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ABSTRACT: Most bacteria use transmembrane sensors to detect a T o \\\”/(/7/ Ry A ﬁ\‘” v
wide range of environmental stimuli. A large class of such sensors are the : J ﬁ | [If (7 * T
chemotaxis receptors used by motile bacteria to follow environmental T2l ) ,F‘l *l f‘
chemical gradients. In Escherichia coli, chemotaxis receptors are known HIN == Al

to mediate highly sensitive responses to ligands, making them Nn

potentially useful for biosensory applications. However, with only four iy

ligand-binding chemotaxis receptors, the natural ligand spectrum of E. L L U

coli is limited. The design of novel chemoreceptors to extend the sensing Tar receptor

Hybrld receptor

capabilities of E. coli is therefore a critical aspect of chemotaxis-based

biosensor development. One path for novel sensor design is to harvest the large natural diversity of chemosensory functions
found in bacteria by creating hybrids that have the signaling domain from E. coli chemotaxis receptors and sensory domains from
other species. In this work, we demonstrate that the E. coli receptor Tar can be successfully combined with most typical sensory
domains found in chemotaxis receptors and in evolutionary-related two-component histidine kinases. We show that such
functional hybrids can be generated using several different fusion points. Our work further illustrates how hybrid receptors could
be used to quantitatively characterize ligand specificity of chemotaxis receptors and histidine kinases using standardized assays in

E. coli.
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B acteria have evolved the ability to detect a wide range of
environmental signals by using diverse sensory systems,
allowing them to survive and grow under rapidly changing
conditions."”” Utilizing this diversity for engineering bacterial
sensory systems to recognize specific molecules of interest would
be a key step in biosensory applications.” One of the most
prominent prokaryotic sensory systems is the chemotaxis
network, which is present in most motile bacteria and archaea,
enabling navigation in environmental gradients of various
chemicals."”>™> Although chemoeffector spectra of only a few
bacteria have been characterized, chemotaxis is known to play an
important role not only in locating nutrients and avoidin
harmful chemicals® but also in bacterial communication,
degradation of xenobiotic compounds,” and in host infection.”
The most studied model of bacterial chemotaxis is E. coli,
whose chemotaxis network consists of five chemotaxis receptors
(also called methyl-accepting chemotaxis proteins) and six
cytoplasmic signaling proteins: a histidine autokinase CheA, an
adaptor CheW, a response regulator CheY, a methyltransferase
CheR, a methylesterase CheB, and a phosphatase CheZ.'*~"
These signaling components work in coordination to process
chemotactic stimuli and to control the rotation of the flagellar
motors. The activity of receptor-associated CheA is inhibited
when attractant binds to the receptor, whereas repellent binding
enhances the activity. CheA subsequently passes the phosphoryl
group to CheY, which controls cell swimming; dephosphor-
ylation of CheY is performed by CheZ. After the initial response,
cells can gradually adapt to background stimulation by adjusting
the levels of receptor methylation via CheR and CheB. Thereby,
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CheR preferentially methylates receptors that have inactive
(kinase-inhibitory) conformations, whereas CheB demethylates
active receptors, respectively increasing or decreasing their
activity.

Four ligand-binding chemotaxis receptors in E. coli, Tsr, Tar,
Trg, and Tap, all have the same topology13 and can be divided
into a transmembrane sensing module, a signal conversion
module, and a kinase control module."> The transmembrane
sensing module is composed of an extracellular sensory domain
and two transmembrane helices (TM1 and TM2). When ligand
binds to the pocket inside the sensory domain, it triggers
conformational changes in the TM region. This conformational
signal is further transduced to the cytoplasmic part of the
receptor by the signal conversion module, consisting of a HAMP
domain. The kinase control module contains a methylation helix
(MH) bundle, a flexible bundle, and a protein contact region that
interacts with the kinase and regulates its activity. Chemotams
receptors can differ in their domain organization,"’ but the
topology characteristic to E. coli ligand-binding receptors with a
clearly identifiable extracellular sensory domain is found in the
majority of bacteria. Except for a few examples, the ligand
specificity of different sensory domains remains unknown. Most
of these sensory domains, however, can be fit into a relatively
small number of common structural classes. According to the
most common classification, these include four-helix l_)undle,14
single PhoQ-DcuS-CitA (PDC),"® double PDC," helical

Received: February 7, 2016

DOI: 10.1021/acssynbio.6b00053
ACS Synth. Biol. XXXX, XXX, XXX—XXX


pubs.acs.org/synthbio
http://dx.doi.org/10.1021/acssynbio.6b00053

ACS Synthetic Biology

Research Article

a b C o
NarQ217Tar257 ! NarQ
.............. HAMPAS2 - = = = = = == = = = = - [1-217]
NarQ: 207 E L GL LAKT FNQMS SELHKLY 226 fifl ]
Tar: 246 E MGDLAQSVS HMQRSLTDTV 265 /\] Tar
-------------- HAMP AS2 - = - = = == == - - -- 257.653]
NarQ217Tar257: E L GL LAKT FNQMQRSLTDTV
d e f
1.704 0.14M0.33,M 1M 3.3.M 10uM 33 uM 1.04 1.04 =
] g 08 g 081
; :
& g 061 g 061
& 0.4 0 0.4
« &
S 024 S 0.2
£ £
0.0 v v 0.0 s
0 200 400 600 800 1000 1200 102 10" 10° 10'  10°  10° 10 We 0
Time (s) NaNO, (:M) NaNO, (1M)

Figure 1. Construction and characterization of the NarQ-Tar hybrid. (a) Structure of a four-helix bundle domain (the sensory domain of NarX from E.
coli, PDB ID: 3EZH). Here and in subsequent figures, the two monomers that form the sensory domain are shown in different colors. (b) Sequence
alignment for NarQ and Tar with the fusion sites between NarQ and Tar shown in red and green, respectively, and the sequence of the hybrid receptor
shown below. (c) Cartoon representation of the hybrid NarQ217Tar257. (d) FRET responses of buffer-adapted E. coli cells expressing NarQ-Tar as the
sole receptor upon stepwise addition (down arrow) and subsequent removal (up arrow) of the indicated concentrations of NaNO;. (e) The
corresponding amplitudes of the initial FRET response (change in the YFP/CFP ratio after stimulation and before adaptation) for NarQ-Tar were
plotted as a function of stepwise changes in concentration of NaNOj in buffer (closed squares) or in the presence of 10 mM NaNO, (open triangles). (f)
The dose response of NarQ-Tar to NaNO, in buffer (closed squares) or in the presence of 100 M NaNOj; (open triangles). In e and f, the data were
normalized to the saturated response. Error bars indicate the standard errors of two independent experiments; wherever invisible, error bars are smaller

than the symbol size.

biomodular (HBM),'® and nitrate and nitrite sensing (NIT)."”
The same domains are also found in bacterial two-component
histidine kinases (HKs), which are evolutionarily related to the
chemotaxis receptors but regulate gene expression instead of
motility.

The variety of sensory domains that can accommodate
different types of ligands, as well their modularity, make
chemoreceptors highly attractive for biosensor engineer-
mg.z’lg_20 For a given bacterium, the ligand range of the
chemotaxis system can be greatly expanded through the
construction of hybrid receptors that utilize extracellular sensory
domains from “donor” chemotaxis receptors or HKs found in
other species. A prerequisite for employing this strategy is that
the sensory domains with different structures—potentially
sensing different types of ligands—can be reliably coupled to
the cytoplasmic part of another (“recipient”) receptor. Previous
studies have reported several examples of such functional hybrids
between different chemotaxis receptors from the same species,
such as Tsr-Tar,”" Trg-Tsr,”” and Tap-Tar”” in E. coli and McpB-
McpC in Bacillus subtilis,”* as well as hybrids between PctA, PctB,
and PctC from Pseudomonas aeru§inosa25’26 or McpG from
Pseudomonas putida and E. coli Tar.”® Furthermore, hybrids of E.
coli HK NarX with Tar”’ or receptor FrzCD from Myxococcus
xanthus™® were also constructed. However, the rational design of
functional receptor hybrids remains a challenging task.” One
problem is the intrinsically high sensitivity of chemotaxis
receptors to small conformational perturbations, which is
important for signal transduction. This means that even modest
perturbations due to an incorrect fusion of a new sensory domain
might bias a hybrid receptor into a locked-on or -off
conformation/activity, although these changes might in part be

compensated by the receptor methylation system. Besides such
extreme activity bias, nonfunctional hybrids between different
receptors can also result from the failure of signal transmission
from the sensory to the signaling domain.

In this work, we demonstrate the successful construction of
hybrid receptors, fusing the most common extracellular sensory
domains (four-helix bundle, HBM, NIT, single PDC, and double
PDC) with the cytoplasmic signaling domain of E. coli Tar. By
systematically testing different fusion sites, we explored how to
choose the optimal fusion point(s) for hybrid receptors. We
further show that hybrid receptors can be used to identify novel
ligands of receptors from organisms other than E. coli. Our study
provides important insights for engineering of chemoreceptors
with a wide range of specificities that could have many
applications in biosensing.

B RESULTS

Four-Helix Bundle Domain Hybrid Receptor. To
systematically explore the construction of chemoreceptors with
different sensory domains, we started with a four-helix bundle
domain that is ubiquitous in prokaryotic signaling proteins."*
The sensory domains of E. coli chemotaxis receptors belong to
TarH, a pseudo four-helix bundle domain,””*° and a number of
hybrids between E. coli receptors have been reported previously
with fusions at different sites: above TM2,° in TM2,”"*! in the
HAMP domain,*>****3* after the HAMP domain,** and in the
kinase control module.””** To verify our capability to construct
other hybrids with a four-helix bundle domain, we used the
sensory domain of histidine kinase NarQ_(Figure la), which
senses nitrate and nitrite”* and regulates expression of anaerobic
respiratory genes.”> We chose the fusion point within the second
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Figure 2. Construction and characterization of the McpS-Tar hybrid. (a) Structure of an HBM domain (the sensory domain of McpS$ from P. putida,
PDB ID: 2YFA). (b) Sequence alignment for McpS, Tar, and the hybrid receptor of the two; fusion sites between McpS and Tar are shown in red and
green, respectively. (c) Cartoon representation of the hybrid McpS295Tar200. (d) The response of the McpS-Tar hybrid and wild-type Tar to L-malate
measured by an agar plate assay. Sites of the ligand source and inoculated cells are shown by a red dotted line and by a yellow dot, respectively. Spreading
of cells toward or away from the ligand source is indicated by the white line. (e, f) Example of a FRET measurement of buffer-adapted E. coli cells
expressing McpS-Tar as the sole receptor responding to stepwise addition (down arrow) and subsequent removal (up arrow) of the indicated
concentrations of L-malate (e) and the corresponding dose—response curve (f) analyzed and plotted as in Figure 1.

helix (AS2) of the HAMP domain, guided by the previously
reported functional hybrid between the closely related HK NarX
and Tar,”” and using ClustalW>® for sequence alignment (Figure
1b). The resulting hybrid NarQ[1—217]-Tar[257—553]
(NarQ217Tar257) connects the extracellular sensory domain,
the two TM helices, and part of the HAMP domain from NarQ
to the rest of the HAMP domain and the kinase control module
of Tar (Figure 1c). The coding sequence of this hybrid was
cloned into an expression vector inducible by sodium salicylate®”
(see Methods and Table S1), and the expression of the construct
was verified using immunoblotting (Figure S1). The regulation
of the chemotaxis pathway activity by the hybrid receptor was
characterized using a previously described pathway activity
reporter based on fluorescence (Forster) resonance energy
transfer (FRET).”®*” This assay allows monitoring of the
phosphorylation-dependent interaction between CheY fused to
yellow fluorescent protein (CheY-YFP) and its phosphatase
CheZ fused to cyan fluorescent protein (CheZ-CFP) and thus
measurements of the intracellular changes in the pathway activity
due to chemotactic stimulation with increased CheA activity
resulting in a higher ratio of YFP/CFP fluorescence. The
response of NarQ217Tar257 to the NarQ ligands nitrate and
nitrite was studied in strain VS181°” that lacks all native receptors
but possesses the intact receptor methylation system (Table S1).
The same approach was also used for the characterization of all
other hybrids (see below). FRET measurements demonstrated
that the NarQ-Tar hybrid receptor mediates repellent responses
to NaNOj (nitrate) and NaNO, (nitrite) (Figure 1d—f and
Figure S2a) with the initial rapid increase in the kinase activity
(corresponding to the increase in YFP/CFP ratio) upon
stimulation, which is followed by slow methylation-dependent
adaptation. These responses were similar to those observed for

the Tar-mediated response to repellents (e.g, NiCl,) using
FRET.* The responses of NarQ-Tar showed different dose
dependences for nitrate and nitrite with EC, values of 0.56 +
0.08 and 161 =+ 21 uM, respectively (Figure le and f). These
responses were specific because the wild-type Tar did not
respond to NaNOj at any of the given concentrations, and a
response to NaNO, was observed only at the highest
concentration tested (Figure S2b). To test if nitrate and nitrite
competitively bind to the same binding pocket of NarQ, we
adapted the hybrid to a saturating level of one ambient ligand and
measured the response to the other. The binding of nitrate and
nitrite to NarQ-Tar was apparently competitive because
adaptation to 100 #M NaNO; completely inhibited the response
to NaNO,, whereas adaptation to 10 mM NaNO, raised the ECy,
of the response to NaNOj; to 8.2 + 1.4 uM (Figure le and f).
Notably, it was previously shown that such mutual inhibition is
only observed for the competitive binding of the two ligands,
whereas adaptation to a ligand that signals through the same
receptor via a different mechanism has no effect on the
response.

HBM Domain Hybrid Receptor. The HBM domains are
found in chemotaxis receptors and HKs from bacteria and
archaea.'® Its structure, exemplified by McpS from P. putida
KT2440," contains six helices arranged into two modules
(Figure 2a). The membrane-proximal module was shown to bind
several TCA cycle intermediates, such as malate, succinate, and
citrate,*"** whereas the membrane-distal module of McpS was
proposed to sense acetate as a ligand.*" For the constructuction
of an McpS-Tar hybrid, the extracellular sensory domain of McpS
was combined with Tar within the TM2 region to yield
McpS[1-295]-Tar[200—553] (McpS295Tar200) (Figure 2b
and ¢). E. coli UU1250" (Table S1) expressing this hybrid as the
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Figure 3. Construction and characterization of the ECA0434-Tar hybrid. (a) Structure of a monomer of the NIT domain of NasR from K. oxytoca (PDB
ID: 4AKK). (b) Sequence alignment for ECA0434 and Tar; fusion sites between ECA0434 and Tar are shown in red and green, respectively. (c)
Cartoon representation of the hybrid ECA385Tar267. (d) FRET responses of buffer-adapted E. coli cells expressing ECA0434-Tar as the sole receptor
upon stepwise addition (down arrow) and subsequent removal (up arrow) of the indicated concentrations of NaNOj. (e) Corresponding dose response
of ECA0434-Tar to NaNO; in buffer (closed squares) or in the presence of I mM NaNO, (open triangles). (f) The dose response of ECA0434-Tar to
NaNO, in buffer (closed squares) or in the presence of 100 uM NaNOj; (open triangles). Dose—response curves were analyzed and plotted as in Figure

1.

sole receptor showed a good attractant response to L-malate in
the agar plate assay, in which directional spreading of swimming
cells occurs along a pre-established gradient of chemoeffector
within the agar (Figure 2d). This was confirmed by the FRET
measurement, which showed the ECy of response to L-malate to
be 0.25 + 0.02 uM (Figure 2e and f). Besides L-malate, the hybrid
also mediated less sensitive attractant responses to succinate
(ECsp = 2.7 + 0.2 uM) and citrate (ECy, = 35.7 + 2.0 uM)
(Figure S3a and b). This order of sensitivity was consistent with
the previously measured binding affinities of McpS for L-malate
(8.5 uM), succinate (82 M), and citrate (109 #M),"” although
the ECy, obtained from the in vivo FRET measurements are
lower by more than an order of magnitude. This difference could
be explained by the signal amplification within the receptor
clusters in vivo. Notably, L-malate and succinate also elicited
FRET response in cells expressing the wild-type Tar but only at
significantly higher doses (Figure S3c); no response to citrate
was observed (Figure S3c). However, our hybrid showed no
response to acetate below 300 uM, whereas at higher
concentrations McpS-Tar and Tar both showed similar repellent
responses (Figure S3d), making it impossible to confirm acetate
sensing by McpS.

NIT Domain Hybrid Receptor. The NIT domain is
prevalent in prokaryotic intracellular transcription antitermina-
tion regulators, HKs, chemotaxis receptors, and diguanylatecy-
clases and diesterases.'” The structure of the NIT domain,
determined for the NasR protein from Klebsiella oxytoca,**
contains nine a-helices, eight of which form a pair of four-helix
bundles®*** (Figure 3a). We made a hybrid using the
extracellular NIT sensory domain of the putative chemotaxis
receptor ECA0434 from Pectobacterium atrosepticum strain SCRI
1043. This receptor contains two transmembrane helices and a
HAMP domain, as predicted by the SMART online server
(http://smart.embl.de).45 The hybrid ECA0434[1—385]-

Tar[267—553] (ECA385Tar267) was constructed using fusion
at the position after the HAMP domain of ECA0434/at the
beginning of MH1 of Tar (Figure 3b and c). Cells expressing this
hybrid receptor had a highly sensitive repellent response to
NaNO; in FRET measurements with an EC;, of 0.31 & 0.03 uM
(Figure 3d and e). It also mediated a less sensitive repellent
response to NaNO, with an EC; of 8.5 + 0.9 uM (Figure 3fand
Figure S4), confirming that the NIT domain confers nitrate and
nitrite sensitivity. When adapted with 1 mM NaNO, or 100 uM
NaNO;, the cells were dramatically inhibited in responding to
NaNO; or NaNO,, respectively, indicating that nitrate and
nitrite compete for the same binding site of ECA0434 (Figure 3e
and f).

Single PDC Domain Hybrid Receptor. The sin%le PDC
domain widely exists in chemotaxis receptors and HKs. > In the
Pfam library, it is also grouped into the Cache 3 domain. The
single PDC domain has one Per/ARNT/Sim (PAS)-like a+p
module that was structurally characterized for HKs PhoQ, Dcus,
and CitA'>*0~* (Figure 4a). Here, we focused on E. coli CitA,
where this domain is used to sense citrate and to mediate signals
to a C-terminal HK part composed of a catalytic domain and a
dimerization domain.”*** CitA does not use a HAMP domain to
mediate signal transduction and shows no evolutionary
conservation with Tar. We thus decided to combine CitA and
Tar at the positions above the HAMP domain: either above the
two TM helices or in TM2. For the CitA-Tar hybrid with the
fusion site above the two TM helices, we conducted the sequence
alignment and secondary structure prediction using PSIPRED
V3.3 (http://bioinf.cs.ucl.ac.uk/psipred/ )’ to select the fusion
residues in the N- and C- terminals of the CitA sensory domain
(Figure 4b). Cells expressing the hybrid Tar[1—43]-CitA[55—
173]-Tar[184—553] (Tar43CitA55Tar184) had an attractant
response to citrate (Figure 4c and Figure S5a) with an ECgq of 1.1
+ 0.1 M. It also showed a weaker attractant response to
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Figure 4. Construction and characterization of the CitA-Tar hybrids. (a) Structure of a single PDC domain (the sensory domain of histidine kinase CitA
from Klebsiella pneumoniae, PDB ID: 2]80). (b) Sequence alignment for CitA and Tar in hybrids Tar43CitASSTar184 and CitA193Tar200; fusion sites
between CitA and Tar are shown in red and green, respectively. (¢, d) FRET measurements and response curves of buffer-adapted E. coli cells expressing
Tar43CitASSTar184 (c) or CitA193Tar200 (d) as the sole receptor at the indicated concentrations of citrate. (e, f) The dose response of
Tar43CitASSTar184 to itaconic acid (e) or maleic acid (f) in buffer (closed squares) or in the presence of 2 mM citrate (open triangles). (g) Dose—
response curve of Tar43CitASSTar184 to citrate in the presence of 10 mM itaconic acid (open squares) or maleic acid (open circles). Dose—response

curves were analyzed and plotted as in Figure 1.

isocitrate with an ECg, of 43.5 + 4.4 uM (Figure SSb). This is
comparable to the in vitro measured binding affinities of citrate
and isocitrate to CitA (0.15—1.0 uM for citrate and ~15 uM for
isocitrate).” The fusion within TM2 was constructed based on
the alignment of the aromatic anchors (Figure 4b). This fusion
was also functional, and the FRET measurements showed that
the hybrid CitA[1—193]-Tar[204—553] (Cit193Tar204) sensed
citrate as a repellent (Figure 4d) with an ECgj of 2.1 + 0.1 uM.
The responses of these two hybrids are specifically mediated by

the ligand-binding pocket of CitA because Tar did not respond to
citrate or isocitrate (Figure S3c and Figure S5c¢). Interestingly,
Cit193Tar204 and Tar43CitAS5Tar184 have opposite responses
to citrate. This may result from the two hybrids adopting
different conformations, such that the same signal input from the
sensory domain induces an opposing conformational change in
the HAMP domain of the receptor.

We have further tested several additional compounds and
discovered that, besides reported C6 acids (citrate, isocitrate, and
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Figure 5. Construction and characterization of the McpC-Tar hybrids. (a) Structure of a double PDC domain (the sensory domain of a chemotaxis
receptor from Vibrio cholerae, PDB ID: 3C8C). (b) Sequence alignment for the McpC and Tar components in hybrids Tar43McpC49Tar184,
McpC286Tar200, and McpC350Tar267 and the hybrids themselves; fusion sites between McpC and Tar are shown in red and green, respectively. (c—f)
Agar plate assays, FRET measurements, and dose—response curves of E. coli cells expressing Tar43McpC49Tar184 (c), McpC286Tar200 (d),
McpC350Tar267 (e), or McpC350-YSYEH-Tar272 (f) as the sole receptor at the indicated concentrations of L-proline. In the agar plate assays, sites of
the ligand source and inoculated cells are shown by a red dotted line and by a yellow dot, respectively. Relative spreading of cells toward or away from the
ligand source is indicated. Dose—response curves were analyzed and plotted as in Figure 1.

tricarboxylic acid), the CitA-Tar hybrid Tar43CitASSTar184
also sensed itaconic acid (ECgy = 1.2 + 0.1 mM) and maleic acid
(ECs = 1.0 + 0.1 mM), which both elicited repellent responses
that were opposite to the citrate response (Figure 4e and f and
Figure SSd). In contrast, the wild-type Tar and the Tar mutant
lacking the periplasmic domain (Tar°-T303I)"" sensed these two

compounds as attractants (Figure SSc and e). The E. coli strain
deleted for all chemotaxis receptors only showed nonspecific
response to these compounds at the highest concentration
(Figure SSf). These results suggest that CitA senses these
compounds via the sensory domain. Interestingly, in this case,
the competition experiments showed that adaptation to citrate
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Figure 6. Characterization of ligand specificity of GFP-labeled E. coli cells expressing McpC350Tar267 as the sole receptor. (a) Microfluidic assay of the
chemotactic response to the indicated amino acids 10 min after ligand addition (scale bar, 100 zm). The arrow on the image indicates the direction up
the concentration gradient of each ligand. The highest concentrations of ligands located on the right edge of the observation channel were 3 mM for Cys,

Ala, Val, Leu, Ile, Met, Pro, Gly, and Thr, and 7 mM for Arg, Ser, and Phe.

The response is characterized by measurements of the fluorescence intensity in

the analysis region indicated by a yellow rectangle (300 gm X 200 ym). (b) The corresponding values of the fluorescence intensities in the analysis
regions normalized to the fluorescence intensity of cells in buffer. (c, d) Fluorescence microscopic images recorded as in (a) but after 15 min with 1 mM

concentrations of indicated compounds (c) and the corresponding resp

onse (d). Error bars in b and d indicate the standard errors of 3 replicates. (e)

Dose responses of cells expressing McpC350Tar267 to identified novel ligands measured by FRET and analyzed and plotted as in Figure 1.

does not substantially change the responses to itaconic or maleic
acids (ECs, of 4.1 + 0.3 mM for itaconic acid and 1.4 + 0.1 mM
for maleic acid, Figure 4e and f), whereas conversely, these two
compounds had no effect on the response to citrate (ECg, of 5.6
+ 1.6 uM for itaconic acid and 7.1 + 0.7 uM for maleic acid,
Figure 4g). Itaconic and maleic acids could thus interact with the
sensory domain of CitA differently from citrate.

Double PDC Domain Hybrid Receptor. The double PDC
domain is found in various signaling proteins across a wide range
of bacterial species. Several structures of the double PDC
domains have been solved,*> showing that this domain is
composed of two Per/ARNT/Sim (PAS)-like a+f modules
(Figure 5a)."> The current model of signaling via the double
PDC domain proposes that the membrane-distal module of the
two PDC domains binds a ligand, whereas the membrane-
proximal module transmits signals from the distal module to the
transmembrane region.”® The reported hybrids with a double
PDC domain include PctA-Tar,”> PctB-Tar,> PctC—Tar,26 and
McpG-Tar*® with the fusion point after the HAMP domain. In
this work, to create a hybrid with a double PDC domain, we used
the sensory domain of the amino acid receptor McpC from B.
subtilis strain 168.>

To be able to generalize the method of constructing hybrids
with domains different from those found in E. coli, we
systematically tested different fusion points for the McpC-Tar
hybrid. Functional McpC-Tar hybrids were obtained by
combining the two receptors in three regions: (1) Tar[1—43]-
McpC[49—270]-Tar[184—553] (Tar43McpC49Tar184) with

the fusion points above the two TM helices of Tar (Figure Sb and
c), (2) McpC[1—286]-Tar[200—553] (McpC286Tar200) with
a fusion point in the TM2 of Tar (Figure Sb and d), and (3)
McpC[1—350]-Tar[267—553] (McpC350Tar267) with a fusion
point after the HAMP domain of McpC/at the beginning of
methylation helix of Tar (Figure Sb and e). As before, fusion
positions were chosen based on the sequence alignment and
secondary structure prediction (Figure 5b) and considering the
positions of aromatic anchors for the TM2 sequences (Figure
5Sb). The repellent responses of these three McpC-Tar hybrids to
L-proline, one of the established attractants for McpC,> have
been confirmed by FRET measurements and semisolid agar plate
assays. Neither Tar nor Tar®-T303I showed responses to L-
proline (Figure S6). The values of ECy, were 68.4 + 3.4 uM for
Tar43McpC49Tar184, 20.3 = 3.7 uM for McpC286Tar200, and
27.7 £ 7.7 uM for McpC350Tar267 (Figure Sc—e, respectively),
comparable to the in vitro measured binding affinity of L-proline
to McpC (14 uM).>* All McpC-Tar hybrids showed repellent
responses to L-proline, an attractant for B. subtilis, consistent with
the fact that attractants activate rather than inhibit CheA in B.
subtilis. The hybrids with fusion points within the HAMP
domain, McpC[1—340]-Tar[257—553] (McpC340Tar257), or
with the replacement of the protein contact region of McpC with
that of Tar, McpC[1—472]-Tar[361—417]-McpC[530—655]
(McpC472Tar361McpCS30), were also constructed but were
nonfunctional, although both of them were well-expressed
(Figure S1).
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The outlined strategy of hybrid construction using sequence
alignment and structural analysis might not always be successful
because some hybrids may adopt unfavorable conformation that
abolishes signaling. We thus also explored an alternative strategy
that is based on randomizing the sequence at the junction point
between the two receptors and then subsequently selecting for
functional hybrids. For this, we constructed a library of
McpC[1—350]-NNNNN-Tar[272—553] hybrids with a random
amino acid linker after the HAMP domain of McpC (Figure Sf).
This library was subsequently separated in a gradient of L-proline
established on an agar plate, and the constructs that mediated the
most efficient spreading down the gradient were selected and
identified by DNA sequencing (see Methods and Figure S7).
One of the hybrids with the linker Tyr-Ser-Tyr-Glu-His
(McpC350-YSYEH-Tar272) sensed L-proline as a repellent.
The response was confirmed by the FRET measurement,
yielding an ECg, of 8.6 & 2.2 uM (Figure 5f).

Characterizing Ligand Specificity of Hybrid Receptors.
Although for our hybrid construction we focused on receptors
with known ligands, we think our strategy could be extended to
resolve the ligand specificity of the majority of bacterial
chemoreceptors and sensory kinases whose ligand remains
unknown. We thus propose that hybrid receptors could be used
to characterize ligand specificity of various sensory domains in
the heterologous E. coli system using a previously described
microfluidic assay®* as well as FRET.

Here, we illustrated this approach using example hybrids from
McpC (B. subtilis) and McpG and McpS (P. putida). McpC was
reported to sense 17 proteinogenic L-amino acids,”” 10 of which
(Pro, Thr, Gly, Ser, Val, Ala, Tyr, Ile, Phe, and Leu) were
confirmed to bind to the li§and-binding pocket by isothermal
titration calorimetry (ITC).>> We thus tested response of the
GFP-labeled E. coli strain UU1250 expressing McpC350Tar267
to all 20 proteinogenic L-amino acids using microfluidics. This
strain indeed showed a robust repellent response to 12 amino
acids (Cys, Val, Ala, Pro, Ile, Leu, Thr, Gly, Ser, Phe, Met, and
Arg) (Figure 6a), which resulted in a decreased number of
fluorescent cells near the top of the gradient (Figure 6b). We
could thus confirm McpC-mediated responses to 9 of the 10
amino acids, which show both binding affinities in ITC and
chemotaxis (Pro, Thr, Gly, Ser, Val, Ala, Ile, Phe, and Leu). E. coli
expressing McpC350Tar267 further responded to Met, Arg, and
Cys, which are putative McpC ligands that could not be detected
or measured by ITC.>® Encouraged by these results, we applied
the assay to screen for novel ligands of McpC using the BIOLOG
library of compounds that can serve as a microbial carbon or
nitrogen source (Table S2). Because compound concentrations
in the BIOLOG library are not defined, the candidate
compounds that elicited the McpC350Tar267-specific responses
were verified again by microfluidics and FRET. We found that
D,L-@-amino-n-butyric acid, p,L-a-amino-n-valeric acid, L-homo-
serine, and D-alanine are potent ligands for McpC (Figure 6c—e
and Figure S8). Tar showed either no response or a much weaker
response to these compounds in microfluidics and FRET (Figure
S9). The chemical structures of the compounds and ECs values
obtained by FRET are shown in Table 1.

We also identified novel ligands of McpG and McpS using a
previously reported McpG-Tar hybrid McpG[1—348]-
Tar[268—553] (McpG348Tar268)*° and McpS295Tar200,
respectively (Tables S3 and S4, respectively). We found that
besides its previously established ligand y-aminobutyrate
(GABA),” McpG senses agmatine, putrescine, L-proline, L-
homoserine, L-alanine, L-cysteine, and ethylenediamine (Figure

Table 1. Novel Ligands for McpC, McpG, and Mcp$S

Name Structure ECs
McpC
0
D,L-o-amino-n-butyric acid /\*ou 8.6+ 2.4 uM
N
o
D,L-oi-amino-n-valeric acid \AHl\on 64.6+ 12.5 uM
NH;
o
L-homoserine "°\/\H\ou 154+ 13 uM
NHy
o
D-alanine ~Hon 703 + 44 uM
NH,
McpG
A . NZN/\/\/NYNH
gmatine | 23+0.3uM
Putrescine PNy 27.5+5.5uM
L-proline @Tm 59.6+4.5 1M

L-homoserine "°\/\H‘\o~ 98.5 £ 6.4 UM
NH,
o
L-alanine ~on 20,9+ 1.8 uM
NH;
o
L-cysteine NS/\HJ\ON 28.5+ 1.0 uM
NH;
Ethylenediamine ") 9.8+ 0.6 UM

McpS

L-aspartate QY\H\"" 1.8+0.3 uM

Itaconic acid °1:\’H\ou 83.5+5.1uM

Caproic acid /\/\)OKON 9.9+2.1uM
o o

D-tartaric acid °ﬁon 9.3+0.4uM

f);-—};z:l(:::y-glutaric acid 0{7 ‘Lou 146+ 6 uM

Valeric acid \/\jkw 52.8+6.1 uM

7a—c, Figure S10, and Table 1), whereas McpS senses L-

aspartate, itaconic acid, D-tartaric acid, @-hydroxy-glutaric acid-y-

lactone, caproic acid, and valeric acid as novel attractants (Figure

7d—f, Figure S11, and Table 1). The wild-type Tar or Tar®-T303I

showed no response or much weaker responses to these
6 (1

compounds” (Figure S9).

B DISCUSSION

Construction of hybrid sensors in bacteria is a potentially
powerful tool for characterizing the ligand specificity of novel
sensory domains as well as constructing bacterial biosensors.
Although several such hybrids were previously reported,”***~*’
the principles for making functional hybrids and the flexibility
allowed in combining receptors with structurally different
sensory domains remained unknown. In this work, we have
shown that most structural types of extracellular sensory domains
found in chemotaxis receptors or HKs (the four-helix bundle,
HBM, NIT, single PDC, and double PDC domain) can
successfully be fused to the E. coli chemotaxis receptor Tar.
The majority of the constructed hybrids were functional,
impressively demonstrating functional modularity of bacterial
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Figure 7. Characterization of ligand specificity of GFP-labeled E. coli cells expressing McpG348Tar268 or McpS295Tar200 as the sole receptor. (a)
Microfluidic assay of the response of McpG348Tar268 to the novel ligands 30 min after ligand addition (scale bar, 100 ym). The arrow on the image
indicates the direction up the concentration gradient of each ligand. The highest concentration of ligand located on the right edge of the observation
channel was 300 4M. (b) The corresponding values of the fluorescence intensities in the analysis regions normalized to the fluorescence intensity of cells
in buffer. (c) Dose responses of cells expressing McpG348Tar268 to identified novel ligands measured by FRET. (d, e) Fluorescence microscopic
images recorded as in a for McpS295Tar200 responding to 300 M of the indicated compounds (d) and corresponding response (e). Error bars in b and
e indicate the standard errors of 3 replicates. (f) Dose responses of cells expressing McpS295Tar200 to identified novel ligands measured by FRET and
analyzed and plotted as in Figure 1.
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Figure 8. Overview of hybrid receptors and corresponding fusion sites tested in this study. Functional hybrids are shown in green, and the nonfunctional
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receptors. Our results indicate that, potentially, any existing We could further establish some general guidelines for making
sensory and signaling domain can be artificially combined to functional receptor hybrids. In general, positions that are located
produce a functional sensor. (i) above the two TM helices, (ii) within the TM2 helix, or (ii)
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after the HAMP domain appear to be the most promising (Figure
8). In the first case, it is important to choose the correct position
where the N- and C-terminals of the foreign domain could be
connected to the two TM helices of the other receptor. Here, we
show that even in the absence of any sequence or structural
homology, fusion points could be identified based on the
hydrophilic or hydrophobic properties of the residues, as in the
case of Tar43CitASSTar184. The aromatic anchors at the
beginning and/or the end of the TM2 helix can also guide the
alignment for the fusions within TM2. Although conservation of
sensory and HAMP domains facilitates alignment of sequences
belonging to different receptors, fusion strategies (i—ii) are
apparently applicable even for HKs that do not possess a HAMP
domain. Finally, the region after the HAMP domain can also
serve as a proper fusion point because the mechanism of signal
transduction through HAMP domains might be conserved in
chemotaxis receptors and HKs.” The ability to achieve a
functional receptor hybrid with fusion sites within the HAMP
domain appears to be more sensitive to the sequence because the
hybrid NarQ217Tar257 was functional whereas
McpC340Tar257 was not. Finally, we showed that, besides
targeting specific fusion points, the random-linker approach
might also be employed, which relies on selection of the
hybrid(s) with the desired activity from the library.

Notably, functionality of bacterial chemoreceptor hybrids
might be aided by the receptor methylation system. Although
this system normally compensates for changes in the receptor
activity that result from ligand binding, it is likely to also partly
compensate for conformational shifts that result from hybrid
construction and bias receptors toward either an active or
inactive state.

One possible application of hybrid receptors is to characterize
ligand specificity of a target receptor/HK, addressing a huge gap
that exists between thousands of sequenced receptor and HK
genes and only a very limited number of receptors/HKs for
which the ligand specificity has been established. To illustrate this
approach, we have identified novel ligands for McpG and McpS
from P. putida and McpC from B. subtilis. Here, we used
microfluidic experiments and agar plate assays for the initial
screening and FRET for subsequent detailed characterization of
ligand specificity with all of these assays showing consistent
results. We found that, besides its established ligand GABA,
McpG also senses agmatine, putrescine, L-proline, L-cysteine, L-
alanine, ethylenediamine, and r-homoserine as attractants. L-
aspartate, itaconic acid, D-tartaric acid, a-hydroxy-glutaric acid-y-
lactone, caproic acid, and valeric acid are novel attractants for
McpS. In addition to 12 proteinogenic amino acids (Cys, Val,
Ala, Pro, Ile, Leu, Thr, Gly, Ser, Phe, Met, and Arg), McpC senses
D,L-@-amino-n-butyric acid, b,L-a-amino-n-valeric acid, L-homo-
serine, and D-alanine as novel ligands. These compounds may be
used as energy sources or as biological precursors. Moreover, L-
proline, L-homoserine, and putrescine are abundant in plant
exudates and might be used by P. putida and B. subtilis as cues to
locate plants in the soil where both species are found.

This approach can also be applied for identifying ligands of
HKs. Here, we determined two novel ligands for CitA: itaconic
and maleic acids. Interestingly, these ligands have opposite
effects on the activity of the hybrid, suggesting that they might
counteract the action of citrate. Additionally, our data suggests
that their mode of binding to CitA is different from that of citrate.
We also identified nitrite as a secondary ligand of NarQ, in which
case the binding was competitive with the established ligand
nitrate.

In conclusion, we have developed here a general strategy for
creating functional hybrid chemotaxis receptors, which enabled
us to make fusions between the cytoplasmic domain of the E. coli
receptor Tar and every tested sensory domain from other
chemotaxis receptors or histidine kinases. Importantly, the
design of such functional hybrids required neither sequence nor
structural homology with the sensory domain of Tar. Given the
immense diversity of the sensory domains in bacteria and archaea
that detect various small molecules, such hybrids potentially
provide a rich source of novel bacterial biosensors. Among the
sensory domains studied in this work, the PAS-like domains
appear to have an exceptionally broad range of specificity,
consistent with their ubiquitous presence in both bacterial and
eukaryotic signaling proteins,”> and may thus represent
particularly attractive targets for the biosensor design. Moreover,
because with our current design the hybrids control the
chemotaxis system of E. coli a number of standardized
chemotaxis assays can be used to characterize the specificity of
the sensory domains, including quantification of relative affinities
for proposed ligands and screening for novel ligands of
chemotaxis receptors and HKs.

B METHODS

Strains and Plasmids. Bacterial strains and plasmids used in
this work are listed in Table S1. For the FRET measurements,
receptorless cheY cheZ strain VS181 [A(cheYcheZ)AaerAtsrA-
(tar-tap) Atrg]* was transformed with the plasmid pVS88™
expressing FRET pair CheY-YFP/CheZ-CFP and a plasmid
expressing the receptor of interest. For the agar plate assay,
receptorless strain UU1250 [AaerAtsrA(tar-tap)Atrg]™ was
transformed with a plasmid expressing a particular receptor. For
the microfluidic experiments, the same strain was additionally
transformed with the plasmid expressing GFP. Chemoreceptor
and HK hybrids were constructed as described in the text. The
expression of all full-length hybrids was confirmed by
immunoblotting using E. coli cheR cheB strain VHI [A-
(cheRcheB) A(cheYcheZ) AaerAtsrA(tar-tap) Atrg] 36

Molecular Cloning. The plasmids pSB1 to pSB11 were
constructed to express the hybrid receptors. The coding
sequence of each hybrid was amplified using PCR reaction.
Two oligonucleotides introduced restriction sites Ndel at the 5'-
end and BamHI at the 3’-end. The amplified fragment was
digested and ligated with the plasmid pKG116.”" The Tar
portions of pSB1 and pSB7 were amplified using pPA791. For
plasmid pSB10, a NotI restriction site was introduced in the TM2
region to connect the fragment of McpS with that of Tar, which
replaced the Tar residues [VVV],00_50, to [AAA]550-202-

FRET Measurements. Preparation of cells for FRET
measurements was described previously.*® In short, E. coli cells
expressing the receptor of interest were grown in TB (1%
tryptone, 0.5% NaCl) supplemented with antibiotics (100 pg
mL™" of ampicillin; 17 pug mL™"' of chloramphenicol) and
appropriate inducers at 34 °C and 275 rpm. Cells were harvested
at ODgy, of 0.6 and washed twice with the tethering buffer (10
mM KH,PO,/K,HPO,, 0.1 mM EDTA, 1 uM methionine, 10
mM sodium lactate, pH 7.0). FRET measurements were
performed on an upright fluorescence microscope (Zeiss Axio
Imager.Z1). Strains expressing receptors were stimulated with
compounds of interest. The fluorescence signals were recorded,
analyzed as described previously,”® and plotted using Kaleida-
Graph (Synergy Software). Data were fit to a Hill model. For the
repellent response, Y = A x L"/(L™ + K™), whereas for the
attractant response, Y= A X (1 — L*/(L™ + K™)). In the model, Y
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is the initial FRET response, L is the concentration of the ligand,
A'is the amplitude (for the saturated response, A is fixed to be 1),
H is the Hill coeflicient, and K is the ECyy,.

Agar Plate Assay. Minimal A agar (0.25% agar, 10 mM
KH,PO,/K,HPO, 8 mM (NH,),SO,, 2 mM citrate, 1 mM
MgSO,, 0.1 mg mL~" of thiamine-HCI, 1 mM glycerol, and 40 ug
mL™' of a mixture of threonine, methionine, leucine, and
histidine) supplemented with antibiotics and inducers was used
for the agar plate assay. Chemical solutions were applied to the
center line of the plate and incubated at 4 °C for 12—16 h to
generate a chemical gradient.”” Overnight cultures expressing the
receptor of interest were washed twice with tethering buffer and
applied to the plate at a defined distance from the line where the
chemical was inoculated: 2.5 cm for McpC-Tar, 2 cm for CitA-
Tar, and 3.5 cm for McpS-Tar. Plates were incubated at 30 °C for
24—48 h.

For selecting a functional McpC-Tar hybrid with a random
linker, the library was applied to an agar plate for the first round
of selection. Cells that had the best repellent responses to L-
proline, which was applied to the center, accumulated at the edge
of the plate. These cells were then selected and grown in LB
medium and inoculated on another plate for the second round of
selection. After three rounds of selection, the most chemotactic
cells were streaked out on LB plates to obtain single colonies.
The plasmids were extracted from these colonies and trans-
formed again to UU1250. The chemotaxis behavior of the
selected McpC-Tar hybrid was confirmed again on agar plates.
The sequence of the linker in the functional hybrid was identified
by DNA sequencing.

Microfluidic Experiments. E. coli UU1250-expressing
hybrid receptors and GFP proteins were grown at 34 °C in TB
supplemented with antibiotics and inducers until the ODygy,
reached 0.6. Cells were harvested by centrifugation at 3,000 rpm
for 3 min and washed twice with the tethering buffer. The
compounds supplied from BIOLOG were dissolved in 50 yL of
water to reach a final concentration of 10—20 mM.*”** The other
compounds were dissolved in the tethering buffer and adjusted to
pH 7.0. The responses of E. coli cells to concentration gradients
of the various compounds were measured using a microfluidic
device as previously described.”* In summary, E. coli cells were
added at the sink side pore of the device to a final ODg, of 1.2—2
and equilibrated for 40 min in the observation channel.
Compound solutions were added at the source side pore and
allowed to diffuse into the observation channel for an indicated
time to establish a concentration gradient. Fluorescence
microscopy on a Nikon Ti-E microscope system with a 20X
objective lens was used to detect the fluorescence intensity of
cells in the observation channel. Cellular response was
characterized by the fluorescence intensity in the analysis region
(300 pm X 200 um) of the observation channel. Data were
analyzed using Image] (Wayne Rasband, National Institutes of
Health, USA).

Immunoblotting. Immunoblotting was performed as
described before."” Briefly, cells were grown and prepared as
for FRET measurements. Culture samples were concentrated 17-
fold, and 10 uL of the sample was separated using 12% SDS-
PAGE. Rabbit polyclonal anti-Tar antibody was used as the
primary antibody, and fluorescently labeled goat antirabbit IgG
IRDye 800 conjugate was used as the secondary antibody. A LI-
COR Odyssey Infrared Imaging System was used for detection.
Band intensities were quantified using Image].
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