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Ancestral Sequence Reconstructions of MotB Are Proton-Motile and Require MotA for Motility
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The bacterial flagellar motor (BFM) is a nanomachine that rotates the flagellum to propel many known bacteria. The BFM is powered by ion transit across the cell membrane through the stator complex, a membrane protein. Different bacteria use various ions to run their BFM, but the majority of BFMs are powered by either proton (H+) or sodium (Na+) ions. The transmembrane (TM) domain of the B-subunit of the stator complex is crucial for ion selectivity, as it forms the ion channel in complex with TM3 and TM4 of the A-subunit. In this study, we reconstructed and engineered thirteen ancestral sequences of the stator B-subunit to evaluate the functional properties and ionic power source of the stator proteins at reconstruction nodes to evaluate the potential of ancestral sequence reconstruction (ASR) methods for stator engineering and to test specific motifs previously hypothesized to be involved in ion-selectivity. We found that all thirteen of our reconstructed ancient B-subunit proteins could assemble into functional stator complexes in combination with the contemporary Escherichia coli MotA-subunit to restore motility in stator deleted E. coli strains. The flagellar rotation of the thirteen ancestral MotBs was found to be Na+ independent which suggested that the F30/Y30 residue was not significantly correlated with sodium/proton phenotype, in contrast to what we had reported previously. Additionally, four among the thirteen reconstructed B-subunits were compatible with the A-subunit of Aquifex aeolicus and able to function in a sodium-independent manner. Overall, this work demonstrates the use of ancestral reconstruction to generate novel stators and quantify which residues are correlated with which ionic power source.
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INTRODUCTION

Bacterial cells can move through liquids or over moist surfaces using rotating flagella to propel themselves in response to chemical stimulus, temperature and pH (Armitage, 2007; Jarrell and McBride, 2008; Gurung et al., 2020). The bacterial flagellar motor (BFM) drives the rotation of the flagellum (Sowa and Berry, 2008). One of the largest molecular machines in bacteria, with a molecular mass of ∼11 MDa (Sowa and Berry, 2008), the BFM is present in a great variety of bacterial taxa from various habitats (Pion et al., 2013). It shares structural and amino acid sequence homology across a diverse range of taxa which suggests early ancestry and makes it a case study for investigating the origins of microbial motility (Mitchell and Kogure, 2006; Thormann and Paulick, 2010; Son et al., 2015).

The stator complexes are motor-associated protein complexes which form a selective ion channel that converts chemical energy into mechanical torque to rotate the rotor (Minamino et al., 2018). The stator proteins are divided into A- and B-subunits and named according to the transferred ion, for example, MotA and MotB in H+ powered motors in Escherichia coli, and PomA and PomB in Na+ powered motors in Vibrio alginolyticus (Yorimitsu and Homma, 2001; Berg, 2003). According to the complete structure of stator complex, the A-subunit (MotA/PomA) consists of four transmembrane (TM) domains and a large cytoplasmic domain that is proposed to interact with the rotor through the rotor component FliG and generate torque (Dean et al., 1984; Blair and Berg, 1991; Zhou et al., 1995; Braun et al., 2004; Onoue et al., 2019). The B-subunit (MotB/PomB) contains a single TM domain followed by a large periplasmic domain which consists of a plug segment to control ion flow and a peptidoglycan-binding domain (PGD) to interact with peptidoglycan layer (Roujeinikova, 2008; Kojima et al., 2018). The stoichiometry of the stator units was until recently believed to be 4(A):2(B) according to the available previous crosslinking, biochemical, and genetic data of MotAB and PomAB (Sato and Homma, 2000; Kojima and Blair, 2001; Kojima et al., 2009). However, in 2020 the full structure of the stator complex was solved and it was reported that the stoichiometry of the stator unit is 5:2 instead of 4:2 for both MotAB/PomAB families (Deme et al., 2020; Santiveri et al., 2020). The new reports suggested that five copies of MotA enclosed the two TM domains from of the two copies of MotB (Deme et al., 2020; Santiveri et al., 2020). The four TM domains of MotA are arranged in two layers, TM3 and TM4 line the central pore, while TM1 and TM2 form a surrounding outer layer of helices (Deme et al., 2020; Santiveri et al., 2020). TM1 and TM2 stabilize the assembly of MotA whereas TM3 and TM4 make direct interactions with MotB, and both of them together span the complete height of MotA and extend to the cytoplasmic domain (Deme et al., 2020; Santiveri et al., 2020). The functional mechanism of MotAB starts with the dimerization and binding of PGDs to the peptidoglycan layer which leads the unplugging of the ion channel to allow ion exchange. Finally, the binding and release of proton or hydronium ions by the universally conserved MotB aspartate residue allow the MotA to bind the neighboring FliG, which trigger the conformational change in the stator complex and generate torque (Deme et al., 2020; Santiveri et al., 2020).

Ion selectivity provides flexibility to bacteria for using suitable ions according to their environmental conditions (Terahara et al., 2008). Generally, most of the bacterial species use a single stator complex to couple with specific ions such as protons (H+), sodium (Na+), potassium (K+), rubidium (Rb+), magnesium (Mg2+), calcium (Ca2+), or strontium (Sr2+) to drive their motor (Li et al., 2011; Terahara et al., 2012; Minamino and Imada, 2015; Imazawa et al., 2016; Ito and Takahashi, 2017). However, some bacterial species can power their flagella by coupling more than one ion using either multiple types of stator complexes or single dual-functional complexes (Terahara et al., 2006, 2008; Paulick et al., 2015). Previous studies suggested that the TM domain of the B-subunit (MotB, MotS, and PomB) of the stator complex is specifically crucial for the selectivity of H+ and Na+ ions in the flagellar motor (Asai et al., 2000; Ito et al., 2005). In the MotAB complex, a conserved aspartic acid residue (D32) at the N-terminal side of the TM region is thought to function as a universally conserved site for ion binding (Zhou et al., 1998). Mutational studies suggested that valine (V42) and leucine (L42) located at the ten amino acids downstream from the universal conserved aspartic acid (D32) are critical for the selection of H+ and Na+ ions, respectively (Terahara et al., 2008). Another study has exhibited that the methionine residue (M33) at the TM region of MotS is critical for K+ selectivity (Terahara et al., 2012). It has also been reported that switching of ion selectivity and use of dual ion into a single stator can be introduced with mutations and hybridizations of the ion-binding transmembrane region of the B-subunit (Terahara et al., 2008; Nishino et al., 2015). However, recently it was proposed that the MotP subunit of the MotPS complex was important for the K+ selectivity of the flagellar stators of Bacillus alcalophilus and Bacillus trypoxylicola (Naganawa and Ito, 2020).

Although the recent high-resolution cryoelectron microscopy reconstructions of stator units enable us to gain more detailed information of the structural and functional components of BFM that are involved in the conversion of electrochemical energy to mechanical torque (Deme et al., 2020; Santiveri et al., 2020), the exact mechanism and structural determinants of ion selectivity are yet to be discovered. However, with the help of statistical phylogenetic methods, it is possible to infer the sequences of extinct ancestral proteins from the sequences of their extant descendants (Hochberg and Thornton, 2017). It is possible to then resurrect the ancestral proteins corresponding to these inferred sequences and characterize their in vitro biological and biochemical properties (Gaucher et al., 2003; Thornton et al., 2003). Furthermore, ancient proteins can be expressed in contemporary hosts to examine the function of ancient proteins in vivo, and their integration and subsequent adaptation in ancient-modern hybrids (Kaçar and Gaucher, 2012; Kacar et al., 2017a,b). It is also possible to reconstruct the ancestral protein using the inferred ancestral sequence and express the reconstructed ancestral proteins using genetic engineering techniques to characterize their biological and biochemical properties (Gaucher et al., 2003; Thornton et al., 2003). In this study, we have built a phylogeny of MotB proteins in proteobacteria and computationally reconstructed the ancestral stator units focusing on the TM region of the B-subunit of the stator complex. We engineered selected nodes into a chimeric plasmid to characterize their motility and evaluate their ion selectivity to interrogate ion selectivity in ancient-modern hybrids of the flagellar motor at specific points in our estimate of history.



MATERIALS AND METHODS


Phylogenetic Analysis and Ancestral Sequence Reconstruction


Sequence Gathering

A sequence similarity network (SSN) was generated as previously described (Atkinson et al., 2009). The protein sequences of 2187 bacterial homologs of MotB (UniProt: P0AF06) were selected using the EFI-EST server (Gerlt et al., 2015) with E-value = 10 for the all-versus-all BLAST, and using representative nodes to represent clusters with 90% sequence similarity. A subset of 757 sequences was selected as follows: nodes connected by edges >85% sequence identity were kept (1289 nodes, 5870 edges), and then the 405 least connected nodes (duplexes and triplexes) were removed (down to 884 nodes, 5572 edges). Sequences for these 884 nodes were aligned with MUSCLE (Edgar, 2004) and nodes were restricted to sequences that contained either FAD, YAD, or LAD at residues 30–32 (E. coli MotB numbering, 757 nodes, 4326 edges), to ensure conserved residue D32 for function. The clustering of characterized proteins were visualized using the gamma-organic layout on Cytoscape 3.1 (Akiva et al., 2017) and presented in Supplementary Figure 1.



Phylogenetics

757 MotB sequences from above were aligned using Clustal Omega (Larkin et al., 2007) with five iterative re-alignments. The phylogeny was then estimated with Quicktree using Kimura translation for pairwise distance and calculating bootstraps with 100 iterations (Howe et al., 2002). The phylogeny was midpoint-rooted in FigTree (Rambaut, 2014) for display purposes, and should be treated cautiously as with any single-protein estimate of a deep phylogeny (Pallen and Matzke, 2006; Abby and Rocha, 2012; Shih and Matzke, 2013; Prangishvili et al., 2017; Ishida et al., 2019). For the purpose of surveying sequence diversity across MotBs, the tree is adequate, and arbitrary re-rooting will not affect estimation of ASRs at nodes.



Node Selection

Thirteen nodes were selected at assessed divergent points between clades based on known sodium swimmers and their proximity and distance from the arbitrary root. Sequences (Supplementary Figure 2A) and conservation via sequence logo (Crooks et al., 2004) are shown in Supplementary Figure 2.



Reconstruction

Ancestral protein sequences were reconstructed using the empirical Bayes method implemented in PAML (Yang, 2007). MotB sequences were truncated to focus on the TM region between residues 23–65 on MotB. The posterior probability distribution at each site for each ancestral node was also calculated using PAML.



Bacterial Strains and Plasmids and Growth Conditions

The bacterial strains and plasmids used in this study are shown in full in Supplementary Table 1. The primary strains used in this work are RP6894 (Block et al., 1989) and RP3087 (Blair et al., 1991). All the E. coli strains were cultured in LB broth and LB agar [1% (w/v) Bacto tryptone, 0.5% (w/v) Bacto yeast extract, 0.5% (w/v) NaCl, and 2% (w/v) Bacto agar for solid media] at 37°C. According to the selective antibiotic resistance pattern of the plasmids, chloramphenicol (CAM), ampicillin (AMP) or kanamycin (KAN) were added to a final concentration of 25 μg/mL, 50 μg/mL, and 25 μg/mL, respectively.



Cloning of Selected MotB-ASR Sequences

We engineered the ancestral reconstructed sequences (ASR) in a predesigned form of genetic structure that included the first 22 residues of E. coli MotB, followed by 42 residues (23–65) of ancestral sequence and a final 243 residues (66–308) of the MotB chassis (ASR = 1–22 MotB; 23–65 ASR; 66–308 MotB). In summary, this used the E. coli N-terminal domain, the ASR for the TM and plug domains (TM: residues 28–49, plug: 52–65) and then the E. coli PGD and C-terminal domain (PGD: 196–225). MotB-ASRs were constructed by PCR amplification using the chimeric plasmid pSHU1234 (Nishino et al., 2015) containing PomA and PotB (a hybrid of PomB and MotB) as the cloning vector. Thirteen forward ultramer primers were designed with ∼200 nucleotide overhangs that contained a NdeI restriction site, the predicted ancestral sequences and an annealing sequence specific to MotB on PotB in pSHU1234. A common reverse primer was designed to amplify from the end of PotB with a PstI restriction site. IDT synthesized all the primers. The list of all primers is provided in Supplementary Table 2. Phusion high-fidelity (HF) DNA polymerase (NEB) was used for the PCR amplification of ASR sequences. Each reaction contained 10 μL of 5X Phusion HF buffer, 200 μM dNTPs, 0.1 μM of each primer, 10 ng of plasmid template, 3% of DMSO, 1 U Phusion HF DNA polymerase, sterile Milli-Q water to final volume of 50 μL. The reactions were started by heating to 98°C for 30 s. The PCR reactions were then subjected to 35 cycles of 98°C for 10 s, 58°C for 30 s, and 72°C for 30 s, with a final 5 min extension step at 72°C.

The amplified MotB-ASR sequences were then separated in 1% (w/v) agarose gel and purified using the Qiagen gel purification kit. Purified MotB-ASR sequences and pSHU1234 were digested with NdeI and PstI before ligation with T4 ligase (NEB) using a 1:3 vector to insert molar ratio. All the resulting MotB-ASR plasmids contain a PomA from the vector backbone and an ancestral-contemporary MotB hybrid (Supplementary Table 1).

Finally, all the MotB-ASR plasmids were transformed into stator deleted (RP6894) and MotB deleted (RP3087) E. coli strains following the chemical transformation protocol from NEB. All engineered and cloning of MotB-ASR sequences were confirmed by colony PCR and Sanger sequencing at The Ramaciotti Centre for Genomics (UNSW, Australia) using ASR sequence-specific primers (Supplementary Table 2).



Construction of Single Stator Plasmids

We constructed pMotB via deleting MotA from the MotAB plasmid pDB108 (A gift from David F Blair Lab) and constructed pPomA and pPotB by deleting PotB and PomA, respectively, from PomAPotB plasmid pSHU1234 (Nishino et al., 2015). Site-directed, Ligase-Independent Mutagenesis (SLIM) was used (Chiu et al., 2008) with specific primers (Supplementary Table 2). We also constructed a A225D point mutant of A. aeolicus MotA from the wild type A. aeolicus MotA plasmid (pNT7) (Takekawa et al., 2015) using QuikChange Lightning Site-Directed Mutagenesis with the recommended protocol from Agilent. The primers used for this point mutation were provided in the Supplementary Table 2.



Evaluation of Swimming Properties of MotB-ASRs in Soft Agar Motility Assay

We performed swim plate motility assays according to the previous protocol (Ishida et al., 2019) with slight modifications to check whether ancestral MotB proteins could restore motility. LB swim plates [0.25% (w/v) Bacto agar] were used to screen bacteria with swimming properties. Minimal medium swim plates [10 mM of KHPO4, 0.1% (v/v) of glycerol, 0.1 mM of Thr, 0.1 mM of Leu, 0.1 mM of His, 0.1 mM of Met, 0.1 mM of Ser, 1 mM of MgSO4, 1 mM of (NH2)2SO4, 1 μg/mL of thiamine, and 85 mM of NaCl or 85 mM of KCl, respectively, 0.25% (w/v) agar, 0.02% (w/v) of arabinose, pH 7.0] were used to determine the dependency of coupling ions (Na+ or H+) as the medium contained only the desired ion and the pure forms of nutrients that did not contain any other ionic contaminants. Antibiotics (25 μg/mL CAM or 50 μg/mL AMP or 25 μg/mL KAN) were added according to the plasmids used. Additionally, minimal swim plates with different Na+ concentrations in combination with 100 μM phenamil (Sigma-Aldrich) were used to assess the of Na+ dependency on swimming properties.

Swim plates were inoculated with a single 1 day old colony with a sterile toothpick and incubated at 30°C for 14 h (for LB swim plates) or 16 h (minimal swim plates) to allow proper development of a swimming ring. Swimming zones were first visually checked, imaged with the ChemiDoc MP Imaging System (Bio-Rad), and swimming diameters measured using ImageJ software (Version 1.52).



Determination of the Effect of Sodium (Na+) Concentration on the Rotation Speed of MotB-ASRs

The effect of different Na+ concentrations on the rotation speed of MotB-ASRs and sodium/proton controls were determined by tethered cell assays in the presence of a range of Na+ concentrations following a previous protocol (Nishiyama and Kojima, 2012) with some modifications. E. coli RP3087 containing MotB-ASR plasmids were inoculated into TB broth [1% (w/v) Bacto tryptone, 0.5% (w/v) NaCl] containing 0.02% (w/v) arabinose and 25 μg/ml chloramphenicol and were grown overnight (17 h) with 180 rpm at 30°C. The overnight cultures were sub-cultured with a 50-fold dilution into fresh TB broth and incubated for 5 h with 180 rpm at 30°C to get more motile cells. At OD600 ∼0.80, the flagella of the cells were sheared by passing the culture multiple times (∼35) through a 26G needle syringe. After shearing the flagella, the cells were washed three times with motility buffer [10 mM potassium-phosphate, 10 mM lactic acid, 100 mM NaCl, and 0.1 mM EDTA, pH 7.0]. Cells were then attached on glass slides pre-treated with an anti-E. coli flagellin antibody with a 1:10 dilution (Nishiyama and Kojima, 2012) and washed sequentially with a Na+ concentration gradient containing motility buffer. The rotational speed of the cells was observed using phase-contrast microscopy (Nikon) and was recorded at 20 frames per second (FPS) through the 40X objective with a camera (Chameleon3 CM3, Point Grey Research). Rotational motion of the cells was analyzed using Lab view 2019 software (National Instruments) and rotational speeds were calculated from 20 individual cells.



Growth Curve Assays

Growth assays were executed to exclude possible growth impact of MotB-ASRs. Growth of E. coli strain RP3087 transformed with all the MotB-ASRs, pSHU1234, and pMotB plasmids were monitored as described (Santiveri et al., 2020) with slight modifications. Briefly, overnight cultures of the test strains with OD600 1.0 were diluted 1:100 in 96-well plates (Corning) with fresh LB broth containing different concentrations of NaCl, 0.02% (w/v) arabinose and 25 μg/ml chloramphenicol and incubated at 37°C. The OD600 were measured in a microplate reader (FLUOstar OPTIMA, BMB LABTECH) every hour for 8 h with a brief shaking interval before each measurement. The experiment was performed in a triplicate.



Correlation Analysis of Mutations at Each Respective Site of MotB Ancestral Sequences

To determine the correlation of mutations at each respective site of MotB ancestral sequences, we selected 19 species of bacteria (Supplementary Table 3) where the ion selectivity correlation with residue was previously measured (Ishida et al., 2019). Each species in the 19-species subset was classified as Na+ or H+ powered, we then added our functional MotB-ASRs as a further 13 H+ powered units and conducted Fisher’s Exact Test analysis (in R) based on a binary response variable. We were interested in whether a binary response might be correlated with a binary amino acid predictor, so we filtered columns in the alignment to exclude columns where the two most common amino acids added up to <85% of the observed residues. We ran Fisher’s exact test to correlate each amino acid or the mutational pair with the ionic power source.



RESULTS


Phylogeny of MotB and Node Composition of MotB-ASRs

We selected nodes in our phylogeny (Figure 1) for ancestral reconstruction (ASR) by a mixture of early and contemporary nodes to increase the probability of synthesizing a motile gene. Among the selected nodes, ASR981 had descendants that were exclusively betaproteobacteria, ASR1459 had descendants that were exclusively alphaproteobacteria, ASR908, ASR1170, ASR1239, ASR1246, ASR1457, and ASR1501 had descendants that were exclusively gammaproteobacteria, and the remaining, mostly older nodes ASR758, ASR759, ASR760, ASR765, and ASR1024 had descendants that were a mixture of gamma, beta and alphaproteobacterial, with ASR1024 also including all four of the hydrogenophilalias.
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FIGURE 1. Phylogeny of 757 MotB homologs. MotB homologs selected via EBI-EST and restricted to FAD/YAD/LAD at residues 30–32 (E. coli MotB). ASRs were calculated for every node, with those selected for engineering and resurrection indicated (yellow circles, numbering from root beginning at 758). Tree branches were colored based on sequence identity at residue 30 F/Y/L in the contemporary strain where conserved (Y30: blue, F30: green, L30: red, mixture: black).


The composition of the 13 nodes is shown as the proportion of species represented in the tips downstream from that node (Figure 2). All the nodes were distributed to a wide range of bacterial genera among which Pseudomonas, Xanthomonas, Burkholderia, Yersinia, Paraburkholderia, Cupriavidus, Stenotrophomonas, Marinobacter, Xenorhabdus, and Caballeronia were prevalent. We calculated the top three genera by frequency of occurrence in the tips descendant from the selected nodes. Among all the 13 MotB-ASRs, all the descendants of ASR908 were Halomonas, all of ASR1246 were Pseudomonas, all of ASR1457 belonged to Marinobacter, and remaining nodes had descendants from mixed genera (Figure 2). With regard to species that could be expected to be sodium swimmers, in our original collection of 2187 MotB homologs we had 72 Vibrio species and 13 Shewanella, species. Following our network-based selection of refined sequences (Supplementary Figure 1), seven Vibrio strains remained in our phylogeny, and ASR1459 was the nearest parental-node to these seven strains.
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FIGURE 2. Composition of resurrected MotB-ASRs. For each node, the set of tips descendant from that node was used to calculate the proportion of genera downstream from that node. Majority genera are indicated in legend and the top three contributors to each node noted on axis. Nodes 908, 1246, and 1457 have descendants that are solely Halomonas, Pseudomonas and Marinobacter, respectively, while others are mixtures.




Functional Characteristics of MotB-ASR Proteins

We calculated MotB-ASRs using maximum likelihood methods (Yang, 2007) for each of the nodes above and engineered the TM and plug domains of these ASRs into our existing MotB chassis (Supplementary Figure 2). Motility, initially evaluated with swim plates, showed that all MotB-ASR proteins were functional and could restore motility in the presence of contemporary MotA (Figure 3A and Supplementary Figure 3). However, without MotA, in the presence of existing PomA, none of the MotB-ASRs were functional (Figure 3B). This is in contrast with the controls where PotB (chimeric B-unit) was functional together with PomA and non-functional with MotA (Supplementary Figure 4).
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FIGURE 3. MotB-ASRs are functional. Motility of resurrected MotB-ASRs along with the control Na+ swimmer (PomAPotB), H+ swimmer (MotAMotB), and non-swimmer (empty vector: pBAD33) were tested on semi-solid agar swim plates (0.25% w/v agar). (A) All MotB-ASRs (presented according to the respective nodes) restore motility in the presence of PomA (from plasmid) and MotA (from genome) in ΔmotB E. coli strain RP3087. (B) None of the resurrected MotB-ASRs restore motility in presence of PomA without MotA in ΔmotAmotB E. coli strain RP6894. Plates were incubated at 30°C for 14 h.




Ion Dependency of Motile MotB-ASRs

To determine the ion dependency of motile MotB-ASRs, we measured motility both in the presence and absence of Na+ on minimal swim plates. The minimal swim plate assay results showed that all the ASRs were able to swim in both the presence and absence of Na+ (Figures 4A,B). We further checked the swimming ability of all ASRs and H+/Na+ swimming controls (MotAMotB/PomAPotB) in the presence of the Na+ blocker phenamil. The results showed no inhibition of motility for all MotB-ASRs and the control H+ swimmer, but showed complete inhibition of motility for the control Na+ swimmer (PomAPotB) (Figure 4C). However, the swimming diameter of all MotB-ASRs and proton and sodium controls (MotAMotB and PomAPotB), was greater at higher Na+ concentrations (Supplementary Figure 5). This occurred despite the observed growth rates for MotB-ASRs and controls being equivalent at all sodium concentrations (Supplementary Figure 6). To verify the ionic energy source, we characterized stator energization via tethered cell assays.
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FIGURE 4. Ion dependency of MotB-ASRs. Characterizing ion dependency of motile MotB-ASRs in the presence of Na+ control (PomAPotB) and H+ control (MotAMotB) on minimal swim plates (with/without NaCl). (A) All MotB-ASRs (presented according to the respective nodes) restored motility in ΔmotB strain RP3087 in the presence of Na+. (B) In the absence of Na+, all the MotB-ASRs restored motility in ΔmotB strain RP3087. (C) All MotB-ASRs restored motility in the presence of Na+ and 100 μM of the sodium-blocker phenamil. (A,B) incubated at 30°C for 16 h, (C) at 30°C for 14 h.




Effect of Na+ on the Rotational Speed of MotB-ASRs

The rotational speed of all 13 MotB-ASRs and the control strains (Na+ swimmer and H+ swimmer) were measured in the presence of different Na+ concentrations (0 mM, 5 mM, 21.25 mM, 42.5 mM, and 85 mM) using the tethered cell assay. Rotation speed of all tested MotB-ASRs showed no dependence on Na+ concentration similar to the H+ control swimmer (MotAMotB) (Figure 5). However, the Na+ control swimmer (PomAPotB) showed sodium dependence, with a gradual increase in swimming speed starting from 0 Hz to 2.8 ± 1.25 Hz maximum speed in the presence of 0 mM and 85 mM NaCl, respectively (Figure 5).
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FIGURE 5. Tethered cell rotational speeds of MotB-ASRs vs. extracellular concentration of Na+. The averaged tethered cell rotation speed (mean ± SD) of all ASR measurements shows no dependency on external sodium concentration. Full data for each ASR is shown in Supplementary Figure 7. Rotation speed of the sodium powered swimming control (PomAPotB, green) and proton powered swimming control (MotAMotB, blue) are indicated for comparison.


Among all 13 MotB-ASRs, MotB-ASR981 showed the highest swimming speed of 4.01 ± 0.92 Hz and MotB-ASR908 showed the lowest swimming speed of 2.71 ± 0.51 Hz. The remaining MotB-ASRs showed swimming speeds between 3.07 ± 0.55 Hz and 3.73 ± 0.92 Hz in all tested concentrations of Na+ (Supplementary Figure 7).



Compatibility of MotB-ASRs With Ancient Aquifex aeolicus MotA

We co-transformed all the 13 MotB-ASRs with an ancient wild type (WT) Aquifex aeolicus (aa) MotA (MotAaaWT) into a stator deleted E. coli (RP6894) to evaluate compatibility between A. aeolicus and MotB-ASR stators using the swim plate motility assay. Four (MotB-ASR760, MotB-ASR765, MotB-ASR908, and MotB-ASR981) out of 13 MotB-ASRs were compatible with MotAaaWT. All the compatible MotB-ASRs showed Na+ independent motility and swam both in the presence and absence of Na+ (presence of K+) containing plates (Figures 6A,B). However, the same MotAaaWT did not show any compatibility with contemporary E. coli MotB (MotBE) (Supplementary Figure 8A). On the other hand, the point mutant (A225D) of A. aeolicus MotA (MotAaa225D) was compatible with A. aeolicus-E. coli chimeric MotB (MotBAE) and produced a much larger swimming zone than MotAaaWT and the identical MotBAE (Supplementary Figure 8B). In contrast, no MotB-ASRs were compatible with the point mutant of MotAaa225D and all were non-motile (Supplementary Figure 8C).
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FIGURE 6. Compatibility of MotB-ASRs with Aquifex aeolicus MotAaaWT on minimal swim plates (with/without NaCl). Of the 13 MotB-ASRs, four restored motility in combination with MotAaaWT in both the presence of Na+ (A) and in the absence of Na+ (B). Legend: 1, MotAaaWTMotB-ASR758; 2, MotAaaWTMotB-ASR759; 3, MotAaaWTMotB-ASR1024; 4, MotAaaWTMotB-ASR1170; 5, MotAaaWTMotB-ASR1239; 6, MotAaaWTMotB-ASR1246; 7, MotAaaWTMotB-ASR1457; 8, MotAaaWTMotB-ASR1459; 9, MotAaaWTMotB-ASR1501.




Confirmation of Na+ Independence of A. aeolicus Compatible Motile MotB-ASRs

Tethered cell assay with various concentration of Na+ (0 mM, 5 mM, 21.25 mM, 42.5 mM, and 85 mM) was performed to confirm the ionic energy source of the four motile MotB-ASRs (MotB-ASR760, MotB-ASR765, MotB-ASR908, and MotB-ASR981) together with MotAaaWT co-transformed cells. We also measured the rotation speed of MotAaa225D and MotBAE co-transformed cell in the same condition as a Na+ dependent control (Takekawa et al., 2015). The rotation speeds of all the cells with MotB-ASRs and MotAaaWT were stable and showed no dependence on external sodium concentration, while in contrast the rotation of MotAaa225D and MotBAE showed Na+ dependence (Figure 7). MotAaaWTMotB-ASR908 rotated more slowly than MotAaaWTMotBAE with an average swimming speed of 1.59 ± 0.60 Hz but all other MotB-ASRs rotated more quickly, with MotB-ASR765 the fastest swimmer with the average swimming speed of 3.39 ± 0.79 Hz (Figure 7).
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FIGURE 7. Tethered cell rotational speeds of MotAaaWTMotB-ASRs vs. extracellular concentration of Na+. Rotational speed measured by tethered cell for varying extracellular concentrations of Na+ showed that the four A. aeolicus compatible MotB-ASRs rotated independently of external concentration of Na+ (MotB-ASR908, MotB-ASR765, MotB-ASR981, MotB-ASR760, dark brown colored lines). This is in contrast to the control sodium-motile A. aeolicus point mutant MotA in combination with A. aeolicus-E. coli chimeric MotB (MotAaa225D MotBAE, blue line).




Pairwise Correlation of Residue With Phenotype

We assembled a sequence alignment including all 13 MotB-ASRs (Supplementary Figure 2A) and 19 additional bacterial species (Supplementary Table 3) with known sodium or proton motility (Ishida et al., 2019). We examined if the addition of our 13 proton-motile strains affected significance scores for correlation between specific residues and phenotype by Fisher’s Exact Test. For the hypothesized correlation between residue 30 F or Y (Figure 1) and proton or sodium motility, where the null hypothesis of no correlation was previously strongly rejected based on data from 19 living strains (p = 0.0034), the addition of 13 additional proton motile ASR sequences weakened, but did not completely eliminate, statistical significance at the p < 0.05 level (p = 0.014). However, residue 43 remained strongly significantly correlated with ionic power source (p = 0.00041 with living sequences; p = 0.000028 with ASRs added, Supplementary Table 4).



DISCUSSION

The bacterial flagellar motor is a nanomachine powered by the translocation of specific ions across the cell membrane (Sowa and Berry, 2008). Initially, H+ and Na+ using bacteria were the primary interests of study but the gradual discovery of bacteria utilizing other ions, such as K+, Rb+, Mg2+, Ca2+, or Sr2+, has raised the question about the origin and mechanism of the ion selectivity of bacterial flagellar motors (Li et al., 2011; Terahara et al., 2012; Minamino and Imada, 2015; Imazawa et al., 2016; Ito and Takahashi, 2017). The reliable answer to this question is still not clear as it is not known whether the original swimmer was sodium or proton powered (Schirrmeister et al., 2015). The development of ancestral reconstruction has created the opportunity to recreate historical scenarios using statistical phylogenetics and microbial engineering (Hochberg and Thornton, 2017). In this study, we tried to reconstruct the ancestral MotB protein and engineered them to evaluate their characteristics.

For the reconstruction of ancestral MotB stator protein, we generated a phylogeny of 757 MotB homologs. We focused on engineering the TM and plug region of ancestral MotB as this region controls ion selectivity and has been engineered to make functional chimeras (Asai et al., 2000; Ito et al., 2005; Nishino et al., 2015). Our phylogenies were restricted to include essential D32 to ensure functionality, and we further restricted the phylogenies to include FAD/YAD/LAD in residues 30–32 to have the best chance of generating functional reconstructions, and to examine the effect of residue changes and adaptation at 30F/Y/L to probe correlation with H+ or Na+ ion selection and compare with previous work (Ishida et al., 2019; Supplementary Figure 2B).

The swim plate assay results of this study showed that all the MotB-ASRs were able to swim both in the presence and absence of Na+ in the combination with MotA. Also, our MotB-ASRs were not inhibited by the sodium inhibitor phenamil that is a general inhibitor of sodium dependent motors (Atsumi et al., 1990), and amiloride and its derivatives do not inhibit MotAB (Terahara et al., 2008). Na+ independent motility and resistance to Na+ blocker together imply that our ancestral B-subunits function similarly to proton-powered MotB, and our alterations in the TM domain converted a Na+ dependent swimmer (PomAPotB) into a sodium independent swimmer (MotAPomAMotB-ASR).

Tethered cell assay results confirmed that external Na+ concentrations did not affect the rotation speed of all MotB-ASRs (Figure 5), whereas the rotation speed of the control Na+ swimmer showed a strong dependence on external sodium concentration (Figure 5). The sodium-independence of MotB-ASR swimming speed matches previous measurements for proton-powered MotAB (Imazawa et al., 2016). This result indicates that our resurrected reconstructions are more MotB-like than PomB-like.

Our MotB-ASRs included both YAD and FAD motifs, however, regardless of F/Y at residue 30, all MotB-ASRs displayed proton-based functionality. Previously we quantified the correlation between F/Y and sodium/proton motility in a test set of known sodium and proton swimmers (Ishida et al., 2019). There are known exceptions to the overall trend, such as proton-motile Pseudomonas aeruginosa with a FAD motif, but the overall correlation was strong, and both generalized and phylogenetic linear regressions indicated significant correlation (p < 0.05) in our previous work. We reexamined our previous data set, and supplemented this with our new ASRs. When we added the new sequences corresponding to our ASRs, which were diverse in F/Y but uniform in phenotype, this resulted in the F/Y locus, in our analysis, having a much weaker correlation with a sodium/proton phenotype. This is further evidence that FAD/YAD in MotB is unlikely to dictate selectivity on its own, alongside ours and others’ previous work (Asai et al., 2000, 2003; Sudo et al., 2009).

Additionally, the compatibility of our MotB-ASR with ancient Aquifex aeolicus MotA (MotAaaWT) and subsequent Na+ independent swimming properties provided further evidence that the MotB-ASRs generated here are more likely to be proton-powered MotB. In agreement, our ASRs could not restore motility with the mutant A. aeolicus MotA (MotAaa225D) which had been previously shown to enable sodium-dependent motility (Takekawa et al., 2015).

The primacy of sodium energetics is becoming clear in the case of ATPases (Mulkidjanian et al., 2008), but for flagellar motors this is still an open question. Here, we observed our ASRs to function in a MotB-like sodium-independent manner, and to be functional in the presence of (MotAaaWT). Previous work has suggested sodium-energized flagellar rotation predates proton-powered bacterial motion, due to the early diverging A. aeolicus being observed to be sodium-dependent (Takekawa et al., 2015). We have not attempted here the difficult task of definitively resolving ancient evolutionary history. To answer which ion holds energetic primacy for the BFM would require more comprehensive phylogenies, across multiple flagellar proteins, to identify and resurrect the best estimate of the historical stator complex at the time of divergence. Here we have demonstrated that such approaches show strong promise: ancestral reconstruction and protein engineering can generate novel stators that are both functional and useful and can be used to probe questions surrounding which residues dictate ion-selectivity.
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Supplementary Figure 1 | Sequence similarity network (SSN) of MotB homologs. Visualization of the SSN for the 757 sequences that composed the phylogeny shown in Figure 1. Edges indicate sequence identity higher than 85%, clustering visualized using the gamma-organic layout on Cytoscape 3.1. Class is indicated by shape (gammaproteobacteria: triangle; alphaproteobacteria: diamond; betaproteobacteria: circle; hydrogenophilalia: square) with residue identity at site 30 indicated in color as per Figure 1 (Y30: blue; F30: green; L30: red).

Supplementary Figure 2 | Sequence alignment and conservation of ASRs. (A) Sequence alignment of 13 resurrected MotB-ASRs and selection of MotB/PomB from 19 species as a representative selection of sodium/proton motile stators, for comparison. (B) Sequence logo for MotB-ASRs. The height of each letter is proportional to its frequency, and the height of the entire stack signifies the information content of the sequences at that position (in bits).

Supplementary Figure 3 | Swimming in semi-solid agar of MotB-ASRs. Bars represent mean ± SD of swimming diameter for 13 MotB-ASRs and three controls (empty vector: pBAD33, Na+: PomAPotB, H+: MotAMotB). The diameters were measured from the respective 0.25% LB agar + 85 mM NaCl swim plates, incubated at 30°C for 14 h (representative shown in Figure 3). Experiments performed in triplicate for the controls in duplicate for MotB-ASRs.

Supplementary Figure 4 | Swimming capabilities of different MotB-ASRs. Chimeric B-subunit, PotB was functional with Na+ powered A-subunit, PomA but was non-functional with H+ powered Aa-subunit MotA. However, MotB-ASRs were functional with H+ powered Aa-subunit MotA.

Supplementary Figure 5 | Swimming diameter vs. external Na+ concentration. Bars represent swimming diameter of MotB-ASRs and swimming controls (Na+ swimmer/H+ swimmer) with the change of NaCl concentration (0 mM NaCl: brown; 21.25 mM NaCl: blue; 85 mM NaCl: gray). Experiments performed in triplicate for the controls in duplicate for MotB-ASRs (additional plates and measurements for 85 mM NaCl data, not replicates of Supplementary Figure 3).

Supplementary Figure 6 | Growth curves for MotB-ASRs and controls vs. external NaCl concentration. Growth curves of ASRs and controls were measured in the presence of three different NaCl concentration (0 mM, 21.25 mM, and 85 mM).

Supplementary Figure 7 | Rotation of MotB-ASRs is sodium-independent. Rotational speeds of MotB-ASRs were measured using the tethered cell assay at varying concentrations of NaCl (0 mM, 5 mM, 21.25 mM, 42.50 mM, 85 mM). Colored lines represent the mean ± SD rotation speed of each MotB-ASR (N = 20 cells). MotB-ASR908 rotated at the lowest mean speed (sky blue) and MotB-ASR981 rotated at the greatest mean speed (green line).

Supplementary Figure 8 | Compatibility of different stator units from Aquifex aeolicus and MotB-ASRs. (A) MotAaaWT MotBE does not swim on sodium plate. (B) MotAaaWT MotBAE does not swim while and MotAaa225DMotBAE does swim on sodium plate. (C) MotAaa225DMotB-ASRs all do not swim on sodium plate. All plates are LB agar with 85 mM NaCl, 0.02% arabinose, (A,B) with kanamycin/ampicillin, (C) with chloramphenicol, as per methods.



REFERENCES

Abby, S. S., and Rocha, E. P. C. (2012). The Non-Flagellar Type III Secretion System Evolved from the Bacterial Flagellum and Diversified into Host-Cell Adapted Systems. PLoS Genet. 8:e1002983. doi: 10.1371/journal.pgen.1002983

Akiva, E., Copp, J. N., Tokuriki, N., and Babbitt, P. C. (2017). Evolutionary and molecular foundations of multiple contemporary functions of the nitroreductase superfamily. Proc. Natl. Acad. Sci. U S A. 114, E9549–E9558. doi: 10.1073/pnas.1706849114

Armitage, J. P. (2007). “Bacterial Taxis,” in Encyclopedia of Life Sciences, ed. Wiley (New Jersey, NJ: Wiley-Blackwell).

Asai, Y., Kawagishi, I., Sockett, R. E., and Homma, M. (2000). Coupling ion specificity of chimeras between H+- and Na+-driven motor proteins, MotB and PomB, in Vibrio polar flagella. EMBO J. 19, 3639–3648. doi: 10.1093/emboj/19.14.3639

Asai, Y., Yakushi, T., Kawagishi, I., and Homma, M. (2003). Ion-coupling determinants of Na+-driven and H+-driven flagellar motors. J. Mol. Biol. 327, 453–463. doi: 10.1016/S0022-2836(03)00096-2

Atkinson, H. J., Morris, J. H., Ferrin, T. E., and Babbitt, P. C. (2009). Using sequence similarity networks for visualization of relationships across diverse protein superfamilies. PLoS One 4:e4345. doi: 10.1371/journal.pone.0004345

Atsumi, T., Sugiyama, S., Cragoe, E. J., and Imae, Y. (1990). Specific inhibition of the Na+-driven flagellar motors of alkalophilic Bacillus strains by the amiloride analog phenamil. J. Bacteriol. 172, 1634–1639. doi: 10.1128/jb.172.3.1634-1639.1990

Berg, H. C. (2003). The rotary motor of bacterial flagella. Annu. Rev. Biochem. 72, 19–54. doi: 10.1146/annurev.biochem.72.121801.161737

Blair, D. F., and Berg, H. C. (1991). Mutations in the MotA protein of Escherichia coli reveal domains critical for proton conduction. J. Mol. Biol. 221, 1433–1442. doi: 10.1016/0022-2836(91)90943-Z

Blair, D. F., Kim, D. Y., and Berg, H. C. (1991). Mutant MotB proteins in Escherichia coli. J. Bacteriol. 173, 4049–4055. doi: 10.1128/jb.173.13.4049-4055.1991

Block, S. M., Blair, D. F., and Berg, H. C. (1989). Compliance of bacterial flagella measured with optical tweezers. Nature 338, 514–518. doi: 10.1038/338514a0

Braun, T. F., Al-Mawsawi, L. Q., Kojima, S., and Blair, D. F. (2004). Arrangement of Core Membrane Segments in the MotA/MotB Proton-Channel Complex of Escherichia coli. Biochemistry 43, 35–45. doi: 10.1021/bi035406d

Chiu, J., Tillett, D., Dawes, I. W., and March, P. E. (2008). Site-directed, Ligase-Independent Mutagenesis (SLIM) for highly efficient mutagenesis of plasmids greater than 8kb. J. Microbiol. Methods 73, 195–198. doi: 10.1016/j.mimet.2008.02.013

Crooks, G. E., Hon, G., Chandonia, J. M., and Brenner, S. E. (2004). WebLogo: A sequence logo generator. Genome Res. 14, 1188–1190. doi: 10.1101/gr.849004

Dean, G. E., Macnab, R. M., Stader, J., Matsumura, P., and Burks, C. (1984). Gene sequence and predicted amino acid sequence of the motA protein, a membrane-associated protein required for flagellar rotation in Escherichia coli. J. Bacteriol. 159, 991–999. doi: 10.1128/jb.159.3.991-999.1984

Deme, J. C., Johnson, S., Vickery, O., Muellbauer, A., Monkhouse, H., Griffiths, T., et al. (2020). Structures of the stator complex that drives rotation of the bacterial flagellum. Nat. Microbiol. 5, 1553–1564. doi: 10.1038/s41564-020-0788-8

Edgar, R. C. (2004). MUSCLE: A multiple sequence alignment method with reduced time and space complexity. BMC Bioinformatics 5:113. doi: 10.1186/1471-2105-5-113

Gaucher, E. A., Thomson, J. M., Burgan, M. F., and Benner, S. A. (2003). Inferring the palaeoenvironment of ancient bacteria on the basis of resurrected proteins. Nature 425, 285–288. doi: 10.1038/nature01977

Gerlt, J. A., Bouvier, J. T., Davidson, D. B., Imker, H. J., Sadkhin, B., Slater, D. R., et al. (2015). Enzyme function initiative-enzyme similarity tool (EFI-EST): A web tool for generating protein sequence similarity networks. Biochim. Biophys. Acta Proteins Proteomics 1854, 1019–1037. doi: 10.1016/j.bbapap.2015.04.015

Gurung, J. P., Gel, M., and Baker, M. A. B. (2020). Microfluidic techniques for separation of bacterial cells via taxis. Microb. Cell 7, 66–79. doi: 10.15698/mic2020.03.710

Hochberg, G. K. A., and Thornton, J. W. (2017). Reconstructing Ancient Proteins to Understand the Causes of Structure and Function. Annu. Rev. Biophys. 46, 247–269. doi: 10.1146/annurev-biophys-070816-033631

Howe, K., Bateman, A., and Durbin, R. (2002). QuickTree: Building huge neighbour-joining trees of protein sequences. Bioinformatics 18, 1546–1547. doi: 10.1093/bioinformatics/18.11.1546

Imazawa, R., Takahashi, Y., Aoki, W., Sano, M., and Ito, M. (2016). A novel type bacterial flagellar motor that can use divalent cations as a coupling ion. Sci. Rep. 6:19773. doi: 10.1038/srep19773

Ishida, T., Ito, R., Clark, J., Matzke, N. J., Sowa, Y., and Baker, M. A. B. (2019). Sodium-powered stators of the bacterial flagellar motor can generate torque in the presence of phenamil with mutations near the peptidoglycan-binding region. Mol. Microbiol. 111, 1689–1699. doi: 10.1111/mmi.14246

Ito, M., and Takahashi, Y. (2017). Nonconventional cation-coupled flagellar motors derived from the alkaliphilic Bacillus and Paenibacillus species. Extremophiles 21, 3–14. doi: 10.1007/s00792-016-0886-y

Ito, M., Terahara, N., Fujinami, S., and Krulwich, T. A. (2005). Properties of motility in Bacillus subtilis powered by the H +-coupled MotAB flagellar stator. Na+-coupled MotPS or hybrid stators MotAS or MotPB. J. Mol. Biol. 352, 396–408. doi: 10.1016/j.jmb.2005.07.030

Jarrell, K. F., and McBride, M. J. (2008). The surprisingly diverse ways that prokaryotes move. Nat. Rev. Microbiol. 6, 466–476. doi: 10.1038/nrmicro1900

Kacar, B., Garmendia, E., Tuncbag, N., Andersson, D. I., and Hughes, D. (2017a). Functional constraints on replacing an essential gene with its ancient and modern homologs. mBio 8:e01276–17. doi: 10.1128/mBio.01276-17

Kaçar, B., and Gaucher, E. (2012). “Towards the recapitulation of ancient history in the laboratory: combining synthetic biology with experimental evolution,” in Artificial Life 13: Proceedings of the 13th International Conference on the Simulation and Synthesis of Living Systems, ALIFE 2012 (East Lansing, MI), 11–18.

Kacar, B., Ge, X., Sanyal, S., and Gaucher, E. A. (2017b). Experimental evolution of Escherichia coli harboring an ancient translation protein. J. Mol. Evol. 84, 69–84. doi: 10.1007/s00239-017-9781-0

Kojima, S., and Blair, D. F. (2001). Conformational change in the stator of the bacterial flagellar Motor. Biochemistry 40, 13041–13050. doi: 10.1021/bi011263o

Kojima, S., Imada, K., Sakuma, M., Sudo, Y., Kojima, C., Minamino, T., et al. (2009). Stator assembly and activation mechanism of the flagellar motor by the periplasms region of MotB. Mol. Microbiol. 73, 710–718. doi: 10.1111/j.1365-2958.2009.06802.x

Kojima, S., Takao, M., Almira, G., Kawahara, I., Sakuma, M., Homma, M., et al. (2018). The Helix Rearrangement in the Periplasmic Domain of the Flagellar Stator B Subunit Activates Peptidoglycan Binding and Ion Influx. Structure 26, 590.e–598.e. doi: 10.1016/j.str.2018.02.016

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., Mcgettigan, P. A., McWilliam, H., et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947–2948. doi: 10.1093/bioinformatics/btm404

Li, N., Kojima, S., and Homma, M. (2011). Sodium-driven motor of the polar flagellum in marine bacteria Vibrio. Genes Cells 16, 985–999. doi: 10.1111/j.1365-2443.2011.01545.x

Minamino, T., and Imada, K. (2015). The bacterial flagellar motor and its structural diversity. Trends Microbiol. 23, 267–274. doi: 10.1016/j.tim.2014.12.011

Minamino, T., Terahara, N., Kojima, S., and Namba, K. (2018). Autonomous control mechanism of stator assembly in the bacterial flagellar motor in response to changes in the environment. Mol. Microbiol. 109, 723–734. doi: 10.1111/mmi.14092

Mitchell, J. G., and Kogure, K. (2006). Bacterial motility: Links to the environment and a driving force for microbial physics. FEMS Microbiol. Ecol. 55, 3–16. doi: 10.1111/j.1574-6941.2005.00003.x

Mulkidjanian, A. Y., Dibrov, P., and Galperin, M. Y. (2008). The past and present of sodium energetics: May the sodium-motive force be with you. Biochim. Biophys. Acta Bioenerg. 1777, 985–992. doi: 10.1016/j.bbabio.2008.04.028

Naganawa, S., and Ito, M. (2020). MotP subunit is critical for ion selectivity and evolution of a k+-coupled flagellar motor. Biomolecules 10:691. doi: 10.3390/biom10050691

Nishino, Y., Onoue, Y., Kojima, S., and Homma, M. (2015). Functional chimeras of flagellar stator proteins between E. coli MotB and Vibrio PomB at the periplasmic region in Vibrio or E. coli. Microbiologyopen 4, 323–331. doi: 10.1002/mbo3.240

Nishiyama, M., and Kojima, S. (2012). Bacterial motility measured by a miniature chamber for high-pressure microscopy. Int. J. Mol. Sci. 13, 9225–9239. doi: 10.3390/ijms13079225

Onoue, Y., Iwaki, M., Shinobu, A., Nishihara, Y., Iwatsuki, H., Terashima, H., et al. (2019). Essential ion binding residues for Na+ flow in stator complex of the Vibrio flagellar motor. Sci. Rep. 9:11216. doi: 10.1038/s41598-019-46038-6

Pallen, M. J., and Matzke, N. J. (2006). From the origin of species to the origin of bacterial flagella. Nat. Rev. Microbiol. 4, 784–790. doi: 10.1038/nrmicro1493

Paulick, A., Delalez, N. J., Brenzinger, S., Steel, B. C., Berry, R. M., Armitage, J. P., et al. (2015). Dual stator dynamics in the Shewanella oneidensis MR-1 flagellar motor. Mol. Microbiol. 96, 993–1001. doi: 10.1111/mmi.12984

Pion, M., Bshary, R., Bindschedler, S., Filippidou, S., Wick, L. Y., Job, D., et al. (2013). Gains of bacterial flagellar motility in a fungal world. Appl. Environ. Microbiol. 79, 6862–6867. doi: 10.1128/AEM.01393-13

Prangishvili, D., Bamford, D. H., Forterre, P., Iranzo, J., Koonin, E. V., and Krupovic, M. (2017). The enigmatic archaeal virosphere. Nat. Rev. Microbiol. 15, 724–739. doi: 10.1038/nrmicro.2017.125

Rambaut, A. (2014). FigTree v1.4.2, A Graphical Viewer of Phylogenetic Trees. Available Online at: http://tree.bio.ed.ac.uk/software/figtree/

Roujeinikova, A. (2008). Crystal structure of the cell wall anchor domain of MotB, a stator component of the bacterial flagellar motor: Implications for peptidoglycan recognition. Proc. Natl. Acad. Sci. U S A. 105, 10348–10353. doi: 10.1073/pnas.0803039105

Santiveri, M., Roa-Eguiara, A., Kühne, C., Wadhwa, N., Hu, H., Berg, H. C., et al. (2020). Structure and Function of Stator Units of the Bacterial Flagellar Motor. Cell 183, 244.e–257.e. doi: 10.1016/j.cell.2020.08.016

Sato, K., and Homma, M. (2000). Multimeric structure of PomA, a component of the Na+-driven polar flagellar motor of Vibrio alginolyticus. J. Biol. Chem. 275, 20223–20228. doi: 10.1074/jbc.m002236200

Schirrmeister, B. E., Gugger, M., and Donoghue, P. C. (2015). Corrigendum to Cyanobacteria and the Great Oxidation Event: Evidence from genes and fossils. Palaeontology 58, 935–936. doi: 10.1111/pala.12193

Shih, P. M., and Matzke, N. J. (2013). Primary endosymbiosis events date to the later Proterozoic with cross-calibrated phylogenetic dating of duplicated ATPase proteins. Proc. Natl. Acad. Sci. U S A. 110, 12355–12360. doi: 10.1073/pnas.1305813110

Son, K., Brumley, D. R., and Stocker, R. (2015). Live from under the lens: Exploring microbial motility with dynamic imaging and microfluidics. Nat. Rev. Microbiol. 13, 761–775. doi: 10.1038/nrmicro3567

Sowa, Y., and Berry, R. M. (2008). Bacterial flagellar motor. Q. Rev. Biophys. 41, 103–132. doi: 10.1017/S0033583508004691

Sudo, Y., Terashima, H., Abe-Yoshizumi, R., Kojima, S., and Homma, M. (2009). Comparative study of the ion flux pathway in stator units of proton- and sodium-driven flagellar motors. Biophysics 5, 45–52. doi: 10.2142/biophysics.5.45

Takekawa, N., Nishiyama, M., Kaneseki, T., Kanai, T., Atomi, H., Kojima, S., et al. (2015). Sodium-driven energy conversion for flagellar rotation of the earliest divergent hyperthermophilic bacterium. Sci. Rep. 5:12711. doi: 10.1038/srep12711

Terahara, N., Fujisawa, M., Powers, B., Henkin, T. M., Krulwich, T. A., and Ito, M. (2006). An intergenic stem-loop mutation in the Bacillus subtilis ccpA-motPS operon increases motPS transcription and the MotPS contribution to motility. J. Bacteriol. 188, 2701–2705. doi: 10.1128/JB.188.7.2701-2705.2006

Terahara, N., Krulwich, T. A., and Ito, M. (2008). Mutations alter the sodium versus proton use of a Bacillus clausii flagellar motor and confer dual ion use on Bacillus subtilis motors. Proc. Natl. Acad. Sci. U S A. 105, 14359–14364. doi: 10.1073/pnas.0802106105

Terahara, N., Sano, M., and Ito, M. (2012). A Bacillus Flagellar Motor That Can Use Both Na+ and K+ as a Coupling Ion Is Converted by a Single Mutation to Use Only Na+. PLoS One 7:e46248. doi: 10.1371/journal.pone.0046248

Thormann, K. M., and Paulick, A. (2010). Tuning the flagellar motor. Microbiology 156(Pt 5), 1275–1283. doi: 10.1099/mic.0.029595-0

Thornton, J. W., Need, E., and Crews, D. (2003). Resurrecting the ancestral steroid receptor: Ancient origin of estrogen signaling. Science 301, 1714–1717. doi: 10.1126/science.1086185

Yang, Z. (2007). PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 24, 1586–1591. doi: 10.1093/molbev/msm088

Yorimitsu, T., and Homma, M. (2001). Na+-driven flagellar motor of Vibrio. Biochim. Biophys. Acta Bioenerg. 1505, 82–93. doi: 10.1016/S0005-2728(00)00279-6

Zhou, J., Fazzio, R. T., and Blair, D. F. (1995). Membrane topology of the MotA protein of Escherichia coil. J. Mol. Biol. 251, 237–242. doi: 10.1006/jmbi.1995.0431

Zhou, J., Sharp, L. L., Tang, H. L., Lloyd, S. A., Billings, S., Braun, T. F., et al. (1998). Function of protonatable residues in the flagellar motor of Escherichia coli: A critical role for Asp 32 of MotB. J. Bacteriol. 180, 2729–2735. doi: 10.1128/jb.180.10.2729-2735.1998

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Islam, Lin, Lai, Matzke and Baker. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-625837-g006.jpg





OPS/images/fmicb-11-625837-g007.jpg
Rotation speed (Hz)

54
1 MotA2@WTMotB-760
A
MotA@WTMotB-981
34 MotA="WTMotB-765
1 MotA22225D\otBAE
D
T MotA2@"WTMotB-908
14 1
O | ] 1 | | 1 | ] | 1 | 1 | ] | 1 | ] | | | | | 1
0] 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

NaCl (mM)





OPS/images/fmicb-11-625837-g002.jpg
Node

1501

L 18410

L seuowopnasd
_ BIUYDIIaYOST

L 18108g01)

1459

- J3yYlO

_ SIINednuod

- 18)0B(JONED

L seuowipunaealig

1457

_ I910BqOULIB

1246

. SeUOWOpNasd

1239

ETe)

L seuoWwopnasd

L Se|epeuowopnasd
_ I9]0BCOULIB

1170

L Jay}0

L seuowoyjuey

L seuowoydoJjousis
- elleAg

1024

- IBY10

_ el|ISSE\

_ eijopjouyying
L X2IOAOPIOY

981

L 1ay}0

- XelOAOLBA
L snpiAeildn)
L e||19jepiog

908

L SeUOWO|eH

765

- 1Byl
L BIUISIOA
L shpiaelidn)

L elispjoyying

760

ETe)
L seuowoyuey
L seuowiopnasd

- elaployyIng

759

ETe)
L seucwoyiuey
L seuowopnasd

- elspjoyying

758

1.00-

0.75+

0.50
0.251

uoluodold

0.00~{

- J1BYlO

_ seuowoyuey
L seuowopnasg
L eliaployyng

Genus

o Xanthomonas

= Variovorax
m Yersinia
o Other

m Ponticaulis
m Pseudomonadales
= Stenotrophomonas

m Marinobacter m Pseudomonas

= Halomonas

m Massilia

riavidus

o)

o Caulobacter m Escherichia
m Dyella

= Citrobacter

= Brevundimonas = Cu

m Acidovorax
= Bordetella
Burkholderia






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Ancestral Sequence Reconstructions of MotB Are Proton-Motile and Require MotA for Motility



		INTRODUCTION



		MATERIALS AND METHODS



		Phylogenetic Analysis and Ancestral Sequence Reconstruction



		Sequence Gathering







		Phylogenetics



		Node Selection



		Reconstruction



		Bacterial Strains and Plasmids and Growth Conditions



		Cloning of Selected MotB-ASR Sequences



		Construction of Single Stator Plasmids



		Evaluation of Swimming Properties of MotB-ASRs in Soft Agar Motility Assay



		Determination of the Effect of Sodium (Na+) Concentration on the Rotation Speed of MotB-ASRs



		Growth Curve Assays



		Correlation Analysis of Mutations at Each Respective Site of MotB Ancestral Sequences







		RESULTS



		Phylogeny of MotB and Node Composition of MotB-ASRs



		Functional Characteristics of MotB-ASR Proteins



		Ion Dependency of Motile MotB-ASRs



		Effect of Na+ on the Rotational Speed of MotB-ASRs



		Compatibility of MotB-ASRs With Ancient Aquifex aeolicus MotA



		Confirmation of Na+ Independence of A. aeolicus Compatible Motile MotB-ASRs



		Pairwise Correlation of Residue With Phenotype







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-625837-g003.jpg
Emot : . PomAPotB
TP bomAPotB < yy Empty

vector : A vector MotAMotB
MotAMotB

L

759






OPS/images/fmicb-11-625837-g004.jpg
- -«
° PomAPotB MotAMotB

3
PomAPotB
o TOMATOE MotamotB
mpty vector

L]
708 sl

1170 1239

1501

Py
f PomAPotB
y4=mpty vector MotAMotB

.
-

760 765 508

1024 o
1239

1457 . .
1459 150






OPS/images/fmicb-11-625837-g005.jpg
Rotation speed (Hz)

5_
I H*(MotAMotB)
4 -
| MotB-ASRs 1
3-
{ 3
2_
/‘ Na* (PomAPotB)
1 -
O 1 1 1 | | 1 | | 1 1 1 | | | | 1 1 | | | | | 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

NaCl (mM)





OPS/images/fmicb-11-625837-g001.jpg
758

789

760






OPS/images/cover.jpg
’ frontiers
in Microbiology

Ancestral Sequence
Reconstructions of MotB Are
Proton-Motile and Require
MotAfor Motility









OPS/images/logo.jpg
, frontiers
in Microbiology





