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Abstract

Dynamics are thought to be important features of structure and signaling in the cytoplasmic 

domain of bacterial chemoreceptors. However, little is known about which structural features are 

dynamic. For this largely helical domain, comprising a four-helix bundle and an extended four-

helix coiled coil, functionally important structural dynamics likely involves helical mobility and 

stability. To investigate, we used continuous wave EPR spectroscopy and site-specific spin labels 

that directly probed, in essentially physiological conditions, mobility of helical backbones in the 

cytoplasmic domain of intact chemoreceptor Tar homodimers inserted into lipid bilayers of 

Nanodiscs. We observed differences among functional regions, between companion helices in 

helical hairpins of the coiled coil and between receptor conformational states generated by 

adaptational modification. Increased adaptational modification decreased helical dynamics while 

preserving dynamics differences among functional regions and between companion helices. In 

contrast, receptor ligand occupancy did not have a discernable effect on dynamics to which our 

approach was sensitive, implying that the two sensory inputs alter different chemoreceptor 

features. Spectral fitting indicated that differences in helical dynamics we observed for ensemble 

spin-label mobility reflected differences in proportions of a minority receptor population in which 

the otherwise helical backbone was essentially disordered. We suggest that our measurements 

provided site-specific snapshots of equilibria between a majority state of well-ordered helix and a 

minority state of locally disordered polypeptide backbone. Thus, the proportion of polypeptide 

chain that is locally and presumably transiently disordered is a structural feature of cytoplasmic 

domain dynamics that varies with functional region and modification-induced signaling state.
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INTRODUCTION

Bacterial chemoreceptors can be viewed as allosteric proteins in equilibrium between two 

signaling states [1–3]. One state activates the chemotaxis histidine kinase (kinase-on); serves 

as substrate for one of the enzymes of sensory adaptation, the methylesterase, but not the 

other, the methyltransferase (methylation-off, demethylation-on); and has low affinity for its 

attractant ligand (low-affinity). The other state does not activate kinase (kinase-off), is a 

substrate for methyltransferase but not methylesterase (methylation-on, demethylation-off), 

and has high ligand affinity (high affinity). Two opposing allosteric effectors, 

chemoattractants and receptor adaptational covalent modification, shift the conformational 

equilibrium in opposite directions. Chemoattractants are recognized directly or as an 

attractant-occupied binding protein by sterospecific sites in the receptor periplasmic domain. 

The adaptational modification is methylation of four or five specific glutamyl residues in the 

receptor cytoplasmic domain. The kinase-on, methylation-off, demethylation-on, low-

affinity state is favored by empty attractant-binding sites and methylation of the glutamyl 

residues. The kinase-off, methylation-on, demethylation-off, high affinity state is favored by 

attractant binding or demethylation that regenerates the glutamyl side chains. These 

opposing effects on receptor conformation create a feedback loop that mediates sensory 

adaptation, which in turn is central to the mechanism of sensitivity to temporal gradients and 

thus chemotactic migration in spatial gradients [2].

The conformational features that distinguish the chemoreceptor functional states are subjects 

of much current interest. Several lines of evidence suggest that structural dynamics could be 

an important difference between conformational states in the cytoplasmic domain of 

transmembrane chemoreceptors [4–9]. Thus, we investigated the influence of 

conformational state on polypeptide backbone dynamics in the cytoplasmic domain of the 

Escherichia coli aspartate chemoreceptor Tar. Our studies utilized Nanodisc technology [10–

12], site-directed spin labeling and continuous-wave electron paramagnetic resonance (EPR) 

spectroscopy [13–17].
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Chemoreceptor structure and function

The fundamental structural unit of a bacterial chemoreceptor is a homodimer [11]. Fig. 1 

shows the rod-like helical structure of the homodimer of E. coli chemoreceptor Tar, a 

representative of a large family of transmembrane chemoreceptors present in many species 

[18]. Biophysical, biochemical and genetic studies have identified structural and functional 

features along the length of the largely helical transmembrane homodimer (Fig. 1) [1–3]. 

Ligand-binding sites are at the membrane-distal end of the periplasmic domain, in the dimer 

interface between the two protomer four-helix bundles. One helix from each bundle, α-4 and 

α-4′, begins at the ligand-binding site and extends the length of the cytoplasmic domain to 

become transmembrane helix 2 (TM2) and transmembrane helix 2′ (TM2′), respectively. 

α-4/TM2 and α-4′/TM2′ connect the ligand-binding site to a HAMP domain (histidine 

kinases, adenylyl cyclases, methyl-accepting chemoreceptors, and phosphatases [19]), a 

parallel four-helix bundle containing two helices from each protomer. HAMP appears to act 

as a conversion unit for conformational signals, receiving from TM2 or TM2′ a piston 

motion that began at the ligand-binding site and crossed the membrane to impinge on 

HAMP [20], and converting that motion into a different, as-yet-undefined conformational 

change in the cytoplasmic domain. Membrane-distal to HAMP, the chemoreceptor is an 

extended four-helix coiled coil of two helical hairpins, one from each subunit of the receptor 

dimer. The carboxyl-terminal HAMP helices AS-2 and AS-2′ become the amino-terminal 

helices (N- and N′-helices) of the two helical hairpins. The N-helices extend ~200 Å to a 

tight turn at the membrane-distal tip of the cytoplasmic domain that reverses the direction of 

the polypeptide chain and from which the companion C-helices extend as antiparallel 

partners to the N-helices in the four-helix bundle (Fig. 1). Functional regions have been 

identified along the length of the cytoplasmic domain. From HAMP to the membrane-distal 

tip these are the modification region, which contains the glutamyl residues of adaptational 

modification (four in Tar); the glycine hinge, a functionally important cluster of glycines at 

which the receptor can exhibit a modest bend [21]; and the protein-interaction region, where 

receptor dimers interact with each other to form trimers and trimers interact with the 

histidine kinase and a coupling protein to form core signaling complexes [22–24]. In a 

recent study of one conformational state of Tar, we found that the N-helix was more 

dynamic than the C-helix from AS-2 of the membrane-proximal HAMP to the membrane-

distal beginning of the stably packed protein-interaction region [9]. The differential 

dynamics of the two helices suggests an organization in which the two C-helices serve as a 

stable scaffold for two more dynamic N-helices.

The chemoreceptor homodimer is the fundamental unit of both structure and function. 

Homodimer function has been documented by characterization of individual homodimers 

inserted into Nanodisc-contained bilayers of native E. coli lipid [25, 26]. Nanodiscs are 

small (~100 nm diameter) plugs of lipid bilayer surrounded by a protective belt of an 

amphipathic scaffold protein that renders water soluble the bilayer and membrane proteins 

inserted into it [10–12]. Individual, Nanodisc-inserted Tar dimers bind ligand, undergo 

adaptational modification (methylation and demethylation/deamidation) and perform 

conformational, transmembrane signaling, coupling ligand binding and adaptational 

modification to receptor conformation [25]. Thus we used Nanodisc-inserted Tar 

homodimers to investigate the effects of the allosteric effectors on chemoreceptor dynamics, 
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comparing helical dynamics in the cytoplasmic domain of two signaling conformations of 

intact Tar inserted into a bilayer of native E. coli lipid and of those two conformations in the 

absence or presence of a saturating concentration of the Tar chemoattractant aspartate. One 

conformation was shifted strongly to the kinase-on, methylation-off, demethylation-on, low 

ligand affinity state by introduction of glutaminyl residues, functional mimics of methyl 

glutamyl residues [27–29], at all four positions of adaptational modification. The other form 

was shifted strongly to the kinase-off, methylation-on, demethylation-off, high ligand 

affinity state by glutamyl residues at those four positions. For Nanodisc-isolated 

chemoreceptor homodimers, functional differences for Tar-4E versus Tar-4Q have been 

documented for the activities of methylation and ligand affinity [25]. In addition, as 

components of chemotaxis signaling complexes Tar-4E and Tar-4Q generate low and high 

kinase activity, respectively [30, 31] and thus are considered to be in the “kinase-off” and 

“kinase-on” states. To relate our studies with isolated chemoreceptor dimers to this common 

terminology yet explicitly identify that the assayable differences between homodimers of 

Tar-4E and Tar-4Q are for adaptational modification, we will refer to the signaling states of 

Tar-4E and Tar-4Q as “kinase-off, methylation-on” and “kinase-on, methylation-off”, 

respectively.

RESULTS

Experimental strategy

We recently used site-directed spin labeling and EPR spectroscopy to characterize helical 

dynamics in the cytoplasmic domain of one signaling conformation of intact chemoreceptor 

Tar inserted into the lipid bilayer of a Nanodisc [9]. This protein, Tar-4Q, had a 

conformation shifted strongly toward the kinase-on, methylation-off state by glutaminyl 

residues at the four sites of adaptational modification. We have now extended our 

characterization of chemoreceptor helical dynamics to Tar-4E, a receptor form shifted 

strongly toward the kinase-off, methylation-on conformation by glutamyl residues at the 

modification sites. As in our characterization of Tar-4Q, cysteines were introduced 

individually into the cytoplasmic segment of Tar-4E by site-directed mutagenesis. Based on 

known structures of receptor fragments, the cysteines were introduced at fifteen of the same 

positions used for the characterization of Tar-4Q, on solvent-exposed helical surfaces of the 

cytoplasmic domain at positions where the side chain would not be able to interact with its 

neighbors. These cysteines were distributed along the length of the extended structure, on 

both the N- and C-helices and among the functional regions (Fig. 1). Each cysteine-

substituted form of Tar-4E was solubilized in detergent, purified utilizing a six-histidine tag 

at its carboxyl terminus, coupled to a nitroxide spin label and reconstituted into a bilayer of 

native E. coli lipid contained in a Nanodisc [10–12, 32]. Spin label was introduced by 

reaction of the cysteine sulfhydryl with MTSL, 1-Oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-

methyl methanethiosulfonate spin label. The resulting spin-labeled protein was well suited 

for investigation of the dynamics of helical polypeptide backbones because nitroxides linked 

by this reagent to cysteines located on solvent-exposed helical surfaces away from contact 

with other side-chains or protein segments have EPR spectra that vary specifically as a 

function of nanosecond motions of the local polypeptide backbone [14, 16, 17, 33–35].
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The functional state of cysteine-substituted, spin-labeled, Nanodisc-embedded Tar-4E

We tested for functionally native receptor structure by determining the extent to which each 

cysteine-substituted, spin-labeled Tar-4E was recognized and thus modified by the 

methyltransferase CheR. This modification enzyme recognizes its glutamyl substrate only 

when the residue and its surrounding consensus sequence are in an intact, natively structured 

chemoreceptor. For instance, receptors inserted in native membranes or Nanodisc-provided 

bilayers of native lipids are efficiently modified by this enzyme, but intact receptors 

perturbed by detergent solubilization are not modified at all [11], and those inserted into 

bilayers of non-native lipid compositions or ratios are inefficiently recognized by the 

enzyme [32]. For the fifteen cysteine-substituted, spin-labeled, Nanodisc-inserted forms of 

Tar-4E, all but four had methyl-accepting activity greater than half the activity of Tar-4E 

lacking a cysteine and those four had at least one-third of that the activity (Table 1).

Helical dynamics in the cytoplasmic domain of Tar-4E

Continuous-wave EPR spectra for the fifteen spin-labeled forms of Tar-4E are shown in Fig. 

2. Most spectra had features consistent with contributions from more than one component, 

each with a distinct spin-label mobility. Analysis of these components will be considered in 

a later section. As an aid to identifying patterns of differential helical dynamics along the 

receptor structure, we utilized two complementary mobility parameters that express spin-

label mobility as a single numeric value. These parameters were h(+1)/h(0), the ratio of the 

amplitudes of the low field EPR spectrum line (h+1) and central line (h(0)) (inset Fig. 3A), 

and ΔHpp
−1, the inverse of the central linewidth in Gauss (inset Fig. 3B). Each value has 

been used informatively as a parameter summarizing the ensemble mobility of spin labels 

generating an EPR spectrum [9, 13, 15, 33, 34, 36–43]. Fig. 3A shows h(+1)/h(0) and Fig. 3B 

shows ΔHpp
−1 for the spectra in Fig. 2 plotted as a function of distance from the cytoplasmic 

membrane in the deduced three-dimensional structure of the Tar cytoplasmic segment.

A distinct pattern of differential helical dynamics in the cytoplasmic domain of the Tar-4E 

kinase-off, methylation-on conformation is evident in the series of spectra (Fig. 2) and is 

illustrated by the mobility parameters (Fig. 3A and 3B). Spectra and single-parameter 

mobilities characteristic of well-ordered alpha helices (see the middle spectrum in Fig. 1B 

and refs. [17, 33–35]) were observed for spin labels in or near the protein-interaction region 

(positions 358, 378, 396 and 417), in AS-1 of HAMP (225) and for the C-helix extending 

from the protein-interaction region through the glycine hinge region (438 and 456). In 

contrast, C-helix spin labels in the adaptation region (476 and 483) and near the end of the 

four-helix coiled-coil (508) had mobilities higher than typical of surface residues on helices, 

implying greater contributions from highly mobile components, i.e. a less consistently 

structured helix. Even greater mobility occurred in the N-helix. A region of substantial spin-

label mobility and thus polypeptide backbone dynamics spanned the N-helix segment from 

AS-2 of the membrane-proximal HAMP (position 256) to the membrane-distal beginning of 

the protein-interaction region (position 336). The mobility parameters along this 80-residue 

segment of the N-helix were uniformly higher than those of labels on the corresponding 

portion of the partner C-helix. Thus for this major portion of the cytoplasmic domain of 

kinase-off, methylation-on Tar-4E, the N-helix was more dynamic than the C-helix. This is 

the same pattern observed for kinase-on, methylation-off Tar-4Q [9].
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Similarities and differences in helical dynamics as a function of adaptational modification

Comparisons of primary spectra (Fig. 2; [9]) or the mobility parameters h(+1)/h(0) (Fig. 4A) 

and ΔHpp
−1 (Fig. 4B) of the unmodified, kinase-off, methylation-on receptor conformation 

of Tar-4E (Figs. 2 and 3) with those of the fully modified, kinase-on, methylation-off 

conformation of Tar-4Q [9] identified a consistent picture of similarities and differences in 

helical dynamics. The kinase-off, methylation-on conformation was more dynamic than the 

kinase-on, methylation-off conformation. For both conformations the N-helix was more 

dynamic than the C-helix. Shifting from the 4E kinase-off, methylation-on state to the 4Q 

kinase-on, methylation-off state reduced backbone mobility parameters for almost every 

position that had a value greater than typical of a consistently structured alpha helix (Fig. 4A 

and 4B). For the C-helix this produced a stable helix for the entire length of the polypeptide. 

For the multiple N-helix positions with mobility parameters in the 4E state greater than fully 

ordered helix, mobility was reduced in the 4Q state but remained consistently greater than 

the corresponding C-helix segment and consistently greater than the mobility of a well-

ordered helix. Thus transition from the Tar-4E kinase-off, methylation-on conformational 

state to the Tar-4Q kinase-on, methylation-off state reduced helical dynamics over a 

considerable portion of the receptor cytoplasmic domain while preserving the distinct 

difference in dynamics between the N-helix and the C-helix. For positions near or in the 

protein-interaction region, (358 and 417; 378, 396, respectively) the shift from unmodified 

to fully modified resulted in only slight differences between the two signaling states (Fig. 5).

Spectral deconvolution

EPR spectra of spin labels on proteins commonly have contributions from more than one 

mobility component and thus represent spectral ensembles. This is often the result of more 

than one conformational state of the spin label, each with distinct mobility characteristics. 

The spectra for spin labels at the positions characterized on Tar-4E and Tar-4Q had features 

consistent with contributions from more than one spin-label population. Thus we 

deconvoluted each spectrum using computational fitting coupled to simulated spectral 

parameters [44]. Three Tar-4Q and two Tar-4E spectra were too noisy to make meaningful 

estimates of contribution from a highly mobile population but the spectral shapes implied 

that such contributions were very minor. Simulating each of the other spectra with a 

multiple-component model generated satisfactory fits using two or three mobility states. For 

either class of fits, one mobility state had a short correlation time characteristic of a highly 

mobile component and the other state(s) had correlation time(s) corresponding to spin labels 

on a well-structured peptide backbone [17, 34]. The percent contributions of the short 

correlation-time, more mobile component to the respective fitted spectra are shown in Table 

2. The highly mobile state was always in the minority and, with the exception of position 

305 on Tar-4E, less than 30% of the spin-label population. The pattern of percent highly 

mobile component as a function of position and signaling state (Fig. 6A) strongly resembled 

the patterns observed for the mobility parameters (Fig. 4). Thus, three methods for assessing 

spin-label mobility indicated essentially the same pattern of differential backbone dynamics.

The highly mobile spin-label states identified by fitting to simulated spectra had 

subnanosecond motional correlation times, shorter than correlation times of well-ordered 

helices [17, 34]. Thus we compared those values to correlation times for spin labels on a 
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disordered polypeptide backbone of Tar. Two of these correlation times were for spin labels 

on the cytoplasmic domain of Tar denatured in 4 M urea. The third was for a spin label near 

the end of the natively disordered, 35-residue flexible arm at the extreme carboxyl terminus 

of Tar [42]. Fitting these spectra computationally identified two components with different 

mobilities, a predominant (63 to 93%), highly mobile state and a minority (7 to 37%) less 

mobile state. The majority, highly mobile states had correlation times from ~0.4 to ~ 0.6 ns 

(mean 0.53 ± 0.09 ns). As seen in Table 2, these values were essentially the same as 

correlation times of the minority highly mobile state of spin labels on native Tar-4E and 

Tar-4Q, which had correlation times from ~0.4 to ~ 0.7 ns (mean 0.49 ± 0.09 ns and 0.52 

± 0.09 ns for Tar-4E and Tar-4Q, respectively). By these comparisons, it appeared that 

portions of the helical backbone of the cytoplasmic domain of intact, lipid-bilayer-inserted 

chemoreceptor Tar could assume a highly dynamic state indistinguishable in motional 

correlation time from a disordered polypeptide chain. For positions that had the features of 

well-ordered helices, the percent of the receptor population found in the apparently 

disordered state was small, generally 5% or less, which appears to be the limit of sensitivity 

of our deconvolution analysis and thus structural relevance. For positions on more dynamic 

segments of Tar helices, the proportion was significantly greater and likely structurally 

relevant.

To test the notion that the spectra for Tar-4E and Tar-4Q had contributions from a disordered 

helical backbone, we did empirical subtractions of spectra for spin labels on Tar polypeptide 

segments known to be disordered. As spectra from disordered backbones, we used those 

described in the previous paragraph, two for spin labels on urea-denatured Tar and one for a 

spin label on the disordered, Tar carboxyl-terminal flexible arm [42] (Fig. 6B, inset). Using a 

procedure similar to that routinely employed to subtract the contribution of a small 

proportion of free spin label from an experimental spectrum, we determined the hypothetical 

contribution of a “disordered spectrum” to each Tar-4E and Tar-4Q spectrum by subtracting 

one of our example spectra until the residual spectrum lacked features consistent with a 

high-mobility spin label. For spectra derived for more stable protein regions, very little could 

be subtracted without unreasonable spectral distortion, whereas for those containing 

significant mobile component, a more substantial portion could be removed. We did three 

independent subtractions, each using a different spectrum of a spin label on disordered Tar 

polypeptide. The resulting values of contributions by “disordered spectra” were averaged 

and plotted as a function of residue position (Fig. 6B). As for the results of fitting to 

simulated spectral parameters, values less than 5% are likely at the limit of structural 

relevance. The two deconvolution procedures, one to simulated spectral parameters and the 

other using spectra of spin labels on disordered polypeptide chains, generated similar values 

and similar patterns for percent disordered component as function of function of position 

and signaling state (Figs. 6A and 6B). Furthermore, the shared pattern strongly resembled 

those generated by spectral shapes (Fig. 2) and mobility parameters (Figs. 3 and 4).

Saturating ligand does not detectably modulate helical backbone stability

Ligand occupancy shifts the conformation of a chemoreceptor dimer to the methylation-on 

and thus kinase-off conformation [25]. Since Tar-4E is already strongly shifted toward that 

conformation, we first explored the effect of ligand occupancy using Tar-4Q, which is 
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strongly shifted to the methylation-off, kinase-on state. We collected spectra for aspartate-

saturated Tar-4Q with a spin label at all but a few of the positions we had tested for effects of 

adaptational modification (256, 305, 319, 336, 358, 378, 396, 417, 438, 456, 483, 508), 

including most that had exhibited substantial differences between the Tar-4E and Tar-4Q 

signaling state as well as a majority of those that had not exhibited such differences. For 

these eleven spin-label positions, there were no detectable differences between spectra 

collected in the presence or absence of saturating aspartate, yet assays of the influence of 

ligand occupancy on rates of chemoreceptor modification showed that ligand occupancy 

altered the conformation of the modification region. Fig. 7 shows representative spectra (Fig. 

7A) for six of these eleven positions and documentation that each of these spin-labeled 

receptors coupled ligand occupancy via transmembrane conformational signaling to altered 

propensity for adaptational modification, specifically deamidation, the appropriate 

modification to be examined for Tar-4Q (Fig. 7B). Even though Tar-4E was already shifted 

strongly to the kinase-off, methylation-on state, we tested a few spin label positions (358, 

378, 483, 508) on this form of the receptor. Again, no spectral differences were observed 

between the ligand-saturated and ligand-free receptors (data not shown). The implications of 

these observations are considered in the Discussion.

Discussion

We observed differences in helical dynamics between the two conformational states of 

chemoreceptor Tar generated by differences in adaptational modification. Notably, these 

dynamics differences were observed for intact, membrane-inserted receptor dimers at room 

temperature and in an essentially physiological solution. They were detected using 

continuous-wave EPR spectroscopy of site-specific spin labels placed on the receptor 

cytoplasmic domain at solvent-surrounded, non-interacting positions on helical surfaces, 

where they served as specific reporters of helical dynamics. The kinase-off, methylation-on 

state generated by negatively charged glutamyl residues at all four sites of adaptational 

modification was more dynamic than the kinase-on, methylation-off state generated by 

neutral glutaminyl residues at those sites. Although the two conformational states differed in 

extent of helical dynamics of the cytoplasmic domain, they shared a pattern of differential 

dynamics among structural and functional regions and of differential dynamics between the 

two helices of the paired helical hairpins of the four-helix coiled coil structure. Our analyses 

indicated that the differences in helical dynamics we observed corresponded to differential 

propensities of otherwise helical polypeptide backbones to be in an essentially disordered 

and thus highly mobile state. These observations and their implications are considered in 

more detail in the following sections.

Helical dynamics varies among functional regions and structural segments, independent 
of receptor conformational state

Independent of conformational state, the adaptation region was more dynamic than the 

protein-interaction region or the AS-1 helix of HAMP, each of which exhibited dynamics of 

a well-ordered helix. In both conformational states, the N-helix, from its origin as the 

HAMP AS-2 helix to the beginning of the well-ordered protein-interaction region, was more 

dynamic than a typical well-ordered helix and than its companion C-helix. These 
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observations provide further support for the idea that the chemoreceptor cytoplasmic domain 

contains a stable structural scaffold, composed of the two well-ordered AS-1 helices of 

HAMP and the two well-ordered C-helices of the four-helix coiled coil, from which the 

more dynamic AS-2/N-helices fluctuate [9]. In addition, the stable-scaffold/dynamic helix 

asymmetry between companion helices is not a property of one conformational state, but 

instead is a more general feature of chemoreceptor structure. Throughout bacterial diversity, 

chemoreceptor cytoplasmic domains are organized as extended four-helix coiled coils [45, 

46]. The asymmetric dynamics we observed for E. coli chemoreceptor Tar may be a general 

feature of these of chemoreceptor cytoplasmic domains.

Helical dynamics varies with modification-generated conformational state

For much of the rod-like cytoplasmic domain, helices of kinase-on, methylation-off Tar-4Q 

were less dynamic than corresponding helices of kinase-off, methylation-on Tar-4E. 

Specifically, completely modified Tar-4Q had reduced helical dynamics in all regions in 

which dynamics of the completely unmodified Tar-4E was greater than a well-ordered helix. 

These regions included over 60% of the N-helix, from its origin at AS-2 of HAMP up to the 

border with the protein-interaction region as well as the C-terminal 30% of the C-helix. The 

remaining regions or segments, the protein-interaction region, a portion of the C-helix 

adjacent to the protein-interaction region and HAMP AS-1, were well-ordered helices in 

both conformational states. Greater helical dynamics for kinase-off, methylation-on Tar-4E 

versus kinase-on, methylation-off Tar-4Q provides a basis for understanding the differences 

observed in the two states for rates of disulfide cross-linking between introduced cysteines in 

the HAMP AS-2 region and in the modification region [47, 48].

Differential receptor helical dynamics corresponds to differential propensities to be 
unstructured

Fitting of the multi-component Tar-4E and Tar-4Q spectra indicated that the differential 

helical dynamics we observed corresponded to differential proportions of a minority, very 

mobile spin-label population that had features of an unstructured protein backbone. This 

correspondence implies that differential dynamics among chemoreceptor segments and 

between conformational states reflected differential propensities of otherwise well-structured 

chemoreceptor helical backbones to be in an unstructured state in which mobility of the 

polypeptide backbone is no longer restricted by the hydrogen bonds that hold a helix in 

place. Is the unstructured polypeptide backbone irreversibly in that state, and thus a 

subpopulation in which the helix is locally denatured permanently, or is the unstructured 

state reversible and thus the relevant helical segment is in a dynamic equilibrium between a 

majority state of well-ordered helix and a minority state of locally disordered polypeptide 

backbone? Our EPR data cannot distinguish between the two possibilities, but we favor the 

notion of a dynamic equilibrium. This is because the spectral shapes and mobility 

parameters we observed are reproducible for different preparations of the same spin-labeled 

protein, in different solution conditions, and for measurements of the same preparation made 

after months or years of storage (data not shown). If differences we observed in extents of 

spin-label mobility were the result of differential propensities to assume an irreversibly 

unstructured, highly mobile state, mobility would likely vary with condition, preparation and 

storage time unless one assumes an upper limit for the proportion of the receptor population 
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which can become unstructured and that limit has been reached for all conditions, 

preparations and at the earliest time of assay. In contrast, a dynamic equilibrium between 

structured and unstructured directly accounts for consistent extents of mobility over different 

preparations, solution conditions, and storage times.

The notion that the helices of the chemoreceptor cytoplasmic domain of all receptor 

homodimers have propensities to transiently assume an essentially unstructured state is 

strongly supported by the strikingly promiscuous oxidative cross-linking between 

symmetrical cysteines placed in the two protomers of the cytoplasmic domain of functional, 

membrane-inserted Tar dimers [49–53]. In these studies, cysteines on opposite sides of the 

four-helix coiled coil could be cross-linked to essentially 100% by mild oxidation conditions 

[49–53]. Essentially complete cross-linking indicates that the polypeptide backbone of every 

receptor dimer, not just a subpopulation, assumed the unstructured state that allowed 

otherwise distant cysteine pairs to achieve reactive proximity. Yet prior to cross-linking these 

receptors were in large part fully functional, implying that the unstructured state was 

transient. In addition, forays into an unstructured state provide a way to understand high 

temperature factors in the modification region of X-ray structures of chemoreceptor 

cytoplasmic domain fragments [54, 55], notably high hydrogen/deuterium exchange rates for 

amide hydrogens of the N-helix modification region in a cytoplasmic domain fragment [7], 

and distances significantly greater than the width of a stable, four-helix coiled coil 

determined by pulsed EPR techniques between spin labels on opposite sides of the 

cytoplasmic domain [8].

Helical dynamics unaffected by ligand occupancy

Ligand occupancy and increased adaptational modification have opposite effects on 

methylation rates of Nanodisc-inserted Tar homodimers [25] and fully modified Tar has 

reduced helical dynamics relative to the unmodified receptor (this study). Yet saturation of 

Nanodisc-inserted Tar dimers with the attractant ligand aspartate had no effect on helical 

dynamics detectable by our measurements for any of the many cytoplasmic domain sites we 

tested in Tar-4Q or Tar-4E, including ones that exhibited substantial differences in helical 

dynamics as a function of receptor modification (Fig. 7A). Absence of changes in dynamics 

as a function of attractant ligand was not the result of inactivated ligand binding or disrupted 

coupling for ligand binding to cytoplasmic domain conformation since the many spin-

labeled, Nanodisc-inserted forms of Tar we tested exhibited functionally relevant changes in 

cytoplasmic domain conformation, detected as reduced ability to serve as substrate for the 

chemotaxis deamidase/methylesterase (Fig. 7B). It could be that Tar dimers behave 

differently as components of trimers of receptor dimers in signaling complexes with CheA 

and CheW. Whether or not this is the case, our data demonstrate that receptor modification 

but not ligand binding alters the helical backbone dynamics detected by EPR of spin-labels 

on solvent-facing helical faces of isolated chemoreceptor dimers. Thus our data indicate that 

ligand occupancy and adaptational modification alter different features of chemoreceptor 

structure while still providing opposing influences on the receptor activities of adaptational 

modification and kinase activation, an idea already advanced in the literature [47, 56]. This 

suggests that adaptational modification alters helical dynamics of the chemoreceptor 

cytoplasmic domain, as detected by EPR spectroscopy and particularly for the substantially 
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more mobile AS-2/N-helix component, whereas ligand occupancy does not alter the same 

aspects of helical dynamics but instead some other feature of chemoreceptor structure and 

dynamics. These issues will be investigated in subsequent work.

Helical dynamics and chemoreceptor conformational signaling

Current models of conformational signaling in the chemoreceptor cytoplasmic domain 

suggest that neighboring segments along the extended length of that domain have different 

stabilities, e.g. helical packing and/or dynamics, between adjoining domain segments, and 

that sensory signals are conveyed from HAMP to the tip of the extended four-helix coiled 

coil by inverting the order of greater versus lesser helical packing/dynamics [2–5]. Thus in 

one signaling state HAMP, the modification region and the protein-interaction region would 

be in dynamic-static-dynamic states and in the other would be in static-dynamic-static states. 

The observations described here are relevant to several aspects of these models. Consistent 

with the notion of differential dynamics in adjoining regions, the relative helical dynamics of 

HAMP AS-1, the modification region and the protein-interaction region was low-high-low. 

Consistent with the notion that dynamics changes with signaling state, the dynamics of 

modification region was high in the kinase-off, methylation-on state of Tar-4E and lower in 

the kinase-on, methylation-off state of Tar-4Q. However, HAMP and the protein-interaction 

region did not exhibit an opposite shift from less to more dynamic. Instead, the shift from 

kinase-off, methylation-on Tar-4E to kinase-on, methylation-off Tar-4Q reduced helical 

dynamics in all domain segments that were more dynamic than a well-ordered helix. Thus, 

by an assay sensitive to certain aspects of helical mobility, the difference between kinase-off, 

methylation-on Tar-4E and kinase-on, methylation-off Tar-4Q was not a reversal of the 

relative helical dynamics of adjoining domain segments but rather a shift over much of the 

domain from a more dynamic to a less dynamic state.

In the protein-interaction region, spin-label mobility was characteristic of a well-ordered 

helix. There were only modest differences in spectral shape as a function of modification-

generated conformational state (Fig. 5). This might mean that signaling changes in the 

protein-interaction region occur only in complete signaling complexes, in which individual 

receptor dimers interact with two other dimers in that region in trimers as well as with CheA 

and CheW. However, pulsed EPR studies of a soluble fusion protein of the extended coiled 

coil of the Tar cytoplasmic domain with HAMP domains from a heterologous species 

indicated that individual chemoreceptor homodimers couple inputs from HAMP and from 

adaptational modification to changes in the protein-interaction region [8]. Thus alternative 

explanations are needed. For instance, the protein-interaction region might be altered by 

sensory adaptational modification in ways other than the disorder-linked changes in helical 

mobility we observed for other segments of the cytoplasmic domain. Such changes might 

alter helical super-coiling, inter-helical packing, inter-helical distances or relative positions 

of nearby residues, changes to which our experimental approach would be insensitive. In 

fact, differential inter-helical distances as a function of signaling state have been detected by 

pulsed EPR analysis of spin-labeled fragments of the Tar cytoplasmic domain [8].
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Concluding remarks

Characterization of helical dynamics in the cytoplasmic domain of intact, lipid-bilayer-

inserted chemoreceptor Tar provided new observations about chemoreceptor structural 

dynamics. These are: 1) There is differential helical dynamics among structural regions and 

between signaling states in the chemoreceptor cytoplasmic domain that appear to reflect 

differential propensities for excursions of otherwise helical polypeptide chains into an 

unstructured state, 2) Chemoreceptor conformational states generated by the two extremes of 

adaptational modification differ in extent of helical stability but exhibit similar patterns of 

alternating stability in receptor segments, and 3) Ligand occupancy and adaptational 

modification have opposing influences on receptor activity by mechanisms other than simple 

reversals of helical backbone stability. Each of these observations merits further 

investigation and we hope this study encourages those investigations.

MATERIALS AND METHODS

Strains, plasmids and proteins

Tar proteins were produced in E. coli K-12 strain RP3098 [57], which contains a deletion 

from flhA to flhD that eliminates the presence or expression of all chemoreceptor and che 
genes, harboring a derivative of the Tar-encoding plasmid pAL67. This plasmid, which 

carries tar under control of a modified lac promoter as well as lacIq and codes for Tar with 

six histidines (Tar-6H) added to its carboxyl terminus [58], was altered by site-specific 

mutagenesis to produce pAL529, which codes for Tar-6H 4E with glutamyl residues (E in 

the single letter code) at the four sites of adaptational modification. Site-specific 

mutagenesis of pAL529 created plasmids coding for Tar-6H 4E with cysteines substituted at 

the indicated residues (native Tar contains no cysteines): pAL766, H256C; pAL727, D273C; 

pAL780, A305C; pAL769, D319C; pAL826, Q336C; pAL763, K358C; pNB12, L378C; 

pAL827, V396C; pNB14, A417C; pAL764, E438C; pAL828, E456C; pAL768, S476C; 

pAL770, Q483C; and pNB16, Q508C. Tar proteins bearing 4Q or QEQE at the sites of 

modification were described previously [9]. pAL plasmids were constructed by Angela Lilly 

and pNB plasmids by Mutagenex, Inc. (Piscataway, NJ)

Receptor purification, spin labeling, Nanodisc reconstitution and EPR spectroscopy

Receptor purification, spin labeling, Nanodisc reconstitution, and EPR spectroscopy of Tar 

were performed as previously described [9]. In ligand addition experiments, L-aspartate was 

added to a saturating concentration of 0.5 to 8 mM relative to 25 to 50 μM Tar in 50 mM 

Tris-HCl pH 7.5, 100 mM NaCl, 50 mM KCl, 5 mM MgCl2.

Assays of Tar adaptational modification

The proportion of each cysteine-substituted, spin labeled Tar-4E that was sufficiently native 

to be recognized and thus methylated by the chemotaxis methyltransferease was determined 

by incubating 5 μM Nanodisc-inserted Tar with 5 μM CheR and 80 μM S-

adenosylmethionine in 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 50 mM KCl, 5 mM MgCl2 

for 4 hours at room temperature, separating methylated from not methylated receptor by 

SDS gel electrophoresis using a gel with a low-percentage of acrylamide, immunoblotting 
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with anti-Tar serum, and densitometric quantification of the methylated and not methylated 

receptor forms.

Ability to couple ligand occupancy to conformational changes in the chemoreceptor 

cytoplasmic domain was assessed for cysteine-substituted, spin-labeled forms of Tar-4Q 

inserted into Nanodiscs by determining the extent of CheB-mediated deamidation after 45 

minutes at room temperature in 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 50 mM KCl, 5 mM 

MgCl2, at 5 μM Tar, 5 μM CheB, 50 μM phosphoramidate in the presence or absence of 500 

μM L-aspartate. Extent of modification was determined by quantification of modified and 

unmodified forms of the receptor on immunoblots using anti-receptor serum.

Spectral deconvolution

Computational fitting and simulation were performed using the microscopic order with 

macroscopic disorder (MOMD) model [44] implemented with Labview-based 

MultiComponent software (Version 810) (Christian Altenbach, University of California – 

Los Angeles). We employed the Levenberg-Marquardt algorithm, using a minimum number 

of parameters to achieve reasonable fits of each spectrum. For tensor parameters we used the 

modified spherical form, initial default values of A1 = 16.4; A2 = 31.65; A3 = −0.30; g1, 

2.00530 = g2, −0.00450; g3 = 0.00200, an isotropic linewidth tensor (W1) of 0.05, and an 

isotropic rate tensor (R1) of 8.00. To fit, we varied A1 within a limited range (+/− 1.0) and 

allowed the isotropic rate tensor to vary as necessary. All other tensors remained at their 

default values. Very mobile components characteristic of fast isotropic motion were fit 

without additional motional constraints. Slow motion spectral components generally 

required introduction of additional parameters characteristic of anisotropic motion. This was 

accomplished by applying orienting potentials (C20, C22, C40, C42, or C44), adding 

additional rate tensor components (R2, R3), or both. Deconvolution of the final fit, generated 

values for the relative contribution of highly mobile and less mobile spin labels. Spectra with 

poor signal to noise could not be reliably fit to provide an estimate of a highly mobile 

component.

For determinations of the proportion of a spectrum attributable to contributions from the spin 

label on the disordered Tar polypeptide backbone, we utilized EPR130_NoDAQ as 

described [9] to subtract the spectrum of a spin label on a Tar polypeptide backbone known 

to be disordered from the spectrum of interest. These spectra were for Tar carrying a spin-

labeled cysteine at position 478 or 483 denatured in 4M urea, and Tar spin labeled at 

position 543 in the 35-residue disordered flexible arm at the carboxyl terminus of Tar [42].
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ABBREVIATIONS

EPR electron paramagnetic resonance spectroscopy
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HAMP histidine kinases, adenylyl cyclases, methyl-accepting 

chemoreceptors, and phosphatases

AS-1 and AS-2 amphipathic sequence 1 and 2 respectively

Tar chemoreceptor mediating taxis to aspartate and repellents

Tar-4E Tar with 4 glutamyl residues at the sites of adaptational 

modification

Tar-4Q Tar with 4 glutaminyl residues at the sites of adaptational 

modification
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HIGHLIGHTS

Helical dynamics in cytoplasmic domain of intact, bilayer-inserted 

chemoreceptors

Receptor helical dynamics varies with functional segment and structural 

element

Variable chemoreceptor dynamics correlates with proportion of helical 

disorder

Adaptational modification alters chemoreceptor helical dynamics/percent 

disordered

Ligand binding and adaptational modification alter different structural 

features
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Fig. 1. Chemoreceptor structural organization and example EPR spectra
(A) Ribbon diagrams of a molecular model of a chemoreceptor dimer based on X-ray and 

NMR structures of receptor fragments. The left-hand image is a model of an intact, single 

chemoreceptor dimer inserted into a Nanodisc with relevant structural features labeled (see 

text for explanations). The right-hand image is an enlargement of the receptor cytoplasmic 

domain with positions of mutagenically introduced cysteines indicated by residue number 

and an arrow pointing to the CPK representation of the respective native sidechains on the 

surface of the Tar helices. Functional regions are indicated by labels to the left of the 

cytoplasmic domain structure and by shaded colored boxes (HAMP pale green, modification 

region pale blue, glycine hinge pale orange and protein interaction region pale pink). Shaded 

boxes for the modification and interaction regions are shown with borders that fade out to 

symbolize a lack of definition for their precise positions. In both images, one receptor 

protomer is color coded: brown for the periplasmic, ligand-binding domain, green for 

HAMP, red for the N-helix in the coiled coil and blue for its C-helix. Sites of adaptational 

modification are indicated by black spheres, which are labeled with arrowheads in the left-

hand diagram. (B) Example EPR spectra for a nitroxide spin label coupled by 

methanethiosulfonate chemistry to a cysteine introduced into chemoreceptor Tar (from left 

to right): in a disordered segment (position 549 in urea-denatured Tar [42]), on a solvent-

exposed, non-interacting surface of a well-ordered alpha helix (Tar position 396, this study) 

or in a molecular interface between neighboring and interacting helices (Tar position 401 [9, 

54]). Fig. 1 and a slightly modified version of its legend are from [9], with permission.
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Fig. 2. Continuous-wave EPR spectra of intact, spin-labeled Tar-4E inserted in the native lipid 
bilayer of a Nanodisc
EPR spectra normalized to total spin for spin labels at 15 positions in the Tar cytoplasmic 

domain are displayed near the site of labeling on the ribbon diagram of the domain that is 

explained in Fig. 1A. Spectra are labeled with residue number and an arrow pointing to the 

residue position shown on the ribbon diagram as tan CPK models of the native sidechain. 

Sites of adaptational modification are black CPK models and functional regions identified 

by shading and helices as in Fig. 1A.
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Fig. 3. Spin-label mobility as a function of position in the cytoplasmic of Tar-4E
Mobility parameters h(+1)/h(0) (Fig. 3A) and ΔHpp

−1 (Fig. 3B) (see insets and text) for the 15 

spectra in Fig. 2 are plotted as a function of spin-label distance in Å from the membrane 

surface in the model of the Tar cytoplasmic domain (Fig. 1A). The ribbon diagram of the 

model is below the abscissa with some spin-label positions marked by tan CPK models of 

native side chains and functional regions identified by shading and helices as in Fig. 1A. 

Backbone connectivity is indicated on the plots by dotted lines. Lines and data points are 

color coded by structural element: HAMP green, N-helix red and C-helix blue. The N- and 

C-helices are labeled. Glutamyl sites of adaptational modification are indicated by circles 

containing an E.
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Fig. 4. Spin-label mobility as a function of position and modification state in the Tar cytoplasmic 
domain
Mobility parameters h(+1)/h(0) (Fig. 4A) and ΔHpp

−1 (Fig. 4B) (see insets and text) are 

shown for spectra of a spin-label at 15 positions on Tar with 4 glutamyl residues (Tar-4E, 

this study) and 4 glutaminyl residues (Tar-4Q, [9]) at the sites of adaptational modification. 

Data plots and structural model are as described for Fig. 3. Data for Tar-4E are open 

diamonds and connected by a dotted line. Data for Tar-4Q are open circles and connected by 

a dashed line. Lines and data points are color coded by structural element: HAMP green, N-

helix red and C-helix blue. Sites of modification are marked with circles filled with E or Q 

according to the adaptation state.
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Fig. 5. Effects of adaptational modification on the protein interaction region
Spectra normalized to total spin and plotted at same amplitude for Tar-4E (red, this study) 

and Tar-4Q (black, [9]) are shown for spin labels in the protein interaction region. 

Enlargements of regions of the spectra with spectral differences between the two 

modification states are provided above or below the respective spectra. Modest differences in 

spectral shape are seen for all but position 358 where there are no apparent differences 

between the noisy spectra.
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Fig. 6. Percent disordered component as a function of position and modification state in the Tar 
cytoplasmic domain
Percent disordered component for spectra in Fig. 2 was determined by simulated fitting (Fig. 

6A) and empirical (Fig. 6B) deconvolution of Tar (see text) with 4 glutamyl residues 

(Tar-4E, this study) or 4 glutaminyl residues (Tar-4Q, [9]) at the sites of adaptational 

modification. Data plots and structural model are as described for Fig. 3. Values for Tar-4E 

are indicated by open diamonds and connected by a dotted line. Values for Tar-4Q are 

indicated by open circles and connected by a dashed line. Line and data points are color 

coded by structural element as in Figure 1A. Sites of modification are marked with circles 

filled with E or Q, according to the adaptation state.
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Fig. 7. No detectable effects of saturating ligand on helical dynamics in the cytoplasmic domain 
of Tar-4Q
(A) Overlays of continuous-wave EPR spectra of cysteine-substituted (at the position 

indicated by the number), spin-labeled, Nanodisc-inserted Tar-4Q dimers in the absence 

(black) or presence (red) of saturating (1 mM) L-aspartate. Each pair of spectra were 

normalized to the same number of spins. (B) Effect of saturating ligand on CheB-mediated 

deamidation. The top panel shows immunoblots with anti-chemoreceptor serum of the forms 

of Tar-4Q dimers in (A) after 45 min in the absence or presence of methylesterase/

deamidase CheB and the absence or presence of 1 mM L-aspartate. The bottom panel shows 

quantification of average percent deamidation and standard deviation (n=3) normalized to 

the percent deamidated of “no Cys” Tar-4Q. Positions of spin labeling are indicated by 

numbers and “no Cys” is Tar-4Q in the native state of no cysteine and thus no spin label that 

was submitted to the same labeling and reconstitution procedure as the cysteine-substituted 

receptors.
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Table 1

Enzymatic methylation of cysteine-substituted, spin-labeled, Nanodisc-inserted Tar-4E

Cysteine position Methylationa Cysteine position Methylationa

None 1.00 +/− 0.03 378 0.49 +/− 0.02

225 0.67 +/− 0.03 396 0.37 +/− 0.06

256 0.80 +/− 0.01 417 0.78 +/− 0.07

273 0.75 +/− 0.04 438 0.33 +/− 0.03

305 0.43 +/− 0.14 456 0.59 +/− 0.02

319 0.77 +/− 0.07 476 0.49 +/− 0.03

336 0.43 +/− 0.03 483 0.59 +/− 0.02

358 0.55 +/− 0.11 508 0.57 +/− 0.03

a
Relative to Nanodisc-embedded Tar without a cysteine and thus without a spin label. See Materials and Methods for details of assay.
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