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Abstract 21	

Chemotaxis is the movement of an organism in response to an external chemical stimulus. This system 22	

enables bacteria to sense their immediate environment and adapt to changes in its chemical composition. 23	

Bacterial chemotaxis is mediated by chemoreceptors, membrane proteins that bind an effector and 24	

transduce the signal to the downstream proteins. From a synthetic biology perspective, the natural 25	

chemotactic repertoire is of little use since bacterial chemoreceptors have evolved to sense specific 26	

ligands that either benefit or harm the cell. Here we demonstrate that using a combined computational 27	

design approach together with a quantitative, real-time, and digital detection approach, we can rapidly 28	

design, manufacture, and characterize a synthetic chemoreceptor in E. coli for histamine (a ligand for 29	

which there are no known chemoreceptors). First, we employed a computational protocol that uses the 30	

Rosetta bioinformatics software together with high threshold filters to design mutational variants to the 31	

native Tar ligand binding domain that target histamine. Second, we tested different ligand- 32	

chemoreceptors pairs with a novel chemotaxis assay, based on optical reflectance interferometry of 33	

porous silicon (PSi) optical transducers, enabling label-free quantification of chemotaxis by monitoring 34	

real-time changes in the optical readout (expressed as the effective optical thickness, EOT). We found 35	

that different ligands can be characterized by an individual set of fingerprints in our assay. Namely, a 36	

binary, digital-like response in EOT change (i.e. positive or negative) that differentiates between 37	

attractants and repellants, the amplitude of change of EOT response, and the rate by which steady state in 38	

EOT change is reached. Using this assay, we were able to positively identify and characterize a single 39	

mutational chemoreceptor variant for histamine that mediated chemotaxis comparably to the natural Tar-40	

aspartate system. Our results demonstrate the possibility of not only expanding the natural chemotaxis 41	

repertoire, but also provide a new quantitative assay by which to characterize the efficacy of the 42	

chemotactic response.   43	
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Introduction 44	

Bacterial chemotaxis is the movement of bacteria in response to an external chemical stimulus. 45	

This system enables bacteria to sense their immediate environment and quickly adapt to changes in its 46	

chemical composition, moving away from repellents or towards attractants, thus assuring their survival. 47	

Furthermore, it is characterized by specific responses, high sensitivity, and a dynamic range (1, 2).  48	

Chemotaxis is facilitated by methyl-accepting chemotaxis protein (MCP or the chemoreceptor), which is 49	

typically a transmembrane protein that binds the effector through the periplasmic ligand binding site and 50	

transduces the chemotactic signal forward to downstream Che proteins (1, 3, 4). Most MCPs contain a 51	

poorly-conserved ligand-binding domain, one or more HAMP domains, and a conserved C-terminal 52	

cytoplasmic domain that contains the methylated glutamate residues. The level of methylation is 53	

controlled by the interplay between the methylesterase (methyl-removing) phosphorylated CheB and the 54	

methyltransferase CheR (1, 4). Binding a ligand causes a conformational change in the MCP receptor, 55	

which translates down the hairpin structure. An attractant facilitates increased methylation of the C-56	

terminus domain, while a repellant causes the opposite effect to occur. These methylation states, in turn, 57	

lead the bacteria to either travel up a gradient for an attractant, or away from it with a repellant. The 58	

motion is controlled via a signal propagation pathway that originate with the signal transducer (CheW) 59	

and histidine kinase component (CheA), which can bind the tip of the conserved C-terminus domain of 60	

the different MCPs encoded within the bacterium. Together, the molecular components of chemotaxis can 61	

be thought of as a broad-band chemical detection apparatus for gradients of varying analytes (1, 3). 62	

Bacterial chemotaxis is characterized by simplicity of design, plasticity, and broad range of 63	

chemical detection repertoire that is highly conserved across the prokaryotic kingdom (5, 6). In particular, 64	

E. coli’s chemotaxis system consists of only five chemoreceptors: Tsr (taxis to serine and repellents), Tar 65	

(taxis to aspartate and repellents), Trg (taxis to ribose and galactose), Tap (taxis to dipeptides) and Aer 66	

(taxis to oxygen) (1, 3). Due to the universality of the signal transduction pathway, this simple, yet 67	

optimized configuration suggests that chemotaxis can be readily manipulated by simply adding new 68	

chemoreceptors, which can communicate with the downstream signaling apparatus. One of the most 69	

intriguing characteristics of chemotaxis is that the bacteria do not detect a concentration of a particular 70	
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chemical, but rather a gradient in chemical compositions. This characteristic implies that chemotaxis has 71	

the potential to be an alternative for detection of chemicals in solutions, as gradients can be manipulated 72	

independently of analyte concentrations. As a result, several attempts in recent years have been made to 73	

increase the chemotaxis repertoire of E. coli. (7, 8) In all cases, the studies focused on altering the 74	

chemoreceptors in such a way that might result in a change of the specificity of the LBD and cause it to 75	

sense novel chemo-effectors. These attempts, although share the same goal, were based on two 76	

fundamental approaches: Lin et al(8) showed that E. coli’s Tar receptor can be re-specified to respond to 77	

cysteic acid, phenyalanin, and N-methyl-asparate using error-prone PCR on the periplasmic ligand 78	

binding domain, and with follow up selection experiments. Alternatively, two studies(9, 10) have shown 79	

that it is possible to make functional chemoreceptor chimeras in E. coli using the ligand binding domains 80	

of Pseudomonas aeruginosa PctA, PctB, and PctC chemoreceptors and the native Tar chemoreceptor. 81	

Notably, Bi et al.(7) recently developed a more systematic approach to engineering chemoreceptor 82	

chimeras in E. coli, thus expanding the synthetic chemotactic repertoire of E. coli further. 83	

Here, we show that a combined computational design and a real-time quantitative detection 84	

method can be used to further expand the chemotactic repertoire of E. coli beyond naturally occurring 85	

ligand-binding domains.  To do this, we implemented a two-pronged approach: first, we computationally 86	

designed novel chemoreceptors using the “Rosetta” bioinformatics software suite, and second, we 87	

developed a novel chemotaxis detection tool, which facilitates rapid, quantitative, and “digital-like” 88	

detection of attractants and repellants by monitoring the light reflective interference from nanostructured 89	

PSi-based optical transducer. (11) We demonstrate the feasibility of our approach, by using Rosetta to 90	

produce several candidate Tar-LBD mutants that had a high probability of binding histamine. We then 91	

show using “digital chemotaxis” and more traditional chemotaxis assays that one of the variants that 92	

received a high score by Rosetta was indeed able to respond to histamine in a specific manner.  93	

Materials and Methods 94	

Materials 95	

Aspartate, histamine, methionine, N’-(3-triimethoxysilylpropyl) diethylenetriamine (DETAS), succinic 96	

anhydride, N,N’-diisopropylcarbodiimide (DIC), N-hydroxysulfosuccinimide (NHS), lectin from 97	
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Triticum vulgaris (termed as wheat germ agglutinin or WGA), and acetonitrile were purchased from 98	

Sigma-Aldrich, Israel. Absolute ethanol, potassium and phosphate salts, dimethyl sulfoxide (DMSO), and 99	

diisopropylethylamine (DIEA) were supplied by Merck, Germany. Acetic acid, NaCl, and MgSO4 were 100	

supplied by Bio-Lab Ltd, Israel. Bacto agar and tryptone were supplied by BD Biosciences, USA. Low 101	

melt SeaPlaque agarose was purchased from Lonza. EDTA was supplied by JT Baker. Sodium benzoate 102	

was supplied by the Fluka brand of Honeywell (USA). Bio-assay buffer (BA) was composed of 0.5 103	

mg/mL tryptone, 0.1 M NaCl, 1 M MgSO4 in 0.01 M PBS supplemented with 0.03% glycerol. TB-based 104	

medium was comprised of 10 g/L tryptone and 10 g/L NaCl. Motility buffer was composed of 0.1 M 105	

K2HPO4, 0.1 M KH2PO4, 0.1 mM EDTA, and 0.001 mM methionine in double-distilled water (ddH2O, 18 106	

MΩ). Phosphate buffered saline (PBS) pH 7.2 was prepared by dissolving 17 mM KH2PO4, 27 mM KCl, 107	

52 mM Na2HPO4, and 1.4 M NaCl in ddH2O. 108	

Silicon diffraction grating preparation 109	

Photonic chips containing Si diffraction gratings in the form of arrayed micron-sized square wells were 110	

fabricated by standard lithography and reactive ion etching techniques (Micro-Nano Fabrication Unit, 111	

Technion – Israel Institute of Technology) and mechanically diced into 10 mm by 5 mm chips by an 112	

automated dicing saw (Disco, Japan). Lectin from tritium vulgaris, commonly referred to as wheat germ 113	

agglutinin (WGA), was immobilized on the Si diffraction gratings as previously described.(12) Briefly, 114	

the chips were thermally oxidized in ambient air at 800 °C for 1 hour in a Lindberg/Blue Split-Hinge 115	

furnace (Thermo Scientific, USA), followed by silanization in 2% DETAS (50% ethanol in ddH2O, 116	

acidified with 0.6% acetic acid) for 1 h. Chips were washed with ethanol and dried under a stream of 117	

nitrogen. Carboxylation was performed by incubation in a solution comprised of 1% succinic anhydride 118	

(in acetonitrile with 4% DIEA) for 3 h followed by washing with ethanol and drying with nitrogen. 119	

Amine activation was promoted by incubation in 129 mM DIC and 87 mM NHS constituted in 120	

acetonitrile for 1 h. After rinsing with ethanol, chips were stored at 4 °C overnight in WGA solution (1 121	

mg/mL, 10% DMSO) to promote lectin immobilization onto the Si diffraction grating. 122	

Bacterial strains and plasmids 123	
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Derivative of E. coli RP437 strain UU1250 (Δtsr-7028 Δ(tar-tap)5201 Δtrg-100 Δaer-1, kanr) (13) was 124	

used as a parental strain to construct all the chemotactic strains in this work, and were obtained from Dr. 125	

Vaknin (Hebrew University). ΔZras and Δfilm B275 strains were used as a positive and negative control 126	

strains, respectively, and were obtained from Prof. Eisenbach (Weizmann Institute). PSB1C3 and 127	

PSB1A3 plasmids were obtained from (International Genetically Engineered Machine) iGEM 2016 128	

distribution kit. 129	

PctA-Tar chimera construction 130	

To construct the chimeric chemoreceptor, the LBD and HAMP domains of the E. Coli Tar were replaced 131	

by the respective domains of the PctA receptor, as was previously done by	 Reyes-Darias et al (10). 132	

Briefly, the LBD sequence of the PctA was obtained from the Pseudomonas aeruginosa PAO1 genome 133	

database and the signaling region of Tar was obtained from the iGEM 2016 parts catalog (Bba K777000). 134	

These resulting constructs encode a fusion protein comprising amino acids 1 to 354 of PctA with amino 135	

acids 269 to 553 of Tar. 136	

The LBD and HAMP of the PctA sequence together with the Tar sequence were obtained from two 137	

designed gBlocks (IDT). A double terminator sequence was obtained from the iGEM 2016 parts catalog 138	

(Bba B0015). The terminator part was digested using EcoRI and XbaI restriction enzymes resulting a 139	

backbone sequence that contains chloramphenicol resistance. The three parts were assembled on a 140	

plasmid by creating overlap regions through designed gBlocks and ligated using Gibson assembly. The 141	

chimeric chemoreceptor was transformed into Top 10 E. coli strain, validated and then transformed into 142	

UU1250 E. coli strain which lacks chemoreceptors genes tsr, tar, tap, trg and aer. 143	

Histamine-Tar variant design and construction 144	

To construct the Histamine-Tar variant, a protocol presented by Moretti et al (14) was followed. The 145	

output of the protocol is a library of variants, ranging from dozens to thousands of protein PDB files, 146	

depending on the parameters of the design. Each variant is a mutated version of the input protein such that 147	

the mutations increase affinity to a specific ligand of our choice. By using this protocol to design a 148	

histamine sensitive Tar, a library of 870 mutated Tar receptors was obtained. Each design consisted of 3-5 149	
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iterations of the protocol for optimal results. Next, a filtering process was performed using the parameters 150	

presented in table S1 Table. 151	

The filtering process resulted in 11 variants, which were predicted as energetically favorable to bind 152	

histamine. S1 Fig presents a sequence comparison between the designed strains and the wildtype Tar. 153	

These were constructed through mutating two places in the native Tar chemoreceptor using two sets of 154	

forward and reverse primers, as shown in S2 Table. Mutated variants were verified by sequencing and 155	

then transformed to UU1250 E. coli strain. 156	

TAR-GFP chimera construction 157	

Tar-EGFP chimera was constructed using a flexible linker 5’-ggtagcggcagcggtagc-3’, sequence which 158	

was obtained from iGEM 2016 parts catalog (Bba J18921) to an EGFP sequence from the iGEM catalog 159	

(Bba E0040). PCR reaction to the chemoreceptors plasmid and the EGFP sequence part with an overlap 160	

region of the linker was performed, using PCR primers for EGFP sequence and chemoreceptor plasmid, 161	

as shown in S2 Table. 162	

Soft agar swarming assay 163	

Swarming assay was carried out based on the Alders assay (15) (i.e. using 0.5% (w/v) soft agar plates). 5-164	

cm Petri dishes were filled with 5 mL soft agar and 5 mL of BA (bio-assay buffer) or TB based media, for 165	

PctA-Tar chimera and Histamine-Tar varianst, respectively. The plates were cooled down to room 166	

temperature in order to solidify for at least 1 h. The tested strains were grown overnight at 30°C at the 167	

appropriate media. Using a sterile tip, a drop of bacterial suspension was placed in the middle of the 168	

solidified agar containing the chemo-attractant.  169	

Microscope repellent chemotaxis drop assay 170	

An overnight culture grown at 30 °C was diluted 1:50 and grown to an optical density (OD) value of ~ 1. 171	

The correlation between bacteria concentration and OD600 measurement was determined empirically (1 172	

OD600 = 8 x 108cells/mL). Cells were re-suspended in motility buffer and placed on a microscope slide (8 173	

µL)(. A 2 µL drop of repellent was added to the bacteria a ratio of 1:5 (v/v), respectively, after validating 174	

that the final repellent concentration is not lethal for the bacteria. The bacterial response was then 175	
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recorded for 15 min using Nikon Eclipse Ti microscope (magnification 100x), taking a frame every 50 176	

ms. 177	

Microscope chemotaxis chip assay 178	

An overnight culture grown at 30 °C was diluted 1:50 and grown to an OD600 value of ~1. A 40 µL 179	

suspension of bacteria in motility buffer was placed into a commercial sticky-Slide I Luer (Ibidi, 180	

Germany), which is specifically designed for perfusion applications. For microscopy studies, the sticky-181	

Slides were prepared according to the manufacture’s specifications and 160 µL of a chemo-effector 182	

(attractant or repellent) was added to the microfluidic channel and bacterial response was recorded for 20 183	

min.  184	

Single cell fluorescence imaging 185	

An overnight culture grown at 30 °C  was diluted 1:50 and grown for 3-5 h. Soft agar gels (1% w/v) were 186	

made by dissolving 0.15 mg low melting agarose in 10 mL PBS and solidified gels were placed inside an 187	

optical plate. 188	

10 µL of the culture was then placed on the gel and incubated for 30 min in room temperature. Analysis 189	

and imaging of the cells were obtained by Nikon Eclipse Ti microscope, magnification 100x, 490 nm 190	

wavelength. 191	

Real-time chemotaxis on a chip 192	

Reflectometric interference spectroscopy of two-dimensional diffraction gratings was employed to 193	

accurately measure chemotaxis. A photonic chip containing Si micron-sized wells was fixed in a custom-194	

made flow cell heated to 37 °C and illuminated by a broadband tungsten light source (OceanOptics, LS-1) 195	

normal to the surface. Zero-order diffraction of the photonic chip was collected by a CCD spectrometer 196	

(OceanOptics, USB4000) and recorded every 30 s. All solutions were delivered to the photonic chips at a 197	

flow rate of ~0.3 mL/min using a peristaltic pump. After acquisition of a baseline in motility buffer for 45 198	

min through the flow cell, experiments were performed in the following three stages while reflectance 199	

spectra were recorded: First, a bacterial suspension prepared in motility buffer (OD600 ~1) was 200	

continuously delivered until saturation of the lamellar features with bacteria. Second, the chip was 201	

washed with motility buffer solution to remove cells that were loosely adhered to the chip surface. Lastly, 202	
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the chemo-effector was delivered in motility buffer for approximately 30 min. Zero-order diffraction was 203	

measured as a function of reflectance intensity versus wavelength. The frequency of the reflected light 204	

can be described using the following equation (16, 17): 205	

2𝜓$ = 2𝑘𝐿 = ()
*
(2𝑛$𝐿)                                                           (1) 206	

Where 𝜓$ is the phase delay between the source beam and the reflected one, 𝜆 is wavelength, 𝐿 is the 207	

depth of the Si pores, and 𝑛$ is the refractive index of the medium filling the pores. Through frequency 208	

analysis using application of a fast Fourier transform (11), the value of 2n0L can be calculated. Thus 2n0L 209	

refers the optical path difference, commonly termed effective optical thickness (EOT) and provides a 210	

measure for monitoring changes in refractive index that correspond to bacterial colonization within the 211	

silicon pores. Hence, upon altering the solution medium in the flow cell, a change in the refractive index 212	

occurs, leading to an increase or decrease in EOT values. (11). To normalize results, chemotaxis was 213	

measured as a function of ΔEOT with:  214	

 ΔEOT = EOTn – EOT0,                                                            (2) 215	

where EOT0 is the EOT measured at t = 0, the time when the chemo-effector was introduced. 216	

 217	

Results 218	

Characterization of the native Tar functionality 219	

In order to build a generic chemotactic capacity expansion toolkit, we first needed to test our rapid 220	

or digital detection approach on the natural Tar chemoreceptor. To do so, we reintroduced the tar gene to 221	

E. coli strain UU1250 that lacks all native chemoreceptors. This strain was first subjected to several 222	

chemotaxis assays, using aspartate to test the attractant response and 𝑁𝑖1( to test the repellent response 223	

(3).  224	

Attractant response of the Tar receptor was initially tested using the chip microscope assay (see 225	

Materials and Methods). Briefly, suspension of bacteria was placed into a commercial “sticky-Slide I 226	

Luer” Ibidi fluidic chip. The microscope was focused on a single point in the channel. Later the chemo-227	

attractant was added to the channel and the bacterial response was followed and recorded. The results 228	

(Fig. 1A-B) show that after 15 minutes the number of bacteria in the recorded frame increased from 49 to 229	
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120 after the attractant, aspartic acid, was added while the number of bacteria remained approximately 230	

unchanged (55 bacteria at time zero, and 66 after 15 minutes) for the control which was treated with 231	

motility buffer that lacks repellent or attractant. Repellent response was tested using the microscope drop 232	

assay (see Materials and Methods). Briefly, a bacterial cell suspension was placed under the microscope 233	

and a drop of repellent was added to the bacteria while recording the changes in the movement of the 234	

bacteria due to the addition. In this test, the bacteria expressing Tar immediately began to tumble in 235	

response to a repellent as expected (data not shown).  236	

 237	

Fig 1. Localization of chemoreceptor at the bacteria’s membrane. (A) Optical microscope results of 238	

chemotaxis activity of the Tar variant with 10mM aspartate added, 0 and 20 minutes after adding 239	

aspartate, Control- Tar strain 0 and 20 minutes after adding motility buffer. (B) Quantification of the 240	

change in bacterial numbers during the chemotactic microscope attractant measurements (C) Bright field 241	

and GFP fluorescence (Excitation: 490 nm, Emission: 510 nm) of UU1250 strain expressing Tar-GFP 242	

chemoreceptor (upper panel) that localize in cell membrane poles, positive control- E. coli strain 243	

expressing GFP protein is distributed in the bacterial cell (middle panel), and negative control- UU1250 244	

strain expressing Tar chemoreceptor (bottom panel) does not fluoresce. Y-axis corresponds to exact 245	

number of cells counted in image. 246	

 Furthermore, verification of chemoreceptor localization to the membrane poles was performed 247	

(18). This property is critical for signal amplification and adaptation of the cell, since it is crucial for 248	

additional proteins, such as kinases and adaptors to interact with the receptor, once it is situated in its 249	

proper location in the membrane (18). Although little is known about the mechanism of localization, it is 250	

important to retain this property with our newly designed receptors, to ensure a functional and sensitive 251	

chemotactic response. In Fig. 1C, we show single cell fluorescence images of bacteria expressing a 252	

chimera of the Tar-GFP-chemoreceptor (18, 19). The figure shows that Tar-GFP (upper panel) can be 253	

detected in the cell poles, indicating a proper migration and localization of the Tar receptor whereas the 254	

strain expressing GFP only lacks GFP translocation to the bacterial cell membrane (middle panel) and the 255	

strains expressing Tar only (bottom panel) did not display any GFP fluorescence. 256	

 257	
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Real-time chemotaxis-on-a-chip  258	

Though numerous methods have been developed to study chemotactic responses, none provide a 259	

real-time measurement without the use of fluorescence labeling. In recent years, the use of porous Si 260	

matrices for bio-sensing applications has readily increased and has encompassed the detection of various 261	

analytes such as DNA, proteins, and bacteria (20-22). Thus, we decided to employ the specific “trap and 262	

track” method of bacteria within Si diffraction gratings demonstrated by Massad-Ivanir et al. (11, 23) as a 263	

proof-of-concept basis to monitor chemotactic responses in real-time using three different bacterial strains 264	

(see Table 1). Figure 2A schematically illustrates the concept of the chemotaxis-on-a-chip assay, where 265	

the optical response of photonic chip, comprised of a Si diffraction grating with square wells ~3.7 µm in 266	

width (Fig. 2B), is monitored.  267	

 268	

Fig 2. Chemotaxis-on-a-chip concept and result. (A) Schematic of the real-time chemotaxis-on-a-chip 269	

system in which a photonic chip, housed in a heated flow cell is filled with various suspensions while the 270	

zero-order diffractive reflectance of the chip is monitored. (B)	Optical microscope image of the photonic 271	

chip, which is comprised of a Si diffraction grating. Scale bar represents 5 µm. (C) Optical read-out for a 272	

single experiment, presenting all three experimental steps: (i) Adding bacterial solution. (ii) Washing with 273	

motility buffer. (iii) Adding a chemo-effector. (D) Chemotaxis monitoring presenting three chemotactic 274	

responses: ΔZras with repellent containing 50 mM sodium benzoate (orange), UU1250 control with 275	

repellent containing 50 mM sodium benzoate (blue), native Tar with attractant containing 20 mM 276	

aspartate (yellow). 277	

 278	

Results for a typical chemotaxis assay are presented in Figure 2C in terms of the recorded EOT 279	

value vs. time. The panel represents the full EOT recorded for the duration of an entire experiment 280	

(starting from baseline acquisition) over time for the bacterial strain with as the chemo-effector. After the 281	

addition of the bacteria, an EOT shift of ~70 nm occurred over the span of 200 minutes. Subsequent 282	

washing of the chip with motility buffer led to a decrease in EOT, as excess, non-adhered cells are 283	

removed. Introduction of the chemo-effector (50 mM benzoate) results in a sharp increase in the EOT 284	
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value, which is ascribed to higher refractive index of the solution (e.g., when chemoattractant was added). 285	

Notably, while the preparation of the chip to chemotaxis experiments is time consuming (~ 7 hours), a 286	

positive chemotactic response is recorded within approximately 10 minutes. 287	

To observe differences in chemotactic responses, three different bacterial strains were tested 288	

(Table 1), and ΔEOT measurements are plotted in Figure 2D. First, the response of the bacterial strain 289	

expressing the Tar chemoreceptor was studied upon the introduction of its natural attractant, aspartate (20 290	

mM in motility buffer). In this case, a rapid decrease in the EOT (of ~4 nm) is observed within less than 5 291	

min, after which a continuous moderate reduction is recorded (Fig. 2D, yellow trace). This behavior is 292	

ascribed to the decreasing population of cells within the chip, as the bacteria respond to the chemo-293	

attractant gradient in the solution and actively move towards it (6). An opposite trend is obtained when 294	

the ΔZras strain, which expresses all four natural chemoreceptors, is exposed to the chemo-repellent 295	

solution of benzoate (50 mM in motility buffer). A rapid increase in the EOT is observed within 5 min, 296	

followed by a stabilization of the EOT signal around a constant value within the next hour (Fig. 2D, 297	

orange trace).  The response of the UU1250 strain, which lacks all chemoreceptors, to benzoate was also 298	

tested as control. Because this strain lacks the ability to move towards the chemo-effector, most bacteria 299	

remained inside the pores, resulting in small amplitude fluctuations of ΔEOT around the baseline EOT 300	

value (Fig. 2D, blue trace). Thus, the Tar and ΔZras strains, which are chemotactically active, behaved as 301	

expected, either leaving the pores or entering them depending on the effector introduced, resulting in a 302	

drop or rise in EOT, respectively.  303	

Bacterial strain Chemoreceptors Chemo-effector tested 
E. coli Tar Tar chemoreceptor 20 mM aspartate (attractant) 

E. coli ΔZras 4 chemoreceptors 50 mM benzoate (repellent) 

E. coli UU1250 none 50 mM benzoate (repellent) 

Table 1. Bacterial strains and chemo-effectors tested using the chemotaxis-on-a-chip platform.  304	

 305	

PctA-Tar chimera exhibits chemotactic responses towards PctA specific 306	

chemo-effectors. 307	
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As a first attempt to test synthetic chemo-receptors, we constructed a chimeric chemoreceptor 308	

from P. Aeruginosa PctA chemoreceptor and E.coli’s Tar. A different variant of this chimera was 309	

previously demonstrated to be chemotactic in E. coli by Reyes-Darias et al (10). PctA mediates 310	

chemotactic movement towards all L-amino acids (except aspartic acid) and away from organic 311	

compounds such as TCE (10). To generate the chimeric receptor PctA-Tar we chose to use the ligand-312	

binding as well Histidine kinase, adenylyl cyclase, methyl-accepting -taxis proteins and phosphatase 313	

(HAMP) domains of PctA and fused it to the Tar signaling domain. The resulting plasmid was 314	

transformed into the chemotactic null E. coli UU1250 strain.  315	

To confirm the functionality of the chimeric receptor, a swarming plate assay was carried out. In 316	

this assay, a drop of a bacterial suspension is placed in the middle of a soft agar plate containing the 317	

chemo-attractant. Subsequently, bacteria metabolize the nutrients in their immediate surroundings thus a 318	

concentration gradient of the chemo-attractant is formed causing the bacteria to move through the pores 319	

of the agar, and advance towards higher concentrations of nutrients. As the bacteria progress through the 320	

gel, “chemotactic rings” are formed and can be observed after overnight incubation at 30 °C. In Fig. 3, no 321	

“chemotactic ring” formation can be observed for the control strain UU1250 (Fig. 3B, center) indicating 322	

the lack of chemotactic movement. In contrast, “chemotactic ring” formation can be seen for the chimeric 323	

PctA-Tar receptor (Fig. 3B, left) as well as for the enhanced motility chemotactic strain ΔZras (Fig. 3B, 324	

right), confirming the recovery of chemotactic ability for the chimeric PctA-Tar receptor in the UU1250 325	

strain of E. coli.  To show that the PctA-Tar chimera has the ability to translocate to the membrane poles, 326	

GFP was fused to its C-terminus and microscope images of GFP localization were recorded. S2 Fig 327	

confirms the polar localization of the PctA-Tar chimera as the constructed chemoreceptor is localized to 328	

the membrane poles. 329	

 330	

Fig 3. PctA-Tar chimeric receptor construction and functional analysis. (A) Schematic representation 331	

of the native Tar chemoreceptor (left), native PctA of Pseudomonas aeruginosa receptor (middle) and 332	

PctA-Tar chimera (right) that contains the PctA ligand binding domain and the Tar signaling domain. 333	

Scheme has been adapted from Reyes-Darias et al (10). (B) Swarming assay was performed for the 334	

attractant response of the PctA-Tar chimera, the negative control strain UU1250 and the positive control 335	
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strain ΔZras. Plates were incubated at 30 °C for 24 hr. (C) Real time chemotaxis measurement results 336	

presenting four chemotactic responses: ΔZras with repellent containing 50 mM sodium benzoate 337	

(orange), PctA-Tar chimera with attractant containing 10mM alanine (brown), UU1250 control with 338	

repellent containing 50 mM sodium benzoate (blue), native Tar with attractant containing 20 mM 339	

aspartate (yellow). See also S3 Fig. 340	

To further characterize the PctA-Tar synthetic chemoreceptor, we tested its response to the L-341	

amino acid Alanine attractant using our real time chemotaxis assay (Fig. 3C). The graph presents the 342	

ΔΕΟΤ measurements obtained for the PctA-Tar strain when subjected to an attractant gradient of 10 mM 343	

Alanine (brown). The Alanine ΔΕΟΤ trace is plotted together with the traces obtained for the Tar control 344	

shown in Fig. 2D. The results show that while a rapid (~10 minutes) and consistent reduction in ΔΕΟΤ is 345	

observed for Alanine, consistent with it being an attractant, the overall amplitude of the response is ~x5 346	

weaker than what was previously observed for Tar.  However, the dose response curve generated by the 347	

PctA-Tar strain for alanine, characterized by the speed of the response (~5-10 minutes) and the 348	

stabilization around a lower value of ΔΕΟΤ is consistent with dose response obtained for aspartate with 349	

the enhanced motility ΔZras strain. As a result, the discrepancies in the dose response curves can be 350	

explained with by either the enhanced motility of ΔZras, or by a lower sensitivity to the Alanine gradient 351	

by the PctA-Tar chimera.  352	

  353	

Computationally designed histamine-sensitive chemoreceptor shows 354	

attraction response to histamine. 355	

The bacterial world offers a relatively small selection of chemoreceptors in comparison to the vast 356	

number of possible ligands. This fact alone limits the capacity to generate synthetic chemoreceptors using 357	

a chimeric strategy as shown above. To overcome these limitations and expand the chemotaxis repertoire 358	

of E. coli beyond known naturally occurring ligand binding domains, we attempted to apply a 359	

computational design approach to construct novel chemoreceptors. We chose, as a proof of concept, to 360	

construct a histamine binding receptor, as it is a small molecule and a variant of an amino acid, histidine. 361	

Histamine is known to be found in decaying food, especially rotten fish, and can cause a food-allergy-like 362	
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immune response(24), which in some cases can be life threatening. To construct a histamine-sensitive 363	

receptor, we used the Rosetta software suite, a collection of algorithms and programs for macromolecular 364	

modeling and design. For the generation of new ligand-binding domains we followed the protocol 365	

described by Moretti et al (14). Briefly, the program is given two inputs, A PDB file containing the 366	

sequence of the ligand binding domain of the receptor, and the chemical structure of the target ligand. The 367	

program then inserts random mutations into the sequence of the native binding domain and calculates the 368	

effects of these mutations in terms of energy and binding affinity. The output of a single protocol iteration 369	

is a library of dozens to hundreds of variants, each with its own set of mutations. For each target ligand, 370	

we ran 3-5 iterations of the protocol, to increase the chance of a successful hit. Subsequently, the virtual 371	

library was subjected to a filtering process designed to eliminate variants which Rosetta predicts will not 372	

bind the ligand correctly, this is done according to the parameters which are specific per design (see Table 373	

S1). Using this algorithm, we managed to generate a library of mutated Tar ligand binding domains that 374	

were computational predicted to bind histamine and activate the chemotaxis pathway in response to it. 375	

Out of the 870 suggested mutations, only 11 variants passed the filtering process, meaning, they were 376	

predicted to bind histamine. As expected, all mutations are located near the natural binding pocket for 377	

aspartate as can be seen in Fig. 4A and in Fig S1. Each color in the three-dimensional plot of the Tar 378	

ligand binding domain represents the mutations of each variant, presented in their unbound form.  379	

 380	

Fig 4. Histamine-Tar variant construction and functional analysis. (A) 3D imaging of the 11 mutated 381	

variants together with the native Tar (wild type) located near the binding pocket, each color represents a 382	

different variant (B) Microscope results of chemotaxis activity of the histamine-Tar variant with 10mM 383	

histamine added, 0 and 20 minutes after adding histamine, Control- histamine-Tar strain 0 and 20 minutes 384	

after adding motility buffer. Lower graph showsquantification of the change in bacterial numbers during 385	

the chemotactic microscope measurements. (C) Chemotaxis monitoring presenting five chemotactic 386	

responses: ΔZras with repellent containing 50 mM sodium benzoate (orange), UU1250 control with 387	

repellent containing 50 mM sodium benzoate (blue), control of histamine-Tar variant with attractant 388	

containing 20 mM aspartate (grey), histamine-Tar variant with attractant containing 10 mM histamine 389	

(green), native Tar with attractant containing 20 mM aspartate (yellow). 390	
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 391	

Next, these 11 variants were cloned into the native Tar ligand-binding domain and tested for 392	

chemotactic activity towards histamine, using a bacterial suspension in motility buffer was placed into a 393	

commercial Ibidi fluidic chip. Histamine was added and the bacterial response was recorded. Out of the 394	

11 tested variants (data not shown), one variant (histamine-Tar#9) mediated an attraction response 395	

towards histamine. 20 minutes after addition of histamine, the bacterial concentration increased more than 396	

two-fold (Fig. 4B) close to where the histamine has been added to the slide, whereas the same strain did 397	

not move towards motility buffer thus demonstrating the first example of a newly generated 398	

chemoreceptor using computational design. To show that the histamine-Tar variant retains the ability to 399	

translocate to the membrane poles, GFP was fused to its C-terminus and microscope images of GFP 400	

localization were recorded. S2 Fig confirms the polar localization of the Histamine-Tar variant as the 401	

constructed chemoreceptor is localized to the membrane poles. 402	

Finally, we tested the histamine-Tar variant using our real time quantitative chemotaxis assay. The 403	

results are plotted in (Fig. 4C). The graph presents the dose response as function of time of histamine-Tar 404	

to 20 mM aspartate as a control (grey) and 10 mM histamine as attractant (green). The figure shows that 405	

the mutated variant displays a delayed “attractant” response to aspartate, which possibly reaches steady-406	

state ΔΕΟΤ levels after 45 minutes, but with a final amplitude that is ~3x smaller than the natural Tar’s 407	

response to Aspartate. The histamine-Tar response to addition of histamine results in a moderate and 408	

continual change of ΔΕΟΤ ultimately reaching an amplitude similar to what was observed for the natural 409	

Tar’s response to aspartate with steady state possibly being reached at 30 m. Consequently, while the 410	

dose response of the mutated Tar to histamine is observed, the speed of the response is 4-5x slower than 411	

Tar’s response to asparate indicating that additional mutations may be needed in order to improve the 412	

chemotactic behavior of this mutant.  413	

  414	

Discussion 415	

The bacterial chemotaxis system has been studied for several decades due to its wide range of 416	

applications. In recent years, with the advance of technology, knowledge of the inner working of this 417	
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system has led to attempts to harness it for targeted usage via different approaches, such as: rational 418	

design of chimeras and directed evolution (10 ,8). In this work, we showed using a combined 419	

computational and a real-time quantitative approach that the E. coli Tar chemoreceptor can be respecified 420	

to a new ligand that does not have a known chemoreceptor in the microbial metagenome. 421	

A reliable computational design algorithm can complement synthetic chimera strategies (as 422	

demonstrated by Reyes-Darias et al (10) and repeated by us here), in two ways: first, construction of a 423	

chemoreceptor chimera can be sensitive to domain compatibility with other receptors, mainly due to lack 424	

of knowledge regarding other bacterial chemoreceptors.  While a recent paper by the same group (7) 425	

portends to have developed a generic approach for assembly of chimeras, it only has been demonstrated 426	

on a handful of new chimeras, and is thus not completely full proof. Second, computational design 427	

algorithms such as the Rosetta software are not limited to the natural milieu of chemoreceptors, and thus 428	

can be used to generate completely new receptors as was shown here.  429	

In order to utilize this approach and to systematically mine the potential ligand space for new non-430	

natural receptors, we developed a new quantitative, real-time, and digital-like chemotaxis detection assay. 431	

Our approach is an adaptation of the “trap and track” method of bacteria within Si diffraction gratings 432	

demonstrated by Massad-Ivanir et al. (11, 23). Here, using a steady flow, we generated ligand 433	

concentration gradient inside individual porous Si wells, which force the bacteria to either leave the well 434	

in case of an attractant or congregate at the bottom if the ligand is a repellant.  Detection of motion is 435	

carried out via the change in refraction index or EOT, which facilitates a rapid and quantitative 436	

characterization of the chemotactic response. In this work, we studied three different chemoreceptors 437	

using three separate attractants and one repellant. Our results shows that each ligand/chemoreceptor pair 438	

can be characterized based on the amplitude of refractive index change, the length of time that is required 439	

for steady-state level to be reached, and a digital classification into attractant/repellant depending on 440	

whether the change in refractive index is negative or positive respectively. Consequently, our 441	

quantitative, real-time, and digital approach provides additional read-out into the ligand-chemoreceptor 442	

interaction that can facilitate better characterization of chemotaxis. Finally, we envision that are method 443	

can potentially be used to rapidly characterize the response of synthetic chemoreceptors to novel ligands, 444	

thus facilitating a methodology where dozens of new ligands and chemoreceptor pairs can be scanned, 445	
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characterized, and even improved with complementary directed evolution-based approaches. Such a tool 446	

will not only contribute to the advancing of our understanding of chemotaxis, but also provide the means 447	

by which to generate completely synthetic chemotactic bacteria for a whole range of applications from 448	

bio-remediation to medical diagnostics.  449	
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S1 Fig. Amino acid sequences of the ligand binding domains. Amino acid sequences of the ligand 509	

binding domains of the 11 mutated variants which passed the filtering process, together with that of the 510	

native Tar (wild type). 511	

S2 Fig. Bright field and GFP fluorescence (Excitation: 490 nm, Emission: 510 nm) of UU1250 strain 512	

expressing PctA-Tar-GFP chemoreceptor (upper panel) localize in cell membrane poles, and UU1250 513	

strain expressing PctA-Tar-GFP chemoreceptor (bottom panel) localize in cell membrane poles. 514	

S3 Fig. Real time chemotaxis measurement results presenting four chemotactic responses: ΔZras 515	

with repellent containing 50 mM sodium benzoate (orange), PctA-Tar chimera with attractant containing 516	

10mM methionine (brown), UU1250 control with repellent containing 50 mM sodium benzoate (blue), 517	

native Tar with attractant containing 20 mM aspartate (yellow). 518	

S1 Table. Filtering parameters- Filtering parameters used according to Rosetta protocol. 519	

S2 Table. List primers used to construct Histamine-Tar variants and Histamine-Tar-GFP chimera. 520	

 521	
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Supporting Information 

 

Name of Parameter Meaning 

total_score weighted average of all parameters 

Transform_accept_ratio How well the low-resolution Monte Carlo stage worked. It is a 

number between 0 and 1 and is provided as a diagnostic 

fa_elec Coulombic electrostatic potential 

fa_intra_rep The repulsive energy within residues 

fa_pair Statistical residue-residue interaction potential. Very useful in 

protein-protein interactions 

fa_rep The repulsive portion of the Lenard-Jones potential (11). If 

high, then there are clashes in the protein 

if_X_hbond_bb_sc 

if_X_hbond_sc 

Hydrogen bonding term between protein backbones and side 

chain (ligand) 

interface_delta_X The energy of interactions between the ligand (chain X) and the 

protein 

ligand_is_touching_X 1 if ligand is close to the protein, 0 otherwise 

complex_normalized Total score of the protein complex with the ligand (holo state) 

normalized by the number of residues 
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dG_cross The energy of interaction between the two sides of the 

complex, calculated in the holo state (protein bound to ligand) 

dG_separated The energy of interaction between the two sides of the 

complex, calculated by taking the score of the holo state, then 

separating the two sides of the interface, optionally repacking, 

and then calculating the score in the separated state. This is 

particularly useful if you think you have an "induced fit" type 

situation, and want to correct for repacking in the absence of 

the ligand. 

delta_unsatHbonds How many unsatisfied hydrogen bonds are introduced by the 

design. Unsatisfied hydrogen bonds are ones where the atom is 

able to make a hydrogen bond but does not because it’s 

blocked by other residues 

Packstat How well the protein is packed. values between 0-1 with 1 

being better 

sc_value Shape complementary score. Values between 0-1 with 1 being 

better. It looks at the correspondence between normal vectors 

of the surfaces of the protein and ligand 

side1_normalized 

side2_normalized 

The energies of the two sides of the interface, possibly 

normalized by the number of residues 

 

S1 Table. Filtering parameters- Filtering parameters used according to Rosetta protocol. 
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primer name sequence 5’à3’ used in variant number 

His_AA_Rev acgccacaggttaatttccgtttgcagcat 1,2,3,4,5,6,7,8,9,10 

His_AB_Rev acgaatcaggttaatttccgtttgcagcat 11 

His_BA_For tcacaggtacggatgatgatgga 2 

His_BB_For tcatgggtacggatgatgatgga 3,11 

His_BC_For tcagaagtacggatgatgatgga 4 

His_BD_For tcactggaacggatgatgatgga 5,6 

His_BE_For tcatttgtacggatgatgatggattcc 7 

His_BF_For tcactggtacggatgatgatgga 10 

His_BG_For tcagcggtacggatgatgatgga 1,8,9 

His_CA_Rev tggatgagcgaacgcagctccagtatt 1,8,11 

His_CB_Rev tggatgagccgcgctagctccagtatt 2 

His_CC_Rev tggatgagccgccgcagctccagtatt 3,7 

His_CD_Rev tggatgagctttgctagctccagtatt 4 

His_CE_Rev tggatgagccatcgcagctccagtatt 5,6 

His_CF_Rev tggatgagccacttcagctccagtatt 9 

His_CG_Rev tggatgagccaccgcagctccagtatt 10 

His_DA_For accggcggaatgatgaatgcaatgggc 1 

His_DB_For acctggggaatgatgaatgcaatgggc 2,3,4,6,7,8,9,10 

His_DC_For ggctggggaatgatgaatgcaatgggc 5 

His_DD_For acccagggaatgatgaatgcaatgggc 11 
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His_EA_For ccgaagatattgattacctggattatggc 2 

His_EA_Rev ttagcgcggtgtaatagttt 2,3 

His_EB_For ccgaaaccattgattacctggattatggc 3 

 

S2 Table. List primers used to construct Histamine-Tar variants and Histamine-Tar-

GFP chimera. 

 

 

	  

S1 Fig. Amino acid sequences of the ligand binding domains. Amino acid sequences of 

the ligand binding domains of the 11 mutated variants which passed the filtering process, 

together with that of the native Tar (wild type). 
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S2 Fig. Bright field and GFP fluorescence (Excitation: 490 nm, Emission: 510 nm) of 

UU1250 strain expressing PctA-Tar-GFP chemoreceptor (upper panel) localize in cell 

membrane poles, and UU1250 strain expressing PctA-Tar-GFP chemoreceptor (bottom 

panel) localize in cell membrane poles. 
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S3 Fig. Real time chemotaxis measurement results presenting four chemotactic 

responses: ΔZras with repellent containing 50 mM sodium benzoate (orange), PctA-Tar 

chimera with attractant containing 10mM methionine (brown), UU1250 control with 

repellent containing 50 mM sodium benzoate (blue), native Tar with attractant containing 20 

mM aspartate (yellow). 

 

	

-8

-6

-4

-2

0

2

4

6

8

0 20 40 60

ΔE
OT

	[n
m
]

Time	[min]

Control
Benzoate
Aspartate
PctA-Met

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 6, 2017. ; https://doi.org/10.1101/114207doi: bioRxiv preprint 

https://doi.org/10.1101/114207
http://creativecommons.org/licenses/by/4.0/

	Chemotaxis Paper _final
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	SI final



