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Abstract:



The metallic-like conductivity of the Geobacter sulfurreducens pilus and higher conductivity of its mutants reflected that biological synthesis can be utilized to improve the properties of electrically conductive pili. However, the structural basis for diverse conductivities of nanowires remains uncertain. Here, the impacts of point mutations on the flexibility and stability of pilins were investigated based on molecular dynamics simulations. Structures of the G. sulfurreducens pilus and its mutants were constructed by Rosetta. Details of the structure (i.e., electrostatic properties, helical parameters, residue interaction network, distances between amino acids, and salt bridges) were analyzed by PDB2PQR, Rosetta, RING, PyMOL, and VMD, respectively. Changes in stability, flexibility, residue interaction, and electrostatic properties of subunits directly caused wild-type pilin and its mutants assemble different structures of G. sulfurreducens pili. By comparing the structures of pili with different conductivities, the mechanism by which the G. sulfurreducens pilus transfers electron along pili was attributed, at least in part, to the density of aromatic rings, the distances between neighboring aromatic rings, and the local electrostatic environment around aromatic contacts. These results provide new insight into the potential for the biological synthesis of highly electrically conductive, nontoxic nanowires.
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1. Introduction


The pili of Geobacter sulfurreducens are biologically electronic materials that can transfer electrons over µm distances with metallic-like conductivity [1,2,3,4,5]. This type of pilus is attractive because it can be generated from sustainable feedstocks, without the need for toxic solvents, or harsh chemical processes, and it can eliminate the presence of toxic components in the final product. Moreover, the conductive pili belong to Type IV pili, which are assembled from thousands of identical subunits known as PilA [3]. The three-dimensional structure of PilA, which is much shorter than other type IV pilins, has been analyzed by nuclear magnetic resonance (NMR) [6]. An understanding of the polymer structure provides important insights into its biological functions [7]; however, the full atomic structure of the G. sulfurreducens pilus remains a challenge because of the insolubility of subunits, its surface appendages, and the heterogeneity of assembly [8]. Therefore, the mechanism of electron transfer for Geobacter pili remains unknown.



Specific mutations in amino acids allow the functions and properties of a protein to be investigated by a rational approach [9]. Furthermore, aromatic amino acids that have redox-active side chains can facilitate electron transfer between distant redox centers [10]. Moreover, there are six aromatic amino acids (F1, F24, Y27, Y32, F51, and Y57) in one subunit of the Geobacter sulfurreducens pilus. Therefore, Vargas et al. investigated the mechanism of electron transfer of conductive pili by site-directed mutagenesis of aromatic residues [11,12]. They found that the genetic substitution of an alanine for each of the three tyrosines (+27, +32 and +57) and two of the phenylalanines (+24 and +51) in PilA (5A mutant) resulted in an assembled pilus with poor conductivity, suggesting the importance of aromatic amino acids in electron transport [11]. The conductivity of the Geobacter sulfurreducens pilus was increased by the genetic substitution of a tryptophan for each of the two aromatic amino acids (+51 tyrosines and +57 phenylalanines) in PilA (W51W57 mutant) [12], since tryptophan facilitates electron transport more effectively than tyrosines or phenylalanines [10,13]. Additionally, other studies also suggested that aromatic amino acids from different subunits were likely packed closely, resulting in π–π interactions that contribute to pili conductivity [3,8,14]. These results indicated that the mechanism for electron transfer in Geobacter has been attributed to the stacking of aromatic amino acids [3,15].



However, Yan et al. provided a different viewpoint [16]. In their study, there was a low calculated value of conductivity of the predicted model for the G. sulfurreducens pilus that suggested that an inter-aromatic chain is an unlikely mechanism of long-distance electron transport [16]. Furthermore, the W51W57 pili were significantly more conductive than the wild-type pili, which was likely because of the change in diameter of the G. sulfurreducens pilus [12]. Point mutations likely influenced conductivity because the structural details of the pilus have changed. Therefore, the role of aromatic residues and the impact of point mutations in the long-distance electron transport for the G. sulfurreducens pilus are not fully established.



Understanding the structures of the G. sulfurreducens pilus and its mutants (5A and W51W57) could provide important insights into their biological functions. However, because of the lack of X-ray crystal or NMR structures for mutant pilins and their polymers, experimental studies regarding this issue are limited. Under this condition, homology modeling and molecular dynamics simulation may be useful to achieve this goal [15]. Furthermore, these techniques have been extensively validated by comparison to experimental results in the past [8,14,15,17].



In this study, we investigated the impacts of 5A and W51W57 mutations on structural details of the G. sulfurreducens pilus, particularly the arrangement of aromatic amino acids, helical parameters, residue interaction networks, and salt bridges. The impact of A1 mutation (F to A mutation of the 1st residue) was also systematically investigated because F1 is probably arranged in a potential electrically conductive pathway in the G. sulfurreducens pilus [8]. Finally, the structures of wild-type and three mutant pili (A1, 5A, and W51W57) were constructed and analyzed. It is hoped that clarifying this issue will lead to a deeper understanding of the mechanism of conductivity of the Geobacter pilus.




2. Materials and Methods


2.1. Molecular Dynamics Simulation


Because the NMR-derived pilin structure was derived from pilin monomers immersed in lipid micelles, the wild-type PilA and its mutants were subjected to molecular dynamics simulation using Amber 12 software (TRII-Biotech, Shanghai, China) [18] with a ff12SB force field [19]. The structure of PilA was obtained from the first frame of 2M7G, which was downloaded from the RCSB protein data bank (RCSB PDB) [20]. The mutants of PilA (A1, 5A, and W51W57) were generated by genetic substitution using the PyMOL package (http://www.pymol.org/) [21]. Topology files for the pilin were created and parameters were assigned to the atoms using Leap [22]. Two Na+ were added to electro neutralize each simulated system. The wild-type PilA and its mutants were placed in a regular octahedron water box of the TIP3P with a 10 Å distance around the protein. The missing hydrogen atoms of the pilin were added using Leap.



Energy minimization, heating and equilibration were performed by the PMEMD (particle mesh Ewald molecular dynamics) program of Amber 12 [23]. The nonbonded interaction cutoff was set as 8 Å. All of the water molecules and hydrogen atoms were minimized when backbone atoms of the protein were constrained by a harmonic constraint potential with 100 kcal·mol−1·Å−2. The whole system was then minimized without any restraint. Each minimization phase was implemented by the steepest descent algorithm (50,000 steps) followed by a conjugate gradient algorithm (20,000 steps). The systems were then gradually heated from 0 to 300 K using a Langevin thermostat with a coupling coefficient of 2 ps−1 in 500 ps molecular simulation (a canonical ensemble NVT). Next, systems were equilibrated for 0.5 ns in the isothermal isobaric ensemble (NPT). During the heating and equilibration, the solute molecules were restrained by applying a constant harmonic force of 50 kcal·mol−1·Å−2 and 5 kcal·mol−1·Å−2, respectively. According to a previous study [24], the systems were subsequently subjected to 20 ns MD (molecular dynamic) simulation in the NPT ensemble at 300 K with a time step of 2 fs. SHAKE algorithm, particle mesh Ewald (PME), periodic boundary conditions, Langevin piston algorithm and Berendsen barostat were used to perform constraint covalent bonds involving hydrogen atoms, treat long range interactions, and avoid edge effects in calculations, temperature, and pressure control. The coordinates were saved every 1 ps and the trajectory files were analyzed every 1 ps using the Cpptraj module implemented in the Amber12 software [25].




2.2. Cross-Correlation Analysis


Cross-correlation analysis was applied to investigate the extent of correlation motions caused by mutations [26]. The cross-correlation matrix C (i, j) represented fluctuations in the coordinates of the Cα atoms to their average positions from the last 20 ns of the molecular simulations. The matrix was determined by the following equation [27]:
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(1)




where[image: ] reflected the deviation of the Cα atom of the ith residue from its mean position and the angle bracket represented an average over the sampled period. Positive and negative values indicated a correlated motion and anti-correlated motion between the ith and the jth residue, respectively. The values were set from −1 to 1.




2.3. Electrostatic Properties Analysis


To investigate changes in electrostatic properties caused by mutations, adaptive Poisson-Boltzmann solver (APBS) and PDB2PQR were applied to each subunit (http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) [28]. Electrostatic interactions played a critical role in the process of pilin assembly [29]. The pqr file of each structure was generated using the PDB2PQR program [30]. The dx file of each structure was generated by utilizing APBS [28]. The pqr file and dx file were then uploaded in VMD to show the molecular surface electrostatic potential map [31]. High-quality 3-D images of the pilin/pilus were drawn by PyMOL [21].




2.4. Constructing a Pilus Structure from Subunit Data with Sparse Constraints


To explore the differences among the structures of pili of G. sulfurreducens and its mutants, structures were constructed using the symmetric docking module of the Rosetta software [8]. The helical parameters were deduced from the homologous biological experiment structure (Neisseria gonorrhoeae pilus structure, PDB ID: 2HIL) since the type IV pilus is a type of helical symmetric protein consisting of thousands of copies of subunits [7,29]. The assembly process included two stages. The first stage was employed to search for potential pili structures from a wide range of sampling spaces (Rotation_angle was set as −180° to 180°). The second stage was employed to produce full atomic models with structure details from a small range of sampling spaces. The rotation angle of the second stage was obtained from convergent models of the first stage. The remaining details of the symmetric files for the two stages were set as follows: Rise (Å) was set as 5 to 15. Radius_to_Com (Å) was set as 15 to 30.



The number of subunits was set as 21. The chain names were set as A, B, C to X. Before assembly, the subunit was aligned along the pilus axis by the align module of PyMOL to define the initial position and facilitate the searching process. During assembly, the proper distance and ambiguous constraints were set between pairs of amino acids (aromatic amino acids and charged amino acids) from neighboring subunits to narrow the sampling time [8,17]. Furthermore, the pair of residue F1/E5 was also set as a constrained pair. Three variables were set in the constraint file; namely, approximation of distance between a pair of atoms, standard deviations of Euclidean Distance between two atoms, and tolerance that represents the acceptable bound of constraints. For aromatic amino acids, restraints were added between the C atoms. For changed amino acids, restraints were added between the N atom of the amino terminal and the O atom of the carboxyl. In two stages, three variables were set as 10, 0.5, 5, and 4, 2, 0.5, respectively. To assemble the data in an appropriate way, clustering (cutoff = 4) and an interfacial energy score were utilized to evaluate models based on the first three consecutive subunits of the models. The “cluster” module in Rosetta was employed to evaluate structural similarity [8].




2.5. Residue Interaction Network


The residue interaction network is an alternative method of representing protein structures in which nodes are residues and arcs physico-chemical interactions. The network has been extensively and successfully employed to analyze mutation effects, domain-domain communication, protein folding, and catalytic activity [32]. The residue interaction networks for pilins and pili were obtained by utilizing the RING web server [32].




2.6. Algorithm for Exploring Potential Electrically Conductive Pathway


Aromatic amino acids that have a redox-active side chain can facilitate electron transfer between redox centers [10]. In the Geobacter pilus, aromatic amino acids from different subunits could pack closely, resulting in a π–π interaction pathway that is likely a mechanism of long-distance electron transport [8]. There is the potential for formation of an electrically conductive pathway if each aromatic amino acid in the pathway could form a π–π interaction with its neighboring aromatic amino acids. A shorter distance between aromatic amino acids was associated with a higher rate of electron transfer [16]. We developed an algorithm that could identify the most efficient electrically conductive pathway, which is the shortest pathway between π-residues, from π–π interacting aromatic amino acids. The algorithm consisted of three steps; namely, identification of π-residues, which are aromatic amino acids capable of forming π–π interactions, extraction of coordinates of π-residues, and calculation of distances between π-residues, searching for and comparing the shortest paths (Figure 1). First, π–π interactions of the Geobacter pilus were obtained by RING, and π-residues were identified by utilizing RING-Viz [32]. An adjacent matrix was then generated to store the interactions between π-residues. In this adjacent matrix, if two π-residues could form a direct π–π interaction, the corresponding value was set as 1, otherwise the value was set as 0. Secondly, the coordinates of all of the C atoms from aromatic rings of π-residues were extracted. The coordinates of the C atoms from the same aromatic ring were averaged to obtain the coordinate of the centroid for a given aromatic ring. The distances between centroids were calculated by the sqrt function using MATLAB software [33]. These distances were stored in a distance matrix. The adjacent/distance matrix consisted of 21 (number of subunit) × M rows and 21 × M columns, where M represents the number of π-residues in every subunit of the Geobacter pilus. The Dijkstra algorithm [34], which is an algorithm for identifying the shortest paths between nodes in a map, was utilized to explore all of the possible potential electrically conductive pathways in a turn of pilus models. A turn of pilus consisted of N subunits, and we searched the potential electrically conductive pathways in the second turn. The start and end node for a potential electrically conductive pathway were set as a special π-residue of subunit p, which is the first subunit of the second turn, and the same special π-residue of subunit p + N, respectively. For example, the start and end node were set as F1p and F1p+N, respectively (color-coded aromatic rings in Figure 1). The shortest pathways for different π-residues were then taken as the potential electrically conductive pathways. By changing the start and corresponding end node (such as F24P&F24P+N/Y27P&Y27P+N), all of the potential electrically conductive pathways were obtained. Finally, potential electrically conductive pathways that consisted of the same order of π-residues were merged into a single pathway. The potential electrically conductive pathways were then visualized directly on a PDB structure using PyMOL.


Figure 1. Workflow for exploring the potential electron transfer pathway. (A) Box and arrow represent data and action. The black dots on the edge and inside of an aromatic ring represent the coordinates of the C atom from an aromatic ring and the coordinates of the centroid for aromatic rings, respectively. (B) An example of the potential electron transfer pathway for the pilus. F1p and F1p+N represent the start and end nodes of a potential electrically conductive pathway. N represents the number of subunits in one turn. The rows indicate the direction of electronic transmission. The grey cartoon is utilized to show the structure of the pilus. The different colors represent the different aromatic amino acids.
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3. Results


3.1. Structures of Pilins


Structures of the initial mutant pilins were obtained using the mutagenesis module in the PyMOL software package, and then the subunit for each of the four pilins was refined to improve the geometry and structural statistics by utilizing the steepest descent algorithm and the conjugate gradient algorithm [35,36]. A comparison with the wild-type pilin revealed that the root mean square deviations (RMSD) of the A1, 5A, and W51W57 pilins were 0.807, 0.848, and 0.838 Å, respectively. The electrostatic properties of the pilin structure were then calculated using the PDB2PQR server [28,30], and they are shown in Figure 2. Based on the landscapes of the electrostatic potential for the four G. sulfurreducens pilins, the positive potential values were mainly distributed in the N-termini and the negative potential values were primarily distributed in the C-termini. Furthermore, although the net charge for all of the four pilins was −2, the surface electrostatic properties of the four pilins differed because they have different compositions of amino acids and different structures. A comparison with the wild-type revealed that the A1, 5A, and W51W57 mutation increased the area with positive potential value (0−+5) for the N-termini (residues 1–7), the partial fragment of the alpha helix (residues 20–32), and the other partial fragment of the alpha helix (residues 20–40), respectively. Meanwhile, all three of the mutations increased the area with negative potential value (−5–0) for the C-terminal loop domain (residues 50–61) when compared to the wild-type pilin. Furthermore, the hydrophobic values of amino acids A, F, Y, and W were 0.62, 1.19, 0.26, and 0.81, respectively [37]. Because of the special site-directed mutagenesis, the hydrophobic values of the A1, 5A, and W51W57 pilins increased by −0.57, 0.06, and 0.17, respectively, compared with the WT pilin. Meanwhile, detailed secondary structure elements of the WT pilin and its mutants were analyzed. We found that all of the carboxylic ends for WT pilin and its mutants have no alpha helix. There was a turn or 310-helix in the carboxylic ends of WT pilin and its mutants. 310-helix is an intermediary conformation between turn and alpha helix. The difference of structure between the carboxylic ends of the four pilins was probably caused by the process of MD optimization. The pilus is composed of thousands of copies of subunits, and its assembly process can be determined by the electrostatic interactions among subunits and the hydrophobic properties of the subunit [29]. Hence, these results suggested that the point mutations in the pilin could affect the conformation of the pilus.


Figure 2. Electrostatic properties of the G. sulfurreducens pilin and its mutants. The values of electrostatic potential are color-coded. The structures of the pilins are displayed in the rainbow colored cartoons. The main differences between mutations and WT values are circled in red.
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3.2. Structures of Wild-Type Pilus and Its Mutant Pili for G. Sulfurreducens


Structures of the G. sulfurreducens pilus and its mutants were obtained by utilizing the symmetric docking module of the Rosetta software package [38]. Because the type IV pili have similar structures with a right-hand helical symmetry along their assemblages, the helical parameters of the G. sulfurreducens pili were inferred from the Neisseria gonorrhoeae pilus, which was resolved by combining X-ray crystallography and cryo-electron microscopy [29].



To search potential pilus structures from a wide range of sampling spaces, the rotation angle was set from −180° to 180° in the low resolution stage. After symmetric docking, 3000 low resolution models were obtained for each of the three mutants and the wild-type pilus. The landscapes of the low interfacial energy score (<−10) versus the rotation angle of the subunits are shown in Figure 3. The results indicated that models of WT, A1, 5A, and W51W57 pilus tended to converge into two (rotation angles of 40° to 80° and 120° to 160°), three (rotation angles of 40° to 80°, 90° to 120° and 120° to 160°), four (rotation angles of 30° to 60°, 60° to 90°, 90° to 120° and 130° to 170°) and three (rotation angles of 40° to 80°, 100° to 120° and 130° to 160°) local troughs, respectively. To further narrow the range of sampling, 1000 low-resolution models were obtained for each of these convergent rotation angles. The cluster module in Rosetta was then utilized to cluster these models (cutoff radius = 4.0 Å). Since interfacial energy is an approximation of binding energy that represents the stability of the pilin assemblage [8,17], the convergence phenomenon (Figure 3A–D) and energy scores of the 15 lowest energy models in the biggest cluster for each different range (Figure 3E–H) could be used to help determine the rotation angle for assembling full atomic models. These results suggested that the models that have a rotation angle of 40° to 80° for WT, 90° to 120° for A1, 90° to 120° for 5A, and 40° to 80° for W51W57 had the best convergence phenomenon and the lowest interfacial energy score. Such good convergence suggested a basin of low-energy conformations, within which the native structure tends to situate, to fold efficiently, and retain robustness. Hence, these rotation angles were utilized to assemble full atomic models.


Figure 3. The landscapes of interfacial energy score versus rotation angle for four pili. (A–D) show the landscapes of the WT, A1, 5A and W51W57 pili. Each dark cyan dot represents one model. These red circles are utilized to highlight the converged troughs. (E–H) indicate the landscapes of the 15 lowest energy models in the biggest cluster for each of the ranges in the WT pilus and its mutants.
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In the second stage, the rotation angle for the WT, A1, 5A, and W51W57 was set as 40° to 80°, 90° to 120°, 90° to 120°, and 40° to 80°, respectively (Figure 3). Next, 1000 full atomic models for each of the three mutants and wild-type pilus were obtained. These full atomic models were clustered using the cluster module of the Rosetta software package (cutoff radius = 4.0 Å) [39]. There were 108, 164, 113, and 314 models in the biggest clusters of the WT, A1, 5A, and W51W57 pili, respectively. The results revealed the convergence of models was impacted by point mutations. The 15 full atomic models with a low interfacial energy score in the largest cluster for each of the four types were selected to analyze the structural basis for diverse conductivity. The helical parameters of the 15 models for each of the four types of pili are shown in Figure 4. The helical parameters of models for the 15 models fluctuated, since the symmetric docking was based on Monte Carlo algorithms that rely on repeated random sampling to obtain numerical results [40]. The values of diameter, axial rise, rotation angle, and subunits per turn for the WT pilus and each of its mutants (A1, 5A, and W51W57 pilus) were around 31.6, 30.3, 32.6, and 23.6 Å; 10.7, 10.9, 7.2, and 10.5 Å; 59.8, 108.4, 106.7 and 52.7°; and 6.0, 3.3, 3.4, and 6.9, respectively. These structural details are close to the experimental values [12]. There were three reasons to explain why these diameters are not same as the experimental values. Namely, the surface of pilus is heterogeneous; the average diameter of the pilus is measured in this study; there are remnants of the buffer solution in the pili environment. The shapes of the four type pili were different, suggesting that the point mutations affected the pilin assembly process, resulting in different structures of the pilus.


Figure 4. Helical parameters of models for Geobacter sulfurreducens pilus and its mutants. (A–D) represent the landscapes of diameter, axial rise, rotation angle and subunits per turn for each of the four types of pili (WT, A1, 5A, and W51W57 pilus), respectively. Black, red, blue, and magenta are utilized to highlight the corresponding values for the WT, A1, 5A, and W51W57 models, respectively.
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To further investigate whether the assembly of pilin was impacted by mutation, salt bridges of the model were found by utilizing the analysis module (salt bridges) in the VMD software (Table 1) [31]. Salt bridges play an important role in the stability of protein structure and functions such as in molecular recognition, domain motions, and electrostatic properties [41,42,43]. Before assembly, none of the four type subunits had salt bridges. In the assembled structure of pili, pairs of neighboring oppositely charged residues often interacted to form salt bridges. For each of the four types of pili, there was only one salt bridge (48E-44K) in the interior of a subunit. However, the salt bridges between subunits were diverse for the four types of pili. For salt bridges between subunits, although 13 of the 15 wild-type pili models shown in Figure 4 had no salt bridge, each one of the three mutant pili models (A1, 5A, and W51W57 pilus) had two or more pairs of salt bridges (Table 1). One subunit in models of the A1, 5A and W51W57 pilus could almost form salt bridges with two, two and four neighboring subunits, respectively. As shown in Table 1, the pilus that consisted of W51W57 subunits had the largest number of salt bridges. These results illustrated that point mutations affected the formation of salt bridges in the pilus, resulting in different pili structures.



Table 1. The inter- and intra-chain salt bridges.







	
Pilus

	
Before ✶

	
After-Assembly




	
Intra ✶✶

	
Inter ⌑-Common ⌑⌑

	
Inter-Different ⌑⌑

	
Number ✦






	
WT

	
0

	
48E-44K

	
0

	
28R-60E1, 60E-28R2, 5E-41R3, 41R-5E4

	
21




	
A1

	
0

	
48E-44K

	
30K-53D1, 53D-30K2

	
0

	
39




	
5A

	
0

	
48E-44K

	
28R-39D1, 39D-28R2

	
53D-30K3, 30K-53D4

	
38




	
W51W57

	
0

	
48E-44K

	
39D-41R1, 41R-39D2, 44K-60E3, 60E-44K4

	
5E-41R5, 41R-5E6

	
41








✶ Before represents the number of salt bridges in one subunit prior to assembly. ✶✶ Intra indicates the salt bridges in the subunit of the assembled structure of pili. ⌑ Inter indicates two oppositely charged residues from different subunits can form a salt bridge. ⌑⌑ Inter-common and inter-different illustrate the same and different salt bridges of the 15 lowest energy models for each type of pili, respectively. ✦ Number shows the number of salt bridges in 15 models (consisting of 21 subunits) for each type of pili. The subscript number implies how many subunits are involved in salt bridges for a subunit.









3.3. Structural Changes in Geobacter Pili Were Partly Attributed to More Unstable and More Flexible Pilins


Site-directed mutagenesis and functional studies showed that the most extensive and important contacts, i.e., physico-chemical interactions, which play key roles in pilus assembly, involve the two closest subunits in the pilus [44]. Since the pilus is a flexible polymer that consists of thousands of identical pilins, different characteristics of pilins could be the result of different interactions between neighboring pilins in the pilus [7]. To understand structural changes in the G. sulfurreducens pilus, the stability and flexibility of the wild-type pilin and its mutants were investigated. To ensure the simulated systems reached equilibrium, 20 ns molecular dynamics simulations were conducted for each of the four types of pilins (WT, A1, 5A, and W51W57). The time of simulation was based on the results of a previous study [24]. The RMSDs of backbone Cα atoms from the first frame conformation of molecular dynamics simulations were then computed and described. All of the systems except W51W57 deviated to a similar extent from their first frame after 10 ns. The W51W57 system had larger RMSD values than others when the system reached equilibrium. The average RMSD value of the last 10 ns MD productions for W51W57 was 0.4 Å larger than those of the other three pilins. There was a small difference (0.01–0.15 Å) in the average RMSDs (last 10 ns) among the A1 mutant, the 5A mutant, and WT. The RMSD value of the whole protein was always utilized to represent the flexibility of protein [45]. Therefore, the results suggested that the W51W57 mutant had greater flexibility than the WT and other mutants. There was a small difference in the pilin’s flexibility among the A1 mutant, the 5A mutant, and WT.



To calculate the RMSDs of domains, the pilin was delineated into three subdomains, the PPI (protein-protein interaction) domain (residues 1–22), which is primarily hydrophobic and highly conserved, the Helix domain (residues 23–50), which is amphipathic in character and less conserved in primary structure, and the Loop domain (residues 51–61), which is required for pilin folding and pilus assembly [7,46]. When compared with WT, the W51W57 mutation remarkably influenced the backbone stability of the PPI, Helix, and Loop domains, while the A1 and 5A mutations mainly influenced the backbone stability of the PPI domain (Supplementary information Figure S1). The root-mean-square fluctuations (RMSFs) were utilized to further identify fluctuations in individual residues, determine the flexibility of a domain of pilin, and investigate the conformational changes among the four types of pilins. Figure 5 shows the Cα RMSFs that described the backbone Cα atoms around the average structure for the relevant time interval (20 ns) versus the four models. The result indicated that all three of the mutations (A1, 5A, and W51W57) had a significant effect on flexibility of the PPI domain for the G. sulfurreducens pilin. The fluctuations of residues in the PPI domain for the three mutations differed.


Figure 5. RMSF of residues for wild-type pilin and its mutants. Black, blue, green, and red represent fluctuations of residues for WT, A1, 5A, and W51W57 mutants, respectively.
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When compared with the RMSFs of WT, the fluctuations of residues in the PPI domain became smaller for the three mutants (residues 6 to 13 and 16 to 21 for the A1 mutant, residues 7 to 11 for the 5A mutant and residues 9 to 10 for the W51W57 mutant), while the fluctuations of residues in the PPI domain became bigger for two mutants (residues 1 to 6 for the 5A mutant and residues 1 to 7 and 14 to 22 for the W51W57 mutant). There was no remarkable difference in fluctuations of residues for the Helix and Loop domain between the A1 mutant and the WT. However, when compared with the WT, the fluctuations of residues 51 to 54 for the A5 mutant were larger. For the W51W57 mutant, the fluctuations of residues in the Helix and Loop domain were bigger than those of other mutants and the WT, except for residues from 44 to 46 and from 60 to 61. These results illustrated that the W51W57 mutation affected the flexibility of the whole G. sulfurreducens pilin, the A5 mutation influenced the flexibility of the PPI and Loop domain, and the A mutation only impacted the flexibility of the PPI domain.



The residues in protein are not only linked through physical contacts, but also through correlated motions [47]. The changes in the extent of correlation motions of residues of pilin could affect the assembly process of the pilus. To further investigate the influence of mutations on the extent of correlation motions for residues in G. sulfurreducens pilin, cross-correlation matrices of Cα atom fluctuations in the 20 ns of the MD productions run were calculated and plotted in Figure 6. In Figure 6A–D, highly positive areas (dark red, value ≥0.8) are associated with strongly correlated motions of special residues, and highly negative areas (dark blue, value <−0.8) represent strong anti-correlation in the special movements of special residues. The landscape indicated there were no highly negative areas for any of the four systems. As shown in Figure 6E–H, absolute values <0.8 were removed to highlight the strong correlation and anti-correlation motions. The highly correlated motions were mainly distributed around the diagonal areas, which indicated the correlation of a residue with itself and neighboring residues. Overall, the correlated motions of the three mutants were stronger than those of the WT (red).


Figure 6. Cross-correlation of Cα atoms during the 20 ns of MD simulation. The extent of correlated motions and anti-correlated motions are color-coded. (A–D) represent the whole landscape of correlation motions for WT, A1, 5A, and W51W57 pilin, respectively. (E–H) show the landscape of strong correlation motions for WT, A1, 5A, and W51W57 pilin, respectively.
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When compared with the WT, all three of the mutations enhanced the extent of correlation motions among residues 1 to 7, while the A1 and W51W57 mutations reduced the highly correlated areas, but increased the extent of correlation motions among residues 21 to 49, and the 5A mutation expanded the highly correlated area among residues 21 to 49. Additionally, the W51W57 mutation enhanced the extent of correlation motions among residues 48 to 61. These findings indicate that the three mutations influenced the extent of correlated motions in pilins and suggest that the mutations impacted the stability, flexibility, and correlation motions among residues of the G. sulfurreducens pilin.




3.4. Structural Basis for Diverse Values of Conductivity


To reveal the structural basis for diverse conductivity of pili, the density of aromatic rings, the electrostatic environment around aromatic amino acids, and π–π interactions in the 15 lowest energy models for each of the four types of pili were analyzed. According to helical parameters (Figure 4), the average density of aromatic rings for the four types of pili was computed by the formula:
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(2)




where S represents the number of subunits in one turn, N indicates the number of aromatic rings in one subunit, D is the diameter of pili, and R represents the axial rise of one turn of pili. Tryptophan (W), which has two aromatic rings, promotes electron transport more effectively than phenylalanine (F) or tyrosine (Y) [10]. Other aromatic residues have one aromatic ring.



As shown in Table 2, the W51W57 pilus has the biggest number of aromatic rings (the value is 8) in one subunit, since the amino acid W has one more ring than other aromatic amino acids. Moreover, the W51W57 pilus was found to contain the largest number of subunits (6.9) in one symmetric unit. However, other mutants had fewer aromatic rings than the wild-type. The average density of aromatic rings for the wild-type and its mutants (A1, 5A, and W51W57 pilus) was 4.29, 1.91, 0.57, and 12.02 (1021 cm−3), respectively (Table 2). Meanwhile, the density of aromatic rings had a small fluctuation for the 15 lowest energy models in the same type pili. The result indicated that a big fluctuation of the density of aromatic rings existed between different types of pili. Moreover, the density of aromatic ring was found to be positively correlated with the conductivity of pili. The correlation coefficient (r) of the known conductivities with the corresponding densities of aromatic ring was larger than 0.95. These results illustrated that different aromatic ring densities may explain the different conductivities.



Table 2. The average density of aromatic ring in one symmetric unit of pilus.







	

	
N ⟡

	
D (Å)

	
R (Å)

	
ρ (1021 cm−3)

	
Conductivity (μs·cm−1)






	
WT

	
6

	
31.6

	
10.7

	
4.29

	
5 [48]




	
A1

	
5

	
30.3

	
10.9

	
1.91

	
UN ✦




	
5A

	
1

	
32.6

	
7.2

	
0.57

	
WT*1/100 [11]




	
W51W57

	
8

	
23.6

	
10.5

	
12.02

	
500*WT [12]








⟡N represents the number of aromatic rings in one subunit. ✦ UN indicates the conductivity of the pilus was not obtained from a biological experiment.








The local electrostatic environment around the aromatic contacts probably influences the rates of electron transfer through the pili [24]. The model with the lowest energy was selected for each type of pili to show the spatial relationship between aromatic residues and charged residues. The pairs of residues that could form a salt bridge in four types of pili (Table 1) were in close proximity (<4 Å) to the aromatic residues (Figure 7). The results indicated that charged amino acids were co-localized with aromatic amino acids. The aromatic amino acids from different subunits could form π–π interactions that contributed to pili conductivity. Salt bridges are formed by a combination of hydrogen bonding and electrostatic interactions [49], while the major contributions to the π–π interaction energy come from the electrostatic and Van der Waals components [50]. Hence, when the two physico-chemical interactions, i.e., salt bridges and π–π interactions, are close (<4 Å), electrostatic interactions of salt bridges could affect the efficiency of electron transfer in π–π interactions [24]. The number of charged residue pairs around the aromatic residues in one subunit of the pilus was one (28R-60E), one (30K-53D), one (28R-39D), and three (39D-41R, 44K-60E, and 5E-41R) for the WT, A1, 5A, and W51W57, respectively. When compared with other pili, the local electrostatic environment around aromatic residues for the W51W57 pilus was the most complicated (Figure 7). These results indicate that mutations changed the local electrostatic environment around the aromatic residues.


Figure 7. The spatial distribution of aromatic and charged residues. In (A–D), the rainbow cartoon, yellow spheres, red sticks, and blue sticks represent the structure of the pilus, aromatic amino acids, positively charged amino acids, and negatively charged amino acids, respectively.
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The Residue Interaction Network Generator (RING v2.0.1) was utilized to analyze π–πinteractions in pili (interaction type: multiple, node color: type of residue, repulsion: 20, gravity: 0.15, and attraction: 0.7) [32]. When multiple is activated, RING reports multiple interactions per residue pair but only one interaction per interaction type (HBOND, VDW, etc.). When ‘node color’ was set as type of residue, residues was colored by their chemical–physical properties: hydrophobic, polar, charged (negative/positive). Layout parameters of RING includes three aspects, i.e., ‘repulsion’ was utilized to show the strength of the charge; ‘gravity’ was used to show the attraction between nodes; ‘attraction’ was utilized to modify the impact of the links in keeping highly connected nodes close together. The landscape of physico-chemical interactions, including hydrogen bonds, Van der Waals forces, π–π interactions, and ionic bonds, for each of the four pili is shown in Figure 8A–D. The nodes represented residues that could form physico-chemical interactions with other residues. The edges represented physico-chemical interactions. The number of nodes in the residue interaction network of the WT, A1, 5A, and W51W57 pilus was 1176, 1241, 1239, and 1276, while the number of edges was 2569, 2611, 2563, and 2734, respectively. These results indicated that the physico-chemical interactions, including covalent bonds, non-covalent bonds, and π–π stacking, in each of the four pili were different, resulting in different conformations of pili. The residue interaction networks indicated that π–π interactions existed in the three pili (i.e., WT, A1, and W51W57 pili). Furthermore, the red line is mostly continuous in WT and W51W57 pilus, however, sporadic red line between nodes appear for A1 pilus, indicating that only π–π interactions of the WT and W51W57 pilus could construct the continuous electron transfer pathway.


Figure 8. The residue interaction networks for each of the four pili. Different colored nodes represent the different types of residue. The different colors on the edge represent different interaction types. The legend is in the middle of the picture. HBOND, VDW, PPSTACK, and IONIC represent hydrogen bonds, Van der Waals forces, π–π interactions, and ionic bonds. (A–D) represent the residue interaction network for the WT, A1, 5A, and W51W57 pilus, respectively.
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3.5. Potential Electron Transfer Pathway in Geobacter Pili


The spatial distribution of aromatic amino acids showed that all of the models have closely packed aromatic rings. These closely packed aromatic rings from different subunits probably form potential electrically conductive pathways and exhibit a helical distribution in the pilus (Figure 7). Furthermore, although π–π interactions can be identified by RING v 2.0.1, the potential electrically conductive pathway consisting of these aromatic residues, which could form π–π interactions, are unknown (Figure 8). Therefore, the models with the lowest energy were selected for each type of pili to investigate the potential electrically conductive pathway in detail.



Π-residues, which are aromatic amino acids capable of forming π–π interactions, were identified utilizing RING [32]. These aromatic residues in WT and W51W57 were the same, i.e., F1, F24, and Y27 from different pilins. An adjacent and a distance matrix for each of the WT and W51W57 pilus were then constructed. There were 63 (3 × 21) rows and 63 (3 × 21) columns in the distance/adjacent matrix for each of the two pilus models, since each pilus model consisted of 21 subunits and every subunit for each of the two pilus models had three π-residues. The adjacent and distance matrix were input to the Dijkstra algorithm, which is used to identify the shortest paths between nodes in a graph [34]. Since each value of subunits per turn for the WT and W51W57 pilus was six, the start and end nodes for the special pathway of the WT and W51W57 pilus were set at F1p/F24p/Y27p and corresponding F1p+6/F24p+6/Y27p+6, respectively. The p was set to 7, indicating the first subunit of the second turn. After merging the pathways that consisted of the same order of π-residues, potential electrically conductive pathways for the WT and W51W57 pili were obtained (Table 3).



Table 3. The potential electrically conductive pathways for each of four pili.







	

	
Pathway

	
Distance (Å)






	
WT

	
(F1p, Y27p+4, F24p+4, F1p+1, Y27p+5, F24p+5, F1p+2, Y27p+6, F24p+6, F1p+3, Y27p+7, F24p+7, F1p+4, Y27p+8, F24p+8, F1p+5, Y27p+9, F24p+9, F1p+6)

	
(5.3, 6.2, 4.3, 5.3, 6.2, 4.3, 5.3, 6.2, 4.3, 5.3, 6.2, 4.3, 5.3, 6.2, 4.3, 5.3, 6.2, 4.3)




	
W51W57

	
(F1p, Y27p+4, F24p+4, F1p+1, Y27p+5, F24p+5, F1p+2, Y27p+6, F24p+6, F1p+3, Y27p+7, F24p+7, F1p+4, Y27p+8, F24p+8, F1p+5, Y27p+9, F24p+9, F1p+6)

	
(5.1, 6.0, 3.7, 5.1, 6.0, 3.7, 5.1, 6.0, 3.7, 5.1, 6.0, 3.7, 5.1, 6.0, 3.7, 5.1, 6.0, 3.7)




	
A1

	
(Y27p, F24p, F51p+4, Y27p+1, F24p+1, F51p+5, Y27p+2, F24p+2, F51p+6, Y27p+3)

	
(6.7, 10.3, 4.6, 6.7, 10.3, 4.6, 6.7, 10.3, 4.6)




	
5A

	
(F1p, F1p+1, F1p+2, F1p+3)

	
(11.3, 11.3, 11.3)










The potential electrically conductive pathways were loaded into each structure of the WT and W51W57 pilus and a continuous chain of aromatic rings was obtained for each pilus (Figure 9A,B). As shown in Table 3 and Figure 9, the potential electrically conductive pathways in the WT and W51W57 pili consisted of the same aromatic residues, F1, F24, and Y27. Furthermore, there were two and zero π-residues in every subunit for the A1 (Y27 and F51) and 5A pilus, respectively, when the extreme distance for the π–π interaction in RING was set as the default (7 Å) [32,51]. Since the number of subunits in one turn for the A1 pilus was three, the start and end node of the potential electrically conductive pathway for the A1 pilus were set as Y27p/F51p and Y27p+3/F51p+3, respectively. The p for the A1 pilus was set at 4, which is the first subunit of the second turn. According to our algorithm, we found that π-residues of the A1 pilus could not construct a continuous π–π interaction chain. These results indicated that there was not a continuous π–π interaction chain in the A1 and 5A pilus. Electrons could be transferred from one aromatic residue to another aromatic residue via electron hopping when distances between centroids of aromatic residues ranged from 7 to 20 Å [52]. Therefore, to identify the continuous aromatic residue chain in the A1 and 5A pilus, the extreme distance was set as 20 Å by manual input for RING. Then, according to our algorithm, a continuous chain of aromatic rings for the A1 and 5A pilus was found (Table 3, Figure 9C,D) that consisted of aromatic residues F24-F51-Y27 and F1, respectively. Furthermore, the distances among aromatic residues in the shortest pathway for A1 and 5A pilus were similar to those in conventional type IV pili, such as N. gonorrhea pili (Table S1). These results suggest that point mutations can directly influence the arrangement of aromatic residues for the Geobacter pilus, resulting in different conductivity of pili.


Figure 9. The continuous chain of aromatic rings in four pili. (A–D) represent the aromatic amino acid chains of the WT, W51W57, A1, and 5A pilus, respectively. Red, green, yellow, and orange spheres indicate the spatial distributions of F1, F24, Y27, and F51 in aromatic amino acid chains, respectively. The gray cartoons represent the structures of the four pili.
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To further investigate the mechanism for the conductivity of the pilus, the distances between the proximal carbon atoms in neighboring aromatic rings of 15 low energy models for each of the four types of potential electrically conductive pathways are shown in Figure 10. For the WT pili, d (F1, F24), d (F24, Y27), and d (Y27, F1) were around 3.5, 4.0, and 3.5 Å, respectively. The three distances (d (F1, F24), d (F24, Y27), and d (Y27, F1)) of the W51W57 pili were around 3.4, 3.6 and 3.5 Å, while they were around 8.5, 4.8, and 3.5 Å (d (F24, F51), d (F51, Y27), and d (Y27, F24)) in the A1 pili. For the 5A pili, since there was only one aromatic residue in the 5A subunit, the distance (d (F1, F1)) was around 9 Å. The aromatic rings in the WT and W51W57 pilus were closer than in the A1 and 5A pilus. Furthermore, the smallest distance between aromatic rings was observed in the W51W57 pilus. These results illustrated that only aromatic amino acids from the WT and W51W57 pilus could construct a continuous chain of aromatic rings, resulting in π–π interactions that contribute to the high conductivity for pili. The results also suggested that the genetic substitution of a tryptophan for the 51st and 57th amino acids in pilin could change the conformation of the pilus, resulting in closer π–π interactions for other aromatic amino acids (F1, F24, and Y27) (Table 3, Figure 9 and Figure 10). These results could guide further research into the mechanisms involved in extracellular electron transfer along these pili.


Figure 10. The distances between proximal carbon atoms in neighboring aromatic rings. (A–D) represent the distances between aromatic rings of aromatic amino acid chains for the four types of pili. As shown in the legends, different color points indicate different distances between the proximal carbon atoms in neighboring aromatic rings.
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4. Discussion


The PPI domain (residues 1–22) is predicted to mediate crucial contacts between subunits involving parallel coiled-coil helix packing [7]. Substitutions in the N-terminal alpha helical spine (PPI and Helix domain) of the type IV pilin could affect the pilus assembly, dynamics, and associated functions [53]. Furthermore, the structurally variable loop is required for pilin folding and pilus assembly, which are involved in pilus–pilus interactions, and predicted to be surface-exposed [6,7]. Therefore, genetic substitutions that occurred in the PPI, Helix, or Loop domain of pilins could affect their physical and chemical properties, resulting in different structures of the pilus. For example, a previous study indicated that substituting a tryptophan for each phenylalanine and tyrosine at the C-terminus of pilin lead to a decrease in the diameter of the pilus [12]. When compared with WT pilin, the stability and flexibility of the PPI domain for A1, 5A, and W51W57 pilin changed remarkably. In addition, WT, A1, 5A, and W51W57 pilin had different extents of correlation motions among residues of the Helix domain. The flexibility and extent of correlation motions among residues of the C-terminal loop domain (residues 51–61) also showed notable changes when genetic substitution occurred in the PilA C-termini (W51W57). Furthermore, the hydrophobic value and surface electrostatic properties of pilin were impacted by the site-directed mutagenesis. These results suggest that these genetic substitutions resulted in different subunit conformations and different electrostatic properties of the pilin surface, which probably resulted in various G. sulfurreducens pilus structures.



It is well known that the structure of a biomolecule determines its function. An understanding of the atomic resolution structure and assembly of the G. sulfurreducens pilus provides important insights into their biological functions, including the mechanism of extracellular electron transfer [54]. Point mutations (A1, 5A, and W51W57) of pilA affected the structural details of G. sulfurreducens pilus, i.e., diameter, axial rise, rotation angle, and subunits per turn. Furthermore, they also influenced the density of aromatic rings and the distance between the proximal carbon atoms in neighboring aromatic rings, which probably impacted the conductivity of the G. sulfurreducens pilus [16,55,56]. The density of aromatic rings in each of the two pili (WT and W51W57) is nearly ten times higher than the previously calculated value [16]. The distances between the proximal carbon atoms in the neighboring aromatic rings for the WT and W51W57 pilus were nearly half of the smallest value of the previous results [16]. These results may help to explain why the previous study thought the inter-aromatic pathway is an unlikely mechanism of conductivity [16]. Furthermore, the conductivity was found to not only be positively correlated with the aromatic ring density, but also positively correlated with the distance between the neighboring aromatic rings for G. sulfurreducens pili. These relationships suggest that aromatic amino acids probably play a decisive role in the magnitude of conductivity. The three aromatic amino acids (F1, F24, and Y27) in each N-terminus of the WT and W51W57 pilin were arranged in a potential electrically conductive geometry in which they were sufficiently close (around 3.5 Å) to account for the experimentally observed metallic-like conductivity of the pili [3,14]. Therefore, the mechanism by which the G. sulfurreducens pilus transfers electrons along pili is attributed, at least in part, to the conjugation of aromatic amino acids (π–π interactions).



Electrostatic interactions are important in protein folding, stability, flexibility, and function [57]. Close-range electrostatic interactions (salt bridges) are formed by spatial pairs of oppositely charged residues in protein structures. Furthermore, for the pilus, the salt bridge in the region in which many aromatic residues exist could affect the configuration of aromatic residues and their reduction potential and then influence the rates of electron transfer [3,58]. Here, we found a co-localization relationship between aromatic and charged amino acids in each of the four G. sulfurreducens pili models. When compared with the WT, the salt bridges of the A1, 5A, and W51W57 pili were changed, indicating that the point mutations affected the local electrostatic environment around the aromatic contacts, and could therefore influence the aromatic configuration to promote efficient electron transfer, resulting in different conductivity of pili.



Furthermore, an approach for exploring the potential electrically conductive pathway for the Geobacter pilus was provided in this study. According to this approach, point mutations were found to affect the arrangement of aromatic residues in the Geobacter pilus, resulting in different potential electrically conductive pathways and conductivities for the WT pilus and its mutants. The distances between centroids of aromatic amino acids can also be calculated by this approach. A larger distance between centroids of aromatic amino acids resulted in a higher energy barrier that needs to be overcome to achieve electron transfer [15]. Moreover, when compared with other distances between the aromatic residues, d (F24, Y27) had the greatest value, suggesting that the highest energy barrier existed between aromatic residue F24 and Y27 for the WT and W51W57 pilus. Therefore, this result could be utilized to guide site-directed mutagenesis to decrease the highest energy barrier and improve nanowire performance.



In conclusion, the three point mutations influenced the flexibility, stability and assembly of the G. sulfurreducens pilin, resulting in different structural details of pili. Moreover, genetic substitution of an alanine for the phenylalanines (+1) in PilA (A1 mutant), the pilus subunit, resulted in assembled pili likely with poor conductivity, further indicating the importance of the local electrostatic environment and aromatic amino acids in electron transport. The conductivity of W51W57 pili became excellent, not only because genetic substitutions increased the conjugation of amino acids, but also because they changed the structural details of the pilus, resulting in higher aromatic ring densities and a smaller distance between neighboring aromatic rings compared to the WT pilus. The number of physico-chemical interactions in W51W57 pilus was greater than that of wild-type pilus. Salt-bridge is most commonly observed to contribute stability to the conformation of proteins. Especially, there were more salt bridges in W51W57 pilus, compared to that of WT pilus. The residues are not only linked through physical contacts, but also through correlated motions. The correlated motions of the W51W57 mutant were stronger than those of the WT. Therefore, more physico-chemical interactions and stronger correlated motions could be resulted in pilins assembled more tightly together. Comparison of the structures and corresponding conductivities of the WT pilus with its mutant pili revealed that the aromatic amino acids and local electrostatic environment around them probably play critical roles in the process of extracellular electron transfer to the G. sulfurreducens pilus. The work described herein provides new insight into the biological synthesis of high conductivity nontoxic electronic materials.
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