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elLife digest Many bacteria swim through water by rotating tiny hair-like structures called
flagella. In E. coli, if all the flagella on the surface of a bacterium rotate in a counterclockwise
fashion, then it will swim in a particular direction, but if the flagella all rotate in an clockwise fashion,
then the bacterium will stop swimming and start to tumble.

Bacteria use a combination of swimming and tumbling in order to move towards or away from
certain chemicals. For example, a bacterium is able to move towards a source of nutrients because
it is constantly evaluating its environment and will swim forward for longer periods of time when it
recognizes the concentration of the nutrient is increasing. And if it senses that the nutrient
concentration is decreasing, it will tumble in an effort to move in a different direction.

Many bacteria, such as E. coli, rely on proteins in their cell membrane called chemoreceptors
to sense specific chemicals and then send signals that tell the flagella how to rotate. These
transmembrane receptors and their role in chemotaxis—that is, movement towards or away
from specific chemicals in the environment—have been widely studied. However, other bacteria
also have chemoreceptors in the cytoplasm inside the bacterial cell, and much less is known
about these.

Now, Briegel et al. have examined the cytoplasmic chemoreceptors of two unrelated bacteria,

R. sphaeroides and V. cholera, and found that the cytoplasmic chemoreceptors arrange themselves
in hexagonal arrays, similar to the way that transmembrane chemoreceptors are arranged. However,
the cytoplasmic chemoreceptors arrange themselves in a two-layer sandwich-like structure, whereas
the transmembrane chemoreceptors are arranged in just one layer. The next step is to understand
how chemical binding causes these arrays to send their signals to the motor. A complete
understanding of this signaling system may ultimately allow scientists to re-engineer it to draw
bacteria to targets of medical or environmental interest, such as cancer cells or contaminated soils.
DOI: 10.7554/eLife.02151.002

more favorable direction (Turner et al., 2000). The other response regulator, CheB, is a methylesterase
whose activity is stimulated by phosphorylation. Its activity is opposed by the constitutively active
methyltransferase CheR and the balance of these two activities determines the methylation state
of specific glutamate residues in the MCPs. These methylations confer adaptation on the system,
modulating its response based on recent environmental conditions (Kleene et al., 1979, Toews et al.,
1979; Lupas and Stock, 1989).

In E. coli, MCPs associate into trimers of dimers that span the inner membrane (Kim et al., 1999,
Studdert and Parkinson, 2004) and complex with CheA and the coupling protein CheW (Figure 1A).
This results in hexagonally packed trimers-of-receptor-dimers surrounding a ring of alternating CheA
P5 domains and CheW. Neighboring rings are linked together by CheA P3 dimerization domains to
form extended hexagonal lattices — the so-called transmembrane chemoreceptor arrays (Briegel
etal., 2012; Liu et al., 2012). The architecture of these membrane-bound chemoreceptor arrays is not
specific to E. coli, indeed it is universal among bacteria (Briegel et al., 2009). The architecture of these
arrays is likely key to the high sensitivity, wide dynamic range, cooperativity, and feedback control
of this system (Duke and Bray, 1999; Li and Weis, 2000, Gestwicki and Kiessling, 2002, Sourjik and
Berg, 2002, 2004, Li and Hazelbauer, 2005; Endres and Wingreen, 2006).

Besides the single chemosensory operon encoding components of the transmembrane array,
exemplified by E. coli, many bacteria contain additional chemotaxis operons, whose products are less
well understood. The best-studied case is Rhodobacter sphaeroides, in which there are three operons,
two of which are essential for normal chemotaxis in laboratory conditions. One of these operons,
CheOp,, encodes components of the chemotaxis array associated with the transmembrane MCPs. The
other, CheOpjs, encodes components of a cytoplasmic chemotaxis cluster including CheB, CheR, CheY,
CheW, two atypical CheA proteins (CheA; and CheA,) (Porter et al., 2008), and a soluble chemoreceptor,
TlpT. Each of the CheA proteins in the cluster lacks canonical domains compared to E. coli CheA:
CheA; contains only the P1 and P5 domains separated by a 794 amino acid sequence of unknown
structure, whereas CheA, lacks the P1 and P2 domains. CheA, can transfer phosphoryl groups to P1 of
CheA; (Porter et al., 2008). Both CheA; and CheA, are required for chemotaxis (Wadhams et al.,
2003; Porter et al., 2008). A second MCP homolog lacking any transmembrane domain, TIpC, is
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Figure 2. Tomography of R. sphaeroides cryosections reveals cytoplasmic clusters. Tomographic slices of cryosections
through R. sphaeroides cells expressing TIpC-GFP at wild-type (A and B) or overexpressed (C-E) levels.

(A) Tomographic slice of a cell expressing TIpC-GFP, revealing a potential cytoplasmic chemoreceptor array (black
arrows), pseudo-colored red in (B). (C-E) Cryosections of cells overexpressing cytoplasmic chemoreceptor
components, including TIpC-GFP, contain similar structures to those observed under WT expression conditions:
two curved layers approximately 27 nm apart (brackets), with perpendicular striations between them (black
arrowheads).

DOI: 10.7554/eLife.02151.004

(n = 17 cells, example shown in Figure 4), indicating that these structures are indeed cytoplasmic chemo-
receptor arrays.

To corroborate this identification, we used correlated cryo-FLM/ECT. Since whole R. sphaeroides
cells are too thick and dense to image by ECT with high resolution, we flattened them by gentle lysis.
However, unlike transmembrane receptors that remain well-organized following cell lysis (Briegel
et al., 2009, 2012, 2013), fluorescent foci were not observed after lysis, indicating disruption of the
cytoplasmic receptor cluster. We reasoned that in the absence of membrane, the density of the
cytoplasm might play an important role in stabilizing cytoplasmic clusters. We therefore added molecular
crowding agents, either polyethylene glycol (PEG-8000) or polyvinylpirrolidone (PVP), to the lysis protocol
and used this approach to image an R. sphaeroides strain overexpressing the cytoplasmic chemore-
ceptor TlpT fused to YFP. We observed preservation of TIpT-YFP signals by FLM after lysis (Figure 5A-C).
We then froze lysed cells on an EM grid and localized a single TIpT-YFP signal by cryo-FLM, then

Briegel et al. eLife 2014;3:e02151. DOI: 10.7554/eLife.02151 50f 16



e LI F E Research article

Biophysics and structural biology | Microbiology and infectious disease

Figure 3. Tomography of cytoplasmic clusters in freeze-substituted R. sphaeroides. Dual-axis tomographic
reconstruction of high-pressure frozen, freeze-substituted cells reveals cytoplasmic clusters in most cells. Clusters
appear as partially circular structures, typically located near storage granules. (A) Reconstruction of a longitudinally
sectioned cell showing a single cluster. Inset: high-magnification detail of the cluster in a single, 6.7-nm tomographic
slice. Scale bar 50 nm. (B) Cell containing two cytoplasmic clusters located next to storage granules. Inset:
high-magnification detail of one cluster. (C) Model (blue) superimposed over the tomogram shown in B, highlighting
the clusters. Scale bars 200 nm.

DOI: 10.7554/eLife.02151.005

imaged the indicated location at high resolution by ECT. We observed that the fluorescence signal
corresponded to the structure previously identified (Figure 5D-F), further verifying that these are
indeed cytoplasmic chemoreceptor arrays containing TlpT.

Hexagonal receptor arrangement is conserved between cytoplasmic
and transmembrane arrays

We compared the structure of the cytoplasmic chemoreceptor cluster identified by correlated cryo-
FLM/ECT to that of a transmembrane receptor cluster in the same cell. Interestingly, the arrangement
and packing of the receptors was identical in both cases: a hexagonal lattice with center-to-center
spacing of 12 nm when viewed from above (Figure 5G-J). In the transmembrane array, this receptor
lattice is associated with a single baseplate, whereas in the cytoplasmic array, there are two, one on
either side, approximately 30 nm apart. Unfortunately, due to the tight curvature, we could only con-
firm the hexagonal order of one of the two layers of the cytoplasmic array.

ECT of V. cholerae reveals double-baseplate architecture of
cytoplasmic arrays

As discussed above, due to the substantial density and thickness of R. sphaeroides cells, we were
unable to identify cytoplasmic chemoreceptor arrays in intact cells. To obtain higher resolution information
from intact cells, we turned to V. cholerae, which is also predicted to contain cytoplasmic chemorecep-
tors and flattens significantly during freezing for cryo-EM, yielding a thinner sample. By ECT of whole
V. cholerae cells, we observed cytoplasmic chemoreceptor clusters with the same architecture as those
in R. sphaeroides, though lacking curvature (Figure 6). The improved resolution in the thinner cells
allowed us to clearly distinguish two hexagonal arrays of trimers-of-receptor-dimers sandwiched
between two baseplates, 35 nm apart (Figure 6). The kinase-binding regions of the receptors were
highly ordered, with decreasing order toward the center, as previously observed for transmembrane
chemoreceptor arrays.
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Figure 4. |dentification of cytoplasmic clusters in R. sphaeroides by tomography of immunolabeled, negatively
stained sections. Sections were immunolabeled with antibodies against GFP and gold-conjugated secondary
antibodies. (A-C) Three examples of immunolabeled cells (left) and corresponding tomographic slices (right).
Clusters (black arrowheads) were typically labeled by 1-3 gold particles (red arrows), depending on the amount of
antigen present on the section surface. The heavily labeled cluster in (C) is likely oriented en face and near the
section surface, allowing for access to a larger number of GFP antigens. Scale bars 200 nm.

DOI: 10.7554/eLife.02151.006

Transmembrane E. coli chemoreceptors can form cytoplasmic-like arrays
in the absence of membrane

We observed a striking similarity between the cytoplasmic arrays in R. sphaeroides and V. cholerae
and an in vitro chemoreceptor preparation from E. coli. We purified a cytoplasmic fragment of the
aspartate-sensing Tar receptor, as well as CheA and CheW, from E. coli (Montefusco et al., 2007,
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Figure 5. Correlative cryo-FLM/ECT of R. spheroides cytoplasmic arrays. (A-C) Molecular crowding preserves
cytoplasmic chemoreceptor clusters during lysis. Overlay of phase contrast and TIpT-YFP fluorescence images of R.
sphaeroides cells of strain JPA15580E before (A) and after lysis either in the absence (B) or presence (C) of 10%
PVP. (D-F) Correlative cryo-FLM/ECT identifies a cytoplasmic array. (D) Overlay of fluorescent signal from TIpT-YFP
(yellow) and a low magnification cryo-EM image of the same lysed cell. (E) Overlay of TIpT-YFP fluorescent signal
(yellow) and a cross-section of a reconstructed tomogram corresponding to the same region, identifying the
structure of a cytoplasmic chemoreceptor array. (F) An enlarged view of the cytoplasmic array reveals a partial ring
consisting of two layers of chemoreceptors. Scale bar 100 nm. (G-J) Receptor packing is identical in R. sphaeroides
cytoplasmic and transmembrane arrays. (G) Top view through one of the two layers of the array imaged in D-F and
corresponding power spectrum (H) reveal a hexagonal receptor arrangement with center-to-center spacing of 12
nm. Scale bar 25 nm; power spectrum not to scale. (I) Top view through a membrane-bound chemoreceptor array
and corresponding power spectrum (J) reveal hexagonal packing identical to that of the cytoplasmic array shown in
(G-H). Scale bar 25 nm; power spectrum not to scale. (K-L) Additional examples of cytoplasmic chemoreceptor
Figure 5. Continued on next page
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Figure 5. Continued

arrays (brackets with arrowheads) in tomograms of R. sphaeroides cells lysed with molecular crowding agents
added. Distance between baseplates is approximately 30 nm. Scale bars 100 nm.
DOI: 10.7554/elLife.02151.007

Fowler et al., 2010) and assembled complexes in vitro using these components, with CheA and
CheW present in excess. The mixture of purified proteins also contained the molecular crowding agents
PEG-8000 and trehalose to simulate cytoplasmic conditions. Once formed, the complexes activated
the kinase as effectively as when assembled on vesicles (Fowler et al., 2010). Using ECT, we observed
extended arrays with identical architecture to that of the in vivo cytoplasmic clusters described above:
two baseplates, approximately 31 nm apart, flank two hexagonal lattices of chemoreceptor trimers
with 12 nm center-to-center spacing (Figure 7). The receptors from the two sides interact at their
methylation tips. Again, as we observed for transmembrane chemoreceptors, the kinase-binding tips
were well ordered, with decreasing order towards the middle of the sandwich.

Curvature of R. sphaeroides cytoplasmic arrays is an intrinsic property

The most striking difference between the cytoplasmic arrays in R. sphaeroides and V. cholerae was the
curvature observed in the former. In all cases observed, cytoplasmic V. cholerae arrays and arrays
formed in vitro from E. coli cytoplasmic receptor fragments were flat, while those of R. sphaeroides
exhibited kinks and regions of high curvature, even forming full rings in some cases. We wondered if
this curvature may be induced by interactions between the fluorophores rather than being a property
of the arrays themselves, as tags are known to introduce such artifacts (e.g., Swulius and Jensen, 2012).
To test this, we performed tomography of high-pressure frozen, freeze-substituted cells overexpressing

Figure 6. In vivo architecture of the V. cholerae cytoplasmic array. Left: side view of a membrane-bound
chemoreceptor array (MA) and a cytoplasmic chemoreceptor array (CA). The cytoplasmic array is composed of two
parallel CheA/W baseplates approximately 35 nm apart. The chemoreceptors are sandwiched between the two
baseplates and are hexagonally packed with a 12 nm center-to-center spacing. Right: top views of the receptor
packing close to the CheA/CheW baseplate on either side and corresponding power spectra (top insets), as well as
sixfold symmetrized subvolume averages (bottom insets) reveal that the hexagonal arrangement of the receptors is
identical to that of the membrane bound array described previously (Briegel et al., 2009). Scale bars 50 nm. CA,
Cytoplasmic chemoreceptor array; MA, membrane-bound chemoreceptor array; IM, inner membrane; OM, outer
membrane. Power spectra not to scale.

DOI: 10.7554/eLife.02151.008
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Figure 7. E. coli Tar chemoreceptors lacking trans-
membrane regions can form cytoplasmic-like arrays
in the presence of CheA, CheW, and a molecular
crowding agent. Tomographic slice showing cytoplasmic
fragments of Tar forming extended arrays in the presence
of CheA, CheW, and molecular crowding agents. These
arrays closely resemble the cytoplasmic chemoreceptor
arrays seen in V. cholerae (Figure 6). Side-view (black
arrowheads) reveals two flat, parallel CheA/W base-
plates spaced approximately 31 nm apart. Top views of
the chemoreceptors close to the baseplates (white
arrows) reveal a well-ordered, hexagonal arrangement
with a center-to-center spacing of 12 nm. Enlarged
subvolume average (inset) confirms that the packing is
identical to that of in vivo arrays. Scale bar 100 nm.
DOI: 10.7554/¢eLife.02151.009

untagged components of the cytoplasmic cluster.
We observed structures identical to those observed
in the tagged strains (Figure 8A), indicating that
curvature is not an artifact induced by attached
fluorophores.

Cytoplasmic arrays in R. sphaeroides are segre-
gated by a ParA homolog, PpfA, which associates
with the N-terminus of TIpT and with the chromo-
somal DNA. To test whether this interaction imposes
curvature on the cytoplasmic array, we similarly
imaged cells lacking PpfA. Again, we observed
structures with similar curvature, indicating that this
is an intrinsic property of the array, not affected
by the segregation machinery (Figure 8B).

Discussion

Over half of all genomes sequenced of motile
bacteria have more than one putative chemosen-
sory pathway and many of these encode putative
soluble chemoreceptors (Wuichet and Zhulin,
2010). In this study, we describe the structure
of cytoplasmic chemoreceptor arrays in two dis-
tantly related bacterial species, R. sphaeroides
and V. cholerae. Notably, cytoplasmic arrays in
both species display a hexagonal arrangement
of receptor-trimers-of-dimers, with 12 nm center-
to-center spacing that is identical to that of trans-
membrane chemoreceptor arrays, suggesting a
fundamental utility for this architecture. Whereas
the transmembrane array is embedded in the
membrane with a CheA/W baseplate at the

receptors’ membrane-distal tips and ligand-binding domains in the periplasm, the cytoplasmic arrays
assemble as a sandwich, with two CheA/W baseplates flanking two sheets of MCPs that interact in the
middle, presumably at their ligand-binding domains (Figure 1C). No membrane is associated with
these arrays. The identity of the outer baseplates as CheA/W is supported by our observation of the

Figure 8. R. sphaeroides cytoplasmic arrays are inherently curved. (A) Tomographic slice of a high-pressure frozen,
freeze-substituted cell overexpressing native, untagged components of the cytoplasmic chemoreceptor cluster.
Arrowheads indicate curved array. (B) Tomographic slice of a similarly treated cell lacking the partitioning protein
PpfA. Arrowheads indicate curved cytoplasmic array. Scale bars 200 nm.

DOI: 10.7554/eLife.02151.010
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