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Flagellated bacteria constantly and actively search for optimum niches for their
survival and proliferation by swimming in the environment. A family of receptor
proteins, named chemoreceptors or methyl-accepting chemotaxis proteins
(MCPs), along with cellular energy sensor Aer and sensory rhodopsins (SR)
guide the cells towards optimal chemical and spectral compositions by controlling
the activity of intracellular kinase CheA and thereby regulating cellular taxes (or
movements). These receptors also serve as model systems for transmembrane
signal transduction and cell-environment interaction. Although the receiver
domains in these receptors vary greatly in sequence, function, and even in
disposition relative to the membrane, the cytoplasmic domains of all of these
transmembrane proteins share high homology and signal through the same
kinase CheA. We engineered two variants of the cytoplasmic domain of E. coli
aspartate receptor Tar, H1-Tar and H1-2-Tar, that mimic the ligand unbound and
bound states of the full length native receptor, respectively, in order to uncover
the general principle behind kinase activity regulation. As translated, H1-Tar
stimulates the kinase, whereas H1-2-Tar deactivates the kinase both in vivo and
in vitro, despite similar binding to CheA. These variants also respond to the
modifications in four conserved glutamate and glutamine residues as the native
Tar: mutation of two glutamines to glutamates renders H1-Tar deactivating,
whereas H1-2-Tar stimulates the kinase upon mutation of the two glutamates to
glutamines. Continuous wave and pulsed dipolar electron spin resonance
spectroscopic studies of the spin labeled variants reveal dynamical coupling
throughout the cytoplasmic domain of MCPs and that dynamics in the two ends
of the domain are inversely correlated. The dynamics in the membrane distal
region of the domain, named protein interaction region (PIR) that interacts with
the kinase via an adaptor protein CheW correlate with the activating state of the
receptors: conformationally dynamic PIR deactivates CheA and relatively static

	
  

PIR activates the kinase. Thus, we find that these receptors regulate the kinase
activity based on the receiver domain state and modifications in those conserved
residues by altering the dynamics throughout the cytoplasmic domain. Of these
receptor proteins, the state of the receptive PAS domain of the energy sensor
Aer relevant for CheA activity modulation is not particularly well described. We
have, for the first time, purified bacterial Aer and have confirmed that Aer PAS
domain binds FAD as a cofactor. In vitro sodium dithionite treatment reversibly
reduces FAD in Aer from fully oxidized state to the single electron reduced
anionic semiquinone (ASQ) state supporting the notion that Aer FAD samples
different redox states to modulate the kinase activity. We show that Aer in fully
oxidized FAD state activates the kinase, whereas in ASQ state inhibits the
kinase. These results suggest that Aer senses the electron flow in the electron
transport chain through FAD bound at the PAS domain and modulates the kinase
activity based on the FAD redox state. Overall, this dissertation gains insights
into the mechanisms of how these transmembrane receptors regulate the kinase
activity in order to govern bacterial motion in response to the environmental
stimuli.
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Chapter One
Introduction
1.1 Bacterial Chemotaxis:
Bacterial chemotaxis (1–3) is a process that guides flagellated bacteria towards
the optimal chemical environment as demanded by its metabolic requirements.
The process is best explored in Escherichia coli; hence here onwards E. coli
chemotaxis is described in detail. In isotropic media, multi-flagellated E. coli
move with two distinct phases: relatively long “runs” that last up to several
seconds (i.e. swimming in almost a straight line) and brief “tumbling” for ~0.1 s
that interrupts the run. Bacteria “run” when flagella rotate in counter-clockwise
(CCW) direction producing a flagellar bundle that propels the cells forward,
whereas stochastic reversal of flagellar rotation to the clockwise (CW) direction
causes cellular tumbling that reorients the cell for the next “run”. In anisotropic
media with concentration gradient of chemicals E. coli search out the optimal
chemical niches by regulating the duration of the “run” and “tumbling”. When the
cells steer up the concentration gradient of beneficial chemicals (attractants) or
steer down the gradient of harmful chemicals (repellents), the chemotactic
process lengthens the “runs” by biasing the flagellar rotation in the counterclockwise (CCW) direction. In contrast, cells tumble more upon encountering
decreasing concentration of attractants and/or increasing repellent concentration
by inducing clockwise (CW) rotation of the flagella, which leads to the
disassembly of flagellar bundle. As each flagellum separated from the others
propels the cell in a unique direction, the cell reorients (Fig. 1-1) (4, 5).
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Figure 1-1: E. coli chemotaxis: An E. coli cell is depicted at different stages
during Chemotaxis.
	
  
The chemotaxis system detects chemicals in the environment, transmits the
information to the interior of the cell and processes the information to enable the
cell to alter its behavior; for its relative simplicity, chemotaxis serves as a model
system for transmembrane signaling. The system displays exceptionally high
sensitivity, gain, and cooperativity, wide sensing range, and precise adaptation
(6–8). Bacterial chemotaxis senses a wide range of ligand concentrations from
300 nM to 100 mM for α-methyl aspartate spanning six orders of magnitude (9).
The sensing range varies with the specific ligand under consideration. At the
same time, the system can detect a change of only 1% in the ligand occupancy
(10, 11), which elicits up to 50% change in the rotational bias of the flagella (10)
and up to 36 fold change in the activity of the intracellular proteins (12). This high
gain in the process indicates that the underlying signaling pathway is highly
cooperative and, as a matter of fact, Hill coefficients as high as 10 have been
observed for the stimulus-response curve (13, 14). With these exceptional
features bacterial chemotaxis pathway has provided a basis for numerous
experimental, theoretical (15, 16), and evolutionary (17) studies over the past
several decades. The chemotaxis system is also similar to and shares
components with other microbial taxis systems, namely phototaxis (18, 19),
which steers cells based on the quality and quantity of light, and energy taxis
(20–22) that directs bacteria towards optimum energy producing environment.
Chemotaxis has also been associated with several microbial diseases such as
cholera by Vibrio cholerae (23, 24), gastritis and duodenal ulcer by Helicobacter
pylori (25, 26), Lyme disease by spirochete (27), and salmonellosis by
Salmonella (28), for directing the pathogens to their niches inside the host’s
body, and thereby assisting in the diseases. The unique ability of the chemotaxis
system to guide bacteria toward a source offers a potential means to appropriate
the system for various applications including the identification and killing of
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cancer cells (29, 30). Thus, health concerns also spur research on bacterial
chemotaxis.	
  

1.2 Components of the E. coli Chemotaxis Signaling Pathway: 	
  
The chemotaxis pathway involves two transmembrane protein complexes: a
receptor signaling complex and a flagellar assembly, which together sense the
chemical environment and elicit the required changes in the movement of
bacteria. The receptor signaling complex includes the receptor proteins, named
methyl-accepting chemotaxis protein (MCP) (31), intracellular kinase CheA (32–
34), and the cytoplasmic adaptor protein CheW (35–37) that couples CheA to
MCPs. The flagellar assembly is a highly complex structure and resembles a
macroscopic motor (6, 38). It consists of more than 50 gene products and
controls the direction of flagella rotation based on the information input from the
signaling complex. In addition to the two membrane complexes, the core
signaling pathway also comprises several cytoplasmic proteins: the response
regulator CheY (39–41), which transmits the signal from the signaling complex to
the flagella, the phosphatase CheZ (42), which terminates the excitation signal
by dephosphorylating CheY, and the receptor modification enzymes: the methyltransferase CheR (43–45), and methylase CheB (46, 47). The kinase CheA and
the response regulator CheY characterize the chemotaxis pathway as the twocomponent signaling mechanism, widespread in bacteria and archaea (48–51).
1.2.1 MCP Receptors:
Receptors in the E. coli MCP family vary in the abundance: high-abundant Tsr
and Tar sense and respond to the attractant serine, and aspartate and maltose,
respectively, whereas low abundant Trg and Tap mediate taxis respectively
towards ribose and galactose, and dipeptide (52, 53). Tar also responds to the
repellent Ni+2 ion (54). Another receptor Aer, which monitors internal energy of
the cell and thereby directs it towards optimum energy generating environment
(55, 56), is similar to the other chemoreceptors and normally is included into the
MCP family.
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MCPs are homodimeric transmembrane receptor proteins that assemble into the
functional unit of a trimer-of-dimers (14, 57–59), which comprises either like or
mixed receptors as a means to integrate information about different chemicals in
the environment (60–63). These trimers-of-receptor dimers organize into
extended hexagonal arrays mostly in the cell poles (64–66) and engage CheW
and CheA in the cytoplasm in order to regulate the kinase activity effectively and
cooperatively (36, 67–70). Each homodimer contains a periplasmic domain, a
transmembrane region, and in the cytoplasm, a membrane proximal HAMP
domain and a kinase control module (KCM) (Fig. 1-2). From HAMP proximal to
the distal end, the KCM is subdivided into adaptation, glycine hinge, and protein
interaction regions (17). Each subdomain is functionally unique. The periplasmic
domain binds ligands in the periplasm (71, 72). The transmembrane region
transmits the conformational changes in the periplasmic domain upon ligand
binding across the lipid bilayer. The HAMP domain, widely found in Histidine
kinases,

Adenylyl

cyclases,

Methyl-accepting

chemotaxis

proteins,

and

Phosphatases, is a signal conversion module that relays the input signal from the
transmembrane region to the KCM to modulate the activity of the kinase CheA
(73–75). The adaptation region contains four or five specific glutamates and
glutamine residues that undergo reversible methylation by CheR and CheB,
which together equip the chemotaxis process with the ability to adapt to the level
of stimulus (76). The glycine hinge region allows deformation in the receptor
structure in order to facilitate higher order arrangements (77) that in turn, favors
the high cooperativity of the process. The protein interaction region directly binds
to and regulates the activity of CheA, and also provides the interaction surfaces
to form the trimer-of-dimers.
MCPs have a ~380 Å long helical structure that spans periplasm, lipid bilayer,
and cytoplasm (Fig. 1-2A). Each subunit contributes four helices, α1 through α4,
to the periplasmic domain (Fig. 1-2B), among which α4 is contiguous with
transmembrane helix 2 (TM2) (72, 78). The transmembrane region is constituted
from four helices (TM1/TM1’ and TM2/TM2’), two of which are donated by each
subunit. TM1 extends into the periplasm to construct the α1 helix. The HAMP
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domain is a parallel four-helical coiled coil structure (73, 74) with two helices
(AS1/AS2 or AS1’/AS2’) provided by individual subunits (Fig. 1-2C). Directly
attached to the HAMP domain is a long extended antiparallel dimeric four-helix
bundle (helices CD1/CD2 or CD1’/CD2’) that forms the KCM (Fig. 1-2D) (58, 79).
The C-terminal residues of the KCM form an NWETF motif that binds the
adaptation enzymes CheR and CheB to facilitate modifications of the adaptation
region (Fig. 1-2A) (80, 81).

	
  
Figure 1-2: Structures of different segments of MCPs: (A) Schematic of a
transmembrane MCP displays the relative disposition of all of the subdomains
relative to the lipid bilayer. Black and white circles, respectively, represent the
specific glutamate and glutamine residues in the adaptation region. The black
cylinders at the end of the C termini represent the NWETF motifs. (B) Structures
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of the periplasmic domain in apo- and aspartate-bound state of E. coli Tar (PDB
IDs: 1LIH and 1WAT, respectively) are superimposed to depict the conformation
change in the α4 helix that occurs upon ligand binding (green = apo state and red
= ligand bound state, respectively) that apart from which the two structures
overlap very well. The aspartate is shown in red stick. (C) The structure of
HAMP1 from the P. aeruginosa HAMP1-2-3 (PDB ID: 3LNR) (D) The antiparallel
four helical structure of the KCM in E. coli Tsr is adapted from PDB ID: 1QU7.
1.2.2 The CheA Kinase and CheW Adaptor Protein:
The histidine kinase CheA is a homodimeric multidomain protein containing five
domains, P1 through P5. The four helical P1 domain contains the conserved
histidine (H48 in E. coli and H45 in T. maritima) that undergoes phosphorylation
to transfer the phosphoryl group to the conserved aspartate residues of the
response regulators CheY and CheB (Fig. 1-3A, B) (34, 82). The least conserved
P2 domain has α/β structure and facilitates phosphotransfer by binding the
response regulators and thereby increasing their proximity to the P1 domain (Fig.
1-3B) (33, 83). The P3 is dimerization domain and assumes an antiparallel fourhelix bundle structure similar to that of the receptors. The catalytic P4 domain
binds adenosine triphosphate (ATP) and phosphorylates the histidine in the P1
domain, whereas the regulatory P5 domain binds the protein interaction region in
the receptor and CheW to exert the receptor influence on the kinase activity (Fig.
1-3C) (32). The P2 domain is attached to P1 and the core of the kinase formed
by P3-P4-P5 domains via two linkers, which allows flexibility to the P1 and P2
domains for proper functional regulation.
The structural complementarity of the CheW and the P5 domain permits the
interaction of the two, which in turn facilitates the higher order hexagonally
packed arrangement of the trimers of receptor dimers linked by networks of the
kinase and the adaptor protein (Fig. 1-3D) (84).
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Figure 1-3: Structural details of the CheA domains and CheW: (A) First four
helices of the P1 domain are depicted from T. maritima (PDB ID: 1TQG) with the
conserved histidine. (B) Based on PDB ID: 1EAY, the complex of P2 domain and
CheY, both from E. coli, is represented with the conserved aspartate residue. (C)
The core structure of CheA dimer, formed by P3, P4, and P5 domains, is
adapted from PDB ID: 1B3Q. (D) The three dimensional structure of E. coli
CheW is delineated (PDB ID: 2HO9).
1.3 Signaling Mechanism of Bacterial Chemotaxis:
Multiple proteins coordinate their functions to propagate chemoattractant signals
from the outside of the cell to the flagellar motor (6, 85, 86) (Fig. 1-4). Bacterial
chemoreceptors or MCPs detect and bind specific chemicals in the periplasmic
domain as the first step of the signaling mechanism. Repellent binding
transduces an activating signal through the receptors to the kinases in order to
catalyze auto-phosphorylation of CheA, the step where the ATP bound in the P4
domain phosphorylates His48 in the P1 domain. The phosphate group from the
P1 domain is transferred to Asp57 in the CheY bound to the P2 domain. The
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phosphorylated CheY (CheY-P) diffuses in the cytoplasm and binds to the motor
protein FliM in the flagella complex causing CW rotational bias of the flagella,
which leads to cellular tumbling and eventually a change in the swimming
direction. Attractant binding, on the other hand, deactivates the kinase leading to
discontinuation of CheY phosphorylation. CheY-P auto-dephosphorylates on the
time scale of 10 s, but the phosphatase CheZ accelerates dephosphorylation 100
fold (0.1 s) (87). CheZ co-localizes with the signaling complex via an allele of
CheA, CheAs, that lacks the first four helices in the P1 domain (88). Lower
binding affinity of dephosphorylated CheY for FliM induces its dissociation from
the flagellar assembly and thereby, promotes CCW rotational bias of the flagella.
Thus, by modulating kinase activity, chemoreceptors govern the chemotaxis
process.

	
  
Figure 1-4: Schematic of the signaling pathway in bacterial chemotaxis.
	
  
The bacterial chemotaxis system has the ability to precisely adapt to a new
environment and to retain sensitive detection over a wide range of chemical
concentration. The adaptation enzymes CheR and CheB together endow the
system with these qualities by providing feedback of current conditions to the
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system. The response regulator CheB is phosphorylated and thus activated by
the kinase CheA, whereas the methyltransferase CheR is constitutively active.
Activated CheB demethylates or deamidates, respectively, the methylated form
of the specific glutamates and the specific glutamines on the receptors (Fig. 12A) (89, 90), and counteracts the activating effect of repellent binding by
transmitting a deactivating signal to the kinase. On the other hand, CheR
methylates the glutamates encoded by the gene or generated after deamidation
of the glutamines as a means to activate the kinase and oppose the effect of
attractant binding (91, 92). Thus, along with chemical binding in the periplasmic
domain, the methylation state of the adaptation region on the receptor dictates
the kinase activity (14). This negative feedback loop in turn restores CheA
activity to the pre-stimulus level and as a result cells adapt to a new environment.
Mutation of the glutamate residues to glutamine residues in vitro has been shown
to functionally mimic the consequence of methylation of the receptors. Different
methylation levels translate the cooperative ligand-response curve of the
signaling complex along the axis of ligand concentration by altering the
dissociation constant of periplasmic domain for the ligand (93–95). Thus, the
CheR-CheB pair assists the chemotaxis process to retain wide sensing range by
maintaining sensitive detection in very different ligand concentrations.
1.4 Propagation of ligand-binding signal to the kinases:
Cell surface receptor proteins, such as G-protein-coupled receptors and receptor
tyrosine kinases, enable cells to interact with and thereby adapt to the changes in
the surroundings by binding the ligands in the extracellular regions and
transducing the ligand binding signal to the interior of the cell (96–98).
Thematically MCPs are similar to the other cell surface receptor proteins as they
also regulate an intracellular phosphorylation cascade based on the chemicals
detected in the periplasmic space, yet they are notable because of the distance
over which allostery propagates: CheA binds to the protein interaction region,
almost 380 Å away from the ligand binding pocket. So, a comprehensive
knowledge of how the allostery is transmitted through the chemoreceptors over
such a long distance to modulate the activity of the kinase is valuable, as that
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would potentially reveal general mechanisms of how conformational changes are
relayed in large modular proteins. A piston-like displacement of the α4 helix and
the transmembrane helix 2 (TM2) towards the cytoplasm upon attractant binding
has

been

shown

by

crystallography,

electron

spin

resonance

(ESR)

spectroscopy, solid state nuclear magnetic resonance (ssNMR) spectroscopy
and other biophysical methods (78, 99, 100). But, how this conformational
change is propagated in the cytoplasmic domain of the receptors is a contentious
topic.
Three models have been proposed for the HAMP mechanism, with each
supported by some lines of experimental evidence. (A) After comparison of the
crystal structure of an archeal HAMP domain with the canonical “knob into hole”
structure of four helix bundle, a gear-box model has been presented as the
HAMP mechanism in which the helices rotate with respect to each other to switch
between the proposed two states: “knob into hole” and “knob to knob” structures
(73). (B) Cysteine and disulfide scanning studies suggest a scissor like motion of
the HAMP helices as the mechanism of sending the piston displacement in the
TM2 to the KCM (101). (C) A large dataset of mutational analyses generates a
biphasic stability model in which moderately stable HAMP domain transmits
activating signal to the kinase, whereas both of highly stable and unstable HAMP
domains deactivate CheA (102, 103). Various other methods including pulsedipolar ESR spectroscopy support this model (104).
Unlike disparate models for HAMP action, the KCM has been widely accepted as
a dynamic structure that alters its dynamical properties as a means to propagate
the ligand-binding signal to the kinase (62, 101, 105, 106). In spite of this general
acceptance, the detail of the changes in dynamics is highly debated (101, 105,
106). Apart from that, a rotational model also exists for signal transmission
through the KCM (107). A considerable part of this dissertation is devoted
towards allosteric propagation in the cytoplasmic domain of the chemoreceptors.
The dynamics alteration in KCM has been implicated to regulate the
sequestration and mobility of P1 and P2 domains of the kinase as a means to
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modulate autophosphorylation rate of CheA, although the details of this is to be
further explored (108, 109).
1.5 Distance Measurements in Biomolecules with Double Electron Electron
Resonance (DEER) Technique:
Functions of biomolecules are often encoded by their three-dimensional (3D)
structure, which can be defined either by the relative coordinates of all the atoms
or by the pairwise distances between the atoms in the molecule. X-ray
crystallography and cryo-electron microscopy solves for the former criteria to
determine the structure, whereas small angle X-ray scattering (SAXS),
fluorescence resonance energy transfer (FRET), measurement of nuclear
overhauser effect (NOE) in nuclear magnetic resonance (NMR), and various
techniques in electron spin resonance (ESR) seek for the latter constraints. This
chapter elaborates on a particular distance measurement technique of ESR
called double electron electron resonance (DEER).
Being an ESR technique, DEER is sensitive to magnetic moments arising from
unpaired electron spins. However, biomolecules are diamagnetic in nature,
necessitating labeling them with spin labels site specifically. Spin labels are
stable chemical compounds containing unpaired electrons, and relevant
functional groups for modifying biomolecules at a precise location (110, 111). For
proteins, common practice is to generate a cysteine-less variant that preserves
the function of the native protein and then to introduce a cysteine site specifically
by mutating the corresponding gene with polymerase chain reaction (PCR)
followed by covalent modification of the cysteine with a cysteine-specific spin
label, MTSL (Fig. 1-5). To measure distance with DEER, at least two protein sites
must be modified with the spin label.
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Figure 1-5: Spin labeling a protein. Protein molecule is depicted as a cyan
sphere and the SH group refer to the cysteine residue at the surface of the
protein that reacts with the MTSL to be spin labeled. Two such labels are
required for DEER.
DEER is a spin echo-based pulse ESR technique that probes the dipolar
interaction between the two spins selectively and very accurately (112, 113). The
dipolar coupling ωee (r, θ) is defined as:
𝜔!! 𝑟, 𝜃 =    𝜔! [1 − 3 cos ! (𝜃)]
with
𝜔! =    𝛾!!   ℏ! /𝑟 !
for two like spins, such as two MTSL labels. In these equations, r is the distance
between the two spin centers, θ is the angle between r vector and the direction of
applied magnetic field (Fig. 1-6A), and γe is the gyromagnetic ratio for the spins.

	
  
Figure 1-6: Spin interaction and pulse sequence for 3-pulse DEER. (A) A
schematic shows the distance vector r between two spins, spin 1 (S1) or
observer spin and spin 2 (S2) or pump spin, and the magnetic field meet at angle
θ. (B) Pulse sequence of 3-pulse DEER is depicted with τ being fixed and t being
variable.
Pulse sequence of 3-pulse DEER (114), one of the variations of the technique, is
depicted in Fig. 1-6B. The sequence is comprised of a spin echo at resonance
frequency of a selective set of total spins, called the observer spins (S1), and
another π pulse at a separate frequency at which another set of total spins,
called pump spins (S2), resonate. The pump π pulse is applied at variable times
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after the first π/2 pulse. DEER monitors modulation of the echo signal arising
from the observer spins due to π pulse-induced population inversion of the pump
spins that couples the observer spins with dipolar interaction. Being an echo
technique,

DEER

effectively

removes

electronic

and

nuclear

Zeeman

interactions, hyperfine interaction, and also electron electron dipolar interaction
within observer spins set. Vector diagrams in Fig. 1-7 depict the states of the
magnetizations at various moments during the experiment.
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Figure 1-7: A pictorial description of the DEER mechanism. Vector diagrams
illustrate the magnetization arising from the observer spins at various moments
during the pulse sequence with and without the pump π pulse.
The first π/2 pulse tips the net magnetization from the observer spins in the x-y
plane. Different energy of the two halves of the observer spins due to interaction
with either of the two states of the pump spins (ms = + ½ or ms = - ½) causes the
two halves of the magnetization to diverge in the rotating frame of reference.
These two halves of the magnetization will coalesce if the pump π pulse is not
provided. However, as the pump π pulse inverses the population of the pump
spins, energy of the two halves of the observer spins is altered upon application
of the pump π pulse. As a consequence the echo signal intensity is modulated as
a function of cos (ωee t). From the modulation frequency distance or distance
distribution between the two spin labels is calculated using Tikhonov
regularization method (115) followed by a refinement using maximum entropy
method (116).
As the microwave pulses applied are not exactly rectangular in time, they impose
an issue of dead time, during which application of another pulse creates
unwanted aberrations. This issue limits collection of early time data points, during
which signal from a broad distance distribution disappears. Another variation,
called 4-pulse DEER, smoothly avoids the dead time issue by introducing double
echo sequence (Fig. 1-8) (117).
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Figure 1-8: Pulse sequence of 4-pulse DEER. 4-pulse DEER sequence is
depicted with τ1 and τ2 being fixed intervals for the two spin echos and t being
variable time. The virtual echo signal is shown as a dotted envelope.
Distance distributions between two fixed sites in a protein or protein complex
encode structure in the maximum probable distance and local dynamics in the
breadth of the distribution (106). All the distance distribution data shown in this
dissertation have been collected from flash cooled frozen samples with 4-pulse
DEER operated at 17.35 GHz.
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Chapter Two
Bacterial chemoreceptor dynamics correlate with activity state and
are coupled over long distances
2.1 Introduction:
The ability of localized dynamics to modulate the function of transmembrane
receptors is an emerging theme in signal transduction (1-4). These ideas have
been

largely

supported

by

computational

studies

(2),

although

direct

measurements also correlate dynamics with activity (1-4). Nonetheless, we are
only beginning to address the link between conformational heterogeneity and
signal propagation in complex proteins. Bacterial chemotaxis, the process by
which cells modulate their motility in response to the chemical environment,
provides an important model system to explore receptor dynamics experimentally
(5,

6).

During

chemotaxis,

attractant-bound

chemoreceptors

cause

counterclockwise (CCW) flagella rotation and smooth swimming, whereas
repellant-bound receptors cause clockwise (CW) flagella rotation and cell
tumbling. Chemoreceptors, also termed methyl-accepting chemotaxis proteins
(MCPs) form extended arrays in the cytoplasmic membrane to communicate
ligand binding (6) to the histidine kinase CheA and the coupling protein CheW.
Great progress has been made in understanding how receptors communicate
ligand binding events across the cytoplasmic membrane, but how these changes
affect CheA is not well understood (5-7).
Homodimeric chemoreceptors have a modular architecture. Each subunit
supplying a periplasmic ligand binding domain, a helical transmembrane region
and half of two cytoplasmic 4-helix bundles that extend from the membrane to
engage CheA and CheW in the cytoplasm (8). The transmembrane region
contains four antiparallel helices (TM1/TM2, TM1’/TM2’) and connects to the
membrane-proximal HAMP domain through TM2 and TM2’. The HAMP domain
(for Histidine kinase, Adenylyl cyclases, Methyl accepting chemotaxis proteins,
and Phosphatases) comprises a parallel 4-helix bundle (AS1/AS2, AS1’/AS2’)
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with two helices supplied from each subunit (7). HAMP joins to the kinase-control
module (KCM), which forms a long, antiparallel 4-helix bundle, also with two
helices supplied by each subunit (CD1/CD2 and CD1’/CD2’) (6). The KCM can
be further divided into an adaptation region, a flexible bundle with glycine hinge
and a protein interaction region (PIR) at the receptor tip. The adaptation region
contains

conserved

Glu

residues

that

undergo

reversible

methylation/demethylation by the methylase CheR and methylesterase CheB,
respectively. For the well-studied aspartate (Tar) and serine (Tsr) receptors of E.
coli, chemoattractant binding inhibits CheA activity (kinase-off, CCW flagellar
rotation) and this effect is countered by methylation, which reactivates the kinase
and weakens affinity for attractant. In contrast, binding of repellants (or release
of attractant) activates CheA (kinase-on, CW flagellar rotation) and is similarly
countered by demethylation. Substitution of specific Glu residues to Gln
functionally mimics methylation (9).
Conformational changes associated with ligand binding to chemoreceptors are
well described in the periplasm and transmembrane regions (6, 8, 10), but less
so in the cytoplasm. Attractant binding to the periplasmic domain of Tar causes a
vertical displacement of the a4 helix that directly attaches to TM2 (10). TM2
responds with a piston displacement that has been characterized by a variety of
experimental and computational methods (6, 8, 11, 12). The TM2 piston motion
relays to the HAMP domain through a small “control cable” on the cytoplasmic
side of the membrane (13). HAMP is then proposed to undergo a change in both
structure and dynamics (7, 14). Mutagenesis studies suggest that HAMP in
kinase-off states is less dynamic than in kinase-on states (7, 15, 16). Molecular
dynamics simulations on membrane embedded Tar provide a different picture,
wherein ligand binding produces only modest changes in dynamics, with motions
of AS2 slightly increasing in the kinase-off state (12). Dynamical changes in
HAMP may be mirrored by dynamical changes in the KCM: mutations that
destabilize packing in the PIR lock-in kinase-on states, whereas destabilization of
the adaptation region produces kinase-off states (17). Rates of disulfide crosslinking indicate that kinase-off mutations are indeed more dynamic (14, 17). This
	
  

30	
  

	
  
so-called “yin-yang” model (14) represents the cytoplasmic regions of the
receptor as two units – the adaptation and PIRs - which alternate their degree of
conformational fluctuation depending on signaling state (14). Between these
modules, a flexible bundle region facilitates conformational coupling (18).
Structural changes within the KCM have also been attributed with kinase
regulation. The HAMP AS2 helices may undergo a scissor opening motion when
transitioning from kinase-off to kinase-on (14, 19). Attractant sensitive disulfide
bond formation between CheA and receptor suggest that the N-terminal CD1
helices rotate in the PIR upon ligand binding (20). Rotations (21, 22) and
longitudinal shifts of helices (23) within HAMP have been implicated as
regulatory switches and such transitions may interconvert states with different
dynamical properties. Long duration, all-atom molecular dynamics simulations
indicate that separation of one KCM N-terminal helix (CD1) and the C-terminal
helix of the other subunit (CD2’) are coupled to the flipping of a conserved Phe
residue at the receptor tip and that these changes correlate with modification
state (24).

Nonetheless, these observations have yet to be combined in an

encompassing model of receptor activation.
We have shown that when two structurally distinct HAMP modules (H1 or H1-2)
taken from P. aerurginosa Aer2 are fused to the Tar KCM, the resulting chimeras
produce exclusive kinase-on and kinase-off states in cells (25). Pulsed-dipolar
ESR spectroscopy (PDS) in concert with site-specific spin labeling (SDSL)
demonstrated that the two HAMP modules maintained their structures in the
respective fusions and further enforced their AS2 arrangements across the
junction into the KCM (25). The activating HAMP (H1) indeed displayed much
broader distributions of spin separations than the inactivating module (H1-2) and
these dynamical features were mirrored in the attached KCM. Here we further
employ PDS and CW-ESR to probe the KCM dynamics of these kinase-on (H1Tar) and kinase-off (H1-2-Tar) effector modules (Fig. 2-1). The widths of PDS
distance distributions correlate well with spin-label dynamics. Together they
reveal that in a given effector, the HAMP domain enforces a similar helical
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separation, and dynamic state across the junction into the KCM, whereas the PIR
assumes the opposite behavior. The conformational dynamics and activation
state of all modules coherently switch when H1 is replaced by H1-2 and these
changes can be mostly reversed by covalent modification in the adaptation
region.

	
  
Figure 2-1: Schematic representations of spin-separations generated by
different helix packing and labeling locations. (A) Schematic of the bacterial
chemoreceptor is shown, with the effector module, studied in this report, depicted
in box. (B) Differences in spin separations on AS2 between the H1 and H1-2
conformations predicted from their crystal structures. Insets display the crystal
structure of the C-terminal plane of the two HAMPs viewed from the N-terminal
end (AS2, and linker in green). (C) Differences in spin-separations within the 4helix bundle of the KCM for an f and e site (with * representing the spin label) and
the hypothetical effect of a CW CD1 rotation on these distances.
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2.2 Results:
2.2.1 CheA activity and ternary complex stability:
Aer2 contains a poly-HAMP module of three concatenated HAMP domains (H12-3). The structure of the H1-2-3 poly-HAMP revealed that H2 has a different
conformation compared to H1 and H3, which are similar in structure (26). In H2,
the bundle is rhombically distorted such that the AS2 helices interact more
closely and approximate a two-helix coiled-coil (Fig. 2-1B). As previously
reported (25), chimeras that fuse H1 to the Tar KCM (here H1-Tar, named H1s in
(25)) and H1-2 to the Tar KCM (here H1-2-Tar, named H1-2s in (25)) produce
very different output signals when expressed in E. coli cells devoid of all other
receptors (Fig. 2-2A). In cells lacking the adaptation system (CheRB-) H1-Tar is
100% CW (kinase-on) and H1-2-Tar is almost exclusively CCW (kinase-off). In
the presence of the methylation system (CheRB+), kinase activation increases
with H1-2-Tar, although a converse inhibition is not seen with H1-Tar.

	
  
Figure 2-2: Properties of the H1-Tar and H1-2-Tar effectors. (A) In vivo
activity of H1-Tar and H1-2-Tar. Expression of H1-Tar and H1-2-Tar in an E.coli
strain devoid of other receptors gives different cell swimming behavior, which
reflects their ability to activate CheA. The tumbling frequency was measured in
adaptation less background (CheRB -, grey bars) as well as with adaptation
proteins present in the cell (CheRB +, black bars). The bars plot the median, and
the error bars border the lower and upper limit of the ranges of tumbling
frequency observed (Adapted from (1)). Vector alone serves as the control. (B) In
vitro activity of H1-Tar and H1-2-Tar. H1-Tar (grey) stimulates the
phosphotransfer activity of CheA to CheY relative to CheA and CheW alone
(control), whereas H1-2-Tar (grey) does not. This difference in activity is largely
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reversed upon covalent modification in H1-Tar EEEE (black), or H1-2-Tar QQQQ
(black). Error bars represent standard errors of the mean (SEM) calculated from
at least four independent experiments (4≤n≤6). (C) Interaction of H1-Tar and
H1-2-Tar with CheA and CheW. Purified CheA and CheW were pulled down
with S-tagged effectors. Molar subunit ratios of bound CheA and CheW to
effector were calculated as described in the methods section, and averaged from
five independent experiments. Error bars are shown as SEMs (n = 5; P = 0.01
and P = 0.06 for differential binding of CheA and CheW, respectively).
In vitro assays demonstrate the ability of H1-Tar and H1-2-Tar to differentially
regulate CheA phosphotransfer activity without appreciably altering binding to the
kinase or CheW (Fig. 2-2). H1-Tar activates phosphotransfer to CheY over 10
fold, whereas H1-2-Tar does not (Fig. 2-2B). These effects are largely reversed
by modification in the adaptation region: when all Gln sites in H1-Tar are
changed to Glu (EEEE), H1-Tar no longer activates CheA and when the H1-2Tar sites are changed to Gln (QQQQ) phosphotransfer increases substantially
(Fig. 2-2B). Pull-down experiments with affinity tagged effectors and purified E.
coli CheA and CheW show that the opposing in vitro and cellular activities of H1Tar and H1-2-Tar in the same modification state (QEQE) do not derive from the
ability of only one protein to produce ternary complexes. Both effectors bind
similar amounts of CheA and CheW with H1-Tar binding slightly more of both
proteins (Fig. 2-2C). The molar subunit ratios in the pull-downs of
receptor:CheW:CheA are [6:1.2:1] for H1-Tar and [6 :1.1:0.7] for H1-2-Tar, which
in both cases are quite close to the stoichiometry predicted for the membrane
arrays [6:1:1] (27, 28).
2.2.2 Conformational differences in the KCM:
PDS and SDSL were used to report on conformational dynamics at the HAMP
junction and throughout the KCM (Fig. 2-3). Engineered Cys residues were spinlabeled with nitroxides (MTSL) on HAMP AS2 and at seven sites in the KCM
(Fig. 2-3). Distance distributions between each spin pair generated by effector
dimerization were measured for both H1-Tar and H1-2-Tar by the PDS technique
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of DEER spectroscopy (Fig. 2-3; Table 2-1) (29). Broader spatial distributions
represent larger amplitude motions of the spin-labels. Residues in the H1 and
H1-2 Aer2 HAMP domains have their Aer2 numbering, whereas residues in KCM
have their E. coli Tar values. R53 of H1-Tar and A109 of H1-2-Tar are equivalent
positions at the C-terminal end of AS2 in the respective HAMP modules. E270, in
N-terminal helix CD1, resides across the junction into the KCM at the HAMP
proximal end of adaptation region. A298 resides in CD1 and A487 resides in CD2
of the adaptation region. A312 (in CD1) and A417 (in CD2) border the flexible
bundle region. I375 and A381 (in CD1/CD1’) are in the N-terminal helix of the
PIR. These positions were chosen to be mostly “f” sites in the heptad repeats of
the effector coiled-coils to minimize any structural perturbation by the label
(although A381 holds an “e” site; Fig. 2-1C). Indeed, spin-labeling the effectors in
the HAMP and adaptation region does not affect their activities (Fig. 2-4).
The PDS distance distributions report on conformational differences in the
helices through their mean values and reflect on dynamics through their breadth
(see Fig. 2-1). For example, because the H2 structure approximates a two-helix
coiled-coil, with the AS2 helices more closely associated than in H1, PDS finds
that the 53 distribution has greater mean (26 Å) than the 109 distribution (23 Å)
(Fig. 2-1B, Fig. 2-3). Indeed, the short H2 distribution is sharply bimodal due to
either distinct helix or spin-label conformations. The spin separations are
mirrored across the junction into the KCM: the 270 position in H1-Tar shows a
broad distribution centered at ~30 Å, characteristic of an f position in a 4-helix
bundle, but 270 in H1-2-Tar instead shows a short, sharp separation
characteristic of the 2-helix packing in H2 AS2. In the adaptation region, the CD2
site (487) has a wider distribution in H1-2-Tar than in H1-Tar, but the CD1 site
(298) is similar for both, and overall narrower. Through the flexible bundle region,
the H1-Tar and H1-2-Tar distributions for 312 (CD1) and 417 (CD2) are nearly
superimposable and typical of a dynamic 4-helix bundle. Some distributions
(particularly within H1-Tar) show a second peak of lower amplitude at
approximately twice the primary peak distance. These longer separations are
due partly to a small contribution from disulfide cross-linked dimers (Fig. 2-6), but
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may also arise from a second family of conformational states where the helices
are far separated (see below). Interestingly, the second peak arises only in the
HAMP domain (in some cases) and adaptation region, both of which are lesswell ordered in cellular arrays viewed by cryo-EM (27).

	
  

Figure 2-3: Dynamical properties of the HAMP-KCM inferred by PDS.
Schematic diagrams of H1-Tar and H1-2-Tar are marked with the residues where
spin labels have been introduced. Due to dimeric symmetry each spin site
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position produces two spin-sites from which distance distributions across the
helix bundle are measured by PDS. Distance distributions (P(r)) measured by
DEER spectroscopy are shown for H1-Tar (red) and H1-2-Tar (blue), both in the
QEQE adaptation state.
Residues
R53C / A109C
E270C
S487C
S298C
A312C
A417C
I375C
A381C

HAMP-Tar

rmax (Å)

FWHM (Å)

H1-Tar R53C

26.0

10.3

H1-2-Tar A109C

24.2

2.9

H1-Tar

29.0

22.0

H1-2-Tar

25.6

13.9

H1-Tar

29.2

8.4

H1-2-Tar

25.1

7.9

H1-Tar

32.7

8.9

H1-2-Tar

32.6

11.2

H1-Tar

28.6

7.6

H1-2-Tar

28.3

7.6

H1-Tar

28.9

6.7

H1-2-Tar

29.3

6.6

H1-Tar

28.7

6.6

H1-2-Tar

29.0

11.5

H1-Tar

24.5

5.5

H1-2-Tar

23.3

9.6

Table 2-1: Parameters of the distance distribution for each site at QEQE
adaptation state. rmax (maximum probable distance) and FWHM (full width at
half maximum) are tabulated for distane distribution at each sites in H1-Tar
(white rows) and in H1-2-Tar (grey rows), both in QEQE adaptation state.
The PDS distance distributions report on conformational differences in the
helices through their mean values and reflect on dynamics through their breadth
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(see Fig. 2-1). For example, because the H2 structure approximates a two-helix
coiled-coil, with the AS2 helices more closely associated than in H1, PDS finds
that the 53 distribution has greater mean (26 Å) than the 109 distribution (23 Å)
(Fig. 2-1B, Fig. 2-3). Indeed, the short H2 distribution is sharply bimodal due to
either distinct helix or spin-label conformations. The spin separations are
mirrored across the junction into the KCM: the 270 position in H1-Tar shows a
broad distribution centered at ~30 Å, characteristic of an f position in a 4-helix
bundle, but 270 in H1-2-Tar instead shows a short, sharp separation
characteristic of the 2-helix packing in H2 AS2. In the adaptation region, the CD2
site (487) has a wider distribution in H1-2-Tar than in H1-Tar, but the CD1 site
(298) is similar for both, and overall narrower. Through the flexible bundle region,
the H1-Tar and H1-2-Tar distributions for 312 (CD1) and 417 (CD2) are nearly
superimposable and typical of a dynamic 4-helix bundle. Some distributions
(particularly within H1-Tar) show a second peak of lower amplitude at
approximately twice the primary peak distance. These longer separations are
due partly to a small contribution from disulfide cross-linked dimers (Fig. 2-6), but
may also arise from a second family of conformational states where the helices
are far separated (see below). Interestingly, the second peak arises only in the
HAMP domain (in some cases) and adaptation region, both of which are lesswell ordered in cellular arrays viewed by cryo-EM (27).
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Figure 2-4: Constancy of signaling properties of mutated and spin labeled
effectors: Mutations and spin labels employed in the ESR study do not alter the
signaling properties of the effectors, as measured in CheY phospho-transfer
assay. Standard errors of the mean (SEMs), calculated from at least three
independent experiments (3≤n≤4), are presented as the error bars.
As in HAMP, the sites in the PIR (375 and 381) show quite different behavior for
H1- and H1-2-Tar. Unlike HAMP, the trend in dynamics reverses, with H1-Tar
having the more stable, narrow distributions and H1-2-Tar generating broader
spin-spin separations indicative of increased dynamics. Thus, the measurements
reveal yin-yang behavior between HAMP and the PIR, with a more mobile HAMP
(kinase-on) producing a tighter PIR and visa versa (Fig. 2-3). In H1-Tar, ~25 Å
mean of the 381 distribution (e position) is notably shorter than ~30 Å mean of
the 375 distribution (f position), as would be predicted by the structure of a 4helix bundle (Fig. 2-1C). Targeted disulfide cross-linking studies indicate that the
CD1 helices may rotate in the kinase-off state (20) (i.e. for H1-2-Tar); this should
increase the 381 separation and decrease the 375 separation in H1-2-Tar
relative to that in H1-Tar (Fig. 2-1C). Interestingly, the 381 distribution does skew
toward a longer distance in H1-2-Tar (Fig. 2-3), but a corresponding decrease in
the 375 mean is not observed. Nonetheless, both the 375 and 381 distributions
broaden in H1-2-Tar, thereby indicating that increased dynamics in the PIR is
likely the dominant factor in transitioning to the kinase-off state. However, given
that the sites in the Gly hinge and adaptation region also do not show changes
consistent with CD1 rotation, it is unlikely such a concerted motion propagates
down the entire KCM.
2.2.3 Effector modification inverts conformational dynamics:
Modification impacts CheA activation (Fig. 2-2B) and thus, we tested if spin-spin
separations at different regions of the effectors respond to modification state.
QQQQ and QEQE states were monitored in H1-2-Tar (QEQE = kinase-off), and
the QEQE and EEEE states in H1-Tar (QEQE = kinase-on; Fig. 2-5; Table 2-2).
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Increasing charge (and thus local coulomb repulsion) in H1-Tar (QEQE -> EEEE)
shifts the distribution at S298 toward longer distance and greater width (Fig. 25A). Furthermore a second major peak appears in the distribution centered at
~50 Å.

	
  
Figure 2-5: Modification of adaptation sites reveals allosteric coupling
throughout the HAMP-KCM. Methylation of the effector adaptation regions was
mimicked by glutamine substitution. (A) Increased modification and decreasing
charge in H1-2-Tar (QQQQ) shifts the distribution at the adaptation region
towards smaller distances, whereas decreased modification (EEEE) and
increasing charge in H1-Tar shifts the distribution to longer distances and
amplifies the peak centered around ~ 50 Å. (B) Increased modification of H1-2Tar decreases the distance distribution (P(r)) breadth and stabilizes the PIR,
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whereas in H1-Tar, decreased modification increases the P(r) breadth and
destabilizes the PIR. (C) Modification at the adaptation region has no effect on
PDS distributions in the hinge region for either effector. (D) Increased
modification of H1-2-Tar has little effect on spin distributions in AS2 of the HAMP
domain; however, decreased modification stabilizes the HAMP domain of H1-Tar
toward the sharp bimodal distribution as seen in H1-2-Tar.
Examination of samples after PDS revealed only minor disulfide crosslinking (Fig.
2-6). Thus, the larger distances represent a conformation where the CD1 helices
no longer pack as a 4-helix bundle. In contrast, decreasing charge in H1-2-Tar
(QEQE -> QQQQ) skews the distribution at S298 toward smaller separations
(Fig. 2-5A) with slightly smaller breadth (Table 2-2). This measurement provides
direct evidence that increased charge due to demethylation or deamidation
locally increases dynamics and destabilizes the adaptation region away from a
compact 4-helix bundle. In the PIR, deamidation (QEQE -> EEEE) of H1-Tar
causes I375 to become more dynamic and the HAMP site to order; indeed the
distributions now resemble those of H1-2-Tar QEQE (Fig. 2-5B and 2-5D).

	
  
Figure 2-6: Typical SDS-PAGE analysis of DEER/CW ESR samples. The
samples for DEER/ CW ESR measurement reveal the existence of disulfide
cross links on SDS-PAGE gel. The disulfide links are reduced upon DTT
addition. Samples for S298C are shown as an example in all four states. H1-2Tar in QQQQ state, lane 1; H1-2-Tar in QQQQ state with DTT, lane 2; H1-2-Tar
in QEQE state, lane 3; H1-2-Tar in QEQE state with DTT, lane 4; molecular
weight marker, lane 5; H1-Tar in QEQE state, lane 6; H1-Tar in QEQE state with
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DTT, lane 7; H1-Tar in EEEE state, lane 8; and H1-Tar in EEEE state with DTT,
lane 9.
Remarkably, the sharp bimodal distribution of H1-2 (which represents two closely
related conformations of protein and/or spin-label) is reproduced in H1-Tar
EEEE. Thus, adaptation switches the H1 conformation toward that of H2. In
contrast, charge neutralization (i.e. methylation QEQE->QQQQ) in H1-2-Tar
causes the I375 site to become more rigid (Fig. 2-5B). However, in H1-2-Tar the
HAMP site does not correspondingly shift to a more mobile state (Fig. 2-5D). This
is likely because modification cannot easily overcome the high stability of the
dual HAMP H1-2 unit. Surprisingly, modification in the adaptation region does not
influence conformation or dynamics at the A417 site in either of the two effectors
(Fig. 2-5C). Overall, adaptation mostly reverses the dynamical properties both up
and down the receptor, thereby underscoring the conformational coupling
throughout the entire HAMP-KCM.

Mutants
H1-Tar R53C
H1-2-Tar A109C
H1-Tar S298C
H1-2-Tar S298C
H1-Tar A417C
H1-2-Tar A417C
H1-Tar I375C
H1-2-Tar I375C

	
  

Modification
QEQE
EEEE
QEQE

rmax (Å)

FWHM (Å)

26.0
25.2
24.2

10.3
5.9
2.9

QQQQ
QEQE
EEEE
QEQE
QQQQ

22.2
32.7
34.6
32.6
28.9

3.3
8.9
12.3
11.2
10.6

QEQE
EEEE
QEQE
QQQQ
QEQE

28.9
29.3
29.3
29.2
28.7

6.7
6.2
6.6
5.9
6.6

EEEE
QEQE
QQQQ

29.8
29.0
30.0

15.3
11.5
8.4
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Table 2-2: Comparison of the parameters of distance distributions at
different adaptational states. rmax (maximum probable distance) and FWHM
(full width at half maximum) are compiled for distane distribution at different
regions in HAMP-Tar proteins with different adaptational states.
2.2.4 Dynamic measurements by CW-ESR:
Pulsed-dipolar ESR must be performed on flash-cooled samples to lengthen
spin-dephasing times (29). Thus, the distance distributions measure the
heterogeneity of conformational states in cold-trapped, static samples, from
which dynamics prior to flash-cooling are inferred. To corroborate the relationship
between dynamics and distribution width, we also measured continuous wave
(CW)-ESR on liquid samples at three temperatures: 4oC, 20oC, and 30oC. The
line shapes of the solution CW ESR spectra reflect dynamics of the nitroxides on
the nano-second timescale (30, 31). CW-ESR spectra of spin-labels at the HAMP
(53 and 109 positions) and PIR (375) all clearly show two-component spectra
(Table 2-3; Fig. 2-8). One component corresponds to a relatively immobilized
state and closely approximates a rigid limit spectrum (2Azz is equal to ~ 69G).
The rigid-like component was simulated (32) and its variable fraction subtracted
from the experimental spectrum to obtain a smooth line without outer features.
The subtraction reveals the shape of the second major component with faster
molecular motion parameters (Fig. 2-8; Table 2-4). The fractions of these
components were then calculated from double integrals. An isotropic diffusion
parameter set to Rll = Rprp = 8x106 s-1 is sufficient to produce the correct splitting
value and allows for robust subtraction of the rigid, slow component to reveal the
mobile fraction. The slow diffusion could reflect spin labels associated with
relatively rigid helices (33). In contrast, the state with higher mobility indicates
relatively free motion of the tethered spin-label and thus little constraint by the
attached protein (30, 31, 34).
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Figure 2-7: CW–ESR spectra reflect dynamic differences in HAMP and
KCM. Spectra of spin labels at the HAMP domain (left panel), and PIR (right
panel) reveal differences in the dynamics in H1-2-Tar (blue), and H1-Tar (red).
Consistent with the PDS distributions (Fig. 2-3), the PIR is more rigid, but the
HAMP domain is more dynamic, in H1-Tar. Black arrows mark the spectral
regions where the differences are prominent.
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Figure 2-8: Deconvolution of the CW ESR spectra into two components.
CW ESR spectra (blue) are deconvoluted into slow (purples) and fast (red)
motional components.
The overall behavior of the spin-labels most likely reflects an equilibrium between
states where the spin label interacts with the surface of a relatively rigid
substructure, such as receptor helices (33, 35) and states where the label
tumbles unencumbered by the protein (31). The increased motion could be due
to the nitroxide tether releasing from the protein surface or may involve
conformational transitions of the protein itself. In either case, the underlying
cause of the increased mobile fraction reflects greater protein dynamics in these
regions. Increase in the mobile component with temperature for all variants
indicates that the rigid component is not an artifact related to, for example, partial
denaturation and/or aggregation of the protein (Fig. 2-9; Table 2-3). At lower
temperature, the sites with broader PDS distributions (H1-2 375, H1 53) show
greater contributions from the more mobile conformation (Fig. 2-7; Table 2-3).
As temperature increases, the mobile state dominates at all sites and the
fractions become similar in the two effectors (Table 2-3). At the highest
temperature the HAMP is generally more dynamic than the PIR and the two
effectors only produce small differences at either position. Thus, the broader
PDS distributions represent an ensemble of conformational states, some of
which contain restrained nitroxides and others released nitroxides. At lower
temperature, this ensemble coalesces into two distinct states with different spinlabel dynamics on the nanosecond timescale. As the temperature increases, a
range of intermediate states becomes occupied, most with relatively fast spinlabel dynamics. Those sites with narrower PDS distributions (e.g. H1-375, H1-2109) have access to a greater proportion of states with constrained nitroxides.
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Figure 2-9: Variation of CW ESR spectra with temperature. CW ESR spectra
of MTSL attached to R53C position in H1-Tar show a fraction of increased order
with decreasing temperature. Black arrows mark the spectral regions where the
differences are prominent.

Two-component
Analysis

4o C
Slow

20oC
Fast

Slow

30oC
Fast

Slow Fast

H1-2-Tar A109C

52.5% 47.5% 28.5% 71.5% 20%

80%

H1-Tar R53C

47%

53%

26.5% 73.5% 16%

84%

H1-2-Tar I375C

52%

48%

31%

69%

24%

76%

H1-Tar I375C

61%

39%

41%

59%

28%

72%

Table 2-3: Quantification of the slow and fast component from CW-ESR
spectra. CW-ESR spectra for spin labels in the HAMP (109, 53) and protein
interaction (375) regions were fit to two components, one representing a rigid
nitroxide (slow component) and the other representing freely-rotating nitroxide
(fast component), as described in main text.

	
  

46	
  

	
  

Simulation Parameters for
the Mobile Components
H1-2-Tar A109C
H1-Tar R53C
H1-2-Tar I375C
H1-Tar I375C

4o C
Log(Rprp)
7.62
7.66
7.66
7.64

20oC
Log(Rprp)
7.70
7.75
7.78
7.72

C20
- 1.6
- 1.66
- 1.1
- 1.2

C20
- 1.4
- 1.12
- 1.1
- 1.1

30oC
Log(Rprp)
7.73
7.87
7.85
7.82

C20
- 0.93
- 0.98
- 1.02
- 1.02

Table 2-4: Motional parameters for the mobile components. Mobility as
Log(Rprp), and ordering of the attached MTSL as C20 are listed for all of the
mobile components at various temperatures, as obtained from the simulation.
Log(R||) is set at 8.5 for all the simulations.
2.3 Discussion:
Changes in local dynamics have been linked to functionally distinct states in Gprotein coupled receptors (GPCRs) (1, 2) and receptor tyrosine kinases (3). Our
results confirm the modular structure of the chemoreceptor cytoplasmic domain.
Although the measurements were made in the absence of membrane arrays, fulllength dimeric receptors do transmit conformational signals between the ligand
binding and the adaptation regions (36-38). Furthermore, H1-Tar and H1-2-Tar
differentially regulate CheA phosphotransfer in vitro and respond appropriately to
adaptation. Thus, the intrinsic properties of these effectors influence ternary
complex activity, whose summed dynamics may differ from, but must be a
function of, those of the individual receptors. Overall, the system displays
dynamic coupling throughout, with kinase-on and kinase-off states set by either
HAMP conformation or covalent modification in the adaptation region. HAMP
enforces the opposite dynamical state on the PIR (Fig. 2-10). When the HAMP is
conformationally destabilized (high dynamics) it is unable to influence the PIR,
which sets into a more rigid state; however, when the HAMP module stabilizes,
the receptor tip destabilizes and its dynamics increase. In the adaptation region,
CD2 becomes more dynamic in the kinase-off state, but somewhat surprisingly
CD1 shows similar distributions in both H1-Tar and H1-2-Tar. This is also true for
sites in the flexible bundle region, where the spin-labels give similar distributions
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in H1-Tar and H1-2-Tar. Chemical modifications of the adaptation sites produce
large local effects. The EEEE state of H1-Tar markedly disorders the 298
position, but the QQQQ state of H1-2-Tar compacts the same region. CheR and
CheB recognize different conformational states of the receptor (36). The large
helical separation reported by the 298 site for the EEEE state is then likely CheR
specific, whereas the more compact structure of the QQQQ state provides a
better substrate for CheB. Although modification generally compensates for
HAMP-enforced states of dynamics in these systems, reversal is not complete,
which may reflect multi-state behavior in switching (39).
H1-Tar and H1-2-Tar cannot be distinguished by simple conformational
transitions that involve rigid motions of the helices. Uniform helical rotations,
vertical displacements or lateral shifts would produce systematic changes to the
spin-label separations inconsistent with those observed. The switch from a
primarily 4-helix bundle in H1 to a two-helix coiled-coil in H1-2 propagates
directly across the bundle into the KCM, but this feature does not continue into
the adaptation region. Rearrangements that propagate through the Gly hinge do
not affect the helix separations across the bundle at all. A relatively modest
change in hydrophobic packing seems a likely candidate for such a transition, but
other plausible motions could involve helical rotation coupled to changes in helix
separation, a scissors motion or a bend with the Gly hinge as the pivot point. In
the PIR, increased dynamics are the dominant change measured by ESR,
although

changes

in

mean

position

could

be

masked

by

increased

conformational breadth.
Changes in the dynamical state of separate KCM modules have been proposed
in the context of a yin-yang model of receptor activation (14). This data was
derived from the activity effects of Cys substitutions, disulfide cross-links and
removal of hydrophobic side chains that stabilize the bundle core (socket
positions) (14). Assessments of dynamics in the adaptation region show several
engineered Cys pairs to have increased rates of cross-linking when local
negative charge increases (17). Mutagenesis data on the HAMP domain also
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suggests that destabilization of HAMP (or in fact its entire removal) produces a
kinase-on state, whereas changes that stabilize hydrophobic packing at the base
of AS2/AS2’ produce a kinase-off state (15, 16, 40).

It follows that HAMP

dynamics likely influence KCM conformational properties. Despite agreement
with these general ideas, our data reveal a more rigid PIR and dynamic HAMP in
the kinase-on state, and the opposite for kinase-off. Evidence that the PIR
becomes more dynamic in the kinase-on state largely comes from the “lock-on”
effect of socket mutations that destabilize hydrophobic packing in this region
(14). Notably, similar residue substitutions in the adaptation region stimulate
CheR methylase activity and prevent kinase activation despite the receptors
binding CheA/CheW (lock-off) (14). Despite the segregation of lock-on socket
mutants to the PIR and lock-off socket mutants to the adaptation region, not all
socket-altering substitutions comply with the yin-yang model (only 54% of
mutants in the adaptation region and 62% in the PIR). Furthermore, although
socket mutants in the receptor tip prevent deactivation by attractant, they only
activate the kinase to normal levels (and sometimes less so). Thus, these
substitutions may primarily short circuit deactivation signals that rely on proper
transmission of packing changes within the bundle core. Likewise, disruption of
packing interactions in the adaptation region by socket mutations may remove a
stabilizing influence over the kinase-on conformation in the PIR. It is important to
note that PIR dynamics in the ternary complex and the isolated receptors could
differ, even with the former depending upon the latter. For example, in the
kinase-off state, CheA and CheW may selectively stabilize a minor conformation
of the PIR, only accessible because of increased dynamics (destabilization)
enforced by HAMP. How the signaling particle responds to changes in receptor
dynamics is the next important question. Recent data indicates that CheA activity
depends on dynamics that involve both subtle coupling of domains through
linkers (41) and large scale sequestration of the substrate (P1) domain (42).
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Figure 2-10: Dynamical properties of the HAMP-KCM. The HAMP and PIR
show opposing dynamical properties depending on receptor activation state
(length of arrow correlates with conformational breadth). Activating HAMP or
increased modification produces a dynamic HAMP and static CheA/W-coupling
tip. In contrast an inhibitory HAMP or decreased modification produce a
conformationally stable HAMP, but dynamic CheA/W-coupling tip. Inversion of
dynamics occurs at the Gly hinge, which does not change properties in any of the
states tested.
CW-ESR spectra convolute the dynamic behavior of the spin-labeled side chain
with that of the protein backbone (31, 32, 34). The inverse of the central line
width (ΔH-1) and overall spectral breadth (31) were employed to assess the
mobility of TM1 in the ligand-free chemoreceptor Trg (43) and the C-terminal
CheR-targeting peptide of Tar (44). Our CW-ESR data on the HAMP-KCM
module indicates an equilibrium of two conformational states. In one state, the
label is rigid on the ESR time scale (tc > 10s of nanoseconds), and in the other, it
is highly dynamic. These states may represent rigid helices that interact with the
nitroxide and fluctuating chains that favor independent tumbling. For sites on
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both the HAMP and KCM an increase in the rigid state fraction correlates with
narrower PDS distributions. At higher temperature, the ESR time scale no longer
discriminates the motional states as well, but preferences for the rigid component
persist.
Many bacterial receptors and signal transduction proteins have a modular
construction (7, 45). A general strategy for propagating conformational signals
through such architectures may involve adjacent domains that influence the
stability of each other via connections, which are often helical. For linear domain
arrangements changes in hydrophobic packing and helix orientations can be
effectively communicated through the connecting coiled-coils. At the extreme,
these structural changes could involve near unfolding of the respective modules,
relieving the influence of one domain over the other (4, 7). Altering output domain
stability could impact enzymatic function or ability to engage partners. The inputs,
such as ligand binding or change in cofactor state, alter stability of the binding
domains to modulate their effects on downstream components. Signaling
mechanisms based on competition for stability between adjacent domains can
thereby allow different structural perturbations to achieve the same result.
Conformational changes in a given context may well be specific, but they need
not be unique. Thus competition between the dynamics of coupled protein
modules may help explain the ease at which domain fusions have been
elaborated into the many signaling architectures observed in nature.
2.4 Materials and Methods:
2.4.1 Cloning, Expression and Purification of Proteins:
H1-Tar and H1-2-Tar were initially cloned into pET28, as described previously
(1). For binding experiments N-terminally S-tagged soluble effectors were
generated by subcloning from pET28 into pET29c using NcoI and XhoI restriction
sites. All the proteins were over-expressed in BL21(DE3) E. coli cells under 0.4
mM IPTG induction and for 16-20 hours at 25°C. Proteins were purified using NiNTA gravity column and subsequently on a Superdex 200 26-60 size exclusion
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column with GF elution buffer: 20 mM Tris (pH 8.0), 150 mM NaCl, and 5-10%
glycerol.
2.4.2 In vivo activity of H1-Tar and H1-2-Tar:
The data presented in Fig. 2-2A was originally reported in (25) under a procedure
as follows: E. coli cells, devoid of all other receptors were transformed with the
plasmid containing the gene of the effectors. Transformed cells were grown in
terrific broth (TB), and were induced with 2 µM sodium salicylate for an hour. The
cells were washed and kept in buffer containing 10 mM potassium phosphate,
0.1 mM EDTA (pH 7.0). Cell tumbling frequency was measured after 5 min,
during when cells adapt, with dark-field microscopy.
2.4.3 In vitro CheY phospho-transfer assay:
Assay mixtures consisted of 20 µL 35% glycerol solution of 2 µM subunit
concentrations of CheA and CheW each, 14.4 µM of effector subunit, 50 µM
CheY and 2 µL of TKEM buffer [62.5 mM Tris, pH = 7.5, 625 mM KCl, 6.25 mM
EDTA, and 125 mM MgCl2] made up to volume with distilled water. The solution
without CheY was incubated at 4°C for half an hour, and was further incubated
for one and half an hour after CheY addition. After this time 5 µL of radio-active
ATP solution [150 µL aqueous solution containing 12 µL of 12mM ATP, 1-7 µL of
γ-32P ATP (0.250 mCi, Perkin-Elmer) was added to the protein solution to initiate
the phospho-transfer reaction. After 30 sec of exposure, the reaction was
stopped with 25 µL of quenching buffer [3X LDS sample buffer, and 50 mM
EDTA]. The sample was run on 4-20% Tris-Gly gel for 2h at 120 V to separate
the components. After following the treatment described in (46), the gel was
placed in the cassette, and the film was visualized in STORM phosphoimager
after minimum of 24h of exposure. Densitometry with ImageJ software quantified
the CheY band intensity after the background activity was removed by adjusting
the brightness and contrast of the image.
2.4.4 Pull-down Experiments:
H1-Tar and H1-2-Tar with an N-terminal S-tag and a C-terminal His6 tag were
over-expressed from pET29c as described above. E. coli CheW and CheA were
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expressed from pET28 following the same procedure and both carried N-terminal
His6 tags. After purification, the CheW His-tag was readily removed by thrombin
digestion, but CheA His-tag removal was not complete, and hence pull-downs
were performed with the S-tag. S-protein agarose (60 uL) was used to pull down
S-tagged HAMP-Tar fusions and associated molecules from a 100 uL solution
containing the three components in the subunit ratio of HAMP-Tar : EcCheA
monomer : EcCheW monomer = 6 : 1 : 1 (195 uM of HAMP-Tar proteins, 65 uM
of EcCheA and 70 uM of EcCheW). The S-agarose was washed twice with buffer
containing 50 mM Tris (pH=8.0), 300 mM NaCl, 5% glycerol, and 62.5 mM KCl
before boiling with 2x LDS sample buffer. The supernatant was then run on an
SDS-PAGE gel, which was coomassie stained, destained with 25% ethanol and
10% acetic acid mixture and dried before quantification (ImageJ software). Molar
ratios of bound CheA and CheW to effector were calculated from the intensities
of the bands on SDS-PAGE gel measured with ImageJ software using the
formula ((I

CheA/CheW

–I

background with same area)

/ MW

CheA/CheW)

/ ((I

HAMP1-Tar/HAMP1-2-Tar

– I background with same area) / MW HAMP1-Tar/HAMP1-2-Tar).
2.4.5 Site Directed Spin Labeling:
Selected residues in the cysteinless HAMP-Tar proteins were mutated to
cysteine using Quikchange PCR protocol (Stratagene). Cys-substituted effector
molecules with N-terminally His6 tag were overexpressed, as above. The proteins
were bound to a Ni-NTA affinity column, and then reacted with cysteine-specific
nitroxide MTSL spin label (Toronto Research Chemicals Inc.), on column for 3-4
hours at room temperature and subsequently for 4-6 hours at 4oC before elution
with {25 mM Hepes (pH=8.0), 250 mM Immidazole (pH=8.0), 500 mM NaCl, 10%
Glycerol} buffer. Following elution, samples were subjected to size-exclusion
chromatography (Superdex 200 26-60) for further purification and removal of
unreacted MTSL contaminants. On-column spin labeling was adopted to
minimize interdimer disulfide bond formation. Although cross-linking was limited
by fast on-column exchange of reducing agents for spin-label, we could not avoid
it entirely.
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2.4.6 Pulsed Dipolar ESR Measurement:
As HAMP-Tar molecules are homodimers, one Cys substitution generates two
spin labels per dimer. PDS was used to measure the distance distribution
between these two spin labels, as previously described (25, 47). In brief, ~100
uM spin labeled dimer was prepared in GF buffer with 35% glycerol. The dipolar
evolution at 17.35 GHz was measured on a home-built 2D FT-ESR instrument
using 4-pulse double electron electron resonance (DEER) with a 16 ns pump
pulse. The baseline of the time domain data was corrected with a linear
polynomial function. DEER data was then converted to distance distribution
between spin-pairs with Tikhonov regularization (48) followed by Maximum
Entropy refinement (49). The distance distributions are normalized to unity for the
ease of comparison.
2.4.7 CW ESR Data Collection and Analysis:
CW ESR data on the same spin-labeled samples were collected at three different
temperatures, 4°C, 20°C, and 30°C on a Bruker Elexsys E500 EPR instrument at
9.4 GHz with 100 kHz modulation frequency and 1.6G modulation amplitude.
Two components, one broad, representing a near rigid limit, and one sharper,
representing faster motion, were observed at all temperatures, although their
relative intensities did change. The fractions of these two components were
determined by double integration of the experimental spectrum. A third minor
component from a very small fraction of free MTSL does not affect estimates for
the two major fractions. The spectra were analyzed using NLSL software (32)
and its recent versions on the MATLAB platform. Initially, the spectral component
corresponding to the broad signal (Fig. 2-8) was simulated and fit corresponding
to very slow rotational diffusion with Dr ca. 0.8 - 1x107 s-1). This signal was then
removed from the experimental spectrum by spectral subtraction, leaving just
that of the more mobile component. Then the motional parameters for this
component (Table 2-4) were estimated by NLSL simulations using the MOMD
model (32).
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Chapter Three
Bacterial Energy Sensor Aer Modulates Activity of the Chemotaxis
Kinase CheA Based on Redox State of the Flavin Adenine
Dinucleotide Cofactor
3.1 Introduction:
Bacteria search out conditions that provide sufficient energy to sustain
homeostasis and fuel growth. In E. coli, so-called “Energy Taxis” (1–3), employs
a sensory membrane protein, Aer, to monitor cellular internal energy state and
convey that information to the chemotaxis system (4–6). Aer is related to
bacterial chemoreceptors, also known methyl accepting chemotaxis proteins
(MCP) that sense chemical ligands and ligand-binding proteins in the periplasmic
space. However, unlike MCPs, the Aer sensor domains reside on the
cytoplasmic side of the membrane and Aer lacks the methylation-based
adaptation mechanism that provides negative feedback in chemosensing (7, 8).
Homodimeric Aer (9) is composed of two N-terminal cytoplasmic PAS domains, a
membrane anchor region composed of two transmembrane helices per subunit
(TM1 and TM2) (10, 11), a cytoplasmic HAMP domain and a kinase control
module (KCM) that binds and regulates the histidine kinase CheA. CheA, the
coupling protein CheW, and MCPs form extended hexagonal arrays that are
responsible for the signal gain and cooperative responses in chemotaxis. Within
these arrays, a core complex composed of two receptor trimer-of-dimers, a
dimeric CheA, and two CheW proteins comprise a minimal unit for signaling
responses. The Aer PAS domains bind flavin adenine dinucleotide (FAD) (5, 7,
12) and are believed to receive redox signals from components of the electron
transport chain (ETC) in the inner membrane (13).
Genetic and cellular experiments have determined that Aer mediates aerotaxis,
but that this behavior does not involve direct reaction of Aer with O2 (5, 14).
Rather, Aer responds to the redox status of the ETC, which is in turn depends on
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aerobic respiration (4, 5, 15). The prevailing model for Aer signaling has been
derived largely from physiological data and involves the three redox states of
FAD cofactor (13, 16, 17) (Fig. 3-1). In the absence of substrates to provide
reducing equivalents, the FAD remains oxidized and Aer activates CheA
autophosphorylation. CheA then transfers phosphate to the response regulator
CheY, which binds to the flagellar motor and causes cell tumbling. When
substrates and terminal electron acceptors are present, Aer inhibits CheA,
causing smooth swimming. Under these conditions, Aer is assumed to be
reduced to the semiquinone state by electrons in the ETC. With substrates
present, but no terminal acceptors, cells tumble again, presumably due to
complete reduction of FAD to hydroquinone state.

	
  
Figure 3-1: A hypothesis that connects FAD redox states in Aer with
different modes of cellular movement.
There is currently no direct biochemical data correlating the redox state of the
Aer PAS domain with kinase activity. Furthermore, although Aer clearly regulates
CheA, it has not been determined if Aer forms similar core complexes with CheA
and CheW as do other MCPs. Here we report the purification of Escherichia coli
Aer and its incorporation into functional nanodiscs. We determine that the protein
binds flavin as predicted, and that the cofactor undergoes chemical reduction to
the anionic semiquinone. Aer assembles into the core complexes with CheA and
CheW, in which it modulates CheA activity based on the redox state of FAD. No
evidence is found for a stable hydroquinone form of the protein.
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3.2 Results:
N-terminally His6-tagged E. coli Aer was expressed in BL21(DE3) cells and
purified in 0.1% n-dodecyl-β-D-maltopyranoside (DDM) using Co2+-affinity
chromatography (Fig. 3-2A). The purified Aer shows the signature UV-Vis
spectrum of protein-bound FAD in the fully oxidized state (Fig. 3-2B). Previously,
the Aer cofactor was confirmed to be FAD only after dissociation from the protein
(5, 7). Aer binds approximately one FAD cofactor per subunit (Fig. 3-3A). Upon
treatment with 10 mM dithionite in anaerobic conditions, the UV-Vis spectrum of
the Aer-bound FAD converts to that of the single-electron reduced anionic
semiquinone (ASQ) state. The ASQ reverts back to the fully oxidized cofactor on
exposure to air (Fig. 3-2B) (18). The continuous wave electron spin resonance
(cw-ESR) spectrum confirms the radical nature of the dithionite-reduced FAD,
which becomes ESR silent upon reoxidation (Fig. 3-2C). Interestingly, prolonged
anaerobic incubation of Aer with 16 mM dithionite does not yield the two-electron
reduced hydroquinone (HQ) state. DDM is detrimental to CheA activity (Fig. 33B) and thus nanodisc incorporation was applied to stabilize Aer in the absence
of detergent (19). Nanodiscs have served as an extremely useful method for
reconstituting transmembrane MCPs in active forms (19), and the same holds
true for Aer.
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Figure 3-2: Purification and chemical reduction of EcAer. (A) The schematic
of Aer displays the relative disposition of functional domains with respect to the
membrane and each other. The inset shows an image of coomassie-stained
SDS-PAGE gel. Lane 1: Markers with molecular weight of two bands; Lane 2 and
3: Elution from Co(II) column at various dilutions. (B) FAD in Aer dissolved in
detergent is reduced with 10 mM sodium dithionite and UV-Vis spectra are
collected at different times. (B) cw-ESR spectra of dithionite-reduced and aerially
reoxidized FAD in Aer are shown.

	
  
Figure 3-3: Quantification of FAD binding to Aer and the effect of detergent
on CheA activity. (A) Independently measured Aer subunit concentrations and
FAD concentrations of serially diluted samples are plotted against each other.
The concentrations of FAD are calculated from the absorbance at 445 nm with
the extinction coefficient of free FAD (ε445 = 11,300 M-1 cm-1) (20) and the subunit
concentrations

are

measured

using

the

Bradford

assay.

(B)

CheY

phosphotransfer assay confirms DDM damage of CheA activity.
Aer was incorporated into nanodiscs assembled with E. coli polar lipids and the
membrane scaffold protein, MSP1E3D1. As in detergent, Aer in nanodiscs can
be reversibly reduced to the ASQ state upon dithionite treatment (Fig. 3-4A, 34B). Ternary signaling complexes of the major E. coli MCPs Tar (aspartate
receptor) and Tsr (serine receptor) (19, 21) with CheA and CheW require a trimer
of receptor dimers to fully activate CheA. To verify if Aer also functions through

	
  

65	
  

	
  
ternary signaling complexes we produce two nanodisc preparations with the
intention to vary the number of Aer dimers per nanodisc. One preparation is
produced with molar ratio of Aer to MSP1E3D1 of 1:5 and the other with the ratio
of 1:1. Previously by using these ratios of Tar to MSP1E3D1, on average one
and more than two Tar dimers, respectively, were successfully incorporated into
each nanodisc (19, 22, 23). Hence we presume that 1:5 and 1:1 preparations
most likely contain on average one and more than two Aer dimers, respectively.
The ability of CheA to catalyze phosphotransfer to CheY was substantially higher
with 1:1 preparation compared to 1:5 preparation (Fig. 3-4C). Notably, insertion
of Aer into the symmetric disks could be with one of two polarities, and three
dimers pointing in the same direction is needed to fully activate the kinase. We
also note that the lesser CheA activition observed in the ~1 dimer / disk sample
may owe to either reduced activation by one dimer, or activation by a small
statistically weighted subset of samples of three parallel dimers per disk. Upon
chemical reduction of Aer to the ASQ, CheA activity is inhibited (Fig. 3-4D).
Reoxidation by air then partially recovers the activity. A control experiment shows
no loss of CheA activity upon only dithionite addition (Fig. 3-5) verifying that the
CheA inhibition is due to reduction of Aer to the ASQ state. Thus, Aer in its
oxidized FAD form activates CheA and would therefore cause cell tumbling.
Reduction of Aer to the ASQ reversibly inhibits kinase activity and would cause
smooth swimming. Even the low-potential reductant dithionite was unable to
produce the hydroquinone state, although dithionite reduces the FAD cofactor in
Azotobacter vinelandii NifL, a homolog of the Aer PAS domain, to fully reduced
hydroquinone state (20). Further reduction of Aer may be limited by its
preference to form the anionic instead of the neutral seminquinone. Reduction to
the hydroquinone requires additional proton transfer, which may be kinetically
disfavored under these conditions. If oxygen were to react directly with Aer it
would not be expected to produce a smooth swimming response, because this
behavior requires reduced FAD, which O2 destabilizes. Thus, the activity data
supports the assertion that oxygen facilitates reduction of the Aer FAD by acting
as a terminal acceptor to the ETC.
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Figure 3-4: Characterization and functional implication of various redox
states of FAD in Aer. UV-Vis spectra (A) and cw-ESR spectra (B) at different
times during dithionite reduction and ambient reoxidation of FAD in Aer
incorporated in nanodiscs are coded in color relative to the legend. (C) CheA
activities with 1:5 and 1:1 preparations that presumably contain ~one and ~three
Aer dimers per nanodisc are compared. The activities are measured relative to
the control sample, which contains only CheA, CheW, and CheY. Inset shows
the image of the gels from the CheY phosphotransfer experiments. (D)
Modulation of CheA activity by fully oxidized and ASQ states of FAD along with
recovery of activity upon reoxidation with the inset showing representative band
intensities.
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Figure 3-5: Control experiment showing no interference of dithionite on
CheA activity. CheY phosphotransfer assay verified no loss of kinase activity by
dithionite addition and ambient reoxidation. Control represents sample containing
CheA, CheW, and CheY proteins.
3.3 Discussion:
Configurations of cofactors modulate the activity of proteins and organismal
responses to environmental stimuli. For example, the bilin cofactor in
phytochromes guides seed germination, timing of flowering, etc. in response to
near infrared light (24, 25), the FMN cofactor in phototropin governs blue lightmediated phototropism in plants (26, 27), the FAD cofactor in bacterial NifL
regulates nitrogen fixation process based on oxygen availability (20). Here we
provide experimental evidence linking redox states of FAD cofactor with the
regulation of bacterial energy taxis by Aer protein.
Oxidation of nutrients supplies electron equivalents to the ETC to which the Aer
PAS domain directly responds. Components of ETC and thus FAD in Aer will be
oxidized in absence of nutrients, whereas in presence of both nutrients and
terminal electron acceptor FAD undergoes single electron reduction due to
continuous electron flow through ETC. Thus our data provide direct evidence for
how these changes in redox state regulate bacterial movement away from an
environment deficient in nutrients.
Conversion to the two-electron reduced hydroquinone state of FAD in Aer has
been postulated to explain a cellular tumbling response upon removal of terminal
electron acceptors. However, even treatment with low-potential dithionite could
not generate such a state in Aer. Attempts will be made to reduce Aer to the
hydroquinone by other means and we will investigate whether other partners are
required to explain the cellular tumbling response upon deoxygenation or
removal of other terminal electron acceptors.
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3.4 Methods:
3.4.1 E. coli Aer Expression and Purification:
BL21(DE3) cells were transformed with pET28 vector containing N-terminally
His6-tagged E. coli Aer, plated on kanamycin-added LB-agar plate, and
incubated at 37 °C overnight. A single colony was added to autoclaved and
kanamycin-mixed LB media for overnight growth under 200 rpm shake at 37 °C.
1 L of autoclaved and antibiotic added TB media was inoculated with 20 ml of the
overnight. The cells were then grown at 37 °C until OD600 reaches ~ 0.3. The
temperature was turned down to 16 °C while cell growth continues until OD600 =
0.6 - 0.8 at which point the expression was induced by adding IPTG. Cells were
harvested after overnight expression and stored at -80 °C.
The cells were resuspended in KCl extraction buffer {50 mM Tris pH 8.0, 500 mM
KCl, and 10% Glycerol}, sonicated for 5 - 6 min, and centrifuged at 10,000 rpm
for 30 min to obtain the membrane fractions in the pellet, low-spin pellet (LSP),
which was again resuspended in KCl extraction buffer added with 1 mM PMSF
and 1% DDM. The resuspended LSP was first sonicated at low power to ensure
fine resuspension and then at high power for 2 min before rocking at 4 °C for 5
hrs. and centrifuging at 22,000 rpm for 1 hr. The supernatant was added with 0.1
mg/ml FAD and was incubated with Co(II) resins in falcon tubes overnight. The
next morning the resins were packed at the bottom of the tubes by centrifugation,
the supernatant was removed, and the resins were resuspended in buffer {50
mM Tris pH 8.0, 300 mM NaCl, and 10% Glycerol}. DDM concentration was
maintained at 0.1% this step onwards. In similar way, the resins were washed
several times with wash buffer {25 mM Tris pH 8.0, 150 mM NaCl, and 10%
Glycerol} containing 0.1% DDM and 0.1 mg/ml FAD. Then the resins were
transferred to a column, washed with more wash buffer added with 0.1% DDM
and 0.1 mg/ml FAD, then with buffer without FAD, and finally Aer protein was
eluted from the resins with elution buffer {25 mM Tris pH 8.0, 150 mM NaCl, 10%
Glycerol, 0.1% DDM, and 200 mM Imidazole pH 8.0}. UV-Vis spectrum was
acquired to ensure that Aer contains FAD.
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3.4.2 Aer incorporation into nanodisc:
Detergent purified Aer was incorporated into lipidic nanodiscs following the
protocols described in various articles (22, 28, 29). Briefly, chloroform was
evaporated from E. coli polar lipid stock by blowing argon and further by keeping
in vacuum chamber overnight. The lipid was then dissolved in sodium cholate in
the form of vesicles by sonication and stored at -80 °C. Membrane scaffold
protein His6-MSP1E3D1 was purified from BL21(DE3) as described elsewhere
(28, 29). Aer, MSP1E3D1, and lipid were mixed in the ratio of Aer subunit:
MSP1E3D1 subunit: lipid = 1: 1: 120 or 1: 5: 750 to incorporate approximately
one and three Aer dimers per nanodisc, respectively. 22.22 mM sodium cholate,
5% glycerol, and 0.1 mg/ml FAD were maintained into the reaction mixture to
ensure solubility and stability. The mixture was rocked at 4 °C for 30 min before
pre-hydrated biobeads of volume of 2/3 of the mixture were added and further
incubated at 4 °C for 1.5 hrs. The mixture was then centrifuged at 13,000 rpm for
12 min and the supernatant was further purified either through size exclusion
chromatography or in desalting column to separate the nanodiscs from free FAD
and excess lipids.
3.4.3 Sodium dithionite reduction of Aer and aerial reoxidation:
10 mM sodium dithionite was added to Aer from a stock of 100 mM prepared in 1
M tris, pH 8.0 in the glovebox and UV-Vis spectra were recorded with a cuvette
of 0.2 cm path-length sealed with parafilm. To follow aerial reoxidation, the
parafilm seal was opened, the cuvette was stored in 4 °C refrigerator, and at
different times spectra were recorded.
3.4.4 cw-ESR spectra collection:
cw-ESR spectra were collected at 4 °C on Bruker Elexsys E500 EPR instrument
at 9.4 GHz with 100 kHz modulation frequency and 1.5 or 2 G modulation
amplitude. Dithionite reduced spectra of Aer were contaminated with dithionite
features, which were subtracted in matlab.
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3.4.5 CheY phosphotransfer assay:
The procedure followed for CheY phosphotransfer assay is very similar to as
described elsewhere (30). Briefly, samples containing CheA subunit: CheW: Aer
subunit: CheY = 2 µM: 3 µM: 15 µM: 50 µM were produced and treated with no
(fully oxidized state), 16 mM (ASQ state), or 8 mM (for recovery) dithionite from a
stock of 100 mM in 1 M Tris, pH 8.0. To follow stimulation by ASQ state,
dithionite was added just prior to ATP addition, whereas for the recovery
experiment the samples were incubated open to air at 4 °C for 2 hrs. after
dithionite addition and prior to ATP exposure.
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Chapter Four
Means for the Propagation of Allosteric Communications
4.1 Introduction:
Allostery is the coupling between two distant sites in a protein or protein complex
whereby changes in one site, called the regulatory site, alter the activity at a
distant part, called the active site or the output domain (1–6). J. P. Changeux first
observed allostery while studying L-isoleucine inhibition of L-threonine
deaminase, which deaminates L-threonine to form α-ketobutyric acid (7, 8). Since
then, the allosteric regulation has been realized to be so prevalent in modulating
protein activity and thereby controlling cellular processes that it appears to be the
second secret of life, genetic code being the first (9–11). Binding of small
molecules, a partner or changes in the microenvironment modifies either or both
the structure and dynamics of the regulatory site. Protein backbone and the side
chains relay this effect to the active site to alter the protein activity either by
adjusting the population of the active state or by varying the structure and/or
dynamics of the active site to make it competent for the desired outcome.
Although phenomenological theories (MWC model and KNF model) exist to
describe the allostery and cooperativity (12, 13), the mechanism of the
transmission of the effect is unique to the system under study. Despite the
uniqueness, the relay mechanism can be categorized under two topics:
conformational changes, and dynamical changes of the regions intervening the
two sites (Fig. 4-1). In many proteins, parts of the intervening regions may
undergo changes in only structure, parts in only dynamics, and other parts in
both structure and dynamics. Generally speaking, the spectrum of changes in the
intervening regions can be explained by combination of these two extreme
mechanisms. It is also important to note that our knowledge about the
mechanism of allosteric propagation depends on the spectroscopic/structural
method applied to probe the process. While X-ray crystallography (14–16), small
angle X-ray scattering (SAXS) (17, 18), and cryo-electron microscopy (Cryo-EM)
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(19, 20) can detect subtle structural reorganizations, they are not suitable for
directly probing dynamical changes in a system. On the other hand, more recent
developments, for example nuclear magnetic resonance (NMR) (21, 22), single
molecule fluorescence resonance energy transfer (smFRET) (23, 24), and pulsedipolar electron spin resonance (PDS-ESR) (25–27) techniques are well suited
for dynamics measurements.
Conformational changes alter the enthalpy of the system (ΔH) whereas dynamics
determine the entropy, and thus both the mechanisms will relate to the changes
in the free energy, ΔG, according to the equation ΔG = ΔH – T ΔS, where T
designates the absolute temperature. To note, since various spectroscopic
and/or structural methods probe structural and/or dynamical changes, our
knowledge on the mechanism of allosteric propagation depends on the approach
employed to characterize the process, and an accurate description can be
obtained only by combining data from diverse experiments. In this review we will
look into few examples of each of the two categories to explain the general
principle of the two mechanisms.

	
  
Figure 4-1: Different states of the motifs/domains intervening the
allosterically coupled sites can be characterized by differences in structure
and/or dynamics. Different states of three intervening motifs/domains in the two
functional states of the proteins are depicted in different shapes. The two states
of each motif/domain can be characterized either by a change in conformation or
in dynamics.
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4.2 Allosteric transmission involving mainly conformational changes in the
intervening regions:
Even though the theories on allosteric effect existed at the time, determination of
atomic scale structure of deoxyhemoglobin and methemoglobin by M. F. Perutz
around the year of 1970 ushered in the era of the structural view of allosteric
propagation, known as the “classical view”, where the allostery passes on by a
series of conformational changes in the intervening regions (1, 14, 15, 28, 29). In
the case of hemoglobin, oxygen binding to one or two subunits in the deoxy form
of the tetrameric protein pulls the iron atoms to the porphyrin plane. The iron
atom relocation draws the F helix towards H helix and the consequent steric
strain releases the tyrosine side chain from the pocket between the two helices.
Subsequent disruption of the salt bridges between the C termini results in the
rotation of the subunits with respect to each other. These series of changes
ultimately pre-organize the other oxygen binding centers to the bindingcompatible structure.
Propagation of the interaction between different sites in a macromolecule via
structural rearrangements of the intervening regions is vividly described in E. coli
aspartate transcarbamoylase (ATCase), an exemplary system to describe the
inhibition of metabolic enzymes by the end products of the metabolic pathways
(30–32). ATCase catalyzes carbamoylation of the amino group in the substrate,
L-aspartate by carbamoyl phosphate (CP) in pyrimidine neucleotide biosynthesis
pathway. The carbamoyl transfer reaction is allosterically regulated by the
activator ATP and the inhibitor CTP. ATCases are composed of two catalytic
trimers and three regulatory dimers with D3 symmetry or with C3 symmetry when
bound to CTP. The catalytic and regulatory chains are composed of two domains
each: N-terminal and C-terminal domains. A number of crystal structures of
ATCases bound with substrate, substrate analogs, CP, CTP, and combination
thereof, along with structures of unliganded ATCases have elucidated the
structural rearrangements during the transition from the inactive T state to the
active R state. The structures of ATCase bound with bisubstrate analog, Nphosphonacetyl-L-aspartate (PALA) has been particularly enlightening to
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uncover the conformational changes. An elongation of 11 Å along the molecular
three-fold axis, a 12° rotation of one catalytic trimers with respect to the other,
and a 15° rotation of each of the regulatory dimers along the two-fold axes
characterize the quaternary changes associated with the transition from the T to
the R state. ATCases bind CP before L-aspartate. Binding of CP in the T state
reorganizes the loops containing the residues 76-85 and 225-245 in order to
create a pocket with appropriate electrostatic environment for binding Laspartate. Thus bound L-aspartate rearranges 225-245 loop so as to correctly
position the amino group of L-aspartate within 2.8 Å of the carbonyl carbon of CP
for nucleophilic attack. The rearrangement of the residues 225-245 entails the
previously mentioned quaternary changes and a concomitant closure of the two
domains of the catalytic chains by 6.8°. These series of changes destabilizes the
T state and help the transition to the R state. The ATP or CTP binding in the Nterminal domain of the regulatory chains almost 60 Å away from the L-aspartate
binding site repositions R229 as the mean to manifest the allosteric effect. ATP
binding moves R229 towards the L-aspartate binding pocket and increases the
binding affinity by enhancing the electrostatic interaction, whereas R229 moves
away from the pocket upon CTP binding and thus causing the negative allostery.
Subtle conformational changes are also in effect to convey the allostery in CheY,
a response regulator in bacterial chemotaxis (33–38). Phosphorylation of Asp57
(in E. coli) by the kinase CheA allows CheY to strongly bind the flagellar motor
protein FliM causing clockwise rotation of flagella, which rotates in the counterclockwise direction otherwise (39, 40). The enhancement in the binding affinity
upon phosphorylation arises because Tyr106, a residue more than 9.5 Å away
from the phosphorylation site, populates more in a buried conformation
compared

to

a

solvent

exposed

state,

which

is

more

populated

in

unphosphorylated form of CheY. The change in the population bias in turn results
from the displacement of Thr87 towards the phosphorylation site and the
conformational changes of the β4-α4 loop (Ala88-Lys91) by a root-mean-square
deviation of 3.6 Å (for all non-hydrogen atoms).
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Conformational rearrangements in the intervening regions carry the allosteric
coupling also in photosensor VVD involved in the circadian rhythm in Neurospora
crassa (41–44). VVD dimerizes and becomes active in the presence of blue light
from inactive monomeric state in the dark. Upon photoactivation the isoalloxazine
ring in the FAD moiety forms adduct with the Cys108 (45–47). The adduct
formation protonates the N5 of FAD resulting in a modification in the H-bonding
network in the PAS domain. The modified H-bonding network leads to a
conformational change in the hinge region that repositions the N-terminal helix,
called N-cap, and consequently the N-terminus, the N-terminal latch, is released
from the core of the PAS domain. Thus, the remodeling of the domain releases
the N-terminal latch along with creating a pocket under the hinge region to accept
the latch from another subunit and thereby causing dimerization.
In the above examples subtle changes in the regulatory sites alter mainly the
enthalpic landscape of the intervening regions in order to reorganize the active
sites.
4.3 Allosteric transmission mainly involving dynamical changes in the
intervening regions:
Dynamics are intimately linked with the protein activity (48–51) as shown by the
loss of activity below 220 K. Cooper and Dryden in their seminal article published
in 1984 correctly recognized the influence of dynamical changes in the allosteric
communication, which since then has garnered tremendous appreciation (52).
Association of dynamics with the allostery has been observed in both engineered
and naturally occurring proteins. Two protein systems were engineered by fusing
ribonuclease Barnase from Bacillus amyloliquefaciens with either human
Ubiquitin or DNA binding domain of GCN4 in a way that only one domain in these
two-domain chimeras can stay folded at any given time (53, 54). External factors
such as temperature and ligand binding, decide which of the two domains would
be folded and active. This regulated folding as a means to propagate the
allostery is also seen in naturally occurring proteins such as pH-sensing adenylyl
cylcase RV1264 from Mycobacterium tuberculosis (55, 56). The protein has three
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distinct segments: the N-terminal regulatory domain (amino acid residues 14191), a flexible linker region (residues 192-213), and the C-terminal catalytic
domain (residues 214-377). The linker region undergoes regulated unfolding
upon pH-activation: it assumes an α-helical structure (residues 192-206) and
assists the regulatory domain to impose inhibitory constraint on the catalytic core
at high pH, whereas at low pH the region partially unfolds to relieve the catalytic
domain from the constraint imposed upon by the other domain and thus activates
the protein. Another segment called α1 switch helix (residues 226-231) also
experiences coil-to-helix transition upon pH-activation. Even more dramatic
changes in the intervening regions occur in bacteriophytochromes from D.
radiodurans

upon

light

exposure

(57).

Isomerization

of

the

biliverdin

chromophore induced by red light unfolds the beta hairpin structure in the tongue
region (residues 446-477), which connects the PHY domain with the
photosensory core, while at the same time folds the adjacent residues into α
helix. These restructuring of the tongue region eventually separates the two PHY
domains in the dimeric protein apart, as a means to control the downstream
signaling.
The homodimer of the cAMP binding domains in CAP protein epitomizes the
entropic contributions to the allostery ensued from dynamics changes in the psns time scale (21, 58). Two cAMPs bind the two subunits in the homodimer more
than 24 Å apart and with negative cooperativity. Exquisite NMR studies have
disclosed that while binding of the first ligand increases µs-ms dynamics and
minimally affects the structure of the other binding motif, binding of the second
ligand extensively dampens ps-ns dynamics in the dimer. The stiffening of the
fast scale dynamics upon second ligand binding gives rise to a strong entropic
penalty causing the negative cooperativity.
Dynamical changes along with conformational changes also play roles in signal
transduction by transmembrane receptors including bacterial chemoreceptors
and beta-2 adrenergic receptor (β2AR), a prototypical G-protein-coupled receptor
(GPCR). In E. coli, the bacterial chemoreceptors detect chemicals in the
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periplasm, relay the information inside the cells, and modulate the activity of the
kinase bound at the cytoplasmic tip, almost 380 Å away from the ligand binding
pocket. Upon ligand binding, one of the helices, α4, in the periplasmic domain
and the second transmembrane helix (TM2) undergo piston displacement
perpendicular to the membrane plane (59–61). This conformational change
propagates in the cytoplasmic domain by altering the local dynamics. The
membrane proximal HAMP domain, a parallel four helix bundle, arguably
changes its packing stability and experience an order-disorder transition (62–64).
The membrane distal kinase control module (KCM), antiparallel four helical
bundle, faces even more dramatic variation in dynamics (65, 66, 27). The HAMP
proximal and distal part of the KCM experience polarized change in mobility: if
one part becomes more dynamic the other stiffens and vice versa, whereas the
intervening segment acts as a pivot point and stays similarly dynamic during the
signal transmission. This polarized change in dynamics is potentially a versatile
mechanism for allosteric communication in modular proteins. These results show
that conformational changes (ΔH) in TM2 upon ligand binding manifests in the
change in entropy (ΔS) in other segments, namely in HAMP domain and KCM,
thereby revealing the interchangeability of enthalpic and entropic contribution to
the change in free energy along the propagation of allosteric communication.
Along the line of bacterial chemoreceptors, in β2AR also, binding of agonist,
inverse agonist, and G-protein mimetic nanobody differentially modulate the
dynamics in the transmembrane core and the cytoplasmic regions as a means to
regulate various signaling pathways (67, 22). Relaxation dispersion NMR
measurements clearly show that agonist binding enhances dynamics in the
cytoplasmic interface, which is stabilized only after binding to G-proteins. This
increased dynamics in the cytoplasmic interface upon agonist binding is
postulated to favor binding to different G-proteins and even non-G proteins and
thereby to regulate various intracellular signaling.
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Appendix A
A Plausible Model Describing Modulation of Bacterial Chemotaxis
Kinase Activity by Alternation of Chemoreceptor Dynamics
Chapter two of this dissertation describes dynamics change in the protein
interaction region (PIR) of bacterial chemoreceptors in response to ligand binding
in the periplasmic domain. A plausible mechanical model has been envisaged to
translate the dynamical change in PIR into modulation of kinase activity (Fig.
Appendix A-1). The figure depicts a simplified picture of the association of
bacterial chemoreceptor, the adaptor protein CheW and the kinase CheA along
with the five domains of the dimeric kinase (P1 through P5). The regulatory P5
domain interacts with CheW and the PIR of receptor; the catalytic P4 domain
binds ATP and phosphorylates the conserved histidine residue on P1 domain
(H48 in E. coli); P3 is the dimerization domain; the least conserved P2 domain
holds the response regulators CheY and CheB in order to facilitate
phosphotransfer from the phosphorylated histidine in P1; and the P1 domain
contains the conserved histidine residue. The P1 domain periodically interacts
with P4 to receive phosphate and with the response regulators bound at the P2
domain to donate phosphate. This periodic motion is depicted in the figure with
double-headed arrows. In the ligand-free state, the PIRs of the receptors are
more reigid, and the periodic motion of P1 leads to efficient flow of the
phosphate. However, upon ligand binding the PIR becomes comparatively more
dynamic and the fluctuation of PIR backbone imposes additional dynamical
modes on the P1 domain preventing the fruitful interaction of the P1 histidine with
γ-phosphate of ATP bound at P4 domain and/or the correct interaction of the
phosphorylated histidine with the response regulator aspartate. Interference in
these two interactions renders CheA inactive and ultimately leads to cellular
smooth swimming.
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Figure Appendix A-1: A model that links dynamics in chemoreceptors with
the kinase activity. A plausible mechanical model describes kinase activity
regulation based on dynamics in the PIR of the bacterial chemoreceptors.
Domains from different subunits of CheA are distinguished by apostrophe.
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Appendix B
Redox State of Flavin Adenine Dinucleotide Cofactor Enables AerMediated Bacterial Phototaxis in Response to Blue Light
Bacteria demonstrate physiological responses towards blue light exposure. Upon
small duration exposure to blue light, Salmonella typhimurium and Escherichia
coli tumble and removal of the light resumes smooth swimming of the cells.
However, when exposed at intense light for long time, bacteria first tumble, then
swim smoothly with lower speed before become paralyzed (1–3). In vivo gene
knockout experiments verified the involvement of Aer (Chapter three) in this
response (3). To formulate a mechanism of Aer regulation of bacterial responses
to blue light, we tested the effect of blue light on the redox state of FAD in Aer.
Light of 445 nm reduces fully oxidized FAD in Aer solubilized in 0.1 % DDM to
the anionic semiquinone (ASQ) state, however the reduction process is
expedited in presence of 13.3 mM DTT and/or 31 mM EDTA pH 8.0 (Fig.
Appendix B-1A). We also have observed this reduction when Aer is incorporated
into nanodisc assembled from E. coli polar lipid and the membrane scaffold
protein MSP1E3D1 (Fig. Appendix B-1B). Chapter three describes that ASQ
state deactivates the chemotaxis kinase protein CheA, and thus photoreduction
of FAD to ASQ state would cause cellular smooth swimming and fail to explain
tumbling response to blue light. Further explorations are required to reconcile this
discrepancy. Involvement of other proteins should also be considered.
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Figure Appendix B-1: Blue light reduction of FAD cofactor in EcAer. Blue
light (445 nm) reduction and aerial reoxidation of FAD in Aer solubilized in 0.1 %
DDM, and in presence of 13.3 mM DTT and 31 mM EDTA pH 8.0 (A) or in Aer
incorporated into nanodisc (B). The negative spike in (A) around 450 nm is due
to scattering of the laser light itself.
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