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GENERAL INTRODUCTION

General Introdution



GENERAL INTRODUCTION

Across all domains of life, seeking favorable environmental conditions is a common
behavior. Even the simplest life forms, such as motile bacteria, are capable of detecting
the chemicalsin theirimmediate surroundings. They are able to control their movement
toward increasing concentrations of beneficial attractants and away from deleterious
toxins. This behavior, termed bacterial chemotaxis, has been intensively studied ever
sinceitwas firstreported backin the late 19th century (1). Chemotaxis was first observed
in the organism Escherichia coli (E. coli). The cells formed visible bands in capillary tubes
or rings on agar plates to follow a concentration gradient of nutrients and oxygen (2-4)
(Fig. 1). This observation begged the question of how the cells are able to perform this
behavior. Decades of extensive research on this topic made the chemotaxis system the
best-understood signaling pathway in biology today.

Figure 1. Chemotaxis behavior discovered in E. coli. Top panel shows a capillary tube filled
with liquid medium. E. coli inoculated at the left end prorogate toward the right end and
clustered into the bands shown in the capillary tube. Such clustering on a galactose agar plate
with E. coliinoculated at the center develops as ring pattern shown in the bottom panel. Both
pictures are taken from reference (2) .
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Chemotaxis allows motile bacteria to modulate their swimming trajectory, which was
documented in light microscopy studies in the ‘70s (5). The swimming trajectory of
E. coli in an isotropic chemical environment is a random walk consisting of smooth
swimming (termed “runs”) and intervals (termed “tumbles”) where the cells pause
and change the direction of swimming. Such random walks can be readily biased by
the presence of chemical gradients, in which case the runs lengthen and the tumbles
become less frequent. Numerous studies over the past fifty years, gradually unraveled
a sophisticated system that is capable of recognizing and responding to certain
chemical compounds (6). Indeed, E. coli cells are necessarily equipped with complex
macromolecular machinery specifically evolved for such a chemotaxis system to
function. A detailed introduction to chemotaxis and the intricacies of the chemotaxis
system can be found in Chapter 2.

In E. coli, the chemosensory pathway controls the flagella, which are long filaments
that extend outside the cell. They are readily observed and their motor apparatus was
first described in the early ‘70s (11) (Fig. 2A). Additional flagellar components, such as
the hook and basal body complexes that anchor the flagellum to the cell wall envelope
were also observed in purified samples (8, 9, 12) (Fig. 2B,C). Structural, biochemical
and behavior studies collectively reveal that flagellar rotation is powered by a rotary
motor (13-15). The 3D structural depiction of intact flagella motors was later achieved
via single particle cryo-electron microscopy (cryo-EM) analysis (Fig. 2D) (10, 16, 17).
Even today, the flagellar motor remains one of the most popular subjects for structural
studies in cryo-EM (18-21).

In contrast, the sensing part of chemotaxis, which was believed to happen inside the
cell, remained only accessible for probing through genetic and biochemical assays.
The location and appearance of a chemosensory apparatus had remained elusive for
a long time. In fact, the idea that a macromolecular machine underlies the chemotaxis
system was not hypothesized until the90s (22), after the polar clustering of chemotaxis
proteins was first confirmed by immune electron microscopy in E. coli (23).

Despite the lack of direct structural information, the understanding of the molecular
mechanism of chemosensory in E. coli progressed rapidly. The attractants and
repellents that E. coli is capable of sensing in the environment were identified (24-26).
Subsequently, mutant strains with chemotactic deficiency were used to identify the
che (chemotaxis) genes and their respective Che proteins (27-29). Shortly after, the
sensing capabilities of specific chemoreceptors, called methyl-accepting chemotaxis
proteins (MCPs), were identified (6, 30, 31). The methylation state of the MCPs was then
shown to provide a means for modulating the sensitivity towards the ligands, which is
termed sensory adaptation, to keep a temporal record of ligand concentration (32-34).
A decade later, phosphorylation of a messenger protein was identified as the signaling
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Figure 2. Bacterial flagellum and flagellar motors depicted through electron microscopy
studies. (A) A negative stain image of E. coli cells. Image is adapted from (7). (B) A negative
stain image of flagella purified from E. coli. Arrows point at hook-basel bodies. Scale bar is
100 nm. Image is adapted from (8). (C) A close-up negative stain image of the basal end of
flagellum from E. coli. Arrows point to the location of rings. Scale bar is 30 nm. Panel is adapted
from (9). (D) A 3D reconstruction of the isolated flagellar rotor from Salmonella typgimurium
where the rings are resolved in detail. Image is adapted from (10).

mechanism that facilitates the communication between the chemoreceptors and the
flagellar motor (35-38). In 1992, based on protein interaction studies in vitro, Gegner
et al. proposed the initial model of the sensory apparatus which is a ternary protein
complex consisting of MCPs, the histidine kinase CheA, and the adaptor protein CheW
which physically couples the MCPs to CheA (39) (Fig. 3A). This model implied that the
formation of a ternary protein complex is instrumental for proper chemotaxis.

Visualizing the chemosensory complex became necessary in order to understand
the molecular mechanism underlying the system. Although it was clear where
the chemotaxis proteins were located (cell poles) and what proteins comprise the
system (ternary complex form by MCPs/CheW/CheA), few techniques allowed direct
visualization of protein complexes inside living bacterial cells. Nevertheless, atomic-
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Figure 3. Models proposed for the ternary chemosensory complexes. (A) An early
model proposed for receptor/CheW/CheA complex in chemotaxis pathway in reference
(39). (B) Cryo-electron microscopy image of chemoreceptor-kinase complex and two
different schemes describing potential molecular arrangements. Image modified from (40,
41). (C) Cryo-tomographic image of the cell pole of intact wild-type E. coli (left panel) and a
segmented representation (middle panel) of the image, and a schematic representation of
the arrays structure (right panel). Images are adapted from (42). (D) A tomographic slice of a
Salmonella enterica minicell showing the native order of the chemoreceptor arrays in the top-
view (Scale bar is 100 nm), and an inset shows the subtomogram average of the arrays (Scale
bar is 12 nm). Images are adapted from (43). (E) Side-view (left column) and the top-view
(right column) of subtomogram averaging results of two different kinase CheA arrangements
(one in each row) of the chemosensory arrays in E. coli. Images are adapted from (44). (F)
Density map (translucent gray) with molecular models fit within the density, with three core
signaling complexes colored differently. Images are adapted from (45).
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level structural information of the individual chemotaxis proteins gradually became
available by X-ray crystallography (46-48). In the meanwhile, a significant amount of
effort was invested into visualizing the recombinant protein complexes in vitro through
cryo-EM (40, 41, 49). Due to limited image quality and means for analysis, the molecular
architecture of the complex remained largely unknown. In fact, almost completely
opposing interpretations could be derived from the same in vitro preparation of the
ternary complex (Fig. 3B) (40, 41, 49).

The molecular arrangement of the chemosensory complex was eventually revealed by
cryo-electron tomography (cryo-ET) (42, 50). This technique allows a three dimensional
view of the chemosensory complexes in vivo preserved in a near-native state. The EM
images revealed large patches of chemotaxis arrays at the cell poles. The receptors are
oriented perpendicularly to the inner membrane. Their sensing domains were visible
in the periplasmic space, while their other end in the cytoplasm is clearly associated
with the CheA/CheW proteins that form a dense layer parallel to the inner membrane
(Fig. 3C). With ever-improving resolution limits and image processing methods such
as subtomogram averaging, both the hexagonal packing order of the receptors and
the ordered arrangement of CheA and CheW underneath the chemoreceptor lattice
were revealed (43, 44, 51, 52) (Fig. 3 D,E). Combined with atomic models from X-ray
crystallography data, the molecular architecture of the chemotaxis arrays was finally
solved for E. coli: Here, two receptor trimers-of-dimers, two monomeric CheWs, and one
dimeric CheA form the signaling core unit that has also been shown to be the minimal
structural unit for full modulation of CheA activity (45, 53) (Fig. 3F).

Cryo-ET provided crucial structural information for resolving the molecular architecture
of chemosensory arrays. It has further provided insight to understanding the structure
and function of the arrays (54). Studies of chemosensory systems in a wide variety of
bacteria and archaea revealed a universal hexagonal packing order of the receptors (51,
55). Cryo-ET continues to provide new structural insights and continuously contributes
to our understanding of the array assembly process and the conformational dynamics
of both the receptors and the kinase CheA (54, 56-59). Cryo-ET has been an essential
method to visualize this macromolecular machinery in situ. New developments in
microscopy hardware and imaging processing software will produce even higher
quality structural data and will continue to provide new insights into understanding
the molecular mechanism of signal transduction and kinase activation in bacterial
chemosensory (60).
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Thesis outline

This thesis comprises several studies where | used cryo-ET to gain insight into the
architecture and function of the chemosensory arrays. In Chapter 2, an in-depth
review covers the basics of chemotaxis behavior, the chemotaxis signaling pathway,
the chemotaxis proteins, and their arrangement in chemosensory arrays. Substantial
emphasis is given to the fact that chemosensory arrays are an ingenious structure
that manifests highly conservative structural features while simultaneously exhibiting
a great tolerance for compositional diversity. Most strikingly, the chemoreceptors
arrays observed thus far, even across far evolutionary distance, are hexagonally packed
trimers-of-dimers with conserved lattice spacing. Still, great variability of chemosensory
arrays exists in terms of the exact protein composition and stoichiometry, molecular
architecture in the baseplate (where the receptors bind the kinase CheA and coupling
proteins), the cellular localization, and the physiological relevance. More importantly,
as prompted in this review, little is known about such diversified systems beyond the
model organism E. coli, which has only one simplified chemotaxis pathway. Despite the
wealth of information available today, several outstanding questions and challenges
remain regarding the structure and function of the chemosensory arrays.

To gain insights into the architecture of chemosensory arrays in different bacteria,
Chapter 3 describes a study that reveals the compositional variability of chemosensory
arrays in Vibrio cholerae. Arrays in V. cholerae have the potential to tailor their
chemoreceptor composition in order to sense different targets. The chemotaxis proteins
inthe baseplate also exhibit a high degree of compositional variability, which potentially
facilitates the incorporation of new receptors into the already existing chemosensory
arrays. This high variability of chemosensory arrays is proposed for bacteria with a
larger repertoire of chemoreceptors, more extensive auxiliary chemotaxis proteins,
and multiple chemotaxis pathways. These attributes are distinctively divergent from
the chemotaxis paradigm driven by studies in E. coli.

Aside from the compositional variability determined in Chapter 3, | further examined
the moleculararchitecture of the chemosensory array baseplatein V. choleraein Chapter
4.The hexagonal packing order of the receptor trimers-of-dimers are conserved among
different species as reported previously, but the molecular composition and the
architectural arrangement of chemotaxis protein in the baseplate is now considered
species-specific. In V. cholerae, the histidine CheA exhibits an even distribution
across the baseplate but without any distinctive order. Such a kinase distribution is
expected to reduce the rigidity of the arrays and facilitate a more dynamic variability of
chemoreceptors and baseplate components. It also raises intriguing questions about
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how proper functionality of arrays and high cooperativity can be achieved when many
of the receptor trimers-of-dimer units are not in direct contact with the kinase.

Chapter 5 presents a study carried out in the model organism E. coli. Here | explored
the molecular mechanism of chemotaxis within chemosensory signaling core units,
the minimal structural and functional repeats of the arrays. Through careful design
and engineering, modified signaling core units are biased into either a kinase-on or
kinase-off output state. The conformational dynamics of the serine chemoreceptors is
visualized on a trimers-of-dimers level, and the corresponding confromational changes
in CheA are observed. Such obersavtions suggests that chemoreceptors achieve
kinase control through changing its packing compactness of the receptor trimers-of-
dimers. This result echoes several classic theories proposed for describing the signaling
mechanism in chemoreceptors. The results further suggest why the trimers-of-dimers
arrangement of the receptors may be necessary for carrying out its function in the
chemosensory arrays.

The chapters listed above are constructed with a focus on the scientific subject of
this thesis, namely, the structural and functional studies of chemosensory arrays.
Chapter 6 shifts the focus to the primary scientific technique used throughout the
studies included in this thesis, cryo-ET, which is currently the only method that permits
high-resolution structural studies of extended arrays in its near-native condition. This
chapter provides an overview of how to practice cryo-ET to visualize chemosensory
arrays in situ using transmission electron microscopy in cryogenic conditions. A brief
introduction of cryo-ET is included in this chapter, as well as a step-by-step description
of the standard workflow including cryo specimen preparation; 2D tilt-series image
acquisition, and 3D tomographic data reconstruction.

The key findings included in this thesis and their implications in a broader context are
discussed in each chapter. Chapter 7 discusses the cryo-ET technique. Particularly, the
specific limitations of this technique when applied to studies of bacterial chemosensory
arrays, and how improvements of this technique can lead towards an even better
understanding of bacterial chemotaxis.
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Overall, the studies presented in this thesis were made possible by recent technical
advances in both hard- and software that increased data collection speed and
achievable resolution of the cryo electron microscopy. This allowed me to achieve two
major advances in our understanding of bacterial chemotaxis. While the arrangement
of the chemoreceptors in highly ordered hexagonal arrays was already known, insight
into the structural changes accompanying a change in receptor activation state inside
the arrays had so far been lacking. Furthermore, the detailed architecture of array
core components in species other than E. coli remained also unknown. In this
thesis, | combined cryo-ET and subtomogram averaging methods to investigate
the chemotaxis arrays both in the model system of E. coli as well as other, less well-
understood systems such as Vibrio cholerae. This allowed me, for the first time, to
determine conformational dynamics of the E. coli chemoreceptors correlated to the
signaling states in situ. This study further gave insight on how the receptors function in
a trimers-of-dimers packing arrangement. This discovery contributes to a fundamental
understanding of why the hexagonal packing order is universal across all investigated
species so far. Equally important for the chemotaxis filed were the discovery of a
different stoichiometry of chemotaxis proteins and a direct visualization of kinases in
situ in a non-model organism. These new insights highlight that a structural diversity
of chemoreceptor arrays does exist, and that is the norm and not an exception. This so
far under-appreciated structural diversity in chemosensory arrays may be essential for
adapting the chemotaxis system to the changing environments and may be essential
for surviving a special niche or play a crucial role in pathogenicity.
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Diversity in bacteria chemosensory arrays

This chapter is published as:
Yang W!, Briegel A! (2020) Trends in Microbiology 28(1):68-80.

1 Institute of Biology, Leiden University, Leiden, The Netherlands

Abstract

Chemotaxis is crucial to the survival of bacteria, and the signaling systems associated
with it exhibit a high level of evolutionary conservation. The architecture of the
chemosensory array and the signal transduction mechanisms have been extensively
studied in Escherichia coli. More recent studies have revealed a vast diversity of the
chemosensory system among bacteria. Unlike E. coli, some bacteria assemble more
than one chemosensory array and respond to a broader spectrum of environmental
and internal stimuli. These chemosensory arrays exhibit a great variability in terms of
protein composition, cellular localization and functional variability. Here, we present
recent findings that emphasize the extent of diversity in chemosensory arrays and
highlight the importance of studying chemosensory arrays in bacteria other than the
common model organisms.
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Introduction

For a bacterium to move toward a more-favorable location, the cell must constantly
sense its surroundings and respond to nutrient and repellent gradients. The ability
of microbes to control their motility in response to their chemical environment is
called chemotaxis (61). This behavior was first described, and is best understood, in
the model organism Escherichia coli (2, 6, 62). E. coli possesses a single chemosensory
pathway that consists of 11 proteins. Within this pathway, four different membrane-
bound chemoreceptors (methyl-accepting chemotaxis proteins (MCPs)) and the
redox receptor Aer bind directly to a histidine kinase CheA and a coupling protein
CheW (also referred to as scaffolding protein or adaptor protein). Together, these
proteins assemble into macromolecular complexes known as chemosensory arrays.
Chemosensory arrays perceive environmental stimuli and collectively use them to
control the phosphorylation level of receiver proteins (CheY and CheB), which mediate
motor control and sensory adaptation, respectively (63). Because of their simplicity,
chemosensory arrays in E. coli have long been the paradigm for understanding the
molecular mechanisms of signaling transduction (63, 64) and the architecture of the
arrays (43, 44).

Chemotaxis in Escherichia coli

Chemotaxis enables E. coli to migrate toward attractants and away from repellents. E.
coli has multiple petrichous flagella powered by flagellar motors in the cytoplasm (65,
66). By default, the flagellar motors rotate counter-clockwise (CCW) and the left-handed
helical filaments form a bundle that propels the cell in a more-or-less straight swim
(run). When the flagellar motors switch their rotation direction from CCW to clockwise
(CW), the flagellar bundle disassembles and the cell tumbles (13). In the presence of a
stimulus, runs are lengthened and tumbles occur less frequently (Fig. 1A).

E. coli possesses a single chemotaxis pathway that consists of five different membrane-
bound chemoreceptors and six cytoplasmic chemotaxis proteins (Fig. IB) (61).
Attractants and repellents bind to the ligand-binding domain of the MCPs either directly
or via periplasmic binding proteins (67, 68). With the assistance of the coupling protein
CheW, a stimulus is transmitted to the histidine kinase (CheA) (64). Upon a negative
stimulus, such as repellents binding to the chemoreceptors, CheA autophosphorylates
the response regulator CheY. Phosphorylated CheY (CheY-P) diffuses through the
cytoplasm and binds to the flagellar motors to bias their rotation from the default
CCW direction to CW, resulting in tumbling. CheY-P is quickly dephosphorylated by
the phosphate CheZ, which keeps the overall CheY-P level closely synchronized with
the CheA activity. CheA also phosphorylates the methylesterase, CheB, to activate it.
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Together with the methyltransferase CheR, CheB reversibly modifies the methylation
state of the chemoreceptors in order to maintain an adapted sensitivity (63).
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Figure 1. Chemotaxis and chemosensory pathway in Escherichia coli. (A) Chemotaxis
enables E. coli to swim toward favorable environments through a combination of smooth
runs when flagellar motors rotate couter-clockwise (black lines) and tumbles when flagellar
motor rotate close wise (blue dots). The duration and frequency of the runs and tumbles are
regulated by the chemosensory arrays (green patches of pillars at the cell poles) (13-15, 69).
(B) Chemosensory pathway mediates both the flagellar motor control (red arrows) and the
chemoreceptor sensory adaptation (green arrows).

Chemosensory array architecture in E. coli

The chemoreceptorhomodimers readily form trimers-of-dimers through the interaction
at their cytoplasmic tips (46).To form the signaling core units, receptor trimers bind both
the kinase and coupling protein following a strict stoichiometry of 6 receptor trimers-
of-dimers: 1 dimeric CheA: 2 monomeric CheWs (Fig. 2A) (46, 94-96). Among the five
domains of the kinase CheA, the P5 domain directly binds to the receptor trimers (97-
99). The P5 domain topologically resembles two tandem SH3 domains (47). Similarly,
CheW is composed of two 3-barrels sandwiching a hydrophobic core (100). CheW and
P5 bind each other in an alternating order and form pseudo 6-fold symmetric rings
that links core units together (Fig. 2B). Within the individual signaling core unit, CheW
and P5 establish interface 1 (101); among the signaling core units, CheW and P5 form
interface 2 which is crucial for forming the extended array lattice (92).

Through the networks of CheAs and CheWs, the receptor trimers-of-dimers are arranged
into a rigid hexagonal pattern with a spacing of ~12 nm. This characteristic hexagonal
packing order has become the hallmark for recognizing the arrays and for assessing
the structural integrity of the array architecture (Fig. 2C)(51). In the side view, arrays
are distinguishable as a continuous layer parallel to the inner membrane (Fig.2D). The
chemoreceptors can be seen as pillar-like densities that extend between the baseplate
and the membrane. The side view reveals the length of the cytoplasmic fraction of the
receptors that co-exist in the arrays and gives important insight into which receptors
make up the specific array (51).
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Figure 2. Architecture of chemosensory arrays in E. coli. (A) The side view and the top-
down view of a signaling core unit is depicted in cartoon. The interface 1 within the core unit
is marked with a red line. (B) Repeats of the signaling core units assemble into arrays through
interface 2 marked in black lines. Red and black circles in dash lines show CheA filled and
CheA-empty rings in baseplate, respectively. (C) Tomographic image of the chemosensory
arrays in the side view near a flagellar motor in a lysed E. coli cell. The picture is modified
from (102). (D) Cryo-electron tomography (cryo-ET) image of chemosensory arrays in the top
view in a lysed E. coli cell. The insert panel shows subtomogram averaging of the hexagonally
packed receptor trimers-of-dimers. The picture is adapted from (58).

Beyond the bacterial chemotaxis paradigm

More than half of all motile bacteria have multiple chemotaxis systems (70). In those
bacteria, it appears that at least one chemotaxis pathway is dedicated to the control
of the flagella, whereas other chemotaxis pathways may be involved in the regulation
of a wide range of programmed cellular events (71). In the past decade, the field of
chemotaxis research has broadened its focus to include bacterial species with more-
complexchemotaxis systems.These studies have giveninsightinto,among other things,
the role of chemotaxis in the infectivity of pathogenic bacteria (71-78). Additionally,
we have gained new insights into the adaptability of chemosensory arrays. Bacteria
that experience stress conditions and/or transition to a sessile lifestyle remodel their
chemotaxis arrays. For example, the expression of specific chemoreceptors are up-
regulatedin order to respond appropriately to new metabolic needs and environmental
conditions (79-83). Moreover, the chemotaxis system in the archaea likely originated
via horizontal gene transfer from bacteria and then further adapted to form a unique
system that controls the archaellum (55). These studies highlight the great diversity of
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chemotaxis systems and the role of chemosensory arrays beyond the paradigm found
in E. coli (84, 85). However, the physiological relevance of many chemotaxis pathways
that diverge from the E. coli system remains unclear.

The signaling mechanism of chemosensory arrays in E. coli has been described in great
detail (61, 63, 64). In this review, we focus on novel aspects of chemosensory arrays that
have recently been discovered. There is a great diversity in composition and cellular
localization among prokaryotic chemosensory arrays. The co-existence of multiple
arrays within a single species raises new questions about the possibility of crosstalk
between chemotaxis systems and about how these systems are structurally and
functionally separated at the level of chemosensory arrays. We will first describe our
current understanding of the array architecture in E. coli, followed by an overview of the
variability of chemosensory arrays among prokaryotes. We highlight the capability of
array structures to tolerate compositional variability and speculate that this ability may
facilitate quick adaptation to a board repertoire of sensory inputs.

Chemosensory arrays appear structurally similar despite diverse
composition

E. colihas a single chemotaxis pathway with five chemoreceptors that collectively sense
the environment and control cellular motility. An “average” bacterial genome contains
14 chemoreceptor genes (86), but this number is highly variable and not proportional
to the genome size. Bacteria that periodically encounter stress conditions or need
to adapt to multiple or changing ecological niches tend to possess more receptor
genes (85). For instance, Magnetospirillum magnetotacticum, which is capable of
magnetotaxis, has 59 different MCPs (87, 88). A large structural and functional diversity
exists among MCPs, especially in the ligand-binding domains that are responsible for
sensing attractants and repellents (Fig. 3A). Genomic analysis of known MCP sequences
predicts nearly one hundred distinct types of ligand-binding domains that provide an
extremely broad sensory spectrum (Fig. 3B) (89, 90). The cytoplasmic signaling domains
of the chemoreceptors are less diverse. Based on the number and organization of the
seven-residue heptad repeats in the signaling domain, seven different major classes
can be distinguished for MCPs (Fig. 3C)(91).

Many bacteria also possess additional cytoplasmic chemotaxis proteins that do not
have counterparts in E. coli. These bring extra functional complexity to the signaling
pathways. Furthermore, more than half of motile bacteria have several chemotaxis
gene clusters in their genome, presumably representing separate chemotaxis systems.
Based on a classification using a systems-level phylogenomics approach, 19 distinctive
chemotaxis systems are currently characterized (70).
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Despite the compositional diversity of arrays discussed above, a hexagonal packing
order of chemoreceptors in the chemosensory array is conserved across all chemotactic
prokaryotes examined thus far (51, 55). These analyses strongly suggest that the
chemosensory array is an evolutionarily optimized structure with unique advantages
to facilitate the cellular responses. The array serves as a platform to accommodate
inputs from a variety of receptors simultaneously that ensures effective communication
with the cytoplasmic components of the chemotaxis pathway. Furthermore, the
conserved array architecture is thought to provide the structural basis for chemotactic
cooperativity and signal amplification via allosteric interactions within the arrays (92,
93).
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Figure 3. Structural diversity of chemoreceptors. (A) Model of the homodimer of Tsr serine
receptor in E. coli with different functional modules marked. (B) The structural diversity of the
ligand-binding domains. Ligands are colored in red. Ligand —-binding domains known to be
dimeric are depicted in green and blue for the different chains. Panel B is adapted from (89)
with permission. (C) Models of different signaling domain classes. Within the signaling domain,
the sensory adaptation subdomain, flexible bundle subdomain and the hairpin sub domain
are colored in light gray, white and dark gray, respectively. Methylation sites are highlighted
with black spheres to show the different patterns of methylation for chemoreceptor classes
displaying different heptad numbers. Gray spheres show the conserved glycine residues
located in the center of flexible bundle. Figure is adapted from (91).
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Alternative architectures of array assembly

The molecular arrangement of the chemosensory arrays is best understood in E. coli
[9,10]. Assembly of chemosensory arrays depends on the stringent regulation of the
stoichiometric ratio of receptors, kinases and coupling proteins. Overexpression of
one component can lead to the formation of alternative protein complexes (58). For
example, when there are no baseplate components present, the cytoplasmic tips of
the receptors trimers can associate with each other and result in “zippers,” or micelle-
like structures (Fig. 4A-B). Together with the coupling protein and kinase, truncated
chemoreceptors lacking transmembrane regions are capable of forming an array
“sandwich” in vitro in the presence of crowding agents (Fig. 4C)(58, 103).

This “sandwich” structure is very similar to the entirely cytosolic chemosensory arrays
observed in Vibrio cholerae, Rhodobacter sphaeroides and the archaeon Methanoregula
formicica (55, 105). Approximately 14% of all chemoreceptors are predicted to be
cytoplasmic (106). The native structure of cytoplasmic arrays observed so far show
that two hexagonal lattices of receptor trimers-of-dimers interact head-to-head and
sandwich between two CheA : CheW baseplates (Fig. 4D). The cytoplasmic arrays in V.
cholerae display significant rigidity and are nearly flat, unlike membrane-bound arrays
that follow the curvature of the inner membrane, or the flexible cytoplasmic arrays
found in R. sphaeroides and M. formicica. This rigidity is likely due to the presence of the
protein DosM that connects the baseplates to stabilize the arrays (104).

Multiple coupling proteins can coexist in the baseplate

As stated previously, chemotaxis proteins, including components that are directly
integrated into the chemosensory arrays, exhibit a great diversity among bacteria (107).
In addition to CheW, the protein CheV is encoded in 60% of all chemotactic prokaryotes
(70). CheV is a chimeric protein consisting of a CheW-like adaptor domain and CheY-
like response regulator domain. CheV can integrate into the baseplate and interact
directly with receptors and CheA (108). Additionally, CheV can be phosphorylated by
CheA, a process that is necessary for sensory adaption in Bacillus subtilis (109). A recent
study reveals that genomes that contain CheV typically encode about four times more
MCPs than genomes without CheVs (110). CheV has been proposed to co-evolve with a
subpopulation of MCPs in order to preserve the protein interaction interfaces that are
crucial for the incorporation and function of these MCPs in the arrays. This hypothesis
was experimentally confirmed in Campylobacter jejuni (111).

In V. cholerae, the protein ParP also integrates into the baseplate to promote array
formation and localization (Fig. 5A)(112). ParP contains a SH3-like domain with a
similar topological architecture as the P5 domain of CheA and CheW, which enables
it to integrate into the baseplate. In addition to promoting array formation, ParP also
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facilitates array localization near the flagellar pole with the assistance of the ParC
protein (113). This control of array positioning may allow a tighter control of the single
polar motor of V. cholerae, which may be particularly important for bacteria that rely
on a highly localized population of CheY molecules for chemotaxis (114). Therefore,
certain components of the baseplate can actively regulate array positioning in addition
to being part of the baseplate scaffold.

Figure 4. Chemoreceptor arrays in vitro and alternative chemosensory arrays in vitro
and in vivo. In the absent of other chemotaxis proteins, membrane-bound chemoreceptors
form “zipper” like arrays (A) or micelle-like structures (B) observed in cryo-ET images. Cryo-ET
images are adapted from (58). (C) In vitro, truncated Tar receptors form “sandwich” structures
consisting two layers of arrays flanked by CheA and CheW. Image adapted from (103). (D)
The native cytoplasmic chemosensroy arrays in a V. cholerae cell shown in tomographic
image. Cryo-ET image is adapted from (104). Insets 1-3, in both panel A and C, show the
subtomogram averaging results corresponding to the cross sections of the arrays indicated
in the tomographic image and the cartoon. The scale bars for insets 1-3 in panel A are 10 nm;
the scale bars for insets 1-3 in panel D are 20 nm. For all cartoon illustrations, receptors are
colored in green; kinases are in blue; the coupling proteins are in yellow and the membrane
are depicted in gray. The DosM receptor in panel D is highlighted in dark green.
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Compositional variability in the baseplate

The variety of baseplate components raises the interesting question of how bacteria
utilize the diverse coupling proteins. For example, V. cholerae is capable of increasing
CheV abundance in the baseplate to compensate for the absence of CheA in the F6
arrays (102). Fluorescence microscopy revealed that, under standard growth conditions,
only the CheV2 protein encoded within the F6 gene cluster form localized foci at the
cell pole. However, in the absence of CheA, CheV1 and CheV4 also form foci at the
cell pole (Fig. 5B), demonstrating that the baseplate composition is adaptable. CheV3
remains diffuse in the cytoplasmic regardless of the abundance of CheA. This could
mean that CheV3 interacts specifically with a particular MCP that is not expressed
under the conditions tested (110) and is therefore not incorporated into the baseplate.
This variability in structure is likely explained by the presence of SH3-like domains
that differ in the coupling proteins, which allows for the dynamic swapping of the
coupling proteins, allowing the incorporation of their specific MCPs. Thus, by adjusting
the baseplate elements, bacteria can rapidly regulate the sensory functions of the
chemosensory arrays to better suit the current environment.

Different baseplate stoichiometry

The stoichiometry of array components hasbeen determinedin E. coli(94). The baseplate
has a ratio of monomeric CheA and monomeric CheW that fluctuates between 1: 1
and 1: 2. The latter ratio is in agreement with the extreme scenario where all CheA-
empty rings are fully occupied with CheW hexamers. An increased abundance of CheW
hexamers can be promoted in vitro by addition of excess CheW (45). In comparison to
other bacteria, E. coli appears to have an unusually high ratio of CheA in the baseplate.
In B. subtilis, the ratio of the baseplate components for CheA : CheW : CheV is 1:1:3
(115). In the F6 arrays of V. cholerae, there is even fewer CheA, with a CheA : CheW :
CheV stoichiometry of 1:7:2 (102). Additionally, in V. cholerae, a small number of ParP
molecules also integrate into the baseplate, suggesting that the baseplate consists of
more coupling proteins than kinases. In B. subtilis, the ratio between receptor dimers
and dimeric CheA was determined as 23 to 1, which is about four times higher than the
ratio in E. coli, where the ratio is 6 to 1. Thus, in B. subtilis and V. cholerae, many receptors
in the array bind solely to the coupling proteins.

The low abundance of kinase in the arrays of some species raises the question of
whether the concept of core unit consisting of two receptor trimers-of-dimers, one
CheA dimer, and two CheWs is applicable for those bacteria. In order to include a
variety of baseplate components, Alvarado et al. proposed a variety of possible core
unit schemes for the F6 arrays in V. cholerae (112). Alternatively, the core unit may be
specific to E. coli arrays because of its high kinase abundance, whereas in most arrays
receptor trimers-of-dimers are capable of integrating into the arrays as long as the
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Figure 5. The baseplate variability of chemosensory arrays. (A) Comparison between
chemosensory arrays in E. coli arrays (left) and the F6 arrays in V. cholerae (right). In V.cholerae,
both ParP (black) and CheV (magenta) can directly integrate into the baseplate bringing in
receptor trimer-of-dimers. (B) Cartoons (left) illustrates that more CheV proteins intergrate
into the F6 arrays in V. cholerae when CheA is absent. Fluorescence microscopy images (right)
show that in wild-type arrays (top 2 rows) only CFP-tagged CheV2 foci were observed at the
cell poles. The foci of CFP-tagged CheV1 and CheV4 emerged at cell poles only when CheA
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is absent (bottom 2 rows). The image is adapted from (102). CheV1, CheV2 and CheV4 are
colored in red, magenta and pink, respectively, for the cartoons. (C) Arrays with low CheA
occupancy (right) potentially encourage a higher cooperativity compared to arrays with a
high CheA occupancy (left). Red dots represent receptors sensing a stimulus; red arrows
indicate the possible direction of signal propagation in the baseplate.

A higher cooperativity among the receptors may also be required for species with a low
abundance of kinase in chemosensory arrays. In E. coli, every CheA is directly in contact
with a receptor trimers-of-dimers. In contrast, a single CheA in V. cholerae is assigned
to an average of 6 receptor trimers-of-dimers, based on the stoichiometry data (102).
Therefore, in V. cholerae, the signaling state of the receptors is likely to propagate
horizontally through one or multiple multiple interfaces 2 before it can reach the
nearest CheA (Fig. 5C). As interface 2 is considered to facilitate signal amplification and
cooperativity, a long-range horizontal signaling propagation is potentially crucial for
integration of diverse signaling inputs from a collection of various receptors and the
proper kinase control. In arrays with a low kinase abundance and a high diversity in
chemoreceptors, a higher signaling cooperativety is expected to facilitate the large
repertoire of sensory inputs.

Chemoreceptor clustering depends on receptor length

The arrays undergo stochastic self-assembly and spontaneously nucleate new clusters
that tend to collide and fuse with the cluster already localized at the cell pole (116).
This often results in large polar chemosensory arrays and multiple small lateral
clusters (117). However, not all receptors are expected to cluster into a single array. For
membrane-bound arrays, the physical length of receptors predicts whether receptors
can incorporate into the same chemotaxis array (51, 91). The intracellular length of
chemoreceptors is influenced by the presence of several components, including the
number of heptad repeats in the signaling domain, the number of the HAMP domains,
the presence or absence of the PAS domains, and additional linker regions (118-120).
In E. coli, all five chemoreceptors share a 36H signaling domain and possess the same
physical length, and they indeed cluster together into a single array. Experiments
have shown that the wild-type and artificially shortened receptors in E. coli cluster
into separate arrays in a length-dependent manner and function separately (121).
In V. cholerae and other bacteria, polarly positioned but distinctively separate arrays
exist naturally, as shown in the tomographic image in Figure 6 (122). The short and
long membrane-associated arrays are assigned as F6 and F7 arrays, respectively. The
F6 arrays contain 40H receptors whose ligand-binding domains can be recognized in
the periplasm. In contrast, the F7 arrays do not have discernible periplasmic domains,
consistent with the absence of periplasmic and transmembrane regions in the known
F7 chemoreceptors. How the F7 chemoreceptor array is anchored to the membrane is
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unknown. The F7 arrays also contain distinctive additional density layers between the
baseplate and the inner membrane, which is proposed to correlate with the presence
of PAS and HAMP domains.

The requirement that receptors that coexist in single arrays must be of the same
length appears to be stricter in the case of membrane-bound arrays compared to the
cytoplasmic arrays. One special case is the cytoplasmic array in V. cholerae (104, 105).
In this case, the DosM receptor (44H) forms arrays together with other, much shorter
cytoplasmic receptors (20H). This unusual DosM receptor contains 2 signaling domains
and interacts with both base plates in the array to serve as a structural scaffold.

What is the advantage of multiple arrays?

The explanation for why bacteria presenting multiple membrane-bound arrays at the
same cell pole remains elusive. The spatial isolation of the two arrays suggests that
the chemosensory pathways benefit from segregation of the receptors by preventing
possible crosstalk. However, crosstalk among different pathways is reported in the
bacterium Comanonas testosterone (123). Here, the kinase of the motility control
pathway can directly phosphorylate not only the response regulator within the same
pathway, but also the response regulator from the pathway that regulates biofilm
formation. Similarly, crosstalk between pathways has also been proposed in other
bacteria, and it might be common in bacteria that are capable of multiple forms of
motility (124-127).

Figure 6. Co-existence of different chemosensory arrays shown in tomographicimages of
P. aeruginosa (left) and V. cholerae (right). The F6, F7 and F9 represent different chemotaxis
systems classified on the basis of evolutionary history (70). Images are adapted from (122).

Understanding the functional specificity of chemosensory arrays for bacteria with
multiple chemotaxis pathways is particularly challenging (128). Even assigning
receptors to a certain pathway is not trivial. The difficulty is that the receptors and
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cytoplasmic components of the same pathways are not always localized within the
same operon. P. aeruginosa has five chemotaxis gene clusters comprising four different
pathways. However, 22 of the 26 receptors encoded in the genome are located outside
of the five gene clusters. Shown in a recent study, genetic analysis of the MCP-CheA,
MCP-CheW binding regions identified the pathway-specific motifs of the receptors,
which assisted the assignment of all receptors to the four pathways with known
function (129, 130). For Myxococcus xanthus, the receptor phylogenetic distribution,
genomic organization and subcellular localization analysis in combine revealed the
distribution of 21 chemoreceptors in 8 chemotaxis pathways (127).

Conclusions and future perspectives

The physiological relevance of chemotaxis pathways depends on the specificities of the
receptors displayed in the chemosensory arrays. However, our current understanding
of what each chemoreceptor can sense is still rather limited. We find a vast diversity
of MCPs in sequenced genomes, but the lack of a structure-function correlation in
the ligand-binding domains prevents a reliable prediction of what a specific receptor
may be able to sense (89). The growing insight into the immense diversity of bacterial
chemotaxis presages the challenges ahead to determine the functional specificity of
receptors, chemosensory arrays and chemotaxis pathways.

A fascinating characteristic of the chemosensory arrays is that, despite its highly
conserved architecture, it has an incredibly high tolerance to its compositional
variability. The increasing number of studies reporting a variety of chemosensory
arrays found in various bacteria is truly exciting. However, the correlation between
the architecture of the arrays and the stage in the life cycle of the cell or the presence
of particular environmental cues is still elusive in most cases. Understanding and
appreciating the variability of chemosensory arrays require two things: 1) case studies
that illustrate how chemosensory in a single model organism functions; and 2) general
cross-species studies that can reveal generally applicable trends.

To gain new insights into the diversity of chemotaxis systems and their function, a
combination of approaches will be necessary. For instance, we need to study chemotaxis
under culture conditions that mimic the native environment or that reflect specific
environmental niches instead of standard laboratory cultures. This need is highlighted
by a recent study in which proteomic analysis was combined with cryo-electron
tomography (cryo-ET) to study viable but non-culturable V. cholerae found in natural
water samples (83). This study revealed distinctive changes in receptor composition
of the F6 array, and the presence of the additional chemotaxis system (F9) in the non-
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culturable state. Cryo-ET provides a direct visualization of the chemosensory arrays
in situ in three dimensions. It is a powerful tool that can give insight into the native
packing order of the receptors and even the overall architecture of the arrays at the
molecular level (60, 131). However, this method is limited by the absence of detectable
labels to identify proteins of interest. This limitation can be overcome by the use of
fluorescence light microscopy for protein-specific targeting correlated (52) , which can
detect the localization and identification of the chemosensory arrays (105). In addition,
electron microscopy can also provide valuable high-resolution structural information
about either isolated array components or recombinant sensory complexes (132).
Another powerful tool to study chemosensory arrays is fluorescence microscopy. This
method is widely used for studying the clustering of chemotaxis proteins and their
dynamics in vivo (102, 112). With an ever-improving resolution, for example using
photoactivated localization microscopy (PALM) or stochastic optical reconstruction
microscopy (STORM), fluorescence microscopy can potentially reveal the clustering of
chemotaxis proteins and array segregation at the macromolecular level in living cells
(133-137).

Besides imaging techniques, genomics-driven bioinformatics studies have greatly
contributed to the tremendous progress in unraveling the diversity of chemotaxis
pathways and their evolutionary plasticity. The classification scheme based on
evolutionary history of signal transduction systems established by Wuichet and Zhulin
has set up 19 classes for assigning chemotaxis clusters in unstudied species (70).
Evolutionary genomics studies can also focus on common features of chemotaxis
components and predict their function based on combination of phylogenetic profiling
and comparative protein sequence analysis (110). Within a single species, comparative
sequences analysis has revealed the specificity of the conservative motif of receptor/
kinase and receptor/coupling protein interfaces and has assigned the receptors to
different chemotaxis pathways (129). Undoubtedly, with more genomes sequenced,
bioinformatics analysis will continue to provide valuable insights to direct experiments
to test various hypotheses that are potentially applicable to a broader set of subjects.
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Abstract

The chemoreceptor array, a remarkably ordered supramolecular complex, is composed
of hexagonally packed trimers-of-receptor-dimers networked by a histidine kinase and
one or more coupling proteins. Even though the receptor packing is universal among
chemotactic bacteria and archaea, the array architecture has only been extensively
studied in selected model organisms. Here, we show that even in the complete
absence of the kinase, the cluster Il arrays in Vibrio cholerae retain their native spatial
localization and the iconic hexagonal packing of the receptors with 12 nm spacing. Our
results demonstrate that the chemotaxis array is versatile in composition, a property
that allows auxiliary chemotaxis proteins, such as ParP and CheV, to integrate directly
into the assembly. Along with its compositional variability, cluster Il arrays exhibit a low
degree of structural stability compared to the ultrastable arrays in E. coli. We propose
that the variability in chemoreceptor arrays is an important mechanism that enables
the incorporation of chemotaxis proteins based on their availability.
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Introduction

Chemotactic bacteria constantly assess their environment and compare their current
situation with that of the recent past in order to bias their movements towards favorable
surroundings. Changes in their environment are typically detected by transmembrane
receptors known as methyl-accepting chemotaxis proteins (MCPs). Nutrients, toxins and
biological signaling molecules bind to the periplasmic domains of the receptors either
directly or via periplasmic binding proteins (PBPs) (68, 138, 139). MCPs communicate
their binding state through the membrane to a HAMP (histidine kinases, adenylyl
cyclases, MCPs, and some phosphatases) domain, which in turn communicates with
their cytoplasmic tips to regulate the autophosphorylation of a histidine kinase, CheA.
The kinase transfers phosphoryl groups to a response regulator, CheY, which then
diffuses throughout the cell, binds to flagellar motors, and regulates their direction of
rotation (140). In E. coli, either an increase of attractants or a decrease of repellents will
lead to a reduced CheY-P production. In the presence of low CheY-P levels, the flagellar
motors rotate counterclockwise, which results in a smooth-swimming motion (“run”).
Increase of CheY-P promotes a change of spinning direction to clockwise, resulting in a
random re-orientation of the cell (“tumbling”). Adjustments in the length of runs cause
cells to follow gradients toward attractants and away from repellents.

The arrangement of chemoreceptors in hexagonal arrays has been shown to be
universal in both Bacteria and Archaea (51, 55). In E. coli, the chemoreceptors are
networked by rings of CheA and CheW into hexagonally packed arrays with a 12 nm
spacing (43, 44, 99, 100, 141). Each set of three CheA dimers that link one receptor
hexagon together lie at the vertices of a larger hexagonal lattice with a spacing of 21
nm (58). This ordered arrangement results in ultrastable receptor arrays that retain their
highly ordered architecture even after cell lysis (43, 54, 58, 95, 142).

V. cholerae contains 3 chemotaxis operons (clusters 1-3), each of which forms its own
structurally distinct arrays. Of these, clusters | and Il are only expressed under certain
growth conditions (low oxygen and as a general stress response, respectively) (80,
143, 144). The proteins from cluster | form cytoplasmic arrays, in which two baseplate
layers sandwich cytosolic chemoreceptors and are stabilized by a specialized receptor
with two signaling domains (104, 105). Cluster Ill is structurally not well understood
at present. Neither of these systems has been implicated in canonical chemotactic
behavior, and their cellular function remains elusive. In contrast, cluster Il has been
shown to be responsible for chemotactic behavior under all tested conditions so far
(82). The arrays formed by cluster Il proteins are expressed under standard growth
conditions as well as under conditions in which clusters | and Il are also expressed
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(51, 104). Electron cryotomography (ECT) has previously reveled a typical hexagonal
packing with a 12 nm spacing in the cluster Il arrays (51). The same hexagonal packing
order was also found in both receptor layers in the cytoplasmic cluster | arrays as well
(104). V. cholerae possesses 43 MCPs genes that are scattered throughout the genome.
38 of these MCPs belong to the 40-heptad class (40H) (91), and this class of receptors
integrates into the cluster Il array (70). The cluster Il arrays are strictly localized to the
bacterial cell poles by the ParC/ParP system. ParC acts as a polar determinant that
directs localization of arrays to the cell pole via its cognate partner protein ParP. ParP
integrates into the array via its C-terminal AIF-domain through interactions with MCPs
and CheA. The integration of ParP stimulates array formation and prevents the release
of chemotaxis proteins from already-formed arrays (112, 145, 146).

The fact that ParP is not part of the chemotaxis system in E. coli reveals a structural
variability of the chemotaxis arrays among species. Here, we show that that the
CheA/CheW-only array, as well as the ultrastability of receptor arrays, is characteristic
for the chemotaxis system in E. coli rather than a universal feature shared among all
chemotactic bacteria and archaea. We further show that, although the hexagonal
packing of the chemoreceptors is universal among species, the baseplate that binds
the receptor tips differs in its composition. Our studies reveal that the baseplate, as a
variable structure, allows for the incorporation of alternative coupling proteins. This
feature likely facilitates the exchange of different chemotaxis proteins within existing
arrays in response to environmental cues. Our results on V. cholerae emphasize the
importance of understanding the structure and function of chemoreceptor arrays in
non-model organisms, especially in organisms in which highly versatile chemotaxis
might be important for pathogenicity.

Results

CheA is not necessary for chemoreceptor array structure and formation
Because the baseplate of the chemoreceptor array of V. cholerae is different from the
model organism E. coli (145), we set out to study the effect of baseplate composition
on array formation, structure and stability. Because V. cholerae contains 3 chemotaxis
operons, with one CheA encoded by each system, we constructed a triple cheA deletion
mutant (Avc1397 Avc2063 Avca1095). We considered it was important to delete the
cheA gene from each chemotaxis cluster in order to avoid the possibility that CheA
proteins of clusters | and Il might substitute for CheAll in formation of cluster Il arrays.
Like the cheA2 single-deletion mutant, this CheA-free strain was no longer capable of
chemotaxis in soft agar assay (Fig.53.1).
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In order to investigate whether the receptors were still able to form ordered hexagonal
arrays in the complete absence of all three CheA proteins, we performed electron
cryotomography (ECT) analysis of this CheA-free mutant. The data revealed that arrays
were still present, but with a 40% reduction in the number of cells with observable
arrays compared to the wild-type. This result supports the importance of CheA in
normal array formation. Notably, subtomogram averaging showed that, even in the
complete absence of CheA, the chemoreceptors were still packed in a hexagonal order
with the typical 12 nm spacing and were indistinguishable in structure from the wild-
type Cluster Il arrays (Fig. 1 A-B).

Figure 1. Cluster Il chemoreceptor array observed in wild-type and CheA-free V. cholerae.
(A) Hexagonally packed chemoreceptor array with 12 nm spacing near the flagellar pole in
wild type V. cholerae. (B) Hexagonal receptor array with 12 nm spacing in a CheA-free cell.
Subtomogram averaging map is shown in the inserts for both stains. The scale bar is 200 nm
for both tomoslices and 10 nm for both inserts.

Previous reports, based on fluorescence microscopy (FLM) studies in E. coli, suggest
that CheW alone might be sufficient for receptor clustering, so that chemoreceptor
arrays might still form in the absence of CheA (147). However, to our knowledge, our
study is the first substantial proof that the receptors not only cluster together, but that
they indeed form the typical ordered arrays in the complete absence of CheA. Thus,
even though CheA is indispensable for the chemotactic function of the array, it is not
indispensable for array formation or the hexagonal packing of chemoreceptors in V.
cholerae.
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CheA is not necessary for array localization

To study the role of CheA protein in the localization of cluster Il arrays, we analyzed
array localization in both the wild-type and the triple cheA deletion strain using a
functional YFP-CheW1 fusion (148) as a marker. Ectopic expression and visualization
of YFP-CheW1 revealed, as previously described (112, 148), that in wild-type cells YFP-
CheW1 localized as distinct clusters at the bacterial cell poles in a uni- and bi-polar
manner (Fig. 2A). Additionally, demographic analysis showed that short cells contained
a single uni-polar YFP-CheW1 cluster, whereas longer cells contained a bi-polar
localization of YFP-CheW1 clusters (Fig. 2B). Particularly, YFP-CheW1 was uni-polarly
localized in 53 % of cells and bi-polarly localized in 44 % of cells (Fig. 2C). YFP-CheW1
showed an identical cell length-dependent polar localization pattern in the triple cheA
deletion background (Fig. 2A-B) and a similar ratio of cells with uni- (52 %) and bi-polar
(42%) localization (Fig. 2C) when compared to wild-type cells. In direct support of the
FLM results, all the CheA-free arrays observed by ECT were localized very near the
flagellar basal body (Fig. $3.2). Thus, the correct localization of the array lattice does
not depend on the presence of CheA. Given that either CheA2 or ParP alone was shown
to be sufficient for CheW1 clustering, and thus for array formation (112), we believe
ParP is still present in the CheA-free array and effectively assumes the role of CheA2 in
facilitating array formation.

CheA does not influence recruitment of new chemotaxis proteins

To further understand the role of CheA in array formation, we performed fluorescence-
recovery-after-photo bleaching (FRAP) experiments with YFP-CheW1 in wild-type and
the triple cheA deletion background. Bleached clusters of YFP-CheW1 recovered their
fluorescence intensity in the triple cheA deletion strain in the same manner as in the
wild-type, demonstrating a continuous recruitment of new CheW1 to the chemotaxis
arrays in both strains (Fig. 2D-E). This observation clearly shows that CheW1 does
not depend on the presence of CheA to extend the pre-formed array lattice, which
indicates that CheA does not play an indispensable role in recruiting new chemotaxis
proteins into the existing arrays. Given that the formation of arrays is detected much
less frequently in the total absence of CheA proteins, it confirms that CheA is more
likely to play a crucial role in the initiation of array formation rather than regulating the
incorporation of new baseplate protein in pre-formed arrays.

V. cholerae Cluster Il arrays are highly unstable

In order to achieve an improved resolution (2-3.5 nm) of E. coli chemoreceptor arrays
by ECT, several laboratories have applied cell lysis either by antibiotic treatment or by
inducing a phage lysis gene to flatten the cells (54, 55, 58, 142). Both methods resulted
in lysed cells with chemoreceptor arrays that clearly retained their architecture (Fig. 3A).
In fact, it was reported the architecture of the arrays in lysed cells was indistinguishable
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Figure 2. Formation of YFP-CheW1 clusters in the absence of CheA proteins. (A)
Fluorescence microscopy images show the intracellular localization of YFP-CheW1 in wild
type and the indicated V. cholerae mutants. Orange arrows indicate cells with uni-polar
localization of YFP-CheW1, and green arrows indicate cells with bi-polar localization of YFP-
CheW?1. The scale bar represents 5um. (B) Demographs showing the fluorescence intensity
of YFP-CheW1 along the cell length in a population of V. cholerae cells relative to cell length.
The n-value indicates the number of cells analyzed. (C) Bar graph showing the percentage
of cells with distinct YFP-CheW1 localization patterns in the indicated V. cholerae strains. The
n-value indicates the total number of cells analyzed from three independent experiments.
(D) Fluorescence- recovery-after-photobleaching (FRAP) experiment of YFP-CheW1 clusters.
Clusters recover post-bleaching in wild type and a strain deleted for all CheA proteins. Numbers
indicate minutes pre- and post-bleaching. The dashed circle outlines the bleached region.
Yellow arrows indicate the pre-bleaching clusters, green arrows indicate the bleached clusters
and the purple arrows indicate clusters with a recovered YFP signal. (E) Graph depicting the
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fluorescence intensity of YFP-CheW1. The YFP-CheW1 post-bleach signal intensity the cell
pole is plotted relative to the initial pre-bleach at the pole intensity normalized to 1. The
average fraction recovery is shown. In panels C and E, error bars indicate standard of the error
mean (149).

from that of arrays analyzed in intact minicells (43, 44). However, instead of one
continuous superlattice, the arrays are more often found in patches in lysed E. coli.
In contrast, the same antibiotic-induced gentle cell lysis resulted in a quick loss of
hexagonal packing in the V. cholerae chemoreceptor arrays (Fig. 3B). Even though the
receptors clearly remain localized at the cell pole close to the flagellar motor, their
ordered packing is almost completely disrupted. Similar to the array side views in
lysed E. coli (Fig. 3C), as well as side views of cluster Il arrays in intact V. cholerae (Fig.
3D), the receptors appear to be intact and clustered in lysed V. cholerae (Fig. 3E). The
baseplate is still visible in the side views, suggesting that the occupancy of receptors’
membrane distal end was not completely lost. However, instead of a continuous
baseplate layer in intact cells, the density of the baseplate is discontinuous in the
lysed V. cholerae. Tomographic results from lysed V. cholerae cells also revealed micelle-
like zipper structures, where the receptors bend the inner membrane through the
association of their membrane distal ends (Fig. 3F). Similar structures, which represent
a different mode of receptor clustering, were frequently observed in E. coli when the
chemoreceptors were disproportionally overexpressed relative to CheA and CheW (58,
150). Overall, these observations demonstrate that the cluster Il array in V. cholerae does
not exhibit an ultrastable structural integrity like the arrays in E. coli. It is noteworthy that
this disruption of receptor packing order is only visible with ECT imaging and cannot
be detected by fluorescence light microcopy. As a further support for the baseplate
disruption, quantitative analysis of chemotaxis proteins in the membrane fraction of
lysed V. cholerae cells clearly showed that baseplate components were not co-enriched
with the membrane bound MCPs (Fig. S3.3).

The composition of the V. cholerae Cluster Il array is variable and exhibits
a distinct stoichiometry of chemotaxis proteins

To further understand the higher degree of instability of the V. cholerae cluster Il arrays,
we set out to determine the stoichiometry between the baseplate chemotaxis proteins
CheW, CheA and ParP using targeted LC-MC proteomics on wild-type V. cholerae cells.
Initial proteomic analysis was used to determine the synthetic heavy peptides used as
standards for quantification of CheW1, CheA2 and ParP ratios. Peptide samples were
spiked with identical amounts of the heavy peptides in order to calculate the relative
ratio between the identical light peptides from CheW, CheA and ParP. The analysis
revealed a stoichiometry between CheW1:CheA2:ParP of 35:5.3:1 (Fig. 4A), showing
that CheW1 is highly abundant compared to CheA2 and especially ParP, indicating that
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the cluster Il baseplate is primarily composed of CheW1, to a lesser extend of CheA2,
and with an even lower level of ParP.

Ad

Figure 3. Chemoreceptor arrays in lysed V. cholerae and E. coli. (A) The hexagonal packing
order can be clearly identified in a lysed E. coli cell. The insert is the power spectrum that
displays a strong diffraction pattern in the boxed region of the receptor array. (B) Lysis
disrupts the chemoreceptor array packing order in V. cholerae. Strong density representing
the receptors is still clustered near the flagellar pole, yet no hexagonal order can be detected
in either the tomoslice or the power spectrum (insert). Scale bar for A and B is 100nm. (C) Side
view of chemoreceptor array in a lysed E. coli cell. (D) Side view of cluster Il array in an intact
V. cholera cell. (E) Side view of the cluster Il array in lysed V. cholerae showing a discontinuous
occupancy at the baseplate compared to the continuous density shown in panel C and
D. White brackets and arrows highlight the receptor array and baseplate, respectively in
panels C-E. (F) Tomoslice of a lysed V. cholerae cell where receptors associated through their
membrane distal ends forming micelle- like structures. White arrows point at the receptors.
Scale bar is 20 nm for panels C-F.

V. cholerae also encodes four predicted CheV proteins (VC1602, CheV1; VC2006,
CheV2; VC2202, CheV3; and VCA0954, CheV4) in its genome. CheV is a fusion protein
between CheW and CheY and integrates into the baseplate similar to CheW (151).
Sequence alignment showed that all four CheVs possess the hydrophobic residues that
mediate interaction between CheW, CheA-P5 and ParP-AlF, respectively, with the MCP
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interaction tip (Fig. S3.4), suggesting that all four CheVs have the potential to integrate
into the cluster Il array baseplate. In a global proteomic analysis, we were able to detect
the presence of all four predicted CheV proteins (Table S3.4), showing that they are all
expressed under the conditions assayed. Furthermore, we detected all proteins from
cluster Il but none from Cluster | and lll. This result suggests that CheV proteins are
continuously expressed similar to cluster Il proteins and thus have the potential to
contribute to the structure of the baseplate of the cluster Il array and consequently to
array formation and/or stability.

We investigated the intracellular localization of all four CheVs by ectopically expressing
CFP-tagged versions of each protein individually. Fluorescence microscopy showed
that, in wild-type cells, only CheV2-CFP localized in clusters at the cell poles whereas
CheV1-CFP, CheV3-CFP and CheV4-CFP were diffusely localized in the cytoplasm (Fig.
4B). Thus, CheV2 is the primary CheV integrated into cluster Il arrays in wild-type cells.
Targeted LC-MS analysis revealed that the stoichiometry of all the baseplate proteins,
CheW1:CheA2:ParP:V1:V2:V3:V4, is 50:7.5:1.4:3.8:1:4.3:4.9 (Fig. 4D). CheW is clearly the
most abundant of the baseplate proteins, followed by CheA2. Furthermore, CheV2
was the least abundant of all of the baseplate proteins, even though it appears to be
the primary CheV protein in the cluster Il arrays. In the absence of all CheA proteins,
we observed that not only CheV2-CFP formed polar clusters in ~56% of cells (a level
identical to that observed for wild-type cells), but also CheV4-CFP and CheV1-CFP were
polarly localized in approximately ~57% and ~25% of the population, respectively
(Fig. 4Q). Thus, it appears that both CheV1 and CheV4 are able to integrate into the
arrays in the absence of CheA proteins. This recruitment of different CheV proteins
under certain conditions suggests that the baseplate is a highly variable structure
and is capable of adjusting its composition in order to accommodate changes in the
dynamic accessibility of different chemotaxis proteins. Indeed, CheVs are predicted to
coordinate with certain receptors to integrate into the array and to modulate receptor
function (110).

Discussion

The architecture of bacterial chemoreceptor arrays has been predominantly studied
in the model organism E. coli, in which the structural core of the array is composed
of rings formed by alternating P5 domains of CheA and CheW. These rings network
the trimers of receptor dimers in the typical hexagonal lattice. The architecture of
these arrays, in which six rings of CheA/CheW surround a ring lacking CheA predicts
a stoichiometry of 1:1:6 (CheA:CheW:MCPs) in these array, or 1:2:6 if the CheA-less
hexagons are not empty but instead filled with CheW only (43). This architecture
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Figure 4. Stoichiometry and variability in the V. cholerae baseplate. (A) Bar graph showing
the ratio between the chemotaxis proteins CheW1, CheA2 and ParP from cluster Il determined
by targeted LC-MS. Error bars indicate SEM. (B) Fluorescence microscopy of cells expressing
the four CheVs in wild-type V. cholerae and a strain deleted for all three cheA genes. Scale bar
indicates 5 um. Green arrows indicate polar clusters of CheV proteins. (C) Bar graph depicting
the percentage of cells with specific localization patterns of the four CheV proteins in wild-
type V. cholerae and a strain deleted for all three cheA genes. (D) Bar graph showing the
ratio between the chemotaxis protein CheW1, CheA2, ParP and CheV1-4 from cluster Il array
determined by targeted LC-MS. Error bars indicate standard deviation of the mean in panels
A, E and F. P values were calculate by Student’s t-test.
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agrees with the experimentally determined protein ratios that have been published
(94,95, 152). It is possible that because of the flexible stoichiometry among the ternary
components, the direct visualization of the CheW-only rings in vivo has not yet been
reported. Meanwhile, in the recombinant array assembled in vitro, the array formation
was commonly promoted with CheW in molar excess of CheA, typically at the ratio of
1:2 (103, 141). In those studies, such a high concentration of CheW may strongly favor
CheW only rings in the CheA-less hexagons. As a result, ECT studies and subsequent
subtomogram averaging indeed revealed CheW-only rings in vitro (141). However,
it is still unclear whether all rings lacking CheA are filled up with 6 CheW monomers
to create a complete ring in vivo. Our results with CheA-free V. cholerae provided an
extreme case in which the majority of the receptor trimers-of-dimers bind to CheW at
the baseplate. The baseplate composed predominantly of CheW is clearly sufficient to
arrange the receptor in a hexagonal packing (Fig. 5A). This result certainly favors the
possibility that CheW-only rings are sufficient to network the receptor trimers into the
native hexagonal packing to form a super-lattice.

The observation of CheA-free arrays that we report here does not diminish the
structural importance of CheA protein in the array. On the contrary, it highlights the
significance of CheA for maintaining the overall structural integrity of chemoreceptor
arrays. The CheA homodimer integrates into two neighboring receptor hexagons in the
lattice, linked by its P3 dimerization domain (47). Thus, CheA dimerization is crucial for
interlinking neighboring CheA/CheW rings and also for establishing the whole allosteric
network of the complex (92). In E. coli, the ratio of CheA dimer to the total amount
of coupling protein is 1:4, assuming that all CheA-free rings are filled with CheW. The
high CheA occupancy ensures that each trimer of receptor dimers directly binds to a P5
domain of CheA. Consequently, the hexagonal packing of the receptors is guaranteed
regardless of the presence of the CheW-only rings (Fig. 5C). Our stoichiometry data
show that the ratio of CheA dimer to other coupling proteins in V. cholarae is 1:14,
which is dramatically lower than in E. coli. Therefore, there are much fewer CheA dimers
in the baseplate that can function as “structural staples” to interlink the rings, which are
predominantly formed by the coupling protein CheW (Fig. 5B). It is worth mentioning
that the low abundance of CheA does not eliminate the existence of complete CheA/
CheW rings in cluster Il arrays. Yet, this structure is likely to be interspersed in the lattice
given the low CheA/CheW ratio, which would not provide an equivalent stability to
the array architecture as extensively networked CheA/CheW rings do. Ultrastability of
in vitro array complexes has been reported previously, which was proposed to arise
from the multiple linkages between the individual core complexes (95). ECT studies
later provided experimental evidence for the array stability based on the universal
appearance of the chemoreceptor array lattice after cell lysis, which has been shown
for example in E. coli, B. subtilis and T. maritima (43, 51, 142). The stoichiometry of CheW:




BASEPLATE VARIABILITY

CheA: ParP : CheVin V. cholerae provides a plausible explanation for why cluster Il arrays
are not as stable as those of E. coli. We further expect a variance of the chemoreceptor
array stability exist among other species in which the stoichiometry of the baseplate
components deviates from the stoichiometry established in E. coli.

ParP from V. parahaemolyticus forms dimers (146) similar to those formed by ParP from
V. cholerae, as suggested by a bacterial-two-hybrid assay (Fig. S3.5). ParP may also form
dimersthrough the flexible linker between its C-terminal AIF domain and the N-terminal
ParC interaction domain. Thus, ParP may substitute for the CheA homodimer in the
baseplate instead of competing with CheW monomers. If so, then ParP is potentially
capable of contributing to array stability in the same way as CheA dimers despite its
comparatively low abundance.
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Figure 5. CheA dimer occupancy in different arrays. (A) CheA-free array in V. cholerae.
Baseplate is predicted to be composed of CheW-only rings with sporadic insertion of ParP,
CheV1and CheV4. (B) Cluster Il array in wild-type V. cholerae. CheA2 dimers serve as a structural
“staple”that interlinks the ring networks in the baseplate. Due to the low occupancy of CheA2
dimer (1:14) compared to the other coupling proteins, only a few neighboring receptor
hexagons are structurally interlinked. (C) E. coli array. The1:2 ratio of CheA dimer to CheW
result a highly structured packing of receptors and base plate components. The red dashed
circles outline individual receptor hexagons in the receptor array super-lattice.

The stoichiometry of the V. cholerae cluster Il baseplate components reported here
suggests a high level of dynamics in baseplate architecture during array formation.
Due to a more diverse composition of the baseplate, it is conceivable that the array
lattice develops at the cell pole through a dynamic recruitment of receptors that bind
CheA, ParP, CheV and predominantly, CheW. This is in direct contrast to E. coli, in which
the core units are thought to assemble first, and subsequently associate to form the
extended receptor arrays with a strict stoichiometry and ordered arrangement of both
the receptors and the baseplate protein CheA and CheW (58). This assembly process
may reflect the relative simplicity of the E. coli chemotaxis system. The compositional
diversity of baseplates can also be found in other organisms for which the ratios of
chemotaxis proteins ratios have been determined. For example, in Bacillus subtilis,
the baseplate also contains CheV, and the array stoichiometry was determined to be
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1:1:3:23 (CheA:CheW:CheV:MCP) (115). These differences in protein ratios indicate
that the protein arrangement in the baseplate varies significantly depending on the
organism and perhaps the growth conditions, even though the receptors are packed in
the typical hexagonal lattice (43, 51, 55). It seems that the architecture of the baseplate
tolerates different levels of baseplate proteins. This conclusion is supported by the loss
of ordered CheA distribution in arrays where the array proteins are overexpressed from
different plasmids (58).

Taken together, our results emphasize that there are significant differences in the
composition and architecture of the chemoreceptor array among species. In the case
of V. cholerae, the less-stable arrays may be the result of the variable composition of
the baseplate proteins. This finding is consistent with the high number of different
MCPs encoded by V. cholerae. Their integration into the array super-lattice is believed
to depend on the presence of specific coupling proteins (110). Additionally, the array
variability may enable a swift adaptation by exchange of new chemoreceptors within
the existing array lattice during in response to altered environmental conditions. In
contrast, the E. coli system might have evolved to form ultrastable arrays, which provide
a robust generic chemotaxis response without the need for adding or exchanging array
components once assembled. Our findings highlight the need to study chemoreceptor
array structure and composition in different organisms to properly understand the
diversity and biological significance of chemotaxis signaling.

Materials and Methods

Construction of strain AA26

The wild-type strain of V. cholerae used was the El Tor clinical isolate C6706 and all
mutants are derivatives or this strain. Strain AA26 was constructed by sequential in-
frame deletions of vc1397, vc2063 and finally vc1095. To perform deletions, E. coli strain
SM10Apir was used to transfer DNA into V. cholerae cells. Derivatives of suicide vector
pCVD442 were employed to construct AA26 by standard allele exchange techniques.
Stains and the plasmids and primers used for construction are listed as Table $S3.1 - S3.3
in the supplementary information.

Construction of plasmids

Plasmid pAA100. Genomic DNA of V. cholerae was used to amplify vc1602 gene with
primers 3039 and 3024. Similarly, cfp was amplified from plasmid pMF391 using
primers 3025 and 565. Both PCR products were used as template for a third PCR using
primers using primers 3039 and 565. The resulting product was digested with enzymes
Xbal and Sphl and inserted in the corresponding sites of vector pBAD33, resulting in
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plasmid pAA100.

Plasmid pAA101. The gene vc2006 was amplified using genomic DNA as template with
primers 3027 and 3028. Using vector pMF391, cfp was amplified using primers 3025
and 565. Both PCR products were used as template for a third PCR using primers using
primers 3027 and 565. The resulting product was digested with enzymes Xbal and Sphl
and inserted in the corresponding sites of vector pBAD33, resulting in plasmid pAA101.

Plasmid pAA102.To create this plasmid vc2202 was amplified from genomic DNA using
primers 3029 and 3037. Vector pMF391 was used for template of cfp amplified using
primers 3025 and 565. Both PCR products were used as template for a third PCR using
primers using primers 3029and 565. The resulting product was digested with enzymes
Xbal and Sphl and inserted in the corresponding sites of vector pBAD33.

Plasmid pAA102. Similarly, vca0954 was amplified from genomic DNA with primers 3031
and 3038. Vector pMF391 was used for template of cfp amplified using primers 3025
and 565. Both PCR products were used as template for a third PCR using primers using
primers 3031 and 565. The resulting product was digested with enzymes Xbal and Sphl
and inserted in the corresponding sites of vector pBAD33 giving pAA102.

Growth conditions and media

V. cholerae and E. coli were grown in LB media or on LB agar plates at 30°C or 37°C
containing antibiotics in the following concentrations: streptomycin 200 pg/ml;
ampicillin 100 pg/ml; chloramphenicol 20 pg/ml for E. coli and 5 pg/ml for V. cholerae.

Cell Lysis

For lysis, V. cholerae and E. coli were first cultured overnight with 200 rpm shaking at
30 °C in LB and TB media, respectively. Overnight cultures were diluted with fresh
media at 1:500, then incubated at 30 °C with shaking for another 3 hours. 2000 Ul/ml
penicillin was added to the culture when OD, , was reached. After an additional hour
of incubation, cells were harvested by centrifugation. Lysis was monitored under the

light microscope.

Fluorescence microscopy

Fluorescence microscopy was performed essentially as described earlier (80). V. cholerae
cells were grown at 37 °C with shaking in LB medium including chloramphenicol
for selection of plasmid pSR1033. Ectopic expression of YFP-CheW1 was induced
by addition of L-arabinose to a final concentration of 0.2% v/v when the cell culture
reached OD, , 0.8-1.0. Subsequently, cell cultures were incubated an additional hour.
To collect images, cells were mounted on a 1% agarose pad, which included 10% LB



BASEPLATE VARIABILITY

and 20% PBS. Images were collected using a Nikon eclipse Ti inverted Andor spinning-
disc confocal microscope equipped with a 100x lens and an Andor Zyla sCMOS cooled
camera. Acquisition settings (exposure time and laser intensity), were kept identical
throughout all experiments. Images were analyzed using ImageJ imaging software
(http://rsbweb.nih.gov/ij) and Metamorph Offline (v 7.7.5.0, Molecular Devices, Union
City, CA). When counting the percentage of cells with distinct localization patterns of
YFP-CheW1, three biological experiments were performed. Cells were enumerated
by hand and for each experiment >100 cells were counted. The mean of the three
experiments was then plotted with error bars indicating the standard-error-mean (79).
A t-test was performed to calculate the p value. Demographic analyses were performed
as previously described (79). Software R studio version 3.0.1 (http://www.rstudio.com/)
along with ggplot2 version 0.9.3.1 (Hadley Wickham, Department of Statistics, Rice
University) were employed. For demographic analysis, the data from three independent
biological experiments were pooled. For each experiment >100 cells were analyzed.
The total number of cells included in the demograph (n) is mentioned in the figure.

Determination of isotopically labeled reference peptides for CheA, CheW
and ParP

Vibrio cholerae C6706 (lacZ-) was grown at 37 °Cin liquid LB medium until 0D, reached
~0.5-0.7. Cells were pelleted by centrifugation and washed twice with PBS buffer
(20%). Sample preparation, LC-MS and data analysis were carried out as described
previously (153, 154) with the exception of the proteolytic digest, which was carried
out using a tandem LysC/trypsin digest. Following protein solubilization using 2%
Sodiumlauroylsarcosinate (SLS) the detergent concentration was diluted to 0.5% with
100 mM Ammoniumbicarbonate. To 50 ug total protein extract, 500 ng LysC (Wako)
was added and incubated for 4 hours at 37 °C. Then digest was continued by adding
1 ug trypsin (Promega) for overnight at 30 °C. Detergent depletion and preparation of
peptides for LC-MS analysis was carried out as described previously (153).

The peptides were then analyzed using liquid-chromatography-mass spectrometry
carried out on a Q-Exactive Plus instrument connected to an Ultimate 3000 RSLC
nano and a nanospray flex ion source (all Thermo Scientific). Peptide separation was
performed on a reverse phase HPLC column (75 pum x 42 cm) packed in-house with C18
resin (2.4 um; Dr. Maisch). The following separating gradient was used: 98 % solvent A
(0.15 % formic acid) and 2 % solvent B (99.85 % acetonitrile, 0.15 % formic acid) to 32
% solvent B over 90 minutes at a flow rate of 300 nl/min.In order to identify the most
suitable peptides for peptide standard synthesis, digests from Vibrio cholerae lysates
were analyzed using data-dependent acquisition (153). In brief, the MS parameters were
set as follows: MS1 resolution of 60 000 (m/z 200), scan range from 375 to 1500 m/z,
MS/MS scans of the 10 most intense ions with 17 500 (m/z 200). The ion accumulation
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time was set to 50 ms (both MS and MS/MS). The automatic gain control (AGC) was set
to 3 X 106 for MS survey scans and 1 x 105 for MS/MS scans. MS raw files were searched
using MASCOT (v 2.5, Matrix Science) with the following criteria: semitryptic tryptic
specificity; two missed cleavages were allowed; carbamidomethylation (C) was set as
a fixed modification; and oxidation (M) and deamidation (N,Q) were set as a variable
modification. The mass tolerance was set to 10 ppm for precursor ions and 0.02. Search
results were loaded into Scaffold 4 (Proteome software) and peptides were chosen as
candidates for peptides synthesis when only fully cleaved and no miscleaved version
of this peptide was observed.

Targeted Liquid chromatography-mass spectrometry (LC-MS)

Before solid-phase extraction, isotopically labeled reference peptides (TQL, JPT Peptide
Technologies) for CheA, CheW and ParP were prepared according to the manufactures’
instruction and added to the digested lysate with a concentration of 20 fmol/ul. For
targeted-MS analysis the mass spectrometer first acquired a full MS-SIM scan with an
MS1 resolution of 70.000, ACG target setting of 1e6 and 100 ms max injection time.
Then PRM scans were carried out with a MS2 resolution of 35.000, AGC target settings
of 2e5, 100 ms and an isolation window of 2 m/z. Normalized collusion energy was set
to 27%. The analysis was performed unscheduled. For data analysis the results were
imported into Skyline (v. 4.1.0.111714) (155).

Electron Cryotomography

Penicillin treated cells were enriched by centrifugation and protein A-treated 10
nm colloidal gold solution (Cell Microscopy Core, Utrecht University, Utrecht, The
Netherlands) was added. After vortexing, aliquots of 3 ul was applied to freshly
plasma-cleaned R2/2, 200mesh copper Quantifoil grids (Quantifoil Micro Tools GmbH,
Germany). Plunge freezing was carried out in liquid ethane using a Leica EMGP (Leica
microsystems, Wetzlar, Germany). Grids were blotted at 20°C and at 95% humidity. Data
acquisition was performed on a Titan Krios transmission electron microscope (Thermo
Fisher Scientific, OR, USA) operating at 300 kV. Images were recorded with a Gatan K2
Summit direct electron detector (Gatan, Pleasanton, CA) equipped with a GIF-quantum
energy filter (Gatan) operating with a slit width of 20eV. Images were taken at a nominal
magnification of 42,000 x, which corresponded to a pixel size of 3.513 A. Tilt series were
collected using UCSFtomo with a bidirectional tilt scheme (0° to —60°, followed by 0°
to 60°) with a 2° increment. Defocus was set to -8 pm. The cumulative dosage used was
120 e-/A* and 80 e-/A” for unlysed and lysed cells , respectively.

Tomogram Reconstruction and Subtomogram Averaging
Drift correction, bead-tracking based tilt series alignment were done using IMOD (156).
CTFplotter was employed for CTF determination and correction (157). Tomograms
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were reconstructed using both weighted back-projection and simultaneous iterative
reconstruction (SIRT) with iteration number set to 9. Dynamo was used for particle
picking and subtomogram averaging (158, 159).

Sample size and analysis

For fluorescence microscopy experiments sample size and demographic analysis was
performed as previously described (112). The total number of cells included (n) is
mentioned for each experiment and demograph in the respective figures. For global
transcriptomics and targeted LC-MC analysis the results are based on a minimum of four
independent experiments. The mean was then plotted with error bars representing the
standard deviation. The p-value was calculated performing a Student'’s t-test.

Supplementary Information

Table S3.1. Strain list

Strain ID Genotype Reference
V. cholerae C6706 laczZ-
AA26 Avc1397 Avc2063 Avca1095 lacZ- This Work

Table S3-2. Plasmid list

Plasmid ID Description Reference
pCVD442 Suicide vector for gene deletion

pAK13 Plasmid to delete vc2063 (112)
pCVD442-VCA1095- Plasmid to delete vca1095 This work
flank

pPMO041 Plasmid to delete vc1397 (276)
pPMF391 PBAD::cfp This work
pBAD33 Arabinose induced expression vector  (277)
pSR1033 PBAD::yfp-vc2059 (148)
pAA100 PBAD:: vc1602-cfp This work
pAA101 PBAD::vc2006-cfp This work
pAA102 PBAD::vc2202-cfp This work
pAA103 PBAD::vca0954-cfp This work
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Table S3.3. Primer list

Primer ID Sequence (5'-)

565 CCCCCGCATGCTCACTTGTACAGCTCGTCCATGCC

3024 TCCTCGCCCTTGCTCACCAT GAGCTCGAGGATGTC CATATTCAGGATATATTTATCCAT
3025 GACATCCTCGAGCTC ATGGTGAGCAAGGGCGAGGA

3027 CCCCCTCTAGA ATGTCAGGTGTTTTGAACACGGTA

3028 TCCTCGCCCTTGCTCACCAT GAGCTCGAGGATGTC GGAAAGCACTTCTCGCAATCTT
3029 CCCCCTCTAGA ATGACGGGTATTCTTGATT

3031 CCCCCTCTAGA ATGGCTAAAGTCGTCAGTAA

3037 TCCTCGCCCTTGCTCACCAT GAGCTCGAGGATGTC TTTAACTAGCGCAGCTTTCAC
3038 TCCTCGCCCTTGCTCACCAT GAGCTCGAGGATGTC CGATTTTTGCAAACGCTGCGTCT
3039 CCCCCTCTAGA ATG AGCAACCCAAGCAGTACTA

Table S3.4. Abundance of chemotaxis proteins detected by global LC-MS proteomic
analysis.

Presence of chemotaxis proteins in V. cholerae

Detection Detection
Cluster | VC1394 MCP NG cCluster I VCA1088 MCP . No
VC1395 Chey1 [No VCA1089 CheB3  [No
VC1396 HP . No VCA1090 CheD  [No™™
VC1397 CheA1l [No VCA1091 CheR3 [iNo
VC1398 Chey2 [iNo VCA1092 MCP . No
VC1399 CheR1 [No VCA1093 Chew2 [INo
VC1400 HP . No VCA1094 Chew3 [INo
VC1401 CheB1 [No VCA1095 CheA3 [Ne
VC1402 Chew  [No VCA1096 CheY4 [No
VC1403 MCP . No
VC1404 HP NG cCheVs VC1602 CheV1 Yes
VC1405 MCP . No VC2006 CheV?2 Yes
VC1406 MCP . No VC2202 CheV3 Yes
VCA0954 CheV4 Yes
Cluster Il VC2059 CheW1 Yes Others VC2201 CheR2 [Ne™™
VC2060 ParP Yes
VC2061 ParC Yes
VC2062 CheB2 Yes
VC2063 CheA2 Yes
VC2064 CheZ Yes
VC2065 CheY3 Yes
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Figure S3.1. Soft agar assay shows chemotatic behavior in V. cholera wild-type and
stains with selective chemotaxis protein deletion. ParP deletion had little impact on the
chemotaxis ability (N=25). No chemotactic ring was observed for cheA2 deletion strain or
cheA(1-3) deletion strain , which suggested the chemotactic behavior in those two strains was
largely impaired.

Figure S3.2. Localization of cheA-free cluster Il chemoreceptor arrays in V. cholerae.
Among 27 cell poles examined, all 11 chemoreceptor arrays observed were closely localized
to the polar flagellar. Scale bar is 100 nm.
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Figure S3.3. Baseplate proteins do not co-fractionate with MCP proteins in membrane
fractions. The bar graph show the average (average of four experiments) fold increase in the
membrane fraction compared to the cytosolic fraction of total annotated transmembrane
proteins, total detected MCP proteins and the baseplate proteins including CheW, CheA, ParP,
CheV1-4. Notably, ParP protein was not detected at all in the membrane fraction.

Therm mari-CheW 1 MKILADAL------=-=- KEFEVLSFEIDE-—-—====== QALRFDVDNIEM
Escher col-CheW 1 MIGMINVIKLASEP---SGQEFLVFILGD--------- EEYGIDILKVQE
Vo cholernasATH: |J 'sscemmms e = QVLYFDVNG- —===VIFAVPLDELGG
VC1€02-CheVl 1 MTIMSNPSSTILTESGINELEIIEFHLERKVLPDGRTKTCYYGINVAKVRE
VC2006-CheV2 1 MSGVLNTVDQRINLVGENRLELLLFSLNS------- R-QIFRAINVFKVRE
VC2202-CheV3 1 MIGILDSVNQRIQLVGONRLELLTFRLNG------- R-QRYGINVFKVKE
VCR0954-CheV4 1 MARVVSKANQ---=----- SQGMIMFTLSA--===== QQOLFAIGILKVRE

Therm mari-CheW 33 VIEKSDITPVPKSRHFVEGVINLRGRIIPVVNLAKILGISF---DEQKM
Escher_col-CheW 35 IRGYDQVIRIANTPAFIKGVINLRGVIVPIVDLRIKFSQVDV--DYNDN
V_cholerae-AIF 22 IHRMITLNHLIGRPAWYLGLQINRDSQLDVVDTAKWVMAEKLRDESYKQ
VC1602-CheVl S1 VIRVPETTDYPNAQPHMIGVFSSREILTPLVDLAGWLGVPTS--TDISK
VC2006-CheV2 43 VIKVPLLTKMPGSHPHITGVASLRGEPVPVIDLRSAIGFPPRRV-QDTE
VC2202-CheV3 43 VLQCPKLTSMPNLHRLVKGVAHIRGQTVSVIDMSLAVGGRPTT--DVDK
VCR0S54-CheV4 36 IVIYQPMIQIPYSHHHVIGIVIIRNLTVPVIDMAAAIGFRPIQPSEYQK

Residues important for CheW Arginine in E. coli CheW responsible
interaction with MCPs in T. maritima for modulation of CheA activity

Figure S3.4. Alignment showing the conservation of residues in V. cholerae. CheVs, CheW,

and ParP-AlIF that are required for interaction with MCP proteins. The alignment suggests that
all four CheVs should be able to integrate into the chemoreceptor array.
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ParP protein interaction

o
MCP VC1898

ParP

Chew o
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Figure S3.5. Bacterial-two-hybrid assay for screening protein interaction between the
V. cholerae ParP with MCP VC1898, ParP and CheW. Blue coloration of bacterial colonies
indicates an interaction.
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Kinase distribution in Vibrio cholerae F6 chemo-
taxis arrays

Abstract

Chemotaxis is a widespread behavior among motile bacteria that allows the cells to
sense chemical changes in the environment and modulate their motility accordingly.
The signals are sensed by chemoreceptors that arrange in extended ordered arrays
and cluster together with other essential chemotaxis proteins, including CheA, the key
enzyme in the signaling pathway. The receptor packing in ordered hexagonal arrays is
considered universal among all bacteria and archaea. Despite the conserved receptor
lattice, here we show that the molecular architecture of the chemotaxis proteins in
the baseplate differ in the F6 arrays in Vibrio cholerae compared to its F7 counterpart
in Escherichia coli. Cryo-electron tomography allows the visualization of the CheA
positions in intact arrays of V. cholerae. The data reveals that CheA proteins are evenly
distributed across the baseplate but lack an ordered arrangement. We propose such
a variable distribution of CheA reduces the rigidity of the arrays and thus allows for a
more dynamic exchange of different chemoreceptors and the baseplate components,
which is the structural basis for a proper chemotaxis function with high cooperativity.
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Introduction

Chemotaxis is a behavior most motile bacteria employ that allows the cells to sense
their environment and direct their movement towards favorable environmental
niches for survival. For the human intestinal pathogen Vibrio cholerae, the chemotaxis
machinery aids the cells’ survival during its life cycle, both in its environmental phase
and during host infection (160-165). However, it is difficult to pinpoint the exact role
of chemotaxis in V. cholerae pathogenicity due to contradictory results (166-170).
Nevertheless, changes in chemotactic capability and motility may be associated with
vastly altered localization in the host intestine (168, 171, 172).

Given the diverse environments where V. cholerae thrives, it is not surprising that
their chemosensory system is much more complex than the best-understood model
system in E. coli (63, 64). V. cholerae is equipped with 43 chemoreceptor-encoding
genes in its genome. Moreover, V. cholerae possess 3 chemotaxis gene clusters, each
of which comprises an individual chemotaxis pathway and a structurally distinctive
chemosensory array (104, 122, 170, 173). The exact functions of Cluster | and Cluster
Il chemotaxis pathways remain largely elusive (80, 83). CheA-2, the functional
homologue of the histidine kinase CheA in E. coli, and CheY-3, which is the only CheY
that can directly control the rotation of the single polar flagellum, are both encoded by
genes in Cluster 11(82, 174). Furthermore, Cluster Il chemosensory (also referred as F6
arrays classified based on the evolutionary history), is the only system in V. cholerae that
appears to control motility (70).

In E. coli, membrane-bound chemoreceptors form trimers-of-dimers, which are
arranged in a hexagonal lattice, networked at their cytoplasmic tips through rings
formed by the P5 domain of the kinase CheA and the coupling protein CheW (43, 44,
47). In V. cholerae, the membrane-bound F6 arrays are always located at the flagellar
pole (113). These arrays were shown to have a high compositional complexity, which
is not only due to the number of different chemoreceptors. The Cluster Il arrays also
contain additional chemotaxis proteins, such as ParP and CheVs, that can integrate
directly into the baseplate in addition to CheW and CheA (112, 151). F6 arrays can still
self-assemble and retain native packing order of receptors even in the absence of all
three CheAs (102). However, recent work implies that in order to compensate for low
abundance or even the total lack of CheA, less frequently used coupling proteins are
recruited into the baseplate instead. The stoichiometry of chemotaxis proteins based
on proteomics data suggests that CheA abundance is naturally much lower in native V.
cholerae F6 arrays compared to arrays in E. coli (102).
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Although we speculated about the structural arrangement of CheA in the baseplate in
our previous study, we were not able to visualize its distribution. This was largely due to
the thickness of intact V. cholerae cells, which is prohibitive for high-resolution imaging.
In E. coli, this thickness limitation was overcome in previous studies by cell lysis to flatten
the cells. The arrays in E. coli are known to be ultrastable and the arrays withstand lysis
without changes to their ultrastructure. In contrast, the F6 arrays V. cholerae tend to
lose their native packing order upon cell lysis. However, the arrangement of CheA in
the F6 arrays, either in an ordered or disordered fashion, may shed important insights
into the formation and function of this system.

In this study we use cryo-electron tomography (cryo-ET) to image the F6 arrays in their
native state in V. cholerae minicells. We applied subtomogram averaging analysis to
determine the kinase distribution in the baseplate of intact F6 arrays. Our structural
analysis of baseplate components agrees with the determined abundance of CheA
based on the proteomics results reported previously. It further supports that the F6
arrays tolerate a high level of variability of chemoreceptors and chemotaxis proteins.

Results

V. cholerae minicells are suitable system for imaging F6 arrays

V. cholerae are comma-shaped gram-negative bacteria with a diameter between 0.5
- 1.0 microns. These dimensions exceed the practical limit of Cryo-ET to reveal fine
structural detail. In this study, we use a derivative strain of V. cholerae N16961 with
minCD and matP deletions (175). Strains with one or multiple deletions in the min gene
cluster are capable of releasing minicells from the cell pole of rod-shape bacteria (176).
These achromosomal cells often retain some polar collated machinery, which make
them an ideal system for studying chemosensory arrays (43, 44, 177). The minicells
have a reduced size with an average diameter of 400 nm (52 minicells imaged in total)
(Fig. 1A). The smallest minicells imaged are less than 200 nm in diameter. Chemotaxis
arrays can be seen in the tomograms either as a hexagonal lattice (top views) or as
a density layer parallel to the inner membrane (side views) (Fig. 1 B&C). Chemotaxis
arrays were observed in 65% of all flagellated minicells imaged.

Chemoreceptor lattice in F6 arrays are hexagonally packed

Subtomogram averaging of the chemoreceptor arrays revealed that the receptors
form a lattice that spans 23 nm between the baseplate and the inner membrane (Fig.
2A). The distance from the cytoplasmic tips of the receptors that are associated to the
baseplate components to the periplasmic domains of the receptors is about 33 nm.The
receptors are arranged in the typical hexagonal lattice with a spacing of about 12 nm.
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Figure 1. Representatives of V. cholerae minicells imaged by cryo-electron microscopy.
(A) Cryo specimen of 2 regular size cells (left) and a minicell (right, indicated by an arrow) on
a Quantifoil film patterned with holes. Scale bar is 1 micron. Black dots are gold nanoparticles
added as fiducial markers. (B) Tomoslice of a minicell shows the hexagonal lattice. (C) Tomoslice
of a minicell shows the baseplate of the chemotaxis arrays (indicated by arrows) in side view.
Scale bars for panel B and Care 100 nm.

The hexagonal pattern is apparent in the cytoplasmic region of the receptors, except in
regions right beneath the inner-membrane (Fig. 2B&C). The hexagonal pattern in Fig.
2B is formed through the association among receptor trimers-of-dimers. The baseplate
also has a hexagonal arrangement, which corresponds to a network assembled by a
variety of the chemotaxis proteins (Fig. 2D). As reported before, the receptors exhibit
the typical hexagonal lattice formed by trimers-of- dimers (Fig. 2E).

Kinase can be visualized in the baseplate

Straightforward subvolume averaging of receptor hexagons does not reveal a density
corresponding to the kinase. Similar to E. coli, the CheA in V. cholerae also forms
homodimers. With a molecular weight of 154 kDa, the CheA dimer should be resolved
and distinguishable from the major baseplate scaffolding protein CheW (18kDa
monomers). Furthermore, other baseplate components, such as CheV (36kDa) and ParP
(42kDa), also structurally differ significantly from CheA due to both size differences and
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Figure 2. Subtomogram averaging result on the chemoreceptor lattice. (A) A side view of
the average of receptor lattice. (B-D) Topview showing the hexagonal patter of receptor lattice
at different regions indicated in panel A. (E) Isosurface rendering of the receptor hexagon
average. Scale bars in all panels are 20 nm and the density is shown in white.

Based on previous results, the baseplate of F6 arrays in V. cholerae are expected to be
different from that found in E. coli based on the lower abundance of CheA (102). The
stoichiometry based on proteomics analysis predicts a ratio between CheA and all
other baseplate proteins combined is roughly 1:6. In order to determine the location
of CheA, we used principle component analysis and k-means based classification to
categorize the receptor hexagons. However, the classification was not able to reveal
the location of CheA. This strongly suggests that, unlike in E. coli where there is an
alternating CheA-filled and CheA-empty ring pattern in the baseplate, the distribution
of CheA in V. cholerae is more sporadic.

By using multi reference alignment, the receptor hexagons can be further classified
into different classes with different numbers of CheAs attached beneath the receptor
hexagons. For each class, the averaged volume exhibits a density that resembles CheA
dimers protruding from the baseplate (Fig. 3A). The receptor arrays in E. coli contain a
maximum of 3 CheAs per receptor hexagon. The number of CheAs in V. cholerae can
range from 0O to 3. Noticeably, although the averages suggests there could be 3 CheAs
in one of the classes, not all CheA -like densities seem to be equally robust (Fig. 3B)
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Figure 3. CheAs are visualized in classified averages base on their abundance within
the baseplate. (A) Isosurfaces, from left to right, represent four classes showing 0 to 3 CheA-
like densities in the bottom of the baseplate. The layer of density on top of each averaged
volume corresponds to the inner membrane. (B) 2D images at the baseplate, from left to right,
showing the CheA occupancy underneath the receptor hexagons.

Kinase distribute evenly yet without a pattern in baseplate

Even with CheA-like densities shown in the classification results, the individual EM maps
are not informative enough to describe where the kinases are located in the context
of receptor lattice. In order to visualize the location of kinase in arrays, the averages
of receptors and CheAs are plotted back into the original tomograms following the
coordinates and orientations derived from the iterative alignment results (Fig. 4A). Such
composite volume reveals the CheA locations in the baseplates of native chemosensory
arrays (Fig. 4B). Such visualization reveals that CheA is distributed evenly throughout
the baseplate but lacks an ordered arrangement. This is in contrast to the highly
ordered arrangement found in E. coli, where the baseplate is composed of alternating
CheA-filled and CheA-empty rings under receptor hexagons. Instead, in the individual
hexagons in V. cholerae, we find a variety of CheA arrangements, ranging from 0 to 3
per ring (Fig. 4C). Noticeably, in certain regions the CheA-filled and CheA-empty ring
structures could still be found. However, such local CheA arrangement appeared to be
extremely rare throughout a continuous chemosensory array.

Discussion

In this study, the distribution of the kinase CheA in the baseplate of intact chemotaxis
cluster Il arrays (F6 arrays) in V. cholerae was determined for the first time. We found
that the CheA distribution appears evenly across the baseplate of arrays but it lacks
any detectable pattern. This kinase distribution is in agreement with the low CheA
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T CheW/CheVs/ParP

C% Chemoreceptors

Figure 4. Atlas of a CheA distribution model in the V. cholerae F6 arrays. (A) A slice of a V.
cholerae minicell tomogram where the subtomogram averaging results of chemoreceptors
and CheAs are superimposed. (B) An atlas of the baseplate showing the kinase distribution
on top of a tomoslice. (C) A selection of receptor hexagons with different CheA occupancies
viewed from the bottom (top row), and the corresponding cartoons illustrating the
compositions (bottom row).

occupancy and high array component variability determined in a previous proteomic
study (102). In our previous study, the exact ratio between baseplate components
and the receptors was not studied (102). However, such a ratio can be deduced. Each
receptor trimers-of-dimers can provide three possible interfaces at the cytoplasmic
tips for binding with any SH3-like domain in the baseplate (47). In Vibrio, the baseplate
proteins containing SH3-like domain include the P5 domain of CheA, CheW, ParP and
CheVs (100, 108, 112). Assuming a 1:1 ratio between receptor dimer and the SH3-like
domain candidates, we can estimate the CheA occupancy of the receptor lattice based
on the proportion of CheA among the baseplate components. The ratio between
CheA-P5 to non-CheA baseplate components was previously reported to be between
1:5 and 1:7(102). This proportion implies that, approximately, one CheA homodimer is
expected for two adjacent receptor hexagons. In contrast, three CheA homodimers are
present per two adjacent receptor hexagons in E. coli.

It is difficult to calculate the exact ratio between receptors and CheAs based on the
proportion of different classes after classification result. The receptor trimers-of-
dimers naturally form a superlattice in which every two adjacent receptor hexagons
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inevitably overlap by sharing two receptor trimers-of-dimers. As a result, a single CheA
dimer connecting those two trimers-of-dimers is always shared between two receptor
hexagons and thus potentially appears in more than one class in the classification
process. Therefore, the percentages of individual classes do not directly reflect the
absolute CheA number. In addition, the classification algorithm is not sophisticated
enough to categorize all receptor hexagons with all the possible CheA arrangements
with an equal certainty. In E. coli, receptor hexagons have either 0 or 3 CheA dimers
protruding beneath the baseplate. Yet in V. cholerae, the receptor hexagons can contain
any CheA number between 0 and 3. For the same classification algorithm, it is of lower
fidelity distinguishing 3 CheAs and 2 CheAs compared to distinguishing 3 CheAs to
no CheA at all. In our analysis, 52% of the receptor hexagons were classified as lacking
CheA. This roughly fits with our expectation that at least 1 CheA is shared between 2
neighboring receptor hexagons based on experimentally determined stoichiometry.

(% Chemoreceptors

E.coli array V. cholerae F6 array

Figure 5. Models of the chemotaxis array assembly between E. coli (left) and V. cholerae
(right). The CheA-filled and CheA-empty rings in E. coli are indicated with red circles in solid
and dash lines, respectively.

Noticeably, in a few regions of one continuous receptor superlattice, we can see a
continuous patch of receptors seemingly lacking CheA completely. However, itis difficult
to verify whether this local array patch really completely lacks CheA. Such lack of CheAs
is structurally possible, as previous results showed that extensive hexagonally packed
receptor arrays could be established even in a total absence of CheA (102). Intriguingly,
it is unclear how V. cholerae could benefit from recruiting and assembling receptors
without assigning sufficient number of kinases for proper chemotaxis function. To
our knowledge, CheA is the only known component that is capable of generating the
output signal of the chemosensory arrays by converting the signaling information from
chemoreceptors into phosphorylation of response regulators. In E. coli, the core unit
rigidly repeats itself to form an overall ordered receptor lattice and the baseplate in
such a way that each receptor trimers-of-dimer always directly communicates with a
CheA (Fig. 5). In contrast, in V. cholerae, the seemingly random distribution and fewer
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number of CheAs in the baseplate means that signals generated by some receptors
would have to propagate horizontally in the baseplate for a longer distance before it
can reach a nearby kinase (Fig. 5). It is unclear how robust this long distance signaling
propagation could be and how it may promote the signaling cooperativity to allow
kinase modulation under the collective control of a variety of receptors.

Another possible scenario for CheA-less local regions in the lattice may be due to the
fact that certain receptors could prefer to bind to CheVs or ParP and those receptors are
under conditional unregulated expression. The attainable resolution by cryo-ET is not
sufficient for an unambiguous distinction among CheW, CheV and ParP monomers due
to their similar molecular mass. Dimeric ParP (84kDa) has been proposed to integrate
in the baseplate to substitute dimeric CheA (112, 146). However, ParP only accounts
for 2% of baseplate components according to provious proteomics analysis. Such low
abundance means that a substantially larger tomographic dataset would be needed to
obtain enough ParPs in order to resolve its dimeric form in situ. Additionally, a much-
improved resolution would also be needed for visualizing and distinguishing both
CheVs and ParPs from CheWs to verify the possible clustering.

Given the universal appearance of the chemoreceptor lattice observed in a wide range
of bacteria and archaea so far, the structural diversity in chemosensory arrays could
easily be overlooked (51, 55). Yet, we have gradually become aware that different
CheA distribution patterns in the baseplate among species is a notable feature of
chemosensory arrays. In contrast, the highly conserved structural arrangement of the
receptor lattice is present in all motile chemotactic bacteria and archaea examined thus
far. Furthermore, V. cholerae is capable of assembling three independent chemosensory
arrays that all share the same 12 nm spacing hexagonal packing order for the receptor
lattice (104, 122). Would the other two arrays (F7 and F9 arrays) share the same kinase
distribution pattern as revealed for the F6 arrays in this study? Visualization of CheA in
these baseplates might help us understand how different arrays function within one
species.

Material and Methods

Strains and cell culture

CheA-free V. cholerae was constructed as described previously (102). V. cholerae
minicell yielding strain was engineered with minCD deletion and the matAB deletion
in the genome, which gave a 1 in 20 rate of minicell generation (175) . Vibiro strains
were received as gift from collaborators. For imaging, the V. cholerae minicell strain was
cultured overnight in LB media at 30° with 200 rpm shaking.
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Minicell cryo specimen preparation

Overnight culture of the V. cholerae minicells were enriched using sucrose gradient
centrifugation. V. cholerae culture was first centrifuged at 4,000 rcf for 10 minutes. The
pellets were discarded, while the supernatant was further centrifuged at 8,000 rcf for
20 minutes. The supernatant was discarded and the pellets were re-suspended in 2
ml Gelatin Saline Buffer (GSB contains 0.085% NaCl, 0.003% KHPO,, 0.006%K,HPO, and
10 pg/ml gelatin at pH 7.7). The cell suspension was then carefully transferred onto
40 ml sucrose gradient (5-30%) GSB. Sucrose gradient was achieved by first dissolving
12 g sucrose in 40m GSB buffer, letting it freeze completely in -20 °C and then thaw
completely without stirring at 4 °C before use. After 45 minutes of spinning at 2,000 rcf,
the top 4 ml of cell suspension was collected. The minicell suspension went through
another 20 minutes of centrifugation at 21,000 rcf, and the pellets were re-suspended
in 20 ul LB media.

Protein A coated, 10-nm gold nanoparticles solution (Utrecht University, The
Netherlands) was added into the V. cholerae minicells suspension. After brief vortexing,
3 ul aliquots of mixture was transferred onto freshly glow-discharged R2/2, 200 mesh
copper Quantifoil grid (Quantifoil Micro Tools). In climate chamber set to 20 °C and 95%
humidity, the excess liquid was blotted off before the grid was plunge frozen in liquid
ethane by Leica EM GP system (Leica Microsystems).

Electron microscopy

Image acquisition was performed on a Titan Krios transmission electron microscope
(Thermo Fisher Scientific) operating at 300 kV equipped with a Gatan GIF Quantum K2
Summit detector with a slit width set to 20 eV (Gatan, the United States). Tilt series were
collected on minicells showing flagellum clearly attached. SerialEM software package
(178) was used for with a bidirectional tilt scheme that covers a tilting range between
- 60 °and 60 ° starting at 0 ° with a 2 ° increment. Defocus was set to a range between
-5 to -8 microns. The magnification corresponds to 3.5 A/pixel. Images were collected
in counted mode with dose fractionation. An accumulative dosage was set to 80 e/A2
for each tilt-series.

Image processing

Alignframes from IMOD software package (179) was used for motion correction of
the frames. Bead-tracking based tilt-series alignment was performed also within
IMOD. CTFplotter (157) was used for defocus determination and phase-flip only
contrast transfer function correction before tomogram reconstruction. Tomograms
were reconstructed with weighted back-projection both with and without using SIRT-
like filter of 9 iterations within IMOD, for visualization and subtomogram extraction
purpose, respectively.
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Dynamo software package was employed for subtomogram alignment averaging and
classification analysis of the subtomograms (158, 159, 180). Visual examination first
distinguished tomograms that contains V. cholerae minicells exhibiting chemosensory
arrays. The initial template was generated from manually picked subtomograms from
array lattice in the top-view. Then, subtomograms of arrays following the cell curvature
and shown in side-view in the tomogram were first modeled as patch of surface and
then extracted and aligned to the initial model. After the receptor hexagons were
aligned coarsely, multireference alignment was performed for classification purpose
with a cylinder mask that loosely enclosed the area beneath the receptor hexagon.
While allowing only in-plane rotation, four types of averages were derived from the
multireferences alignment representing four different possibilities of CheA distribution
in the baseplate.

To visualize the overall kinase distribution beneath the receptor lattice, subboxing
centering at CheA was performed for classes exhibiting CheA in the multireference
alignment results. The subtomogram containing an individual CheA in the center
was further aligned and eliminate duplicates based on their minimum spacing in the
lattice. Finally, the isosurfaces of receptor hexagons and the CheAs were separately
rendered in 3DMOD and reprojected back into the tomograms with the coordinates
and orientation converted from alignment results.
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Abstract

Tsr, the serine chemoreceptor in Escherichia coli, transduces signals from a periplasmic
ligand-binding site to its cytoplasmic tip, where it controls the activity of the CheA
kinase. To function, Tsr forms trimers-of-homodimers (TODs), which associate in vivo
with the CheA kinase and CheW coupling protein. Together, these proteins assemble
into extended hexagonal arrays. Here, we use cryo-electron tomography (cryo-ET)
and molecular dynamics simulation to study Tsr in the context of a near-native array,
characterizing its signaling-related conformational changes at both the individual
dimer and the trimer level. In particular, we show that individual Tsr dimers within
a trimer exhibit asymmetric flexibilities that are a function of the signaling state,
highlighting the effect of their different protein interactions at the receptor tips. We
further reveal that the dimer compactness of the Tsr trimer changes between signaling
states, transitioning at the glycine hinge from a compact conformation in the kinase-
OFF state to an expanded conformation in the kinase-ON state. Hence, our results
support a crucial role for the glycine hinge: to allow the receptor flexibility necessary to
achieve different signaling states while also maintaining structural constraints imposed
by the membrane and extended array architecture.
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Introduction

Most motile bacteria sense and track chemical gradientsin theirenvironment, a behavior
called chemotaxis (64, 181). Chemotactic signaling has been extensively studied in the
model organism Escherichia coli and is especially notable for its high sensitivity, signal
amplification, and wide dynamic range (63, 92, 182). Transmembrane chemoreceptors
bind ligands in the periplasm and relay signals across the inner membrane to modulate
the autophosphorylation activity of the cytoplasmic histidine kinase CheA (38) .
Attractant stimuli suppress CheA kinase activity, reducing the flux of phosphoryl groups
to the cytoplasmic response regulator CheY. Phospho-CheY binds to the flagellar
motor and biases its rotation from the default counter-clockwise direction to clockwise.
To follow chemoeffector gradients, the chemotaxis system needs to constantly fine-
tune its detection sensitivity. Sensory adaptation is made possible by two enzymes:
the methyltransferase CheR, which adds methyl groups at specific glutamyl residues
in the cytoplasmic portion of chemoreceptors, and the methylesterase CheB, which
removes methyl groups from these same sites (183). A fully methylated receptor elicits
high CheA activity (“kinase-ON"), while a fully demethylated receptor down-regulates
CheA activity (“kinase-OFF”) (Fig. TA).

E. coli chemoreceptor signaling complexes assemble into extended membrane-bound
arrays at the cell pole, which integrate signals from thousands of chemoreceptors
through a highly ordered baseplate of CheA kinases and CheW coupling proteins.
The signaling core unit comprises two receptor trimers-of-dimers (TODs), one CheA
homodimer and two CheW proteins (53, 96, 184). This minimal functional unit is also
the structural core unit in the array (43, 44, 58). By linking together at specific interfaces
between CheA and CheW, core units form a ~12 nm spaced hexagonal array with a
receptor trimer at each vertex (Fig. 1B). This hexagonal receptor packing is not only
found in E. coli, but is likely universal among bacteria and archaea. E. coli contains five
different chemoreceptors (Tar, Tsr, Tap, Trg and Aer) for sensing a variety of chemicals.
Dueto theirsimilar physical length and high sequence conservation at their cytoplasmic
tips, all five chemoreceptors integrate into a single, continuous receptor array (91, 96,
121, 185).

Tsr, the serine receptor of E. coli, is a 551 amino acid protein that spans roughly 31 nm
perpendicular to the membrane (44, 46). The receptor homodimers consist of three
functional modules that mediate stimulus sensing, input-output control, and kinase
control (Fig. 1C) (63, 64). Ligands bind to receptors either directly or indirectly via
periplasmic binding proteins (PBPs) at the ligand-binding domain in the periplasm.
The signal is then transmitted from the transmembrane domain to the cytoplasmic
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Figure 1. Functional architecture of the E. coli chemoreceptor array and the Tsr receptor.
(A) A two-state model of receptor signaling in the core complex, viewed from the side with
the cytoplasmic membrane (gray rectangle) near the top. The CheA homodimer and two
molecules of CheW bind to the hairpin tips of two receptor trimers. The five CheA domains
are designated P1-P5 in one subunit and P1’-P5’in the other. White and black circles indicate
the modification states of the receptor methylation sites in the kinase-off (white circles, EEEE
sites) and kinase-on (black circles, QQQQ sites) output states. (B) A top-down cross-section
through the protein interaction region of the signaling core unit. Core units assemble into
an extended receptor array through hexagonal, six membered P5-CheW and CheW-CheW
rings. (C) Cartoon and atomic model of the E. coli serine receptor (Tsr). The Tsr homodimer
consists mainly of alpha-helical segments (cylinders, drawn approximately to scale) organized
in four-helix bundles. Four methylation sites are indicated in each subunit, with red indicating
glytamyl residues (E493 & E304) and blue glutaminyl residues (Q297 & Q311) in the wild-type
receptor. A fifth Tsr methylation site (E502) is not shown or discussed in the text because it
is less critical for sensory adaptation (193). Glycine residues (G340, G341 and G439) located
in the middle of the flexible bundle comprise the glycine hinge (highlighted in magenta).
Atomic model of the full length Tsr is built based on the structure of HAMP-Tsr fusion (PDB
3ZX6) and the ligand binding domain of Tsr (PDB 3ATP) (194, 195).

portion of the receptor through a five-residue control cable that modulates the HAMP
(Histidine, Kinase, Adenylate cyclases, Methyl accepting proteins and Phosphatases)
domain (186, 187). The 50-residue HAMP domain forms a parallel four-helix bundle
that relays stimulus signals to the kinase control module (119, 188), a continuous
anti-parallel, coiled-coil bundle with a hairpin turn at the membrane-distal end. The
methylation helix bundle contains the conserved glutamyl residues that are the sites
of adaptational modifications by CheR and CheB. In the flexible bundle (91), three
conserved glycine residues reside in a plane transecting the coiled-coil axis termed the
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‘glycine hinge’ and may enable the bundle to bend (189, 190). The hairpin tip bundle
contains the interfaces through which receptor dimers form trimers as well as directly
interact with CheA and CheW (91, 99, 191, 192).

Numerous studies have investigated the molecular mechanism of signal transmission
in chemoreceptors. A growing body of evidence suggests that kinase activation is
likely achieved through dynamic shifts of local conformational alternations in the
contiguous helix regions along the receptor (181, 196). The ‘dynamic-bundle model’
suggests the kinase-ON output state corresponds to a dynamic, less tightly packed
HAMP domain and a stably packed methylation helix (MH) bundle, while the kinase-
OFF output state is characterized by a stable HAMP domain and a dynamic MH bundle
(197, 198). In addition, the ‘yin-yang model’ provides a global view on the long-range
allosteric interplay of the kinase control module. Here, the kinase-OFF output state is
correlated to a loosely packed MH bundle and a tight packing of the proteins in the
interaction region at the hairpin tips. In contrast, the kinase-ON output displays a tight,
‘frozen’ packing of the MH bundle and a looser helix packing at the tips (199). Together,
these studies suggest that sensory signals are propagated along the receptor through
dynamic changes in helix-bundle packing, which toggle the receptor between the
kinase-ON and kinase-OFF output states. The receptor coupling to the kinase is likely
assisted by one or more specific residues, which are key to the overall stability of the
receptor tips as well as for kinase control through receptor-CheA and receptor-CheW
interfaces (101, 200, 201).

In this study, we aimed to characterize the signaling conformational changes of Tsr
in its near-native cellular context. We combined cryo-electron tomography (cryo-ET)
with subtomogram averaging and molecular dynamics simulation to study Tsr in the
context of in vivo assembled arrays. Our results show that the compactness of receptor
dimers within individual receptor trimers changes with signaling state. In the kinase-
ON state, receptors in trimers are more splayed than those in kinase-OFF arrays, a
feature that is most distinctive around the location of the glycine hinge. We thus
propose that the glycine hinge imparts the flexibility necessary for smooth bending in
the individual receptors, as well as the changes in compactness at the trimer level. Our
results also revealed receptor asymmetry within the trimer that might play a critical
role in determining receptor conformational dynamics in the context of the higher-
order array lattice.

Results

Improved E. coli strains for ECT studies
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To maximize homogeneity of receptor arrays, the strains used in this study contained
Tsr as their sole chemoreceptor. In addition, all strains lacked the adaptation enzymes
CheR and CheB to maintain the Tsr molecules in a uniform modification state. We
imaged three Tsr modification variants: Tsr [QQQQ], which mimics the fully methylated,
kinase-ON state; Tsr [EEEE], representing a fully unmethylated, kinase-OFF state; and
wild-type Tsr [QEQE], which has an intermediate modification and activity state (63).
The chemoreceptor arrays in E. coli are known to assemble into an ultrastable structure
both in vivo (54) and in vitro (95, 202). This feature has been exploited in previous
studies, allowing in situ analysis of the assembled array structure in lysed E. coli cells,
induced either by a phage lysis gene or antibiotic treatment (54, 58, 142). To increase
the size and number of chemoreceptor arrays, previous studies overexpressed array
components from plasmids (54, 58). Although array sizes increased substantially, the
typical native architecture, especially of the baseplate components (CheA and CheW),
seemed to be compromised in such strains (58). To increase array sizes in this study,
we imaged strains deleted for flgM, in which expression of all class Ill flagellar and
chemotaxis genes is de-supressed about five-fold (203).

Figure 2. Chemoreceptor arrays imaged by cryo-ET of lysed cells. Panels show 10 nm
tomoslices near the cell pole. (A) Tsr-QQQQ (B)Tsr-QEQE (C) Tsr- EEEE. (D) Magnified area of
a Tsr-EEEE array (E) Magnified region located 14 nm beneath the array of panel C, showing
the ordered CheA distribution in the baseplate. Insets are the power spectra of the regions
highlighted by the yellow dashed line in both panels (not to scale). The circular structures in
panels B-E are the C-ring of a flagellar motor.
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Chemoreceptor arrays maintain native architecture in lysed E. coli

Before preserving specimens by vitrification, we treated E. coli strains at the early
exponential growth phase with penicillin G to induce gentle lysis, thereby releasing
cytoplasm and flattening the cells. Tomograms of cell poles containing chemoreceptor
arrays revealed average cell thickness under 200 nm compared to unlysed E. coli cells
that are typically more than 500 nm in width (Fig. S5.1). The receptors retained their
well-ordered hexagonal packing, consistent with previous studies (58, 204). However,
instead of a single array, we observed several array patches of various sizes, possibly a
side effect of lysis treatment on large arrays (Fig.2A-C). Subtomogram averaging of the
receptor hexagons yielded a 12.8 nm regular spacing for arrays in all signaling states.
Analysis of the tomographic images also showed that the kinase occupancy at the
baseplate was comparable in all strains (Fig.2 D-E). We conclude that all imaged arrays
have the expected native architecture.

Core complex structure in different signaling states

Subtomogram averages were obtained by receptor-based image alignments and
subsequent classification based on the occupancy of CheA underneath the receptor
hexagons (Fig. 2D & E). We found two major structural classes: receptor hexagons
with three CheA dimers bound at their tips and receptor hexagons lacking CheA. We
calculated subtomogram averages for the three-CheA hexagon class for each of the Tsr
variants. The coupling protein CheW was poorly resolved in all maps due to its relatively
small size (18 kDa) and its preferred orientation in the lysed specimens. Nevertheless,
the structural information in the receptor region was only slightly affected by the
orientation preference (Fig. S5.2). We have, therefore, focused this analysis on structural
differences between receptors in different output states, in particular highlighting the
EEEE and QQQQ maps. Data for Tsr _QEQE can be found in the supplementary material
(Fig. S5.3 &S5.4).

The QQQQ and EEEE receptor hexagon maps were similar in the region near the
baseplate (Fig. 3A). In the QQQQ map, the cytoplasmic portion of the receptor from
the hairpin tip to just beneath the HAMP domain was clearly visible. In contrast, the
HAMP-proximal region of the receptors in the EEEE maps was less well-resolved. These
results indicate higher structural stability of the receptor trimers near the baseplate in
both ON and OFF output states compared to the membrane-proximal portions of the
receptors.

Toillustrate state-dependent conformational differences in the core units, we calculated
maps for individual core complexes rather than whole hexagons. The resolutions for
the core complex maps are 20 A for QQQQ and 24A for EEEE, which are sufficiently
similar for tertiary structure comparison (Fig. S5.4). Alignment of the core complexes
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low den?tymensity
Figure 3. Subtomogram averaging results for Tsr-EEEE and Tsr-QQQQ arrays. (A)
Subtomogram average of hexagonal structural units (six Tsr trimers and three CheA dimers).
(B) Density maps of chemoreceptor core complexes showing a cross-section through the
receptor trimers and the CheA dimer. Mesh surfaces are contoured at 1.5 o. Cross-section
colors indicate the volume density. Red corresponds to a low density value, blue to a high
density value.

helped to improve alignment of the receptor density, especially for the EEEE map (Fig.
3B). A cross section of the core complex revealed splaying between the receptor dimers
in the QQQQ map. The EEEE map also exhibited some receptor splay; however, distinct
separation of the individual receptor dimers occurred farther from the hairpin tip. The
density distributions of the receptor trimers also exhibited clear differences (Fig. S5.5).
The QQQQ maps exhibited strong receptor density extending nearly to the HAMP
domain; whereas the EEEE maps exhibited weaker HAMP-proximal density, implying
more structural flexibility. The CheA domains P1, P2 and P4 compose a “keel density”
protruding beneath the baseplate away from the receptors (54). The size of the keel
density appears to be different in the EEEE and QQQQ maps even though the individual
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CheA domains were not distinguishable (Fig. 3B). The volume of this keel density was
34% greater in the EEEE map than in the QQQQ map. This difference in keel size is
consistent with previously reported results for core complexes with different kinase
activities (54). The larger keel of CheA in the kinase-OFF state may be due, at least in
part, to an unproductive immobilization of the P1 and P2 domains (205).

Structural differences of receptor trimers

The analysis of the density maps revealed structural differences not only at the core
complex level, but also within the receptor trimers. Although receptor dimers interact
symmetrically with one another to form a trimer, each receptor molecule also directly
interacts with a different component of the base plate (Fig. 4A). Here, we use “AA” to
refer to a dimer that interacts with the P5 domain of CheA, “AW" to refer to a dimer that
interacts with a CheW bound to CheA-P5, and “WW" to refer to a dimer that interacts
with a CheW that has no direct interaction with CheA. We note, however, that in native
arrays, not all of the WW dimers may be bound to CheW (141).

The density maps revealed structural asymmetry between the different dimers in a
trimer. In the kinase-ON state, the three dimers diverge from the trimer axis at more or
less the same location, although the WW dimer diverges a bit closer to the baseplate.
The WW dimer also displayed the weakest density of the three dimers. In the kinase-OFF
state, the receptors splay farther from the baseplate. We term this observation ‘dimer
zipping’ (Fig. 4B) because the dimers form a strong, compact density until they splay
apart. After separating from the zipped region, the WW dimer, in particular, shows a
decreased density, suggesting a substantial loss of its structural rigidity near the HAMP
domain.

The AW and AA dimers also exhibited structural asymmetry in different signaling states.
Although a direct, quantitative comparison of the receptor densities in the QQQQ and
EEEE maps is challenging, the dimers within each of the maps suggested a subtle
structural difference between the AW and AA dimers. In the kinase-ON signaling state,
the AA dimer appears to be the most rigid one throughout its full length. In contrast,
structural rigidity of the AW dimer seems to extend closer towards the HAMP domain
in the kinase-OFF state than in the kinase-ON state. Our data thus reveal signaling-
dependent structural or dynamic differences between the members of a receptor
trimer of dimers.

Molecular modeling of the Tsr trimer in different signaling states

To gain deeper insight into signaling-related changes in Tsr, we investigated the
structural differences observed in our ECT data with molecular modeling. We first
assigned atomistic structure to the receptor densities seen in our QQQQ and EEEE
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Figure 4. Tsr trimers in different output states. (A) Nomenclature for the three members
of a receptor trimer in the signaling core unit. Each Tsr dimer contacts different baseplate
components. WW dimers may bind to CheW rings in the array, but are shown in light gray
with dashed outlines because their extent of CheW occupancy has not yet been established.
(B) Density distribution of the receptor trimer of dimers in kinase-ON and kinase-OFF output
states.In both states, the AA and AW dimers exhibit a greater coherence compared to the
WW dimer, which exhibited the lowest stability in both maps. (C) The density distribution in
different cross-sections of the trimer along the trimer axis, using a color scale from red (low
density) to blue (high density).

maps, focusing on a single receptor trimer in each state. Although individual receptor
dimers could be clearly distinguished within both maps (Fig. 4), the symmetric nature
of the coiled-coil bundles as well as the existence of density corresponding to CheA
and CheW prevented the unambiguous docking of lone receptor dimers. Hence, to
preserve the known trimer-forming interfaces between receptors during the docking
procedure, we first constructed a model of the cytoplasmic portion of the Tsr trimer-
of-dimers (residues 259-516) based on existing crystallographic structures (46, 195),
using Targeted Molecular Dynamics to reproduce critical inter-receptor contacts at
the side-chain level (Fig. S5.6). Next, to extract the regions of density corresponding
specifically to the receptor trimers within each map, we docked an existing model of
the Thermotoga maritima core signaling complex that contains both CheA and CheW
(PDB 3JA6) (141). This enabled a reliable interpretation of the baseplate density and
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consistent positioning of our Tsr trimer model within each map. We then used Molecular
Dynamics Flexible Fitting (MDFF) simulations (131, 206) to refine the conformational
overlap between the receptor trimer model and each map. To ensure the robustness
of the obtained fits, a total of five MDFF simulations were conducted for each state,
giving rise to nearly identical conformations in each case (backbone root-mean-square
deviations of 1.23 +/-0.11 A for QQQQ and 1.70 +/- 0.10 A for EEEE).

A
EEEE QQQQ
kinase-OFF
B . Layer 1
@
T
=
dsplayl
- .trimer axis
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i
homodimer axis
=
ag
- Layer 124

0 20 40 60 8 100 120 0 20 40 60 80 100 120
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Figure 5. Signal-state differences in trimer compactness. (A) Overlays of the EEEE and
QQQQ density maps and representative MDFF-derived Tsr backbone configurations. (B)
Central axes of the homodimers in each trimer conformation. Receptor regions are the
methylation helix bundle (MHB) and modification sites (yellow atoms), the flexible bundle (FB)
and glycine hinge (dark gray atoms) and the hairpin tip (HT). (C) Plots of the distance between
the central axis of each homodimer and the symmetry axis of the trimer (dsplay). Gray dashed
lines denote coiled-coil layers containing the glycine hinge; black dashed lines denote layers
containing methylation sites.
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Visual inspection of the flexibly-fit conformations confirm that the Tsr trimer is markedly
more compact, on average, in the kinase-OFF state than the kinase-ON state (Fig. 5A).
To quantify this difference, we decomposed the receptor homodimers from the EEEE
and QQQAQ trimer models into layers based on coiled-coil packing and computed their
central axis along with the symmetry axis of the receptor trimer using TWISTER (Fig. 5B)
(207). The layer-by-layer distances between the central axis of each homodimer and
the trimer axis reveal a considerable inhomogeneity in the overall splay of the kinase-
OFF trimer (Fig 5C, Fig. S5.7). Specifically, whereas the receptors diverge uniformly
from the trimer axis uniformly in the kinase-ON state, remaining relatively straight and
interacting only at the hairpin tip, they exhibit a pronounced bend in the kinase-OFF
state that is centered on the glycine hinge. This bending facilitates the transition from a
compact trimer configuration, in which the flexible-bundle regions of the homodimers
interact, to one in which they are well separated in the methylation-helix bundle
region. Similarly, the comparison of the AA, AW, and WW homodimer axes between
states highlights that the overall greatest change in each receptor occurs in the flexible
bundle region, with the WW homodimer showing the largest difference of the three
(Fig. S5.8). Thus, our simulations provide new molecular insight into Tsr signaling, and
highlighting, in particular, the key role of glycine hinge in facilitating the transition
between signaling states at the receptor trimer level.

Discussion

Signal state affects stability of the methylation-helix bundle

The present study and numerous previous ECT attempts failed to unveil the structure
of full-length chemoreceptors in situ (43, 44, 54). Although we were not able to resolve
the periplasmic, transmembrane, and HAMP regions of the receptors, we were able
to clearly show signaling related conformational differences throughout the kinase
control module of Tsr. A particularly distinctive difference was observed in the MH
bundle, where the receptors exhibited a more continuous density distribution in the
kinase-ON output state compared to the kinase-OFF. This observation agrees with the
idea that receptor methylation enhances helix-packing interactions (199, 208). Thus,
in our ECT results, receptor density in the MH bundle region was less prominent in the
EEEE trimers, suggesting that the adaptation region is structurally more dynamic in
the kinase-OFF state. It is worth mentioning that conformational heterogeneity in the
kinase-OFF dataset, due to the aforementioned zipping behavior within trimers, may
also contribute to the poorly resolved nature of the MH bundle in this state.

Role of the glycine hinge in signal-state switching
We suggest that the state-dependent splayed versus zipped arrangements of
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receptors in the flexible bundle region reflect conformational coupling between the
MH bundle and the hairpin tip bundle. To our knowledge, these state-dependent
structural differences have not been previously observed in imaging studies. Our
MDFF analyses show that the flexible bundle region of the receptor exhibits the most
dramatic structural differences between signaling states. Glycine residues, located at
the center of the flexible bundle region, likely facilitate splaying in the receptor trimer.
The functional role of the glycine-hinge in chemoreceptor signaling has been a topic of
much speculation and is somewhat controversial. Mutational analyses have shown that
sidechain replacements at the glycine hinge residues impair or abrogate chemotaxis
ability (189, 209). Moreover, several studies have suggested that the glycine hinge may
introduce structural flexibility to the helix bundle, perhaps to allow bending (91, 189).
However, previous MD simulations suggested that the glycine hinge did not show a
particularly high propensity to bend in receptors out of the array context (200, 210).

A recent cryo-EM study of Tar dimers inserted in nanodiscs showed that receptors bent
in two areas under these conditions: just below the HAMP domain and around the
glycine hinge (190). That study proposed that bending at the glycine hinge was not
related to output state, but instead crucial for facilitating receptor clustering without
structural clashes. Yet, that study lacked the structural context of extended arrays,
where interactions with CheA and CheW might have substantial effects on receptor
structure. Our data indicate that the glycine hinge probably plays a crucial role in
facilitating the dimer zipping motions required to mediate the conformational shift
between kinase-ON and kinase-OFF output states. Bending at the glycine hinge might,
for example, serve to structurally couple changes in helix packing of the MH bundle to
signaling changes at the receptor hairpin tip. Further improvements in cryo-EM maps
to sub-nanometer resolution should elucidate the mechanism of signal propagation
through the glycine hinge.

Stability of the receptor tip in different signaling states

The “yin-yang” hypothesis proposed that dynamic motions of the MH bundle and
the protein interaction region at the receptor’s hairpin tip are coupled in opposition
(199). Thus, this model predicts that receptor tips might be “frozen” in the OFF state
and relatively “molten” in the ON state. Given that the Tsr protein interaction regions
appeared quite similar in our kinase-ON and kinase-OFF maps, our ECT data do not
support a large dynamic structural difference between the two output states. The tip
bundle contains multiple interaction surfaces that maintain the structural integrity
of the trimers and the core units. Thus, it seems likely that the tip adopts alternative,
stable conformations in both signaling states through structural changes that are small
in magnitude. MD simulations of a Tsr dimer proposed a conformational switch at the
receptor tip through state-dependent flips in phenylalanine stacking (200). Symmetric
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rotations of the dimers about the trimer axis could produce those conformational
changes at both the Tsr«P5 and Tsr«CheW interfaces (191). Taking these considerations
into account, it is plausible that dimer zipping may promote a reversible twisting
motion of receptors at the tip region that triggers a discrete conformational switching
between signaling output states.

Effects of receptor signaling state on the kinase

Receptor signaling state influences the mobility of the CheA P1 and P2 domains in core
complexes (54). Our data support this conclusion because we found that CheA had
a larger keel volume in the kinase-OFF state. In addition, we observed dimer zipping
in the baseplate region of receptors in kinase-OFF signaling complexes. Thus, it is
plausible that conformational coupling between zipped receptors “freezes” their tightly
packed hairpin tips and CheA domains in the kinase-OFF conformational state. In the
kinase-ON state, the CheA keel (domains P1, P2 and possibly P4) is less prominent,
consistent with a broader range of domain motions. However, we saw no evidence for
enhanced mobility of the receptor tips in kinase-ON signaling complexes. We suggest,
therefore, that in the kinase-ON state, receptor tips adopt a discrete, structurally stable
conformation that frees up CheA domain motions to promote the autophosphorylation
reaction. CheA control probably occurs through the receptor/CheW and CheW/CheA.
P5 interfaces (101, 191, 201), in turn modulating the CheA-P4 domain (211-213) and
possibly the CheA P3/P3’dimer interface (93).

Our data show that the AW dimer undergoes a change in rigidity between the
kinase-ON and OFF state. Asymmetric signaling within receptor trimers has been
previously suggested based on the observation that only one dimer within a receptor
trimer conveys ligand-binding information to CheA (93). Our results suggest that
conformational changes caused by adaptational modification of individual dimers
manifest themselves at the level of receptor trimers to modulate kinase control.
Thus, although receptor dimers within a trimer undergo asymmetric conformational
dynamics depending on their position within signaling complexes, all three dimers
play a role in conveying signals to the kinase.

Summary

Despite considerable effort, a complete understanding of the signal transduction events
occurring between ligand binding and the regulation of CheA autophosphorylation is
still lacking. This can be attributed to the structural complexity of the intact array system,
together with the difficulty of analyzing signal transduction events in this context.
Our study reveals the conformation dynamics of the E. coli Tsr in its native structural
context, highlighting global changes in receptor conformation in different signaling
states. Our new observations surrounding (1) stability changes in methylation helix
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bundle, (2) zipping in flexible bundle region, and (3) asymmetric rigidity changes at
the receptor tips collectively reflect that the conformational changes corresponding to
signaling states takes place in the whole kinase control module of the receptor rather
than a single region. Altogether, our results provide crucial insights into the structural
and functional changes in the receptors in the context of native arrays.

Materials and Methods

E. coli strains

E. coli strains used in this study are derivatives of RP437, a wild-type chemotaxis
derivative of E. coli K12 (214) . The strains were previously described (54), which were
further modified by introducing a flgM deletion to enhance expression of class IlI
flagellar and chemotaxis genes. Strains are listed as supplementary information table
S5.1.

E. coli cell lysis and cryo specimen preparation

E. coli strains were cultured in Tryptone Broth at 30°C with 200 rpm shaking overnight.
An overnight culture of E. coli was diluted into 50 ml at 1:100 ratio. The diluted culture
was then allowed to grow till its OD600 reached 0.2. Then, Penicillin G potassium salt
(Carl Ruth, Karlsruhe, Germany) was added to the culture for a working concentration of
2000 Ul/ml. After 30 minutes of incubation at 30 degrees, the cells from 1ml culture were
collected by centrifugation at 13000 rpm in a 1.5 ml Eppendorf tube. The supernatant
was discarded, pellets were resuspended in 10 ul PBS buffer and kept on ice.

The protein A - treated 10nm colloidal gold solution (Cell Microscopy Core, Utrecht
University, Utrecht, The Netherlands) was mixed with penicillin treated cells at a 1:10
ratio. After brief vortexing, an aliquot of 3 ul mixture was applied to a freshly plasma-
cleaned R2/2, 200mesh copper Quantifoil grids (Quantifoil Micro Tools GmbH, Jena,
Germany) and applied to the EM grid in the climate chamber of a Leica EMGP (Leica
microsystems, Wetzlar, Germany). The grid was blotted for 1 second from the carbon-
facing side of the grid at room temperature (20°C) and 95% humidity. Plunge freezing
was carried out in liquid ethane at - 183 °C. Grids were stored in liquid nitrogen until
data acquisition.

Cryo-electron tomography

Data acquisition was performed on a Titan Krios transmission electron microscope
(Thermo Fisher Scientific (formerly FEI, Hillsboro, OR, USA) operating at 300 kV. Images
were recorded with a Gatan K2 Summit direct electron detector (Gatan, Pleasanton,
CA) equipped with a GIF-quantum energy filter (Gatan, Pleasanton, CA) operating
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with a slit width of 20eV. Images were taken at a nominal magnification of 42,000 x,
which corresponded to a pixel size of 3.5A. The UCSFtomo software package was used
for data acquisition with low-dose mode and dose fractionation within a cumulative
exposure of 80 e-/A? (215) . All tilt series were collected using a bidirectional tilt scheme
which started from 0° to —60° and continued from 0° to 60° tilting with a 2° increment.
Defocus was set to -8 um. A total of 28 tilt series were collected for each strain.

Tomogram reconstruction and subtomogram averaging

IMOD software was used for drift correction and bead-tracking based tilt series
alignment (179, 216). CTF estimation and correction were done with CTFPLOTTER
and CTFPHASEFLIP implemented in IMOD (157). Tomograms was reconstructed for
each tilt series by weighted back projection, both with and without SIRT-like filter
equivalent to 9 SIRT iterations. Tomograms reconstructed with the SIRT-like filter
provided strong contrast for evaluating array distribution and particle picking and
initial template building; while tomograms built by weighted backprojection was used
for subtomogram extraction, alignment and averaging.

Subtomogram averaging was done with the Dynamo software package (158, 159, 180).
The initial subtomograms were defined as six trimmers of receptor dimers packed in
hexagonal order. Subtomograms were manually picked from selected tomograms
binned by 2. After coarse alignment based largely on the receptor hexagons, principal
component analysis and k-mean based classification was performed based on the
CheA occupancy beneath the receptor hexagon. Subtomograms were extracted from
tomograms reconstructed by SIRT-like weighted backprojection, since they provided
strong contrast for receptor hexagon alignment and CheA-based classification. Each
CheA filled hexagon consists of three signaling core units following C3 symmetry. Sub-
boxing was carried out to extract the individual core units for further alignment. In
addition, an extra round of sub-boxing was done to extract two receptor trimers of
dimers from each core unit. For trimer alignment, a soft cylindrical mask was applied
to enclose the trimer density. All final maps were calculated from weighted back-
projection tomograms. The Fourier shell correlation curves for the core unit maps were
calculated with the EMAN2 software package (217). Surface visualization was done
using the Chimera software package (218-220). The particle numbers used of averages
are listed in supplementary information (Table S5.2).

Model building

A preliminary model of the Tsr trimer-of-dimers was constructed by aligning a copy
of PDB 3ZX6 (195), which contains the complete cytoplasmic anti-parallel coiled-coil
domain of Tsr (residues 259-516), with the protein-interaction region of each partial
homodimer seen in the crystal structure of Tsr trimer of dimers (PDB 1QU7, residues
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340-440). Using VMD, the model was then hydrated with TIP3P water molecules
and subsequently neutralized and ionized with potassium and chloride ions to a
concentration of 150 mM, resulting in a system containing 239,688 atoms.The complete
system was then subjected to an energy minimization followed by a 50 ns equilibration
simulation in which the protein backbone was harmonically constrained. Targeted
Molecular Dynamics was then used to reproduce the inter-homodimer interfaces seen
in PDB 1QU7 by minimizing the root-mean-squared-deviation between the backbone
and side chain positions in the protein interaction region of the two structures. The
resulting model was used as the input structure for subsequent MDFF simulations.

Molecular dynamics simulations

All molecular dynamics simulations were carried out using NAMD 2.12 (221) and the
CHARMM36 force field (222). MDFF simulations were performed in the NVT ensemble at
310K for 20 ns. A scaling factor of 0.15 was used to couple backbone atoms to the MDFF
potential. Additional harmonic restraints were applied during fitting to prevent loss of
secondary structure. Isothermal conditions were maintained by a Langevin thermostat.
The r-RESPA integrator scheme with an integration time step of 2 fs was used along
with SHAKE constraints on all hydrogen atoms. Short-range, non-bonded interactions
were calculated every 2 fs with a cutoff of 12 A while long-range electrostatics were
evaluated every 6 fs using the particle-mesh-Ewald (PME) method with a grid size of
1A

Accession nhumbers
The EMDB accession numbers for the subtomogram averages of signaling core unit

in different kinase activation level reported in this study are: EMD_4991 (Tsr_EEEE);
EMD_4992 (Tsr_QQQQ) and EMD_4993 (Tsr_QEQE).
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Supplementary information

Table S5.1. E. coli strains used in this study.

Strains Relevant genotype Reference
Uu2981 (flgM)A494 tsr-QQQQE (tar-cheB)A4346Aaer1(trg)A4543  This work
Uu2982 (flgM)A494 (tar-cheB)A4346 Aaer-1(trg)A4543 This work

Uu2983 flgM)A494 tsr-EEEEE (tar-cheB)A4346 Aaer-1(trg)A4543 This work

Table S5.1. The particle numbers for calculating the subtomogram averaging results.

Tsr_QQQQ Tsr_QEQE Tsr_EEEE
Receptor hexagon 1251 1011 1118
Signaling core unit 1977 2813 3148
Receptor trimer 3613 5686 6017
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Figure S5.1. The average lysed E. coli cell thickness measured from the tomographic
date of samples that contained chemoreceptor array. Although in total 30 tomograms
were collected for each strain, chemoreceptor complexes for subtomogram averaging were
picked from 11, 8 and 7 tomograms for strains expressing Tsr_QQQQ, Tsr_QEQE and Tsr_EEEE,
respectively. Student T test (P<0.05) states that cells solely expressing Tsr_QQQQ and Tsr_
EEEE are of similar cells thickness after lysed, while cells expressing Tsr_QEQE was on average
thinner compared to other groups.
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Figure S5.2. Simulation of receptor hexagon maps under impact of a missing cone that
corresponds to a -60° to 60° tilt scheme. (A)Density map for the receptor hexagon was built
with core compel model (PDF 3JA6). (B) The map of the receptor hexgon with a soft-edged,
missing cone shape mask applied in the Fourier space. From both the side and top view,
the missing core affect little on the size and shape of the receptor; mainly it causes a severe
underrepresentation of the CheWs and a shape distortion in the P4 and P5 domains of CheA.

Tsr_EEEE Tsr_QEQE Tsr_QQQQ

Figure S5.3. Subtomogram averaging of receptors hexagon composed with three
dimeric CheA and different receptor variants. (A) Graphic scheme illustrates the native
packing order of the ternary complex in the array lattice, in where each haxegon is consisted
of three signaling core units. Components in gray, including the receptor trimers and the
CheA, are strongly present in the maps; while the coupling protein CheW in the baseplate
(color in white) is not resolve due to a combination of its low molecular weight and the
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impact from missing cone. (B) Overlay of receptor hexagon for strains containing three Tsr
receptor variants show the same native packing order. (C) Averages for three Tsr variants are
each low-pass filtered to the same resolution, 25 A, and present at 1.5 level.
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Figure S5.4. The Fourier shell correlation (FSC) curves and the map cross-sections of the
signaling core unit averaged for all three selected strains. (A) The FSC curves are plotted
for each signaling core unit calculated for the corresponding strains. The dash lines indicate
the cutoff at 0.143. All three maps for core units share similar resolutions, which are 20.1 A,
22.8 A and 23.6 A for Tsr_QQQQ, Tsr_ QEQE and Tsr_EEEE, respectively. (B) The cross sections of
the three maps show the density distribution of the core units. Tsr_QEQE map appears as the
intermediate state between the kinase-on and kinase-off biased output states. The surfaces
of all maps are rendered at 1.50 level in mesh, the cross section is colored according to the
volume density value, where the red color correspond to a weaker density than the blue.
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Figure S5.5. The core unit maps for Tsr_EEEE (blue) and Tsr_QQQQ (red) are low-pass
filtered to 25 A and present at 3¢ level. A rigid trimer splay is shown in the kinase-ON state
and a zipping in the kinase_OFF state.
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Figure S5.6. Atomistic model of the cytoplasmic Tsr
trimer-of-dimers (residues 259-516) used in this
study. Individual monomers within each homodimer
are colored in teal and white. Methylation sites (residues
Q297, E304, Q311, E493) and the glycine hinge (residues
G340, G431, G439) are shown with a space-filling
representation in yellow and dark-grey, respectively.
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Figure S5.7. (A) Overlay between the central axes of the Tsr_EEEE (red) and Tsr_QQQQ (green)
receptor trimer conformations. (B) Plot depicting the distance (Ad) between the central axes
of AA, AW, and WW homodimers in the two signaling states, illustrating asymmetry in the
individual homodimer fit
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Figure S5.8. (A) Overlay between the central axes of representative EEEE (blue) and QQQQ

(red) receptor trimer conformations. The distance (dsplay) between each receptor homodimer

to the central axe varies for EEEE and QQQQ (Ad). (B) Plot depicting the distance changes (Ad)

of the AA, AW, and WW homodimers shown in panel A, which reflects the inhomogeneity of

the compactness changes within the receptor trimer.
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Use cryo electron microscopy to study the chemo-
sensory arrays in vivo
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1 Institute of Biology, Leiden University, Leiden, The Netherlands

Abstract

Cryo-electron microscopy (cryo-EM) allows the imaging of intact macromolecular
complexes in the context of whole cells. The biological samples for cryo-EM are kept
in a near-native state by flash freezing, without the need for any additional sample
preparation or fixation steps. Since transmission electron microcopy only generates
2-D projections of the samples, the specimen has to be tilted in order to recover its
3-D structural information. This is done by collecting images of the sample with
various tilt angles in respect to the electron beam. The acquired tilt series can then
be computationally back-projected. This technique is called electron cryotomography
(ECT), and has been instrumental to unravel the architecture of chemoreceptor arrays.
Here we describe the method of visualizing in vivo bacterial chemoreceptor arrays in
three main steps: immobilization of bacterial cells on EM grids by plunge-freezing, 2D
images acquisition in tilt-series, and 3D tomogram reconstruction.
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Introduction

Electron cyrotomography (ECT) is a new technique that has recently been used to gain
insight into structure and function of macromolecular complexes inside intact cells,
such as bacteria, archaea, and even small eukaryotic cells (223, 224). Rapid progress
in the development of both hard- and software involved in ECT in the past decade
has provided the technological basis necessary for the understanding of structure and
function of bacterial chemoreceptor arrays. The arrays were first identified as a cytosolic
plate-like structure at cell poles parallel to the membrane, with the perpendicular
pillar-like densities of the chemoreceptors spanning into the periplasmic space (42).
The plate like density is called the base plate and is comprised of the histidine kinase
CheA and the linking protein CheW. Subsequent resolution improvement revealed
the hexagonal packing of chemoreceptors above the CheA/CheW base plate with
a center-to-center spacing of 12 nm (225). Further improvement was achieved by
implementing image correction procedures such as contrast transfer function (CTF)
correction and subvolume averaging. This finally revealed the native architecture of
the chemoreceptor arrays: they consist of a hexagonally packed lattice of the trimers
of receptor dimers networked by rings formed by CheW and the P5 domain of CheA.
Neighboring CheA/CHeW rings are structurally connected via the dimerization domain
P3 of CheA (43, 44). In addition to the abundant structural information, ECT has also
provided important insights in understanding the molecular mechanism of receptor
signaling and CheA kinase functioning (54, 141).
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Figure 1. Sample preparation procedure for cyro-EM. A few microliter of bacterial cells
suspension mixed with gold nanoparticles is applied to an EM-grid held by forceps. During
blotting, filter paper wicks off the excessive liquid and leaves a thin aqueous layer. Plunge
freezing fixes this aqueous layer into vitreous ice, while bacterial cells are preserved at their
near-native state. Figure is adapted from (226).
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ECT allows the study of chemoreceptorarraysin the context of whole cells at near-native
state. In order to withstand the high vacuum of the cryogenic electron microscope, the
cells have to be embedded in a thin layer of vitreous ice. The most commonly used
method to generate thin, vitirified samples is called plunge-freezing (223) (Fig.1). A
few microliters of sample (cell culture) is spread out over an EM grid. Excess water is
blotted away either manually or automatically with filter paper, and lastly plunged into
liquid ethane or ethane/propane mixture that is cooled by liquid nitrogen. This allows
freezing of the sample at an extremely high cooling rate (>10000 K/s) and prevents
water from crystallizing and instead forms virtrous ice. Thus, cellular structures will be
well preserved in a near-native state (227). Vitrified specimens on EM grids need to be
transferred and stored below 120 K (-153°C) to maintain the “frozen-hydrated” state
(228).

A electron beam

LLIZ777)
-~ esmryy

2
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Figure 2. Basic principle of cryotomography. (A) The specimen holder tilts according to the
preset tilting scheme around tilting axis perpendicular to the electron beam, and projection
images of the same illumination area on the specimen are recorded on the detector. (B)
The 2D images captured in a tilt-series correspond to a set of projections of the 3D sample
with different tilt angles in respect to the electron beam. (C) After precise alignment, the
successive projection images are merged computationally into one density map (referred to
as tomogram) correspond to the specimen volume for example by weighted-backprojection
(229) . Image is adapted from (230).

In order to gain 3D information of the biological specimen, a series of 2D projection
images is collected while the sample is incrementally tilted along the axis perpendicular
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to the electron beam (Fig. 2) (231). However, this typically requires the acquisition of
~100 or more individual 2D images of the sample. Since the vitrified samples are very
electron-dose sensitive, the most critical factor is to limit the total electron dosage
in order to allow complete tilt-series acquisition before structures are irreversibly
destroyed by radiation damage (232). Based on the type of sample, imaging condition
such as total electron dose, magnification, defocus value, tilting range and angular
increment, need to be selected carefully for data collection (233, 234).

Once a tilt series of a biological sample is collected, the tomogram (the 3D density
map) can be computationally calculated by back-projection of the 2D images into
the sample volume. A successful 3D reconstruction relies on precise alignment of the
2D images of the tilt-series. Alignment of the 2D images prior to 3D reconstruction is
therefore essential. Instead of cross correlation methods, an alignment based on gold
fiducial particles is commonly used, especially in the case of thicker samples such as
intact bacterial cells. Here, gold colloidal particles of typically 5-15 nm in diameter
are mixed together with the biological sample. These highly electron dense particles
are easily visible in the individual 2D images of a tilt series and can be used to align
the individual 2D projections (235). Several software packages are available for
tomogram reconstruction, either fully automatic or interactive through a graphic user
interface. Several different reconstruction schemes are available, such as for example
weighted back-projection (229), SIRT (236)or SART(237). In-depth information on these
computational methods can be found in the respective publications. Additional data
processing steps such as contrast transfer function (CTF) correction (157, 238) and
subvolume averaging (239, 240), can also be applied accordingly to obtain higher
signal to noise ratio cryo-EM maps to study the structure of chemoreceptor arrays.

While ECT is an important tool for structural studies of molecular machines, the high
cost of both, the required specialized equipment as well as the in-depth expertise of
the operators, is preventing many laboratories from utilizing this technique. Therefore,
this chapter provides methods that focus primarily on cryo-EM sample preparation
and evaluation that is essential to generate adequate samples for ECT. The method
description below is based on the particularinstrument equipped in our lab; adjustment
of parameters and condition may be required for alternative instrument setup. Unless
yourlaboratoryis a dedicated cryo-EMfacility, access to high-end equipment is available
at one of several open-access EM facilities worldwide (see note 3). While this chapter
provides suggestions for data collection parameters for imaging chemoreceptor arrays,
the on-site expert staff of the cryo-EM facility should provide the necessary in-depth
advice on proper data acquisition and processing.

Materials
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Materials
Quantifoil grids (Cu 200 mesh R2/2; Quantifoil Micro Tools GmbH, Germany)
Colloidal gold solution (10 nm ) (Sigma, St. Louis, MO, USA)
Bovine Serum Albumin solution (5%) (Sigma, St. Louis, MO, USA)
Bacterial culture
Ethane
Liquid nitrogen

Equipment
Sputter Coater (e.g. Quorum Technologies, UK)
Leica EM GP immersion freezer (Leica Microsystems, Vienna, Austria) or similar (see
Note 1)
Tecnai Talos G2 (FEI Company, Hillsboro, OR, USA) or similar (see Note 2)
Cryo-transfer holders (Gatan Inc., Pleasanton, CA, USA)
Titan Krios (FEI Company, Hillsboro, OR, USA) (see Note 3)

Softwares
FEI Tomography (FEI Company, Hillsboro, OR, USA) (see Note 4)
IMOD (179, 216) (see Note 5)

Methods

Plunge freezing bacteria cells on EM grids

1. Grow bacteria culture to mid-exponential phase at an OD600 above 0.5 (see Note
6).

2. Place EM grids Quantifoil side up, glow discharge under 102 Mbar pressure, at 25
mA current for 45 seconds (see Note 7).

3. For the blotting chamber on Leica freezer, set the temperature to room
temperature; set the humidity to 95%; set the temperature of cryogen container
to-183 °C.

4. Fill up the liquid nitrogen tank, let the cryogen container cool down to the target
temperature; and then fill up cryogen container carefully with ethane (see Note
8).

5. Wait until all parameters set up for the blotting chamber are reached, secure one
EM grid with the forceps provided with the plunge freezer and load it into the
blotting chamber.

6. Mix 100 pl colloid gold solution with 25 pl 5% BSA solution and vortex briefly;
spin down the BSA treated gold nanoparticles at 14,000 rpm for 10 min; discard
the supernatant and keep the pellets of colloidal gold for next step.
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7. Mix 20 pl of bacteria culture with the colloidal gold prepared in step 6 briefly on
a vortex mixer.

Apply 3 pl cell culture mixture onto the carbon film coated side of the grid.

9. Set blotting time to 1 s and activate auto-plunge; blotting is done on the carbon
film side followed by automatic plunging (see Note 9).

10. Transfer the frozen grid from liquid ethane swiftly to a labeled grid box in liquid
nitrogen (see Note 10).

11. Screw tight the lid on the grid box and transfer the grid box swiftly to a 50 ml
conical tube in nitrogen dewar.

12. Checking the quality of the ice on the grid with the cryogenic microscope
operating at 120 kV to evaluate the plunge freezing method (see Note 11) (Fig 3).

Single tilt-series 2D images acquisition
In spite of the fact that different data acquisition softwares have various tilt series set-
up schemes, certain parameters are common for visualizing the chemoreceptor arrays.

A BN B

Figure 3. Common problems found on cryo-EM grids due to either contamination,
mishandling, glow discharge failure or radiation damage. (A) The dark blobs are usually
resulted from contaminants in the liquid ethane. Images is adapted from (241). Scale bar
is 250 nm. (B) A mesh square shows a big crack of the carbon film, extensive crystalline ice
as indicated by the irregular dark marks and chucks of ice contamination at the bottom
of the image. Scale bar is 5 uM. (C) Failure in proper glow discharging results insufficient
hydrophilicity on the grid, which leads to thick ice core in each grid square center. Image
is adapted from (242). Scale bar is 100 uM. (D) The “bubbling” of cellular structures, here for
example at an E. coli cell pole, is the typical result of radiation damage. Scale bar is 1 pm.
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The general process of acquiring a tilt-series projection is outlined as follow:

1. Examine the loaded grid at low magnification with a low electron dose to find an
area with optimal ice thinness; then localize the region of interest. For imaging
bacterial chemoreceptors, it is preferred to target cell poles fixed in a hole of the
carbon membrane where the sample thickness is minimized (See Note 12) (Fig
4).

2. Set the total electron dosage for single tilt-series as 120 electrons/A? (See Note
13).

3. Set up the increment, range and imaging scheme for tilting. For chemoreceptor
arrays in the context of a native cell, we usually record over an angular range of
+60° with 1° or 2° increment. We typically use a tiling scheme where imaging
starts at 0° and continues tilting to one extreme angle, then returns to zero tilt
before recording tilting through the other side.

4. Setthe defocusto-10 um.

The magnification suitable for imaging chemoreceptor arrays is roughly
corresponding to 3.5A pixel size (see Note14).

6. Most software for ECT support fully automated tracking and focusing for each
tilt angle. For some software, it is important to select an area for tracking and
autofocusing along the tilt axis close to the field of view but without overlapping
to avoid damaging the data collection area. Depending on the software, camera
hardware and the data collection parameters used, it typically takes around 20-
60 minutes to collect the data recording for one single-tile series (see Note 15).

Building tomogram and visualizing chemoreceptor arrays

IMOD is the data processing software package used in our lab. As a widely distributed,
well maintained and user-friendly software package, it offers informative description of
each program on its website (http://bio3d.colorado.edu/imod/). A detailed description
on cryo-tilt series data processing is also provided (http://bio3d.colorado.edu/imod/
betaDoc/cryoExample.html). This open-source software package also allows for CTF
correction and provides the option for either SIRT or weighted back-projection to
generate the tomographic reconstruction. For subvolume averaging, the PEET software
package has been developed by the same research group as IMOD and provides the
means to aligning and averaging subvolumes extracted from tomograms (http://
bio3d.colorado.edu/PEET/). Please note that there are multiple options for tomogram
reconstruction and further data processing available (see further examples in Note 5).

The tomographic image directly shows the native location and assembly forms of
chemoreceptor arrays, and higher resolution cryo EM maps (20-35 A) can also be
obtained with additional data processing (Fig 5).
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Figure 4. Good cryo-EM specimens for bacteria chemoreceptor arrays study. (A) An ideal
ice thickness with abundant Vibrio cholerae cells embedded. Scale bar is 5 um. (B) For small cells
(< 2 pm in length) it is easy to find whole cells located in the holes of carbon film. The vitreous
ice appears as transparent, and the well-distributed black dots are gold nanoparticles serving as
fiducials for images alignment. Scale bar is 200 nm. (C) For large cells, gentle lysis can effectively
help to reduce the sample thickness without structurally disturbing the chemoreceptor array.
Intact E. coli cell on the left appears much darker compared to the lysed cell on the right.
Scale bar represents 500 nm. (D) A gently lysed E.coli cell in the hole is considerably thinner
compared to intact cells, and the ordered pattern of the chemoreceptors can be identified at
high magnification. Scale bar is 200 nm.

Notes

1. Other popular choices for commercial automatic plunge freezer include
Cryoplunge (Gatan, Inc,, Pleasanton, CA, USA) and Vitrobot (FEI Company,
Hillsboro, OR, USA). Detailed protocol on how to use the Vitrobot has been
described previously (243, 244).

2. Acryo-EM operating at 120 keV and a cryo holder are the basic requirement for
assessing the sample quality and visualizing chemoreceptors in vivo.

3. Unless your laboratory is a dedicated cryo-EM facility, access to high-end
equipment such as TITAN Krios, is available at one of several multi-user EM
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facilities worldwide (245).

Automated tilt-series data acquisition schemes for cryo-EM samples have
been under fast development, providing the user a wide variety og software
packages to choose from. SerialEM (246), TOM (247), UCSF tomography (215), or
commercial packages like FEI Tomography (FEI Company, Hillsboro, OR, USA) are
a few of the most widely used choices.

There are numerous software packages available for tomogram reconstruction
besides of IMOD, such as SPIDER (248), TOM(247), Bsoft (249), Protomo (250),
UCSF tomography (215) and Xplore3D (FEI Company, Hillsboro, OR, USA). A
complete list of software packages applicable for ECT data collecting and data
reconstructing can be found on the website (https://en.wikibooks.org/wiki/
Software Tools For Molecular_Microscopy).

One fundamental limitation of this technique is the sample thickness. The
vitrified sample has to be thin enough to allow the electrons to pass through
the sample. Therefore, samples optimally are less than 500 nm when imaged
with 300 keV instrument. Some of the model organisms that are used to study
bacterial chemotaxis exceed an ideal cell diameter. Therefore, multiple methods
have been developed to effectively reduce the bacterial cells thickness and
facilitate the visualization of chemoreceptor arrays. Both antibiotic and lysozyme
treatment can lead to cytoplasmic content release with the native structure of
arrays preserved (43, 54, 251). Similarly, a phage gene has been engineered into
E. coli, allowing for controlled inducible lysis to flatten the cells (142). In addition,
small and DNA free “minicells” of model organisms are the result of strains
with disrupted localization of the cell division machinery. Such cells are ideal
candidates for ECT, and were previously used for describing the chemoreceptor
array structure (43, 44).

The carbon side of EM grids normally remains hydrophilic within 2 hours after
being glow discharged; if grids are not used in time, repeat the glow discharge
process.

Wear safety glasses or face shield when using ethane.

3 pl cells mixture with 1s blotting time usually yield vitreous ice layer thin enough
for imaging; if the volume of the cell mixture is increased, consider extending
blotting time accordingly. In addiction, sample-specific features like viscosity
should also be taken into account for choosing the optimal blotting time in
order to achieve ideal ice thickness.

Mishandling of the sample by warming it above 120 K (-153°C) will cause the
crystallization of the ice film, which irreversibly damages the specimen; also,
exposing the grid to atmospheric moisture results in ice contamination on the
surface of the grids.
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Figure 5. Images generated from cryo-tomography data for chemoreceptor arrays
studies. (A) On the left panel, the top view of chemoreceptor arrays is shown in a slice through
a tomographic reconstruction of an E. coli cell overproducing chemotaxis proteins. Inset
shows the hexagonal packing of receptor trimmers. Image is adapted from(58). (B) The cryo-
EM map after subvolume averaging allows the docking of the crystal structures of receptors
(magenta). The receptors are networked by rings of CheW and CheA (cheW (green), CheA
domains P3 (gray), P4 (black) and P5(blue)). Image is adapted from(43). (C) The side view of
chemoreceptor arrays can be easily identified in tomograms due to the high electron density
“baseplate” structure formed by cheA and cheW. A membrane-bound chemoreceptor array
(MA) is parallel to the inner membrane (IM) while a cytoplasmic chemoreceptor array (CA)
appears as a “sandwich” structure in Vibrio Cholerae with two baseplates on either side. OM:
outer membrane. Image is adapted from (105). (D) Subvolume averaging of the tomographic
reconstruction of chemoreceptor arrays locked in specific activation states by single point
mutations of the receptor reveals that the electron density of the ternary signaling complexes
varies in different functioning states. Crystal structures (purple) have been fitted into the EM
density map (blue) by Molecular dynamics flexible fitting. Image is adapted from (54).

11. Examination is essential for new specimen; this step is optional for samples
where the blotting conditions have been determined previously.

12. Small bacteria, such as V. cholerae, can be found lying entirely inside the holes of
the carbon film, which is ideal for data collection. Other bacteria can span several
holes as well as the carbon film in between due to their extended cell length of
several microns or more. Since the chemoreceptor arrays are localized mostly at
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the cell pole, pick the cell poles that are trapped in one of the holes.

The total dosage depends both on the specimen as well as the desired resolution.
Some intact bacterial cell specimens have been shown to tolerate accumulative
dosage up to 200 electrons/A2. A more moderate dose of 160 electrons/A? has
been widely used and is a good starting point for initial dose testing. However,
these dose values are very high and will impact the finer structural details in your
sample. Therefore, when aiming for higher resolution in lysed cell samples, it is
suggested to keep the dosage well below 100 electrons/A2.

The choice of magnification depends also on the specific detector that is used
for data collection.

Most software packages support automatic batch tomography for collecting
datasets from multiple positions on one grid. In this case, the process of individual
tilt-series acquisition remains the same as described previously. In addition, an
“atlas” of the whole gird can be recorded at a relatively low magnification for
picking target positions for data collection. Batch tomography also requires an
additional calibration steps for accurate localization of the targets.
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The research field of biology is an ever-growing collection of knowledge built on the
observation of what living things look like and how they function. It has been 127 years
since bacterial chemotaxis was first described and we are still searching for answers
for two questions, A) what do chemosensory arrays look like and B) how does signal
transduction and kinase control work (2, 64). Instead of using traditional methods to
understand chemotaxis behavior, such as observing “rings on agar plates”and“bands in
capillary tubes”, we are now utilizing direct imaging methods to understand the system
on a molecular level. Here we apply structural techniques with a high-resolution limit
to describe the possible conformational changes in chemoreceptors and the CheA
kinase during signal transduction and activation, respectively. The questions about this
system have evolved over time, and so have the probes we use to answer them. The
studies presented in this thesis, together with numerous other studies published in the
past two decades, clearly demonstrate that the method of cryo-electron tomography
has provided unprecedented insight into the structure and function of chemoreceptor
arrays.

The characterization of biological objects and the understanding of biological events
are frequently limited by our ability to see them directly. Cryo-ET is a powerful tool
that allows for the visualization of objects in three dimensions in their near-native
context (252, 253). Although the basic concept of the 3D reconstruction from 2D
projections was established in 1968, the technique has gained exponential popularity
in the last two decades after numerous theoretical and experimental limitations in its
practical application have been overcome (254-256). Among multiple applications of
cryo-ET in life sciences, studies focusing on resolving the molecular architecture of
complex macromolecular assemblies have been particularly successful. The bacterial
chemosensory array is one such case where cryo-ET studies led to groundbreaking
discoveries. Ever since the molecular architecture was discovered in 2012, new insights
were continuously gained to produce a better understanding of how chemosensory
arrays function on a molecular level and how chemosensory arrays have evolved to
generate structural diversity across species (60). All the studies presented in this thesis
rely substantially on applying cryo-ET and subtomogram averaging to characterize the
chemosensory arrays either in different functional states (Chapter 5) or in different
bacteria other than the model organism E. coli (Chapter 2-4). The main scientific
observations and conclusions regarding chemosensory arrays have been discussed
in the individual chapters. Here, | will discuss the cryo-ET technique itself as well as
its shortcomings and limitations that currently pose as obstacles. In turn, this will
hopefully help to assess whether cryo-ET can be further exploited and improved for
future bacterial chemotaxis studies.
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One of the fundamental cryo-ET limitations that hinder visualization of the
chemosensory arrays directly at the molecular, or even atomic, level lies in the sample
thickness (Chapter 6). Even though chemosensory arrays are predicted to commonly
exist in motile bacteria, the average cell diameters vary greatly between species.
Different cell morphologies such as spherical, rod-shaped or spiral shaped cells differ
drastically in diameter and typically range between 0.25 to 2 microns. Among them,
only a few bacteria are naturally thin enough to allow cryo-ET imaging for structural
analysis of the chemosensory arrays located at the cell pole (42, 50, 51, 55, 225). To
overcome the size limitation, various approaches have been applied to make the
bacterial cells thinner. For example, several detailed descriptions of the chemosensory
arrays at the molecular level were derived from imaging the E. coli minicells (43, 44). This
approach is still widely used, for example in the latest structural characterization of the
chemosensory arrays in E. coli (177). An alternative approach to address the thickness
issue is to introduce gentle lysis so that after releasing the cytoplasmic content the
thickness of cells drastically decreases in the cryo-specimen (54, 58, 59).

Noticeably, reflected in the recent studies, there are a few significant differences
between using the lysis treatment and using minicells (Chapter 4 & 5). It has been
reported that the chemoreceptor lattice in E. coliis generally well preserved in lysed cells.
However, it has been observed in many studies with the lysis method that instead of
one extended receptor lattice per cell, smaller patches of receptor lattice are dominant.
In addition, the chemosensory arrays imaged from a severely lysed cell usually shows
a loss of packing order towards the membrane-proximal ends of the receptors with
no detectable pattern at the periplasmic domains of the receptors. Conversely, in the
subtomogram averaging results of arrays from intact minicells, it has been shown that
the hexagonal pattern can be detected throughout the full length of the cytoplasmic
domain of the receptors and even for the periplasmic domains (177). Together, this
implies that although the native architecture of the baseplate is preserved in both
ways, the compactness of the receptor lattice is still susceptible to the changes of the
geometry of the inner membrane, particularly for the membrane-proximal ends of
the arrays. Because of the much-reduced diameter, the inner membrane of a minicell
usually exhibits a much more extreme curvature compared to the cell pole of native
wild type cells. As a result, it is plausible that the membrane-proximal ends of the
receptors splay out more readily and are less likely to have the same level of likelihood
to interact with each other. In contrast, lysis treatment is aimed to flatten the cell so
that the majority of the inner membrane appears to resemble more or less a 2D sheet.
In other words, the curvature of the inner membrane is much reduced so that the
possible interaction among the membrane-distal ends of the receptors is encouraged.
This geometry difference of the inner membrane is likely to have an impact on the
compactness on the membrane-bound chemoreceptor lattice in the averaging results.
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Since the receptor lattice is tethered into the hexagonal pattern by the protein network
at the baseplate, the compactness of the receptor lattice is likely to exhibit significant
changes at its membrane-distal ends. Indeed, the ~ 26 nm distance of the membrane-
spanning region of receptor could allow the chemosensory arrays to tolerate a range of
packing compactness at the membrane-proximal ends of the receptor lattice. However,
such a tolerance of the structural plasticity still depends on baseplate architecture that
tethers the receptor lattice in place.

Besides changesto the sampleitself, generating minicells orintroducing lysis also results
in differences in how to process the different data. For the most ideal lysis results, the cell
envelope will be completely flattened and preserved as a sheet oriented perpendicular
to the electron beam. Due to the limited image sampling range of cryo-ET, this would
readily cause the majority of the subtomograms to exhibit a stronge preference of
the orientation. In contrast, minicells largely preserve the curvature of the membrane
and the chemosensory arrays attaching to it. Thus, imaging minicells offers a higher
chance of resulting in a homogeneous spatial sampling of the chemosensory arrays
compared to imaging the lysed cells. The sampling differences may strongly influence
sub-tomogram averaging (STA) data processing and results. An averaged density map
generated mainly, if not exclusively, from receptors lattice parallel to the electron beam
direction will reflect the incomplete sampling perpendicular to the lattice plane. The
most obvious defects in the EM maps from arrays with such preferred orientation is
an artificial elongation of the receptors and severely underrepresented baseplate
components. This is particularly problematic for resolving the baseplate components
in the arrays. Despite this drawback, averages from flat arrays have proven to be most
sensitive to capture structural differences in the packing order of the receptor lattice.

The sample thickness is a universal bottleneck for achieving a higher resolution of
biological structures in situ. The most informative model building for the chemosensory
arrays has therefore been based on the cryo-ET studies of a recombinant chemosensory
array sample in vitro (45). For the vast majority of questions remaining for the
chemosensory complexstructure, an atomicresolution structural descriptionis urgently
needed. For example, we still need to understand how exactly the receptor binds to
the kinase and the coupling protein, and how it controls CheA enzymatic activity. With
the current imaging and image analysis technique, it is unlikely that minicells or the
lysis treatment would be sufficient to offer samples that permit a resolution needed
to answer these questions. Instead, single particle analysis would be a more suitable
tool to address this issue if ternary complex comprising chemoreceptor trimers-of-
dimers, kinase CheA and CheW could be engineered and proven suitable for cryo-EM
imaging (205). An atomic-resolution description of the binding interfaces within such
a complex, as well as revealing the spatial arrangement of different domains within the
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kinase CheA, would undoubtedly be a major milestone towards understanding signal
transduction in chemotaxis (257).

Inthe meantime, cryo-ET hasits unparalleled advantages in exploring the diversity of the
chemosensory arrays by imaging them in situ in a variety of bacteria. This undoubtedly
broadens our understanding and appreciation of diversity of the chemosensory
system (Chapter 2). Given that the chemoreceptor lattice is one of the most frequently
observed macromolecular machines in the tomographic database ETDB (https://etdb.
caltech.edu) of bacterial cells, there is a rich abundance of image data openly available
for analyzing the appearance of the chemosensory arrays (258). The current consensus
still stands that the hexagonal packing of the receptors in the chemotaxis arrays is
universal in bacteria and archae (51, 55). However, a potential structural diversity may
have been overlooked so far.

Functional studies have put a substantial amount of effort in illustrating a “vertical”
signal transduction mechanism thatis proposed occur through conformational changes
passing through the receptor and propagating to the kinase and coupling protein.
Meanwhile, the “horizontal” signal transduction, which has been less extensively
characterized, is proposed to take place across the baseplate through long-distance
allosteric dynamics in the coupling protein and kinase networks. This type of horizontal
signal transduction is thought to support signal amplification and signal cooperation.
This implies that the chemosensory arrays function not only as a nose, but also as a
brain that evaluates different input signals to ultimately control swimming trajectory.
In order to understand the nature of this horizontal signaling transduction, the kinase
distribution and the molecular architecture of the baseplate are crucially relevant.
Emerging research suggests that this distribution is likely to be species-dependent.
This is in contrast to the packing order of the chemoreceptor lattice that continues to
be a universal feature.

Aside from the number and arrangement of kinase proteins in the array, compositional
diversity in the baseplate commonly exists in bacteria outside E. coli. In this model
organism, which represents the most extensively investigated system among all
bacteria, the ternary signaling core unit might just be the simplest case (Chapter 3).
CheV, a hybrid protein containing a CheW-like domain, can substitute for CheW in
the chemosensory arrays. Although not as widely distributed as CheW in the known
genomes of bacteria and achaea, in some bacterial species it can even function as the
only coupling protein in the chemotaxis system (70, 91, 108, 110, 259, 260). Studies in
V. cholerae have shown that, in addition to CheV, ParP is another alternative coupling
protein that is directly involved in chemosensory array formation and localization (112,
146).
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Such discoveries of compositional diversity in the baseplate are inspiring for a further
illustration of alternative molecular architecture of the chemosensory arrays other than
arrays in E. coli. Yet, precisely distinguishing the different components in the baseplate
can be a formidable task. To identify a structure of interest, particularly a specific
protein, has always been a major challenge with cellular tomography. So far, there is
not a universally applicable EM-visible tag that can readily serve as an indicator similar
to a fluorescent tag for light microscopy. Immunolabelling using gold-conjugated
antibodies could work for binding to proteins exposed on the cell surface or restricted
to the section surfaces, but such labels could not reliably access the baseplate in the
cytoplasm without extensive cell lysis. A few attempts have been made to design
cloneable, protein-specific, electron-dense tags, among which is the ion-loaded ferritin-
based label that was tested on chemosensory arrays in E. coli (261-263). Yet, instead of
being fused to any protein component that directly integrates into the chemosensory
arrays, the ferritin label was fused to the CheY protein that co-localizes with arrays
through association with kinase CheA. Given the relatively large size of the ferritin
label (~ 12 nm), it is hard to imagine that the chemosensory arrays can be efficiently or
correctly assembled when either CheV or ParP proteins are fused with such a label. On
the other hand, tags with a significantly smaller size might not perturb the local cellular
environment but might be difficult to recognize in cellular tomograms. Such labeling
would eventually suffer from low fidelity and efficiency, in particular if the fused protein
(for example ParP) is predicted to be sparse by nature.

In the absence of a reliable tag, an alternative approach for identifying components
in supermolecular machinery in situ with cellular tomography data is to compare STA
maps derived from a set of mutant strains that each has a single component of the
structure of interest knocked out. This method has proven to be powerful through
numerous studies that revealed for example the molecular architecture of the bacterial
secretion system (264, 265). However, this approach would not be equally effective
when applied to identify CheV or ParP in the chemosensory arrays. Since CheV,
ParP, CheW, and their homologs all share the SH3-domain-like topology, they are all
predicted to be capable of serving as scaffolding proteins in the baseplate. In fact, it
has been shown through fluorescence microscopy studies that CheV2, which does
not normally integrate into arrays in V. cholerae under standard growth conditions,
increasingly localizes with the F6 arrays in the absence of CheA (102). Thus, in arrays
with a high degree of variability in the baseplate, mutations can be easily overcome
by substitution. In contrast, overexpressing either CheW or deletion of CheA in E. coli,
where there is little variability in the baseplate, severely impairs array assembly (266). In
short, it is not feasible to identify some components in the baseplate by mapping the
missing density in different STA maps.
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Would it be possible to distinguish the baseplate components exclusively through in
silico analyses, namely based on the classification during the STA analysis (Chapter
4)? The cellular tomographic image provides unprecedented structural information
that is unfortunately accompanied by an enormous amount of noise. This low signal
to noise ratio impedes a reliable interpretation of the structure of interest in the
tomographic data directly. Low signal to noise ratio also hinders the accuracy of
defocus determination and the precision of subunit position and orientation in the
STA alignment, which eventually limits the attainable resolution in final EM maps.
The implementation of dose-symmetric tilt scheme and accurate 3D contrast transfer
function correction will be an essential step to an overall improvement of attainable
resolution in the STA reconstruction (267, 268). This will be true for various samples
including chemosensory arrays. Additionally, using a more sophisticated classification
algorithm will also improve the achievable resolution. For example, a new algorithm has
recently been developed that has been tailored to distinguish the structural differences
of 3D maps derived from STA analysis (269, 270). With those technical developments,
identifying structures from cryo-ET data in silico is becoming more realistic (271-274).
However, the successful applications of such analyses are still rather rare and limited
to protein complexes with the size and abundance at a similar level of ribosomes. In
contrast, distinguishing the proteins located in the baseplate of V. cholerae, such as
CheV (36kDa) and ParP (42kDa), from CheW (18kDa) would be a formidable task due
to their small and similar size. Not only do the sizes of the CheV and ParP present a
challenge for analysis, but in addition both proteins are also extremely sparse in the
arrays. It is difficult to predict what amount of tomographic data would be required to
provide sufficient repeats so that the classification results hold fidelity. The sparseness
of such proteins poses a difficulty for applying the correlative light electron microscope
approach, given that it would be a challenge for reaching both the fluorescent detection
level and the resolution required for the localization accuracy. Altogether, although
cryo-ET and STA are progressing towards a molecule-based cellular landscape of
macromolecular complexes with their native spatial coordinates, directly identifying
chemotaxis proteins insilico for the baseplate is unlikely to be feasible in the foreseeable
future.

Last but not least, although all biological subjects are inherently dynamic, the sample
preparation of cryo-ET captures only a single time point of any given biological
process. In other words, cryo-ET fundamentally acquires static 3D snapshots instead of
recording biological events in time. In cases where the biological processes of interest
occur slowly, the different specimens frozen at the same time point could readily
be captured in different stages of such a biological process. By imaging a sufficient
amount of different specimens, it is feasible to eventually assembly all the snapshots
along the timeline. This would allow for the description of the entire biological process
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of interest even though the observation is not carried out strictly on a single specimen.
However, the heterogeneities among the specimens could also bring ambiguity into
the interpretation of the cryo-ET observation. The bacterial flagellar motors can be used
as an example for such a case. In stationary phase cells of gamma-proteobacteria, cryo-
ET of the cells reveals incomplete motor structures called ‘relics’ that are embedded
in the cell envelopes. When judged solely from the tomographic data, it is impossible
to distinguish whether a relic is an intermediate structure before a flagellar motor is
fully assembled or the remaining structure after the flagella has been ejected from the
motor (20, 275).

This time-course related ambiguity also affects both structural and functional studies
of the chemosensory arrays by cryo-ET. The cell lysis treatment, which was intended
to facilitate the higher-resolution imaging by flattening the cells, resulted in a high
degree of heterogeneity among specimens that were frozen and imaged at a random
point during lysis of the cells (Chapter 3 & 4). Although most of the receptor arrays in
V. cholerae were found completely disordered, there were indeed rare cases in which
the hexagonal packing order was retained in lysed V. cholerae cells. One could easily
suspect that the lattice order was preserved because this cell was frozen the moment it
was lysed so there was not enough time for the baseplate to disassociate. Alternatively,
it could also be the case that the array patch retaining order upon lysis happens to have
a high CheA occupancy so that the baseplate structure is more resilient to the lysis
process and may hold up to the structural integrity particularly well. Due to the lack of
time-course information, we could not depict how the chemosensory array structure
changes during the cell lysis process and characterize it in greater detail to see how
resilient the different baseplate structures may be. Compared to a gradual event
such as lysis, the switching between different signaling states of the chemosensory
complexes within the arrays is thought to be inherently dynamic on a much faster
time scale. As a result, such functional and conformational dynamics cannot simply be
captured by freezing at different time points before and after exposing chemosensory
arrays to the target compounds (57). Instead, mutations of either the receptor or the
kinase are required to strongly bias the signaling states of the complexes (Chapter 5).
Only combined with extensive biochemistry characterization of the kinase activity of
such mutants, structural information derived from cryo-ET data can be conclusive for
illustrating the conformational dynamics related to the signaling process.

With its unparalleled advantages for visualizing arrays in situ, cryo-ET will certainly
remain the best tool to explore the structural diversity of chemosensory arrays (Chapter
2). As insights into this diversity accumulate, interest will increase for understanding
the physiological relevance of different types of chemosensory arrays. Cryo-ET will
continue to be an essential tool to carry out the most direct and conclusive assessment
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on whether any type of chemosensory array is assembled at a given culturing
condition, as well as in any chemotaxis protein mutant strain. Moreover, observing the
appearance and the occurrence of the arrays can help to reveal the strategies bacteria
have evolved for dealing with complex environmental inputs. Cryo-ET may also assist
in understanding the possible benefits of the crosstalk among different arrays or the
necessity of segregation among different chemosensory pathways. For bacteria, both
phenomena are essential for maintaining an efficient and accurate perception of the
immediate chemical environment and thus is essential for their survival. In the case of
V. cholerae, the chemosensory system is capable of converting signal inputs from 32
different 40H chemoreceptors into the net flux of phosphor-CheY to bias its swimming
direction (278). Still, much is yet to be learned about how this sophisticated sensory
system sorts and simplifies information.

Althoughitis developing faster than ever, cryo-ET has not yet advanced to a point where
we can unambiguously determine individual chemotaxis protein structure directly in
the native cellular context. To interpret the structural description of the arrays made
by cryo-ET, we often require other lines of evidence and analysis derived from other
characterization methods. Given that cryo-ET is very costly, time consuming, and not
readily accessible outside highly specialized labs, the samples need to first be finely
engineered or characterized through molecular biology and biochemistry studies. In
addition, computational methods such as proteomics analysis on chemoreceptors and
other chemotaxis proteins can shed insights into what the composition of the arrays
might be. Moreover, compared to any other method, genomics-based bioinformatics
analysis can most efficiently compare various chemosensory systems on a broad
spectrum and make a commonly applicable prediction of the functional specificities
of chemosensory arrays. Lastly, genetics analysis has contributed greatly to predicting
the functionality of chemotaxis proteins and how they might selectively interact
with chemoreceptors. In combination with gentics analysis, cryo-ET will remain as an
essential tool to solve the open questions in understanding bacterial chemotaxis.
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Alle vormen van leven zoeken altijd naar de beste omgevingsomstandigheden. De
beweeglijke bacterién zijn in staat om de chemische stoffen in hun directe omgeving
te detecteren en hun beweging daarop aan te passen. Dit gedrag, dat chemotaxis
genoemd wordt, wordt in gang gezet door één bijzondere macromoleculaire structuur:
de chemosensorische arrays. Dit proefschrift brengt meerdere studies bijeen waarin ik
gebruik heb gemaakt van cryo-elektronentomografie (cryo-ET) om een meer inzicht
te krijgen in twee vragen: A) hoe zien bacteriéle chemosensorische arrays eruit, en B)
hoe werken signaaltransductie en kinasecontrole in de chemosensorische arrays op
moleculair niveau.

Hoofdstuk 1 bevat een korte samenvatting van de geschiedenis van hoe bacteriéle
chemotaxis in de vorige eeuw werd ontdekt, en hoe de chemotaxis array-structuur in
Escherichia coli (E. coli) werd ontdekt door gebruik te maken van cryo-ET. Hoofdstuk
2 biedt een diepgaande beschouwing van de basis van chemotaxis-gedrag, het
chemotaxis-signaleringspad, de chemotaxis-proteinen, en de manier waarop ze
in chemotaxische arrays zijn gerangschikt. Substantiéle aandacht wordt besteed
aan het feit dat chemosensorische arrays een ingenieuze structuur vormen die
zeer conservatieve structuurkenmerken vertonen, maar tegelijkertijd een grote
tolerantie voor compositionele diversiteit. Het meest opmerkelijk daarbij is wel dat de
chemoreceptor arrays die tot dusver geobserveerd zijn, zelfs op een verre evolutionaire
afstand, hexagonaal gestructureerde trimeren-van-dimeren met een constante
roosterafstand zijn. Desalniettemin bestaat er een grote variéteit in chemosensorische
arrays in termen van de exacte proteinecompositie en stoichiometrie, de moleculaire
architectuurindegrondplaat(waardereceptorendekinase-CheAendekoppelproteinen
verbinden), de cellulaire localisatie, en de fysiologische relevantie. Belangrijker nog,
zo wordt in deze bespreking naar voren gebracht, is dat er zo weinig bekend is over
zulke gediversifieerde systemen buiten het modelorganisme E. coli, dat slechts één
gesimplificeerd chemtoxis-pad heeft. Ondanks de overvloed aan informatie waar we
tegenwoordig over beschikken, blijven er nog diverse vragen te beantwoorden met
betrekking tot de structuur en functie van chemosensorische arrays.

Om inzicht te krijgen in de architectuur van chemosensorische arrays in verschillende
bacterién wordt in Hoofdstuk 3 een studie beschreven naar de compositionele
variabiliteit van chemosensorische arrays in Vibrio cholerae (V. cholerae). Arrays in
V. cholerae hebben de mogelijkheid om hun chemoreceptorische compositie aan
te passen om zo meer verschillende doelen te kunnen waarnemen. De chemotaxis-
proteinen in de grondplaat vertonen een hoge graad van compositionele variabiliteit,
hetgeen potentieel de incorporatie van nieuwe receptoren in de reeds bestaande
chemosensorische array faciliteert. Deze hoge variabiliteit van chemosensorische arrays
wordt voorgesteld voor bacterién met een groter repertoire aan chemoreceptoren,
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meer extensieve hulp-chemotaxis-proteinen, en diverse (signalerings) paden. Deze
attributen wijken op kenmerkende wijze af van het chemotaxisparadigma in de studies
over E. coli.

Behalve naar de compositionele variabiliteit, die is uitgewerkt in Hoofdstuk 3,heb ik
ook onderzoek gedaan naar de moleculaire architectuur van de chemosensorische
array grondplaat in V. cholerae, beschreven in Hoofdstuk 4. De hexagonale structuur
van de receptor trimeren-van-dimeren blijft intact bij verschillende soorten, zoals
eerder vastgesteld, maar de moleculaire compositie en architecturale schikking van
chemotaxis-proteine in de grondplaat wordt nu ook soort-specifiek besproken. In V.
cholerae laat de histidine CheA een gelijkmatige verdeling over de grondplaat zien,
maar zonder een bepaalde volgorde. Bij een dergelijke kinase-distributie zou je
verwachten dat deze de rigiditeit van de arrays vermindert en een meer dynamische
variabiliteit van chemoreceptoren en grondplaatcomponenten faciliteert. Het roept
ook intrigerende vragen op over hoe een goede functionaliteit van arrays en een hoge
mate van samenwerking bereikt kan worden als veel van de receptor trimeren-van-
dimeren-eenheden niet in direct contact zijn met de kinase.

In Hoofdstuk 5 wordt een studie gepresenteerd die is uitgevoerd met het
modelorganisme E. coli. Ik heb hiervoor onderzoek gedaan naar het moleculaire
mechanisme van chemotaxis binnen chemosensorische signaalkerneenheden, de
minimale structurele en functionele herhalingen van de arrays. Met behulp van
zorgvuldig ontwerp en engineering werden gemodificeerde signaalkerneenheden
gemanipuleerd naar ofwel een kinase-ON- of een kinase-OFF-signalerings-eindstaat.
De conformatiedynamiek van de serie-chemoreceptoren zou gevisualiseerd kunnen
worden en inzicht geven in hoe chemoreceptoren kinasecontrole bereiken. Door
de compactheid van de structuur te veranderen op het niveau van de trimeren-
van-dimeren, kunnen overeenkomstige conformationele veranderingen worden
waargenomen. Dit resultaat is in overeenstemming met klassieke theorieén die zijn
voorgesteld om het signaleringsmechanisme in chemoreceptoren te beschrijven.
Voorts suggereren de resultaten waarom de trimeren-van-dimeren-schikking van
de receptoren noodzakelijk zou kunnen zijn om zijn taak te kunnen uitvoeren in de
chemosensorische arrays.

De bovengenoemde hoofdstukken zijn samengesteld met een focus op het
wetenschappelijke onderwerp van dit proefschrift: de structurele en functionele
studies naar chemosensorische arrays. In Hoofdstuk 6 verschuift de focus naar de
primaire wetenschappelijke techniek die bij al deze studies gebruikt is: cryo-ET. Dit is
momenteel de enige methode waarmee hoge-resolutie structurele studies gedaan
kunnen worden naar chemotaxis-arrays in een bijna-natuurlijke staat. Dit hoofdstuk
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biedt een overzicht van hoe cryo-ET kan worden gebruikt om chemosensorische arrays
in situ te visualiseren door gebruik te maken van transmissie-elektronenmiscroscopie
in cryogene omstandigheden. In dit hoofdstuk is een korte introductie van cryo-ET
opgenomen, evenals een stap-voor-stap-beschrijving van het standaard werkproces
met daarbij inbegrepen de cryo-specimen-preparatie; 2D tilt-seriebeeldvorming en 3D
tomografische datareconstructie.

De voornaamste bevindingen in dit proefschrift en de implicaties ervan in een
bredere context worden besproken in elk hoofdstuk. In Hoofdstuk 7 wordt de cryo-
elektronentomografie-techniek besproken, speciaal toegepast op de onderzoeken in
dit proefschrift. Met name komen aan bod de specifieke beperkingen die deze techniek
heeft als deze wordt toegepast bij studies van bacteriéle chemosensorische arrays. En
ook wordt uiteengezet hoe verbeteringen van deze techniek kunnen bijdragen aan
een nog beter begrip van bacteriéle chemotaxis.
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