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Summary
Since its inception, Bacterial Locomotion and Signal
Transduction (BLAST) meetings have been the place
to exchange and share the latest developments in the
field of bacterial signal transduction and motility. At
the 12th BLAST meeting, held last January in Tucson,
AZ, researchers from all over the world met to report
and discuss progress in diverse aspects of the field.
The majority of these advances, however, came at the
level of atomic level structures and their associated
mechanisms. This was especially true of the biological machines that sense and respond to environmental changes.

Introduction
All organisms must respond to environmental changes.
The world is not static and, unless an organism can adapt
to change, it risks death and ultimate extinction. Prominent
examples include the ability to adapt to nutrient depletion
or toxin influx. At the heart of any adaptation mechanism,
irrespective of organism or habitat, is the ability to sense
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environmental changes and act upon them. In this regard,
life has solved many problems that engineers face when
designing autonomous systems. Imagine designing a
simple robot capable of navigating between two points.
Any design would involve sensors to guide the robot, a
motor to move it, and a set of rules to determine its velocity
and direction of motion. How the engineer specifically
designs these components would be determined by the
specific terrain to be navigated and the obstacles to be
avoided. The engineer also would be concerned with the
accuracy and range of the sensors, the efficiency of the
motors, the fidelity of communication between and among
the sensors and motors, and the robustness of the integrated system.
The questions posed by the biologist are often analogous to those of the engineer. Unlike the engineer, the
biologist performs the design problem in reverse, determining the mechanisms used by living organisms to orient
within and adapt to their environment. In other words, the
biologist and engineer are effectively tackling the same
problem from different ends. This is best exemplified in the
study of bacterial chemotaxis, the process whereby cells
migrate in response to changes in their environment –
such as increased or decreased nutrients, toxins, pH or
temperature. Similar to the simple robot example, this
biological system provides a simple example of a sensor
(a set of chemoreceptors) linked to an actuator (the flagellar motor) within an intervening logic layer (the chemotaxis
pathway). Over 50 years of investigation have now provided us with a molecular-level view into the workings of
chemotaxis, with exquisite detail especially in the case of
the enteric bacteria Escherichia coli and Salmonella
enterica. Not only has this work enabled us to peer into the
inner workings of the sensor and the motor but also has
allowed us to address many of the engineering questions
enumerated above.
However, chemotaxis is not the only way organisms
respond to change nor do all motile bacteria employ the
same mechanisms. This is not surprising given that bacteria inhabit nearly every possible environment, ranging from
deep-sea vents to the human gut. To live in such diverse
environments, bacteria have evolved a wide range of
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Fig. 1. Sensing of chemical stimuli and signal processing. A chemical stimulus (either an attractant or a repellent) is detected by a
transmembrane chemoreceptor, also known as a methyl-accepting chemotactic protein (MCP). Via the coupling protein CheW, the signal is
transduced to the HK CheA. In response to an increase in the concentration of a repellent or a decrease in the concentration of an attractant,
CheA autophosphorylates a conserved histidine residue. Phosphorylated CheA stimulates a rapid excitatory and a slow adaptive signal by
donating its phosphoryl group to the RRs CheY and CheB respectively. Excitation occurs when phosphorylated CheY diffuses through the
cytoplasm and binds to the switch at the cytoplasmic face of the flagellar motor, increasing the probability of clockwise (CW) rotation.
Excitation is modulated by CheZ, a specific phosphatase that dephosphorylates phosphorylated CheY. Adaptation occurs because
phosphorylated CheB functions as a methylesterase that specifically removes methyl groups constitutively placed on the MCP by the
methyltransferase CheR.

adaptation mechanisms. Just as the engineer would
employ a different design for an aerial robot than s/he
would for a terrestrial robot, so do bacteria when foraging in
liquids versus on surfaces. Likewise, a successful adaptive
mechanism must sense the proper signals, which are as
diverse as the environments occupied by bacteria and
which range from small chemicals to specific wavelengths
of light. In fact, what makes this field so exciting is the range
and diversity of mechanisms that bacteria have evolved to
deal with changes in their environment. Yet, with all this
diversity, it is striking how much of the core machinery is
conserved. Indeed, a major theme that has developed over
the years is the modularity of these adaptive systems. This
is seen not only at the level of the proteins, but also with the
supramolecular assemblies that comprise the sensors and
motors, and the pathways the connect them. Just as the
engineer prefers off-the-shelf components to customdesigned ones, so does evolution.
The 12th Bacterial Locomotion and Signal Transduction
Meeting gathered 149 scientists from 13 countries in
Tucson, Arizona, from 20 to 25 January 2013, to exchange
the latest developments in the fields of chemotaxis, motility
and sensory perception. BLAST XII was chaired by Urs
Jenal (Biozentrum, Basel, Switzerland) and Karen Ottemann (University of California, Santa Cruz) and organized
by Bob Bourret (University of North Carolina, Chapel Hill),
Sandy Parkinson (University of Utah), Joe Falke (University of Colorado) and Michael Manson (Texas A&M University). A hallmark of these meetings is the priority given to
talks by graduate students and postdoctoral fellows with 26
giving talks and 41 presenting posters.
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

Although the major focus of all BLAST conferences has
been bacterial chemotaxis and motility, the specific theme
of each conference has wandered, often in response to
perceptive insights or technological advances. BLAST XII
is no exception. Recent advances in diverse technologies
have let researchers delve more deeply into the structure
and function of the chemoreceptor signalling complex and
the flagellar motor; as such, BLAST XII can be viewed as a
story of these two magnificent machines. Yet, the field is
much richer than chemotaxis and motility, and this was
evident by the richness and diversity of this year’s presentations. Thus, despite a strong focus on the inner workings
of those machines, much also was made of the intervening
logic and the networks that regulate their expression.

Sensors
Chemotactic bacteria utilize a highly sensitive and adaptive sensory network that informs them of their environment so that they migrate properly, i.e. towards attractants
and away from repellents. Attractants and repellents are
perceived by chemoreceptors that are usually, but not
always, integrated into the cytoplasmic membrane (Fig. 1).
Chemoreceptors, also known as methyl accepting chemotaxis proteins (MCPs), form trimers-of-dimers in hexagonally ordered arrays that include the homodimeric histidine
kinase (HK) CheA and the coupling protein CheW. Upon
sensing a decrease in attractant or an increase in repellent,
the now excited (active) receptors induce CheA to
autophosphorylate, using ATP as the phosphoryl donor.
Phospho-CheA serves as the phosphodonor to the
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cognate response regulator (RR) CheY, a soluble protein
that diffuses through the cytoplasm to the switch complex
on the cytoplasmic face of the flagellar basal body. Binding
of phospho-CheY increases the probability of clockwise
flagellar rotation, inducing reorientation manoeuvres that
vary from bacterium to bacterium. For example, the
peritrichously flagellated enterics E. coli and S. enterica
tumble, whist the polar-flagellated Sinorhizobium and Helicobacter can reverse direction of their translational movement (Hazelbauer et al., 2008).
This excitatory pathway is balanced by two different
mechanisms: dephosphorylation of phospho-CheY and
adaptation (Fig. 1). Phosphorylated aspartyl residues, like
that of phospho-CheY, are inherently unstable, having a
short half-life of a few seconds. In the enterics, an additional protein CheZ accelerates dephosphorylation, so
that half-life of phospho-CheY is about 0.1 s. In other
organisms, non-CheZ phosphatases perform this function. Adaptation occurs simultaneously with excitation and
also depends on CheA autophosphorylation; however, the
pathways bifurcate at the level of the phospho-acceptor:
CheY is the acceptor for excitation, while another RR
(CheB) is the acceptor for adaptation. Phospho-CheB is a
methylesterase, removing methyl groups from the methylation helix bundle of the chemoreceptor. Methylation of
specific residues occurs constitutively via the CheR methyltransferase. Whereas excitation is rapid, adaptation is
slow, permitting a rapid response followed by a slow
return to the inactive or adapted state (Porter et al., 2011).
Electron microscopic maps generated by subvolume
averaging of wild-type chemoreceptor arrays in the
adapted (inactive) state, together with crystal structures,
have revealed the protein arrangement of the core
chemotaxis proteins (Vu et al., 2012). Trimers of receptor
dimers lie at each vertex of a hexagon, arranged such that
one dimer points towards the centre of the ring (Fig. 2A).
The receptors (purple) surround rings of alternating regulatory subdomains (P5) of CheA (blue) and the coupling
protein CheW (green). The kinase subdomains (P4) of
CheA (dark grey) project towards the cytoplasm and away
from the receptors, whereas the dimerization subdomains
(P3) of CheA (light grey) link neighbouring rings to form a
stable, extended lattice. Although the principal structure
of chemotaxis protein arrays is becoming clear, their
dynamic nature and operation are not yet understood.
Ariane Briegel (Grant Jensen’s Lab, California Institute
of Technology) reported the use of electron cryotomography to visualize structural differences between chemoreceptor variants with well-defined kinase output states
(Ames et al., 2008; Zhou et al., 2009; Briegel et al., 2013).
The new results support a model in which the signalling
state does not alter the hexagonal arrangement of the
chemoreceptors. Although chemoreceptors retain identical centre-to-centre spacing in all activation states, CheA

exhibits significant structural differences (Fig. 2B). In
receptor variants that lock CheA in the inactive state, the
domains P1 and P2 of the CheA dimer pack stably in a
‘keel-like’ density (turquoise) beneath two adjacent receptor trimers (Fig. 2C, left). This density was confirmed to be
P1 and P2, as a mutant that lacks these two domains was
missing this density (Fig. 2C, right). When locked in the
active state, this density is less prominent, suggesting
signalling-dependent dynamics of these two CheA
domains, which perform the phosphoryl transfer from
CheA to CheY. This activity-dependent dynamic behaviour of P1 and P2 domains also was observed biochemically as a difference in protease susceptibility.
Although the receptors and CheA clearly interact, the
functional structures of the protein–protein interfaces that
define the interaction remain unclear. Multiple structures
have been solved; however, a molecular view of protein–
protein contacts in the active, membrane-bound signalling
array has proven elusive. Two recent crystal structures
solved in the Crane Lab reveal two distinct possibilities for
the interface between the receptor and the CheA kinase
regulatory domain (Briegel et al., 2012; Li et al., 2013). To
determine which structure best predicts the protein–
protein interface, Kene Piasta (Joseph Falke’s Lab,
University of Colorado) described the mapping of the
receptor-kinase regulatory domain interface in functional,
membrane-bound arrays using disulphide mapping in vitro
and tryptophan and alanine mutagenesis to identify
docking sites (TAM-IDS) in vivo. The results identify the
receptor-kinase regulatory domain structure described in
Li et al. (2013) as the best representation of the interface
in active, membrane-bound signalling arrays. Moreover,
the findings yield a new model for signal transduction from
receptor to kinase during on-off switching. In this model,
the kinase regulatory domain (KRD) forms a tight complex
with a specific receptor helix, and this KRD-helix complex
undergoes a concerted rotational or translational motion
relative to the rest of the receptor 4-helix bundle during
attractant-triggered signalling that switches the kinase off
(Piasta et al., 2013). Together, these results reveal the
correct protein–protein interface between CheA and
receptor in active, membrane-bound signalling arrays, as
well as new insights into receptor-mediated kinase on-off
switching.
To identify differences in the conformations and dynamics of the CheA-activating and CheA-inactivating signalling
states of the receptor, Lynmarie Thompson (University of
Massachusetts) described the use of hydrogen exchange
mass spectrometry (Percy et al., 2012) to analyse ‘kinaseon’ and ‘kinase-off’ states of the receptor cytoplasmic
domain assembled at high and low density on membrane
vesicles in functional complexes with CheA and CheW.
Relative to the kinase-off state, the kinase-on state exhibited slower hydrogen exchange in the methylation region of
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25
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Fig. 2. Chemoreceptor arrays.
A. Proposed chemoreceptor array model. This model is based on the crystal structure 3UR1 and the EM map of wild-type E. coli arrays
(Briegel et al., 2012). Receptor trimer-of-dimers, purple; CheW, green; CheA-P5, blue; CheA-P4, dark grey; and CheA-P3, light grey.
B. Proposed model for signalling through mobility control of the kinase domains P1 and P2. In a kinase-off signalling state, the CheA domain
P1 is trapped in a static, non-productive interaction with P4, constraining the P1 and P2 domains to the keel volume. In the kinase-on
signalling state, increased mobility of the P1 and P2 domains promotes cycles of P1 engagement, phosphorylation and release.
C. The mobility of CheA P1 and P2 domains differs between kinase activity states. Left: Overlay of chemoreceptor Tsr variants locked in the
CheA inactivating state (A413T, turquoise) and CheA activating state (I241E, magenta). For reference and alignment, receptor crystal
structures (blue) were fitted into the subtomogram averages by molecular-dynamics-based-flexible-fitting (MDFF). A prominent ‘keel density’ is
visible in the kinase inactive state underneath the chemoreceptors, but absent in the kinase active state indicating increased mobility of the
keel forming domains. Right: Overlay of Tsr A413T variants with full-length CheA (turquoise) and CheA lacking the P1 and P2 domains (blue)
reveals CheA domains P1 and P2 as the major components of the keel.

the receptor, perhaps due to closer receptor interactions. In
contrast, very fast exchange occurred in the C-terminus,
consistent with current views that it is a highly dynamic
connector to the CheR binding site. Finally, the protein
interaction domain exhibited protection from exchange that
was greater in the kinase-on state, perhaps due to a larger
interaction interface with CheA and CheW. Hydrogen
exchange mass spectrometry is a promising tool for
detecting structural and dynamic changes in functional
membrane-bound, multi-protein complexes.
The dynamic bundle model (Zhou et al., 2009) proposes that chemoreceptor signalling involves opposed
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

shifts in packing stability of the four-helix HAMP bundle
and the adjacent methylation helix bundle, which contains
the covalent modification sites for sensory adaptation
(Fig. 3). To test aspects of this model, Sandy Parkinson
and co-workers (University of Utah) used in vivo FRET to
analyse the signalling behaviours of mutant variants of the
Tsr receptor with structural alterations in HAMP and/or MH
bundles. Each methylated position made equivalent free
energy contributions to kinase-on and kinase-off transitions and HAMP lesions increased the response threshold. These data imply that structural interactions between
different amino acid positions could restore response sen-
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Fig. 3. Schematic of the domain structure of a chemoreceptor
dimer with corresponding functions.

sitivity by matching HAMP packing stability to the opposing structural effects of receptor methylation.
Ady Vaknin (Hebrew University) described the use of
fluorescence-polarization measurements of tagged receptor clusters to study receptor dynamics in living cells. When
exposed to attractants, the packing of receptors within
clusters slowly changed, perhaps by introducing disorder
into the cluster. Consistent with reduced packing of the
receptors, cluster-regulated kinase activity slowly evolved,
altering the effective cooperativity of the response. Such
an effect can be viewed as an effective ‘plasticity’ of the
receptor cluster, which changes connectivity upon stimulation (Frank and Vaknin, 2013).
The dynamics of the bacterial chemotactic response
have been characterized primarily in the model strain
E. coli K12 (Sourjik and Berg, 2002; Shimizu et al., 2010).
Yet, E. coli chemotaxis represents a streamlined example
(Wuichet and Zhulin, 2010). To begin to characterize other
more complex systems, Milena Lazova (Tom Shimizu’s
lab, FOM Institute for Atomic and Molecular Physics,

Amsterdam) studied chemotaxis properties in S. enterica,
whose chemoreceptor species and structures differ from
those of E. coli (Biemann and Koshland, 1994; Frye et al.,
2006; Wang et al., 2006; Lazova et al., 2012). By using
quantitative physiology approaches, such as real-time
FRET (Sourjik et al., 2007), she showed that S. enterica
response to the non-metabolizable attractant methylaspartate exhibits threefold less cooperative receptor
response, 10-fold broader dynamic range and threefold
faster adaptation. Striking differences in the drift velocity
were observed using microfluidics (Ahmed et al.,
2010a,b). Differences in physiology and chemotactic performance could be explained by the existence of more
receptor species and their different binding properties.
Although the previous study strengthened the hypothesis that sensing dynamics can depend on the number and
characteristics of different receptor species, the following
reports describe novel sensor functions in receptor-rich
organisms. Whereas E. coli strains express five or fewer
chemoreceptors, other bacteria express many more
receptor species; for example, the Vibrio fischeri genome
encodes 43 distinct receptors (Brennan et al., 2013). V. fischeri forms a monospecific symbiosis with the Hawaiian
bobtail squid, colonizing a dedicated light organ (reviewed
in McFall-Ngai et al., 2012). A major unanswered question
is how the bacterium recognizes its niche. A related, methodological, question is how can researchers identify the
stimuli of one receptor among many? Caitlin Brennan
(Ned Ruby’s lab, University of Wisconsin-Madison)
described efforts to answer both questions. The ligands for
most V. fischeri receptors remain unknown. To identify
those ligands, Brennan and co-workers screened receptor
mutants in soft agar motility assays and found that one
mutant (vfcA) did not respond to serine (Brennan et al.,
2013). Further examination using capillary assays showed
that the vfcA mutant exhibited altered chemotaxis towards
multiple amino acids. To test if VfcA responds directly to
amino acids, they collaborated with the Parkinson lab,
using in vivo FRET kinase assays (Sourjik and Berg, 2002)
to monitor the behaviour of a chimeric chemoreceptor
composed of the extracytoplasmic sensory domain of VfcA
and the cytoplasmic signalling domain of E. coli Tar. Using
CheZ (donor) and CheY (acceptor) as the FRET interaction
partners, they showed that VfcA-Tar chimera responds
both positively and negatively to distinct groups of amino
acids. Using a similar strategy, they showed that a second
V. fischeri chemoreceptor, VfcB, responds to hexoses,
including some found in the host. In vivo, several receptor
mutants showed reduced fitness, while others had increased fitness, suggesting that chemoreception contributes to light organ colonization efficiency.
Sinorhizobium melioti expresses an intermediate
number of chemoreceptors (9) that permit it to recognize
and respond to plant seed exudate components, allowing
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25
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the bacterium to adapt to a soil and plant root environment
(Currier and Strobel, 1976; Meier et al., 2007). To ask how
chemotaxis affects the bacteria-plant symbiosis and to
identify the participating receptors, Benjamin Webb and
co-workers (Birgit Scharf’s lab, Virginia Tech) used mass
spectrometry of legume seed exudate, soft agar assays of
receptor mutants, and isothermal titration calorimetry to
learn that the chemoreceptor McpU senses the amino
acid proline. McpU and the Vibrio cholerae receptor McpN
possess significant homology in their N-terminal sensory
domains, and McpN had been co-crystallized with its
ligand alanine (PDB ID 3C8C). Using this information,
they modelled the McpU structure and used that model to
make and test predictions concerning proline binding.
Although all known chemoreceptors possess a common
signalling domain, the input domains vary. For example,
Aer-2 is a soluble PAS-HAMP type receptor found in
several pathogens with somewhat different architectures
(Watts et al., 2011). Kylie Watts (Loma Linda University)
reported the analysis of the Aer-2 receptors of Pseudomonas aeruginosa (PaAer-2) and V. cholerae (VcAer2). PaAer-2 contains a single PAS domain, binds haem,
and responds to various oxy-gases (O2, CO, NO). In contrast, VcAer-2 contains two PAS domains that each bind
haem and responds only to oxygen. To identify the VcPAS
domain that senses O2 and to determine the roles of two
conserved amino acid residues, substitutions were engineered into both truncated and full-length Aer-2 receptors
and spectral and behavioural studies were performed. The
data suggest that VcPAS-2 functions in signalling, whereas
VcPAS-1 inhibits that function. The data also support the
hypothesis that VcPAS-1 does not signal O2 binding and
suggests that it stabilizes O2 binding by a mechanism that
differs from the O2-sensing PAS domain.
One talk described a novel mechanism for sensing the
neurotransmitter noradrenaline as a chemoattractant.
Host stress causes noradrenaline to be secreted in the
gastrointestinal (GI) tract. This noradrenaline could be an
in vivo signal to guide motile bacteria through the
∼ 200 mM thick mucus layer to the gastrointestinal
(GI) epithelium. Matt Sears (Mike Manson’s lab, Texas
A&M University) reported that the ability of the enteric
bacterium E. coli to perform noradrenaline chemotaxis
depends on its ability to metabolize noradrenaline to 3,4dihydroxymandelic acid (DHMA). Using microfluidic
assays and GFP-labelled E. coli, Sears and co-workers
tested the response to noradrenaline by wild-type cells and
an isogenic tsr mutant. They found that priming with
noradrenaline enhanced the noradrenaline response, suggesting that the system is induced. They found that the
primed cells did not respond to noradrenaline if they lacked
the QseC sensor HK or the enzymes TynA and FeaB,
which, based on their known activities as a monoamine
oxidase and aromatic aldehyde dehydrogenase, respec© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

tively, may be able to metabolize noradrenaline to DHMA.
Quantitative RT-PCR showed that noradrenaline induces
transcription of tynA and feaB in a QseC-dependent
manner. Finally, they identified Tsr as the chemoreceptor
responsible for sensing DHMA. Peak chemotactic
responses were observed to 10–1000 nM DHMA, concentrations that could be physiologically relevant in the GI
tract. A model for how Tsr might sense DHMA also was
discussed. In the proposed mechanism, one DHMA molecule would inhibit Tsr activation of the CheA kinase by
binding to one of the serine binding sites of the Tsr homodimer. Binding of a second DHMA molecule to the other
serine binding site, albeit with lower affinity because of
negative cooperativity, would cancel out the attractant
signal. Such a mechanism could explain why the response
to DHMA peaks at low concentrations rather than saturates
at high concentrations.
Although the enterics express only membrane-bound
chemoreceptors that localize in arrays to the cell pole,
other organisms also express receptors that form cytoplasmic clusters. The phototrophic bacterium Rhodobacter
sphaeroides possesses a complex chemosensory network
containing multiple homologues of each component of the
paradigm chemosensory pathway of the enterics, such
that it possesses two complete pathways: a classic system
with membrane-spanning chemoreceptors located at the
poles, and another system with cytoplasmic chemoreceptors located around the midcell (Wadhams et al., 2003).
For vertical maintenance of the latter system, a mechanism
must exist to ensure that each daughter cell receives a
portion of the chemoreceptor cluster. Christopher Jones
(Judith Armitage’s Lab, University of Oxford) showed that
segregation of this cytoplasmic cluster depends on the
ParA ATPase homologue PpfA. Par systems segregate
bacterial chromosomes and plasmids during cell division.
They typically consist of ParA proteins that polymerize
into filaments and ParB proteins that associate with
centromere-like DNA sequences and activate ParA depolymerization. PpfA is encoded within the operon that
encodes the cytoplasmic chemosensory pathway. It interacts with the N-terminal part of the cytoplasmic chemoreceptor TlpT, which acts as the ParB component. Together,
these proteins use the chromosome to segregate the
chemosensory clusters upon division. PpfA localizes over
the chromosome, but forms foci around the cytoplasmic
chemosensory cluster and acts like a scaffold. In a PpfA
deletion strain, it was shown that the chemosensory cluster
was highly mobile within the cell compared to the wild-type
strain.

Actuators
Flagella are complex, cell envelope-anchored, proteinaceous nanomachines that both secrete proteins and propel
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Fig. 4. Flagellar structure and assembly.
A. Schematic overview of the Salmonella flagellum. The flagellum consists of three parts: (i) a basal body with a flagellar-specific type III
secretion system (T3SS) within the inner membrane ring, (ii) a flexible hook that acts as a universal joint to (iii) the rigid filament. Dashed
boxes illustrate proteins with functions in flagellar type III secretion. OM, outer membrane; PG, peptidoglycan; IM, inner membrane. The inlay
EM (electron micrograph) picture shows an isolated hook-basal-body complex of Salmonella (Thomas et al., 2001).
B. Steps in assembly of the bacterial flagellum. The self-assembly process of the bacterial flagellum starts from the top left (A) and proceeds
to the bottom right (R). Assembly starts with the formation of the MS-ring in the cytoplasmic membrane (A). Afterward, the cytoplasmic C-ring
is attached to the MS-ring and the flagellar-specific T3SS assembles within a central pore of the MS-ring (B). Flagellar secretion substrates
are now secreted specifically via the T3SS. When flagellar proteins reach the distal end of the elongating structure, they self-assemble onto
the existing structure with the help of distal cap proteins (shown as pentamers at the tips of the axial structures) (C–O). The rod, which acts
as a driveshaft, is assembled beneath the rod-cap, which also acts as a muramidase to allow penetration through the peptidoglycan layer (C).
Motor force generators that couple proton flow to torque generation assemble in the cytoplasmic membrane and interact with C-ring
components (D). Rod assembly ends with the formation of the PL-ring bushing, outer membrane penetration, and the replacement of the rod
scaffold with the hook scaffold (E–G). Hook subunits are then secreted until the hook grows to a final length of 55 nm (Hirano et al., 1994).
This triggers a secretion specificity switch from rod-hook-type substrates to late-secretion substrates (H). Upon completion of the
hook-basal-body complex, hook-filament junction proteins (I–J), the filament cap (K–L) and filament subunits are secreted, and the filament
grows to a maximal length of about 10–15 μM (M–R).
Panel A reprinted with permission from Cold Spring Harbor Perspectives in Biology (Erhardt et al., 2010). Panel B reprinted with permission
from Royal Society of Chemistry (Minamino et al., 2008).

the bacterium through its milieu. Each flagellum is built
from over 30 proteins and has three architectural domains:
basal body, hook and filament (Fig. 4A). Not surprisingly,
multiple mechanisms control and direct flagellar biogenesis. Hierarchically ordered transcriptional and posttranscriptional networks work together, ensuring that the
flagellar structural proteins are only synthesized when they
are required and when the timing is right. Furthermore, the
process by which the protein building blocks assemble
onto each other is a highly ordered and interactiondependent process (Fig. 4B). In the best-characterized
enteric model, FliF subunits are first inserted as the MS ring
into the cytoplasmic membrane. Proteins that comprise the
rest of the flagellar type III secretion system (T3SS) then
are assembled onto the periplasmic and cytoplasmic faces
of the MS ring. This completed structure (called the basal

body) provides a narrow channel through which the more
external components of the machine are secreted such
that they can assemble onto the distal end of the elongating
structure. These external components include the hook (a
flexible linker assembled from about 100 identical subunits) and the filament (a semi-rigid propeller built from
thousands of flagellin subunits). Once assembled, the
flagellum rotates, a process powered by the proton (or
sodium) motive force via motor proteins inserted into the
cytoplasmic membrane. The direction of rotation is dictated
by a switching device that assembles onto the cytoplasmic
face of the basal body in close proximity to the motor. As
described in the previous section, this switch receives
information from the chemotactic signalling network in
the form of phospho-CheY, whose binding to the switch
increases the probability that the flagellum will rotate clock© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25
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wise. In the enterics, counterclockwise (CCW) rotation
corresponds to forward translational motion, a behaviour
called a run. Runs occur when multiple flagella rotate CCW
and, in the process, coalesce into a flagellar bundle that
drives the cell forward. Reorienting tumbles occur when
some of those flagella rotate CW, which causes a change
in filament waveform from the ‘normal’ left-handed helix to
a right-handed one that disrupts the bundle (Minamino
et al., 2008; Terashima et al., 2008; Wolfe and Visick,
2008; Erhardt et al., 2010).
A similar situation seems to occur when swimming cells
are put under high pressure. Masayoshi Nishiyama
(Kyoto University) and Yoshiyuki Sowa (Hosei University)
described the performance of E. coli flagellar motors at
high hydrostatic pressure. First, they described the relationship between pressure and motility, which correlates
inversely such that translational motion stopped at about
80 MPa. The process is reversible, as reducing the pressure restored motility. To understand the underlying
mechanism, Nishiyama and Sowa monitored the rotation
of cells tethered by a single flagellum and found that motors
continue to rotate at 80 MPa, but only at 60% the rate
observed at ambient pressure (0.1 MPa). This result
implies that reduced rotational speed suffices to prevent
translational motion (Nishiyama and Kojima, 2012;
Nishiyama and Sowa, 2012; Nishiyama et al., 2013). Since
other physicochemical environmental changes are
reported to affect flagellar filament waveform (Calladine
et al., 2013), the filament waveform was monitored as
a function of pressure. At 0.1 MPa, all filaments formed
the normal left-handed structure. As pressure increased,
the percentage of filaments in the normal waveform
decreased, while the percentage of left-handed coiled and
right-handed curly waveforms increased. Above 50 MPa,
the coiled waveform decreased. Above 80 MPa, the curly
waveforms increased exponentially. These results support
the hypothesis that high pressure favours waveforms that
inhibit bundle formation and thus translational movement
(Nishiyama and Sowa, 2012).
Although the enteric flagellum has been characterized
comprehensively, the structure, assembly and function of
similar machines in diverse model species await exploration and comparison to the enteric paradigm. To fill this
knowledge gap, Morgan Beeby (Grant Jensen’s lab, California Institute of Technology) described the use of cryoelectron tomography to compare the structures of the
flagellar motor and T3SS across a wide range of evolutionarily distinct bacteria in situ (Chen et al., 2011; Abrusci
et al., 2013). A key finding was that the size of the C-ring
varies in bacteria of different phylogenetic lineages
(Fig. 5). Based on these results, Beeby and co-workers
proposed that bacteria that swim in more viscous environments have evolved larger C-rings. The implication is that
larger C-rings help generate the greater torque required to
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

translate through more viscous environments. They further
proposed the existence of densities of unknown structure
that likely represent novel protein subunits or domains with
novel functions in the flagellar basal body.
Whereas Morgan Beeby’s approach was more focused
on the completed machinery, Xiaowei Zhao (Jun Liu’s lab,
University of Texas Houston Medical School) described the
collaborative efforts of several labs, including those of
Steven Norris (UT Houston), Nyles Charon (West Virginia),
Md Motaleb (East Carolina Unversity) and Chunhao Li
(SUNY Buffalo), to reconstruct the flagellar assembly
process of the spirochaete Borrelia burgdorferi (Charon
et al., 2012), which causes Lyme disease. Specifically,
they used high-throughput cryo-electron tomography to
generate three-dimensional structures of flagella from an
isogenic set of key assembly mutants. The result is one of
the first direct visualizations at the molecular level of flagellar assembly intermediates. One novel and surprising
finding was that the export channel, which traverses the
axial centre of the MS ring, appears to be closed until the
start of rod assembly.
To function, the assembled flagellum must rotate. This
requires a rotor and a stator, whose interaction permits ion
flux through the stator, which generates torque. The rotor
includes the basal body, the hook, and the filament. The
stator is a ring of proteins inserted into the cytoplasmic
membrane; it is thought to bind peptidoglycan (PG), enabling stable anchoring of the flagellum as it rotates around
its central axis (Fig. 3B). Two basic types of stator are
known: a proton-driven motor encoded by MotA and MotB
and a sodium-driven motor encoded by the homologous
proteins PomA and PomB (Minamino et al., 2008;
Terashima et al., 2008). While MotB is predicted to bind PG
(Chun and Parkinson, 1988; De Mot and Vanderleyden,
1994; Muramoto and Macnab, 1998), the crystal structure
of its folded form predicts that it should only span 50 Å or
about one-third of the projected distance between MotA
and the PG (Roujeinikova, 2008; Kojima et al., 2009;
O’Neill et al., 2011). To explain how MotB could span the
gap, Anna Roujeinikova and her group (Monash University) engineered a soluble chimeric MotB protein, in which
a leucine zipper replaced the two transmembrane helices
of the MotB dimer (Andrews et al., 2013). Biochemical and
structural analyses of this chimera provided evidence that
it is properly folded and that an extended MotB could span
the gap. It also supports a model, in which MotB remains
folded, and thus unable to bind PG, until it assembles into
the stator/motor, an event that would trigger the unfolding
of the flexible linker that connects the MotA-binding domain
to the PG-binding domain.
The stator subassembly of the sodium-driven Vibro
alginolyticus motor is formed by PomA and PomB. On
the basis of homology to the proton-driven motor of
S. enterica, it had been proposed that assembly of a
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Fig. 5. Flagellar basal body core and motor structures from different flagellated bacterial species obtained by electron cryotomography (ECT)
and subtomogram averaging. For each species, hundreds of cryotomograms of whole cells were collected. Subtomograms containing motors
were computationally extracted from the data, mutually aligned, averaged and cylindrically symmetrized to obtain resolutions of a few
nanometres (Chen et al., 2011). Axial slices through average reconstructions of each flagellar basal body from ECT and the corresponding
assignments of densities in motors from the different species are shown. Manual segmentation of conserved (solid colours) and unconserved
(dotted lines) motor components based on visual inspection. The conserved components from bottom to top are soluble export apparatus
(FliH, FliI and FliJ); export platform and dome (FlhA, FlhB, FliO, FliP, FliQ and FliR); C-ring (FliG, FliM and FliN); MS-ring (FliF); stators (MotA
and MotB in the H+-dependent stators or PomA and PomB in the Na+-dependent stators); rod (FliE, FlgB, FlgC, FlgF and FlgG); P-ring (FlgI);
and L-ring (FlgH). Scale bar, 10 nm. Reprinted with permission from Chen et al. (2011).

subunit into the stator causes PomB to undergo a large
conformational change that activates the subunit for
sodium flux (Kojima et al., 2009). Shiwei Zhu, from the
labs of Michio Homma and Seiji Kojima (Nagoya University) and in collaboration with Katsumi Imada (Osaka
University), described an elegant test of that hypothesis.
With the crystal structure of the PomB periplasmic region
(PomBc) as a guide, Zhu and co-workers sought residues
in the α1 helix and the core domain that could be replaced
by cysteines. Two such pairs of cysteine substitution mutations were identified, constructed and tested. Disulphide
cross-linkage within each pair reduced stator activity

without jeopardizing stability. Reduction of the crosslinkage restored activity. These results suggest that conformational restraint in the PomBc inhibits stator function.
A change in direction of flagellar rotation leads to reorientation of the cell body in three-dimensional space, such
as by tumbling. This change in rotational direction depends
on the docking of phospho-CheY to FliM, a major component of the C-ring that resides on the cytoplasmic face of
the basal body (Barak and Eisenbach, 1996). Although the
binding of phospho-CheY to FliM is thought to favour CW
rotation, this event had never been observed directly.
Hajime Fukuoka (Akihiko Ishijima’s lab, Tokoku Univer© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25
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sity) described the use of CheY-GFP and TIRF microscopy
(Terasawa et al., 2011) to observe phospho-CheY binding
or dissociation at flagellar motors. Simultaneous recording
of the rotational direction of each bound or unbound motor
established a clear correlation with a lag of less than 20 ms
between the two events. The average number of bound
phospho-CheY molecules differed for motors in the two
different rotational states: three during CCW rotation, but
13 during CW rotation. Hence, CW rotation occurs when
phospho-CheY binds a fraction of the proposed 34 FliM
subunits per motor. Thus, as proposed previously, reversals of rotational direction must depend upon strong cooperativity between FliM subunits.
Although 34 FliM subunits are proposed per motor, it
appears that the number of FliM subunits in rotating
motors is not static but rather correlates with rotational
direction. This finding derives from an attempt to understand an old observation – that cheRB mutants, which
lack the methylation-dependent adaptation machinery,
still adapt albeit slowly and partially (Segall et al., 1986).
The Berg lab recently reported that this partial adaptation
results from structural changes in the flagellar motor. Specifically, they found that the number of FliM subunits correlates with phospho-CheY concentration (Yuan et al.,
2012). This remarkable result shows that the flagellum
itself can adapt by changing basal body subunit number.
Although not directly involved in gradient sensing per se,
this mechanism explains how the motor can match its set
point to basal phospho-CheY concentrations. Pushkar
Lele (Howard Berg’s lab, Harvard University) reported
that the number of FliM molecules in the motor and the
fraction of FliM molecules that exchange depend on the
direction of flagellar rotation, and not directly on phosphoCheY binding. They specifically found that motors rotating
in the CCW direction contain on average 44 FliM subunits,
whereas motors rotating CW have an average of 34 subunits, consistent with a model in which structural differences associated with the direction of rotation modulate
the strength of FliM binding (Lele et al., 2012).
A long-standing question is whether individual flagellar
motors work independently or not. Years ago, Berg and
co-workers demonstrated that switching of different
motors does not correlate when the distance between
them is greater than 3 μm, the average length of an E. coli
cell (Ishihara et al., 1983). More recently, Ishijima and
co-workers showed that switching is strongly correlated
between more closely adjacent motors, such as those in
the same cell (Park et al., 2011; Terasawa et al., 2011).
This strong correlation between motors could be extrinsic,
whereby the motors respond to fluctuations of the same
signal. Alternatively, the motors could be intrinsically,
physically coupled such that synchronized switching is
energetically favoured. Bo Hu (Yuhai Tu’s lab, IBM)
described a model of co-ordinate switching of flagellar
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

motors in single cells developed to distinguish between
these two hypotheses. Using this model, Hu and Tu
explored two mechanisms: correlated fluctuations in
phospho-CheY concentrations, and direct coupling
between the motors due to proposed hydrodynamic interactions (Hu and Tu, 2013). Their analysis supports the
latter, intrinsic, mechanism, whose underlying molecular
causes remain as yet unknown.
Phosphatases increase the dynamic response of the
chemotaxis pathway of bacteria, enabling them to sense
and respond rapidly to small changes in attractant and
repellent concentrations. The main phosphatase of the
enteric system, CheZ, is a stand-alone protein. In contrast,
FliY, the main phosphatase in the Bacillus subtilis chemotaxis system, is an integral component of the flagellar rotor.
FliY is a multidomain protein with an N-terminal CheYbinding domain, a central CheC-like phosphatase domain,
and an N-terminal domain homologous to FliN. Ria Sircar
(Brian Crane’s lab, Cornell University) solved the structure
of the FliY middle domain from Thermotoga maritima.
Multi-angle light scattering analysis suggested that the
C-terminal domain of FliY promotes dimerization. Mutational analysis verified that two active sites can independently dephosphorylate CheY, although one is more
reactive. Pull-down experiments with other rotor proteins
did not reveal an interaction between FliY and FliG. This
suggests that FliY does not mimic FliM, but instead is
localized to the bottom of the C-ring by its FliN-like
domains. With the structure of FliY (Sircar et al., 2013), we
now have a better understanding of the rotor architecture of
Gram-positive bacteria.
Recent developments in computational modelling are
instructing experimental work on inter- and intra-molecular
protein interactions of the nanomachine and improving our
comprehensive view of the connectivity of receptors and
actuators. FliG is a component of the C-ring, along with
FliM and FliN (Fig. 4A). Shahid Khan (Molecular Biology
Consortium at Lawrence Berkeley National Laboratory)
presented work that applies correlated mutation analysis
(CMA) (Taylor and Sadowski, 2011; Lee and Kim, 2012;
Taylor et al., 2013) to investigate the coupling of FliG
interaction surfaces to FliM and MotA. The CMA algorithm,
analogous to direct coupling analysis (DCA; presented by
Szurmant, see below), maps co-evolved amino acid residues onto protein crystal structures to characterize functional couplings. Using CMA, Khan proposed a model for
an allosteric signalling network at the FliG C-terminal
domain.
Bacteria can swim through liquid or swarm across solid
surfaces (Partridge and Harshey, 2013a). The actuator of
the latter behaviour varies widely. For flagellated bacteria,
swarming motility correlates with an increase in flagellar
number. Some bacteria use type IV pili to execute twitching
motility, while others use various types of gliding devices.
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Salmonella is both capable of swimming in liquids and
capable of swarming over agar surfaces. However, in
contrast to some bacteria (see below), Salmonella does
not increase overall flagella numbers to achieve the latter
behaviour (Wang et al., 2006; Partridge and Harshey,
2013b). FliL is a ubiquitous, but functionally enigmatic,
flagellar basal body-associated protein. In Salmonella, the
absence of FliL leads to small defects in swimming, but to
the complete elimination of swarming due to rod fracture
(Attmannspacher et al., 2008). However, the exact function of FliL remains unknown. Jonathan Partridge (Rasika
Harshey’s lab, University of Texas at Austin) reported that
FliL interacts with itself, the stator components MotA and
MotB, and FliF, a component of the C-ring. They also
showed that FliL and MotAB overexpression increases
swarming on harder agar surfaces, likely because FliL
helps MotAB incorporate into the structure, stabilizing it
and generating faster motor speeds.
Like Salmonella, Proteus mirabilis swims in liquids and
swarms over surfaces. The swimmer cells are short (1.5–
2 μm) with few flagella, whereas the swarmer cells are
elongated (10–80 μm) with many flagella. When swimmer
cells encounter a highly viscous environment or surface,
they differentiate into swarmer cells. P. mirabilis senses
these changes by monitoring flagellar rotation: when
flagellar rotation is inhibited, swimmer cells differentiate
into swarmer cells. The viscosity- and surface-detecting
mechanism involves FliL; fliL null mutants are elongated
(Elo+); they can swim (Swm+), but cannot swarm (Swr−)
(Cusick et al., 2012). Yi-Ying Lee (Robert Belas’ Lab,
University of Maryland Baltimore County) reported progress towards understanding the manner in which FliL
regulates this sensory system. Specifically, she reported
that loss of FliL reduces the transcription of flaA, which
encodes flagellin, despite increased transcription of both
flhD and fliA, two positive regulators of flagellar gene
expression. Although the underlying mechanism remains
unknown, intriguingly, complementation of the Swr- phenotype requires the fliL promoter, the fliL coding region,
and a portion of fliM DNA (Lee et al., 2013).
Pseudomonas aeruginosa swarms over surfaces in
groups, where they often form branched tendril patterns
(Caiazza et al., 2005; Kamatkar et al., 2011). Josh Shrout
(University of Notre Dame) showed that P. aeruginosa
swarmer cells propagate in high-density waves that spread
symmetrically as rings within the swarm towards the
extending tendrils. Shrout provided evidence that wave
propagation and tendril formation depend on a competition
between the changing viscosity of the bacterial liquid suspension and liquid film boundary expansion caused by
Marangoni forces. Simulations predicted that P. aeruginosa efficiently colonizes surfaces by controlling the physical forces responsible for expansion of thin liquid films at
the swarm edge and by swarming towards the tendril tips

(Du et al., 2012). Type IV pili interfered with swarming. This
behaviour was predicted because these pili limit cell–cell
alignment, which is required for optimal swarming.
Bacillus subtilis exhibits flagella-mediated swarming
across surfaces on semisolid media (Kearns and Losick,
2003). B. subtilis swarmer cells appear hyper-flagellated,
although how these cells become hyper-flagellated
remains unknown. Sampriti Mukherjee (Daniel Kearns’
Lab, Indiana University Bloomington) used 3D-Structured
Illumination Microscopy to quantify swarmer cell flagella.
Hyper-flagellation was confirmed and found to be required
for swarming in a strain whose flagellar number was artificially controlled. Hyper-flagellation also was correlated
with the intracellular level of the flagellar master regulator
SwrA: SwrA protein levels increased in swarmer cells,
while SwrA overexpression in swimmer cells resulted
in hyper-flagellation. SwrA protein levels are not regulated
at the level of expression. Instead, B. subtilis regulates
hyper-flagellation through SwrA stability mediated by the
LonA protease, as a lonA mutant exhibits increased SwrA
protein levels and hyper-flagellated swimmer cells. The
Kearns lab hypothesizes that LonA degrades SwrA in
swimmer cells, but not in swarmer cells. Swarming motility
is regulated by Lon protease in diverse species such as
P. mirabilis and Vibrio parahaemolyticus (Stewart et al.,
1997; Claret and Hughes, 2000). Thus although the master
regulators of flagella biogenesis are distinct in different
bacteria, the mechanism to regulate them appears to be
similar.
Flavobacterium johnsoniae and other members of the
phylum Bacteroidetes glide over surfaces, a mechanism
that involves neither flagella nor pili. Instead, these bacteria express a novel Gld/Spr gliding machine that doubles
as a secretory apparatus. A key protein in this gliding
machine is SprB, a large cell-surface adhesin. Daisuke
Nakane (Koji Nakayama’s Lab, Nagasaki University) used
electron microscopy to visualize SprB, which appeared as
thin long filaments extending from the cell surface. Fluorescence microscopy revealed SprB proteins moving at
∼ 2 μm s−1 around the cell in what seemed to be a closed
left-handed helical loop. The mechanism seems to require
the proton motive force, as CCCP rapidly and reversibly
blocked SprB movement. Some SprB protein appeared to
attach to the substratum, about which the cell body moved
forward and rotated. Upon reaching the rear of the cell, the
attached SprB often released from the substratum, apparently recycling to the front of the cell along a helical path.
The results suggest a model for Flavobacterium gliding,
supported by mathematical analysis, in which adhesins,
such as SprB, are propelled along a closed helical loop
track, generating rotation and translation of the cell body
(Nakane et al., 2013).
Myxococcus xanthus possesses two independent
gliding machines: the adventurous (A) system and the
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25
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social (S) system. A-motility allows single cell movement,
whereas S-motility uses cell–cell contact to move groups of
cells. By reversing the polarity of these motility systems,
M. xanthus reverses translational direction. Reversals are
induced by the Frz chemosensory system, which functions
upstream of MglA and MglB, a Ras-like GTPase and its
cognate GTPase activating protein. During reversals,
MglA-GTP and MglB switch poles (Leonardy et al., 2010;
Zhang et al., 2012). Daniela Keilberg (Lotte SøgaardAndersen’s Lab, Max Planck Institute for Terrestrial
Microbiology Marburg) reported the identification of the
RR RomR, which directly interacts with MglA and MglB
to regulate swarming (Keilberg et al., 2012). She and
co-workers combined fluorescence microscopy and biochemical methods with epistasis analysis, a classic genetic
approach that permits determination of dependence relationships of genes and their products. This approach produced the following model: RomR directs MglA and MglB to
opposite cell poles and stimulates motility by receiving
information from FrzZ, the output RR of the chemosensory
system. The exact mechanism of information transfer
remains unknown. Thus, RomR connects a classic bacterial signalling system (Frz) to a classic eukaryotic polarity
module (MglA/MglB).
Beiyan Nan from the Zusman lab investigated the
mechanism of gliding motility in M. xanthus by tracking
the movements of single molecules of AglR, a homologue
of the E. coli flagellar stator protein MotA, by photoactivatable localization microscopy (PALM). They found that
AglR, unlike MotA/MotB, uses the proton motive force to
move in helical trajectories within the membrane. AglR
molecules slow down at surface contact regions and
accumulate in clusters, consistent with the hypothesis that
these clusters exert force on the slime surface, pushing
cells forward (Coltharp and Xiao, 2012; Strauss et al.,
2012).
While Mycoplasma mobile also glides over surfaces, its
gliding machinery, composed of three large proteins designated Gli521, Gli349 and Gli123, is completely novel.
Yuhei Tahara (Makoto Miyata’s lab, Osaka city University)
reported the use of electron microscopy and high-speed
atomic force microscopy to investigate this machine, in the
process learning that these three proteins function as a
retractable foot, in which Gli123 functions as the mount,
Gli521 the crank, and Gli349 the leg and foot.

The intervening logic
The HK CheA and the RRs CheY and CheB form a bifurcated two-component signal transduction system (TCS)
linked at the sensory end to chemoreceptors and at the
effector end to actuators. Not all HKs receive sensory cues
through separate chemoreceptors, but instead receive
input directly through their own sensory domain. Upon
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

receipt of a signal, these sensory HK autophosphorylate a
conserved histidinyl residue, using ATP as the phosphoryl
donor. The phosphorylated HK then donates its phosphoryl
group to the RR, which autophosphorylates a conserved
aspartyl residue. The HK is usually, but not always, an
integral cytoplasmic membrane protein. The RR is often
a transcription factor (Bourret and Silversmith, 2010).
Although most RRs receive their phosphoryl group from
their cognate HK, some RR can receive the phosphoryl
group from a low-molecular-weight phosphodonor, e.g.
acetyl phosphate or phosphoramidate (Wolfe, 2010).
Currently, no atomic structure of an intact sensor HK
containing both sensor and effector (catalytic) modules
has been elucidated. With the aim to uncover unifying
mechanisms for sensory activation of sensor HKs,
Andreas Möglich (Humboldt-Universität zu Berlin)
reported the full-length crystal structure at 2.3 Å resolution
of the active form of the dimeric, blue-light-regulated
sensor HK YF1 (Fig. 6) (Diensthuber et al., 2013). This
functional chimeric sensor HK is comprised of two
N-terminal light-oxygen-voltage (LOV) photosensors
linked by a coiled coil to the C-terminal effector modules of
FixL, including the DHp and CA domains. Möglich and
co-workers propose that light signals detected at the FMN
cofactor rings within the LOV domains are propagated
through the beta sheet of the sensor to the central coiledcoil interface. Mutations in the N-terminal LOV domains
profoundly affected light sensing; certain mutations even
inverted the light response of a YF1-based two-component
system (Ohlendorf et al., 2012). A structural model for the
inactive sensor was generated and aligned to the crystal
structure of the active conformation. This model highlights
signal-induced quaternary structural changes within the
N-terminal domains that propagate downstream as torque
motions within the coiled-coil linker.
Why do non-photosynthetic bacteria possess photosensory proteins? For a few non-photosynthetic bacteria,
photosensing bacteriophytochromes and LOV domaincontaining HKs (LOV-HK) function in several different
cellular processes, including intercellular attachment
(Purcell et al., 2007) and biofilm formation (Bonomi et al.,
2012). Their associated signal transduction pathways,
however, remain unknown. In Pseudomonas syringae,
light represses swarming (Wu et al., 2013). This plant
pathogen encodes two bacteriophytochromes (BphP1 and
BphP2) and one LOV-HK. BphP1 senses red/far-red light
using biliverdin as a chromophore (Bhoo et al., 2001),
whereas the LOV-HK senses blue light by means of a flavin
mononucleotide-binding LOV domain (Swartz et al.,
2007). BphP2 remains uncharacterized because its resists
purification. Liang Wu (Gwyn Beattie’s lab, Iowa State
University) reported genetic evidence showing that Bph1
and LOV-HK regulate swarming. The presented data
support a model in which BphP1 represses swarming in
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Fig. 6. Structure of sensory domain of
sensor histidine kinase (HK) chimera YF1 in
light and dark conditions
A. Complete structure of the functional YF1
(dark-adapted, 2.3 Å resolution), which is
comprised of two N-terminal
light-oxygen-voltage (LOV) photosensors
linked by a coiled coil to the C-terminal
effector modules of FixL, including the DHp
and CA domains (Diensthuber et al., 2013).
B. Light and dark conformations of YF1 LOV
sensory domain. The YF1 LOV photosensor
domains in their dark-adapted state as
determined by X-ray crystallography (left) are
compared to a homology model of their
light-adapted state (right) that is based on the
structure of the Pseudomonas putida SB1
LOV protein (Circolone et al., 2012). Light
absorption could induce quaternary structural
rearrangements that culminate in a supertwist
of the C-terminal coiled coil.

response to red/far-red light and blue light, while LOV-HK
promotes swarming by suppressing the BphP1-mediated
blue light repression (Wu et al., 2013).
The TCS TodS/TodT of Pseudomonas putida controls
the expression of the enzymes of the toluene dioxygenase (TOD) pathway that mineralizes exclusively toluene,
benzene and ethylbenzene. Interestingly, the sensor HK
TodS recognizes a wide range of different mono- and
biaromatic compounds including the three TOD pathway
substrates (Lacal et al., 2006; Busch et al., 2009). Some
of these compounds function as agonists, while others act
as antagonists (Busch et al., 2007). Tino Krell (CSIC,
Granada, Spain) reported that the binding of antagonists
competitively inhibits agonist-induced TodS activation
(Busch et al., 2007). This concerted action of agonists and
antagonists to regulate a HK appears to be a general
feature of the family of TodS-like HKs (Silva-Jiménez
et al., 2012) and may explain the failure of in situ bioremediation experiments of complex hydrocarbon mixtures,
e.g. crude oil, that are mixtures of agonists and antagonists. The autokinase activity of TodS also is inhibited by
the oxidative stress agent menadione, which acts on TodS
via the conserved Cys320 (H. Silva-Jiménez, submitted).
Reduction of TodS autokinase activity led to reduced tod
gene expression in vivo. Because the presence of aromatic hydrocarbons generated an oxidative stress, the
observed menadione-mediated TodS inhibition can be
understood as a feedback mechanism.
Previous studies showed that phosphorylation of the
chemotaxis RR CheY by small-molecule phosphodonors
exhibits non-saturable kinetics (Da Re et al., 1999;
Schuster et al., 2001; Thomas et al., 2013). This behaviour
suggests weak binding by the phosphodonor. CheY,
however, does not dimerize like most RRs (Galperin, 2010)

and therefore might not be the best model for the typical
RR. Thus, Rachel Creager-Allen and co-workers (Robert
Bourret’s Lab, University of North Carolina) monitored the
ability of PhoB, a RR that dimerizes (Solá et al., 1999;
Bachhawat et al., 2005; Sola et al., 2006; Mack et al.,
2009), to use phosphoramidate as its phosphodonor
(Creager-Allen et al., 2013). This reaction appeared both
cooperative and saturable, characteristics that depended
on maintenance of the dimer interface. Using simulations,
they determined that these data could be explained
by formation of a heterodimer that consists of one
phosphorylated monomer and one non-phosphorylated
monomer. These results challenge the notion that RR
dimers form primarily between two phosphorylated monomers, and raise the possibility that RR heterodimers containing a single phosphoryl group may participate in gene
regulation.
Like most RRs, CheY is activated by phosphorylation of
its conserved aspartyl residue (Barak and Eisenbach,
1992), but CheY also is subject to Nε-lysine acetylation
(Barak et al., 1992; 1998; Yan et al., 2008). CheY acetylated on multiple lysines has reduced affinity for its interaction partners CheA, CheZ and FliM (Liarzi et al., 2010);
however, it remains unknown how each individual acetylation impacts CheY function. Particularly enigmatic is the
seemingly conflicting observations that acetylation of
CheY enhances CW rotation, while simultaneously disfavouring the binding of CheY to FliM. Milana Fraiberg
(Michael Eisenbach’s lab, Weizmann Institute) reported
that CheY is acetylated in vivo, and that according to
preliminary results there is a quantitative hierarchy of
acetylation (Ac-Lys91 > Ac-Lys92 > other lysines). Thus,
they focused on the roles of Lys91 and Lys92, using mass
spectrometry, genetics and biochemistry to understand
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25
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how these lysines and their modifications affect flagellar
rotation. It appears that unmodified Lys91 reduces CheY
binding to FliM and thus inhibits CW rotation, while acetylation of Lys92 seems to increase CheY-FliM binding and
thus supports CW rotation. Thus, Fraiberg proposed that a
steady state exists between the strong repressor (unmodified Lys-91) and the weak activator (Lys-92), such that
clockwise rotation requires deacetylation of acetylLys-91.
It is now clear that Nε-lysine acetylation is common in all
domains of life, including bacteria (Hu et al., 2010; Soppa,
2010; Thao and Escalante-Semerena, 2011). It is also
clear that many post-translational modifications exist, often
on the same protein (Soufi et al., 2012). What remains to
be learned is how these modifications interact with each
other. CheY is an excellent model for such studies.
Clostridium difficile is the major causative organism of
antibiotic-associated diarrhoea, which is a huge problem
in hospitals and other health care facilities. C. difficile is
resistant to cationic antimicrobial peptides (CAMPs) produced by the host and by the indigenous microbiota.
Shonna M. McBride (Emory University School of
Medicine Atlanta) had previously shown that C. difficile
responds to CAMP exposure by inducing expression of
genes that lead to CAMP resistance. A hunt for resistance
mutants had identified a locus that encodes a lantibiotic
transport system (CprABC) and a typical HK (CprK), but
not a RR (McBride and Sonenshein, 2011). Her group
has now identified an orphan RR CD3320 (renamed
CprR) that interacts with CprK to induce cpr transcription,
specifically in response to eight different lantibiotics. In
vivo experiments indicated the functional importance of
the phosphorylation sites in CprK/CprR (Suarez et al.,
2013).
Bce-type detoxification modules, composed of a TCS
and an ATP-binding cassette (ABC) transporter, mediate
resistance to antimicrobial peptides (AMP). The TCS regulates expression of the transporter, but the HK of the TCS
cannot detect the AMP without an active transporter
(Gebhard, 2012). Since the HK does not contain a sensory
domain and phylogenetic analysis indicates co-evolution
of transporters (Dintner et al., 2011) and Bce-type HKs,
Susanne Gebhard (Ludwig-Maximilians-Universität
Munich) hypothesized that the transporter forms a sensory
complex with the HK and serves as its co-sensor. In vivo
and in vitro analyses of the bacitracin-resistance module
BceRS-BceAB of B. subtilis support this hypothesis,
revealing the importance of a functional active transporter
for signalling activity (Rietkotter et al., 2008; Kallenberg
et al., 2013). Thus, Bce-type signalling functions much like
chemotaxis, wherein a receptor (the transporter or the
chemoreceptor) receives a signal and in response induces
its cognate HK to generate a cytoplasmic signal that elicits
an output. Gebhard and co-workers used this knowledge
to identify the cognate TCS for two orphan Enterococcus
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

faecalis transporters. In the process, they learned that one
transporter signals whereas the other confers resistance.
Like many HKs, Staphylococcus aureus WalK can function as a kinase or a phosphatase (Delauné et al., 2012). A
major unanswered question is how the switch between
these two functional states controls cellular physiology
(Kenney, 2010). Tarek Msadek (Institut Pasteur Paris)
reported the use of WalR-D55E, a constitutively active
variant of the cognate RR, to show that WalK’s ability to
switch activities influences gene expression and thus
physiology. By manipulating the concentrations of WalK
and WalR-D55E, he and co-workers obtained evidence
that WalK acts as a net kinase during exponential growth,
phosphorylating WalR, which activates cell wall degradation and turnover. During transition to stationary phase,
once cell division stops, WalK acts as a net phosphatase,
inactivating WalR and halting cell wall turnover. Intriguingly, WalR-D55E also significantly increased biofilm formation and α-haemolytic activity. A detailed transcriptome
analysis indicated increased expression of 108 genes,
including many encoding major virulence proteins involved
in host matrix interactions, cytotoxicity and innate immune
defence evasion. Also upregulated was the saePQRS
operon, which encodes a TCS that controls expression of
many of these virulence genes, suggesting that phosphorylated WalR controls virulence via the Sae TCS. Intriguingly, the WalR-D55E mutant was attenuated in mice. This
appears related to high levels of released peptidoglycan
fragments, likely due to the inability of the constitutively
active RR to be inactivated by WalK. Peptidoglycan fragments are known to bind to Toll-like receptors, whose
activation enhances the host inflammatory response.
These findings reveal the importance of fine-tuning WalKR
activity during the transition between S. aureus commensal and pathogenic lifestyles.
A less common bacterial signal transduction system
consists of eukaryotic-like serine/threonine kinases
(eSTKs) and phosphatases (eSTPs) (Pereira et al., 2011).
Lindsie Goss (Jonathan Dworkin’s Lab, Columbia University) described two such systems: one that controls cell
wall metabolism in B. subtilis and one that controls Enterococcus vancomycin resistance, also linked to cell wall
biosynthesis. Intriguingly, each system interacts with and
influences the activity of a TCS. In B. subtilis, the eSTK
PrkC and eSTP PrpC reversibly phosphorylate Thr101 of
WalR, regulating its activity, likely by influencing dimerization but not aspartyl phosphorylation. Since PrkC binds
peptidoglycan, this activity explains, at least in part, how
WalR can ‘sense’ the status of the cell wall. In the Enterococci, the PrkC homologue IreK phosphorylates a
threonine residue of VanS, an HK that induces vancomycin resistance by modifying the cell wall. How VanS
detects vancomycin has remained unknown. Vancomycin
causes the release of peptidoglycan fragments that are
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recognized by IreK, and since full activation of the VanRS
regulon requires IreK-dependent VanS phosphorylation, it
appears that VanS ‘senses’ vancomycin via IreK. These
results help to understand the complexity of TCS regulation, and identify new antibiotic targets, e.g. IreK, which is
inhibited by the known eukaryotic Ser/Thr kinase inhibitor
staurosporine.

Regulation and networks
Jürgen Lassak (Kirsten Jung’s Lab, Ludwig-MaximiliansUniversität Munich) presented a novel translational regulation mechanism that links numerous cellular functions.
This mechanism is mediated by elongation factor P (EF-P),
which allows tight adjustment of protein copy numbers of
receptors, e.g. for the pH-responsive sensor CadC of
E. coli. EF-P is conserved in all bacteria and is orthologous
to the archaeal and eukaryotic initiation factor 5A (a/eIF5A). Fascinatingly, E. coli EF-P is β-lysinylated, a novel
post-translational modification necessary for EF-P function. Recently, Lassak and co-workers reported a physiological role for β-lysinylated EF-P: it relieves ribosome
stalling at polyproline stretches (Doerfel et al., 2013; Ude
et al., 2013). Within the E. coli proteome, about 100 proteins possess a polyproline stretch, including the HKs
EnvZ and PhoR, as well as the flagella master regulator
FlhC. Thus the findings rationalize the motility defects and
attenuated virulence exhibited by efp mutants of Salmonella (Navarre et al., 2010).
Since the completion of the first bacterial genomesequencing project in 1995 more than 2305 bacterial
genomes have been completely sequenced. Encoded by
these genomes are about 130 000 TCS proteins, whose
sequences have been sampled in evolutionary space
to accomplish perfect functionality. Hidden within this
sequence variation is a wealth of information that can
reveal molecular mechanisms underlying the signal transduction cascade: How does the HK modulate activity in
response to signals? How does the HK identify its cognate
RR from among all the other RRs of similar structure? How
does the HK physically interact with its cognate RR? To
address these questions, Hendrik Szurmant (The Scripps
Research Institute, La Jolla) described a computational
method, called Direct Coupling Analysis (DCA), based on
the concept that amino acid residues on opposing protein
surfaces co-evolve (Schug et al., 2009; Dago et al., 2012).
The method, like CMA (see above), calculates correlations
between all amino acid residues across many homologues. A major advance in this approach permits calculation of the Direction Interaction (DI), which disentangles
direct from indirect correlations. Using DCA, Szurmant and
co-workers have predicted interaction surfaces between
two proteins or between two domains of the same protein,
including identifying the contact sites within an individual

HK domain that change upon activation. Using crystal
structures and genetic approaches, they have tested these
predictions and found them to be highly accurate
(Szurmant and Hoch, 2013). This is an exciting new tool to
identify and characterize protein interaction surfaces and
complex protein structures for which no structural information exists.
Transcriptional cross-talk occurs between the Salmonella typhimurium flagellar regulon and the SP1 pathogenicity island. The regulation of the master flagellar
regulator FlhD4C2 is itself quite complex. The flhDC regulatory region includes six transcription initiation sites, and
transcription is controlled positively or negatively by multiple regulatory factors, including RcsB, LrhA, SlyA, DksA,
EcnR, HNS, cAMP/CRP, CsrA, PefI-SrgD, HilD, RtsB and
QseB (Wozniak et al., 2010). Chakib Mouslim (Kelly
Hughes’ Lab, University of Utah) examined the role of each
initiation site, their relation to each other, and the ability of
some of these regulators to control their activity. The
resultant data support a model in which certain promoters
predominate. These promoters drive flhDC transcription
either alone or in co-ordination with each other. Together
with the function of certain transcription factors, these
interactions generate regulatory circuits that control transcription of the flagellar regulon and the virulence genes
encoded by SPI1.
The Lyme disease spirochaete B. burgdorferi alternates
between arthropods and mammals. In each host, the bacterium must adapt to the available carbohydrates. For
example, in the tick, chitobiose is available, and B. burgdorferi converts it to N-acetylglucosamine (GlcNAc).
Ching Wooen Sze (Chunhao Li’s Lab, The State University of New York at Buffalo) showed that the RR Rrp1,
which synthesizes cyclic diguanylate (c-di-GMP), regulates the chbC gene, which encodes a chitobiose transporter. An rrp1 mutant could not be transmitted via tick
bite, a phenotype that could be partially rescued by
exogenous supplementation of GlcNAc. This work (Sze
et al., 2013) implicates chitobiose metabolism during
spirochaete transmission.
The above work was closely related both to environmental regulation of phenotypic traits and to colonization and
infection in different host by spirochaetes. The following
talk expanded on the role of motility in virulence and
infection by B. burgdorferi in mouse and tick models. Tao
Lin (UT Medical School at Houston) described the use of
signature-tagged mutagenesis to dissect the mechanism
of chemotaxis and motility in B. burgdorferi and explore the
relationship between motility/chemotaxis and virulence
(Lin et al., 2012). They found that nearly all chemotaxis and
flagellar genes were required for mouse infection. Many
mutants (including fliH, fliI and flhA) had elongated morphology and reduced motility. The fliH and fliI also exhibited
slow growth and exhibited protein profiles that were differ© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25
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ent relative to their wild-type parent and to each other.
These divergent proteins are currently being analysed.
This represents the first identification of components of the
flagellar export apparatus in B. burgdorferi.
Leptospira are spirochaetes with a unique morphology
(i.e. hook-shaped ends). Their motility depends upon
coiled flagella contained entirely within the periplasm
(Charon et al., 2012). The role of motility in leptospiral
virulence has not been evaluated. Elsio Wunder (Yale
School of Public Health) in collaboration with Nyles
Charon, Mathieu Picardeau and Albert Ko investigated a
new flagellar sheath protein from the human pathogenic
spirochaete Leptospira interrogans. They identified this
sheath protein, called Fcp-1, by studying a small colony,
non-motile mutant isolated from a patient. The individual
mutant cells had straight terminal ends, their flagella were
thinner than those of wild type, and the purified flagella
were straight instead of coiled. A previous report showed
that the leptospiral flagellar sheath does not consist of
FlaA (Lambert et al., 2012). LC-MS analysis of the purified
flagella associated Fcp1 with flagella of coiled morphology and thus with motility. Fcp1 was detected on the
surface of flagellar filaments and thus can now be
regarded as the major flagellar sheath component.
Molecular Koch’s postulate analysis indicated that the
presence of Fcp1, and thus motility, is essential for virulence, both for dissemination and persistence, but mostly
for the initial bacterial entry process of tissue penetration.
Do flagella constitute an advantage or disadvantage
during development of an E. coli biofilm? To address this
question, Birgit Prüβ (North Dakota State University)
followed the genetic status of and transcription from
the flhDC regulatory region within developing biofilms.
Her data suggest that optimal development of E. coli biofilms may need both parental bacteria and flhD mutants.
This may be due to the temporal and spatial regulation of
flhD (Samanta et al., 2013).

Conclusions
The ability to sense and respond to environmental change
is common to all organisms. The talks at this year’s BLAST
meeting illustrated not only the breadth and complexity of
these adaptation systems in bacteria, but also how closely
we can now observe the intricate details of the exquisite
machines that govern their behaviour. While the BLAST XII
meeting was predominantly a tale of two machines, we are
fast uncovering the molecular blueprints and regulatory
circuitry for many additional adaptation systems, including
the remarkable engines involved in alternate, nonflagellated motility systems. Going forward, we foresee
that the field will increasingly focus on the engineering-like
principles that govern their organization. The language is
not all that dissimilar, e.g. rotors, stators and clutches. The
© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 6–25

next step will be to understand how these complex systems
evolved and to identify how these engineering-like principles emerged from the evolutionary process.
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