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Abstract
The three core components of the ubiquitous bacterial chemosensory array – the transmembrane
chemoreceptor, the histidine kinase CheA and the adaptor protein CheW – assemble to form a
membrane-bound, hexagonal lattice in which receptor transmembrane signals regulate kinase
activity. Both the regulatory domain of the kinase and the adaptor protein bind to overlapping sites
on the cytoplasmic tip of the receptor (termed the protein interaction region). Notably, the kinase
regulatory domain (P5) and the adaptor protein share the same fold constructed of two SH3-like
domains. The present study focuses on the structural interface between the receptor and the kinase
regulatory domain. Two models have been proposed for this interface: Model 1 is based on the
crystal structure of a homologous Thermotoga complex between a receptor fragment and the
CheW adaptor protein. This model has been used in current models of chemosensory array
architecture to build the receptor-CheA kinase interface. Model 2 is based on a newly determined
crystal structure of a homologous Thermotoga complex between a receptor fragment and the
CheA kinase regulatory domain. Both models present unique strengths and weaknesses, and
current evidence is unable to resolve which model best describes contacts in the native
chemosensory arrays of Escherichia coli, Salmonella typhimurium and other bacteria. Here we
employ disulfide mapping and TAM-IDS (Tryptophan and Alanine Mutation to Identify Docking
Sites) to test Models 1 and 2 in well-characterized membrane-bound arrays formed from E. coli
and S. typhimurium components. The results reveal that the native array interface between the
receptor protein interaction region and the kinase regulatory domain is accurately described by
Model 2, but not by Model 1. In addition, the results show that the interface possesses both a
structural function that contributes to stable CheA kinase binding in the array, and a regulatory
function central to transmission of the activation signal from receptor to CheA kinase. On-off
switching alters the disulfide formation rates of specific Cys pairs at the interface, but not most
Cys pairs, indicating that signaling perturbs localized regions of the interface. The findings
suggest a simple model for the rearrangement of the interface triggered by the attractant signal,
and for longer range transmission of the signal in the chemosensory array.

*To whom correspondence should be addressed: falke@colorado.edu, Tel (303) 492-3503.

SUPPORTING INFORMATION AVAILABLE
Supporting Information is provided that describes (i) the minimal effect of Cu(II) on the function of chemosensory arrays (Fig. S1),
(ii) the negligible effect of attractant on fast disulfide formation rates between the N-terminal helix of the receptor hairpin and CheA
kinase regulatory domain (Fig. S2), (iii) the retention of the normal CheW adaptor protein requirement for stable binding of mutant
CheA kinase to arrays (Fig. S3), and (iv) the correspondence between relevant sequence positions in CheA kinase regulatory domains,
CheW adaptor proteins, and receptors from S. typhimurium, E. coli and T. maritime (Table S1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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INTRODUCTION
Two-component systems are the most prevalent signaling pathways in bacteria and typically
consist of a receptor-linked histidine kinase that serves as a sensor and an aspartate kinase
that acts as a response regulator (reviewed by 1–4). Bacterial chemotaxis utilizes a two-
component pathway to sense chemical gradients and to control the swimming motor,
enabling biased swimming up an attractant gradient or down a repellent gradient. In
Escherichia coli and Salmonella typhimurium, and in other bacteria studied thus far 5, the
three core components of the chemosensory pathway assemble into a hexagonal array
composed of transmembrane chemoreceptors, the histidine kinase CheA, and the adaptor
protein CheW, as illustrated in Figure 1. The receptor proteins form trimers-of-dimers
located at the vertices of the hexagonal array 6–10, and the periplasmic domain of the
receptor homodimers detect specific sugars or amino acids and trigger a transmembrane
conformational signal 11–13,6,14,15. The CheA kinase and CheW adaptor proteins bind to the
cytoplasmic tips of the receptor array where the receptor protein interaction region is
located 6,16,8,17,5,18,9,10,19–23. The CheA kinase is a dimer of identical subunits, each
possessing five structural and functional domains: the substrate domain (P1), the CheY/B
binding domain (P2), the dimerization domain (P3), the catalytic domain (P4), and the
regulatory domain (P5) 24–26,17,27. The CheW adaptor protein is a small monomeric protein
that, notably, exhibits the same tandem SH3-like fold as the structurally homologous CheA
kinase regulatory domain (backbone RSMD of ~2 Å) 25,28. In this shared fold, two distinct
SH3-like domains define a central groove. The CheW adaptor protein and CheA kinase
regulatory domain also bind to similar or identical sites on the receptor protein interaction
region, sharing key contact points on the N-terminal helix of the receptor hairpin, and thus
competitively inhibit each other’s binding 29,22,23.

The core chemosensory array can be assembled from the receptor, CheA kinase and CheW
adaptor core components either in vivo or in vitro. When bacterial membranes containing
assembled arrays are isolated, the resulting isolated arrays are functional and ultrastable,
exhibiting attractant-triggered, receptor-mediated kinase regulation at 22°C for days or
weeks 18,30,21.

The signaling state of the array is determined by both the ligand occupancy of the receptor
periplasmic domain and the covalent modification state of the receptor cytoplasmic
adaptation sites (reviewed by 14,31,1,3,4). In the apo state, receptors activate the CheA kinase
triggering autophosphorylation of a specific histidine on its substrate domain; subsequently,
the response regulator CheY catalyzes the transfer of this phosphate to its active site
aspartate. Phospho-CheY then diffuses to the flagellar motor where it modulates the
bacterial swimming state. Upon attractant binding to the receptor, the receptor
transmembrane signal turns off the CheA histidine kinase, thereby leading to a reduced level
of phospho-CheY and switching of the flagellar motor to the opposite swimming state.
Within tens of seconds, covalent receptor adaptation by methyl esterification of its
cytoplasmic adaptation glutamate residues generates an opposing signal that opposes the
attractant signal, and leads to restoration of receptor-stimulated histidine kinase activity.

Extensive progress has been made in defining the structures of core array components.
Crystal and/or NMR solution structures exist for specific domains of the receptor, CheA
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kinase, and CheW adaptor individually and in various
complexes 32,11,24,13,33,25,6,26,28,34–37,19,22,23. Focusing on the interface between the
receptor protein interaction region and the CheA kinase regulatory domain, extensive
previous genetic, biochemical, PICM, NMR and crystallographic studies have highlighted
the importance of this specific receptor-CheA kinase contact 38,39,6,40,16,8,17,41,9,10,19–23.

Two plausible models have been proposed for the interface between the receptor and the
CheA kinase regulatory domain, but current experimental evidence is unable to differentiate
between them 19,20,22,23. In both models, the N-terminal α-helix of the receptor hairpin sits
in the long groove between the tandem SH3-like domains of the CheA kinase regulatory
domain, but the translational and rotational registers of the helix differ significantly between
models. Model 1 19 is based on the crystal structure of a Thermotoga complex between a
receptor fragment and the tandem SH3-like domain of the CheW adaptor protein. It is
plausible that this crystal structure could accurately represent the packing interface between
receptor and tandem SH3-like motifs in general, including that of the CheA kinase
regulatory domain. Indeed, NMR evidence suggests that the tandem SH3-like motifs of the
CheA kinase regulatory domain and the CheW adaptor protein dock to a similar or identical
site on the receptor 22,23. Model 1 was used to define the receptor-CheA kinase interface in
the 3D model for array packing in E. coli, although the ~30 Å resolution of the cryo-EM
data does not allow careful analysis of the protein-protein contacts 19,20. Model 2 is based on
the crystal structure of a Thermotoga complex between a receptor fragment and the CheA
kinase regulatory domain, presented in the companion manuscript by Li, Crane and
coworkers 42. In this structure, the receptor fragment unfolds to form a non-native tertiary
structure, although the local receptor-CheA kinase contacts are proposed to be native 42.
Overall, both models display relative advantages (Model 1 - correct receptor tertiary
structure; Model 2 - correct binding partner) and potential problems (Model 1 – different but
homologous binding partner; Model 2 - incorrect receptor tertiary structure). Further studies
are needed to determine whether one of these two models, or neither model, provides an
accurate picture of the interface between receptor and the CheA kinase regulatory domain in
functional chemoreceptor arrays.

The present study uses disulfide mapping and TAM-IDS to test Models 1 and 2 in a proven,
bacterial chemosensory array assembled from well-characterized, interchangeable E. coli
and S. typhimurium components. The goals are to (i) differentiate between Models 1 and 2
in functional, membrane-bound arrays formed in vitro, (ii) investigate whether a similar
interface is present in arrays formed in vivo, and (iii) probe signal transduction through this
interface. The results indicate that Model 2 best fits the receptor-CheA kinase interface in
the functional, membrane-bound chemosensory array, and show that the interface plays
important roles in both array structure and transmission of signals from receptor to CheA
kinase.

MATERIALS AND METHODS
Materials

All chemicals were highly pure reagent-grade. Chemicals were obtained from Sigma
Aldrich with the following exceptions: [γ-32P]ATP was from Perkin-Elmer, DTT was from
Research Products International, Ni-NTA agarose resin was from Qiagen, Bicinchoninic
Acid Assay (BCA) reagents were from Bio-rad, PVDF was from Millipore.

Protein Expression and Purification
S. typhimurium Cysless CheA kinase and Cysless CheW adaptor protein possessing 6xHis
tags on their N-termini were expressed by plasmids pET6H-CheA and pET6H-CheW,
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respectively, in E. coli strain BL21(DE3) (Stratagene) 17. E. coli CheY with an N-terminal
YFP and C-terminal 6xHis tag was expressed by plasmid pVSYFP-CheY-6H in E. coli
strain-plasmid M15-pREP4 (Qiagen) 43. All soluble proteins were isolated as previously
described by standard Ni-NTA agarose affinity chromatography 43,17. Protein concentrations
were estimated by UV absorption using extinction coefficients calculated from protein
sequences (all mM−1cm−1): 16.0 and 5.95 for CheA and CheW, both at 276 nm, and 18.0 for
YFP-CheY at the YFP absorbance of 514 nm.

E. coli serine receptor (Tsr) was overexpressed in the gutted E. coli strain UU1581—which
lacks all chemotaxis proteins including receptors and adaptation enzymes—using plasmid
pJC3 40. Inside out, inner bacterial membrane vesicles containing Tsr were isolated as
previously described 32,17. The total protein concentration in the membranes was determined
by BCA assay, and the fraction of total protein represented by receptors was determined by
ImageJ densitometry of SDS-PAGE gels, then receptor concentration was determined by
combining these two values.

The indicated site-directed mutants of the receptor and CheA kinase were generated using
the PCR-based QuickChange XLII mutagenesis kit (Agilent). All mutants were confirmed
by DNA sequencing the entire coding region.

Reconstitution of Functional Signaling Arrays
Signaling arrays were reconstituted by combining 6.7 μM Tsr receptor, 5 μM CheA kinase,
10 μM CheW adaptor protein in either crosslinking buffer (160 mM NaCl, 6 mM MgCl2, 50
mM Tris, 3 mM EDTA, pH 7.5) or kinase assay buffer (160 mM NaCl, 5 mM MgCl2, 50
mM Tris, 0.5 mM EDTA, pH 7.5) for 1 hr at 22°C in the presence of 0.5 mg/mL BSA, 2
mM TCEP, and 2 mM PMSF. Samples were centrifuged at 21,000 × g for 7 min and pellets
were washed twice by resuspending in a 10-fold excess of activity buffer (without BSA,
TCEP, and PMSF) and re-pelleting. After the final wash, pellets were resuspended in the
original volume of activity buffer resulting in functional, ultrastable arrays lacking unbound
CheA kinase and CheW adaptor protein 18,21.

Quantitation of Attractant-Regulated CheA Kinase Activity
The relative kinase activities of arrays were measured as previously described with minor
modifications 17. Five μL of washed and resuspended arrays were mixed with 5 μL of YFP-
CheY yielding final concentrations of 3.3 μM receptor and 40 μM YFP-CheY, the latter
sufficient to ensure that CheA kinase autophosphorylation was the rate determining step and
not phosphotransfer from CheA~P to CheY 44. Sensitivity to attractant was measured by
addition of 2 mM serine. Kinase reactions were carried out by addition of 1 mM
[γ-32P]ATP (4000–8000 cpm/pmol) followed by incubation for 10 sec. Reactions were
quenched in 30 μL of 2X Laemmli sample buffer containing 50 mM EDTA. Samples were
resolved on denaturing SDS PAGE gels, extensively dried, and the γ-32P –labeled CheY
band was imaged using phosphorimaging.

Oxidation Reactions
Washed ultrastable arrays (10 μL) prepared as described above were used for each reaction.
Oxidation was initiated upon the addition of 2 μL of CuCl2 to a final concentration of 1, 2,
or 5 mM. The reaction was quenched after 10 seconds by the addition of a 12 μL of 2X
Laemmli sample buffer containing 50 mM EDTA and 80 mM NEM, incubated at 100°C for
1 min then snap frozen in liquid nitrogen.
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Quantitation of Disulfide-Linked CheA Kinase-Receptor Heterodimer
The crosslinking products of CheA kinase were monitored by western blotting using a
polyclonal antibody against CheA kinase (kindly provided by Dr. J. Stock). Briefly, dilute
samples were resolved on 7.5% or 10% SDS PAGE gels and transferred to PVDF
membranes. Membranes were blocked overnight in Tris-buffered saline Tween-20 (50 mM
Tris, 160 mM NaCl, 0.1% Tween-20, TBST) with 3% dry milk powder before blotting with
anti-CheA kinase primary and anti-rabbit, alkaline phosphatase conjugated secondary
(Sigma). Extensive washing with TBST was performed after incubations. Washed
membranes were incubated with ECF substrate and dried extensively before scanning with a
Typhoon 9400 scanner. Blots were quantified by densitometry using ImageJ. The fraction
CheA kinase-Receptor S-S heterodimer is defined as the density of the heterodimer divided
by the sum of all CheA kinase densities (monomer, CheA kinase-CheA kinase S-S
homodimer, and CheA kinase-Receptor S-S heterodimer).

TAM-IDS
To apply TAM-IDS in vivo, plasmid pDK28 expressing full length E. coli YFP-CheA
kinase fusion (kindly provided by Dr. V. Sourjik) 45 was used to construct plasmids pSF2
and pSF5 that express the N-terminal YFP fusion with E. coli CheA CheY/B binding
domain (P2) and CheA kinase regulatory domain (P5), respectively. Both plasmids were
constructed by PCR subcloning of the P2 or P5 domain from pDK28, and ligating it into the
purified empty pDK28 vector. Site-directed Ala and Trp mutants of P5 were generated using
the PCR-based QuickChange XLII mutagenesis kit (Agilent). All mutants were confirmed
by sequencing the entire coding region. The resulting YFP-P2 and YFP-P5 fusions were
transformed in RP437 cells and single colonies were grown overnight at 30° C in VBC
minimal growth medium supplemented with HMLTT containing 0.75% glycerol and 100
μg/mL ampicillin 46–49. The overnight culture was diluted 10-fold into fresh VBC media
and grown until mid log phase (OD600 between 0.04 and 0.09). Induction was initiated by
the addition of fresh 50 μM IPTG and allowed to proceed for 2 hours. The cells in 10 mL of
culture were collected by centrifugation for 5 minutes at 3200 g and resuspended in 700 μL
of imaging buffer (10 mM potassium phosphate, 0.1 mM EDTA, 1 mM L-methionine, 10
mM sodium lactate, pH 7.0) 45. The cells were then repelleted and resuspended in a final
volume of 50 μL of imaging buffer. Finally, 20 μL of washed cells were pipetted onto a thin
agarose pad (1% agarose in imaging buffer) and allowed to set for 3 minutes before a
coverslip was added. Cells were immediately imaged on a Nikon TE-2000-E inverted
microscope utilizing a 60X oil immersion objective, CFP/YFP/RFP dichroic mirror with
corresponding single band excitation and emission filters, and a CoolSNAP ES camera with
an exposure time of 1 second. Excitation was provided with a mercury lamp.

To apply TAM-IDS in vitro, Ala and Trp mutants were constructed in the Cysless CheA
kinase background using site-directed mutagenesis as described above, and the effect of the
mutations on CheA kinase incorporation and activity was measured in the reconstituted
array. CheA kinase incorporation is defined as the density ratio of CheA kinase to receptor
visualized on Coomassie gels as previously described 18. In vitro kinase assays were
performed as described above.

Data and Error Analysis
All data points shown are averages of three to nine replicates. Error bars and ranges indicate
the standard error unless otherwise specified. Asterisks indicate statistically significant
changes (P < 0.05).
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RESULTS
Two Working Models for the Interface Between Receptor and Kinase Regulatory Domain

The project began by building two working models of the interface based on the species
components used in experiments. The present in vitro studies utilized a proven combination
of interchangeable components from the Escherichia coli and Salmonella typhimurium
chemosensory arrays: native E. coli serine receptor Tsr (which lacks Cys residues), Cysless
S. typhimurium CheA kinase, and Cysless S. typhimurium CheW adaptor protein to
investigate the two working models for the interface between the receptor and the CheA
kinase regulatory domain. Together these three core proteins are known to generate a fully
functional, ultrastable, Cysless array 18,21 into which pairs of Cys substitutions can be
introduced for disulfide mapping, or Trp and Ala substitutions for TAM-IDS.

Figure 2 presents the two models. Working Model 1 is based on a structure from the Crane
laboratory (PDB code 3UR1) for Thermotoga receptor bound to both SH3-like subdomains
of the Thermotoga CheW adaptor protein 19. Model 1 was developed by (i) superimposing
the crystallographic E. coli serine receptor dimer (1QU7) onto the crystallographic receptor
dimer in the Thermotoga complex (3UR1); (ii) generating a homology model of S.
typhimurium CheA kinase regulatory domain by threading its sequence onto the known
structure (1B3Q) of the Thermotoga CheA kinase using Swiss Prot; and finally (iii)
superpositioning the backbone structure of the regulatory domain homology model onto that
of CheW adaptor protein in the Thermotoga receptor complex (3UR1), making use of the
tandem SH3-like motif they both share.

Working Model 2 is based on the new structure from the Crane laboratory (PDB code 4JPB)
for the Thermotoga complex between receptor fragment and both SH3-like subdomains of
the CheA kinase regulatory domain (Li et al, companion manuscript 42). This model was
developed by (i) superimposing the crystallographic E. coli serine receptor dimer (1QU7)
onto the crystallographic receptor dimer in the Thermotoga complex 42, then (ii) the same
homology model of S. typhimurium CheA kinase regulatory domain utilized in Model 1 was
superimposed onto the backbone structure of the CheA kinase regulatory domain in the
Thermotoga complex 42.

Creating a Library of Functional Cys Pairs for Disulfide Mapping
The predicted contact surfaces of Working Models 1 and 2, together with relevant
information from previous PICM, NMR, and crystallographic studies 38,39,16,17,19,22,23,
were used to select positions for Cys substitution on both the receptor and CheA kinase
regulatory domain. The goal was to generate ~20 Cys pairs that retained function in the
membrane-bound array for disulfide mapping analysis of interface structure.

On the receptor, the four selected residues rA383, rA387, rV398, and rG401 (lower case “r”
denotes receptor residues) are homologous to four surface-exposed positions on the aspartate
receptor Tar where single Cys mutations retain 40–90% normal kinase activation and full
attractant regulation in the functional array 38,39,16. All four were also implicated as contact
residues in the functional array by PICM analysis in which modification of each Cys with a
bulky fluorescein probe eliminated kinase activation 38,39,16. Moreover, NMR studies from
Vu, Wang, Dahlquist and coworkers of the homologous fragment from the Thermotoga
receptor TM001490-206 revealed significant chemical shift changes for these or nearby
receptor residues triggered by the binding of the Thermotoga CheA kinase regulatory
domain, or by binding of the Thermotoga CheW adaptor protein believed to compete for the
same receptor surface 22,23. Both Working Models 1 and 2 predict all four residues lie
within or nearby the contact surface for the CheA kinase regulator domain (Fig. 2). Thus,
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these four single Cys substitutions were introduced into the serine receptor by PCR site-
directed mutagenesis (Methods).

On the CheA kinase regulatory domain, three of the five selected Cys substitutions kL545C,
kE550C, and kI617C (lower case “k” denotes CheA kinase residues) at surface positions on
free, full length CheA kinase are known to retain 60–90% normal kinase activity and full
attractant regulation in the functional array, with kL545 implicated as a receptor contact
residue by PICM chemical modification 17. NMR studies have detected chemical shift
changes at these three or nearby homologous positions on a Thermotoga CheA kinase
fragment upon binding of a Thermotoga receptor fragment, suggesting a direct role in the
binding interface 22,23. For the present study, two new substitutions kL616C and kQ619C at
surface positions were also introduced into the full length, Cysless CheA kinase protein. Of
the five resulting Cys residues, four (kL545C, kE550C, kL616C, and kQ619C) span the
predicted interfaces of Working Models 1 and 2 with their side chains oriented towards
receptor. The fifth (kI617C) is a negative control residue predicted by both models to point
away from receptor, decreasing the probability it will collide with receptor residues (Fig. 2).

A library of reconstituted arrays was generated from all possible combinations of the four
receptor and five CheA kinase regulatory domain Cys mutants, yielding 20 distinct arrays
possessing different Cys pairs. As summarized in Figure 3, arrays were formed by
incubating E. coli membranes containing a given single-Cys receptor with purified single-
Cys CheA kinase and purified Cysless CheW adaptor protein to assemble the ultrastable,
membrane-associated core array. Subsequently, unbound components were removed by
pelleting and washing the membranes with buffer. Immediately following washing, the
washed arrays were analyzed for receptor-regulated kinase activity and disulfide formation
rates. The time required to carry out and quench the kinase and disulfide assays
(approximately 10 min) is short compared to the remarkable kinetic stability of the arrays
(dissociation of components from Cysless and Cys mutant arrays is undetectable over
timescales of hours to weeks18,21), thereby ensuring that only array-bound components are
analyzed. Figure 4 summarizes the receptor-stimulated kinase activity of each array. Only
the rA387C, kI617C pair failed to retain at least 25% of the full CheA kinase activity of the
Cysless array; this pair was deemed perturbing and not used further. The remaining 19 Cys
pairs retained substantial CheA kinase activity as well as the native down-regulation of
CheA kinase activity by addition of attractant serine (Fig. 4). Thus, each of these 19 Cys
pairs retains the essential receptor-CheA kinase contacts needed for the formation of a
functional, membrane-bound array capable of receptor-mediated CheA kinase on-off
switching.

Table 1 summarizes the Cβ-Cβ separations predicted by Working Models 1 and 2 for the 19
functional Cys pairs. For the three negative control pairs, in which kI617C points away from
the interface, the separations are misleading because the unfavorable geometry does not
allow simple backbone translations to generate productive collisions and disulfide
formation. As a result, these three pairs are not classified as proximal or distal. For the
remaining 16 pairs, Working Model 1 predicts there are 3 proximal and 13 distal pairs
whereas Working Model 2 predicts 6 proximal and 10 distal pairs. Notably, when comparing
the two models, four Cys pairs are distal in one model and proximal in the other, with a Cβ-
Cβ distance difference of at least 2.5 Å between the two models: rA387C, kE550C is
proximal in Model 1, while rA383C, kL545C; rA383C, kQ619C; and rG401C, kQ619C are
each proximal in Model 2. These significant differences, which facilitate resolution of the
two models by disulfide mapping, arise from the translational and rotational register shifts of
the receptor helix relative to the CheA kinase regulatory domain that together distinguish
Model 1 from 2 (Fig. 2).
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Analyzing Interface Structure in Functional Arrays by Disulfide Mapping
The disulfide mapping approach is based on the observation that under the same oxidation
conditions, proximal Cys pairs generally collide and form disulfide bonds more rapidly than
distal Cys pairs 50–52. In order to form a disulfide bond, two Cys residues must collide with
a Cβ-Cβ separation of ≤ 4.6 Å and the correct angular orientation. Thus, measurement of
disulfide formation rates provides useful information about Cβ-Cβ proximity and local
backbone dynamics.

The method was applied to the 19 functional membrane-bound arrays containing distinct
Cys pairs. Each washed, membrane-bound array was subjected to a highly controlled
oxidation reaction, then the disulfide-linked products were quantified (Fig. 3B). Due to the
unusually rapid disulfide formation observed for proximal Cys pairs, novel mild oxidation
conditions were developed to enable analysis of disulfide formation reactions in the linear,
initial rate limit. These ultra-mild conditions employed 1 mM Cu(II) as a redox catalyst
buffered by 3 mM EDTA, yielding significantly slower oxidation than in previous studies.
(Note the 1,10-phenanthroline ligand previously used to enhance Cu(II) catalytic efficiency
and oxidation speed was omitted here). The excess EDTA ensured that a very small but
consistent concentration of free Cu(II) (~ 1 picomolar for the mildest oxidation reaction 53)
was present during the 10 sec reaction, which was followed by a rapid quench and
quantification of products by SDS-PAGE and anti-CheA kinase western blot analysis.
Densitometric analysis of the western blots yielded the fraction of total CheA kinase
converted to disulfide linked, receptor-CheA kinase heterodimer. Figure 3B shows that the
major products are the receptor-CheA kinase heterodimer and the CheA kinase-CheA kinase
homodimer, and that both disulfide-containing products can be reduced. Since each reaction
was in or near the initial rate limit, the final extent of heterodimer formation per 10 sec was
equivalent to the disulfide formation rate. Figure 5 confirms that greater extents of disulfide
formation are observed when the oxidation strength is increased to intermediate or strong
conditions.

Of the 19 functional Cys pairs, Figure 5A,B shows that six pairs yield the fastest formation
of disulfide-linked, receptor-CheA kinase heterodimers: rA383C-kL545C, rA387C-kL545C,
rV398C-kE550C, rA383C-kQ619C, rA387C-kQ619C, and rG401C-kQ619C. These pairs
each yield at least 10% heterodimer under mild conditions, and at least 20% heterodimer
under intermediate conditions. In the disulfide mapping approach, these Cys pairs are
expected to possess the most proximal Cβ-Cβ distances.

Figure 6 orders the Cys pairs with increasing Cβ-Cβ distances from left to right for working
Models 1 (Fig. 6A) and 2 (Fig. 6B), and presents the extents of disulfide-linked, receptor-
CheA kinase heterodimer formation observed under mild oxidation conditions. In the case of
Model 1, three of the six fastest Cys pairs are classified as proximal, but the other three are
distal indicating poor agreement with the data. By contrast, in Model 2 all six of the fastest
Cys pairs (rA383C-kL545C, rA387C-kL545C, rV398C-kE550C, rA383C-kQ619C,
rA387C-kQ619C, and rG401C-kQ619C) are proximal, and in fact possess the six shortest
Cβ-Cβ distances ranging from 4.7 to 10.5 Å. These disulfide mapping results provide strong
evidence that Working Model 2 is an accurate depiction of the receptor-CheA kinase
interface in functional, membrane-bound arrays.

Creating a Library of Trp and Ala Mutants for TAM-IDS Analysis
To further resolve Models 1 and 2, the method Tryptophan and Alanine Mutagenesis to
Identify Docking Sites (TAM-IDS) was used. This method extends established approaches
that employ tryptophan or alanine substitutions, or both, to probe interfaces in vivo or in
vitro 54–56,40. TAM-IDS combines tryptophan and alanine replacements with quantitative
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measurements carried out both in vivo and in vitro to provide maximum information about
binding and function. Figure 7 illustrates the four positions on the CheA kinase regulatory
domain selected for TAM-IDS analysis (kL545, kV548, kS551, kI617). All four positions
are located on the surface of the uncomplexed domain at exposed positions where Trp and
Ala substitutions are unlikely to affect domain folding. In Model 1, none of the four selected
native side chains directly contact the receptor, and at each of these positions most of the
nine common conformers of a mutant Trp side chain do not contact receptor 65 (Fig. 7B). By
contrast, in Model 2 three of the four native side chains (kL545, kV548, kS551) do contact
the receptor, and at each of these three positions most common conformers of a mutant Trp
side chain generate VDW clashes with receptor 65 (Fig. 7C). In this model the fourth
position (kI617) lies well outside the interface where a Trp substitution yields no receptor
clashes (Fig. 7C). No positions were selected on the receptor, since in the two-fold
symmetric homodimer a given mutation often perturbs both the CheA kinase binding
surface and the trimer interaction surface, complicating the interpretation.

To carry out TAM-IDS in vivo, Trp and Ala substitutions were incorporated at the four
selected positions in the isolated CheA kinase regulatory domain fused to YFP. To carry out
TAM-IDS in vitro, the same eight substitutions were introduced into Cysless, full length
CheA kinase.

Analyzing Interface Structure in Live Cells by TAM-IDS
The TAM-IDS approach quantifies and compares the perturbations generated by Trp and
Ala substitutions at a given position. When both substitutions yield large perturbations of the
interface, the native side chain is deemed essential. When the Trp and Ala perturbations are
large and small, respectively, the native side chain is deemed non-essential but is proposed
to be located within the contact region, such that the bulky Trp substitution disrupts the
interface. When both substitutions yield small perturbations, the native side chain is deemed
outside the interface.

The TAM-IDS method was carried out in vivo using the E. coli CheA kinase regulatory
domain fused to YFP. Kenter, Sourjik and coworkers previously demonstrated this minimal
construct assembles into the chemosensory lattice of live cells to yield highly fluorescent,
easily identified puncta on the bacterial membrane 45. Here we interrogate the ability of
mutant fusion proteins to bind the native array via live cell fluorescence imaging. We define
the array fluorescence (A) as:

(Eq. 1)

where FA is the integrated fluorescence intensity of a fixed area containing the array at the
end of the cell, FC is the integrated fluorescence intensity of an equal fixed area of
cytoplasm, and B is the background integrated intensity of an equal fixed area outside the
cell. Use of the ratio corrects for deviations in the expression levels of the fusion protein in
different cells. The array binding parameter (AB) of a given mutant is then defined as:

(Eq. 2)

where this AB parameter scales the array fluorescence of the mutant (AM) to the maximum
array fluorescence of the WT CheA kinase regulatory domain (AWT) and the minimum
array fluorescence measured for a negative control domain (A0, measured for P2 CheY/B
binding domain of CheA kinase that does not bind to the array). Thus, when localization of
the YFP-mutant to the array approaches the wild type level AB approaches unity, and when
localization approaches the negative control level AB approaches zero.
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Figure 7A shows the array binding parameters observed in live cells for the Trp and Ala
mutations at the four selected positions (20 cells quantified for each; S. typhimurium
numbering is used for consistency). (i) Both kL545W and kL545A retain some binding but
show significant (P < 0.05) decreases relative to WT, indicating that Leu 545 is an
important, though not essential, side chain at the docking interface. These findings support
Model 2 wherein Leu 545 is a contact position, but not Model 1 in which the native side
chain exhibits no receptor contacts (Fig. 7B,C). The fact that mutation to Trp does not
completely disrupt binding of kL545W is consistent with the location of this position at the
edge of the Model 2 interface, where some standard Trp rotamers can snorkel out of the
interfacial region. (ii) Both the kV548A and kV548W mutations completely block binding
of the CheA kinase regulatory domain to the array, indicating Val 548 is an essential binding
residue that cannot tolerate a bulky substitution nor truncation. This finding strongly
supports Model 2 wherein this position is a receptor contact site and Trp rotamers clash with
receptor, but not Model 1 wherein Trp rotamers exhibit minimal receptor clashes (Fig.
7B,C). (iii) The kS551A mutant binds normally while kS551W exhibits no array binding,
suggesting the native Ser 551 side chain is not essential for docking but does lie in the
interface. This result strongly supports Model 2 which predicts receptor clashes for many
Trp rotamers, but not Model 1 which predicts no such clashes (Fig. 7B,C). (iv) Finally,
neither kI617A nor kI617W yield a significant effect on binding, as is expected since this
negative control residue does not contact receptor in either model (Fig. 7B,C).

Overall, the in vivo TAM-IDS results (Fig. 7), like the in vitro disulfide mapping findings
(Fig. 6), strongly support Model 2 for the structure of the interface between receptor and the
CheA kinase regulatory domain. Since all three perturbing Trp substitutions are predicted to
contact the N-terminal helix of the receptor hairpin, the findings highlight the importance of
this helix interaction. Moreover, the E. coli receptor-E. coli CheA kinase interface (Fig. 7) is
indistinguishable from the Escherichia coli receptor-Salmonella typhimurium CheA kinase
interface (Fig. 6) within the resolution of the two methods.

Analyzing On-Off Switching in Functional Arrays by Disulfide Mapping
To identify regions of the interface perturbed by switching from the on-state to the off-state,
disulfide mapping of the same 19 functional Cys pairs was carried out in the absence and
presence of attractant serine. The apo array in the absence of serine is the on-state that
exhibits maximal CheA kinase activity. Attractant serine binding to the array triggers
switching to the off-state that exhibits minimal CheA kinase activity. The disulfide
formation rate of a Cys pair is exquisitely sensitive to local changes in structure or dynamics
that alter the Cys collision rate or accessibility to oxidizer, and is thus well-suited to detect
even small attractant-triggered perturbations of the interface.

Figure 8 compares the resulting initial disulfide formation rates in the absence and presence
of attractant. Only 2/19 of the Cys pairs exhibit a significant attractant effect (P < 0.05):
upon addition of serine the rV398C, kE550C pair shows an increase in the rate of disulfide-
linked heterodimer formation while the rG401C, kQ619C pair shows a decrease (Fig. 8A,B).
In contrast, the negative control isoleucine, or the kinase substrate ATP, have no detectable
effect on disulfide formation, thereby demonstrating that the attractant effect is highly
specific for serine (Fig. 8B). The observation that attractant binding alters the disulfide
formation rate for only 2/19 of the Cys pairs tested argues that attractant triggers a local,
rather than global, structural or dynamical change in limited regions of the interface. Both of
the rate changes involve contacts with the C-terminal helix of the receptor hairpin, while no
rate changes are observed for contacts with the N-terminal helix, indicating that attractant
binding does not alter the latter interaction.
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Analyzing Interface Function in Reconstituted Arrays by TAM-IDS
The above results suggest that the receptor-CheA kinase regulatory domain interface may
play a role in both array structure and on-off switching. Unfortunately, the effects of the
observed receptor-CheA kinase disulfide bonds on array stability and regulation cannot be
directly studied, since the use of strong oxidation conditions to drive disulfide formation to
completion yields disulfide bonds between receptor homodimers that damage the array,
presumably by perturbing trimer contacts (refs 39,16,51).

Thus, in order to probe the structural and signaling roles of the interface the TAM-IDS
method was carried out in vitro. To resolve structural and signaling functions, it is necessary
to directly quantify the effects of mutations on both array assembly and on-off switching.
Trp and Ala substitutions were incorporated at the same four CheA kinase regulatory
domain positions employed in live cell studies (Fig. 7), this time in full length Cysless CheA
kinase. Subsequently, each mutant CheA kinase was incorporated into reconstituted arrays
with the receptor and adaptor components, and washed as usual to remove free or weakly
bound components.

Figure 9 shows that all eight of the Trp and Ala CheA kinase mutants are stably
incorporated into the array at significant levels, achieving at least 40% incorporation relative
to the positive control Cysless CheA kinase. This result contrasts with the consistently lower
incorporation observed for the CheA kinase regulatory domain mutants in live cell arrays
(Fig. 7). The simplest explanation is that full length CheA kinase has additional array
contacts and a dimeric structure that together provide binding stability not available to the
isolated regulatory domain. Yet for four of the six interfacial mutants, the perturbation yields
a statistically significant decrease (P < 0.5) in array incorporation relative to the positive
control, arguing that the interface does play an important role in array stability and structure.

Since all of the mutant CheA kinases are stably incorporated into the array at useful levels,
their specific kinase activities can be quantified in the absence and presence of attractant.
These specific activities are proportional to the turnover rate of the average bound CheA
kinase molecule, and thus correct for differences in array incorporation between mutants.
Figure 9 shows that at the three interfacial positions, five of the six mutants show
significantly reduced (P < 0.05) specific activities in the apo/on-state, while the specific
activities of mutations at the negative control position are unperturbed. The largest decreases
are observed for the Trp substitutions at the three interfacial positions (kL545W, kV548W,
kS551W), and for the Ala substitution at the essential interfacial position (kV548A). Since
these positions are predicted to contact the N-terminal helix of the receptor hairpin, the
findings highlight the importance of these contacts to receptor activation of the bound CheA
kinase in the array apo/on-state. However, even the perturbed mutants retain attractant-
triggered kinase inhibition, suggesting the native kinase-helix contacts are less important for
CheA kinase inhibition. Overall, the results indicate that the native interface plays a
significant role defining array structure and stability, and also is quite important to receptor-
mediated CheA kinase activation.

DISCUSSION
The present results reveal that the new crystal structure of a complex between Thermotoga
receptor and CheA kinase fragments (Li et al, accompanying manuscript 42) accurately
represents the structure of the receptor-CheA kinase interface in functional, membrane-
bound chemosensory arrays. Working Model 2 developed herein depicts this validated
structure for the homologous E. coli/S. typhimurium arrays (Figs. 2B, 7C, 8C). In contrast,
the present results show that a previous model used to describe this interface in current array
models does not accurately depict the receptor-CheA kinase contacts, although it may
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provide an accurate view of receptor-CheW adaptor contacts 19. In the validated Model 2 the
CheA kinase regulatory domain is translated ~2 helical turns along the receptor long axis
towards the membrane, and translated ~50° around the cylinder defined by the receptor four-
helix bundle relative to the previous model (compare Figs. 2A,B).

Validated Model 2 is supported by complementary evidence from both (i) disulfide mapping
of the interface in functional, membrane-bound arrays in vitro, and (ii) TAM-IDS mapping
of the interface in native arrays in vivo. The findings show that the main contact surface on
the receptor protein interaction region is an exposed section of α-helix located just N-
terminal to the receptor hairpin turn (Figs. 2B, 7C, 8C). The final two turns of this receptor
helix dock into the helix-sized groove lying between the tandem SH3-like subdomains of the
CheA kinase regulatory domain.

The validated model adequately explains previous evidence from chemical scanning studies
of the interface between receptor and the CheA kinase regulatory domain 39,16,17,51. The
chemical scan employed the Protein Interactions by Cysteine Modification (PICM) method
to probe 20 positions on the surface of the CheA kinase regulatory domain. Model 2 predicts
that only one of those 20 positions tested in the PICM scan, kL545, is located the receptor
contact surface. Indeed this was the only one of the 20 positions where PICM chemical
modification of the side chain with a bulky probe was observed to yield both (i) normal free
CheA autokinase activity and (ii) normal CheW adaptor protein binding as well as (iii) loss
of receptor-mediated CheA kinase activation, suggesting that the kL545 residue is located
within or near the receptor docking site 17. Similarly, a PICM scan of the aspartate receptor
tested five positions that Model 2 indicates lie on or near the docking site for the CheA
kinase regulatory domain, such that chemical modification should perturb the receptor-CheA
kinase interaction: rL380, rA383, rA387, rV398, rG401 (E. coli serine receptor residues).
Indeed, PICM chemical modification of any one of the five residues was observed to block
receptor-mediated CheA kinase activation, although some of those effects may stem from
perturbation of receptor trimers-of-dimers contacts 38,39,16.

The validated model also explains genetic findings by Parkinson et al29 and recent NMR
studies by Dahlquist and coworkers 22,23. The locations of suppressor mutations on receptor
that counteract specific inhibitory mutations on the CheA kinase regulatory domain 29 are
consistent with the model, as are the locations of inhibitory mutations lying on the receptor
surface 41. The NMR studies analyzed complexes formed between a Thermotoga receptor
fragment and (i) the Thermotoga CheA kinase regulatory domain or (ii) Thermotoga CheW
adaptor protein. The results indicate both of these tandem SH3-like proteins bind to
overlapping surfaces on the receptor protein interaction region, where receptor residues
rA383, rA387 and rV398 (listed as the homologous E. coli serine receptor positions, each
implicated in the present work) exhibit chemical shift changes upon docking of either
protein. On the CheA kinase regulatory domain, residue kL545 – a position implicated in
this work – exhibits a large chemical shift change upon docking to receptor. Thus, although
previous PICM, genetic and NMR data lacked the resolution needed to resolve Models 1 and
2, the findings of those studies are fully consistent with the newly validated Model 2.

In principle, the observed contact between the receptor and the CheA kinase regulatory
domain could possess one or more essential functions. (i) This interface could play an
essential structural role in assembling and maintaining the hexagonal packing and
ultrastability of the chemosensory array. (ii) The interface could play an essential signaling
role in transmitting on-off signals from the receptor to the CheA kinase. (iii) The interface
could play an essential role in longer range communication to other signaling units in the
array, thereby generating the strong positive cooperativity of the highly networked
chemosensory system. The present study directly tests (i) and (ii), providing direct evidence
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that the interface has both structural and signaling functions. A structural role is revealed by
5 of 6 interfacial mutations tested in vivo, and 4 of 6 interfacial mutations tested in vitro,
that in each case significantly decrease array assembly (Figs. 7, 9). A signaling role,
specifically in transmission of the activation signal from receptor to kinase, is demonstrated
by 5 of 6 interfacial mutations tested in vitro that each significantly decrease the specific
activity of CheA kinase molecules in the receptor-activated, on-state of the array.

Disulfide mapping analysis of interface regulation shows that 2 of 19 Cys pairs yield
attractant-triggered changes in disulfide formation rates, indicating that the interface
undergoes a local, attractant-triggered change in structure and/or dynamics during on-off
switching. Careful examination of the spatial pattern exhibited by these attractant-triggered
rate changes yields a testable working model for attractant-triggered rearrangement. Of the
six Cys pairs that exhibit the fastest disulfide formation rates (Figs. 6, 8), four involve Cys
residues on the N-terminal receptor helix that crosslink rapidly to the CheA kinase
regulatory domain – these four pairs exhibit no rate changes upon addition of attractant even
under the mildest oxidation conditions (Fig. 8, SI Fig. S2). By contrast, the remaining two
involve Cys residues on the C-terminal receptor helix that crosslink rapidly to the CheA
domain, and both exhibit significant rate changes upon addition of attractant (Fig. 8).

These observations provide strong evidence that the receptor N-terminal helix and CheA
kinase regulatory domain form a tight, fixed complex that moves as a unit during attractant
signaling, such that no changes in disulfide formation rates are observed within the unit
(Figure 10). This local, high-affinity helix-domain interaction explains how the interface can
form correctly even when the global receptor fold is non-native 42. On-off switching is
proposed to alter the position or dynamics of this tight, helix-domain complex relative to the
two adjacent C-terminal helices of the homodimeric, receptor four-helix bundle. The
simplest trajectories consistent with the data are attractant-triggered rotational and/or
translational movements of the helix-domain complex relative to the other helices of the
receptor four-helix bundle. As Figure 10 illustrates, either rotational or translational
movements of the helix-domain complex could maintain constant disulfide formation rates
within the complex while (i) increasing the collision rate between subdomain 2 of the kinase
regulatory domain and the C-terminal helix of the adjacent receptor subunit to generate the
observed increase in the rV398C-kE550C disulfide formation rate, and (ii) decreasing the
collision rate between subdomain 1 of the kinase regulatory domain and the C-terminal helix
of the same receptor subunit to yield the observed decrease in the rG401C-kQ619C disulfide
formation rate (Figs. 8, 10).

The proposed attractant-triggered modulation of the tight, mobile complex between the
kinase regulatory domain receptor helix and one helix of the receptor four-helix bundle (Fig.
10) suggest a possible mechanism for the long-range propagation of signals in the
chemosensory array. The signal triggered by attractant binding to one receptor dimer is
transmitted through the array to as many as 30 other receptors, yielding strong positive
cooperativity in attractant regulation of kinase activity 57,58,7,59–62. Given that the kinase
regulatory domain forms a 6-membered alternating ring with CheW adaptor protein, and that
each ring is connected via dimeric CheA kinases to three other rings (Fig. 1B), the
hypothesized change in the equilibrium position and/or mobility of the kinase regulatory
domain could be transmitted through one or more rings to the multiple receptors contacting
those rings. The transmission of signals from the receptor 4-helix bundle into the ring
system is proposed to involve the same type of Yin-Yang, frozen-dynamic coupling
mechanism observed to transmit signals through adjacent regions of the receptor
cytoplasmic domain 63,57,52,64. In this picture, attractant binding to a receptor dimer
switches the 4-helix bundle at its cytoplasmic tip between (i) a looser, relatively dynamic
“on-state” bundle that imposes few constraints on the receptor helix tightly bound to a CheA

Piasta et al. Page 13

Biochemistry. Author manuscript; available in PMC 2014 June 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



kinase regulatory domain, allowing that kinase regulatory domain to adopt its most stable
packing with the CheW adaptor protein to yield a relatively static 6-membered ring, and (ii)
a tighter, more frozen “off-state” bundle in which the helix stably bound to the CheA kinase
regulatory domain becomes more constrained, which in turn displaces the kinase regulatory
domain from its preferred ring position, yielding a more dynamic ring.

Overall, the present disulfide mapping and TAM-IDS analysis of the interface between the
receptor and the CheA kinase regulatory domain validates the crystallographic view of the
interface in the accompanying study by Li, Crane and coworkers 42, and shows this view is
an accurate depiction of the interface in the functional, intact signaling array. The validated
structure will enable further refinement of recent models for array architecture, since both
current array models propose receptor-CheA kinase interfaces that differ significantly from
the validated structure 19,20. The resulting rearrangements are not expected to dramatically
shift the overall array architecture (Fig. 1B), but will likely enable the CheA kinase-CheW
adaptor protein ring to adopt the correct vertical register. Finally, the present study reveals
for the first time the dual functional roles of the interface between receptor and CheA kinase
regulatory domain: in its structural role the interface contributes to stable CheA kinase
binding in the array, and in its signaling role it is central to receptor-stimulated CheA kinase
activation.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ATP adenosine triphosphate

PMSF phenylmethylsulfonylfluoride

YFP yellow fluorescent protein

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

SDS sodium dodecyl sulfate

PAGE polyacrylamide gel electrophoresis

Tris (2-Amino-2-hydroxymethyl-propane-1,3-diol

TBS Tris-buffered saline

TBST Tris buffered saline and Tween-20

TCEP tris(2-carboxyethyl)phosphine

Ni-NTA nickel-nitrilotriacetic acid, nickel-charged resin

BCA bicinchoninic acid

PVDF polyvinyldifluoride
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NEM N-ethylmaleimide

BSA bovine serum albumin

TAM-IDS Tryptophan and Alanine Mutation to Identify Docking Sites

PICM Protein Interactions by Cysteine Modification

SH3 SRC Homology 3
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Figure 1.
Core components and schematic model of the core bacterial chemosensory array 17,19,20. A)
Receptor trimer-of-dimers (tan, one dimer shown as ribbon, PDB code 1QU7), homodimeric
CheA kinase (green, one monomer shown as ribbon, PDB code 1B3Q), and CheW adaptor
protein (blue, shown as both ribbon and spacefilling models, PDB code 2CH4) together
serve as the three core components of the bacterial chemotaxis array. The CheA kinase
regulatory domain (KRD or P5) and the CheW adaptor protein share the same fold
constructed of two SH3-like domains, as illustrated by the superpositioning 25,28. All
molecular graphics generated in MacPyMol 65. B) The architecture of the chemotactic array
is defined by a hexagonal lattice in which one receptor trimer-of-dimers is located at each
vertex (same protein colors as (A)). The homodimeric CheA kinase packs between the
flatter faces of adjacent trimers and its two CheA kinase regulatory domains contact CheW
adaptor proteins in a head-to-tail fashion forming two linked rings 19,20. Each CheA kinase
regulatory domain and CheW adaptor proteins binds near the cytoplasmic tip of a receptor
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trimer-of-dimers 38,39,16,22,23. This basic hexagonal unit is propagated throughout the array,
forming a network of linked rings.
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Figure 2.
Working Models 1 and 2 for receptor-CheA kinase contacts in the chemosensory array,
illustrating engineered Cys positions. Shown are the protein interaction region of a serine
receptor homodimer (tan) and the kinase regulatory domain of CheA (green), with
engineered Cys positions indicated as spheres. For simplicity, the receptor Cys residues
located on the trimer interaction helix are shown only in the left-most homodimer – the other
homodimers depict only the Cys residues located on the CheA kinase interaction helix.
Circles and dashed lines represent fiduciary markers showing that receptor is in the same
position in Model 1 and Model 2. (A) Working Model 1 for receptor-CheA kinase contacts
between E. coli and S. typhimurium components 25,6, developed by homology modeling of
the Thermotoga complex between the receptor protein interaction region and the adaptor
protein CheW 19 (PDB Code 3UR1, homology modeling detailed in text). (B) Working
Model 2 for receptor-CheA kinase contacts between E. coli and S. typhimurium
components 25,6, developed by homology modeling of the newly determined Thermotoga
complex between the receptor protein interaction region and the CheA kinase regulatory
domain (KRD P5) (PDB Code 4JPB by Li et al, accompanying manuscript 42; homology
modeling detailed in text). Of the five Cys residues on the CheA kinase regulatory domain
(kL545, kE550, kL616, kI617, kQ619), all are oriented towards receptor except the negative
control residue kI617, which points away from receptor. Looking through the fixed receptor
(semi-transparent) towards the CheA kinase regulatory domain interface, one can see that
translations and rotations are needed to move the CheA kinase regulatory domain between
its contrasting locations in Model 1 and Model 2, thus explaining why the two models
predict different distances between engineered Cys pairs (Table 1).
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Figure 3.
Disulfide mapping protocol and representative western blot used to analyze disulfide-linked
products. A) The functional, membrane bound array is reconstituted in vitro by combining
E. coli membranes containing serine receptor with purified CheA kinase and CheW adaptor
protein; where appropriate, the receptor and CheA kinase components possess engineered
Cys residues. Self-assembly occurs during an incubation period, then unbound proteins are
washed away to yield functional, ultrastable, membrane-bound arrays 18,21 employed in
kinase activity assays and disulfide mapping experiments. B) Representative western blot
using anti-CheA kinase polyclonal primary antibody. Increasing the Cu(II) concentration
from 0 to 5 mM (lanes 1–4) shows an increase in formation of the disulfide-linked, receptor-
CheA kinase heterodimer, which is reduced by addition of DTT as expected (lane 5). The
heterodimer is easily resolved from the disulfide-linked CheA kinase homodimer, as
confirmed by oxidation of pure CheA kinase in solution to generate the covalent homodimer
(lane 6) that is reduced by DTT (lane 5).
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Figure 4.
CheA kinase activities of the engineered, reduced Cys pairs in membrane-bound arrays.
Reconstituted, membrane-bound arrays (Fig. 3) were mixed with CheY response regulator
protein and ATP to initiate the kinase reaction (black bars) under reducing conditions. An
identical sample contained serine to quantify attractant regulation of CheA kinase activity
(white bars). The dashed line represents 25% normal CheA kinase activity relative to the
fully functional, reconstituted Cysless array. Any Cys pair exhibiting activity below this
threshold was dropped from further analysis. Error bars indicate the standard error of each
triplicate mean.

Piasta et al. Page 23

Biochemistry. Author manuscript; available in PMC 2014 June 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Relative disulfide formation rates measured for the engineered, functional Cys pairs in
membrane-bound arrays. For each of the 19 active and regulated Cys pairs, the disulfide
formation reaction was carried out for 10 sec under under mild, moderate, and strong
oxidation conditions (1 mM, 2 mM, and 5 mM Cu(II), respectively, each buffered with 3
mM EDTA) prior to quenching and quantification of the heterodimer (Fig. 4). Under mild
oxidizing conditions disulfide formation is far from completion and the extents of
heterodimer production at 10 sec yield relative disulfide formation rates. Six Cys pairs,
rA383C-kL545C, rA387C-kL545C, rV398C-kE550C, rA383C-kQ619C, rA387C-kQ619C,
and rG401C-kQ619C, yield rapid disulfide formation rates, operationally defined as > 10%
heterodimer under mild oxidation (dashed line, Fig. 4A). These six pairs also yield > 20%
heterodimer formation under moderate oxidation (dashed line, Fig. 4B). Error bars indicate
the standard error of each set of replicates, n = 3 to 9. Control experiments show that the 1
mM Cu(II) employed in mild oxidation does not significantly perturb the structure or
function of the array, as evidenced by minimal effects on receptor-regulated CheA kinase
activity in SI Figure S1.
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Figure 6.
Comparing the disulfide formation rates measured in membrane-bound arrays with the Cys
pair separations predicted by Working Models 1 and 2. (A,B) The disulfide formation rates
measured in Figure 5 under mild oxidation conditions are re-sorted in order of increasing
Cβ-Cβ separation as determined by Model 1 (A) or 2 (B). Error bars indicate the standard
error of each set of replicates, n = 3 to 9.
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Figure 7.
Testing the Model 2 receptor-CheA kinase interface using in vivo TAM-IDS: Tryptophan
and Alanine Mutation to Identify Docking Sites. (A) The docking of the isolated CheA
kinase regulatory domain to the native chemosensory array in live cells was quantified by
measuring the array binding parameters (Eq. 1) for the indicated fluorescent constructs in
which YFP is fused to the regulatory domain N-terminus. The array binding parameter
scales the measured incorporation to the high level of binding observed for the wild type
CheA kinase regulatory domain (YFP-KRD) and the low level of binding observed for a
negative control domain (P2). Error bars indicate standard error for measurement of at least
20 cells in 2 separate experiments and asterisks indicate significant changes relative to WT
YFP-KRD (P < 0.05). The kinase regulatory and P2 domains employed were isolated from
E. coli CheA kinase 45. For consistency with other figures, S. typhimurium positions are
presented here; the corresponding E. coli positions are summarized in SI Table S1. (B,C)
Shown are the four mutant Trp residues in Models 1 and 2, respectively. In Model 1 most of
the common Trp conformers at all four positions exhibit no VDW clashes with receptor 65

(B). In Model 2 most of the common Trp conformers at three positions (kL545W in dark
blue, kV548W in cyan, kS551W in medium blue) do exhibit major VDW clashes with
receptor, while the remaining Trp (kI617W in yellow) lacks clashes 65 (C).

Piasta et al. Page 26

Biochemistry. Author manuscript; available in PMC 2014 June 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Effects of receptor-triggered on-off switching on the relative disulfide formation rates of
engineered Cys pairs in membrane-bound arrays. A) As in Fig. 5A, relative disulfide
formation rates were measured under mild oxidation conditions for the 19 active and
regulated Cys pairs, both in the absence (black bars) and presence of 2 mM serine (white
bars). Only two Cys pairs show significant attractant effects (asterisks, P < 0.05). Additional
experiments (SI Fig. S2) measured disulfide formation rates under even milder oxidation
conditions (0.5 mM Cu(II), 3 mM EDTA) for Cys pairs rA387C-kL545C, rA383C-kQ619C,
and rA387C-kQ619C to ensure the reactions were not approaching saturation; again, no
serine effects were detected. B) For the two attractant-sensitive disulfide formation reactions
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(rV398C-kE550C and rG401C-kQ619C), the attractant specificity was tested by comparison
with buffer and a negative control ligand (isoleucine). These studies confirm the significant
effect of Ser on disulfide formation rates (white bars, asterisks indicate P < 0.05), while no
significant effects are observed for buffer, isoleucine, nor ATP (black bars). C) Mapping the
attractant-sensitive Cys pairs (circled) on Model 2. Error bars indicate the standard error of
each triplicate mean.
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Figure 9.
Testing CheA kinase uptake and function in membrane-bound arrays using in vitro TAM-
IDS. Reconstituted, washed membrane-bound arrays (Fig. 3) were prepared using the
indicated CheA kinase proteins. Stable CheA kinase incorporation into the washed array was
quantified as the ratio of the CheA kinase band to the receptor band on a Coomassie stained
gel, normalized to the Cysless ratio (black bars). All kinase proteins, including the mutants,
required CheW adaptor protein for stable incorporation as expected for normal array
formation (SI Fig. S3). CheA kinase activity in the array was measured by adding with
CheY response regulator protein and ATP to initiate the kinase reaction (white bars). An
identical sample contained 2 mM serine to quantify attractant regulation of kinase activity
(grey bars). The dashed line represents 25% normal CheA kinase uptake and activity relative
to the fully functional, reconstituted Cysless array. Error bars indicate the standard error of
each set of replicates, n = 6. Asterisks indicate significant changes relative to Cysless (P <
0.05).
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Figure 10.
Model for interface on-off switching based on the effects of attractant on disulfide formation
rates in the membrane-bound array. A) Shown is the cytoplasmic four-helix bundle of a
homodimeric receptor – specifically, the hairpin region of the bundle at its cytoplasmic tip –
as well as a single CheA kinase regulatory domain. The four pairs of Cys residues that
exhibit rapid, attractant-insensitive disulfide formation rates are clustered in a well-defined
region (black lines inside dashed circle). These attractant-insensitive crosslinks define a
stable contact between the N-terminal helix of the receptor four-helix bundle and a localized
interaction surface on kinase regulatory domain. The insensitivity of these disulfide
reactions to attractant provides strong evidence that the stable helix-domain complex moves
as a unit. The two pairs of Cys residues that exhibit rapid, attractant-sensitive disulfide
formation rates are linked by blue lines. These attractant-sensitive crosslinks are formed
between C-terminal helices of the receptor four-helix bundle and adjacent regions of the
kinase regulatory domain and detect a change in local conformation or dynamics. B) The
model proposes that the stable helix-domain complex (inside the grey border) undergoes an
attractant-triggered change in equilibrium position or dynamics relative to the other three
helices of the receptor four-helix bundle. Attractant-triggered switching of the on-state to the
off-state yields rotation (R) or translation (T) of this helix-domain complex (blue arrows),
speeding collisions with the C-terminal helix of the adjacent receptor subunit, and slowing
collisions with the C-terminal helix of the same subunit. Thus the rV398C-kE550C and
rG401C-kQ619C disulfide formation rates increase and decrease, respectively, in the
presence of attractant as observed (Fig. 8).
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Table 1

Comparison of Model 1 and Model 2 Cβ-Cβ Distances

Tsr, CheA Kinase Mutanta Model 1 Cβ-Cβ (Å)b Distance Designationc Model 2 Cβ-Cβ (Å)b Distance Designationc

rA383C, kL545C 16.0 Distal 7.7 Proximal

rA387C, kL545C 9.9 Proximal 4.7 Proximal

rV398C, kL545C 22.1 Distal 18.3 Distal

rG401C, kL545C 22.5 Distal 22.6 Distal

rA383C, kE550C 13.4 Distal 11.6 Distal

rA387C, kE550C 9.6 Proximal 12.4 Distal

rV398C, kE550C 11.2 Distal 10.5 Proximal

rG401C, kE550C 16.5 Distal 15.2 Distal

rA383C, kL616C 12.4 Distal 11.2 Distal

rA387C, kL616C 11.7 Distal 15.1 Distal

rV398C, kL616C 17.3 Distal 19.8 Distal

rG401C, kL616C 19.5 Distal 22.0 Distal

rA383C, kQ619C 12.7 Distal 5.6 Proximal

rA387C, kQ619C 8.8 Proximal 8.3 Proximal

rV398C, kQ619C 20.5 Distal 12.2 Distal

rG401C, kQ619C 18.7 Distal 8.4 Proximal

rA383C, kI617C (15.7) NA (12.6) NA

rV398C, kI617C (25.3) NA (19.3) NA

rG401C, kI617C (22) NA (13.9) NA

a
Bold pairs switch from proximal to distal between the two models and exhibit a change of separation exceeding 2.5 Å.

b
In the case of Cys pairs possessing the receptor G401C substitution, the Gly was mutated to Ala prior to calculating Cβ-Cβ distances in

MacPyMol 65.

c
Proximal and Distal pairs are defined as < 11 Å and > 11 Å Cβ-Cβ separation respectively.
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