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Abstract
Proteins that bind protons at cell membrane interfaces often expose to the bulk clusters of carboxylate and histidine sidechains that capture protons transiently and, in proton transporters, deliver protons to an internal site. The protonation-coupled dynamics of bulk-exposed carboxylate clusters, also known as proton antennas, is poorly described. An essential open question is how water-mediated bridges between sidechains of the cluster respond to protonation change and facilitate transient proton storage. To address this question, here I studied the protonation-coupled dynamics at the proton-binding antenna of PsbO, a small extrinsinc subunit of the photosystem II complex, with atomistic molecular dynamics simulations and systematic graph-based analyses of dynamic protein and protein-water hydrogen-bond networks. The protonation of specific carboxylate groups is found to impact the dynamics of their local protein-water hydrogen-bond clusters. Regardless of the protonation state considered for PsbO, carboxylate pairs that can sample direct hydrogen bonding, or bridge via short hydrogen-bonded water chains, anchor to nearby basic or polar protein sidechains. As a result, carboxylic sidechains of the hypothesized antenna cluster are part of dynamic hydrogen bond networks that may rearrange rapidly when the protonation changes.



Introduction
Protein proton-collecting antennas are clusters of closely spaced carboxylic, or carboxylic and histidine sidechains, which may collectively capture protons from the bulk, retain protons on the surface of a protein, and transfer protons to or from an internal protein site. Proteins for which proton antennas have been discussed include the reaction centre and cytochrome c oxidase [1], the bacteriorhodopsin proton pump [2, 3], and the PsbO subunit of the photosystem II complex [4, 5]. The size of carboxylate clusters proposed to function as proton antennas can vary greatly, from a couple of carboxylate sidechains in the case of bacteriorhodopsin [2], to as many as twelve-sixteen carboxylates in PsbO [4], and to significant areas of the bacterial reaction center and cytochrome c oxidase [1]. The phospholipid membrane surface may also participate in protonation dynamics [6-9], being thought that the proton antenna functionality of the lipid membrane could accelerate the uptake of protons by the membrane-embedded transporters [7] and act ‘as a proton-conducting link between membrane spanning proton transporters’ [10]. In the purple membrane that hosts the bacteriorhodopsin proton pump, protons released by the pump dwell on the membrane surface, which allows them to travel longer distances [11]. Description of the interactions that govern the dynamics of a bulk-exposed proton antenna cluster, and how these dynamics couple to protonation, is important, because it can provide insights into the general mechanisms used by membrane-bound proteins to capture and release protons from and to the bulk. To study the protonation-coupled dynamics of a bulk-exposed proton antenna, here I report simulations and graph-based analyses of the carboxylic cluster of PsbO, a soluble protein subunit of photosystem II thought to function as proton antenna [4] and to enable local buffering that avoids transient acidification of the thylakoid lumen [5].
PsbO is an excellent model system to study bulk-exposed proton antenna clusters of proteins, because it is relatively small soluble protein with a rigid -barrel domain (Figure 1). Acid-base titration and spectroscopic measurements of isolated PsbO indicated protein structural change at low pH of 2.8 [12], and two distinct protein conformations being populated at pH 3.4-4.8 vs. 6.0-9.5 [13]. Fourier Transform Infrared (FTIR) spectra of the S1-to-S2 transitions of photosystem II reconstituted with PsbO with vs. without 13C isotopic labeling were interpreted to suggest that, during the water-splitting cycle of photosystem II, a reaction during which PsbO looses one or more protons likely involves two carboxylic groups [14]. 
Three-dimensional structures of the photosystem II complex made it possible to identify protein sidechains that could be involved in proton storage and/or proton transfers from the catalytic center to the lumen bulk (see, e.g., refs. [15-22]), and guided the interpretation of biochemistry experiments to identify carboxylate groups that are likely candidates for the PsbO antenna cluster [4]. Some of the carboxylic groups of the PsbO antenna cluster [4] are close to each other in sequence, such as E180 and E181, D222, D223 and D224, and E97 and D102 (Figure 1). 
D158 and D224 of the PsbO proton antenna cluster (Figure 1) appear particularly important for the functioning of photosystem II. Spinach photosystem II complexes in which PsbO-D157 was mutated to Asn, Glu, or Lys, could bind PsbO, but had decreased oxygen evolution activity [23] and altered kinetics [24]; in isolated T. vulcanus thylakoid membranes, PsbO D158E, D158N, and D158K mutants showed defective assembly of soluble subunits [25]. A role of D158 in the assembly of photosystem II, as suggested by the latter experiments, is consistent with previous molecular dynamics (MD) simulations indicating that R162, a group essential for the binding of PsbO to photosystem II [26], has largely perturbed interactions in D158A [27]. PsbO D224, which is located close to D158 (Figure 1), is part of a putative proton-transfer path from the catalytic center to the bulk lumen [15, 16, 21, 28, 29]; MD simulations of the PsbO D224A mutant had altered interactions of R152 [27], a group essential for the binding of PsbO to photosystem II [26]. Relatively close to the D224 site there is another carboxylate of interest, D102 (Figure 1): experiments and computations on a simplified PsbO construct consisting of the -barrel region without the flexible loops suggested that D102 might be protonated [5, 30]. 
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Figure 1. Architecture of T. vulcanus PsbO. (A) Molecular graphics of PsbO illustrating the -barrel domain, the cyano loop, and selected protein sidechains. Selected sidechains are shown as bonds colored red for Asp/Glu, blue –Arg/Lys, cyan-His, and green-Asn. The disulfide-bridged C19 and C44 are colored yellow. For clarity, H atoms are not shown. The cyan loop is located at the photosystem II dimer-dimer interface; in the photosystem II monomer, R152 interacts with groups of another subunit [21]. (B) Location of polar and charged protein groups on the surface of PsbO. C atoms of Asp and Gl are shown as van der Waals spheres colored red, Arg and Lys, blue, His, cyan, and Asn, Gln, Ser, Thr, and Tyr, lime. The dotted lines delineate local carboxylate clusters. K123, R152 and R162, and carboxylic sidechains whose protonation state was considered here, are also labeled with italic fonts. The molecular graphics is based on a coordinate snapshot from simulations of PsbO with standard protonations for all titratable protein sidechains. All molecular graphics were generated using Visual Molecular Dynamics, VMD [31].

Carboxylic and His groups are typically assigned to a proton-binding antenna cluster based on distances from static protein structures, which provide only limited information about the dynamical reorientations of the cluster’s sidechains in a fluid environment. Moreover, for a number of membrane-bound protein systems the carboxylic groups of the antenna cluster neighbor basic sidechains that could influence the dynamics of the carboxylic groups. For example, the cytoplasmic proton-binding cluster of bacteriorhodopsin contains four carboxylic groups that neighbor two basic sidechains [3, 11, 32]. The proton collecting clusters of the bacterial reaction center and of cytochrome c oxidase contain numerous carboxylic and His sidechains, being thought that, at least in the case of the reaction center, two of the His sidechains are required for connectivity within the proton collecting cluster [1]; in cytochrome c oxidase, protons are thought to first bind preferentially to the carboxylic groups, and then transfer to the His groups [33]. The plasma membrane proton pump AHA2 has two conserved Asp sidechains at the proton release site [34] –these are also part of a highly polar region with multiple carboxylic, basic, and polar (non-charged) sidechains [35]. The proton antenna of the green fluorescent protein, which consists of carboxylic and threonine groups, and water, connects to a His and an Asn sidechain [36].  
In the case of PsbO, D102 of the proton antenna cluster is conserved as a motif together with E97 and K123 (Figure 1A) [27], and quantum mechanical computations of model systems suggested that local H-bonding of K123 may impact the energetics of proton transfer from D102 to E97, as reduced flexibility of K123 associated with somewhat higher proton-transfer barrier [37]. At the region where PsbO binds to photosystem II, the conserved R152 and R162 are close to D224 and D158, respectively (Figure 1A). Mutating either Arg sidechain to Gly (R151 and R161 in spinach PsbO numbering) reduces binding of PsbO to the photosystem II complex, and is detrimental to oxygen evolution [26].
Taken together, the considerations above suggest that the local interactions with basic and polar sidechains might be a rather general feature of proton-binding proteins. Although a role for basic sidechains for the connectivity between carboxylic groups of the antenna cluster has been proposed [1], the dynamics of the interactions between basic and carboxylic groups of an antenna, and whether these interactions couple to protonation change, remains unclear. These aspects are studied here using atomistic molecular dynamics (MD) simulations and graph-based analyses of the dynamic H-bond networks of the carboxylic cluster of PsbO. 
Eight independent MD simulations were carried out, distinguished by the protonation of four carboxylic groups –E97, D102, D158, and D224 (Figure 1), as these Asp and Glu sidechains are of direct interest to proton binding. Nuclear Magnetic Resonance (NMR) measurements of pKa values and high-resolution X-ray crystallography of a truncated PsbO variant indicated D102 is likely protonated [5, 30], with a pKa >7 [5]. Protonation of D102, or of the nearby E97, is compatible with the 2.8Å distance between these residues in a high-resolution structure of the photosystem II complex [28]; for E98, the NMR measurements on truncated PsbO found a pKa of ~5 [5]. D158 and D224 are part of the proton antenna cluster proposed for PsbO [4], and part of the proton-exit pathway hypothesized for photosystem II [15]; for D224, earlier pKa computations indeed indicated values as large as ~9, whereas D158 was found to have a very low pKa value [16].  
The graph analyses of the protein-water H-bond networks of PsbO indicate that dynamic, transient water bridges can give rise to extensive protein-water H-bond networks. Persistent connectivity between carboxylate groups tends to be somewhat local, such that relatively frequent connections tend establish clusters of just a couple of carboxylate groups. Almost all such local carboxylate clusters involve positively charged or other polar sidechains that mediate connectivity via frequent interactions with carboxylate groups. Protonation of a carboxylate sidechain tends to associate with rearrangements of its local H-bond cluster.

Materials and Methods 
Protein structure and simulation systems. Coordinates for PsbO were taken from the crystal structure of photosystem II, PDB ID: 3ARC, chain O [20]. From the crystal structure, the coordinates of PsbO, the calcium ion bound to PsbO, and for 195 water molecules, were used. C19 and C44 were disulfide bridged [38]. The protein was placed in a box of water molecules, and bulk water molecules overlapping with the protein and crystal structure waters were deleted. Sodium ions were added for charge neutrality. The resulting simulation system includes ~181.060 atoms. 
The independent simulations reported here are distinguished by the protonation of specific carboxylate sidechains, as follows. In the reference simulation, all titratable groups were assigned standard protonation states, i.e., all Asp/Glu sidechains were negatively charged, Arg/Lys sidechains, positively charged, and His sidechains neutral with N2 protonated. This reference simulation was started from the same coordinates as used before for PsbO [27, 29] but with new initial assignment of atom velocities. Six simulations have protonated (neutral) E97, D102, D158; for each of these four carboxylate sidechains, two independent simulations were performed, distinguished by the carboxylate oxygen atom that is protonated. An additional simulation was performed with D224 protonated.

Force field and protocol for MD simulations. The CHARMM36 force field [39-41] with the CMAP correction, and the TIP3P water model [42], were used for all computations. Coulomb interactions were computed using the smooth particle mesh Ewald summation [43, 44]; for short-range interactions in real space, a switch function between 8Å and 12Å was used. Covalent bonds involving H atoms were constrained [45]. MD simulations were performed with NAMD [46, 47]. Geometry optimization was followed by heating to 300K and 1ns of equilibration in the NPT ensemble (constant number of atoms N, constant pressure P = 1 bar, and constant temperature T = 300K), in a Langevin dynamics scheme [48, 49] with anisotropic pressure coupling; all production runs were performed with isotropic pressure coupling. During heating and first 1ns of equilibration the integration step was 1ns; during the remaining of the simulations, a multiple time step integration scheme was used with 1fs for the bonded forced, 2fs for short-range nonbonded, and 4fs for long-range electrostatics [50]. Coordinates were saved each 10ps.

H-bonds, H-bond occupancy, water-mediated bridges, H-bond clusters, and shortest-distance paths. Two groups are H bonded when the distance between donor and acceptor heavy atoms is ≤3.5 Å, and the H-bond angle is ≤ 60º. That is, H-bonds between polar sidechains are computed together with salt-bridges. For simplicity, direct and water-mediated H-bonds are computed only for sidechains.
The occupancy of an H-bond is given by the percentage of coordinate sets, from the trajectory segment used for analyses, during which the H-bond criteria are met. 
A water bridge between two protein sidechains is a chain of H-bonded water molecules that bridges the two groups. For clarity, and since longer water bridges tend to be short lived [29, 37], H-bond graphs were computed for one-water bridges between protein sidechains, and separately for one- and two-water bridges. 
An H-bond cluster, or local H-bond network, consists of a subset of nodes and edges that are inter-connected to each other. The shortest-distance path between two nodes of the graph (two H-bonding groups) is the path that connects those two nodes via the least number of edges (H-bonds). The H-bond cluster of specific amino acid residues, and shortest-distance paths between pairs of sidechains of interest, were extracted from the H-bond graphs using the Connected Component Analysis tool of Bridge [51, 52]. All H-bond graph computations were performed with Bridge2 [51, 52] using 11200 equally spaced coordinate sets from each simulation. Average numbers of water molecules that bridge selected protein sidechains were extracted from the Bridge H-bond graph computations.


Results and Discussion
Motions of PsbO were probed for different protonations of four carboxylate groups. Taken together, the simulations performed amount to ~1.4s. During all MD simulations performed the structure of PsbO remained stable, with overall comparable numbers of protein sidechain H-bonds (Table S1) and one-water bridges between protein sidechains (Table S2). 
Proton transfer in acid-base reactions has maximum probability when the number of intervening waters between acid and base is 2-3 [53]. To dissect the role of protein vs. water-mediated bridges between carboxylate groups, and to explore the spatial extent of connectivity within the carboxylate clusters, each simulation was subjected to four H-bond graph computations: i) direct H-bonds between sidechains; ii) one-water mediated bridges between sidechains; iii) one- and two-water-mediated bridges between sidechains; iv) direct H-bonds, one, and two-water mediated bridges separate H-bond graph computations were performed for the both direct sidechain H-bonds, and one- and two-water mediated bridges. 
Analysis of graphs of water-mediated bridges with one vs. two water molecules provides clues about the relative distances and dynamics of the two sidechains bridged by H-bonded water(s); H-bond graphs computed for direct H-bonds between sidechains, as compared to graphs for water-mediated H-bonds, illustrate connectivity of the H-bond network established via fluctuations of water molecules and protein sidechains. The H-bond graphs computed from the eight simulations are presented in Figures S1-S29, and summarized in Tables S1, S2.

Occupancy thresholds for H-bond graphs. A Bridge H-bond graph computation reports all H-bonds regardless of their occupancy. Given the large number of direct and water-mediated H-bonds sampled at least transiently during a simulation, its is impractical to analyze all H-bonds sampled at least once during any of the nine simulations performed. Thus, it is of interest to consider an occupancy threshold, i.e., to simplify the H-bond graphs such that only H-bonds that are sampled relatively frequently will be displayed. The precise value of the minimum occupancy threshold is, however, unclear. Consequently, to test how the H-bond occupancy used impacts the H-bond graphs, relatively low occupancy thresholds of 20-30% were first considered.
The H-bond graph computed for direct protein sidechains using the reference simulation with standard protonation of all titratable sidechains contains 32 H-bonds when shown at an H-bond occupancy ≥30% (Figure S1). Of these H-bonds, about half have occupancies ≥50%, and a few are sampled throughout the entire trajectory segment used for analyses (Figure S1, Table S1). 
The number of sidechain-sidechain H-bonds with occupancies ≥30% in the simulations reported here is somewhat high: Table S1, which summarizes the H-bonds sampled with occupancies ≥30%, contains >70 unique H-bonds. In pairs of simulations performed with the same carboxylate protonated, H-bonds that are present in both simulations tend to have occupancies ≥50%, but some of these H-bonds have occupancies of ~30-40% (see e.g., the D79-Q80 H-bond in simulations with protonated D102 protonated, and the D23-T25 H-bond in simulations with protonated E97 or with protonated D158, Table S1). A minimum occupancy threshold of 30% thus appears reasonable for analyses of the graphs of sidechain-sidechain H-bonds.
To find the occupancy threshold for water-mediated H-bond networks, the H-bond graphs computed for one- and two-water mediated bridges were inspected separately. Overall, short bridges with just one water molecule between two protein sidechains tend to have occupancies below 50% (Table S2, Figures S1B, S6, S9, S15, S17, S21, S26, S28). The only one-water bridge common to all H-bond graphs shown at occupancies ≥20% is that between E145 and K194 (Table S2). 
The graphs of one- and two-water mediated H-bonds with occupancies ≥20% have networks that extend across a large part of the protein, but many of the water bridges have relatively low occupancies (Figures S2, S7, S16, S18, S22, S27, S29). Given the large number of transient water bridges, in order to facilitate comparisons of the protein-water H-bond networks with one- and two-water bridges, the graphs were first analyzed at occupancies ≥50%; where necessary, protein-water H-bond graphs computed at occupancies ≥20% were used to evaluate less frequent connections that could be of interest for specific carboxylate clusters.

Protonation-dependent protein interactions of carboxylate sidechains. The four direct interactions between sidechains that are sampled in all simulations with occupancies of at least 30% are at the -barrel domain of PsbO (see D24-K203, R42-D79, and R39-E98 and K53-E232 in Figure 2 and Table S1). As summarized below, for a number of interactions in H-bond clusters that involve Asp/Glu groups, dynamics can depend on the protonation used for specific Asp/Glu sidechains.
In the reference simulation with all Asp/Glu negatively charged, a network of 15 sidechain H-bonds extends from E55/E229 to D158, E180/E181, and D222/D224, such that it includes seven Asp/Glu sidechains  (Figure 2). Within this cluster, 12 H-bonds have occupancies ≥30%, including two persistent H-bonds at the E97/D102 site (see K123 and Y151 in Figure 2B). 
Local H-bond clusters in which E55 and E229 connect via K57 or R60 are sampled when D102 or D224 are protonated (Figures 3A, 3C, 4, S4A, S4B), and in one of the protonated E97 simulations (Figures 3D, S12); when D158 is protonated, E55 connects to K57, but E229 either has one weak connection to H231, or is part of an H-bond cluster with E180/E181. That is, when D158 is protonated, at the H-bond occupancy threshold used the extended E55-E229-D158-E180-D224 H-bond cluster identified in the reference simulation (Figure 2B) separates into the local H-bond of E55, and an E180-E229 H-bond cluster (Figure 3B).
E97 connects directly to K123, and D158 to R162, in all simulations except when E97 and, respectively, D158, is protonated (Figures 2, 3D, S23, Table S1). When D102 is protonated, K123 interacts with both E97 and D99; in one the protonated D102 simulations, D102 bridges to D99 (Figure 3A, Table S1, Figure S4A). D102 connects to K123 when E97 is protonated (Figures 2, 3D, Table S1). 
D158 and D224 tend to be part of a common H-bond cluster when negatively charged (Figures 2,3), but not when protonated: Protonated D158 makes infrequent connection with T153 or is absent from the H-bond graph (Figures 4B, S12); likewise, protonated D224 makes infrequent connections with R152, or it is part of a small cluster with R152 and D222 (Figures 3C, S19A).  
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Figure 2. Direct protein H-bonds in PsbO with standard protonation. (A) Molecular graphics of PsbO showing selected protein sidechains that can H-bond to another sidechain. Selected basic and carboxylic sidechains discussed in the text are labeled with italic bold bonds. (B) Clusters of sidechain-sidechain H-bond extracted with Connected Components Analyses [51, 52] from the H-bond graphs. To illustrate long-distance transient connections between the E55-E229 and D158-D224 H-bond clusters, the minimum occupancy threshold was lowered to 20%. The corresponding graph of protein sidechain H-bonds with occupancies ≥30% is presented in Figure S1A.

In summary, the local H-bond clusters discussed above have similar numbers of Asp/Glu vs. basic and polar sidechains in independent simulations. Some H-bonding sidechains contribute to H-bond clusters in all, or most of the simulations performed (Figure 4). Thus, at the H-bond occupancy threshold used, of the E55-E229 cluster sampled in the reference simulation, only E55 and E57 remain in the H-bond clusters of most simulations performed with a protonated Asp/Glu sidechain (Figure 4). Unless protonated, E97 H-bonds to K123, and D102 is part of an H-bond cluster with E97 and K123 in most simulations performed. Unless protonated, D158 is part of an H-bond cluster with R152 or R162; likewise, unless protonated, D224 is part of an H-bond cluster with R152 or R162 (and with negatively-charged D158) (Figure 4). These H-bonding sidechains that are common to the local H-bond clusters appear to recruit other nearby groups, including polar sidechains, giving rise to larger local H-bond clusters.
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Figure 3. Protein H-bond clusters in PsbO with one Asp/Glu protonated. When applicable, the italic numbers 1 and 2 indicate independent simulations performed with one Asp/Glu protonated. An Asp marked with a red star is protonated; Asp/Glu marked with a gray star are protonated in another simulation. (A-D) H-bond clusters of PsbO with protonated D102 (panel A), protonated D158 (panel B), protonated D224 (panel C), and protonated E97 (panel D). Note that protonated D102 may H-bond to D99, and protonated E97 lacks direct H-bonds with another protein sidechain. Graphs for direct sidechain H-bonds with occupancies ≥30% are presented in Figures S4, S12, S19A, and S23. 
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Figure 4. Summary of the composition of the selected protein H-bond clusters computed with a minimum H-bond occupancy of 30%. ‘Cluster members’ indicates all sidechains that may contribute to the cluster in any of the simulations performed. Amino acid residues labeled with green italics are present in H-bond clusters of most simulations performed. ‘Standard’ indicates PsbO with standard protonation of all titratable sidechains. ‘D102’, ‘D158’, ‘D224’, and ‘E97’ indicate the Asp/Glu sidechain considered protonated. The dotted lines separate the H-bond clusters in independent simulations performed for PsbO with a protonated Asp/Glu; when present, the ‘/’ indicates two local H-bonds or H-bond clusters without a direct connection in the graph.  The H-bond graphs from which the summary was extracted are presented in Figures S1A, S4, S12, S19A, and S23.

One-water carboxylate bridges anchor to basic or polar protein sidechains. One-water mediated bridges between Asp/Glu sidechains tend to be sampled when at least one of the Asp/Glu also bridges to a polar or basic sidechain; moreover, as illustrated in Figures 5A-D for the E55 cluster, protein sidechains inter-connected by one-water bridges (Figures 3A,B) tend to also sample direct H-bonding (Figures 2, 3B, 4). Examples of sites where 2-3 carboxylates bridge to each other via one water molecule and also anchor to polar/basic sidechains include E55-E229 (Figures 4, 5, S1B), and D158-D224 (Figures 4, S1B, S6, S12, S13). One-water-mediated bridges between E97 and D102 are sampled in one of the protonated D102 simulations (Figure S6), and bridges between D8 and D102, in one of the protonated E97 simulations (Figure S26).
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Figure 5. Protein and water interactions at selected regions on the surface of PsbO. (A) Close view of protein sidechains of the E55 protein-water H-bond cluster in PsbO with standard protonation. (B) E55 H-bond network computed for one-water bridges between protein sidechains, shown at a minimum H-bond occupancy of 20%. Graph nodes (amino acid residue sidechains) that are also present in the protein H-bond network shown in Figure 2B are colored green; other nodes of the protein-water network are colored dark yellow. (C) The E55 H-bond cluster with one- and two-water bridges between protein sidechains. (D) The E55 H-bond cluster with one- and two-water bridges between protein sidechains, and with direct H-bonds between sidechains. For each edge that connects two nodes of the graph, numbers in italics give the average number of waters that bridge the two sidechains. For clarity, given the large number of two-water bridges, H-bond graphs in panels B and C are shown at a minimum H-bond occupancy of 50%. (E) Close view of interactions near the E97-D102 site from a simulation with protonated D102. (F) Close view of interactions from the E55-E229 and D158-E224 from simulations with protonated D224. (G) Protein and water interactions in the D158-D224 region from a simulation with protonated D158. For clarity, protein H atoms are not shown, except for the H atom of the protonated Asp/Glu carboxyl. In panels A and G, water molecules displayed as van der Waals spheres have their oxygen atoms within 3.5Å of the sidechain oxygen and nitrogen atoms of the sidechains shown.


Two-water bridges enable extended, dynamic protein-water H-bond networks. When bridges with one or two waters and H-bond occupancies ≥20% are considered, H-bond graphs contain extensive water-mediated bridges that can include a large number of groups, thus extending across a significant region of the protein surface (Figures S2, S7, S10, S16, S18, S22, S27, S29). H-bond graphs for one-and two-water bridges have extensive networks that include the E55 and D158-E180-D224 sites; in a graph computed for PsbO with protonated D158, this network contains >40 protein sidechains (Figure S16). Many of these water-mediated bridges between protein sidechains are only visited transiently such that, when only bridges contributed by H-bonds present ≥50% of the time are considered, the water-mediated clusters tend to be somewhat more localized, though they may still include >7-10 sidechains (see the E55 cluster in Figure 5C, and the summary of water-mediated clusters in Figure 6). 
The clusters of water-bridged sidechains can include sidechains that are also part of clusters of direct H-bonds –such as the negatively charged E97 (Figure 6), and typically include polar sidechains. 
Protonation of E97, D158 or D224 alters local water bridging: When D158 is protonated, D224 bridges to 3-5 other sidechains, D158 lacks persistent water bridging, and the E55 H-bond clusters are small (Figure 6). Likewise, protonated E97 or protonated D224 lack clusters with persistent water bridging of E97 or D224, respectively (Figure 6). Protonated D102 associates with water-bridged clusters between E97, D102, and N124 (Figure 6).

H-bond networks with protein H-bonds and water bridges anchor to basic and polar sidechains and contain persistent water bridging between carboxylate pairs. H-bond graphs computed for both the protein sidechains and water bridges, together with the graphs discussed above for the sidechains vs. water bridges, can unify the picture of dynamic connections between protein sidechains. As detailed below, when direct sidechain H-bonds are included in graph computations together with water-mediated bridges, a common picture emerges, whereby clusters of three carboxylates bridged via waters have at least one anchor to a basic sidechain, and at least one anchor to a polar sidechain that can donate H-bonds; these anchors may involve sidechains close in sequence to a carboxylate of the cluster. 
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Figure 6. Water-mediated bridges between protein sidechains at selected sites on the surface of PsbO. ‘Protonation’ indicates which of the carboxylate sidechains were considered protonated, or whether a standard protonation was used. H-bond clusters are reported according to their location. Amino acid residues labeled with green italics are also part of local H-bond clusters between sidechains (see Figure 3); the ‘/’ sign indicates groups of amino acid residue sidechains which, at the H-bond occupancy considered, are part of distinct local clusters. Note that, in simulations with D102 protonated, water bridging between E97 and K123 occurs with occupancies of ~26-48% (Figures S7, S10); protonated D158 can bridge to D224 infrequently (~33% occupancy, Figure S16). Where applicable, ‘(1)’ and ‘(2)’ indicate simulations performed with the same protonated Asp/Glu.

Overall, when H-bond graphs are computed at a minimum H-bond occupancy of 50%, basic and polar sidechains dot the local H-bond clusters such that the clusters have relatively similar numbers of Asp/Glu sidechains vs. basic or polar sidechains. For example, in the reference simulation with standard protonations, the E55 H-bond cluster includes 5 Asp/Glu, 3 Arg/Lys, 1 Asn, and 1 His sidechain (Figure S3B), and the E84 cluster has 10 Asp/Glu, 5 Arg/Lys, and 7 Asn/Gln/Ser/Thr sidechains (Figure S3B).
The analyses above of local H-bond networks computed only for protein sidechains, and separately for water-mediated bridges between sidechains, indicated that the dynamics of local H-bond clusters can depend on the protonation of a particular Asp/Glu sidechain. To explore protonation-dependent connections between selected Asp/Glu sidechains on the surface of PsbO, all H-bond graphs computed for both sidechain and water-mediated H-bonds were subjected to Connected Component Analyses in Bridge as follows. First, the composition of the protein and protein-water H-bond clusters of E55-E229, E97-D102, D158, and D224, was inspected manually. Then, shortest-distance paths were computed between any of these Asp/Glu sidechains and other Asp/Glu of the same local cluster. To capture more of the details of specific connections within clusters sampled in simulations with different protonations, the H-bond occupancy was lowered to 20%. As illustrated in Figure 7 and summarized below, the shortest-distance connections found between Asp/Glu pairs can be mediated by water bridges, or they can pass via one ore more basic/ polar sidechains. 
Regardless of the protonation used, the shortest distance path between E55 and E220 consists of water-mediated bridges with about 1.4-1.9 waters in the bridge (Figure 7). When either D102 or E97 are protonated, the shortest distance path that connects them is a water-mediated bridge that is sampled more frequently when D102 is protonated, than when E97 is protonated (Figure 7). 
Water-mediated bridging between D158 and D224 may be sampled, but somewhat infrequently, and it is disfavored, when either Asp is protonated. When both D158 and D224 are negatively charged, the shortest-distance path that connects them is either a persistent water bridge, or a protein-water H-bond path (Figure 7). The finding that D158 and D224 can bridge via water bridges with ~1.5-2 waters in the bridge, or via protein-water H-bond paths (Figure 7) could explain the coupling between the local dynamics of the D158-D224 H-bond clusters and the protonation of either Asp sidechain.
In summary, for each of Asp/Glu pairs above (E55-E229, E97-D102, and D158-D224) the shortest-distance interconnecting path can be a short water-mediated bridge. The sampling of water-mediated shortest-distance paths between the E97-D102 and D158-D224 pairs appears to depend on protonation. For all three Asp/Glu pairs chosen for investigation, graphs computed for direct protein H-bonds (Figures 2B, 3) indicate anchoring via H-bonding to a basic or polar sidechain: K57 and/or R60 for E55-E229, K123 for E97-D102, and R152, T153, or R162 for D158-D224.

H-bond clusters at the PsbO-PsbO binding interface. In the three-dimensional arrangement of dimers of photosystem II from T. elongatus, two PsbO proteins from adjacent dimers interact with each other via groups of the loop known as the cyano loop [54] (N132 to D141 in T. vulcanus numbering [54, 55]) and N132 is within ~7Å from D90 (Figure 1A). NMR data indicated that amino acid residues near the cyano loop give pH-sensitive amide signals, which could be interpreted to suggest modulation of the dimer contacts [5].
A number of local H-bond clusters involve groups of the cyano loop, but longer distance connections between the cyano loop and more remote protein regions across the -barrel domain are typically infrequent. Since the structure of the -barrel domain of PsbO is thought to be largely the same in the isolated protein and in the photosystem II complex, absence of extended couplings via persistent H-bonds suggests that interactions between copies of PsbO proteins in a photosystem II dimer are unlikely to have a major impact on the H-bond dynamics at remote sites.
[image: ]
Figure 7. Shortest-distance paths between Asp/Glu sidechains of selected protein-water H-bond clusters. All shortest-distance paths between selected pairs of Asp/Glu sidechains were extracted, using Connected Components Analyses, from the H-bond graphs computed for both the direct H-bonds between protein sidechains, and the one- and two- water-mediated bridges. H-bond occupancies are ≥20%. ‘Shortest-distance path’ indicates the Asp/Glu pair for which the shortest-distance path computation was performed. Note that, since in one of the simulations with protonated D158 no path could be found between D158 and D224, the shortest-distance path between D222 and D224 is shown instead. Numbers along the edges connecting any two nodes indicate the occupancy of the H-bond or of the water bridge between the two nodes; numbers in italics along the edges indicate the average number of the bridging water molecules. When applicable, ‘(1)’ and ‘(2)’ indicate the independent simulations performed with the same Asp/Glu group protonated. 

Briefly, one-water bridges include T137, T138, S139, and T140 (Figure S1B). D141 water bridges to N200, and E145 interacts directly with K194 (Figure S1B). An H-bond cluster of N200 with S139, D141 and T214, may be sampled (Figure S2) and extend to Q130/K143 (Figures S1B, S3), and S198 (Figure S5). Near the cyano loop, E210 has frequent direct H-bonds with T208 and Y240 (Figure S1A), there is frequent two-water bridging between E210 and D205, and between Y240 and R42. Close to D205/E210, D8 and D9 connect frequently to each other via two-water bridges, and D33 water-bridges with S35 and Q36 in most graphs with occupancies ≥50% (Figures S3, S8, S11, S14, S20). In Synechocystis sp. PCC6803, mutating PsbO D9 to Lys, or D10 to Arg, His, Asn, or Ser, reduced somewhat the binding of PsbO to photosystem II [56]. 

Conclusions
Characterizing protonation-coupled dynamics is of general interest to understand proteins whose functioning involves proton binding and proton transfer. During the reaction cycles of these proteins, one or more titratable sidechains change protonation, and the change in the local electrostatic interactions upon protonation change couples with changes in protein dynamics. In the case of membrane-bound proteins that collect and/or transfer protons at a membrane interface, bulk-exposed clusters of carboxylate groups, or of carboxylate and histidine groups, are hypothesized to bind protons transiently. How such carboxylate clusters respond to changes in protonation can be challenging to assess, because numerous H-bonds that may be visited at least transiently at bulk-exposed protein interfaces. To tackle this challenge, here a systematic analysis was pursued based on graph-based analyses of dynamic H-bond networks of a simpler proton-antenna model protein.
The simulations reported here probed the dynamics of PsbO with different protonation states of four carboxylic groups. To dissect the dynamics of H-bond networks, H-bond graphs were computed separately for interactions between protein sidechains, for water-bridges between protein sidechains, and for both sidechain-sidechain H-bonds and water bridges between sidechains. Given the large number of H-bonds that were inspected here, H-bond graphs were analyzed using H-bond occupancy thresholds, which are not unique. An H-bond occupancy threshold of 30% was found useful to compare direct H-bonds from independent simulations, a lower threshold of 20%, to visualize extended, dynamic protein-water H-bond networks, and a stricter threshold of 50%, to simplify comparisons of protein and water-mediated H-bond networks from distinct simulations.
The H-bond graphs analyses suggest that the surface of PsbO hosts extensive protein-water H-bond networks which, when transient two-water bridges are considered, may extend across large numbers of protein sidechains, i.e., across large protein regions. Direct interactions and short water bridges between carboxylate sidechains are of particular interest for considerations of proton binding at surface-exposed carboxylate clusters. The graphs of H-bond networks computed here for PsbO, which included all sidechains that could H-bond indicate that Asp/Glu sidechains that connect via 1-2 water bridges also anchor to nearby basic or polar sidechains. For all four Asp/Glu sidechains whose protonation was considered here, protonation influenced dynamics of their local H-bond clusters. 
Although guided by information from previous works, the choice of four carboxylate sidechains whose protonation was considered here could appear as rather limited when considering that the surface of PsbO contains numerous other carboxylate sidechains (Figure 1A), and the protonation of any of these other carboxylate sidechain, or combinations thereof, could be of putative interest.  Such a large set of simulations and data analyses would however, be impractical. Moreover, the qualitative picture suggested by the H-bond graphs presented here, whereby anchoring to basic and polar sidechain maintains carboxylates within distance for water-bridging or direct H-bonding, would likely remain unchanged. 
Analyses presented here focused on the protein and water-mediated H-bond networks at three specific sites on the surface of isolated PsbO. The dynamical H-bond networks that could facilitate proton transfers are, however, of general interest to membrane bound proteins and protein complexes, including photosystem II [15, 17, 20, 22, 57-60], bacteriorhodopsin [2, 3], cytochorome c oxidase [1, 2], the ASIC acid-sensing ion channel –which is thought to use for proton sensing a solvent-exposed acidic pocket contributed by several carboxylic groups [61-63], and a proton-sensing G-Protein Coupled Receptor –which is thought to rely on multiple histidine sidechains to sense the extracellular pH [64, 65]. Over the next years, advancements in computational methodologies and experimental techniques may enable a detailed molecular picture of how proteins use bulk-exposed clusters of titratable sidechains to couple proton binding to protein conformational dynamics, and of the general principles of pH sensing at protein interfaces. 
Experiments such as reported earlier for the bacterial reaction center, for which surface His were mutated and imidazole was added to the bulk to rescue proton transfer [66], would be needed to verify the role of connectivity via basic groups in carboxylic proton-binding clusters. A difficulty with using site-directed mutagenesis of sidechains of a proton antenna could be that, since the antenna cluster contains multiple carboxylic sidechains, the antenna functionality might be robust and, when one proton-binding sidechain is mutated, proton uptake from the bulk could still occur. Such a scenario is compatible with the discussion of the proton antenna functionality of the cytoplasmic carboxylic cluster of bacteriorhodopsin, in which point mutations of the carboxylic groups only slightly slow down proton uptake [11].
The bulk-exposed proton-collecting antenna cluster of a protein is highly heterogeneous, being contributed by different amino acid residue sidechains whose dynamics depends on the local protein environment. By contrast, lipid moieties of model membranes may give rise to a more homogeneous environment. A newly developed depth-first-search algorithm to identify H-bond cluster topologies sampled in MD simulations of lipid membranes indicated that negatively-charged POPS lipids can sample transiently complex, circular arrangements of H-bond paths [67]. Further computations and experimental validation will be needed to understand whether such transient lipid H-bond clusters might bind protons, and how they might communicate with proteins that bind protons at bio-membrane interfaces. A challenge that will need to be addressed in the future is of how to perform, efficiently, accurate pKa computations of bio-systems with large number of titratable sites. This challenge is illustrated by the case of a truncated form of PsbO, for which the agreement between calculation and NMR measurements was somewhat poorer for the carboxylic groups with more extreme pKa values [5].  
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