The Design of Protein-Based Chloride Reporters

Background

Chloride is the most abundant anion in human bodies yet its specific functions and distributions in different organs, tissues, and cellular compartments are remain unclear to scientists. Two possible reasons of this phenomenon are the difficulties of identify chloride ion in aqueous environment and the lack of tools that are suitable for all conditions they are in. Throughout the years, many chloride sensing tools, such as small molecule dyes and fluorescent proteins, had been developed in molecular recognition field to unveil chloride concentrations cross different organisms and its functions in health and dysfunctional cell lines (Figure 1A). With the applications of these tools, many chloride functions had been discovered, for example, Cl⁻ concentrations are kept at a low level in mature neurons of the central nervous system because ionic equilibrium has to be maintained in a dynamic way to allow neuronal signaling to happen, and any disruption in this processes, which normally occurred due to the imbalance Cl⁻ co-transporters, are often times observed in many neurological disorders, such as such as autism spectrum disorders, neuropathic pain, and Down’s syndrome (1). However, the drawbacks of these tools often comprises their applications, such as the lack of the ability to quantify any small changes in Cl⁻ concentrations, prone to be photobleached, and hard to deliver and retain inside the cellular compartments (1). Thus, we believe it is still very necessary to design a new chloride sensor with proper spectroscopic properties and is suitable for different physiological conditions.  
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Inspired by many cation reporters in the field, especially GCaMP serials, a genetically encoded high-affinity Ca2+ probe, we think it is possible to construct a chloride sensor that its sensing domain is independent from its reporting domain and thus grant scientists to tune its optical properties and adjust its detection range (2). However, of all the substrate binding proteins, no chloride-specific solute binding proteins have ever been identified until two proteins caught our attentions: NreA from Staphylococcus carnosus (ScNreA) and from Staphylococcus aureus (SaNreA) because even identified as nitrate binding proteins, in their crystal structures, other anions (chloride and iodide) are also observed (3, 4). Also, it is known that naturally occurred chloride binding proteins have little selectivity over chloride, bromide, and nitrate (5, 6). This is partially due to the similar physical/chemical properties shared among these anions, such as hydration enthalpies (Cl⁻ = 381 kJ/mol, Br⁻ = 347 kJ/mol, and NO3⁻ = 314 kJ/mol), ionic radius 
(Cl⁻ = 0.172 ± 0.005 nm, Br⁻ = 0.188 ± 0.006 nm, and NO3⁻ = 0.179 ± 0.006 nm) and relative positions in Hofmeister series (SO42- > HPO42- > F⁻ > CH3COO⁻ > Cl⁻ > Br⁻ > NO3⁻ > I⁻ > ClO4⁻ > SCN⁻) (7-9). Based upon these basic physical/chemical properties of ions, we propose one question: can we utilize the permiscuities of ScNreA and re-engineer it to cause it to bind chloride in a more selective way? In this proposal, we will introduce a new chloride sensing platform that is inspired by GCaMP and ScNreA, including a chloride binding domain fused with a fluorescent protein. 

Aim 1: In vitro characterizations of ScNreA and SaNreA as the chloride sensing domain

In this aim, we propose to test the possibility if a naturally occurring nitrate binding protein, namely ScNreA and SaNreA, is able to bind other anions. ScNreA was identified as part of NreABC system that is responsible for nitrate transcriptional regulation in bacteria (10). Specifically, nitrate binds to ScNreA and releases it from ScNreB and thus activates the downstream mechanism (11). Yet, crystallographic studies show that other than nitrate (Figure 2A), ScNreA may have other cofactors, such as iodide. in vivo studies have confirmed this hypothesis and demonstrates ScNreA indeed bound with iodide (PDB ID: 4IUH) and is not a mere crystallographic effect (3). One possible explanation is that ScNreA has a relatively flexible binding pocket because the anions are only stabilized through hydrogen bondings (Figure 2B), whereas the majority of anion binding proteins that are very selective contain one or two positively charged residues in their binding sites which introduce more rigidity when a protein adopts different conformations (anion binding protein with selectivities). This discovery provides us a basis to explore further in the selectivities of anion binding proteins.   

Furthermore, recent study provides more structural insights into the relationship of protein conformational changes and promiscuity of anion interactions. SaNreA is a structural homolog to ScNreA (4IUK vs. 6IZJ, RMSD = 0. 732) and shares only 46% identity in sequence. However, SaNreA_Y95A has a chloride ion bound to it (4). Two major structural statements can be found in this study. Firstly, crystal structure of SaNreA (PDB ID: 6IZJ) shows its C-terminal loop may play a role in NreA-NreB interaction: in the absence of nitrate, the C-terminal region of SaNreA forms a helix (α7) that inhibits NreB’s phosphorylation; when nitrate binds to, the α7 is unwinded and forms a loop; thus releases NreB and triggers the rest of NreABC system (4). Secondly, SaNreA_Y95A structures (PDB ID: 6K2H and 6IZK) indirectly confirms the observations made in the mutation studies of ScNreA. For example, ScNreA_Y95A is 5 times weaker than WT ScNreA and displays a complete loss of nitrate binding ability in vivo studies (3, 4). We believe that replacing tyrosine with alanine forces the protein to rearrange the residues around its binding pocket, especially their site chain orientations, and thus renders the space available to anions, even though the overall structure does not change very much (4IUK vs. 6IZK, RMSD = 0.633) (Figure 3C). Based upon the above information, we speculate that there are one or more proteins among ScNreA, ScNreA mutants, SaNreA, and SaNreA mutants have weak chloride binding ability.
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In order to validate our hypothesis, we will obtain proteins for in vitro experiments by Escherichia coli overexpression system. Plasmids containing full length ScNreA will be cloned into pET-21a(+) vector between NdeI and HindIII and transformed into electrocompetent E. cloni BL21  (DE3)  cells with a MicroPulser Electroporator. Cells containing the plasmid will will be selected via Luria Broth plate that has 100 μg/mL ampicillin after overnight incubation at 37 ℃. If transformation is successful, the expression condition will be optimized by changing medias, expression times, temperatures, IPTG concentrations, and etc. The expression results will be confirmed by SDS-PAGE and Western blot. Then the cells will grow in optimal condition and be harvest via centrifugation. Harvested cell pellet will be resuspended in lysis buffer that contain deoxyribonucleases and protease inhibitors. Cells will be disrupted using sonication and the lysate will be clarified via ultracentrifuge. In order to separate ScNreA from other E. coli proteins, clarified lysate will be loaded on 1 mL nickel nitrilotriacetic acid (Ni-NTA) affinity column. The fractions pooled from Ni-NTA column will be checked via SDS-PAGE and Western blot to see if ScNreA is more than 90 % pure. The fractions with more than 90% purity will be combined and dialyzed in a chloride-free buffer to remove chloride and imidazole. Otherwise, they will purified on size-exclusion column before the dialysis step.

Finally, ScNreA-anion binding abilities will be tested via differential scanning fluorimetry (DSF), a fast and high-throughput technique based on protein thermal stability that is normally used in drug and crystallographic condition screening (12). Since the protein stability decreases with temperature, as the temperature increase, the amount of unfolded protein will also increase. At one point, the concentration of unfolded protein equals the concentration of folded protein (assuming other experimental condition remain constant). This temperature at this point is considered the melting temperature (Tm) of a protein. Therefore, when a compound binds to the same protein, the protein-compound complex will display a Tm shift, since the ligand binding will cause an increase in Tm due to its stabilization effect (12). Although DSF had demonstrated that the binding affinity can be extrapolated from the Tm shifts, interpreting quantitive information (e.g. binding constant Kd) need to be done with caution (13). However, regarding qualitative measurement, it has been shown and used in many studies that a Tm increase reflect protein-ligand interaction (14). Our preliminary data suggest WT ScNreA may bind nitrate as well as chloride (with weaker affinity than nitrate) (Figure 3). Chloride shows a significant stabilization effect on ScNreA in the 1 to 200 mM and not in 1 to 800 μM range. This agrees with our hypothesis that compared to nitrate, chloride could be a weaker ligand to ScNreA. 

[image: ]With this promising result, we aim to continue anions screening, such as nitrite, bromide, and iodide, based on their similarities in physical and chemical properties, Hofmeister effects and even biological significance. As a negative control, anions such as phosphate, sulfate and gluconate that do not bind will be used. Once the anion screening is completed, other experimental conditions, such as different cations and pH will be tested to confirm the Tm increase is actually due to the ligand binding. If all anions display the same degree of Tm increase, other methods such as isothermal titration calorimetry and equilibrium dialysis will be used to further confirm the binding event as well as providing quantitive information.   

Aim 2: Introduction of fluorescent proteins in chloride sensor designs and the potential optimization methods

In this aim, as a continuation of aim 1, we will fused one fluorescent protein, which serves as the optical output, with a chloride sensing domain and forms the new chloride sensor and optimizes the whole scaffold to suit our future in vivo applications. Based on our preliminary results, two potential sensor designs will be tested in parallel: mNG_ScNreA and cpEGFP_ScNreA (Figure 4A and 4B). The first design combines intact ScNreA with mNeonGreen, a fluorescent protein found in Branchiostoma lanceolatum, and the insertion site follows recently published Ca2+ sensor mNG-GECO1 (3, 15). It is proved that inserting Ca2+ responsive domains into the space between 136 and 139 in mNeonGreen grant the sensor comparable performances as demonstrated in GCaMP6, a Ca2+ sensor that had been developed for many years (16). This design has two important advantageousness that splitting mNeonGreen has been confirmed to function in a normal way by other research groups, and keeping ScNreA intact will allow it to fold properly (18). One potential drawback of this platform is that the conformational changes speculated in C-terminal region may not be large enough to translated to mNeonGreen and results in a fluorescent signal change. 
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The second design is to fuse cpEGFP, a circular-permutated enhanced green fluorescent protein, with ScNreA. cpEGFP is one of the major proteins applied as the fluorescent output domain ever since it was incorporated into the first generation Ca2+ sensor (2, 21). Its rearranged secondary structures allowed many scientists to utilized this new conformation that cause its fluorophore to response any subtle change in the local environment and thus we decide to put the latest cpEGFP found in GCaMP6 series next to the binding site in ScNreA so that any small motions in conformation change upon binding can be reflected via fluorescent output (Figure 4B). In order to locate the suitable insertion sites, molecular dynamic (MD) simulations were carried out in the absence of nitrate so that a pseudo apo form of ScNreA can be generated and serves as a template for further structural analysis. Therefore, align apo_ScNreA with ScNreA in every frame in the trajectory atom-to-atom reveals the some features in protein conformation change upon binding a ligand. According to Figurer 4C, the blue regions shows that in a given frame, ScNreA is at least 5 Å away from apo_ScNreA, and most of the blue regions are found in a loop area which is natural more flexible than other secondary structures. But few sites’ movements (Black arrows in Figurer 4C) can be considered as related to the actual ligand binding event. Therefore all of these sites are the potential insertion sites for cpEGFP_ScNreA fusion.

In order to validate our design, the initial mNG_ScNreA and cpEGFP_ScNreA plasmids will be purchased, expressed, and purified using the methods mentioned in aim 1. Then pure mNG_ScNreA’s (or cpEGFP_ScNreA’s) spectroscopic properties, such as absorbance, excitation/emission wavelength, can be determined via spectrophotometer so that a baseline activity of this chloride sensor can be established. If the spectroscopic data agrees with previous studies in literatures, chloride titration in fixed pH and ionic strength will be performed in a plate reader to increase the throughput and screen a broad range chloride concentration and other experimental factors, such as buffers, pH and cationic effect. 
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As long as one of the chloride sensors can be successfully expressed and characterized, the last step of this aim is to optimize the current design using directed evolution methods, including polymerase chain reaction (PCR) and error-prone PCR methods (Figure 5). Firstly, PCR can be used to generate a site-saturation mutagenesis libraries that the target site is rationally selected. This is normally done in linker region for other protein-based sensor to prevent any steric hindrances and increase/decrease the flexibility of the conjunction sites of two proteins (22). Forward primers that is 37 bases long containing the degenerate base triplet NDT, VHG, and TGG, and the reverse primer that has 18 bases overlapping with the forward primer will be used to construct a library of variants (23). After the template removal, the PCR product will be separated with agarose gel electrophoresis, extracted, and purified, and recircularized by Gibson assembly protocols (23). The library generated from the last step can be transformed and selected according to the protocols mentioned in aim 1 and expressed in 96-deep-well plate in liquid media. Eventually all the variants can be screened via microtitre plate readers since cpEGFP and mNeonGreen serves as reporters for baseline spectroscopic properties improvement and thus large scale protein expression will be performed to confirm the results and fully reevaluate its chloride sensing ability which can also be tested via traditional biophysical methods, such as ITC and Microscale Thermophoresis (24-26). Secondly, error-prone PCR, as a modification of standard PCR method, aims to increase the natural error rate of a polymerase so it can be used to generate random mutations on any location of the gene because extra non-complementary pairs can be stabilized in the presence of MgCl2 (27). The screening method will follow the same protocol above. Finally, one downside of error-prone PCR is that random mutagenesis only happens in nucleotide levels which normally do not sample even amino acids at a given site (24). One possible solution is to combine error-prone PCR with site-saturate mutagenesis, for example, promising variants after error-prone PCR can be treated as the genotype and a subset of mutagenesis library can be generated at the site of mutation.  

Conclusion and Outlook

In this proposal we introduce a protein-based chloride sensor that utilize a nitrate binding protein’s promiscuity and a fluorescent protein’s detectable output and thus provide a new platform to anion recognition field so that many scientists can have the tool to study chloride’s function and distribution in different cellular compartment, tissues, and organisms. We also believe this new platform may provide some insights into anion-protein interactions, and be generalized to other anion sensing mechanisms in different kinds of biological systems that current does not have a tool available. 
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Figure 1. Current chloride sensors and GCaMP6. A, major classes of chloride sensors that available to the field, for example, turn-on
small molecule sensor’s fluorescence increase upon aggregation in the presence of ClI~ (top); a ratiometric readout and its calibration
curve of Cl-sensitive BAC (blue diamond) and Cl-insensitive AF647 (red circle) that conjugated to nucleic acid strands (right); and
mNeonGreen, monomerized from tetrameric YFP that was found in Brachiostoma lanceolatum is a turn-on sensor for Cl- in acetic
conditions (left) (1) B, topology of circularly permuted GCaMP6 and its crystal structure (PDB ID: 3WLD) Linker regions are shown as grey
both in the protein structure and gene schematics, Ca?*ion is represented by red sphere, fluorescent proteins are shown in green, and
Ca?* sensing domains are shown in tint and light blue.
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Figure 2. Structural Information of ScNreA and SaNreA. A, crystal structure of ScNreA with bound nitrate
(PDB ID: 4IUK). Nitrate is shown in sphere, and major secondary elements are labeled. B, the nitrate
binding site of ScNreA. Nitrate ion is represented by the stick. Key residues involved in nitrate binding is
labelled, and the potential hydrogen bonds are shown in black dash. C, structural comparisons of binding
sites among available crystal structures (PDB ID: ScNreA, 4IUK; ScNreA |, 4IUH; SaNreA, 61ZJ;
SaNreA_Y95A, 61ZK). The alignment and residue numbers are based on ScNreA. A dashed black circle
represents the binding position of each ion (nitrate, iodide and chloride). The multi-structural alignment is
accomplished by PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC.
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Figure 3. Stabilization effect of ScNreA by sodium nitrate and sodium chloride. A, the T, of 5 uM ScNreA in
20 mM HEPES-NaOH pH 7.5 is measured by DSF at NaNO; and NaCl between 1 and 800 uM. B, the T,,, ScNreA at
same condition is determined in NaNO, and NaCl between 1 and 200 mM. This set of data was collected by Caden

Maydew.
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Figure 4. Proposed topology of chloride sensors. Linker regions are shown in grey both the protein structure and gene schematics, chloride ion is represented by green
circle, fluorescent proteins are shown in light grey and green cartoon, and chloride sensing domains are shown in dark grey cartoon. A, mNeonGreen fused with
ScNreA. B, cpEGFP fused with ScNreA. C, preliminary MD simulation reveals the conformation of change of ScNreA upon ion binding. The blue regions shows that this
frame that ScNreA is at least 5 A away from apo_ScNreA. Black arrows represents the potential insertion sites of cpEGFP. The MD simulation is done by NAMD and the
structural alignment is performed on VMD (19, 20).
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Figure 5. Optimization workflow of random or directed mutagenesis to evolve FP-based chloride sensors so that many
enhanced properties, such as wider chloride detection range, pH-independence, and high chloride specificity. The
screening will take place in plate readers. And the improved chloride sensor will be characterized via the methods

motioned in aim 1.
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