Biochemical, Computational, and Protein Engineering Approaches to Explore the Anion Selectivity of NreA for Biosensing Applications
Background and Significance

Anion-protein interactions in aqueous environments have been simplified according to their “water withdrawing effect.”1. This is summarized by the anionic Hofmeister or lyotropic series1: SO42- > HPO42- > F⁻ > Cl⁻ > Br⁻ > NO3⁻ > I⁻ > ClO4⁻ > SCN⁻. However, experimental and computational evidence suggests that hydrated ions may not have a significant influence on water molecules beyond their hydration shell1. Therefore, the principles that govern anion-protein interactions have to be re-evaluated beyond just one macroscopic manifestation (i.e. the classic Hofmeister experiment). Along with this consideration, many questions still remain outstanding in the field of aqueous anion recognition field: What are the fundamental principles that govern anion-protein interactions in a biological environment2-4? How does nature overcome the similarities of these anions and render selectivity to various anion-binding proteins? How do anion binding proteins overcome the high hydration enthalpy and relatively large size of anions2?
	Table 1: The physical properties of biologically relevant anions8-9
	

	Anion
	Shape
	Hydration Enthalpy (kJ/mol)
	Ionic Radius (pm)

	
	Tetrahedral
	1059
	258

	
	Spherical
	381
	172

	
	Spherical
	347
	188

	
	Trigonal planar
	314
	179

	
	Bent
	405
	192

	
	Trigonal planar
	380
	156

	
	Spherical
	305
	210

	
	Linear
	310
	213



Studies of anion-protein interactions are often challenged by anionic physical properties, such as high hydration enthalpy, large size and similar charge (Table 1). Recent structural analysis reveals that chloride transporters in different organisms all display little selectivity among chloride, bromide and nitrate5-6. NreA, a nitrate binding protein from Staphylococcus carnosus (ScNreA), not only binds nitrate but also iodide. Both anions trigger the NreABC system that is responsible for nitrate regulation7 (Figure 1A). 

One possible explanation of this phenomenon can be drawn from the coordination between nitrate and ScNreA. Since no positively charged residues are found inside its binding pocket, nitrate ions are stabilized by hydrogen bonding interactions formed between nitrate, ScNreA backbone amide groups and residues that have polar side chains (Figure 1B and 1C) which renders the flexibility of the binding pocket so that the differences in anion molecular geometry and ionic radius can be tolerated7. Such a coordination is also facilitated by the hydrophobic residues which sets up a solvent-excluded local environment that excludes water molecules from nitrate to increase its binding strength1, 6. Therefore, it is possible that a molecule is able to be a ligand for ScNreA as long as it can satisfy following requirements: can function as a hydrogen bonding acceptor, its shape is similar to nitrate, and has a hydration enthalpy that is close to 314 kJ/mol. The anions listed in Table 1 are all satisfy two or all the conditions mentioned before and the true anion selectivity of ScNreA maybe just "masked" by its natural function. Based on the similarities of these anions, we hypothesize that ScNreA, a nitrate binding protein, is promiscuous and can bind different anions other than nitrate and iodide.

To answer these questions, we will explore the anion selectivity of ScNreA in and out of its natural context. To this end, we will first characterize the anion selectivity of ScNreA using a high-throughput screening technique based on protein thermal stability, known as differential scanning fluorimetry (DSF), and equilibrium dialysis10-11. In aim 2, we will introduce a ScNreA-based anion biosensor, a fusion of ScNreA and a fluorescent protein, that can be used to develop more quantitative way of studying anion binding which could ultimately be used as a biosensor in living cells.
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Figure 1. Proposed schematic representation of ScNreABC nitrate/oxygen regulatory system in Staphylococcus carnosus under anoxic conditions (upper panel: without nitrate; lower panel: with nitrate). O2, [4Fe-4S]2+ and aerobic conditions are omitted in order to simplify the presentation. A, without nitrate: NreA binds to NreB and inhibits its autophosphorylation and thus inhibits NreC phosphorylation. Also, NreB is shown to be able to carry out the dephosphorylation of NreC-P (NreC phosphorylated form) and decrease narGHJI transcription. With nitrate, NreA/NO3⁻ complex is released from NreB and no longer inhibits the phosphorylation of NreB, resulting in high levels of phosphorylated NreB, NreC-P and narGHJI transcription. Bolded arrows represent higher expression level than the dashed arrows. The figure is adapted from (ref 12). B, crystal structure of nitrate bound ScNreA of S. carnosus with 2.35 Å resolution (PDB ID: 4IUK). Nitrate is represented by the blue and red sphere. C, residues within 4 Å of nitrate ion in ScNreA binding pocket are labeled and presented by sticks (carbon is shown in grey, nitrogen is in blue, oxygen is in red and hydrogen is in white). Nitrate is shown in blue and red stick. The hydrogen bonding interactions between ScNreA residues and nitrate is shown in dash lines.  	




















































































Aim 1: In vitro characterization of the anion selectivity for the nitrate binding protein ScNreA

In this aim, we propose to investigate the anion selectivity of ScNreA, in which its nitrate binding ability had been confirmed in crystallographic and in vivo studies6. However, the same study points out the stimulation of narG expression induced by iodide is closed to the data obtained for nitrate6. Combining a crystalized iodide bound ScNreA structure, these results proves iodide, which is a ligand to ScNreA, also functions as a cofactor in the transcriptional regulation of narGHIJ operon6 (Figure 1A). One possible explanation is that ScNreA has a relatively flexible binding pocket in which the subtle differences in hydration enthalpies and ionic radius of nitrate and iodide (Table 1) can be neglected6, 13 (Figure 1C). This is suggested by the isothermal titration calorimetry (ITC) data that the dissociation constants (KD) values of W45F and Y95A are 62 ± 22 and 106 ± 15 μM for nitrate, respectively6. 

In order to validate our hypothesis, we propose to explore ScNreA-anion interactions by combining differential scanning fluorimetry (DSF) with traditional biophysical quantification methods, including ITC, microscale thermophoresis (MST), and equilibrium dialysis (ED). Traditional biophysical measurements are generally limited due to their low throughput, large sample volume requirements, and weak signal changes. On the one hand, ITC is one of the most powerful and accurate biophysical techniques for measuring protein-protein or protein-ligand interactions. However, the detection mechanism of ITC limits its applications in many experiments14. For example, if the KD value of ScNreA-iodide binding falls in the range of low millimolar, ITC may not be able to generate an analyzable isotherm because very little heat is released/absorbed from weak protein-anion interactions. On the other hand, MST can detect weak protein-ligand interactions in the low millimolar range because bound- or free-form of proteins will display different movement patterns through the temperature gradient15. The detection of these movements requires fluorescent dyes that covalently labelled on cysteine residues, however since are no cysteine residues in ScNreA, adding unnecessary mutations may interference its natural binding abilities16.  
	Table 2: Common techniques used to measure protein-ligand interactions

	Technique
	Throughput
	Qualitative or Quantitative
	Detection Range
	Label-free

	Differential Scanning Fluorimetry (DSF)
	High
	Qualitative
	-
	No

	MicroScale Thermophoresis (MST)
	High
	Both
	pM to low mM
	No

	Isothermal Titration Calorimetry
(ITC)
	Low
	Both
	nM to low mM
	Yes

	Equilibrium Dialysis
(ED)
	Various*
	Both
	Various*
	Yes

	*Different dialysis systems have their own limitations. Generally ED is a low throughput method and its detection limits are determined because the quantification method.



DSF is generally used in drug and crystallographic condition screening, yet the stabilization effect of ligand binding should be observed17. When a ligand binds to a protein, the protein-ligand complex becomes more stable than the ligand-free form at the same temperature. This binding induced stabilization effect is indicated by the increase of protein melting temperature (Tm) (assuming other experimental conditions remain constant)10. Our preliminary data in three independent DSF experiments unveil that the Tm of wildtype ScNreA is 46.98 ± 0.54 ℃ (Figure 2). This value is in good agreement with reported Tm determined by circular dichroism (CD) spectroscopy (49.9 ℃), and the three degree difference is attributed to the different buffer and salt conditions (20 mM vs 5 mM HEPES and 0 mM vs 50 mM NaCl, respectively) 6. As a negative control, anions such as phosphate, sulfate and gluconate that do not bind will be screened with other experimental conditions, such as different cations and pH values.[image: ]
Figure 2. Preliminary data confirms the stabilization effect induced by NreA-anion interactions can be measured in DSF. A representative ΔTm data set of 5 μM ScNreA measured in the presence of NaNO3, NaCl and NaI (between 1 and 125 mM, in 20 mM HEPES-NaOH, pH = 7.5). The average Tm of ScNreA is 45.52 ± 0.95 ℃. 





In previous studies, CD spectroscopy was used to determine the the Tm of WT ScNreA in the presence and absence of nitrate. The addition of nitrate results in a 10 ℃ shift (49.9 to 59.9 ℃), which is observed in our DSF experiments6 (Δ Tm = 10 ℃; 46.98 ± 0.54 to 57.25 ± 0.13 ℃). As such, we can likely state that the Tm observed with iodide and chloride are attributed to the binding of the anion to the ScNreA (Figure 2B). In terms of KD values, there may be a correlation between the binding constants and the Tm shifts. For example, with Y95L and W45F mutants, their KD = 61 ± 7 μM and 62 ± 22 μM and the corresponding Δ Tm are 10.1 ℃ and 10.8 ℃6. When the binding affinity is weaker than 60 μM (Y95A, KD is 106 ± 15 μM), its Δ Tm value is only 5.3 ℃ shift (49.9 to 55.2 ℃)6. 

Although DSF had been demonstrated that the binding affinity could be extrapolated from the Tm shifts, interpreting quantitative information from DSF need to be done with caution (Table 2) because the sensitivity and reliability of quantitative measurements in DSF are sometimes questioned10, 18. For example, compounds with fiftyfold different KD can give same Tm shift because the weaker interaction is an entropy driven process; and a change in ∆H° of 5 kcal/mol at the same Tm may give different KD change in different systems18. Therefore, it is necessary to use equilibrium dialysis to confirm the binding event and provides quantitative information when ITC and MST are not applicable (Table 2)19. In equilibrium dialysis, aliquots of protein samples are dialyzed separately against the same volume of buffer that has various ligand concentrations. In order to measure the total ligand concentration ([L]bound + [L]free) in each dialysis condition, protein samples are denatured by heat so that all the ligands are released into the solution. Then the ligand concentrations in various solutions can be determined by radioactivity of 14C isotopes or by a flow-injection analyzer that has mass spectrometry as its detector19-20. In our case, we will apply ion-selective electrodes in all four different anions that we want to test: nitrate, chloride, bromide and iodide. For example, ten different concentrations of chloride from 1 mM to 100 mM will be prepared in the same buffer as the protein solutions because with the access amount of chloride added, the trace amount of chloride in water can be neglected. Then aliquots of ScNreA solutions will be dialyzed at 4 ℃ overnight. When dialysis bag is taken out of the solution next morning, the amount of chloride in each bag and remaining buffer will be determined by chloride-selective electrodes to obtain [L]free. Subtracting [Cl⁻]free from initial chloride concentration,  [Cl⁻]bound is measured. Plotting [Cl⁻]bound against [Cl⁻]free, the KD value can be extrapolated from both linear and non-linear regression21. 

Finally, out of 100 proteins that share the highest sequence identity (at least 33.60%) with ScNreA, the nitrate binding residues are highly conserved22-23 (Figure 3A). This suggests that other proteins in the same cGMP-specific phosphodiesterases, adenylyl cyclases, and FhlA (GAF_2) family can be identified as potential anion binding proteins. Using the methods established in this aim can allow us to study anion binding properties of low sequence identity homologs and their anion selectivity is mostly conserved (Figure 3B). For example, the uncharacterized protein found in Staphylococcus epidermidis (strain ATCC 35984 / RP62A) a 51.5% sequence identity with ScNreA and is most likely a nitrate binding protein that belongs to the same GAF_2) family. Also, it may have the same function and similar anion selectivity in the dissimilatory nitrate reduction pathway under anaerobic conditions.[image: ]
Figure 3. The sequence alignment of ScNreA binding residues reveals the existence of other nitrate binding proteins in Staphylococci. A, a hidden Markov model sequence logo of ScNreA binding residues with 100 proteins selected with at least 33.60% sequence identity from UniProtKB Proteomes portal (https://www.uniprot.org/proteomes/) unveil the residues in the binding pocket (as shown in Figure 1C) are highly conservative23. B, multiple sequence alignment of NreA binding residues with 4 different Staphylococci identified as GAF_2 family (PF13185) in Pfam shows that low sequence identity homologues can serve as alternative targets for Aim 122. Residues that can form hydrogen bonds are highlighted in red. The sequences were aligned with Clustal OMEGA24.



Aim 2: Introduction and optimization of a ScNreA-based anion sensor from a fusion of ScNreA and a fluorescent protein

In parallel to the study of promiscuous anion binding of ScNreA, we will make a ScNreA-based fluorescence reporter with an ultimate goal that this new anion sensing platform can be applied in the study of anions in living cells. Introducing this new ScNreA-based fluorescence reporter to both the molecular recognition and epidemiology field can accelerate our understanding of dietary nitrate and providing an opportunity for novel NO‐based therapeutics studies, especially when recent studies challenge our view that nitrate is not only a harmful substance to human health25-27. Furthermore, this new anion sensor will be optimized via directed evolutions. Because both the anion selectivity and fluorescent properties of this tool can be improved to expand its applications in the anion sensing28-29.  [image: ]


Figure 4. Genetically encoded high-affinity Ca2+ probe (GCaMP) sets up a platform for other ions in molecular recognition field. A, the upper panel is the schematic representation of GCaMP6m amino acid sequence. Color scheme: M13 peptide is shown in wheat; Calmodulin (CaM) is shown in blue; linker regions are shown in grey and the fluorescent protein is shown in green. The lower panel is the cartoon representation of GCaMP sensing mechanism (PDB ID: 3WLD). The conformation change of M13/CaM complex induced by Ca2+ will change the local environment of the chromophore inside the cpGFP β barrel, resulting in an increased brightness. The Ca2+ ions are shown in red sphere and the color scheme is the same as above panel. The figure is adapted from (ref 33) B, proposed topologies and mechanism of the new anion sensor based on ScNreA. Two different plasmids represent two different design strategies: the mNG_ScNreA design maintains the integrities of both domains and the lower one allows the fluorescent protein to be closer to the binding site which increase the optical signal with anion binding. The specific insertion sites are shown in Figure 5. Anion is represented by green sphere and the rest of complex follows the same color scheme. 

























In this aim, we propose two designs of this new nitrate/chloride sensor that employs a mature molecular recognition platform established by calcium indicator proteins that contain a single fluorophore, GCaMP, which had been widely applied and optimized for various cell lines so that the probe can track fast calcium dynamics, low peak calcium accumulations, and trace neuronal activities over targeted timescale30 (Figure 4A). In general, the chromophore inside the circularly permuted enhanced green fluorescent protein (cpEGFP) will respond to any changes in its local environment induced by the conformation change of calmodulin (CaM) and M13 peptide upon Ca2+ binding, resulting in significant fluorescent changes which enable the visualization of intracellular Ca2+ in living cells31 (Figure 4A). The first design combines intact ScNreA with mNeonGreen (mNG_ScNreA), a fluorescent protein found in Branchiostoma lanceolatum, with the insertion site from a recently published Ca2+ sensor mNG-GECO1 (Figure 4B upper panel)32. It is proved that inserting Ca2+ responsive domains into the sequence between the 136 and 139 residues in mNeonGreen grants the sensor comparable performances as demonstrated in GCaMP6, a Ca2+ sensor that had been developed for many years33. The two important advantages of this design are that the splitting mNeonGreen has been confirmed to retain normal functions by other research groups and keeping ScNreA intact will allow it to fold properly. One potential drawback for this platform is that the conformational changes speculated in C-terminal region may not be large enough to be translated in mNeonGreen and provide a fluorescent signal change.
In the second design we decided to place 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 in the fluorescent output (cpEGFP_ScNreA)31 (Figure 4B upper panel). 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 which serves as a template for further structural analysis34-35. 

The alignment of apo_ScNreA with ScNreA in every frame of the atom-to-atom trajectory reveals some features in protein conformation change upon binding a ligand. As shown in Figure 5B, the blue region in ScNreA is at least 5 Å away from apo_ScNreA, with most of the blue region found in the loop area which is naturally more flexible than other secondary structures. However, few sites’ movements (demonstrated by the black arrows in Figure 5B) can be considered as related to the actual ligand binding event. Therefore, all of these sites can serve as potential insertion sites for cpEGFP_ScNreA fusion.[image: ]

Figure 5. Preliminary molecular dynamic (MD) simulation reveals the conformation change of ScNreA upon nitrate binding. Because the crystal structure of apo-NreA is not available, a pseudo apo form was generated by running an equilibrium simulation of solvated NreA at 298K in the absence of nitrate. A, after 25 ns, the apo form is used as the reference for further structural analysis. B, the simulation of the nitrate-bound form is carried out using the same parameters and the differences in two conformational states are shown according to the color scale (two structures are aligned atom-to-atom to minimize any random movement): the blue regions represents that the atoms in nitrate-bound NreA are at least 5 Å away from the apo form upon at this frame; the red region reveals the distances between two atoms in both structures are less or equal to 1 Å. Black arrows are pointing toward the potential insertion sites (residues are labeled in black) of fluorescent proteins. The MD simulation is done by NAMD and the structural alignment is performed on VMD34-35. 










The nitrate/chloride sensors will be expressed and characterized using the methods described in Aim 1, except the steps of optimization that use directed evolution methods, such as polymerase chain reaction (PCR) and error-prone PCR methods to enhance the fluorescent properties of mNeonGreen/cpEGFP and binding affinities of ScNreA in different detecting conditions29. Firstly, PCR can be used to generate site-saturation mutagenesis libraries that the target site is rationally selected. This is normally done in the linker region for other protein-based sensors to prevent any steric hindrances and increase/decrease the flexibility of the conjunction sites for the two proteins31. The generated library will be transformed and selected according to the protocols mentioned in Aim 1 and expressed in 96-deep-well plate. Eventually all the variants will be screened via microtiter plate readers since cpEGFP and mNeonGreen serve as reporters for baseline spectroscopic properties improvement. Then large-scale protein expression will be performed to confirm the results and fully re-evaluate its nitrate/chloride binding abilities which will be tested via ITC or equilibrium dialysis. Lastly, 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 36. The screening method will follow the same protocol as mentioned above. 
Conclusion and Outlook

In this proposal we introduced a protein-based anion sensor that utilizes the promiscuity of a nitrate binding protein, ScNreA. By applying biochemical, computational and protein engineering methods, the principles that govern the selectivity of anion-binding proteins can be uncovered.  Such a discovery may bring to light the fundamental principles of anion coordination chemistry, in which may provide some insights into anion-protein interactions and enrich our understanding of the anionic Hofmeister series. 
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NreA_S. carnosus W I LGL YP I 100.00

NreA_S. piscifermentans W I LGL YP I 84.87
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