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Abstract

Changes in inter-helical hydrogen bonding are associated with the conformational dynamics of
membrane proteins. The function of the protein depends on the surrounding lipid membrane. Here
we review through specific examples how dynamical hydrogen bonds can ensure an elegant and
efficient mechanism of long-distance intra-protein and protein-lipid coupling, contributing to the
stability of discrete protein conformational substates and to rapid propagation of structural
perturbations.
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[. Introduction

Membrane proteins (MPs) function in the complex environment of the lipid membrane.
There, protein atoms interact not only with each other and with water, but also with atoms of
the surrounding lipid molecules. Hydrogen-bonding (H bonding) interactions—which form
between a hydrogen atom covalently bound to an electronegative atom, and another
electronegative atom—are of paramount importance for the assembly, structure, and
functioning of membrane proteins. Discussions of MP H bonds tend to focus on the
energetics of H bonding in membrane protein folding [1] and structure formation [2]. Here
we focus instead on the role of H bonds in MP functions. In particular, we consider how MP
function depends upon networks of H bonds and their dynamics. We discuss examples,
largely from our laboratories, of H-bonding networks within functionally different a-helical
membrane proteins and the complexity of the networks arising from H bonds between
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helices and between helices and the lipid membrane. Finally, we consider the relationship
between hydrogen bonding and the conformational dynamics of membrane proteins.

Il. Networks of “static” hydrogen bonds in membrane protein crystal
structures

An analysis of a relatively small set of 134 TM helices in 13 a-helical protein structures
indicated that almost each TM helix was connected via H bonding to the most proximal
helix [3]; albeit helices with more than one H-bonding cluster were also observed, most
inter-helical H bonds observed were between two amino acids from the two helices. Because
each helix is likely H-bonded to a nearby helix then, even if each pair has only one H bond,
a more complex picture arises in which the TM helices of the protein are interconnected via
direct or indirect H bonds (Figure 1A). The dynamic breaking and forming of H bonds,
allowing the TM helices to exchange H bonding partners, can only add to the complexity of
this picture. Do such dynamical inter-helical H bonded networks exist? We show here that
such dynamical interconnections do exist and, when present, they likely participate in
controlling the conformational dynamics of TM proteins. We depict in Figure 2 examples of
different classes of membrane proteins in which we have identified networks of H bonds
that interconnect TM helices. These inter-helical H-bond networks ensure coupling of key
structural elements to remote regions of the protein.

The AHA2 plasma membrane proton pump is a member of the P-type ATPase family.
Proteins from this family couple the hydrolysis of Adenosine Triphosphate (ATP) with
large-scale conformational changes and pumping of cations across the membrane. In AHA2,
the central proton donor and acceptor group on TM9 D684 is within hydrogen-bonding
distance from N106 of TM2 (Figure 2A). TM2 also contains D92, one of the acidic groups
proposed as putative proton release groups [4]. The close interaction between D92 and E808
(N. Bondar, work in progress) ensures coupling of TM2/TM9 to the TM7-TM8-TM9
segment of the protein. That is, the inter-helical H-bonding connections ensure that the
protonation states of D684 and D92 can be relayed to remote distances in the protein, and
that changes in protein structure and dynamics can be relayed to the local environment of the
proton transfer groups, modulating their electrostatic environment.

SecYER is the protein translocation channel (translocon) found in the plasma membrane of
prokaryotes. There, SecYEP is the central component of a larger secretion machinery that
ensures that newly-synthesized proteins targeted to the SecY pathway are either secreted
into the periplasm or inserted into the plasma membrane. The selection process appears to be
based on biophysical principles of partitioning between the membrane and the translocon
[5-7]. Release of TM helices into the lipid membrane is thought to occur via the lateral
opening of helices TM2 and TM7 (Figure 2B) [8-10]. We have found that SecYEP has a
remarkable network of inter-helical H bonds: no fewer than 70 H bonds that interconnect
different structural elements of the translocon, and each of the TM helices has at least one
inter-helical H bond (Figure 1B) [11]. Importantly, the gate helices TM2 and TM7 are
interconnected via H bonding with each other, and with TM3 (Figures 1B, 2B). The
presence of this central cluster of H bonds, and the extensive inter-helical H bonding of the
translocon, couple the heart of the translocon to the remaining parts of the machinery.

The GIpG rhomboid protease from E. coli is a model system for understanding
intramembrane proteolysis, a fascinating process in which a membrane-embedded protein
cleaves other TM segments [12-18]. Although the function of GlpG is completely different
from that of SecY, there is a remarkable symmetry in their mechanism of action: whereas
SecY must open a lateral helical gate to release TM substrates into the surrounding lipid
membrane, in GIpG the lateral gate helix TM5 opens towards the membrane to admit the
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TM substrates for docking and cleavage. That is, both SecY and GIpG are helix-gated
membrane proteins.

The flexible TM5 gate helix of GlpG is not involved in inter-helical H bonding, but it has
been noted that it connects to TM2 via hydrophobic interactions [19-22]. On the other hand,
TM2 is part of an H-bonding cluster with TM1 and TM3; TM3 is further connected to TM4
and TM6, which carry the catalytic groups, and to loop L1 (Figure 2C)—a loop that may
play important structural [23] and lipid-sensing roles [22]. TM3 of GlIpG could thus be seen
as having a similar role as that of TM3 in SecY (Figure 1B), serving as a key node in the
network of H bonds that couple different regions of the protein.

Bovine rhodopsin is a prototype for the rhodopsin family of G-Protein-Coupled Receptors
(GPCRs). In the absence of light, the protein is covalently bound to the 11-cis retinal
cofactor via a protonated Schiff base; absorption of light by the retinal chromophore triggers
conformational changes of the protein that ultimately lead to the active state of the receptor,
in which binding to the G protein occurs. More than 70% of the GPCRs of the rhodopsin
family contain the sequence (D/E)R(Y/W) on TM3 [24]. Amino acids E134 and R135 of
this conserved motif form the so-called ionic lock with TM6 amino acids E247 and T251
(Figure 2D). The ionic lock stabilizes the inactive conformation of the GPCR [24, 25], and
controls the energetics of the transition between the active and inactive states of bovine
rhodopsin [26]. TM7 connects to TM6 [26], which connects to TM3 that is part of a network
involving TM5, TM2, TM1, and TM4 (Figure 2D). It thus appears that TM3, which harbors
not only amino acids from the ionic lock, but also the E113 counterion of the protonated
retinal Schiff base, is interconnected to other regions of the protein via H bonding (Figure
2D). Changes in H bonding between TM3 and TM5 have been associated with the formation
of the active state of rhodopsin [27].

The above discussion of H-bond networks that interconnect critical regions of the protein to
other structural elements is largely based on the analysis of static crystal structures.
Although the H bonds observed in crystal structures are undoubtedly important in the
function of the protein in the native membrane environment, the dynamics of complex H-
bonded networks and how these networks may respond to perturbations (such as mutations
or variations in the lipid membrane environment) cannot be determined from
crystallographic structures without the help of molecular dynamics (MD) simulations. In
what follows, we will use the results from MD simulations of the SecYEP protein translocon
and the GIpG rhomboid protease to illustrate the complex dynamics of inter-helical
networks of H bonds, the dependence of the H-bond dynamics on the lipid membrane
environment, and how extensive H-bonding networks can control the conformational states
of membrane proteins. We begin with a brief introduction to MD simulations.

lll. Hydrogen bond interactions can be extracted from MD simulations

Membrane proteins in their native membrane environments are not static as observed in
crystal structures. Rather, they are dynamic. MD simulations are crucial for understanding
H-bond dynamics, because they allow us to extend the observational range of the
experiments by reconstructing the physiological lipid membrane environment of solvated
membrane proteins, and consequently to investigate dynamics in atomic detail. A molecular
mechanics (classical) MD simulation consists of solving numerically the classical equations
that describe the motions of all particles of the system—the protein, lipid, and water atoms,
and ions [28]. One obtains from simulations trajectories that describe the evolution in time
of the coordinates of all the atoms of the system (generally at room temperature) for a finite
period of time. The resulting MD trajectories can be used to dissect interactions between
atoms. Currently, typical all-atom simulation times are 50-100 nsec long, but psec times can
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be achieved for small systems at elevated temperatures using modest processors [29].
Emerging processor technology [30] will soon make it possible to achieve routinely 10 psec
time scales and beyond for membrane proteins [31, 32] and msec time scales for small
soluble proteins [33, 34].

Starting with the crystallographic coordinates, the first step in the simulation of a membrane
protein is to insert it into a lipid bilayer composed of the lipids of interest. To perform the
insertion, the centers of mass of the bilayer system and the protein are made to coincide by
aligning the protein's transmembrane principal normal to the bilayer, followed by removal of
lipids that overlap the protein. The system must then be equilibrated. In short, the protein is
first restrained to allow the bilayer to relax around it. Then the restraints are slowly removed
until the system runs freely. Besides the composition, the temperature and pressure of
system are held constant using standard algorithms. The system is allowed to run until it is
well equilibrated as judged by the stability of the simulation box with periodic boundary
conditions. To illustrate the kind of information on H bond dynamics that can be gleaned
from MD simulations, we consider two examples from our laboratories: Prolonged MD
simulations of the SecYEG protein translocon [11] and of the GlpG intramembrane protease
[22]. Those papers should be consulted for the technical details of the simulations. A brief
description of the protocol used for MD simulations of GIpG and SecY is given in the
legend of Figure 2.

IV. The dynamics of inter-helical H-bonding networks can be very complex

In the crystal structure of the M. jannaschii SecY protein translocon [9], amino acids T80,
E122 and N268 of the central H-bonding cluster are interconnected via H-bonds
characterized by distances of 2.6A to 3.2 A (Figure 2B). The static distance between W272
and E122 (4.4 A) is somewhat long for an H bond. The MD simulations of the translocon at
room temperature revealed a much more complex picture [11]: only one of the H bonds of
the TM2-TM3-TM?7 cluster, formed by sidechains of T80 and N268, is stable throughout the
entire simulation (Figure 3A). The dynamics of the other sidechain:sidechain distances have
a stable pattern in which H bonds are broken and reformed (Figure 3B-D). The breaking and
re-forming of an H bond within this cluster can take between picoseconds to nanoseconds
and tens of nanoseconds. W272 H bonds transiently to E122 (Figure 3C). E122 appears as a
key player in this cluster; it can have two H bonds with N268 (one for each carboxylic
oxygen atom), and it also H bonds with T80 and W272. The complexity of the interactions
mediated by E122 is reflected in the existence of two or even three sub-conformers of SecY
characterized by different distances between E122 and N268 (Figure 4B), E122 and W272
(Figure 4C), and between E122 and T80 (Figure 4E). Because the breaking and forming of
the H bonds is very fast — that is, the energy barriers separating the sub-conformers are small
and can be overcome easily — the overall structure of the protein remains stable; indeed, in
MD simulations at room temperature the root-mean squared distances of the TM region of
SecY relative to the starting crystal-structure coordinates was stable at ~2A [11].

The central role of E122 is supported by our observations that this amino acid is highly
conserved as Glu in archaea, as GIn or Glu in eukarya, and largely as Gln in bacteria [11].
Within the data set used for the sequence analyses, E122 is highly conserved. E122 is never
replaced by an Asp sidechain, suggesting that a long sidechain at position 122 is required for
mediating inter-helical H bonds. The replacement of E122 by GlIn in bacterial SecY is
accompanied by the absence of the N268 sidechain [11]. One would thus expect that the
dynamics of the TM2-TM3-TM?7 helices in bacterial SecY to be different from that of the
archaeal SecY discussed here.
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The complex pattern of H bonding dynamics of the TM2-TM3-TM7 cluster in SecY could
not have been foreseen from the crystal structure alone. Furthermore, it appears that the
dynamics of the inter-helical H bonds can depend on the lipid interactions.

In extensive MD simulations of GIpG, we observed that the dynamics of the H-bonded
network that interconnects helices TM1, TM2, and TM3 (Figure 2C) is different in lipid
membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)
compared to 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE): the
TM2:TM3 H bond mediated by E166 and S171 is stable at 2.6 + 0.1A in POPE, whereas in
POPC it breaks and reforms rapidly throughout the 35ns MD, being present only for ~50%
of the time.

The observation that the dynamics of the inter-helical H bonds can depend on the
composition of the lipid membrane is important, because there is increasing evidence from
experiments on various membrane proteins that changes in the lipid membrane composition
can affect protein function, or that a protein can function only if certain lipids are present.
For example, the E. coli GIpG rhomboid protease is active when reconstituted in PE lipids,
but not in PC [35]. Proper functioning of the secondary multidrug transporter LmrP requires
H bonding between a surface-exposed Asp and the PE lipid membrane, and is incompatible
with PC lipids [36]. Anionic lipids enhance significantly binding of the SecY translocation
channel to the SecA motor of the translocase machinery [37], and direct lipid:protein
interactions are certainly involved in the recognition of TM helices by the translocon [5-7].
The energetics of the transition between the active and inactive states of visual rhodopsin
depends on the composition of the lipid membrane [38]. Lipids can have conserved binding
sites on the protein surface [39], and bind tightly to these specific sites [40].

The mechanisms by which the lipid membrane composition affects the functioning of the
membrane protein are not yet entirely clear. Because changes in inter-helical H bonding can
be associated with protein conformational transitions, differences in the dynamics of inter-
helical H bonds [22] could contribute to the observed effects of the lipid membrane
composition on membrane protein function. The question then is why would the dynamics
of inter-helical H bonds—or of the entire protein—depend on the lipid membrane? The
location of the GIpG inter-helical H bonds relatively close to the helix termini—and thus
close to the lipid headgroup region—could be used as an argument to suggest that simple
electrostatic effects are important. That is, different lipid headgroups would create a
different electrostatic environment for the inter-helical H bonds. Although it certainly is true
that different lipid headgroups would provide different electrostatic environments, the
effects of the lipid membrane composition on protein dynamics, and in particular on its H-
bonding interactions, can be rather complex.

V. The lipid membrane affects membrane protein H-bonding interactions

Several excellent reviews of the mechanisms by which lipids influence protein function have
been published in the last several years [41-43]. These reviews noted, for example, that
different lipid membrane compositions could imply differences in the macroscopic
properties of the membrane (viscosity, phase transition, lateral pressure), but also
differences in specific protein:protein and protein:lipid interactions [41]. The MD
simulations reviewed by Jensen and Mouritsen [42] illustrate at atomic detail how changes
in the lipid headgroups influence the formation of a water wire inside the GIpF channel.

The close coupling between GIpG and the lipid membrane that is necessary for docking and
cleaving the TM substrate makes GIpG a challenging model system for understanding the
general physical principles of how lipids modulate protein function. We use here GlpG to
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illustrate how complex the molecular picture of protein:lipid interactions can be when one
accounts for dynamics.

Crystal structure analyses in which electron densities for detergent and/or lipids could be
observed have provided valuable glimpses into the possible interactions of GIpG with the
membrane [44]. The electron densities observed by Wang et al. [44] indicated that the
membrane is very thin close to the protease. Vinothkumar [45] has shown in atomic detail
how lipids adapt to the surface features of GIpG to match its varying hydrophobic thickness.
Indeed, significant nonuniform thinning of the membrane close to the protease was revealed
by detailed MD simulations of GlpG in hydrated lipid membranes [22].

The thinning of the membrane (Figure 5) occurs as the lipid molecules mold to the small
hydrophobic thickness and rather unusual shape of GlpG (Figures 2C, 5). Although thinning
of the membrane is observed with both POPC and POPE lipids [22], there are significant
differences in how POPC and POPE interact with GIpG, and the H-bond dynamics of GIpG
depends on the lipid membrane environment. The difference comes from the fact that the
critical loop L1, and the cap loop thought to control access to the catalytic site contain polar
amino acids located at the lipid headgroup interface.

E134 of L1, H bonds tightly to a POPE lipid (Figure 5A); as a result of the E134:POPE H
bond, water molecules cannot penetrate into the lipid bilayer. In POPC, however, the
E134:lipid headgroup interaction is water-mediated, and water molecules move deeper into
the membrane, where they replace the Y138:K132 H bond with protein:water interactions.
As aresult, L1, is locally less structured in POPC than in POPE. A dependence on the lipid
membrane environment was also observed for lipid H bonding of other amino acids located
on the GIpG surface [22].

The H-bonding connectivity between L1, and TM3 implies that the structure and dynamics
of the loop is coupled to that of TM3, and can affect the dynamics of the H-bonding network
mediated by TM3 (Figure 2C). This was indeed observed in the MD simulations [22].
Because TM3 H bonds to TM2, which contributes to the substrate-docking site, the
extensive coupling via H bonds mediated by TM3 and the sensitivity of L, to the lipid
environment could represent (or be part of) the mechanism by which the protein is tightly
coupled to the lipid membrane. That is, the protein has at least one structural element that
can H bond to both lipid and protein groups. H bonding to the lipid ensures that the local
protein structure and dynamics depends on the composition of the lipid membrane; the intra-
protein H bond couples the structure and dynamics at the protein:lipid interface to remote
regions of the protein.

Tight H-bond-mediated coupling between the protein and the surrounding lipid membrane
was also observed in the case of the SecY protein translocon [11]. Amino acid E336 is
located on the cytoplasmic tip of TM8 (Figure 2B), where it participates in an H-bond
cluster that includes TM2, TM3, and TM8 [11]. It has been shown by experiments that
mutating to Arg the corresponding E382 in yeast increases the translocation of protein
segments with more positively charged ends [46]. Direct changes in the electrostatic
interactions between SecY and the translocating protein segments could contribute to the
observed changes in peptide translocation [46]. But simulations on the E336R mutant of the
M. jannaschii translocon indicated that R336 H bonds to a lipid headgroup instead of
participating in the TM2-TM3-TM8 H bond network; the structure and internal solvation of
the mutant are different from those of the wild-type translocon [11]. The presence of the
extensive H-bonded network interconnecting the TM helices and the loops of the translocon
(Figure 1B) likely explains why the protein structure and water interactions change when an
H bond from an inter-helical H bond cluster is replaced with a lipid H bond.
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VI. Conclusions

Inter-helical H bonding of TM membrane proteins can ensure an elegant and efficient
mechanism for long-distance coupling within the protein. The coupling can be easily
extended to the surrounding lipid membrane via a structural element that H bonds both to
the membrane and to the protein.

The H bonds interconnecting TM helices can have a complex dynamics that can be assessed
with MD simulations, but not from visual inspection of a static crystal structure. Inter-helical
H bonds can be very stable, or can have a stable pattern of breaking and reforming with
timescales ranging from picoseconds to nanoseconds and tens of nanoseconds (Figure 3). An
important question that emerges from the observation of such H-bonding patterns is how the
breaking and reforming of H bonds on the nanosecond timescale relate to the large-scale,
slow global structural rearrangements that may be required for protein function. Based on
the analysis discussed here, we suggest that the clusters of H bonds that inter-connect TM
helices of membrane proteins contribute significantly to controlling protein conformation.

In the absence of perturbations, the clusters of H bonds help stabilize stabilizing protein
conformation. Although an H bond may break and reform rapidly, without a high energetic
cost, during the time that that particular H bond is broken the H-bonding partners H bond
with other groups within the cluster. For example, while T80 and N268 are engaged in a
stable interaction (Figures 3A,4A) E122 interacts mostly with N268 at time ~65ns (Figure
3B), and with T80 at time ~80ns (Figure 3E). The overall protein structure is maintained.

Conformational dynamics is essential for enzyme function. Changes in the preferred
geometry occur along the enzyme reaction cycle - for example, upon binding of a ligand.
Importantly, the enzyme can sample conformations similar to those in the ligand-bound state
even in the absence of the ligand; binding of the ligand would then simply shift the enzyme's
conformational equilibrium towards the active, ligand-bound form [47]. The slow collective
motion of lid opening may be facilitated by fast ps-ns dynamics at local hinge sites of the
enzyme [48]. As discussed below, we think that networks of inter-helical H bonds with
distinct conformational modes (as the example in Figure 4) may presage shifts in the
population of the conformational states sampled along the protein functional cycle.

SecY helices TM2 and TM7 are expected to undergo motions that would allow opening of a
lateral gate towards the lipid membrane [8-10]. One would thus expect that at least some of
the inter-helical H bonds of TM2 and TM7 (Figures 1B, 2B&3) would break when the
translocon opens towards the membrane. TM3, which H bonds to the both TM2 and TM7, H
bonds with additional regions of the translocon (Figure 1B); the extensive H bonds of TM3
would indicate that large-scale motions of TM3 are unlikely to accompany lateral opening of
the translocon. Since the H bonds between TM3 and TM7 are relatively weak (Figures 3B—
D, 4B-D), and in the closed state of the translocon TM3-E122, TM7-N268 and TM7-W272
side-chains already sample conformations in which the E122:N267 and E122:W272 are too
long for TM3:TM?7 inter-helical H bonds, one could expect that lateral opening of the
translocon could involve breaking of the TM3:TM7 H bond. Breaking of the TM3:TM7 H
bond would mean enhanced dynamics of TM7, and thus a de-stabilization of the TM2:TM7
H bond (Figure 4A) with a shift towards a conformer in which TM7 is free of H bonds with
TM2 and TM3, while the TM3:TM2 H bond (Figure 4E) may still be present.

Our proposal that the pattern of H bonding in the central TM2-TM3-TM?7 predicts
qualitatively conformational changes associated with translocon opening appears to be
supported by inspection of crystal structures thought to represent snapshots of the translocon
along its opening path (Figure 6)—the bacterial T. maritima translocon in its open SecA-
bound state [49], the Fab-bound pre-open T. thermophilus translocon [50], and the P.
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furiosus translocon structure solved from a crystal in which the C-terminal a-helical region
of one SecY copy is bound to the cytoplasmic region of another SecY copy [51]. In these
three structures binding of the ligand (SecA, Fab segment, or C-terminal region of another
translocon) is associated with changes in how the TM2, TM3, and TM7 helices interact with
each other: TM7 is away from TM2 and TM3, but TM2 remains relatively close to TM3.
The distance between the groups corresponding to the M. jannaschii T80:E122 H bond are
3.4A in T. maritima (T83:Q131), 4.7 A in T. thermophilus (T82:Q126), and 3.3 A in P.
furiosus (T83:E125).

The dynamics of the inter-helical H bonds appear to be coupled to the overall
conformational dynamics of the protein. Marginally stable H bonds (that is, bonds that
rapidly break and reform) could contribute to the structural and dynamical stability of the
protein in the absence of perturbations. Once the membrane protein is perturbed, however,
these H bonds may be rapidly rearranged to help stabilize a new conformation. The
perturbation could be binding of a substrate, mutation, or changes in the lipid membrane
composition.
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Figure 1.

Hydrogen bonds (H bonds) interconnect TM helices. (A) Schematic representation of TM
H-bond interconnections with TM helices depicted as cartoons, and H bonds as dashed lines.
One or more H bonds can interconnect pairs of TM helices. Note that TM2 is a connectivity
node; it interconnects the TM1-TM2-TM3-TM4 and TM5-TM6-TM7 segments of the

protein. (B) Interconnectivity map of the SecYEG protein translocon. Note that TM3

connects the gate helices TM2 and TM7 to other regions of the translocon. Panel B is

modified from Bondar et al. [11].
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Figure 2.

Examples of networks of H bonds that interconnect TM helices of different classes of
membrane proteins. Only selected H-binding amino acids sidechains are depicted explicitly.
Each panel is accompanied by a schematic representation of the inter-helical connections
mediated by H bonds. (A) The AHA2 P-type plasma membrane proton pump (PDB ID:
3B8C). For simplicity, TM helices that do not participate in the H bonds depicted explicitly
are shown as transparent gray ribbons. (B) The central cluster in the SecYE protein
translocon (PDB ID: 1RHZ). E122 of TM3 mediates a cluster of H bonds that involve amino
acids of the gate helices TM2 and TM7; E122 is highly conserved as Glu in archaea and
eukarya, and present mostly as Gln in bacteria [11]. (C) The rhomboid intramembrane
protease (PDB ID: 2IRV). The catalytic groups Ser201 and His254 are shown as yellow and
purple surfaces, respectively. (D) Bovine rhodopsin with the retinal cofactor shown as black
bonds (PDB ID: 1U19). E134 and R135 are part of the conserved E(D)RY motif. At 3.9 A
the distance between the E122 and H211 sidechains is somewhat long for an H bond, but in
a flexible protein environment that distance could easily sample H-bonding values. The
molecular graphics images in panels A-D were prepared using the VMD software [52]
based on published crystal structures [4, 9, 19, 53]. The simulations of SecYEf and GIpG
were performed using the CHARMM [54] force field parameters for the protein [55] and
lipid [56] atoms, and the TIP3P water model [57]. The length of the bonds involving H
atoms are constrained using the SHAKE algorithm [58], the short-range interactions are cut-
off at 12 A using a switching function between 8A and 12A, and the Coulomb interactions
are computed using the smooth particle mesh Ewald summation [59, 60]. Langevin
dynamics were used to maintain the temperature constant at 300K (POPC lipids) or 310K
(POPE lipids), and a Nosé-Hoover thermostat [61, 62] for keeping the pressure at 1bar.
After an initial equilibration with weak harmonic constraints (2kcal mol~ to 5 kcal mol™1)
and an integration step of 1fs, we switched off all harmonic constraints and used the
reversible multiple time-step algorithm [63, 64] with integration time-steps of 1fs for the
bonded-forces, 2fs for the short-range non-bonded forces, and 4fs for the long-range
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electrostatic forces. MD simulations of GIpG were based on the crystal structure of Ben
Shem et al [19]; the simulation systems comprised ~160,000 atoms (~500 lipid molecules,
solvent water, and ions for charge neutrality). In the MD simulation of the SecYEG
translocon we used the crystal structure of VVan den Berg et al. [9] for the protein atoms, and
a patch of 475 POPC lipids (217,820 atoms including solvent water and ions for charge
neutrality).
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The dynamics of inter-helical H bonding can be highly complex. Illustration of the dynamics
of the inter-helical H bonds in the central cluster (TM2-TM3-TM7) of the SecY protein

translocon. The dynamics of the H bonds are monitored here by the time-dependent

distances between the heavy atoms of the H bond donor and acceptor groups. All distances
are reported in A. Panels B and D illustrate H bonding of N268 to the two carboxyl oxygen
atoms of E122. Distances < 3.5A are considered here as H-bonding distances. We used for
this analysis the last 80ns of the trajectory. See Figure 2B for a molecular picture of the

central H-bonding cluster. The complex dynamics of the inter-helical H bonds in wild-type

SecY was discussed in [11]. The protonation state of His amino depends on the local
electrostatic environment [65]. In the MD simulation of the wild-type translocon from
Bondar et al. [11], we modeled all His amino acids in the N&1 tautomeric state; that

simulation was prolonged to 49.3ns. The time-series of H bonds presented here are from a
new ~100ns trajectory in which the His amino acids were modeled in the Ne2 tautomeric

state; test distance analyses from the prolonged MD trajectory of the SecY translocon

confirm the complex dynamics of the inter-helical H bonds observed in [11].
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Distribution of sidechain distances in the TM2-TM3-TM7 cluster of the SecY translocon.
Histograms were calculated using the time-series presented in Figure 3, for the range of

values between 2A and 10A, with a bin size of 0.08A (i.e., 100 bins). All distances are
reported in A. Note that the distribution of the N268:T80 distances is slightly skewed
towards non-H-bond distances; the skew towards large distances is more pronounced for the
E122:N268 distance in panel D.
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Figure 5.

Lipid and intra-protein H bond coupling in GIpG. The active site groups S201 and H254 are
shown as yellow and purple surfaces, respectively. Loop L1» H bonds to the POPE lipid
membrane via E134, and to the protein via the L;,-H141:TM3-A182 H bond. TM3 further
connects via H bonding to TM1, TM2, TM4, and TM6 (see also Figure 2C). TM2 is
connected to the gate helix TM5 via hydrophobic interactions; these interactions are
illustrated schematically by the transparent blue van der Waals spheres on TM2 and TM5,
which represent the Co atoms of amino acids L161, W157, and F153 TM2, and L229, F232,
W236 on TM5. The sidechain:backbone interaction between D243 and M247 is
significantly more stable in POPE than POPC lipids [22]. In a POPC lipid bilayer the H
bond between the Y138 sidechain and the K132 backbone is broken as water molecules
penetrate deeper into the lipid membrane. Figure 5 is modified from Bondar et al. [22].
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Figure 6.

H bonding in the central TM2-TM3-TM?7 cluster of SecY is coupled to SecY's
conformation. The TM2, TM3, and TM7 helices with selected amino acid residues are
depicted for the M. jannaschii SecY translocon in the closed state [9] (A), and for the
structures thought to represent SecY open to various extents: the Fab-bound T. thermophilus
[50] (B), the archaeal P. furiousus bound to the C-terminal fragment of another SecY copy
[51] (C), and the SecA-bound T. maritima translocon [49] (D). Note that in the various open
structures TM2 and TM3 remain relatively close to each other, whereas TM7 moves away
from TM2/TM3. M. jannaschii E122 is conserved as Glu in the archaeal P. furiosus SecY
(panel C), but replaced by a GlIn in the bacterial T. thermophilus and T. maritima translocons
(panels B&D). S281 of T. maritima SecY is part of an array of Ser/Thr groups along TM7
[11]. In the closed state of the T. maritima SecY, the short sidechain of S281 and the
presence of a Gln instead of a Glu at position 131 could make H bonding to T83/Q131
weaker than in the corresponding M. jannaschii cluster. That is, the extent to which the
translocon opens and the kinetics of translocon opening may be different in archaeal vs.
bacterial translocons.
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