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Abstract
Lipid membrane interfaces host reactions essential for the functioning of cells. The hydrogen-bonding environment at the membrane interface is particularly important for binding of proteins, drug molecules, and ions. We present here the implementation and applications of a depth-first search algorithm that analyzes dynamic lipid interaction networks. Lipid hydrogen-bond networks sampled transiently during simulations of lipid bilayers are clustered according to main types of topologies that characterize three-dimensional arrangements of lipids connected to each other via short water bridges. We characterize the dynamics of hydrogen-bonded lipid clusters in simulations of model POPE and POPE:POPG membranes that are often used for bacterial membrane proteins, in a model of the Escherichia coli membrane with six different lipid types, and in POPS membranes. We find that all lipids sample dynamic hydrogen-bonded networks with linear, star, or circular arrangements of the lipid headgroups, and larger networks with combinations of these three types of topologies. Overall, linear lipid-water bridges tend to be short. Water-mediated lipid clusters in all membranes with PE lipids tend to be somewhat small, with about four lipids in all membranes studied here. POPS membranes allow circular arrangements of three POPS lipids to be sampled frequently, and complex arrangements of linear, star, and circular paths may also be sampled. These findings suggest a molecular picture of the membrane interface whereby lipid molecules transiently connect in clusters with somewhat small spatial extension.



Introduction
Lipid membranes that surround biological cells and their compartments host reactions essential for cell function. Proteins that bind at the lipid membrane interface participate in cell signaling, lipid transport, and chemical reactions. Physical-chemical properties of lipid membranes, and thus reactions hosted by these membranes, are shaped by the composition of the lipid molecules that constitute the membrane. Particularly important here is the exposure of anionic phosphatidylserine (PS) lipids at the outer membrane, which associates with cell aging [1], apoptosis and cancer [2-4]. Recognition of PS lipids by specialized receptors of the immune system cells can down-regulate the immune system response, enabling the cancer cell to evade the immune system [5]. Immune surveillance is also inhibited by acidic pH of the cancer cell [6] via mechanisms that could involve pH sensing by proton-coupled G-Protein Coupled Receptors and ion channels that sense pH [7]. In the much simpler bacterial membranes, negatively-charged phosphatidyl glycerol (PG) lipids can help recruit peripheral proteins at the membrane surface [8] and promote protein translocation [9]. Membrane anchoring of an amyloid- peptide fragment involves hydrogen(H)-bonding that depends on the composition of the lipid membrane [10]. More generally, interactions at the membrane surface are likely influenced by H-bonding, as H-bonds are key determinants of molecular recognition in aqueous environments [11, 12]. We present here the new implementation of a graph-based algorithm that identifies dynamic H-bond networks sampled by lipids in numerical simulations of hydrated bilayers, and apply this algorithm to dissect H-bond networks at the interface of six different lipid membranes.
H-bonds are commonly identified using geometric criteria for the distance between the H-bond donor and acceptor heavy atoms, and for the H-bond angle; an alternative criterion is based on the distance between the H atom and the acceptor heavy atom. Analyses of H-bond geometries show the distance between H atom and an acceptor nitrogen (N) or oxygen (O) atoms takes values between 1.56Å and 2.63Å [11, 13], and the H-bond angle at both the donor and acceptor heavy atoms is typically 120º [11]; at peptide backbone groups, the typical H-bond distance between N and O atoms is about 2.8-3.0Å [14]. For protein structures, which often lack coordinates for H atoms, a typical H-bond criterion is of a distance of 3.5Å between the donor and acceptor heavy atoms, and of an H-bond angle of 90º [11]. The somewhat stricter criterion of 3.5Å distance and 60º H-bond angle is equivalent to a single criterion of 2.5Å distance between the H atom and the acceptor heavy atom [15]. Geometric criteria for H-bonding were considered for the development of various algorithms to analyze H-bonds in, e.g., proteins [16-24], lipid bilayers [25, 26], confined water [27], and water-glycerol mixtures [28], and will be used here to describe transient H-bond networks of lipid headgroups, or lipid H-bond clusters. 
Lipid H-bonding has been studied intensively with computational and experimental approaches (see, e.g., refs [29-35]). It was noted that water-mediated H-bonding between lipids reduces lipid mobility [30], and that internal H-bonds between phosphatidylethanolamine (POPE) lipids of a cluster tend to be longer lived than the time the cluster keeps its size, suggesting lipids would more likely diffuse as groups, than independent of each other [36]. During simulations of a complex, asymmetric plasma membrane, a stronger tendency to cluster was observed for a glycolipid than for PI4,5-biphosphate [37]. Graph-based analyses indicated the interface lipid networks are stronger and more extended in the case of a bilayer composed of monogalactolipids, as compared to a phospholipid bilayer [38].
In a graph representation of a H-bond network, H-bonding groups are the nodes of the graph, and H-bonds, the edges. Edges, i.e., the H-bonds, may be directly between protein or lipid groups, or mediated by water molecules, and can be weighted to illustrate properties of interest –such as the frequency with which the H-bond is sampled, or the number of water molecules that bridge two nodes of the graph [17, 18]. The H-bond graph may then be queried to characterize the dynamics of the network, and to identify transient clusters in which all nodes (H-bonding groups) inter-connect with each other. The spatial extent of transient lipid clusters, and the frequency with which they are sampled, is valuable for considerations of, e.g., lipid-mediated protein-protein interactions in cell membranes. For proteins, a description of H-bonds in terms of local H-bond clusters allowed us to identify sites where conformational changes occur along the reaction path of spike protein S [15]. In the particular case of lipids, a graph representation would be particularly valuable to evaluate the dynamics of transient lipid clusters in lipid bilayers – such clusters are of particular interest because molecules of a cluster would move together, which could increase viscosity [39]; H-bonding between specific lipids could associate with formation of clusters potentially important for cell signaling [40].
Here, we present the implementation of a Depth-First-Search (DFS) graph-based algorithm to cluster H-bonded lipids according to common features of their interactions. The nodes (lipid headgroups) of the H-bond graph are treated as data points, and the edges of the graph (H-bonds between lipids), as relationships between the data points. These relationships are used to cluster the nodes according to connectivity and topology, such that data points of one cluster are more similar to each other than they are to data points from any another cluster. 
We utilize the algorithm to identify H-bond clusters sampled at the interface of membranes of different lipid composition. As bacterial membrane models, where major components are PE- and PG-type lipids [41-44], we use 3:1 and 5:1 POPE:POPG mixtures, an E. coli membrane model with six different PE- and PG-type lipids [45], and the simpler POPE membrane as a reference. We investigated here topologies of clusters of H-bonds in membranes that consist of POPE, POPE and POPG, POPS, and of a model of the E. coli inner membrane. 
Taken together, the eight independent simulations of lipid bilayers have a total simulation time of 1.6s. We found that, irrespective of the lipid membrane composition, transient lipid clusters tend to sample three main types of topologies, or local arrangement, of H-bonding between lipid headgroups, and combinations of these three main topologies. The DFS algorithm we present here enables highly efficient computations of topologies of H-bonds sampled by lipid molecules; the codes and installation instructions are released as public repositories.
 
Materials and Methods 
H-bond criteria, lipid H-bond graphs, and H-bonds clusters. We consider two groups as H bonded when the distance between the H-atom and the acceptor heavy atom, dHA, is ≤ 2.5 Å. All lipid atoms used for H-bond calculations are labeled in Figure 1. Thus, the H-bond criterion we use does not distinguish between H-bonds and salt bridges. For ion-mediated bridges between two lipid phosphate groups we used as criterion a distance of 4Å.
We construct undirected graphs G = (V, E), where V, the nodes of the graph, are lipid molecules and E, the edges of the graph. As nodes of the H-bond graph we consider lipid molecules. Edges of the graph are direct H-bonds between lipids, one-water-mediated bridges between two lipids, or ion-mediated bridges between two lipids. A cluster, or network of lipids, consists of a subset of nodes and edges in which all nodes are inter-connected. 

H-bond paths, degree of a path node, size of path, and topology of paths. We denote as path the sequence of edges that joins a sequence of nodes. The degree D of a node n is given by the number of edges connected to that node. The size of the path is defined as the number of nodes inter-connected by H bonds. 
The topology of the path is the geometric arrangement of nodes and edges in our graphs and describes how the information represented by the edges (e.g. H-bonding) is transferred between the nodes. 

Algorithm implemented to compute lipid paths. To cluster lipid H-bond clusters and detect types of topologies, we perform Connected Component searches based on the Depth-First Search (DFS) algorithm [46], which is widely used in graph theory to explore graph data structures. Here, we present a DFS implementation for lipid H-bond clusters, as described below and illustrated in Scheme 1.
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Scheme 1. DFS algorithm used to identify lipid clusters and topologies. Cluster nodes are colored according to the status of the search, with red –nodes already explored, blue, nodes being explored in the current step, and light blue, nodes not yet explored. Edges colored black and with an arrow indicate the direction of the current search; the edge colored green indicates a back edge in step 6. All other edges are colored gray. At step 5 the algorithm identified the linear path A-B-C-E-F of length 4. At step 6 we identify a circular path, where nodes C-E-G are connected in a closed chain. At step 7 we detect a star graph composed of nodes A-B-C-D. At step 8, we show a complex combination of star, circular and linear graph. We record as length the longest linear path found. 

Starting from an initial (source) node, the DFS algorithm performs exhaustive searches of all the nodes along the current path. When all nodes are visited, it moves backwards on the same path to find unvisited nodes. When all nodes of the current path were visited, the algorithm selects the next unexplored path. The computation is completed when the entire graph is explored [46]. For the lipid H-bond clusters we study here, we monitor H-bonded pairs and their distances for each simulation step and use this information to construct adjacency or connection matrices. These are binary matrices representing the connections between groups (= 1 if there is a connection between each pair in the system, and 0 otherwise). The usage of the adjacency matrices allows us to project our results in graphs whose nodes are lipid headgroups, and edges are H-bonds between lipid headgroups.
The eight steps of the algorithm (Scheme 1) are as follows. In step 1, the algorithm starts at root node A, which is the first node explored, and it traverses any unvisited adjacent node from A, labeled as node B (Scheme 1). Node B is marked as explored, and adjacent node C is being explored in step 2. When more than one adjacent node exists, the algorithm chooses the next node based on the alphabetical order of node names. For example, at step 3, from node C, node E is explored before G. The procedure is followed until all nodes along the current path are visited (steps 2-4). The algorithm then moves backward on the same path to find unvisited nodes (step 5-7). The computation is completed when the entire graph is explored and all nodes are marked as explored (step 8). 

Linear, star, and circular paths, and combinations thereof. Connections of a network are described by the network topology [47]. Graph theory considers several distinct topologies, such as, e.g., regular, path graph or linear, cyclic, acyclic, multi-graph, bipartite, and star [48, 49], distinguished by the degree D of the nodes that constitute the graph, and by the complexity of interactions between these nodes. 
Briefly, in a regular graph all nodes have the same degree. In a path graph, or linear graph, n-2 nodes have D = 2, and the remaining 2 nodes have D = 1; in a cyclic path, ≥3 nodes have D = 2 and form a cycle, whereas the acyclic path lacks any cycle; the multi-graph has multiple edges between any node pair, or it has edges from a node to itself – these edges are also denoted as loops. The bipartite graph contains two sets of nodes connected by edges, but it lacks edges between nodes within a set; the star graph has n-1 edges connected to a single central node. 
We computed and visualized lipid clusters from various time points of the simulation and different systems. We consider three main types of topologies that we describe, for clarity, as linear, star and circular. These paths, and combinations of these three main types, are illustrated in Scheme 2. We catalogue all paths according to their path length as follows (Schemes 1, 2).
 A path is linear when two nodes have D = 1, and all nodes in between have D = 2. That is, a path is linear when all nodes and edges lie on a single line (Scheme 1, step 5). A path is denoted as a star path when there is one internal node connected to all other nodes. In that case, at most one node has D > 1. To detect a star graph, we traverse whole paths and record the degree D of each node, i.e. the number of edges each node has. When N - 1 nodes have D = 1 and 1 node has D = N - 1, where N is the total number of nodes in the graph, a star graph has been detected (Scheme 1, step 7). To detect complex combinations of, e.g., a star and linear graph, we record the number of edges to each node still being explored by the DFS algorithm, and keep the nodes with ≥ 3 edges (Scheme 1, step 8). 
A path is circular when all nodes are connected in a closed chain. Thus, the minimum number of nodes for a path to be circular is 3. To detect a circular graph, we check for back edges, which are present when a node connects to its ancestor via an edge in the graph found with DFS. The main difference to edges connected to nodes in a circular vs. a star graph is that, in the case of the circular graph, we detect edges connected to already visited nodes, i.e., everything reachable from these nodes was discovered previously (Scheme 1, step 6).

Length of H-bond paths. For each lipid cluster found in the membrane and for each coordinate snapshot along the trajectory segment used for analyses, we compute the length of each path and we define it as the longest number of edges between a start and an end node (Scheme 2). Thus the length of a path consisting of only one node is zero. To characterize the length of paths according to the topology of lipid clusters, we defined a different length for each topology, as follows. 
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Scheme 2. Schematic illustration of lipids at membrane interfaces. We calculate clusters of lipids mediated by direct H bonds between lipids, mediated by one-water H-bond bridges between lipid phosphates, or by a cation. The size of the cluster is given by the number of nodes (lipid headgroups) of the cluster. We label with , , , and ξ the size of, respectively, clusters in which the lipid arrangement is linear, a combination of star and linear, circular, and, respectively, a combination of star, circular, and linear. 

	
For a linear path, the linear length of the path λ is given by the number of phosphate atoms in the path minus 1, such that the shortest length of a linear path is  = 1 (Scheme 2). The shortest length of a circular path is  = 3 (Scheme 2). In pathways that include a combination of linear, star and circular topologies, we exclude short branches from star paths, and keep for the circular paths only the edge that connects the longest path to the end node. Thus, both the simplest star & linear and star & circular paths have 4 nodes each, but shortest lengths  = 2 and ξ = 3, respectively (Scheme 2). We denote as L the length of linear paths that are either linear paths or linear segments, or branches, of the star & linear and of the star & circular & linear paths. 

Implementation of the algorithm used to analyze lipid topologies. The code for the algorithm used to identify topologies of lipid clusters is summarized in Scheme 3. Briefly, the algorithm reads coordinate and simulation files, computes H bonds by applying a geometric criterion to selected candidate atoms for H bonding and returns an ascii file that contains the time series of all H-bond pairs and their corresponding H-bond distances. In the case of water mediated lipid H bonds, the algorithm computes the time series of lipid-water pairs and their H-bond distances. To compute lipids interconnected by the same water molecule, the algorithm checks for water ids that are connected to more than one lipid and creates the corresponding pairs of lipid-lipid water mediated H bonds. For ion-mediated interactions between lipids, the same procedure is followed. 
For each time-step, an adjacency matrix is generated with matrix elements aij = 1 when groups i and j are H-bonded, and aij = 0 otherwise. The adjacency matrix is then used to generate the graph of the lipid H-bonds with nodes the lipids and edges the H bonds computed to the previous step. The Degree centrality (DC) of each graph node is calculated. Next, the DFS algorithm is applied to the graph. The number of edges to each node still being explored by DFS is recorded; nodes with ≥3 edges are the internal nodes of star graphs (star nodes). To detect a circular graph, algorithm checks for back edges. These are edges connected to a finished node. Lipid H-bond clusters are then identified as illustrated in Schemes 1, 2. For each cluster found, a sub-graph is generated and its path length computed as the longest linear distance between the first and last nodes explored. Topology types are assigned based on the presence of star nodes and back edges. The algorithm reports the number of clusters and the total number of lipids found in clusters as a function of time, the residue identification of lipids that belong to each cluster, the degree centrality for each lipid part of a cluster, the size of each cluster, the path length, and the topology type of each cluster. Results of the computations are reported as .dat and .mat files that are compatible with MatLab. To visualize lipid clusters, the .dat file can be read in VMD together with a coordinate file of the system in standard Protein Data Bank (PDB) [50] format. An additional .tcl script, also released with the code, may be executed in VMD to visualize lipid clusters. Phosphate atoms are represented as spheres colored according to the topology, and H-bonds, as lines.  
The code is released on GitLab and as a Mendeley repository together with a directory that contains samples output files obtained from cluster analyses sampled in a pure POPE and in 3:1 POPE: POPG lipid membrane. The names of lipid atoms included in H-bond computations may be edited to allow, e.g., analyses of the topologies of H-bond clusters sampled during simulations performed with a different force field; likewise, the scripts may be edited to choose different H-bond distance criteria, or to consider combined distance and angle H-bond criteria.

Molecular dynamics simulations of lipid membranes. We used CHARMM-GUI [51, 52] to generate starting coordinates for hydrated lipid bilayers composed of POPS, POPE, 3:1 POPE:POPG, 5:1 POPE:POPG, POPS, and for the Top6 E. coli membrane model [45] with updated CHARMM-GUI lipid types: POPE, 3-palmitoleoyl-2-oleoyl-d-glycero-1-phosphatidylethanolamine (YOPE), 	1-hexadecanoyl-2-(9Z-hexadecenoyl)-glycero-3-phospho-(1'-sn-glycerol) (PYPG), 1-palmitoyl-2-cis-9,10-methylene-hexadecanoic-acid-sn-glycero-3-phosphoethanolamine (PMPE), 1-palmitoyl-2-cis-9,10-methylene-hexadecanoic-acidglycero-sn-3-phosphoglycerol (PMPG), and 1-pentadecanoyl-2-cis-9,10- methylene-hexadecanoic-acid-snglycero-3-phosphoethanolamine (QMPE) (Figure 1, Table 1). The starting size of all membrane patches was ~103 Å x 105 Å x 87 Å.
We used NAMD [53, 54] to perform the simulations, the CHARMM36 force field [55-57] to describe lipids and ions, and TIP3P [58] for water. Geometry optimization and equilibration were performed according to the CHARMM-GUI protocol. Following geometry optimization and heating, we first equilibrated the system using velocity rescaling and geometry restraints on lipids, then all restraints were switched off for the production run. For early stages of the equilibration we used the NVT ensemble (constant number of particles N, constant volume V and constant temperature T = 303.15 K), whereas for production runs we used NPT (constant pressure P = 1bar). For temperature and pressure control we used a Langevin dynamics scheme with a collision frequency of 5 and a Nosé-Hoover Langevin piston [59].
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Scheme 3. Schematic diagram of the main steps of the algorithm used to identify topologies of lipid H-bond clusters.
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Figure 1. Molecular graphics of lipids of the membranes studied here. Images are based on coordinate snapshots from the simulations. Hydrogen, oxygen, and nitrogen atoms used to compute H-bonds, are labeled according to the CHARMM force field. Visual Molecular Dynamics, VMD [60], was used to prepare all molecular graphics. 

Table 1. Summary of simulations performed. Each production run was prolonged to 200ns, for a total of 1.6s for the complete ensemble of simulations. For each simulation we report the number of lipids per leaflet, the total number of atoms, and the average bilayer thickness, dP-P, computed from the last 100ns.

	Membrane
	#Lipids/
leaflet
	#Atoms
	
dP-P (Å)


	POPE
	138
	65922
	42.7 ± 0.4

	3:1 POPE:POPG
	102 POPE, 34 POPG
	65545
	41.6 ± 0.5

	5:1 POPE:POPG
	115 POPE, 23 POPG
	66387
	41.9 ± 0.5

	3:1 POPE:POPG(I)a)
	102 POPE, 34 POPG
	65660
	41.7 ± 0.4

	5:1 POPE:POPG(I)a)
	115 POPE, 23 POPG
	66499
	42.2 ± 0.4

	POPS
	135
	65646
	41.8 ± 0.5

	POPS(I)
	
	65731
	42.1 ± 0.5

	E. coli Top 6
	74 PMPE, 20 POPE, 12 QMPE,12 YOPE,16 PMPG,
14 PYPG
	81738
	38.8 ± 0.4


a)0.15M NaCl. b)Number of lipids in each leaflet.

We used smooth-particle mesh Ewald [61, 62] for Coulomb interactions, and a cut-off between 10Å and 12Å for short-range real-space electrostatics. Van der Waals interactions were treated with a force switching function between 10 and 12Å as set with the standard CHARMM-GUI protocol. We used an integration step of 1fs for heating and the first 1ns of the production run, and for all production runs we used a multiple-time-step integration scheme [63] with 1fs for the bonded forces, 2fs for short-range non-bonded forces, and 4fs for long-range forces.
Coordinate sets from production runs were saved every 10ps. To probe the fast water dynamics at the lipid surface, we generated, starting from the last coordinate set of each simulation, a 1ns trajectory with an integration step of 1fs in the NVE ensemble (constant energy E), with frequent coordinate saving every 10fs.

Computations of lipid bilayer thickness. We used MEMBPLUGIN [64] in VMD [60] to estimate the bilayer thickness, dP-P, as the average distance between the peaks of the phosphorous atoms distribution in the two lipid leaflets. 

Average number of clusters, ANC. The ANC is defined as the average number of clusters formed per bilayer leaflet during the simulation time used for analyses. The Occurrence of the ANC, labeled as ANCO, is computed as the percentage of the simulation time during which the number of clusters per leaflet is equal to the ANC.

Average number of lipids in a H-bond cluster, ALC, and the percentage of lipids engaged in H-bond clusters, ALEC. The ALC is defined as the average number of lipids per cluster during the simulation time used for analyses. The ALEC is defined as the percentage of the average number of total lipids engaged in clusters. Unless otherwise specified, all average values were computed from the last 100ns of each NPT simulation. H-bond paths include H-bonds sampled with occupancies ≥5%.

Results and Discussion
We relied on concepts from graph theory to study H-bonding and H-bond clusters sampled during simulations with different lipid membrane composition. Three main types of topologies, and combinations of these topologies, are observed for dynamic clusters sampled by lipids in membranes with different lipid composition.

H-bond dynamics in model lipid membranes. The molecular structure and the dynamics of lipid membranes have been studied extensively with experiment and computation (see, e.g., refs. [34, 65-75]). Thus, we restrict ourselves to a brief discussion of the membrane simulations and summarize lipid H-bonding used for analyses with the DFS algorithm we report here.
     The thickness of the POPE bilayer, dP-P = 42.7 ± 0.4Å is close to the 3:1 and 5:1 POPE:POPG bilayers (dP-P between 41.6 ± 0.5Å and  42.2 ± 0.4, Table 1). Values we obtained for dP-P of POPE and POPE:POPG membranes (Table 1) are close to the ~42-43Å reported elsewhere [76-78]. The value of 37.3 ± 0.2Å value reported before for the Top6 E. coli membrane [45] indicates Top6 is ~3Å thinner than POPE, with dP-P = 38.8 ± 0.3Å (Table 1). The thickness of the POPS membranes is ~42Å (Table 1), which is close to the 43.2 ± 0.5 value reported before for POPS [78].
For all lipids we find about 4.3 – 4.7 water H-bonds per lipid phosphate group, which is close to values reported previously for POPC:POPG membranes [25].  Each POPE lipid has ~1.7 POPE H-bonds in the POPE bilayer, vs. 1.3–1.5 POPE H-bonds when it can H-bond to POPG in 3:1 POPE:POPG or 5:1 POPE:POPG; in the E. coli Top6 membrane, a PE lipid has ~1.3 PE-PE H-bonds. In the two POPE:POPG bilayers and in Top6, each PE lipid has on the average ~0.1-0.4 PG H-bonds, and each PG lipid has ~0.8-1.3 PE H-bonds. This is compatible with previous computations reporting ~0.4 POPE-POPG H-bonds for each POPE lipid, and ~1.3 for each POPG lipid [79]. POPS lipids H-bond to each other such that, on the average, there are ~2.7-2.8 POPS-POPS H-bonds for each lipid (Figure 2).
All H-bond values above were obtained using as H-bond criterion the ≤2.5Å distance between the H atom and the acceptor oxygen or nitrogen atom (Figure 1). This distance criterion gives very similar number of H-bonds as a combined criterion of ≤3.5Å distance between the donor and acceptor heavy atoms, and ≤60º H-bond angle: For 10 coordinate sets from the POPE simulation, the single 2.5Å distance criterion gives 105 ± 3 direct lipid H-bonds/leaflet, whereas the combined distance and angle criterion gives 101 ± 2 lipid H-bonds. 

Dynamic lipid H-bond clusters. Each leaflet of the POPE, POPE:POPG, and E. coli Top6 membranes has ~24 H-bond clusters of 4-5 lipids (Table 2). POPE:POPG and Top6 membranes can have transient clusters of PG-type lipids (Figure 3); these anionic clusters are small, with an average of about 2-3 lipids per cluster. As anticipated from the ratio of POPE and POPG lipids, POPG-only clusters are less frequent in 5:1 than in 3:1 POPE:POPG membranes, such that in the former there is typically only one POPG cluster at a time (Figure 3). 
Consistent with the higher number of to H-bonds per lipid (Figure 2), POPS clusters tend to be slightly larger than those with POPE and/or POPG lipids (about 6 POPS lipids per cluster). Compared to the POPE or POPE:POPG membranes, there is a larger percentage of POPS lipids to contribute to clusters (87-90% for POPS, vs. 67-80% for POPE or POPE:POPG, Table 2). The higher propensity of POPS lipids to H-bond to each other is compatible with previous simulations in which a network of POPS lipid headgroups was observed [80].
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Figure 2. H bonds of POPE, POPG, and POPS membranes. We present time series of the average number of H-bonds per lipid. (A) Average number of lipid H-bonds computed from simulations of the 3:1 POPE:POPG bilayer. Time series for the average number of POPE-POPE H bonds per POPE lipid are shown as a red profile, POPE-POPG H-bonds/POPE lipid, light red, and POPG-POPG H bonds/POPG lipid molecule, gray. (B) Average number of H-bonds computed from simulations of the E. coli Top6 membrane, with POPE-POPE H bonds/POPE shown in red profile, POPE-POPG H-bonds/POPE lipid, light red, and POPG-POPG H bonds/POPG lipid, gray. (C) Time series of the average number of POPS-POPS H bonds/lipid in POPS membranes without and with salt are colored light and dark blue, respectively. Plots were generated with MATLAB R2017b [81]. 

Table 2. Summary of lipid clusters. We report the average number of clusters, ANC, the occurrence of ANC, ANCO, the average number of lipids in clusters, ALC, and the percentage of average total lipids that participate in lipid clusters, ALEC.
	Clusters
	Membrane
	ANC
	ANCO (%)
	ALC
	ALEC (%)

	Direct H bonds
	POPE
	24± 3
	12
	5± 1.0
	80

	
	3:1 POPE:POPG
	24± 3
	13
	4± 1.0
	76

	
	5:1 POPE:POPG
	24± 3
	11
	5± 1.0
	79

	
	3:1 POPE:POPG(I)
	24± 3
	12
	4± 1.0
	67

	
	5:1 POPE:POPG(I)
	24± 3
	12
	5± 1.0
	78

	
	POPS
	19± 3
	15
	6± 1.0
	88

	
	POPS(I)
	20± 3
	11
	4± 1.0
	90

	
	E. coli Top6
	29± 3
	11
	4± 0.5
	78

	1-water bridges
	POPE
	27± 3
	13
	3± 0.2
	52

	
	3:1 POPE:POPG
	27± 3
	14
	3± 0.2
	53

	
	5:1 POPE:POPG
	27± 3
	14
	3± 0.2
	52

	
	3:1 POPE:POPG(I)
	25± 4
	10
	3± 0.2
	48

	
	5:1 POPE:POPG(I)
	27± 3
	13
	3± 0.2
	53

	
	POPS
	26± 3
	14
	3± 0.2
	50

	
	POPS(I)
	28± 3
	14
	3± 0.3
	55

	
	E. coli Top6
	29± 3
	12
	3± 0.2
	49

	Ion- mediated bridges
	POPE
	-
	-
	-
	-

	
	3:1 POPE:POPG
	2± 1
	28
	2± 0.7
	3

	
	5:1 POPE:POPG
	1± 1
	40
	1± 1
	1

	
	3:1 POPE:POPG(I)
	1± 1
	36
	1±1
	2

	
	5:1 POPE:POPG(I)
	1± 1
	34
	1± 1
	2

	
	POPS
	12± 2
	16
	2± 0.2
	20

	
	POPS(I)
	9± 2
	18
	2± 0.1
	14

	
	E. coli Top6
	1± 1
	32
	1± 1
	2



Taken together, the analyses above indicate that, regardless of the lipid bilayer composition, clusters of lipids directly H-bonded to each other tend to be small, of about 4 lipids in POPE, POPE:POPG, and Top6 membranes, and about 6 lipids in POPS membranes. Likewise, clusters in which lipids interact with each other via short, one-water bridges, are small, with about 3 lipids in a cluster. Overall, these clusters are visited only transiently, with occurrences <15% (Table 2). Sodium ions tend to bridge 1-2 pairs of lipids, such that the average cluster size for ion-mediated interactions is ~2. Compared to the clusters with direct or water-mediated lipid H-bonds, the ion-mediated clusters tend to have slightly larger occurences (Table 2), as ions can reside longer in the vicinity of lipids [25].
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Figure 3. Clusters of anionic lipids. (A-E) Histograms of the number of anionic lipid clusters mediated by direct POPG-POPG interactions in 3:1 POPE:POPG (panel A), 3:1 POPE:POPG(I) (panel B), E. coli Top6 (panel C), 5:1 POPE:POPG (panel D) and 5:1 POPE:POPG(I) (panel E). Purple and magenta bars indicate average values for the two bilayer leaflets.
Computational efficiency of the DFS algorithm for lipid H-bond clusters. We evaluated the computational efficiency of the algorithm using one Intel(R) Xeon (R) CPU E5-2660 core, and 10 coordinate snapshots from the POPE simulation. The tcl script included with the code we release required 3.1 seconds/coordinate snapshot to extract ~119 ± 5 direct H-bonds/coordinate snapshot between POPE lipids. The subsequent topology analysis with the DFS algorithm took 0.06 seconds/coordinate snapshot. Tests for the same set of coordinates using four other Intel cores (Intel(R) Xon(R) CPU E3-1240 V2, Intel(R) Core(TM) i5-2400 CPU, Intel(R) Xon(R) CPU W3550, Intel(R) Xon(R) i7-7700 CPU), and for the 3:1 POPE:POPG membrane, gave similar values of 1.3 - 2.5 seconds/coordinate snapshot to extract all direct lipid H-bonds, and 0.02 - 0.04 seconds/snapshot for the topology analysis using the DFS algorithm. This indicates that the DFS algorithm for analyses of lipid H-bond topologies is efficient and could be used for larger membrane simulations.

Convergence of DFS computations of lipid H-bond topologies. To evaluate the dependence of DFS cluster analyses on the length of the trajectory segment used for analyses, we used the POPE simulation to perform separate cluster calculations for the complete 200ns production run vs. for the first 100ns trajectory segment, and compared to the corresponding values reported in Table 2 for the last 100ns segment of the trajectory. ANC values for clusters mediated by direct H-bonds are 24.3 ± 3 for the last 100ns of the trajectory (Table 2), and 23.3 for the first 100ns and for the complete 200ns trajectory segment. ANCO = 12% regardless of which of the three trajectory segments is used. Likewise, regardless of which of the three trajectory segments we use, direct H-bond clusters have ALC = 5 ± 1.0 and ALEC = 80%. For one-water mediated POPE H-bond clusters, we obtained ANC values of 27 ± 3 – 28 ± 3 when using either of the three trajectory segments, ANCO = 13-14%, ALC = 3 ± 0.2, and ALEC = 52 - 55%; for ion-mediated POPE clusters, regardless of which trajectory segment is used, ANC = 2 ± 1, ANCO = 28 – 29, ALC = 2.0 ± 0.7, and ALEC = 3. 
We performed the same tests for the other simulations, and found that all H-bond cluster values have very similar values when computed from the first or the second half of the trajectory, as compared to the complete length of the production run. Based on these tests, we suggest that the H-bond cluster computations have reasonable convergence on the timescale of the simulations we report.

The DFS algorithm identifies similar lipid topologies in all membranes. Lipid clusters are dynamic, and the number of clusters present at any given time in a simulation will necessarily depend on the size of the lipid patch. Our analyses are focused on how the composition of the lipid membrane impacts the size of the cluster –how many lipids are, on the average, in a cluster, and on the topology of the cluster –how the lipids in a cluster interact with each other. 
We illustrate with a coordinate snapshot from simulations of a POPS membrane clusters that may be sampled due to transient H-bonds between lipids (Figure 4A), lipids that bridge via one water molecule (Figure 4B), or via cations (Figure 4C). Simple visual inspection suggests that direct H-bonds between POPS lipids may give rise to complex arrangements, whereas the one-water mediated bridges tend to associate with linear arrangements of the lipids (Figures 4A,B). We used the algorithms presented here (Schemes 1, 2) to characterize the topology and size of clusters that may be sampled, and the frequency with which various types of clusters might be visited in each of the membrane simulations performed.
Overall, for all membranes, at any given time there is at least one linear path mediated by direct lipid H-bonding or by one-water bridging (Table 3, Figure 5). For a linear path of lipids that H-bond directly to each other, the length  reports the number of such direct H-bonds. The most frequent linear path has linear length  = 1 (Figures 6A, 7A, Table 4), that is, most of the time, only two lipids are likely to H-bond directly to each other, though paths with  = 2 or  = 3, i.e., linear clusters with 3-4 lipids, are also visited (Figures 6A, 7A, Tables 3, 4). Longer linear paths are visited only rarely. 
Circular paths larger than the minimum length  = 3 are unlikely (Figure 6C). Star and linear paths are sampled frequently when mediated by direct H-bonding between lipids (Table 3), and most often have length  = 4 (Figure 6B), i.e., an arrangement in which one of the branches of the basic star graph of three lipids recruits two more lipids connected linearly (Scheme 2). 
In all membranes we studied, one-water mediated bridges between lipids lead to linear and star graphs with preferred paths lengths  = 1 and  = 3 - 4, respectively (Figures 7A,B); that is, the path lengths for one-water mediated bridges are very similar to those that involve direct interactions between lipids (Figures 6A,B). Likewise, the preferred length of the one-water-mediated circular paths is  = 3 (Figure 7C), the same as for the direct interactions (Figure 6C); unlike the case of paths via direct H-bonds, circular paths with four water-mediated bridges are not sampled (Figures 6C, 7C).
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Figure 4. Illustration of POPS lipid clusters. Images were generated based on the last coordinate snapshot from the POPS simulation. Nodes represent head groups or phosphate groups and edges, H-bonds between lipids. We considered direct lipid H-bonds, one-water-mediated interactions between lipid phosphate groups, and ion-mediated interactions between phosphate groups. (A) Direct H-bond paths colored according to path length; there are numerous linear paths between lipids. (B) One-water-mediated paths. Most of the paths are between two phosphate groups, and several paths include 4-6 lipids. One-water bridges can give rise to complex clusters with combinations of linear, star, and circular paths, but the occupancy of these clusters is small when compared with clusters mediated by direct H-bonds between lipids. (C) Ion-mediated paths are short, involving 2-3 lipids. 


The most complex type of topology we considered is a combined linear, circular, and star graph, in which one node of the circular graph is also part of a combined star and linear topology (Scheme 1). The preferred length of the combined linear, circular and star graph mediated by direct lipid H-bonds is ξ = 5 - 6 (Figure 6D), which is close to the sum of the circular and star paths. For lipid bridges mediated by one water molecule we find that the combined linear, circular, and star graphs are smaller, with ξ = 3 (Figure 6I), which is the same as for water-mediated circular paths (Figure 6C).
For an overview of the preferred length of each type of path, and the occupancy of each type of path, we extracted from the simulation the median value of the path length for each type of path (Figure 6), and then computed the occupancy of that value of the path length, that is, the percentage of time during which at least one path with the median value of the length is visited (Table 4, Figure 7). For both direct and water-mediated interactions between lipids, there is a high occupancy of short paths with  = 1 (Figures 7A,F), that is, most likely at least one such path will be sampled at any given moment in any of the membranes. POPS lipids have a relatively high occupancy (~53-71%) of circular paths with  = 3 (Table 4, Figure 7C), and of the complex star & linear & circular paths with ξ = 6 (Table 4, Figure 7D). For all types of paths, the occupancy of the path length at median value is smaller for water mediated-bridges than for direct lipid H-bonds (Figure 7); this is likely due to the short lifetimes of water-phosphate H-bonding.
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Figure 5. Summary of occupancies paths. We show the total occupancy of each type of path irrespective of the path length. (A) Total occupancies of all paths mediated by direct H bonds between lipids. (B) Total occupancies of all paths mediated by one-water bridges between lipid phosphates. (C) Total occupancies of all paths mediated by ion bridging of lipid phosphate groups. Plots were generated with MATLAB R2017b [81]. 
Table 3. Summary of types of H-bond paths, or clusters, identified with the DFS algorithm. We report separately occupancies for lipid path that involve direct H-bonds, one-water, and ion mediated bridges between lipids. The occupancy reports the percentage of time during which a path is present irrespectively of its size.
	Membrane
	Total occurrence of H-bonded paths (%)

	
	Linear
	Star & Linear
	Circular
	Star & Circular & Linear
	Total linear
 

	Paths with direct lipid H-bonds

	POPE
	100
	94.7
	49.5
	100
	



100

	3:1 POPE:POPG
	
	93.7
	44.5
	99.9
	

	5:1 POPE:POPG
	
	93.3
	47.2
	99.9
	

	3:1 POPE:POPG(I)
	
	93.5
	43.1
	94.0
	

	5:1 POPE:POPG(I)
	
	96.5
	45.1
	99.9
	

	POPS
	
	66.7
	58.1
	100
	

	POPS(I)
	
	63.1
	72.1
	100
	

	E. coli Top 6
	
	96.9
	51.1
	99.4
	

	Paths mediated by one-water bridges between two lipids

	POPE
	100
	69.8
	8.3
	12.1
	


100

	3:1 POPE:POPG
	
	66.2
	8.4
	11.7
	

	5:1 POPE:POPG
	
	72.3
	8.3
	13.6
	

	3:1 POPE:POPG(I)
	
	61.1
	7.0
	9.6
	

	5:1 POPE:POPG(I)
	
	71.8
	8.1
	13.2
	

	POPS
	
	61.5
	8.9
	16.6
	

	POPS(I)
	
	74.9
	9.2
	16.4
	

	E. coli Top 6
	
	65.0
	7.4
	10.6
	

	Paths with ion-mediated bridges between lipids

	POPE
	-
	-
	-
	-
	-

	3:1 POPE:POPG
	78.7
	<5
	<5
	<5
	78.7

	5:1 POPE:POPG
	22.1
	<5
	-
	-
	22.1

	3:1 POPE:POPG(I)
	81.0
	-
	-
	-
	81.0

	5:1 POPE:POPG(I)
	34.4
	-
	-
	-
	34.4

	POPS
	100
	9.1
	<5
	<5
	100

	POPS(I)
	100
	17.0
	<5
	<5
	100

	E. coli Top 6
	33.1
	-
	<5
	-
	33.1



Table 4. Summary of H-bond paths. We report the occupancy of each lipid topology with length equal to the median value shown in Figure 6; for circular graphs we include the occurence of paths with  = 4. We define as occupancy the percentage of the analyzed trajectory where a lipid topology type is present, and discard paths with occupancies <5%. The total linear path length reported here is for median values.
	Membrane
	Median value of path length/
Occurence of medium-value path length (%)

	
	Linear,

	Star & Linear, 
	Circular,

	Star & Circular & Linear, ξ
	Total linear, L = λ+ γ + ξ

	Paths mediated by direct lipid H-bonding

	POPE
	1 / 100
	4 / 40.6
	3 / 46.0
4 / 6.4
	5 / 53.0
	2 / 99.8

	3:1 POPE:POPG
	
	4 / 39.0
	3 / 40.7
4 / 5.1
	5 / 47.9
	2 / 99.2

	5:1 POPE:POPG
	
	4 / 40.2
	3 / 44.4
	6 / 42.6
	2 / 99.4

	3:1 POPE:POPG(I)
	
	4 / 41.1
	3 / 38.9
4 / 5.8
	5 / 36.6
	2 / 99.2

	5:1 POPE:POPG(I)
	
	4 / 43.3
	3 / 40.7
4 / 6.6
	5 / 55.6
	2 / 99.1

	POPS
	1 / 98.8
	4 / 20.4
	3 / 53.9
4 / 12.1
	6 / 64.4
	3 / 92.5

	POPS(I)
	1 / 99.3
	4 / 19.4
	3 / 71.0
4 / 5.9
	6 / 59.1
	3 / 94.2

	E. coli Top 6
	1 / 100
	4 / 44.6
	3 / 47.3
4 / 6.4
	5 / 46.5
	2 / 99.8

	Paths mediated by one-water bridges between lipid phosphate groups

	POPE
	1 / 100


	3 / 29.0
	3 / 6.0
	3 / 5.0
	1 / 100

	3:1 POPE:POPG
	
	3 / 26.5
	3 / 6.8
	3 / 5.0
	1 / 100

	5:1 POPE:POPG
	
	3 / 28.6
	3 / 6.3
	3 / 5.0
	1 / 100

	3:1 POPE:POPG(I)
	
	3 / 23.9
	3 / 5.4
	3 / <5
	1 / 100

	5:1 POPE:POPG(I)
	
	3 / 29.6
	3 / 6.1
	3 / 5.0
	1 / 100

	POPS
	
	3 / 21.1
	3 / 8.1
	3 / 9.3
	1 / 100

	POPS(I)
	
	3 / 34.4
	3 / 8.0
	3 / 6.4
	1 / 100

	E. coli Top 6
	
	3 / 27.0
	3 / 6.0
	3 / 5.0
	1 / 100

	Paths mediated by ions bridging lipid phosphate groups

	POPE
	-
	-
	-
	-
	-

	3:1 POPE:POPG
	1 / 72.4
	-
	-
	-
	1 / 72.4

	5:1 POPE:POPG
	1 / 20.5
	-
	-
	-
	

	3:1 POPE:POPG(I)
	1 / 48.2
	-
	-
	-
	

	5:1 POPE:POPG(I)
	1 / 33.9
	-
	-
	-
	

	POPS
	1 / 100
	2 / 7.4
	-
	-
	1 / 100

	POPS(I)
	1 / 100
	2 / 15
	
	
	1 / 100

	E. coli Top 6
	1/ 32.1
	-
	-
	-
	1 / 32.1



Given the high propensity of POPS lipids to H-bond, including in complex, large paths with ξ = 6 (Table 4, Figure 7D), we inspected closely the dynamics of their H-bonded paths in a POPS membrane (Figure 8). At any given time along the simulation there are, on the average, about 15 and as many as 25 linear paths of two lipids bridged by one water molecule ( = 1 in Figures 8A,B). 
The average number of water-bridged linear paths decreases with the path length, from about 5 and up to 10 in the case of paths with  = 2, to just 1 path in the case of  = 6 (Figures 8A,B). One circular path with σ= 3 is sampled throughout the entire simulation, but a path with σ = 4 is only observed once (Figure 8C).
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Figure 6. Clusters mediated by direct H-bonds and one-water bridges between lipids. Box plots were generated with MATLAB R2017b [81] using 10.000 equally-spaced coordinate snapshots from the last 100ns of each simulation. On each box, the central mark indicates the median; outliers are plotted using the '+' symbol. (A-E) Distribution of path lengths for directly H-bonded lipids that sample linear paths (panel A), star and linear paths (panel B), circular paths (panel C), star, circular and linear paths (panel D), and total linear paths (panel E). (F-I) Distribution of path lengths for one-water mediated bridges between lipids, for linear paths (panel F), star and linear paths (panel G), circular (panel H), star and linear and circular (panel I), and any linear path, either of a standalone linear path, or a linear path segment of star & linear or star & circular and linear paths (panel J). 
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Figure 7. Occupancies of median path lengths for direct and one-water mediated lipid clusters. (A-E) Median value and occupancy of median value for lipid paths with direct lipid H-bonds, for linear paths (path length λ, panel A), star and linear (path length , panel B), circular paths (length  panel C), star & circular & linear (length ξ, panel D), and all linear path segments of length L (panel D).  (F-J) Median value and occupancy of median value for lipid paths that in which two lipids bridge via one water molecule, for linear paths (panel F), star and linear (panel G), circular paths (panel H), star & circular & linear (panel I), and all linear path segments of length L (panel J). We report for the total linear path length L the sum of the median values of any λ, γ and ξ path lengths from direct H-bonds. 
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Figure 8. Illustration of one-water mediated bridges inter-connecting phosphate groups in the POPS membrane. (A) Water-mediated paths sampled in one of the membrane leaflets in a coordinate snapshot. Lipid phosphate groups are shown as orange spheres, and water molecules, as van der Waals spheres with oxygen atoms colored red, and hydrogen, white. Paths are marked by contours color-coded according to the path length, with paths of length  = 1 marked by light green contours,  = 1, magenta,  = 2, red,  = 3, red, cyan, ξ=4, and λ = 5, blue. (B) Time series of the number of paths with lengths 0 <  ≤ 6 (C) Time series of the number of paths with 3 ≤ σ ≤ 4. For clarity, we read coordinate sets each 1ns.

Conclusions
We developed an algorithm to identify transient H-bond clusters that may be sampled in numerical simulations of lipid membranes. The algorithm relies on computations of graphs of lipid H-bonds, whereby two lipids can H-bond directly or via one water molecule, it computes lipid paths in which all lipids H-bond to each other, and then it uses Depth-First Search to cluster these paths according to the topological arrangement of lipids in the path. Our implementation of the algorithm can identify three main types – the linear, the star, and the circular graph, and the combination thereof.
We applied the algorithm to identify clusters sampled by the lipids of membranes composed of POPE, POPS, and three different models of E. coli membranes – the 3:1 and 5:1 POPE:POPG membranes, and the Top6 E. coli membrane model. We found that, in all membranes, short linear paths whereby two lipids bridge via direct H-bonds, or via one water molecule, will be present at all times. The second most likely arrangement of the lipids directly H-bonded, or bridged via water, is in a star & linear graph of three lipids when mediated by water bridges, and of four lipids when lipids H-bond directly to each other. Circular graphs are visited relatively frequently when 3-4 lipids H-bond directly to each other, however circular water-mediated paths occur only rarely, likely due to the short lifetime of lipid-water H-bonds. More complex path topologies, whereby at least four lipids come together in a combined circular & star & linear graph, are rarely visited.
Models of E. coli lipid membranes are of interest for numerous studies of bacterial membrane proteins. Main models used for the E. coli membrane are 3:1 POPE:POPG and 5:1 POPE:POPG [45, 79], with the more recent, and more accurate model denoted as Top6 containing three types each of PE and PG lipids;[45] for the Bacillus subtilis membrane, an atomistic model was constructed that includes, in addition to PE and PG lipids, cardiolipin, lysyl-PG lipids, and neutral lipids [44]. POPE:POPG membranes are about 3Å thicker than the Top6 membrane (Table 1), suggesting the Top6 membrane is a better model for the E. coli membrane, which is a rather thin membrane: the thickness of the cytoplasmic E. coli membrane, as estimated from experiments, is 37.5 ± 0.5Å, and of liposomes composed of E. coli lipids, 33.5 ± 0.4Å [82]. The H-bond clusters sampled in the E. coli Top6 membrane are, however, very similar to those of POPE:POPG membranes, suggesting that for computations of, e.g., initial events along reaction paths of biomolecule binding to lipid membranes, Top6 and POPE:POPG models would lead to similar results.
PS lipids are a major constituent of eukaryotic cell membranes, and have been the subject of numerous investigations with experiments and computations (see, e.g., refs. [83-87]). The relatively small surface area of PS lipid membranes compared to PC counterparts (in the absence of salt) was interpreted to arise from attractive interactions between PS lipids, such as H-bonding [88]. Indeed, networks of directly H-bonded 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) lipids could be observed in simulations [80], being suggested that domains of POPS lipids bound via serine interactions could serve as platforms to which an external partner binds. Here, we observed that POPS lipids have a high propensity to H-bond to each other, giving rise to frequent sampling of H-bond paths.
Our analyses of transient H-bond lipid clusters relied on eight independent simulations of hydrated lipid membranes, with a total sampling time of 1.6s. The limited length of each independent simulation trajectory could, however, influence details of lipid H-bond cluster dynamics. Likewise, details of H-bond cluster dynamics could be sensitive to the size of the membrane patch, and on the force field used to describe lipid and water molecules. The efficiency we reported here for the DFS algorithm, which takes less than one second to extract the H-bond clusters for ~100 H-bonds between lipids, will allow future studies to assess systematically lipid topologies in prolonged simulations of large membrane patches.
The DFS algorithm we implemented here for highly efficient computations of topologies of lipid H-bond clusters could be used to dissect lipid H-bond dynamics in molecular dynamic simulations of hydrated lipid bilayers that model specific lipid membranes. A detailed molecular view of dynamic lipid H-bond clusters, as derived with the DFS algorithm, could be used to guide the interpretation of experimental studies that address questions for which lipid H-bond cluster dynamics is directly relevant, such as lateral proton transfers along membranes [89-91], lipid-mediated protein interactions and protein-membrane interactions [92-94].
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