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Abstract

:

The light-driven sodium pump KR2, found in 2013 in the marine bacteria Krokinobacter eikastus, serves as a model protein for the studies of the sodium-pumping microbial rhodopsins (NaRs). KR2 possesses a unique NDQ (N112, D116, and Q123) set of the amino acid residues in the functionally relevant positions, named the NDQ motif. The N112 was shown to determine the Na+/H+ selectivity and pumping efficiency of the protein. Thus, N112A mutation converts KR2 into an outward proton pump. However, no structural data on the functional conversions of the light-driven sodium pumps are available at the moment. Here we present the crystal structure of the N112A mutant of KR2 in the ground state at the resolution of 2.4 Å. The structure revealed a minor deflection in the central part of the helix C and a double conformation of the L74 residue in the mutant. The organization of the retinal Schiff base and neighboring water molecules is preserved in the ground state of KR2-N112A. The presented data provide structural insights into the effects of the alterations of the characteristic NDQ motif of NaRs. Our findings also demonstrate that for the rational design of the KR2 variants with modified ion selectivity for optogenetic applications, the structures of the intermediate states of both the protein and its functional variants are required.
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1. Introduction


Microbial rhodopsins (MRs) are light-sensitive membrane proteins, which use a retinal molecule as a cofactor. All MRs share a similar seven transmembrane (TM) α-helical fold [1]. The helices (named from A to G) are interconnected via extracellular and cytoplasmic loops, in many cases containing β-strands [2,3,4] or small helical regions [5,6,7,8]. The retinal is covalently bound to the highly-conserved lysine residue in the TM helix G via a protonated Schiff base (RSB).



The first MR, bacteriorhodopsin from the archaeon Halobacterium salinarum (HsBR), was discovered in 1971 [9]. HsBR is a light-driven proton pump, translocating proton outside of the cell and thus creating a transmembrane electrochemical gradient for the ATP synthesis [10]. Since 1971, many MRs with diverse functions were found and characterized [11,12]. The most significant discoveries were archaeal light-driven chloride pumps (halorhodopsins, HRs) [13] and sensory rhodopsins (SRs) [14], bacterial proton pumps (proteorhodopsins, PRs) [15], cation and anion channelrhodopsins (ChRs) [16,17,18,19,20], bacterial sodium and chloride pumps (NaRs and ClRs) [21,22], native inward proton pumps (xenorhodopsins, XeRs and schizorhodopsins, SzRs) [23,24,25,26], heliorhodopsins (HeRs) [27], rhodopsin genes in giant viruses [6,8,28,29], enzymorhodopsins [30,31], etc. It was recently shown the MRs are the major solar energy capturing proteins in the ocean [32]. The discovery of new MRs and the growth of the family led to the development of their biotechnological applications, where the most significant one is the optogenetics – able to control living tissues, such as neural or muscle, with light [33,34].



Despite the increasing number of MRs with novel properties, there is only one known group of the active non-proton cation transporters. They can pump Li+ and Na+ ions outside of the cell but are converted into the outward proton pumps in the presence of larger cations [21] or at low pH [35,36]. It was shown that under physiological conditions in the ocean (pH 8.0, ~500 mM NaCl), the proteins act almost exclusively as light-driven sodium pumps [36]; therefore, they were denoted as sodium-pumping rhodopsins (NaRs). First, described in 2013, a light-driven NaR from the marine bacteria Krokinobacter eikastus (KR2) [21], has yet become the most characterized representative of this group of MRs. KR2 remains the only NaR, for which the high-resolution structures are available [2,35,37].



Upon light illumination, KR2 undergoes a photocycle, comprised of the distinct K, L, M, and O intermediate states [21]. The L and M states of KR2 photocycle coexist, with a minor fraction of the M-state and the significant portion of the L. The sodium is not bound inside the protein in the ground state. The sodium uptake occurs with the decay of the M-state as it was also reported for another NaR from Gillisia limnaea (GLR) [38]. Thus, the late red-shifted O-state is the only one, where the ion is bound in the core of the KR2 protomer [21,38].



KR2, like all other NaRs, possesses a characteristic NDQ motif (N112, D116, and Q123 residues at the functionally relevant positions, corresponding to D85, T89, and D96 belonging to the helix C in HsBR) [4,39]. Some light was shed on the particular role of each of these amino acid residues. For instance, it was shown that D116 is a proton acceptor from the RSB and forms a direct hydrogen bond with it in the ground, K, L, and O-states [2,35,37,40]. The bond is absent only in the M-state when the proton is translocated from the RSB to the D116 side chain [40]. Recently it was shown that D116 is also a part of the transient sodium binding site near the RSB, formed in the O-state of KR2 photocycle [41]. It was demonstrated that the substitution of the D116 with other residues lead to the loss of the sodium-pumping function of KR2 [21]. The Q123 is a part of a gate at the cytoplasmic side of the protein, separating a large ion-uptake cavity from the RSB region in the ground state [2,35,37]. However, Q123A/V mutants retain sodium-pumping activity, although it is much lower than that of the wild type (WT) protein [37,42]. Thus, it was suggested that the role of Q123 is in the optimization of the sodium pathway inside the protein, and in the creation of the proper inter-helical interactions in the protein [43].



The role of the N112 was investigated by an extensive mutational analysis [44]. It was shown that N112D/G/S/T mutants are able to pump sodium, while N112A/C/P/V/E/Q/L/I/M/F/W mutations convert KR2 into an outward proton pump. N112H/K/Y/R substitutions lead to the loss of any pumping activity of the protein [44]. At the same time, Fourier-transformed infrared (FTIR) spectroscopy data on the N112A mutant of KR2 showed no alterations of the RSB region in the ground and the K-state of the mutant [45]. The N112 is a part of the transient sodium binding site in the O intermediate state [41]. Thus, the N112 of the NDQ motif is believed to determine the ion selectivity of KR2. However, no structural information on the N112X variants of KR2 is available at the moment, which limits our understanding of the N112 role in functional conversions of NaRs.



The goal of this study is to add important structural information on the functional Na+-to-H+ pump conversion of KR2. For that we present a crystal structure of the N112A mutant of KR2 in the ground state at 2.4 Å resolution. We show that N112A mutation changes neither the oligomeric form nor the internal organization of the protein. However, in KR2-N112A, the helix C is slightly deflected, and the side chain of the L74 residue adopts two alternative conformations. The lack of asparagine at the 112th position of KR2 leads to the enlargement of the polar cavity near the RSB. The structure provides insights into the rearrangements in the NaRs upon alteration of the characteristic NDQ motif. It might also contribute to the rational design of the KR2 variants with modified ion selectivity.




2. Materials and Methods


2.1. Cloning, Protein Expression, and Purification


Cloning, protein expression, and purification were performed as described previously [2,35]. KR2 gene, synthesized commercially (Eurofins Scientific, Luxembourg), was subcloned into the pET15bmod (Apr) expression plasmid using the restriction sites for XbaI and XhoI enzymes (Thermo Fisher Scientific, Waltham, MA, USA). A point N112A mutation was introduced into the KR2-gene-containing plasmid by PCR mutagenesis. E. coli cells of strain C41 (DE3) (Lucigen, Middleton, WI, USA) were transformed with the KR2-N112A expression plasmid. Transformed cells were grown at 37 °C in shaking baffled flasks in an autoinducing medium (ZYP-5052 [46]) containing 100 mg/L ampicillin and were induced at optical density OD600 of 0.7–0.9 with 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) and 10 μM all-trans-retinal. 3 h after induction, the cells were collected by centrifugation at 4000× g for 30 min. Harvested cells were disrupted in M-110P Lab Homogenizer (Microfluidics, Westwood, MA, USA) at 25,000 psi in a buffer containing 20 mM Tris-HCl pH 8.0, 5% glycerol, 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MI, USA) and 50 mg/L DNase I (Sigma-Aldrich, St. Louis, MI, USA). The membrane fraction of the cell lysate was isolated by ultracentrifugation at 90,000× g for 1 h at 4 °C. The pellet was resuspended in a buffer containing 50 mM NaH2PO4/Na2HPO4 pH 8.0, 0.1 M NaCl and 1% n-Dodecyl β-D-maltoside (DDM) (Anatrace, Affymetrix, Maumee, OH, USA) and stirred overnight for solubilization at 4 °C. The insoluble fraction was removed by ultracentrifugation at 90,000× g for 1 h at 4 °C. The supernatant was loaded on the Ni-NTA column (Qiagen, Hilden, Germany) and KR2 was eluted in a buffer containing 50 mM NaH2PO4/Na2HPO4 pH 7.5, 0.1 M NaCl, 0.5 M imidazole and 0.1% DDM. The eluate was subjected to size-exclusion chromatography on 24 mL Superdex 200i column (GE Healthcare Life Sciences, Marlborough, MA, USA) in a buffer containing 50 mM NaH2PO4/Na2HPO4 pH 7.5, 0.1 M NaCl, 0.05% DDM. Protein-containing fractions with the minimal A280/A525 absorbance ratio were pooled and concentrated to 60 mg/mL for crystallization.




2.2. Crystallization


The crystals were grown using the in meso approach [47], similar to our previous works [35,48]. The solubilized protein in the crystallization buffer was added to the monooleoyl-formed lipidic phase (Nu-Chek Prep, Elysian, MN, USA). The best crystals were obtained using the protein concentration of 20 mg/mL. The crystals were grown using the precipitate 1.2 M sodium malonate pH 8.0 (Hampton Research, Aliso Viejo, CA, USA). Crystallization probes were set up using the NT8 robotic system (LCP version, Formulatrix, Bedford, MA, USA). The crystals were grown at 22 °C and appeared in 2–4 weeks. Before harvesting, the crystallization drop was opened and covered with 3.4 M sodium malonate solution, pH 8.0, to avoid dehydration. All crystals were harvested using micromounts (MicroLoops HT, MiTeGen, Ithaca, NY, USA) and were flash-cooled and stored in liquid nitrogen for further crystallographic analysis.




2.3. Acquisition and Treatment of Diffraction Data


The diffraction data were collected at 100 K at the Swiss Light Source (SLS, Villigen, Switzerland) beamline X06SA (PXI) equipped with an EIGER X 16M detector (Dectris, Baden-Daettwil, Baden, Switzerland). The data collection statistics are reported in Table 1. The diffraction was anisotropic as determined by decay of the CC1/2 values in 20° cones along the reciprocal cell directions. Diffraction images were processed using XDS [49] (version from 15 March 2019). XSCALE (version from 15 March 2019) was used to merge different datasets. Staraniso server [50] was used to merge, scale, assess the quality, convert intensities to structure factor amplitudes, and generate Free-R labels.




2.4. Structure Determination and Refinement


The structure was solved using molecular replacement with MOLREP [51] (version 11.7.02) and the structure of the wild type KR2 in the pentameric form (Protein Data Bank Identifier 6YC3 [41]) as a search model. The model was refined manually using Coot [52] (version 0.8.9.2) and REFMAC5 [53] (version 5.8.0258) from the CCP4 suite [54]. The refinement statistics are summarized in Table 1.




2.5. Modeling of the O-State Structures of KR2-N112X Mutants


The hypothetical models of the O-state of N112A and N112G mutants were created for illustration of the proposed mechanism of functional conversions in KR2 using PyMOL (version 2.3.1). For that, the N112 of the 6XYT model (the O-state of the WT KR2) was substituted with either Ala or G residues. In the case of N112G mutant, the putative water molecule was added at the position of the OD1 atom of N112.





3. Results and Discussion


3.1. N112A Mutation Does Not Alter the Pentameric Assembly of KR2


We have expressed and purified KR2-N112A in E. coli strain C41 cells. Following the previously reported data, the purified protein has a spectrum with the characteristic maximum absorption wavelength of 522 nm [42,44].



It was shown that KR2 forms pentamers when solubilized in the DDM at pH higher than 6.0 or reconstituted in the lipids at both acidic and neutral pH values [35,55]. KR2 is also in the pentameric form in the crystals grown using in meso approach [47] at the pH as low as 4.9 [2,35,56]. Importantly, KR2 pumps sodium, only being in the pentameric form [35,55]. Nothing is known on the functionality of the monomeric form of the protein. Therefore, the analysis of the oligomeric assembly of the protein and its functional mutants could provide valuable insights into the basis of the pentamerization of KR2 and its functional role. For instance, a recent analysis of the size-exclusion chromatography (SEC) profile of the D116N mutant of KR2 demonstrated that this mutation destabilizes the protein pentamers [41].



The oligomeric state of the KR2-N112A was shown to be pentameric in lipids [55]. However, there is a great penalty in terms of free energy for the protein oligomer to dissociate being inside the lipid membrane. Thus, to probe the stability of the KR2-N112A pentamers, its oligomeric state should be studied in other environments, which allow the disruption of the protein complex. The more detailed analysis of the KR2-N112A is also of specific interest, as the N112 side chain is pointed towards the oligomerization interface of KR2 and is hydrogen-bonded via a water molecule (Wat471 in the case of the chain A of the 6YC3 model [41]) to the main chain oxygen of H30 residue of the nearby protomer, additionally stabilizing the pentameric assembly of the protein (Figure 1a,b).



In the present study, we performed SEC for the purification and analysis of the KR2-N112A. The SEC profile is similar to that of the WT protein (Figure 1c). The slight broadening of the peak in the KR2-N112A SEC profile may originate from the different viscosity of the samples, likely due to the fluctuating detergent concentration (Figure 1a). We cannot exclude that the tailing of the SEC profile peak may also come from other differing properties of the samples. Nevertheless, the KR2-N112A did not pass through the 100 kDa filter when concentrated for the crystallization, which is characteristic for the pentameric WT protein, but not for smaller oligomers of, for instance, H30K and Y154F mutants of KR2 [35]. As will be described later, KR2-N112A also forms pentamers in crystals, similar to those of the WT protein (Figure 1d).



Therefore, we conclude that the interactions of the N112 side chain are not critical for the pentamerization of KR2, and the water molecule, hydrogen-bonded to the N112 in the ground state, is likely to appear for the stabilization of the polar side chain of the residue.




3.2. Crystal Structure of the N112A Protomer


The N112A mutant was concentrated to ~60 mg/mL and crystallized using in meso approach [47]. The crystals appeared within a month and diffracted to 2.4 Å resolution. We obtained the KR2-N112A structure in its biologically relevant pentameric form at the resolution of 2.4 Å. As the diffraction of the KR2-N112A crystals was anisotropic, we merged the X-ray diffraction data from 6 crystals to improve the quality of the electron density maps and the corresponding model (Table 1, Figure S1).



The crystal packing, as well as the overall fold of the mutant, is very similar to that of the WT protein (Figure 1d). The root-mean-square deviation (RMSD) between the ground state structures of the N112A mutant and WT KR2 (PDB ID: 6YC3 [41]) is 0.15 Å. At the same time, 109–115 residues of the helix C are slightly shifted closer to the core of the protein (Figure 2a). Thus, the helix C of KR2-N112A is deflected in the same manner as it appears in the «compact» conformation of pentameric KR2 [2,56] and also in the monomeric form of the protein [2,35] (Figure 2b). However, in the case of the mutant, the shift of the helix is much smaller (Figure 2b).



The sodium ion, found in the structures of the WT protein at the pentamerization interface, is also present in the model of KR2-N112A (Figure 1b). The organization of the binding site is the same as that in the WT protein, which is in contrast to the FTIR spectroscopy data on the N112A mutant of KR2 presented in [21]. Indeed, Inoue et al. found that KR2-N112A binds sodium in the ground state; however, the binding site is modified in the mutant [21]. Similar inconsistency of the FTIR spectroscopy data on KR2 with the high-resolution structural data was already found for the H30A mutant of the protein. Particularly, the same study [21] reported no sodium binding in the ground state of KR2-H30A. By contrast, the binding site was revealed in the 2.2 Å resolution crystal structure of the mutant in its pentameric form (PDB ID: 6YC1) [41]. In this case, similarly to the N112A mutant, the site is identical to that of the WT protein. We suggest that such inconsistency may originate from the differences of the sample preparation, or from the different lipid environments of the protein in the spectroscopy experiments and in the crystals.




3.3. The Organization of the RSB Region of KR2-N112A


The WT KR2 may form two principal conformations, which were named «expanded» and «compact» (Figure 3b,c) [35,56]. In the «expanded» conformation, there is a large water-filled cavity near the RSB, called the Schiff base cavity 1 (SBC1) [35]. In this configuration, the N112 side chain is pointed outside of the KR2 protomer and faces the oligomerization interface (Figure 1a,b). It is stabilized by the hydrogen bond with the water molecule (Wat471 for the chain A of the 6YC3 model [41]) (Figure 3b). To avoid the steric conflict, L74 side chain orients inside the protomer. On the contrary, in the «compact» conformation, the SBC1 is absent, and N112 is turned to the D116 and S70 residues and is hydrogen bonded to these residues (Figure 3c). Consequently, L74 is flipped outside the protein to allow enough space for the N112 (Figure 3c).



In the ground state under physiological conditions, and being in the biologically relevant pentameric state, KR2 is in the «expanded» conformation [35] (Figure 3b). The conformation, similar to the «compact» one, appears transiently in the O intermediate state of the KR2 photocycle when the sodium ion is bound in the core of the protein [41]. Thus, the conformational «expanded»-to-«compact» and «compact»-to-«expanded» switches guide the uptake and release of the sodium ion by the protein [41].



Initially, the «compact» conformation was found in the ground state of the WT KR2 at acidic pH values [35] (Figure 3c). It was also demonstrated that KR2 pumps protons at pH 4.3 [35]. Therefore, the «compact» conformation was suggested to be a determinant of the proton-pumping mode of KR2 [35]. However, the proton-pumping ability of KR2 at low pH values remains speculative due to the small ∆pH signals in the reported experiments [35]. Consequently, authors of ref [35] suggested that alternatively, at acidic pH, KR2 is in an inactive state with the protonated RSB counterion D116. If this is the case, the residual weak pumping activity might correspond to the remaining minor fraction of the protein with deprotonated D116 [35]. As N112A mutation converts KR2 into the proton pump, the study of the conformation of the ground state of KR2-N112A under physiological conditions might help to distinguish between the two proposed mechanisms of KR2 functional and structural switches upon pH decrease. It could also provide insights into the roles of the «expanded» and «compact» conformations of KR2.



Consequently, we next analyzed the organization of the RSB region of the N112A mutant of KR2. In the mutant, the asparagine side chain of 112th residue is absent, which gives more space for the L74. Following this, L74 adopts two alternative conformations, one of which is similar to that of the «expanded» form (Figure 3a, Figure S1). At the same time, the second is closer to that of the «compact» conformation of the WT protein (Figure 3a, Figure S1).



It should be noted that the R109 side chain adopts two conformations, similar to those in the monomeric model of the KR2 (PDB ID: 4XTL [2]). This is most likely caused by the minor deflection of the helix C (Figure 2b).



Although A112 is located closer to the water molecules in the SBC1 of the KR2 ground state (Cβ atom of A112 in the N112A mutant is shifted by 0.8 Å to the inside of the protein in comparison to the Cβ atom of N112 in the 6YC3 model), the positions of the water molecules in the cavity remain the same to those in the WT protein (Figure 2a and Figure 3a). This is consistent with the recent FTIR spectroscopy data on KR2 and its N112A mutant, where the authors concluded from the N-D stretching vibrations shifts that the organization of the RSB region is nearly the same in the N112A and WT proteins [45]. Hence, the SBC1 is retained in KR2-N112A and is of the same size as that in the WT protein; it is even enlarged in the second conformation of the molecule when L74 is flipped outside the protomer.



Therefore, we conclude that KR2-N112A shapes the conformation, similar to the «expanded» one of the WT protein, however, with minor alterations. In other words, N112A mutation does not result in the appearance of the «compact» conformation in the ground state of the protein, which could be associated with the conversion of KR2 into a proton pump. This allows us to speculate that either the forming of the «compact» conformation is not the determinant of the switch from the sodium- to the proton-pumping mode, or there could be other mechanisms underneath the functional conversion of the KR2-N112A.




3.4. Role of N112 in the Ion Selectivity of KR2


As it was demonstrated in the mutational study of KR2, N112 is (at least) one of the determinants of the Na+/H+ selectivity of the protein [44]. As the N112 side chain is pointed away from the active center of the protein in the ground state and interacts neither with the water molecules in the SBC1 nor with the other critical residues of the putative sodium pathway, the molecular basis of the mechanism of this selectivity remains elusive.



Recently, the crystal structure of the O intermediate state of KR2 has been reported, which showed the transient sodium binding site in the core of the KR2 protomer (PDB ID: 6XYT) [41]. It was shown that with the rise of the O-state, N112 flips towards D116 and S70 residues (Figure S2). Thus, the orientation of the N112 is similar to that in the «compact» conformation. In this configuration, the ion is coordinated by the side chains of S70, N112, and D116 residues. The geometry is adapted for the binding of sodium. Indeed, the cation is coordinated by five oxygen atoms with a mean sodium-oxygen distance of 2.3 Å (Figure S2). However, the role of N112 in the ion selectivity of KR2 was not discussed in [41].



The flipping motion of the N112 side chain could not occur in the KR2-N112A; thus, the «expanded»-to-«compact» conformational switch is also not possible in the mutant. At the same moment, it was shown that KR2-N112A does not form the O-state [42,44]; however, it forms all other intermediates, such as K, L, and M. Therefore, we suggest that N112 is perfectly optimized in KR2 (as well as the corresponding Asn in any other NaRs) for an accurate transient binding of the sodium ion in the O-state, and does not show any key structural and/or functional role in the ground state of the protein.



In this approximation, the fact that N112D/S/T/G mutants retain sodium-pumping activity [44] could be easily explained. Indeed, Asp often coordinates sodium ions in proteins and is similar to Asn in terms of geometry and size. Ser and Thr are also able to coordinate cations due to the presence of the oxygen atoms in their side chains. However, their size is smaller than that of the asparagine group, which may explain significantly lowered sodium-pumping activity of the N112S/T mutants. In the case of KR2-N112G, the retaining of the sodium pumping activity is surprising. At the same time, the transiently bound sodium ion in N112G mutant is likely coordinated by the additional water molecule, which may be located at the position of the N112 OD1 atom of the O-state of KR2 (PDB ID: 6XYT [41]) (See Section 2.5 of Materials and Methods, Figure S2). The appearance of the water molecule at this position is constricted in the case of N112A, due to the steric conflict with the Ala side chain, which may explain the absence of the sodium-pumping activity of the KR2-N112A, but not of KR2-N112G (Figure S2).



On the other hand, similar to N112A, N112C/P/V/E/Q/L/I/M/F/W mutations convert KR2 into a proton pump. This fact is easily understandable since these mutations cannot support efficient sodium binding inside the protein. Therefore, they also cannot provide the formation of the O-state, which is characteristic of the sodium-pumping mode of KR2. Particularly, nonpolar side chains of Pro, Val, Leu, Ile, Met, Phe, and Trp amino acid residues are not consistent with the sodium coordination. Cys was demonstrated to coordinate metal ions like manganese, iron, copper, cobalt, nickel, and zinc [58]. However, it does not participate in the binding of sodium, potassium, magnesium, and calcium [58]. At the same time, polar Glu and Gln residues are supposedly too bulky to allow enough space for sodium binding inside the KR2 protomer.





4. Conclusions


In this work, we described the crystal structure of functionally important N112A mutant of the light-driven sodium pump KR2. The mutation converts the protein to an outward proton pump. N112 is a part of the NDQ motif, characteristic for all known NaRs (Figure 4). Our study provides a deeper understanding of the structural rearrangements, which occur in response to the variations of the critical functional residues of the protein. Although the overall fold and the retinal Schiff base region of the mutant are similar to the «expanded» conformation of the WT KR2, the SBC1 is enlarged in the KR2-N112A. The helix C is also slightly deflected in the mutant. The N112A mutation also does not affect the functionally important pentameric assembly of the protein; thus, the involvement of the N112 into the interprotomer interactions in the ground state of KR2 is not crucial for the stability of the oligomer.



Hence, the reported here crystal structure of the KR2-N112A, together with the available functional and spectroscopy data, allows us to conclude that the N112 does not show any important structural and/or functional roles in the ground state of the protein. Therefore, our study shows that the analysis of the ground state of N112A cannot solely explain the Na+-to-H+ pump conversion of KR2. However, N112 is vital for the organization of the transient sodium binding site in the O-state of the KR2 photocycle. Thus, we speculate that the major role of N112 as a key functional amino acid residue is in the organization of the site. For the complete understanding of the functional conversions of NaRs, and the principles of the ion selectivity of the proteins, further investigations on KR2 are required. Particularly, the structures of the intermediate states of KR2 mutants are essential.



Finally, the engineering of KR2 variants with modified or optimized pumping efficiency and ion selectivity is of high importance for the development of KR2-based optogenetic tools. However, the crystal structure of the ground state of KR2-N112A is a beautiful demonstration of the fact that the rational design of such variants should be supported by the structures of the intermediate state’s models of not only WT but functional mutants of the protein.
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Figure 1. Pentameric organization of KR2-N112A. (a) Side view of two neighboring protomers (chain A, yellow and chain E, green of the 6YC3 model) of KR2 pentamer in the membrane. N-terminal α-helix of chain A is colored blue. BC loop of the chain A is colored orange. Cytoplasmic (CP) and extracellular (EC) sides of the membrane are marked. (b) Detailed view of the inter-protomers contacts in the region of the N112 of the WT (top part) and A112 of the N112A mutant (bottom part). Neighboring protomer is colored green. The retinal cofactor is colored teal. Helices are marked with bold capital letters. (c) Size-exclusion chromatography (SEC) profiles of the N112A mutant (red line) and WT KR2 (black dashed line). The position of the absorption peak is the same for the WT KR2 and N112A variant (~11.8 mL when using 24 mL Superdex 200i column). The absorption was measured at 525 and 522 nm for the WT [21] and N112A [42] KR2, respectively. The small left peak of the KR2-N112A profile likely corresponds to the fraction of the aggregates. (d) KR2-N112A pentamer, view from the cytoplasmic side. Sodium ions, located at the oligomerization interface, are shown with purple spheres. One of five KR2 protomers is contoured for clarity. 
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Figure 2. Deflection of the helix C in the N112A mutant of KR2. (a) Displacement of the Cβ atoms of A112 and N112 of the N112A and WT KR2 structures, respectively. The 0.8 Å shift towards the inside of the KR2 protomer is shown with a black arrow. The retinal cofactor is colored teal. (b) Side view of the structural alignment of the helix C of the “expanded” conformation of the WT KR2 (yellow, PDB ID: 6YC3 [41]), KR2-N112A (violet, PDB ID: 6YT4, present work), “compact” conformation of the WT KR2 (light-orange, PDB ID: 4XTN, chain I [2]), and monomeric form of the WT KR2 (light-cyan, PDB ID: 4XTL [2]). 
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Figure 3. Schiff base region of the N112A mutant. (a) Two conformations of the RSB region of the N112A mutant of KR2 (PDB ID: 6YT4, present work). The flip of the L74 side chain leads to the enlargement of the Schiff base cavity 1 (marked SBC1 in the Figure) in the conformation 2. (b) The “expanded” conformation of the WT KR2 (PDB ID: 6YC3 [41]). (c) The “compact” conformation of the WT KR2 (PDB ID: 4XTN, chain I [2]). Water molecules are shown with red spheres. Cavities were calculated using HOLLOW [57] and are shown with a pink surface. Hydrogen bonds are shown with black dashed lines. The side chain of the K255 residue and covalently bound retinal cofactor are colored teal. 
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Figure 4. Location of the N112A substitution site (yellow, the WT of KR2, PDB ID: 6YC3 [41]; magenta, the N112A variant of KR2, present work, PDB ID: 6YT4). Hydrophobic/hydrophilic membrane core boundaries were calculated with PPM server [59] and are shown with gray lines. Cytoplasmic (CP) and extracellular (EC) sides of the membrane are marked. N-terminal α-helix of KR2 is colored blue. Helices A, B, and BC loop are hidden for clarity. 
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Table 1. Crystallographic data collection and refinement statistics. R.m.s.: root mean square.
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Data Collection






	
Mutant

	
N112A




	
Protein Data Bank ID

	
6YT4




	
Space group

	
C2221




	
Cell dimensions

	
-




	
     a, b, c (Å)

	
129.84, 239.70, 134.58




	
     α, β, γ (°)

	
90, 90, 90




	
Wavelength (Å)

	
0.9762




	
Resolution (Å)

	
47.85–2.40 (2.455–2.400) *




	
Rmerge (%)

	
21.6 (273.4) *




	
Rpim (%)

	
3.5 (43.6) *




	
<I/σI>

	
19.6 (1.8) *




	
CC1/2 (%)

	
94.3 (82.1) *




	
Completeness, spherical (%)

	
94.0 (72.1) *




	
Completeness, ellipsoidal (%)

	
97.5 (99.2) *




	
Multiplicity

	
40.7 (40.2) *




	
Unique reflections

	
77,168 (3858) *




	
Refinement




	
Resolution (Å)

	
20.00–2.40




	
No. reflections

	
73,219




	
Rwork/Rfree (%)

	
18.6/21.7




	
No. atoms

	
-




	
     Protein

	
10,791




	
     Retinal

	
100




	
     Water

	
286




	
     Lipids

	
510




	
     Sodium

	
5




	
Average B factors (Å2)

	
-




	
     Protein

	
44




	
     Retinal

	
42




	
     Water

	
44




	
     Lipids

	
73




	
     Sodium

	
33




	
R.m.s. deviations

	
-




	
     Protein bond lengths (Å)

	
0.0022




	
     Protein bond angles (°)

	
1.0395




	
Ramachandran analysis

	
-




	
     Favored (%)

	
96.3




	
     Outliers (%)

	
0.4








* The data for the highest resolution shell is shown in parenthesis.
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