate in the Y-T coupling mechanism is located at the C-

terminal end of strand β4. The basic residue Lys105, which typically stabilizes the activated 

state by forming a salt bridge with the incoming phosphate occurs in a conserved location in 

strand β5.

Strands β1-β4 and helices α1-α3 have the highest precision in the NMR structure (Fig. 3B). 

Regions with lower precision occur in the 455 face and include the segments corresponding 

to helix α4, strand β5, and helix α5. The active site of Sma0114 also has lower precision in 

the NMR structure, as illustrated in Figure 3B which compares side-chains of residues in the 

active site and in the hydrophobic core of the protein. The equilibrium shift theory of 

activation hypothesizes that receiver domains exist in their inactive and active substates 

simultaneously in solution. Activation via phosphorylation shifts the population from the 

inactive to the active form (14, 16). It follows that that the active site, which is experiencing 

exchange between inactive and active conformational substates on a μs-ms timescale, would 

have a lower precision due to R2ex line broadening. To verify that the lower precision of the 

active site and 455 face in the NMR structure of Sma0114 is due to genuine flexibility, as it 

is in other receiver domains (7, 35), we characterized the backbone dynamics of the protein 

using 15N relaxation data.

NMR Relaxation Data Show Increased Flexibility for the 455 Face and Active Site

Relaxation data for Sma0114 are shown in Figure 4. The R1 values are roughly constant 

over the length of the protein with a mean value of 2.00 ± 0.01 s−1, except for raised rates in 

the region between residues 89 and 99, which also shows lowered 1H-15N NOEs (Fig. 4A). 
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The R2 data reveal four distinct regions that have relaxation contributions greater than the 

mean value of 8.0 ± 0.3 s−1, as indicated in Fig. 4B. The mean 1H-15N NOE value is 0.75 ± 

0.01, close to the theoretical maximum of 0.80 (36). Lowered 1H-15N NOEs are seen for the 

chain termini and the region between residues 88 and 95 that corresponds to the missing 

helix α4 (Fig. 4C).

To interpret the relaxation data in terms of backbone dynamics we performed a Model Free 

analysis (26) using the program Tensor2 (Fig. 5). We obtained a correlation time of 5.1 ns 

for Sma0114, consistent with a monomeric protein of 13.5 KDa. The S2 values which 

describe the amplitudes of internal motions on the ps-ns timescale in the Model Free (26) 

analysis, are shown in Fig. 5A and are mapped on the NMR structure in Fig. 5B. Except for 

the chain termini, the only region in the protein with low S2 order parameters is the flexible 

segment that replaces helix α4 (Fig. 5A). The R2ex terms which describe exchange 

contributions to R2 relaxation from dynamics on the μs-ms timescale are shown in Fig. 5C 

and are mapped on the NMR structure in Fig. 5D. Residues that experience significant R2ex 

contributions cluster to four region of the protein: (I) the metal binding site, (II) the 

phosphorylation site, (III) Thr86 which is predicted to hydrogen bond with an incoming 

phosphate in the ‘Y-T coupling mechanism’, and (IV) Lys105 which stabilizes the incoming 

phosphate through a salt-bridge. Thus all four regions with R2ex contributions are in the 

active site of the enzyme, which has been shown for other receiver domains to be subject to 

μs-ms timescale interconversion between inactive and active substates as described in the 

equilibrium shift theory of activation (15, 16).

Despite their strong structural homology, receiver domains from various two-component 

systems exhibit different dynamics on the μs-ms timescale. R2ex terms for Spo0F, an 

intermediate in the sporulation relay of B. subtilus, are larger for the metal binding site 

compared to the 455 face of the enzyme (15). Conversely, in NtrC, the nitrogen regulatory 

response regulator from S. typhimurium, R2ex contributions are large for the 455 face of the 

enzyme whereas the metal binding site shows no exchange broadening (16, 37). The R2ex 

profile of Sma0114 differs from Spo0F and NtrC in that it shows exchange broadening in 

the metal-binding and phosphorylation sites but only in the β5 and α5 regions of the 

conserved 455 face.

The Family of Receiver Domains Associated with HWE-Kinases is Predicted to Lack Helix 
α4

The NMR structure of Sma0114 is the first of an HWE-kinase associated response regulator. 

Due to the unusual features of this enzyme we performed a bioinformatics analysis to 

determine if the absence of helix α4 is a conserved property of this subfamily. The structure 

prediction program PsiPred (32) was used to evaluate the secondary structure of 84 receiver 

domains with cognate HWE-kinase partners. Of the 84 proteins considered, 71 were 

predicted to lack helix α4 (Fig. 6A). A subset of 13 HWE-associated receiver domains are 

predicted to have helix α4 but to be missing the last helix α5 (Fig. 6B). This suggests that 

most of the HWE-associated receiver domains in which helix α4 is present, have 

compensatory perturbations that disrupt helix α5 of the 455 face. By contrast, all of the α-

helices and β-strands of the consensus Rossman fold are accurately predicted by the PsiPred 
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program for a control group of 8 receiver domains of known structure that are not associated 

with HWE-kinases (Fig. 6C).

Sma0114 binds Mg2+ and Ca2+

We next wanted to see if divalent cations, which are required for the stabilization of the 

acyl-phosphate linkage (14, 38), are able to bind to Sma0114 in spite of the differences seen 

for the 455 face. Several groups have used Mg2+ to study the metal-bound states of receiver 

domains (11, 13, 39). In the case of Sma0114 we found that Mg2+ binds very weakly, with a 

Kd near 75 mM and saturation at 150 mM Mg2+. The MgCl2 concentration required to 

stabilize the fully metal bound state leads to a decrease in sensitivity for NMR experiments 

due to high solution ionic strength, especially for data collection with a cryogenic probe. An 

additional problem is that the large Mg2+ concentration needed to saturate Sma0114 causes 

non-specific binding to clusters of acidic residues in the protein. Finally, Sma0114 is more 

susceptible to aggregation on a timescale of days to weeks needed for a detailed NMR 

characterization, in the presence of large (> 100 mM) concentrations of MgCl2.

Due to the problems associated with Mg2+, we carried out an NMR titration using CaCl2 as 

an alternative metal. Superimposed 1H-15N spectra of apo and Ca2+-bound Sma0114 are 

shown in Figure 7A. In contrast to Mg2+ which has a Kd of 75 mM (Fig. 7B), Sma0114 

binds Ca2+ with a ~1 mM Kd, and saturation is achieved at 1.5 mM concentrations of CaCl2 

(Fig. 7C). Residues that show the greatest chemical shift changes upon addition of Ca2+ are 

indicated with boxes in Figure 7A, and for the most part cluster to the active site.

Figure 8 shows the chemical shift perturbations observed in 1H-15N HSQC spectra of 

Sma0114 due to addition of CaCl2 (Fig. 8A) and MgCl2 (Fig. 8B). The unusually large 

concentration of MgCl2 necessary to achieve saturation induces non-specific binding to 

acidic Asp and Glu residues as illustrated by the large number of the chemical shift 

perturbations and line broadening effects observed (Fig. 8B). By contrast, with CaCl2 

perturbations are mostly restricted to the active site of the enzyme (Fig. 8A). Some residues 

become broadened rather than experiencing chemical shift changes upon addition of CaCl2 

or MgCl2, and these are indicated with arrows in Figure 8. They include Glu17, which is one 

of the ligands for Ca2+, and Lys105, which is part of the active site. Although most studies 

of metal-bound receiver domains have used Mg2+, Ca2+ was used for structural studies of 

Spo0A and PhoP (40, 41).

Discussion

Several groups have characterized the inactive and active conformations of receiver domains 

(7, 11, 39). Understanding the structural features of these enzymes has provided a wealth of 

insight into their functions. Here, we extended the study of the receiver domain family to 

include an HWE-kinase-associated response regulator. The Sma0114 receiver domain, 

which may be prototypical of this class, has a conserved active site but shows substantial 

differences in the 455 face, which is used to propagate signal transduction intracellularly.

The structural and dynamic differences in the 455 face of Sma0114 suggest that this enzyme 

has an altered recognition interface for binding to downstream effectors. The PFxFATGY 
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motif, which is unique to receiver domains associated with HWE-kinases, forms strand β4 in 

the Sma0114 structure (Pro81-Thr86) and the rigid part of the following loop (Gly87 and 

Tyr88). The last residue in the PFxFATGY motif demarcates the start of the Tyr88-Leu93 

segment, which replaces helix α4 in Sma0114, and shows low S2 order parameters 

consistent with a dynamically disordered region. The only other receiver domain for which 

S2 order parameters have been described is the inactive form of Spo0F (15). In the case of 

Spo0F, it was shown that except for the chain termini, the protein is rigid on the ps-ns 

timescale. In typical receiver domains, helix α4 is a key element of the 455 face that 

undergoes concerted structural rearrangements following phosphorylation to form a new 

binding surface for downstream effector proteins (11, 35). Not only is helix α4 missing in 

Sma0114 but our secondary structure prediction analysis suggests that the absence of helix 

α4, or more rarely helix α5, is a conserved feature of HWE-associated receiver domains. A 

possible role for flexibility in the segment corresponding to helix α4 is to allow binding of 

downstream effectors through an induced fit mechanism, thereby controlling the specificity 

of molecular association.

Residues Pro81 through Gly87 of the PFxFATGY motif, which form strand β4 and the 

beginning of the following loop, while rigid on the ps-ns timescale have raised R2ex 

contributions consistent with dynamics on the μs-ms timescale. The exchange contributions 

to R2 relaxation for these sites, suggest that they experience the dynamic conformational 

equilibrium between the inactive and active substates of the enzyme, that is a hallmark of 

receiver domains(7, 14). The PFxFATGY sequence houses the conserved Thr86 of the Y-T 

coupling mechanism. The partnering aromatic residue for Y-T coupling in Sma0114 is 

replaced by Leu103. In a previous study of the receiver domain CheY, it was shown that the 

β4/α4 loop and the N-terminal portion of helix α4 constitute the binding site for downstream 

effectors (42). Because part of the PFxFATGY motif in Sma0114 occupies the same 

position in the structure as the β4/α4 loop region in CheY, it is likely that Sma0114 has a 

similarly reduced binding site for downstream effectors. The PFxFATGY sequence motif in 

Sma0114, may thus substitute or circumvent the Y-T coupling mechanism typically used in 

receiver domains. This change could be necessary in Sma0114 because of an altered 455 

face, which is missing helix α4 and has additional structural differences in strand β5.

In spite of the differences in the 455 face, Sma0114 retains the ability to bind divalent metal 

ions needed for activation. The residues in Sma0114 that experience the largest chemical 

shift perturbations with increasing metal concentrations are consistent with the binding site 

predicted based on sequence homology to other receiver domains (Fig. 7). Like Spo0F, 

Sma0114 has a greater affinity for Ca2+ than Mg2+ (43). The 1.5 mM concentration of Ca2+ 

required to saturate the metal binding site of Sma0114 is larger than the physiological 

concentration in bacteria (44). A weak metal-binding affinity could function to kinetically 

stabilize the activated state, by lowering the efficiency of the phosphatase enzymatic activity 

of the receiver domain, which in turn would effectively increase the lifetime of the 

phosphorylated activate state (45).

The conservation of active site residues and the ability to bind metals suggest that the 

Sma0114 receiver domain can become activated by phosphorylation. The increased 

pliability of the 455 face may help Sma0114 achieve specificity in binding downstream 
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effectors through an induced fit mechanism. We are now in a position to characterize the 

structure and dynamics of the metal-bound and activated states of Sma0114, which will 

allow us to obtain a more complete understanding of the structure-function relationships in 

the HWE-kinase associated class of receiver domains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Phylogentic analysis of HWE-associated response regulators. Maximum likelihood tree of 

1792 receiver domains from the order Rhizobiales. The 28 receiver domains from the 

SMART database that are fused or genetically adjacent to HWE kinases are labeled in the 

figure. Sma0114 is in the grey cluster.
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Figure 2. 
Fold and NMR structure of Sma0114. (A) Topology diagram for the canonical α5/β5 

Rossman fold of receiver domains. Parallel β-sheets (blue) are surrounded by α-helices 

(green) with pink segments indicating loops. The fourth α-helix which is disordered in 

Sma0114 is also indicated in pink. (B) Backbone representation of the 20 lowest energy 

NMR structures. Regular secondary structure elements 9-15 (β1), 19-31 (α1), 34-39 (β2), 

42-51 (α2), 55-60 (β3), 70-78 (α3), 81-86 (β4), 102-105 (β5), 110-117 (α5) were used to 

superpose the structures. (C) NMR structure of Sma0114 closest to the ensemble average. 

The fourth α-helix is replaced by a disordered segment. (D) NMR structure of Spo0F (PDB 

accession code 1NAT) (47). The fourth α-helix is shown in pink.
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Figure 3. 
Active site of Sma0114. (A) Stereo-diagram of the NMR structure of Sma0114 closest to the 

ensemble average, showing selected side-chains of active site residues: metal-ligands Glu15 

and Asp16 in red, the phosphorylation site Asp60 in green, and Thr86 and Leu103 of the Y-

T coupling pair in purple and black, respectively. The PFxFATGY motif is shown in cyan. 

(B) Stereo-view of the 20 lowest energy NMR structures of Sma0114 illustrating the 

precision of side-chains from different parts of the molecule. Side-chains comprising the 

hydrophobic core (blue) are well defined while those of active-site residues (color scheme as 

above) show poorer precision due to R2ex line-broadening.
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Figure 4. 
15N NMR relaxation data for Sma0114. (A) R1 rates. (B) R2 rates. (C) 1H-15N NOE values. 

Error bars are shown for all data points but in some cases are smaller than the symbols used 

to depict the data. The secondary structure of Sma0114 is indicated with arrows (β-sheets) 

and cylinders (α-helices) in each panel.
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Figure 5. 
Model-free analysis of Sma0114. (A) S2 order parameters. (B) S2 order parameters mapped 

onto the NMR structure of Sma0114. The color map goes from blue (rigid) to red (flexible). 

(C) R2ex values. (D) R2ex values mapped onto the NMR structure of Sma0114 with colors 

ranging from blue (negligible R2ex contributions) to red (large R2ex contributions). Residues 

for which no data are available are shown in black.
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Figure 6. 
Secondary structure prediction of HWE-associated receiver domains. Each row corresponds 

to one receiver domain. (A) Subset of 84 receiver domains with cognate HWE-kinases, all 

of which are predicted to be missing helix α4. Sma0114 is at the top of the figure labeled 

with an arrow. (B) Subset of 13 HWE-associated receiver domains predicted to have helix 

α4. Note that most of the members of this subset are predicted to be missing the alternate 

helix α5 of the 455 face. (C) Control group of 8 receiver domains of known α5/β5 structures 

used to verify the secondary structure prediction algorithm.
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Figure 7. 
Metal-binding of Sma0114 followed by NMR spectroscopy. (A) Superposition of 1H-15N-

HSQC spectra for the apo (blue) and Ca2+-bound forms of Sma0114 (green). Active site 

residues that show the largest chemical shift perturbations and are indicated with black 

boxes. Titration curves for residues as a function of increasing MgCl2 (B) or CaCl2 (C) 

concentrations.
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Figure 8. 
Perturbations of Sma0114 1H-15N resonances due to metal-binding. Bar graphs show 

composite HN and N chemical shift changes (ΔHN + 0.1(ΔN)) that occur in the presence of 

1.5 mM CaCl2 (A) or 150 mM MgCl2 (B). Residues in boxes indicate amino acids that 

experience large chemical shift perturbations upon metal binding. Arrows represent residues 

that broaden beyond detection in the presence of the metals.
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Table I
Statistics for the 20 Lowest Energy NMR Structures of Sma0114

NMR Restraints (total) 1627

Distance (total) 1431

Intraresidue NOEs 422

Sequential NOEs 486

Short range NOEs (1< |i-j| < 5) 109

Long range NOEs (5 < |i-j|) 414

Hydrogen bonds (32×2) 64

Dihedral (φ 61, ψ 54, χ1 17) 132

Residual restraint violations

NOE (Å)
1 0.039 ± 0.004

Dihedral (°)
2 0.539 ± 0.018

RMS deviations from ideal geometry

Bonds (Å) 0.0040 ± 0.0003

Angles (°) 0.73 ± 0.02

Improper torsions (°) 0.54 ± 0.02

van der Waals energy (kcal/mol)
3 86.28 ± 2.37

Lennard-Jones energy (kcal/mol) 
4 −83.18 ± 7.40

Coordinate RMS deviations (Å)

NMR ensemble to average Cα, C, N All Heavy

Entire domain (110 residues)
5 0.94 1.46

Excluding loops (72 residues)
6 0.86 1.38

1
Structure contains no NOE violations greater than 0.3Å

2
Structure contains no dihedral violations greater than 5°

3
Evdw was calculated using the X-PLOR Frepel function (23) with van derWaals interactions and atomic radii set to 0.8 times their CHARMM 

(46) values.

4
EL-J was calculated using the CHARMM empirical energy function (46)

5
Excluding N-terminus (residues 1-9) and C-terminus (residues 118-123)

6
Only residues in secondary structure (10-15, 19-31, 34-39, 42-51, 56-60, 70-78, 81-86, 102-105, 108-117)
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