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condition ii were met, the point was marked dark gray; if at least
one of the conditions was violated, the point was marked light
gray. This procedure was repeated for a relatively large value of
C0/Cmin (~107) and two values of �C/Cmin, demonstrating that
the capacity to detect the gradient can critically depend on �C/
Cmin. This is further demonstrated in Fig. 6C, in which the area
where both conditions are met (“sensing area”) is plotted as a
function of �C/Cmin. The steep decline in the “sensing area” with
increasing �C/Cmin suggests that wild-type cells (when �C/Cmin �
SC) would respond to the gradient at almost any time (tD) or
distance (d) from the source but that cells with 10-fold-higher
�C/Cmin would hardly respond to the gradient at any time or
distance. The critical value SC, at which the “sensing area” starts to
decline, can be evaluated by �0/(4 · D · tmax)1/2, and thus, it is slowly
varying with tmax, the maximal practical time allowed between the
introduction of the source and its first detection by the cells
(Fig. 6C, inset; see also Text S1 in the supplemental material). For
�0 � ~10 to 30 �m and tmax � ~10 to 100 h, SC is about 0.1%,
consistent with the observations made in reference 40 (assuming a
run length of 10 �m). Thus, the time window during which cells
can respond to the gradient depends critically on their basic
gradient-detection capacity (�C/Cmin).

DISCUSSION

Although chemoreceptor arrays have been found in many che-
motactic bacteria (7), the signaling and behavioral advantages of
networked receptors had not been experimentally demonstrated.
In this study, we exploited an interface 2 array lesion that dimin-
ishes physical connections and functional coupling between re-
ceptor core signaling complexes to assess the contributions of
clustered core complexes to stimulus detection and chemotaxis
performance. In cells lacking the adaptation enzymes, we found
that receptors in a high-activity state were less sensitive to an at-
tractant ligand (had higher K1/2) in networked arrays (in wild-type
cells) than as dispersed signaling complexes (in CheW-X2 cells).
In contrast, in low-activity states, networked receptors were more
sensitive than dispersed signaling complexes (Fig. 2B). We ob-
served a similar tradeoff between kinase activity and detection
sensitivity in adaptation-proficient cells: those with functionally
coupled signaling teams were approximately 10-fold more sensi-
tive to attractant stimuli than were cells with an interface 2 array
defect. The idea that coupling between receptors can heighten
sensitivity was explicitly suggested by Duke and Bray (41, 42).
Further theoretical analysis of this system (20), based on the
MWC model (16, 19), suggested that coupling between receptors
can lead to enhanced sensitivity only when the receptors are in a
low-activity state, while leading to high cooperativity when the
receptors are in a highly active state. It was further suggested that
if the coupling strength between receptors depends upon their
signaling state, the K1/2 of the response can also shift when the
receptors are in a high-activity state (43). These predictions were
confirmed for cells with Tar receptors in mutationally imposed
activity states (Fig. 1) and were consistent with the behaviors of
cells under fully native conditions (Fig. 2).

The CheW-X2 array defect also altered the rate of sensory ad-
aptation (Fig. 3), a likely manifestation of impaired networking
connections between receptor core complexes. Cooperativity be-
tween signaling units is expected to alter the dependence of kinase
activity on receptor methylation state and therefore should affect
adaptation kinetics. In addition, extended receptor arrays can en-

hance the efficiency of the modification reactions, likely contrib-
uting to adaptation rate. Elevated expression of the CheR and
CheB enzymes in the CheW-X2 background expedited their ad-
aptation rate, but the profile of the adaptation time course was not
identical to that seen with the wild type (Fig. S5). Receptor arrays
can affect the efficiency of receptor modification in several ways.
For example, receptor molecules are known to share access to
CheR and CheB through “assistance neighborhoods” (44, 45).
The level of this helping effect should be negligible between dis-
persed signaling units. In addition, CheB molecules activated by
CheA-dependent phosphorylation have short half-lives and prob-
ably could not act efficiently on receptors in other core complexes
unless they were structurally coupled through interface 2 connec-
tions.

To gauge the signaling benefits of extended receptor arrays, we
examined the ability of wild-type and CheW-X2 cells to track local
attractant gradients. In experiments with a metabolizable attract-
ant gradient (serine/aspartate) or in tryptone semisolid agar
plates, CheW-X2 cells showed substantial chemotaxis ability (up
to 50% of that seen with the wild type) (Fig. 4). However, under
nongrowth conditions at low cell densities, the CheW-X2 cells
failed to progress up a gradient of nonmetabolizable attractant
(Fig. 5). Thus, receptor arrays are especially critical for chemotaxis
toward a local source of attractant that the bacteria are unable to
modify. Such conditions include situations in which the bacterial
density is low and they are unable to alter the gradient, circum-
stances that might be quite common in nature.

Why are extended receptor arrays critical for chemotaxis to-
ward a nonmetabolizable attractant? At low ligand concentrations
(C �� K1/2), the cell’s kinase response to ligand approximates a
Hill function with power close to 1, so the kinase response dA/dC,
at low concentrations, is approximately proportional to 1/K1/2.
Thus, the signaling response to small changes in ligand concentra-
tion is expected to be 10-fold larger for receptor arrays in wild-
type cells than for dispersed signaling units in CheW-X2 cells,
leading to enhanced gradient-detection capacity (lower �C/Cmin)
of wild-type cells. Analysis of the attractant gradients emanating
by diffusion from a localized source (Fig. 6) indicated that the
inverse relationship between the local attractant concentration
C(d,t) and the local gradient �C/C(d,t) could indeed limit the
ability of cells to sense the gradient. Moreover, these correlations
can define a critical gradient-detection sensitivity SC, such that
cells with �C/Cmin � SC cannot sense such gradients, indepen-
dently of the source strength or time elapsed since its introduction
(Fig. 6C). Taking the data together, this analysis suggests that the
heightened sensitivity of wild-type cells, gained through network-
ing of signaling complexes, is indeed critical for chemotaxis in
such gradients. Detection sensitivity was less critical for performance
at higher cell densities in metabolizable attractant gradients (Fig. 4E),
conditions under which the local gradient is essentially independent
of the local attractant concentration. Networking of core units might
influence other signaling properties that contribute to the observed
chemotaxis advantage of wild-type cells, for example, kinase activity
fluctuations (46) or phospho-CheY distribution kinetics (47).

We suggest that the 10-fold increase in sensitivity gained by form-
ing extended receptor arrays (Fig. 2) allows wild-type cells to over-
come the sensing limits imposed by attractant diffusion (Fig. 6C,
dashed arrow) and, together with the wider range of attractant con-
centrations to which they can respond (Fig. 1B), enables them to
migrate effectively toward widely differing attractant sources.
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MATERIALS AND METHODS
Bacterial strains and plasmids. Strains and plasmids used in this work are
listed in Table S1 in the supplemental material. The E. coli strains UU2567
(42), UU2806 (18), and VF7 are isogenic derivatives of parental strain
RP437 (48). E. coli strains VF6, VF5, MK3, MK2, UU2942, and UU2943
are derivatives of the MG1655 (IS1) strain (33).

Bacterial growth conditions. Overnight cultures were diluted 100-
fold in fresh tryptone broth (10 g/liter tryptone, 5 g/liter NaCl) supple-
mented with appropriate antibiotics and inducers and allowed to grow at
33.5°C with agitation to an OD600 of ~0.45. Cells were then washed twice
in 10 ml motility buffer (10 mM potassium phosphate, 0.1 mM EDTA,
1 �M methionine, 10 mM lactic acid, pH 7.1). In the channel chemotaxis
assay, 5 g/liter NaCl was also added to the buffer.

Chemotaxis soft-agar assay. Strains were assessed for chemotactic
ability on tryptone soft-agar plates (10 g/liter tryptone, 5 g/liter NaCl,
2.5 g/liter agar) as previously described (49).

Channel chemotaxis assay. A long channel (length, 44 mm; height,
0.15 mm; width, 5 mm), permeable to oxygen (Ibidi �-slide I0.2 Luer), was
initially filled homogenously with motility buffer. Then, a solution con-
taining the attractant to be tested was applied to one of the side chambers
(~100 �l) embedded in 1% agarose gel. The channel was then sealed and
incubated at 30°C for various periods to establish the gradient along the
channel. Cells were grown as described above, except that here, to ensure
high motility, cells were washed twice without an intermediate resus-
pension, followed by a gentle final resuspension in motility buffer to a
final OD600 of 0.1. The cells expressed green fluorescent protein (GFP)
from plasmid pSA11 (50), induced at 75 �M IPTG (isopropyl-�-D-thio-
galactopyranoside). The low-density suspension was then applied to the
opposite side of the channel, sealed, and incubated at 30°C. Several exper-
iments were also done with denser cell suspensions diluted directly into
the device, with no significant difference in the results. At various times
after introduction of the cells, the channel was briefly mounted on an
inverted Nikon Ti microscope (20�, 0.5 numerical aperture [NA])
equipped with a controlled x-y stage and an automatic focus system (set to
the middle of the channel), and the GFP fluorescence was monitored
along the channel (time required, ~2 min). In addition, a separate channel
uniformly filled with the same cell suspension (OD600 � 0.1) was used to
normalize the cell distribution. Experiments were performed in parallel
with the wild-type and CheW-X2 strains using multiple channels for each
condition.

Receptor clustering tests. Cells were grown as described above using
the following inducer concentrations: 0.3 �M NaSal for CheA::mYFP/
CheW; 13 �M IPTG for Tar-YFP; and 50 �M IPTG for mYFP-CheR.
Cells were placed on a 1% agarose pad and covered with a coverslip.
Fluorescence images were obtained at 30°C using a Nikon Ti inverted
microscope equipped with a 100� Plan-Fluor objective (1.3 NA), a
xenon lamp (Sutter Instruments), and a camera (Andor Technology).
Images were then analyzed to extract clustering contrast values by
computing the ratio of peak intensity (highest) to body intensity
(mean of cell without the poles) in each cell after subtraction of the
background fluorescence intensity.

Fluorescence anisotropy measurement. This technique has been de-
scribed elsewhere (13, 51). In brief, cells were immobilized on a cov-
erslip, placed in a flow chamber, and mounted on a Nikon fn1 micro-
scope (32) at room temperature. The mYFP fluorophore was excited
with linearly polarized light, and the emitted fluorescence was split
using a polarizing beam splitter cube into parallel (Ipar) and perpen-
dicular (Iper) polarizations, which were monitored using two photon
counters. The steady-state polarization of the emitted fluorescence is
represented here by the fluorescence anisotropy r, defined as (Ipar �
Iper)/(Ipar � 2 · Iper), where Iper has been corrected for imperfections in
the optical system.

In vivo FRET-based kinase assays. The in vivo kinase assay measures
CheA activity-dependent interactions between CheY and CheZ proteins
tagged with donor and acceptor fluorophores (34, 27). Cell preparation

and flow cell assembly were similar to those performed in the anisotropy
assay described above. Two alternative pairs were used, with CheY and
CheZ tagged with the mYFP/mCherry pair (32) or the mYFP/mCFP pair
(38). The donors (mYFP and mCFP, respectively) were excited using
unpolarized light, and fluorescence emission from the FRET donor
and acceptor was continually monitored by the use of photon-
counting photomultipliers. Dose-response curves were obtained by
plotting the fractional changes in kinase activity versus the applied
stimulus. Total CheA kinase activity was measured as the change elic-
ited by a saturating stimulus or by 3 mM NaCN or KCN (52).

Tethering assay. Cells were grown and washed as described above.
Cell suspensions were stirred for 8 s using a milk frother and washed twice in
10 ml of KEP buffer (10 mM KPO4, 0.1 mM K-EDTA; pH 7.0) and a third
time in motility buffer. Cell suspensions (100 �l) were then mixed with 5 �l of
anti-flagellin antibody (1:200 dilution) and placed on a KOH-treated cover-
slip for 30 min. Movies of the rotating cells (10 to 30 s each) were taken at 30°C
at a frame rate of 160 Hz (Lumenera camera), using a 40� objective. Movies
were analyzed using MatLab. The long axis of the cell was identified, and the
change in the cell’s angle between frames was calculated. The direction of
rotation was determined, taking into account the rotation speed and consid-
ering a minimal significant rotation to be larger than 7°.

Cross-linking assays. UU2806 cells cotransformed with pGP55 (23)
(or pGP55 derivatives carrying CheW-X2 gene mutations) and pRR53
(53) or pPA90 (54) were treated with 300 �M Cu2� for 10 min at 35°C to
induce disulfide formation. Whole-cell lysates were separated by SDS/
PAGE, and CheA-containing species were detected by Western blot anal-
ysis using a polyclonal anti-hemagglutinin (HA) antibody (Pierce).
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Text S1.  Chemotaxis towards constant source – addional analysis of Fig. 6 

The expected attractant distribution 𝐶(𝑥) formed by a local and ‘constant source’ in a quasi 1D 

channel is:  

𝐶(𝑥) = 𝐶0 ∙ [1 − erf(𝜂)]  𝜂 ≡
𝑑

√4 ∙ 𝐷 ∙ 𝑡
 ;   erf (𝜂) ≡  

2

√𝜋
∫ 𝑒−𝛿2

𝑑𝛿
𝜂

0

Therefore: 

∆𝐶

𝐶
=

erf(𝜂 − ∆𝜂) − erf(𝜂)

1 − erf(𝜂)
 ;   ∆𝜂 ≡

𝑙0

√4 ∙ 𝐷 ∙ 𝑡

For 𝜂 ≪ 1, 

erf(𝜂) ~𝜂,     and therefore:  ∆𝐶/𝐶 ~ ∆𝜂 

The lower boundary of the ‘sensing area’ (dark gray in Fig. 6B) occurs at short times (𝑡𝑚𝑖𝑛) 

(large 𝜂) when 𝐶(𝑡) becomes larger than 𝐶𝑚𝑖𝑛, or

𝐶0 ∙ [1 − erf(𝜂)] > 𝐶𝑚𝑖𝑛       𝑜𝑟     𝜂 < 𝑒𝑟𝑓𝑖𝑛𝑣(1 − 𝐶𝑚𝑖𝑛 𝐶0⁄ )

However, since 𝐶𝑚𝑖𝑛 𝐶0⁄  is generally small (~10−7),   𝑒𝑟𝑓𝑖𝑛𝑣(1 − 𝐶𝑚𝑖𝑛 𝐶0⁄ )~1 − 5

and   

𝑡𝑚𝑖𝑛 ∝
𝑑2

𝐷

The higher boundary of the ‘sensing area’ (dark gray in Fig. 5B) occurs at long times (small 𝜂) 

when ∆𝐶/𝐶 becomes smaller than ∆𝐶/𝐶𝑚𝑖𝑛.   

Generally, ∆𝐶/𝐶 decreases for shorter distances and longer times.  Thus, ∆𝐶/𝐶 will first become 

smaller than ∆𝐶/𝐶𝑚𝑖𝑛 at short distances and the longest time (𝑡𝑚𝑎𝑥); the upper- left corner of the 

plot in Fig. 6B.   Thus the point where the “sensing area” starts to decrease, labeled as 𝑆𝐶 (Fig. 

6C), is given by ∆𝐶/𝐶(𝑡𝑚𝑎𝑥 , 𝜂 → 0)~∆𝜂(𝑡𝑚𝑎𝑥)~∆𝐶/𝐶𝑚𝑖𝑛 , or

 𝑆𝐶~ 
𝑙0

√4 ∙ 𝐷 ∙ 𝑡𝑚𝑎𝑥
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Table S1.  Strains and plasmids. 

strains genotype reference 

group 1 derivatives of RP437 

UU2567 
Δ(tar-tap-cheR-cheB-cheY-cheZ)4211 Δtsr-5547 Δaer-1 
Δtrg-4543 

(52) 

VF7 
cheW-R117D/F122S Δ(tar-tap-cheR-cheB-cheY-
cheZ)4211 Δtsr-5547 Δaer-1 Δtrg-4543 

this work 

UU2806 
∆(cheA-cheW-tar-tap-cheR-cheB-cheY-cheZ)1214 ∆tsr-
5547 ∆aer-1 ∆trg-4543 

this work 

group 2 Derivatives of MG1655 (IS1) this work 

VF5 cheW-R117D/F122S this work 

VF6 wild type this work 

MK2 cheW-R117D/F122S ∆(cheY-cheZ)4211 this work 

MK3 ∆(cheY-cheZ) 4211 this work 

UU2942 ∆(cheR-cheB-cheY-cheZ)4211 this work 

UU2943 cheW-R117D/F122S ∆(cheR-cheB-cheY-cheZ)4211 this work 

plasmid genotype of expression insert reference 

pAV44 tar(∆[528-563])-myfp (32) 

pAV45 tar([QQQQ] ∆[528-563])-myfp (32) 

pAV76 cheY-mCherry cheZ(F98S)-myfp (32) 

pAV101 cheR+ cheB+ this work 

pAV139 tar [QQQQ] this work 

pAV306 tar [QEEE] this work 

pAV232 cheA(∆[161-226]Ωmyfp) cheW+ (23) 

pAV280 cheA+ cheW (R117D/F122S) this work 

pAV287 cheA(∆[161-226]Ωmyfp) cheW(R117D/F122S) this work 

pAV288 myfp-cheR this work 

pGP55 
cheA(M98L/C120S/C213S/C415S/A546C/S147ΩHA/A241

ΩHA) cheW(E27C) 
(23)
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pPA90 tsr[290-551] (49) 

pPM25 cheA+ cheW+ (23) 

pRR48 empty vector (48) 

pRR53 tsr[QEQE] (48) 

pSA11 gfp  (50) 

pVS88 cheY-yfp cheZ-cfp (34)

plasmid genotype of expression insert reference 



Figure S1.  Characterization of the CheW-X2 protein in RP437 derivative strains.  
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Figure S2.  Protein levels of chromosomally expressed CheW-X2 in MG1655 (IS1). 
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Figure S3.  Clustering pattern of core signaling units in wild type and cheW-X2 strains. 
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Figure S3.  Clustering pattern of core signaling units in wild type and cheW-X2 strains. 
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Figure S7.  The expected MeAsp distributions for the experiments shown in Fig. 5.  
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