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Abstract
Membrane transporters and receptors often rely on conserved hydrogen bonds to assemble transient paths for ion transfer or long-distance conformational couplings. For transporters and receptors that use proton binding and proton transfer for function, inter-helical hydrogen bonds of titratable protein sidechains that could change protonation are of central interest to formulate hypotheses about reaction mechanisms. Knowledge of hydrogen bonds common at sites of potential interest for proton binding could thus inform and guide studies on functional mechanisms of protonation-coupled membrane proteins. Here we apply graph-theory approaches to identify hydrogen-bond motifs of carboxylate and histidine sidechains in a large data set of static membrane protein structures. We find that carboxylate-hydroxyl hydrogen bonds are present in numerous structures of the dataset, and can be part of more extended H-bond clusters that could be relevant to conformational coupling. Carboxylate-carboxyamide and imidazole-imidazole hydrogen bonds are represented in comparably fewer protein structures of the dataset. Atomistic simulations on two membrane transporters in lipid membranes suggest that many of the hydrogen bond motifs present in static protein structures tend to be robust, and can be part of larger hydrogen-bond clusters that recruit additional hydrogen bonds.



Introduction
Proton transfer reactions are fundamental for the functioning of biological cells. Proton transporters bind and transfer protons across cell membranes, and pH-sensing membrane receptors may change protonation state during activation. Description of structure and sequence signatures, or motifs, that proteins use to control conformational dynamics and couplings between protonation and conformational change, could guide the interpretation of experiments on proteins that use proton transfers for function. Here, we present a methodology to extract common hydrogen(H)-bond motifs that involve protein titratable groups from static protein structures. We apply this methodology to common H-bond motifs of carboxylate and histidine sidechains in static structures of membrane transporters and receptors. To evaluate dynamics of internal H-bond networks that contain H-bond motifs of interest, we study the motions of Pichia pastoris aquaporin-1 (Aqy1) and Chlamydomonas reinhardtii channelrhodopsin-2 (ChR2). 
Membrane proteins that bind protons to exert biological function typically rely on carboxylate and histidine groups, as these groups titrate in the physiological range [1, 2]: aspartic and glutamic acids in solution have nominal pKa values of about 3.5-4.5 [3], and histidine, about 6.5 [2]. Cysteine, with a nominal pKa of 8.5 [4], might also be of interest as a potential proton-binding site.  The functional role of a titratable protein sidechain, including its potential involvement in a proton-transfer reaction, depends on interactions with the local protein environment, as the environment may impact pKa values significantly [3, 5]. For example, a proton-binding Glu sidechain of the Escherichia coli lactose permease LacY has a pKa of ~10.5 [6]; in the Halobacterium salinarum proton pump bacteriorhodopsin, the pKa of the Asp sidechain that functions as primary proton acceptor, D85, couples to that of the proton release group [7] such that the pKa of D85 shifts from 2.6 to 7.5 upon deprotonation of the proton release group [8], and to >10.5 during a later long-lived intermediate in which the environment of D85 is thought to be nonpolar [9]. 
Static structures of a number of membrane transporters and receptors appear to suggest different proteins might have similar interactions at sites where proton binding occurs, or sites that are otherwise important for function. For example, an inter-helical H-bond between a carboxylate group and a Ser/Thr hydroxyl group was noted at functionally important sites of microbial rhodopsins [10, 11], the SERCA calcium pump [10], the multidrug transporter AcrB [10], the brain glutamate transporters EAAT1 and VGLUT2 [12], the ammonia channel Amt/MEP/Rh [13], and proteins from the family of G Protein-Coupled Receptors, GPCRs [14, 15]. The AHA-2 plasma membrane proton pump [16, 17] and the chloride-pumping rhodopsin from Mastigocladopsis repens [18] have at proton-transfer sites an inter-helical H-bond between Asp and Asn sidechains; the proton-binding neurotransmitter transporter VGLUT2, the sugar-proton symporter LacY, and the voltage-gated proton channel Hv1, have at functionally important sites a His sidechain interacting with a carboxylate group [12, 19]; H-bonding His sidechains might be involved in the functioning of a pH-sensing GPCR [20], the M2 proton channel [21], and the ammonia channel [13]. More generally, His-Ser pairs are of interest for proton transfer in serine proteases [22], and His-Asp/Glu pairs, in dehydrogenases [23, 24], serine proteases [25], as part of the counterion for the primary proton-binding site in microbial rhodopsins such as proteorhodopsin [26], xanthorhodopsin [27], and Gloeobacter rhodopsin [28], and at the cytoplasmic proton donor site of xenorhodopsin [29]. Asp and Glu are preferred H-bond acceptors for Tyr [30]. 
The examples summarized above are largely based on interactions present in a relatively small number of structures, such that it is often unclear whether particular types of H-bonds are indeed common at functionally important sites of membrane transporters and receptors. Knowledge of common H-bond motifs is valuable, as it could guide the choice of amino acid residues for site-directed mutagenesis studies to decipher protein reaction mechanisms. 
To this aim, here we present a methodology to evaluate H-bonds present in static structures of proteins that belong to different families. We rely on a large data set of 683 structures, which we organize in two sub-sets according to the resolution at which structures were solved. We then extract a subset of structures solved at high resolution and which accounts for redundancies in structures of the same protein. Additionally, as proteins from the superfamily of Rhodopsin-like receptors contribute a significant part of the dataset, we separate them into two smaller data sets: one, with structures of microbial and algal rhodopsins, and the second, with G Protein-Coupled Receptors (GPCRs). Each structure in each dataset is subjected to analyses using graph-based algorithms that represent proteins as graphs with protein groups as nodes, and H-bonds, as edges of the graph. We examine the graphs to identify 10 types of H-bonds. Then, for H-bond types of interest, we extract from the H-bond graphs complete H-bond networks for which we characterize their spatial extent. 
Inter-helical H-bonds may have complex dynamics difficult to anticipate from static protein structures [31]; to illustrate H-bond dynamics, we augment the analyses of static protein structures with atomistic Molecular Dynamics (MD) simulations to probe H-bond dynamics of i) P. pastoris Aqy1, which we chose because its structure was solved at subangstrom resolution [32], such that it provides accurate reference for H-bonds sampled during MD simulations; ii) a microbial rhodopsin ChR2, as a member of one of the largest protein families represented in our dataset. Both Aqy1 and ChR2 are homo-oligomeric proteins.
The systematic analyses give an overview of H-bond motifs in static membrane protein structures. H-bonds between Asp/Glu and Ser/Thr sidechains are relatively frequent and, when present, tend to locate within the transmembrane region of the protein; H-bonds between His sidechains are rather infrequent – which could be due, at least in part, to His sidechains being relatively infrequent. The protocol we present for analyses of H-bond motifs could be extended to other H-bonds of interest, and to other data sets of protein structures. Most of the H-bonds investigated for the high-resolution structure of Aqy1 remain present in a fluid lipid membrane environment, and an internal H-bond cluster can recruit additional transient H-bonds. 

Methods
Datasets Set-A and Set-B of static protein structures. We first prepared a dataset of 1439 structures of alpha-helical polytopic TM proteins. Coordinate files of proteins pre-oriented in membranes were extracted from the database Orientations of Proteins in Membranes, OPM [33], last accessed on February 16, 2021. 
OPM organizes protein structures according to the protein superfamily, which is assigned a unique identifier. For each protein entry, OPM reports the resolution at which the structure was solved, the Protein Data Bank (PDB) [34] identifier, the experimental approach used to solve the structure, the number of TM subunits of the protein, and the number of TM helices. The majority (1426) of the structures from our starting dataset were solved with X-ray crystallography or cryo-Electron Microscopy (cryo-EM); 13 structures were solved with Nuclear Magnetic Resonance (NMR) spectroscopy. 
Our initial search for membrane protein structures using a relatively coarse resolution threshold of 5Å led to 1327 entries, of which 1195 structures were X-ray structures solved at a resolution of 4Å or better; the highest resolution, 0.88Å, was reported for Aqy1 [32]. This first set of 1327 protein structures includes proteins from 27 superfamilies. We selected the highest resolution structures and discarded ten structures that lacked TM regions. For several structures we used CHARMM-GUI [35] to ensure coordinate files have standard PDB format.
The resulting dataset contained 683 structures, which we organized into two sub-sets as follows. Set-A contains 200 protein structures that belong to 17 superfamilies, and were solved at a resolution of 2.5Å or higher. Set-B contains 483 protein structures from 26 different superfamilies, solved at resolutions between 2.5Å and 3.5Å (Tables 1, 2). The PDB entries and corresponding resolutions of structures included in Set-A and Set-B are listed in Tables S1 and S2.

Subsets Set-A1, Set-A1m, and Set-A1g of static protein structures. A number of proteins included in Set-A are represented by more than one PDB coordinate set. To find out whether having more than one coordinate set for some of the proteins significantly influences frequencies of the H-bond motifs, we prepared Set-A1 that accounts for sequence identities between proteins. We used the PDB ID of each coordinate set from Set-A in the Macromolecules option of the PDB [34] to find molecules with 100% sequence identity, and checked for their presence in Set-A. When the same protein was represented in Set-A by more than one coordinate set in (Table S3), we kept the best-resolution structure (Table S4). Protein homologues from different organisms, such as bacteriorhodopsins from H. salinarium, Haloquadratum walsbyi, and Haloarcula marismortui, were treated as distinct proteins. The resulting subset Set-A1 contains 147 entries (Tables 1, S4).
The superfamily of Rhodopsin-like receptors and pumps, which contributes the largest number of entries to Set-A1 (Table 1), includes microbial rhodopsins and GPCRs. To dissect H-bond motifs of these proteins, we generated subsets Set-A1m, which contains 28 entries of microbial and algal rhodopsins, and Set-A1g, which contains 35 structures of GPCRs (Table S5).

Groups of static protein structures. Given the large number of superfamilies represented in the dataset, we used the Transporter Classification Database (TCDB) [36] to group protein superfamilies according to biological function. We relied on the first database index/ classification number that denotes the transporter class. Since the superfamilies of rhodopsin-like receptors and pumps and of the voltage-gated ion channels have diverse subfamilies, we treated separately these two superfamilies (Table 2). The Na+-translocating NADH-quinone reductase is included with the channels/pores group of the ammonia/ urea transporters/ Na+ exporters (Table 2). 
According to the TCDB, heliorhodopsin and the human adiponectin receptor 2 of the Rhodopsin-like receptors and pumps superfamily belong to distinct families. We tested the H-bond motifs for these two proteins by analyzing them separately as Set-A1hm and Set-A1hr.

Transmembrane (TM) domain and TM protein core. For simplicity, for static protein structures we restrict H-bond analyses to the protein TM domain defined according to the OPM average membrane boundaries [33]. The average distance between the membrane planes estimated by OPM ranges from 28Å to 36Å, i.e., the maximum distance from the center of the bilayer to the membrane plane is ~18Å. To account for atomic fluctuations that could take place at room temperature in a fluid lipid membrane environment, we add 2.5Å to each side of the membrane plane. 
We define as the TM core of a protein the region of the protein within ±6Å from the center of the membrane.

Table 1. Summary of the dataset of structures we analyzed. We report the superfamily and the number of structures in Set-A, Set-A1, and Set-B. 

	Name
	#Set-A 
	#Set-A1
	#Set-B 

	Sodium/calcium exchanger family
	4
	3
	3

	Proton or Sodium translocating F-type, V-type and A-type ATPase superfamily
	9
	9
	27

	Rhodopsin-like receptors and pumps superfamily
	94
	65
	141

	Proton-translocating pyrophosphatase family
	1
	1
	3

	Ion channel (VIC) superfamily
	24
	17
	118

	Major Intrinsic Protein (MIP)/FNT superfamily
	20
	17
	5

	Chloride transporter (ClC) family
	1
	1
	5

	Small conductance mechanosensitive ion channel family
	0
	0
	4

	Large conductance mechanosensitive ion channel family
	0
	0
	2

	Ammonia/urea transporters/Na+ exporter superfamily
	11
	10
	2

	Ion transporter superfamily
	0
	0
	2

	Resistance-nodulation-cell division superfamily
	2
	1
	26

	ABC transporter superfamily
	7
	7
	59

	Vacuolar iron transporter family
	0
	0
	2

	P-type ATPase (P-ATPase) superfamily
	12
	3
	46

	Proton-translocating transhydrogenase family
	1
	1
	1

	Copper transporter family
	0
	0
	1

	Magnesium ion transporter-E (MgtE) family
	1
	0
	2

	Cation diffusion facilitator family
	0
	1
	1

	CorA metal ion transporter (MIT) family
	0
	0
	3

	Drug/Metabolite Transporter (DMT) superfamily
	3
	3
	4

	Potassium channel TMEM175 family
	1
	1
	1

	Calcium release-activated calcium (CRAC) channel family
	0
	0
	1

	Monovalent cation-proton antiporter superfamily
	5
	0
	7

	Calcium-activated chloride channel family
	0
	5
	10

	Bestrophin anion channel family
	4
	0
	7

	Total number of structures
	200
	147
	483



Table 2. Number of protein structures of each group obtained according to the TCDB [36].  
	Protein groups
	Set-A
	Set-A1
	Set-B

	Channels/Pores
	37
	31
	38

	Electrochemical Potential-driven Transporters
	15
	13
	50

	Primary Active Transporters
	30
	21
	136

	Rhodopsin-like receptors and pumps superfamily
	94
	65
	141

	Voltage-gated Ion Channel (VIC) superfamily
	24
	17
	118



H-bond criteria, H-bond graphs and H-bond clusters, shortest path length. All-H-bond computations were performed with Bridge, a graph-based algorithm that uses geometric criteria to detect H-bond networks in bio-molecules [37]. As criteria for H-bonding we used a distance cutoff of 3.5 Å between donor and acceptor heavy atoms, and a H-bond angle cutoff of 60°. In the case of MD simulations, we report H-bond occupancies as the percentage of time during which the H-bond criteria are met, normalized by the length of the trajectory segment used for analyses. 
An H-bond graph consists of the collection of nodes ni, which are groups that H-bond, and edges (H-bonds) connecting nodes ni, nj. We define an H-bond cluster as a H-bond network of amino acid residues (graph nodes) in which each node has at least one edge that connects it to another node of the cluster. Each cluster is characterized by its size, defined as the number of nodes, or amino acid residues, that are inter-connected in the cluster. Thus, a singe H-bond between two nodes can be also referred to as an H-bond cluster of size 2. 
The shortest distance path between nodes ni and nj connects the two nodes by passing through the least number of intermediate nodes nk. The length of a shortest path between nodes ni and nj is given by the number of edges, i.e., H-bonds, that connect the two nodes along the shortest-distance path.

Betweennees Centrality (BC) and Unique Shortest Paths (USP). Centrality measures allow us to assess the relative importance of nodes in a graph. For protein interaction networks, amino acid residues with high centrality values tend to be conserved and/or functionally important [38], including for allosteric conformational coupling [39-41]. The BC of node ni  (Scheme 1) gives the number of shortest-distance paths between any two other nodes nj and nk that pass via node ni, divided by the total number of shortest paths that connect nj and nk irrespective of whether they pass via node ni. [42-44]. Thus, the higher the BC value of node ni, the larger the number of shortest-distance paths passing through ni, suggesting that node ni could be important for couplings within the network. 
[image: Diagram
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Scheme 1. Schematic representation of BC vs. USP values for a hypothetical H-bond graph. Because the USP reports only the unique shortest paths, USP values are smaller and thus might be easier to interpret. In the graph illustrated here, the highest BC value for a node is BC = 66; for the same node, USP = 26.

In the case of crowded networks with large number of nodes, nodes located in the center of a network can have very large BC values which could make it difficult to interpret connections within the network [45]. The USP gives a somewhat more intuitive measure, because it restricts the computation to the unique shortest paths passing through node ni (Scheme 1) [45], such that it avoids over-counting intermediate nodes along paths connecting distinct nodes of the network. 

Longest H-bond paths of selected H-bond motifs. To evaluate the participation of H-bonds of interest in local H-bond clusters, we use Bridge [37] for Connected Component Analyses to extract local H-bond clusters of nodes (protein groups) of interest. To estimate the spatial extent of such local H-bond clusters, we compute the length of the shortest-distance H-bond paths as illustrated in Scheme 2. 
Given two H-bonding groups of an H-bond motif, we compute all shortest distance paths that include one of these groups. We take the longest path of the shortest-distance paths thus identified, and report as path length the number of H-bonds of the path. The example given in Scheme 2 shows an Asp-Thr H-bond that is part of a larger H-bond cluster with 12 shortest-distance paths that include the Asp sidechain.
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Scheme 2. Longest path analysis. (A) The H-bond motif of interest is part of a local H-bond network. Here, the motif consists of an inter-helical Asp-Thr carboxylate-hydroxyl motif. (B) The carboxylate group is chosen as root node to compute H-bond paths. There are 12 shortest-distance paths that include the Asp node, and the length of the longest path is 7. 

Computation of H-bond motifs. We used Bridge to identify ten types of H-bonds, which we denoted H-bond motifs, chosen based on our observations of typical sidechain H-bond interactions in membrane proteins, as follows: i) H-bonds between a Ser/Thr hydroxyl and the i-3, i-4, or i-5 backbone carbonyl; ii) H-bonds between Asp/Glu and SerThr sidechains; iii) combined H-bonds in which the same Ser/Thr hydroxyl group is part of H-bonds at points i) and ii); iv) H-bonds between Asp and Asn sidechains; v) H-bonds between Asp/Glu and Arg sidechains; vi) H-bonds between Asp/Glu sidechains and backbone amide groups; vii) H-bonds between two His imidazole groups; viii) H-bonds between Asn and a Ser/Thr sidechains; ix) H-bonds between Asn sidechains and backbone carbonyl groups; x) H-bonds between Arg sidechains and backbone carbonyl groups.
Table 3. Summary of H-bond motifs. For each H-bond motif, we indicate one protein in which the H-bond motif is present, and a corresponding Protein Data Bank (PDB) structure. The resolution at which the structure was solved is indicated in Å. For backbone carbonyl H-bonds of Ser/Thr hydroxyls we include the i-3, i-4, and i-5 amino acid residues.

	Motif
	H-bond pair
	Example
	PDB ID, Reference, Resolution (Å)

	H-bonds between Ser/Thr hydroxyl groups and backbone carbonyls´groups

	[bookmark: _Hlk81821549]S/T-CO
	Ser/Thr hydroxyl
	Backbone carbonyl
	Bacteriorhodopsin
T46-F42
	5ZIM [46], 1.25

	H-bond motifs with Asp/Glu sidechains

	S/T-D/E
	Ser/Thr hydroxyl
	Asp/Glu carboxylate
	Aqy1
E51-S107
	3ZOJ [32], 0.88

	S/T―D/E
   |
 CO
	Ser/Thr hydroxyl - Asp/Glu carboxyl
	Ser/Thr hydroxyl -
backbone carbonyl
	ChR2
E101-T246
V242-T246
	6EID[47], 2.39

	D-N
	Asp carboxyl
	Asn carboxamide 
	Proton-translocating pyrophosphatase
N738-D294
	4A01 [48], 2.35Å

	D/E-R
	Asp/Glu carboxyl
	Arg guanidinium
	Archaerhodopsin-3
D15-R17
	6S6C [49], 1.07

	D/E-NH
	Asp/Glu carboxyl
	Backbone amide
	Heliorhodopsin
D158-L160
	6SU3 [50], 1.50

	H-bond motifs with His sidechains

	H-H
	His imidazole
	His imidazole
	[bookmark: _Hlk81853664]Ammonia channel AmtB
H168-H318
	1U7G [13], 1.40

	Other H-bond motifs with Asn and Arg sidechains

	N-S/T
	Asn carboxamide
	Ser/Thr hydroxyl 
	Mep2 Ammonium Transceptor
N88-T95
	5AEZ [51],1.47

	N-CO
	Asn carboxamide
	Backbone carbonyl
	Sodium pumping rhodopsin KR2
N112-S70
	6YC3 [52], 2.00

	R-CO
	Arg guanidinium
	
	Sensory rhodopsin II
R66-P182
	1H2S [53],1.93



Starting coordinates for MD simulations of Aqy1. As starting coordinates for the Aqy1 tetramer we used the OPM entry for PDB ID:3ZOJ [32]. All 221 water oxygen atoms were included. We used CHARMM [54, 55] to construct coordinates for the water H-atoms, VMD [56] to orient and place the Aqy1 tetramer with its center of mass in the center of coordinates, and CHARMM-GUI [35] to place the protein in hydrated lipid membranes (Table 4).
Being solved at sub-Ångstrom resolution, the crystal structure of Aqy1 contains coordinates for H atoms. All Asp/Glu sidechains of Aqy1 are indicated by the crystal structure as negatively charged. There are in total four His sidechains (Figures S1, S2), of which H44 and H194 are indicated as N2-protonated, and H212 and H242, as -N1 protonated. H212 and H242 have intra-helical H-bonds with the backbone carbonyl of M208 and, respectively, with the W236 sidechain (Table S6, Figures S1, S2). H212 is among amino acid residues that line the water channel, and its strong electron supported the assignment of the tautomeric state [32]. H44 and H194 are both close to the bulk (Figure S1), where dynamic fluctuations in a fluid environment could associate with altered H-bonding of these sidechain. To test whether the tautomeric state of H44 and H194 alters local H-bond interactions, we studied the dynamics of Aqy1 with i) the tautomeric state of all four His sidechains as indicated by the crystal structure, i.e., H44 and H194 N2-protonated, and H212 and H242 N1-protonated; ii) all four His sidechains N1-protonated. All other titratable sidechains were assigned standard protonation states, that is, all Asp/Glu sidechains are negatively charged, and Arg and Lys sidechains are positively charged.
To probe whether the dynamics of Aqy1 depends on lipids, we performed independent simulations of Aqy1 embedded in i) a hydrated lipid bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), which is often used as model membrane for bacterial membranes; ii) a membrane composed of 45%:35%:20% POPE, 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), which are the major phospholipids of the P. pastoris membrane [57] (Table 4). 

Table 4. Summary of simulations performed. ‘Protonation’ refers to the protonation chosen for selected His, Asp, and Glu sidechains. All other titratable sidechains have standard protonation. All simulations were performed at 300K. The total sampling time is 1.4s.
	Simulation
	Membrane
	#Atoms
	Protonation
	Length (ns)

	ChR2
	

	all-trans
	POPC
	177,367
	E90, D156
protonated
	200

	13-cis
	
	
	
	

	Aqy1
	

	POPE-N1
	POPE
	261,360
	H44-N1, H194-N1
	261

	POPE-N2
	
	
	H44-N2, H194-N2 

	250

	Mixed-HSD
	4.5:3.5:2
POPE:POPC:POPS
	263,094
	H44-N1, H194-N1
	251

	Mixed-HSE
	
	
	H44-N2
H194-N2 

	250



Starting coordinates for MD simulations of ChR2. Starting coordinates of the wild-type ChR2 homodimer with 52 crystallographic waters and all-trans retinal were taken from the OPM entry for PDB ID:6EID [47]. Missing atom coordinates were generated using MODELLER [58-60]; E90 and D156 were considered protonated [61-65], and C34 and C36 were disulfide bridged [47]. ChR2 was embedded in a hydrated lipid membrane with 401 POPC lipid molecules and ions added for charge neutrality (Table 4). 
To generate a model of CHR2 with 13-cis,15-anti-retinal we used adiabatic mapping in CHARMM to twist the C13=C14 bond by 180º. 

Protocol for MD simulations. All simulations were performed with NAMD [66]. The Smooth Particle Mesh Ewald summation [67, 68] was used to compute electrostatic interactions. For van der Waals interactions in the real space we used a switch function between 10Å and 12Å. Equilibration runs were performed using the standard CHARMM-GUI protocol, during which harmonic restraints placed on atoms of the system are gradually released [35]. We used the NPT ensemble (P=1bar, T=300K) for production runs. Pressure and temperature were controlled using the Nosé-Hoover method and a Langevin piston [69, 70] with a Langevin damping coefficient of 5ps-1. We used CHARMM36 [54, 71-74] parameters used for protein, lipids and ions, TIP3P [75] for water, and the retinal parameters from ref. [10]. 
Data analyses were performed for the last 100ns of the trajectories. H-bond paths are included in the analyses when present during at least 5% of the last 100ns of the simulations.

Results
We applied graph-based searches to identify ten H-bond motifs in static protein structures using a large data set of 200 structures solved at a resolution of 2.5Å or better, and augmented the search with analyses of a larger set of 483 structures solved at resolutions between 2.5 and 3.5Å. To dissect dynamical fluctuations of H-bond networks in a fluid, hydrated lipid membrane environment, we performed 6 sets of independent MD simulations for two membrane proteins.

H-bonds of Asp/Glu sidechains. The apparent free energy for membrane insertion of one Asp/Glu residue is ~4-5kcal/mol [76], such that Asp/Glu tend to disfavor being located in the center of membrane proteins [77] (Figure S6). We find that, in protein structures of Set-A, Asp/Glu carboxylates often pair with Arg guanidinium groups, or with Ser/Thr hydroxyl groups (Figures 1, 2, 3). Although there are typically more Ser/Thr than Arg groups in the center of a membrane protein (Figures S7, S8), the presence of Ser/Thr-Asp/Glu H-bonds per proteins of a superfamily is relatively similar to Arg-Asp/Glu (Figures 1, 2), suggesting Ser/Thr sidechains have more diverse H-bond partners than Arg.
Consistent with the known propensity of Ser/Thr hydroxyl groups to make intra-helical H-bonds with the backbone carbonyl on the preceding helix [78-80], structures from almost all protein families we analyzed have H-bonds between Ser/Thr hydroxyls and backbone carbonyl groups (Figures 1, 2A, 2B, S3). In a relatively large number of structures that belong to the Superfamily of Rhodopsin-like Receptors and Pumps, the same Ser/Thr hydroxyl group H-bonds to an Asp/Glu sidechain and to a backbone carbonyl group (~48%, 45 entries, see Figures 2C, S3C). Other protein structures in which combined carboxylate-hydroxyl-carbonyl H-bonds are present tend to belong to various transporters, e.g., 9 Set-A protein structures from the Major Intrinsic Protein/FNT superfamily (Figures 1A, S3A). 
Overall, and consistent with the distribution of Ser/Thr groups (Figure S7), intra-helical H-bonds between Ser/Thr hydroxyl groups and backbone carbonyls may be present along the entire length of the membrane protein (Figures 3, S4). When present, H-bonds between Asp/Glu and Ser/Thr tend to be relatively close to the center of the membrane core (Figures 3, S4). 
Examples of proteins with an Asp/Glu-Ser/Thr H-bond within the TM core include Rhodopsin-like Receptors and Pumps, proteins of the superfamily proton or sodium translocating F-type, V-type and A-type ATPases (Figures 3, S4, S5). For some of these proteins, we manually inspected protein structures to verify H-bonds. Among Rhodopsin-like Receptors and Pumps, archaeorhodopsin-2 has H-bond distance between T95 and D120 in structures from refs. [81, 82]; bacteriorhodopsin has an inter-helical H-bond between T46 and D96 [10]; structures of cruxrhodopsin [83], Coccomyxa subellipsoidea rhodopsin [84], the thermophilic rhodopsin from Rubrobacter xylanophilus [85], sodium pump rhodopsin KR2, channelrhodopsin, Anabaena rhodopsin [11], and jumping spider rhodopsin-1 [86], also have H-bonds between Asp/Glu and Ser/Thr sidechains. 
ATP synthase protein structures that have inter-helical carboxyl-hydroxyl H-bonds include the c-ring of F1F0-ATP synthase [87], with an inter-subunit H-bond between E65 and S66; the hybrid F/V-rotor ring of the Na+-coupled ATP synthase from Acetobacterium woodii [88] and the V-type Na+-coupled ATP synthase from Enterococcus hirae [89] have carboxyl-hydroxyl-carbonyl motifs (E79-T63-V60 and E139-T64-L61, respectively).
Proteins of the Voltage-Gated Ion Channel superfamily have numerous Ser/Thr groups in the region from -2 to 6Å, but relatively few carboxylate groups (Figures 3E, S6E), and Asp/Glu-Ser/Thr H-bonds are present in only 5 Set-A structures, which is ~20% for this superfamily (Figure 1A). An example of a protein structure with such an H-bond belongs to the voltage-gated sodium channel NavAB (D81-S112) [90]. 
Asn sidechains can be present in the center of Set-A proteins, though details of their distribution can depend somewhat on the protein superfamily (Figure S9). 27 of the 94 Set-A Rhodopsin-like Receptors and Pumps (Figures 1, 2C) have at least one Asp-Asn H-bond. In the proton-translocating pyrophosphatase [48], the Asp-Asn H-bond between D294 and N738 (Figures 2C, S3C) could be relevant for the conformational dynamics of the protein, because N738 stabilizes water molecules of the proton transfer path [48]. The Mep2 fungal transceptor [51] has two Asp-Asn H-bonds, between D365 and N246, and between D273 and N321.
H-bonds between backbone groups and sidechains of Asp/Glu, Arg, or Asn, are found in proteins of all superfamilies we analyzed, except for the magnesium ion transporter-E that lacks backbone H-bonding of Asn sidechains (Figure 1A). H-bonds between Ser/Thr and Asn sidechains have relatively moderate presence in all structures included in our database (Figure 2C). 
Overall, observations presented above on H-bond motifs identified for Set-A (Figures 1, 2) remain qualitatively similar when analyses are repeated for Set-A1 (Figures S10-S14), suggesting that any potential bias from multiple entries of a number of proteins in Set-A (Tables S3, S4) is relatively small. For subsets Set-A1m and Set-A1g (Table S5) we note that Asp-Asn H-bonds are more frequently present in Set-A1g (GPCRs) than in Set-A1m (microbial and algal rhodopsins) (Figure 1F). Taken together, there are more Asp-Asn and Ser/Thr-Asn than Asp/Glu-Arg H-bond motifs in Set-A1g than Set-A1m (Figure S11D); likewise, the relative percentage of Asn-backbone carbonyl H-bonds vs. Asp/Glu-backbone amide and Arg-backbone carbonyl H-bonds is larger in Set-A1g than in Set-A1m (Figure S11F). The smaller percentage of H-bond motifs with Asp/Glu and Arg in Set-A1g could be interpreted to suggest fewer strong interactions in structures of Set-A1g than Set-A1m, which could facilitate conformational dynamics in GPCRs of Set-A1g. Such an interpretation would be consistent with the notion that GPCRs have significant conformational dynamics [91]. As found for other microbial and algal rhodopsins, Heliorhodopsin has Asp/Glu-Ser/Thr H-bonding (Figures S10, S11). 

H-bonds of His sidechains. His sidechains are relatively infrequent in -helical membrane proteins [77] and disfavor locations close to the center of the membrane region [92] (Figure S6). It is then not surprising that H-bonding between His sidechains is rather infrequent in the static protein structures we analyzed: we could identify H-bonded His pairs only in the ammonia transporter AmtB, and in some of the rhodopsin-like proteins (Figures 1, 2C, S11 C&D). When present, H-bonded His pairs tend to locate at sites important for function: in AmtB, the H-bonded His groups H168 and H318 are involved in substrate binding [13] and potentially important for protonation-coupled ammonium transport [93]. H-bonded His sidechains of the adiponectin receptor 2 (H202-H348-H352) and alkaline ceramidase 3 (H81, H222) (Figures 2D, S10C, S11D) might be involved in ion binding [94].
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Figure 1. Summary of all H-bond motifs identified for static protein structures of Set-A. The length of the gray bar indicates presence of an H-bond motif in all protein structures included for a superfamily/group. (A) H-bond motifs in each superfamily. (B) H-bond motifs identified in proteins grouped according to their biological function according to TCDB. Analyses for Set-A1, Set-A1m, Set-A1g, Set-A1hm, and Set-A1hr, are presented in Figure S10.

Other H-bond motifs with Asn and Arg sidechains, and H-bonds of Set-B structures. H-bonds between backbone groups and sidechains of Arg or Asn are found in proteins of all superfamilies we analyzed, except for the magnesium ion transporter-E that lacks backbone H-bonding of Asn sidechains (Figure 1A). H-bonds between Ser/Thr and Asn sidechains have relatively moderate presence (Figure 2C).
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Figure 2. Summary of H-bond motifs in Set-A and Set-B. For each superfamily or group of proteins we give the percentage of structures that contain the H-bond motif. The number of structures that contain each motif is indicated on the corresponding vertical bar, and the total number of structures is given in Table 2. (A, B) Ser/Thr-backbone carbonyl, Asp/Glu-Ser/Thr, and Asp/Glu-Ser/Thr-backbone carbonyl H-bonds in Set-A (panel A) vs. Set-B (panel B). (C, D) Asp/Glu-Arg, Asn-Asp, His-His, Ser/Thr-Asn motifs in Set-A (panel C) vs. Set-B (panel D). (E, F) Asp/Glu - backbone amide, Arg - backbone carbonyl, and Asn - backbone carbonyl motifs for superfamilies included in Set-A (panel E) vs. Set-B (panel F). H-bond analyses for Set-A1, Set-A1m, Set-A1g, Set-A1hm, and Set-A1hr, are presented in Figure S11.
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Figure 3. Distribution of Asp/Glu-Ser/Thr carboxyl-hydroxyl and carboxyl-hydroxyl-carbonyl H-bond motifs along the membrane normal for Set-A protein structures. Results for Set-B are presented in Figure S5, and for Set-A1, Set-A1m, Set-A1g, Set-1Ahm, and Set-A1hr, in Figures S12, S13. Proteins are grouped according to the TCDB (Table 2). (A-E) Distribution along the membrane normal for Channels/Pores (panel A), Electrochemical Potential-driven Transporters (panel B), Primary Active Transporters (panel C), Rhodopsin-like receptors and pumps (Panel D), and Voltage-gated ion channels (panel E). 

The presence of H-bond motifs in static structures of Set-B is qualitatively very similar to that discussed above for Set-A (Figures 2, S3, S5). Overall, the number of Set-B protein structures with H-bond motifs can be smaller than for the Set-A counterpart: when we sum up the number of motifs according to the protein group (Table 2), 77-93% of the Set-A proteins have carboxylate-hydroxyl H-bonds, as compared to ~53-90% in Set-B. As Set-B structures have lower resolution than Set-A, the information about details of H-bonding could be somewhat less accurate.

H-bond networks with Asp/Glu or His sidechains in static protein structures. The large number of structures for which we identified various H-bond motifs makes it challenging to verify functional roles that might have been proposed for H-bonding sidechains in each structure. Instead, we relied on graph-based analyses to evaluate the likelihood that H-bond motifs participate in larger H-bond networks that could be of potential interest for structural dynamics of the protein. To this aim, we computed the length L of H-bond paths that involve H-bond motifs.
Overall, for all H-bond motifs, most path length values are larger than L = 3, i.e., there often is at least one more H-bonding group within H-bond distance of either member of the motif. H-bonds between Asn and Ser/Thr, or between Arg and Asp/Glu, are often part of larger H-bond paths with L > 5 (Figures 4C, D). The longest H-bond paths are found for Arg-Asp/Glu and Asn-Ser/Thr H-bonds, which can engage in long paths with L > 15; a path with L = 27 is present in structure PDB ID:6YC3 of the KR2 pentamer [52], where 44 amino acid residues are part of an H-bond network that includes all protein monomers. 
The His pair H171-H326 of the ammonium sensor/transducer Amt [95] participates in an internal H-bond network with 31 other protein groups; in this network, the His-His H-bond is part of 12 linear H-bond paths with L = 15, i.e., with 14 other protein groups (Figure S15). But the relatively small number of His-His H-bonds in our dataset (Figures 2C,D) makes it difficult to conclude on their propensity to be part of large H-bond networks.
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Figure 4. Distribution of maximum path lengths for selected H-bonds identified for Set-A. Paths were computed using the USP definition illustrated in Scheme 1, and the root node definition from Scheme 2; for simplicity, only the longest paths were kept for analyses. (A-D) The number of paths of maximum path length obtained for carboxylate-hydroxyl-carbonyl H-bonds (panel A), His-His H-bonds (panel B), Asn-Ser/Thr H-bonds (panel C), and Arg-Asp/Glu H-bonds (panel D). Additional analyses are presented in Figure S14.


Most H-bonds of Aqy1 remain present in a fluid lipid membrane. During MD simulations the Aqy1 structure remained stable, with C root-mean-squared distances (RMSD) within 1Å for all simulations performed (Figures S16A-D), and with overall similar numbers of internal waters in each monomer (Figures S16E-H). 
To evaluate whether the choice of the tautomeric state of H44 and H194 impacts dynamics, we monitored H-bonds of the four His sidechains of Aqy1 and compared to interactions in the starting crystal structure (Table S6). The H-bond between H212-N1 and the L208 backbone carbonyl is sampled in all simulations, although in the mixed membrane simulation with H44/H194-N2 only two Aqy1 monomers preserve the H-bond (Table S7). H242-N2 H-bonds frequently to W246-N1 in all simulations, whereas H-bonds of H44 and H194 appear more dynamic: H44 can H-bond to R129 as indicated by the crystal structure, but only when N-2 is protonated, and only in two protomers (Table S7, Figures S1, S17). The H-bond between H194 and the backbone carbonyl of M188 (Figure S2B) is sampled during both the POPE and mixed membrane simulations with H44/H194-N2 protonated (Table S7, Figure S17); H-bonding between the backbone carbonyl of M188 and the H194 imidazole is absent from both H44/H194-N1 protonated simulations (Table S7, Figure S18). 
Taken together, the observations summarized above support the tautomeric assignments for the four His sidechains of Aqy1 proposed with the high-resolution structure [32]. As a consequence, unless otherwise specified, in what follows we focus our analyses on the MD simulations of Aqy1 with H44/H194-N2 protonated tautomers in POPE vs. mixed membrane. 
The search for H-bond motifs indicated for the crystal structure of Aqy1 33 H-bonds. There are multiple intra-helical H-bonds between Ser/Thr hydroxyl groups and backbone carbonyls, two Glu-Ser/Thr H-bonds, three Asn-backbone carbonyl H-bonds, multiple H-bonds between Arg sidechains and backbone carbonyl groups, and between Asp/Glu sidechains and backbone amide groups (Table S10). Of these, regardless of the H44/H194 tautomeric state or of the lipid membrane, the same 7 H-bonds are absent or poorly sampled during MD (Tables S8-S10). Most of these 7 H-bonds involve groups directly exposed to the bulk – such as E18, G35 and S38, R195, V233-R236; for S61, the crystal structure indicates two orientations of the sidechain, suggesting structural dynamics; the sidechain of N110 faces a cavity and interacts with water. 
The largest H-bond cluster in the crystal structure of Aqy1, extending from N160 to S107 (Figure 5), includes the high-centrality group N112 of the conserved NPA motif in the central channel constriction, Q137, and the backbone carbonyl groups of L223 and E175 (Figures 5, S19C, S20). E175 has an inter-helical H-bond with T219, which further H-bonds to T179; Q137 H-bonds to E51, which has an inter-helical H-bond with S107 (Figures 5, S19C, S20C). H-bonds of this extended cluster tend to be sampled throughout MD, and the cluster recruits additional transient H-bonds (Figures 5, S21, S22). 
H-bonding of Aqy1 is qualitatively similar in the two lipid environments we tested (Figures 6, S23, S24, Table S12). Each of the aquaporin monomers uses 6-7 sidechains to anchor frequently to lipids, typically at about the same sites. 
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Figure 5. Internal H-bond cluster of Aqy1 in the starting crystal structure and during simulations with H44/H194-N2. (A) Comparison of the internal H-bond cluster in the crystal structure vs. MD simulations in POPE. The H-bond graph shows H-bonding groups colored green, except for selected groups of the Aqy1 selectivity filter, which are colored blue. Edges colored gray indicate H-bonds present in both the crystal structure and MD, and magenta edges, H-bonds sampled only during MD. Solid lines indicate H-bonds found in all four Aqy1 monomers, and dotted lines, H-bonds found in 1-3 monomers. (B) The H-bond cluster in a coordinate snapshot from MD in POPE. Qualitatively similar results were obtained for Aqy1 in a mixed lipid membrane and with H44 and H194-N1  (Figures S21, S22).

At the cytoplasmic side, Aqy1 anchors to the membrane mainly at S38/D39/D40 and R123/R129, though Q261/W265 can also H-bond to lipids; at the extracellular side, lipid anchoring may occur at R168/T169/R170 and R236/S237/F238. R168 anchors frequently to lipids in all four monomers during both POPE and mixed membrane simulations with H44/H194 –N2 protonated (Table S12). Extracellular lipid anchoring via D39 and R129 may be part of protein-lipid H-bond clusters with 4-6 other protein groups (Figures 6B, 6C, S24B-D), but most protein groups that H-bond frequently to lipids have only one additional protein H-bond (Figures 6B, S24E). 
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Figure 6. Lipid interactions of Aqy1 in a hydrated POPE bilayer. (A) Graph of protein-lipid H-bonds. Green, blue, red, and orange nodes represent groups of the four Aqy1 monomers, and cyan nodes, lipid headgroups. A star indicates an amino acid residue that interacts both with lipids and with a local protein H-bond cluster. Protein-lipid interactions sampled at least 50% are shown. (B-D) Selected protein-protein H-bond clusters that include at least one protein sidechain that H-bonds to lipids. Protein H-bonds shown are sampled during at least 10% of the time. Additional analyses are illustrated in Figures S23, S24. 

The analyses above suggest that internal H-bonds of Aqy1 are robust when considering dynamics at room temperature in a fluid lipid membrane, and are rather similar in the two lipid bilayers we considered. A factor that could explain the robustness of the Aqy1 H-bonds is the accuracy of the high-resolution structure; the extended H-bond network of Aqy1, with many high-occupancy H-bonds, could also contribute to structural stability. Whether the robustness of the H-bonds of Aqy1 is generally relevant for any membrane protein whose structure is solved at high resolution is, however, unclear. Moreover, the structure of Aqy1 was solved at a cryogenic temperature [32], as was the vast majority of protein structures [96]. Low temperatures used in cryo-trapping could influence preferred protein conformations [97, 98], interactions at ligand binding sites [98], the strength of H-bonds [99], and the likelihood that water molecules occupy internal protein cavities [100, 101]. 
For the Aqy1 H-bonds we inspected here, there was only weak sensitivity to the lipid environment in POPE vs. the mixed membrane we tested. This finding is consistent with earlier simulations of the aquaporin AQP0 tetramer, in which the acyl chains of dimyristoyl-phosphatidylcholine (DMPC) were largely responsible for lipid-protein interactions, with headgroups H-bonds being assigned a secondary role [102]. Lipid-protein H-bonds can, however, be key determinants of conformational dynamics of membrane proteins known to couple to lipids. Examples include bovine rhodopsin, whose reaction cycle kinetics depends on the lipid bilayer composition [103], the multidrug transporter LmrP, whose functioning requires an aspartic acid-lipid headgroup interaction [104], and the rhomboid protease of Escherichia coli, GlpG, whose enzymatic activity depends on lipids [105], and for which MD simulations revealed lipid-dependent H-bond dynamics [106, 107]. 

Inter-helical H-bonds of ChR2 respond to changes in retinal isomeric state. ChR2 is a member of the superfamily of Rhodopsin-like Receptors and Pumps, which is the best-represented protein superfamily in our dataset (Table 1). A common feature of rhodopsins is that the covalently bound retinal chromophore photo-isomerizes, which triggers a reaction cycle in which the protein passes through a series of intermediate conformations distinguished by the retinal isomeric state, protonation state of selected titratable sidechains, number of internal waters, and protein structure. To probe the room-temperature dynamics of a protein from the superfamily of Rhodopsin-like receptors and pumps, we use here the cation channel ChR2.
The crystal structure of ChR2 was solved at a resolution of 2.39Å [47], which is within the threshold for Set-A (Table 1). The inter-helical region of ChR2 hosts numerous H-bonds (Figure S25, Table S13), including an Asp/Glu-Ser/Thr-backbone carbonyl H-bond motif between E101, T246, and V242 close to the extracellular bulk; E123-T127 and S63-N258 are within H-bond distance at the center of the protein,  (Figures S25 B&C) and E82, E83, and R268, at the cytoplasmic side (Figure S25A).
During MD the structure of ChR2 remains stable, with C RMSD values within 1.5Å (Figures S26 A,B). Many of the H-bonds between Ser/Thr hydroxyl groups and backbone carbonyls are sampled during both simulations (Table S13). H-bonding between T246 and E101 is absent during MD, as T246 prefers intra-helical interactions with V242 and T250 (Table S13), and E101 prefers to interact with R43. Absence of H-bonding between E101 and T246 during MD is compatible with results on Aqy1, in which H-bonds present in the high-resolution structure and absent from MD tended to be at bulk-exposed sites.
In the starting crystal structure [47] the primary proton acceptor D253 [108] H-bonds to S256; nearby, E123 H-bonds to T127 (Figures S25 B,C), N258 frequently H-bonds to S63, and S63 further connects to A59. An H-bond between E123 and the RSB is stable in one monomer, and sampled with ~30% occupancy in the other monomer (Figures 7A, 8B, S27 A&B, S28 C&D). In monomer-A E123 connects frequently to the RSB and to K93/T127 (Figures 8B, S27 A,C S28 E,G), and the D253-S256 H-bond is sampled frequently (Figure 7A). In monomer-B interactions between the RSB and E123, and between E123 and T127 are less frequently sampled (Figure S28F), and D253 lacks H-bonding with S256 (Figures 7A, 7B). 
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Figure 7. Inter-helical H-bonds in MD simulations of ChR2. (A, B) The RSB connects to E123 in both monomers of all-trans ChR2. (C,D) The 13-cis RSB connects to E82/H134 via H-bonded waters in Monomer-A (C), and to the extracellular side in Monomer-B (panel D). 


The TM region of 13-cis ChR2 hosts about 40 waters per monomer, as compared to ~25-30 waters in all-trans ChR2 (Figure S26 C,D). Internal waters that visit the cytoplasmic half of 13-cis ChR2 can bridge the distance of ~12-14Å between the RSB and E82/E83/H134 (Figures 7, S29 E&G, S30). Such a transient water-mediated path is of potential interest for ChR2 function, because H134, which corresponds to the proton donor D96 in bacteriorhodopsin. A water chain between D96 and the RSB is present in a recent structure of a late (N) photocycle intermediate of bacteriorhodopsin [109], and visited transiently in simulations of the D85N mutant [10]. Alternatively, the RSB can H-bond to S256 (Figures 7C&D, 8D, S29E). H-bonding between N258 and S63 occurs ~40-56% of the time when retinal is 13-cis, as compared to ~87-96% when retinal is all-trans. E123 interacts with T127 and K93, and D253, with K93 (Figures 7D, 8A). 
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Figure 8. The dynamics of H-bonds close to the RSB can depend on the isomeric state of the retinal chromophore. (A) The intra-helical H-bond between E123 and T127 is highly stable in both monomers of 13-cis ChR2, and in one of the trans ChR2 monomers. (B) When all-trans, the RSB prefers to interact with E123 in Monomer-A, and with D253 in Monomer-B. (C) Time series for the frequency with which water molecules bridge the RSB-E83 and to H134, and H134 to E83. (D) Time series of the number of water molecules needed to establish an H-bond path between 13-cis retinal and H134 in Monomer-A. 


The finding that H-bond networks at the cytoplasmic side the retinal respond rapidly to changes in the retinal isomeric state, such that H-bond changes are observed on the timescale of relatively short ~200ns simulations, suggests tight coupling between the retinal SB and its immediate protein-water H-bond environment. The rapid assembly of a transient protein-water H-bond path from the RSB to E82/H134 suggests plasticity as anticipated for H-bond dynamic networks.
Taken together, observations above from the two MD simulations of ChR2 indicate that, as noted in previous MD simulations of microbial rhodopsins [10, 110], details of H-bonds near the retinal binding pocket could differ among monomers of homo-oligomeric microbial rhodopsins; likewise, details of some H-bonds near the retinal binding pocket could be distinct in MD vs. crystal structure. Such heterogeneity in H-bond dynamics among monomers, and differences between details of specific H-bonds in the static structure vs. MD, could be due to deficiencies in how atomistic force-fields describe retinal proteins [10, 111], and/or to the limited timescale of the simulations. Moreover, static crystal structures of retinal proteins may have limitations arising from how the refinement software used for X-ray structure modeling describe non-standard interactions such as the -electron system of the retinal, and interactions between the retinal Schiff base and charged protein groups [112].


Conclusions
H-bonds and H-bond networks are essential determinants of membrane protein structure and dynamics [31, 113, 114]. In the case of membrane transporters and receptors, H-bonds of internal charged and polar groups are often of central interest in formulating hypotheses about reaction mechanisms. Examples include internal titratable sidechains that could function as proton donor/acceptor groups in proteins that use proton transfer for function, and long-distance H-bond networks in proteins that use allosteric conformational coupling. Knowledge of H-bond motifs that are common to membrane receptors and transporters could help guide considerations of protein sidechains that could be important for protein function, and the choice of amino acid residues for further investigation with site-directed mutagenesis.
The curated data set we used for H-bond analyses contains 683 protein structures, of which 200 were solved at a resolution of 2.5Å or better. An advantage of the large number of structures included in our dataset is that it allows an overview of H-bonds present in static structures of many different proteins. A caveat of such a dataset is that proteins are chemically diverse entities [99], and H-bond dynamics depends on the local hydrophobic packing [10, 115] –such that, e.g., two inter-helical Asp-Thr H-bonds of bacteriorhodopsin, D96-T46 and D115-T90, have distinct dynamics [10]. Moreover, membrane proteins of the same superfamily may have distinct functions and different conformational dynamics: The large superfamily of Rhodopsin-like receptors and pumps includes GPCRs, known to have significant conformational dynamics [91], and microbial rhodopsins – which can function as ion channels, ion pums, or as sensors, and tend to be much more rigid. 
The protocol we presented here allowed us to evaluate efficiently the presence of H-bonds in membrane protein structures. We evaluated, for transmembrane regions of each static protein structure, the presence of ten types of H-bonds, which we selected based on previous observations of H-bonds at sites important for the functioning of model proteins. To find out whether H-bonds we identified could be part of long-distance H-bond networks of potential interest for conformational coupling, we searched for the local H-bond clusters that include H-bonds of interest, and computed linear path lengths that characterize the spatial extent of the clusters. 
With the protocol we present and the data sets we assembled for static protein structures, we found that structures from almost all protein families have an H-bond motif whereby the same Ser/Thr hydroxyl group H-bonds to an Asp/Glu sidechain and to a backbone carbonyl group (Figures 1, 2A, 2B). When present, such Asp/Glu-Ser/Thr-backbone carbonyl H-bonds tend to locate in the transmembrane core of the protein (Figure 3), and may participate in more extended H-bond clusters (Figure 4A). Such H-bonds could be particularly important for the protein conformational dynamics: intra-helical H-bonds between Ser/Thr hydroxyl groups and backbone carbonyl groups could contribute to an enhanced local dynamics of the helix [80], and inter-helical Asp/Glu-Ser/Thr H-bonds could help couple protonation change with protein conformational dynamics [11].
Whereas only a subset of protein structures have H-bonds between Asn and Asp sidechains, many proteins have Asp-Ser/Thr and Asn-Ser/Thr H-bonds (Figure 2). To the extent that an Asn sidechain resembles Asp H-bonding, the findings on Asn and Asp H-bonding could be interpreted to suggest that Asp-Ser H-bonding may occur for both charged and neutral Asp sidechains. Pairs of H-bonded His sidechains are rarely present, which could be due to the relatively small frequency of His sidechains being present within the transmembrane core of membrane proteins, and/or to limitations of the protein datasets we used.
At room temperature in a fluid lipid membrane environment, protein H-bonds which are part of local H-bond clusters can break and reform rapidly, such that H-bonds other than those indicated by the static structure can be sampled, whereas other H-bonds present in the crystal structure might be sampled infrequently; such complex dynamics can be difficult to anticipate based on inspection of static protein structures [31]. Most of the H-bonds we investigated for the crystal structure of Aqy1 were robust during dynamics at room temperature, being sampled in all four Aqy1 monomers for two different protonation states of two His sidechains, and in two different lipid membrane environments. By contrast, selected H-bonds near the retinal chromophore of ChR2 sampled somewhat different dynamics in the two protein copies of the homo-dimer; moreover, the dynamics of active-site H-bonds were altered when the geometry of the chromophore was changed. These results from MD simulations of ChR2 could be interpreted to suggest a potentially reduced robustness of H-bonds observed in static structures of proteins that bind cofactor molecules. For such proteins, accurate description of H-bonding may require improved representation of cofactors in software used for crystallographic refinement, and in force field simulations.
The data sets of static structures provide an overview of H-bond motifs in a relatively large number of static protein structures. The methodology we implemented here could be extended to other H-bond types and protein data sets of interest to derive a more complete picture of relationships between H-bonds and H-bond networks in static protein structures and room temperature simulations. The protocol we used to eliminate multiple structure entries of the same protein accounts for redundancies in protein structure entries; a future improvement of the protocol could include an automated sequence alignments such that the length of the protein construct used to solve the structure is accounted for, and only the structure of the longest, i.e., most complete construct, is considered. 
Our analyses focused on ten types of H-bonds typical for membrane proteins. Other types of interactions of potential interest include weak CH…O interactions, important for protein-protein interactions [116], CH… interactions, thought to be important for protein stability [117], water-mediated H-bond bridges in membrane receptors such as GPCRs [15, 118, 119], lipid-protein interactions [120, 121], and interactions between membrane proteins and ligands.
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