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a b s t r a c t

Long-distance proton transfers by proton pumps occurs in discrete steps that may involve the direct par-
ticipation of protein sidechains and water molecules, and coupling of protonation changes to structural
rearrangements of the protein matrix. Here we explore the role of inter-helical hydrogen bonding in long-
distance protein conformational coupling and dynamics of internal water molecules. From molecular
dynamics simulations of wild type and nine different bacteriorhodopsin mutants we find that both intra-
and inter-helical hydrogen bonds are important determinants of the local protein structure, dynamics,
and water interactions. Based on molecular dynamics and bioinformatics analyses, we identify an aspar-
tate/threonine inter-helical hydrogen-bonding motif involved in controlling the local conformational
dynamics. Perturbation of inter-helical hydrogen bonds can couple to rapid changes in water dynamics.

� 2014 Published by Elsevier Inc.

1. Introduction

Membrane-embedded proton transporters use titratable pro-
tein groups and internal water molecules to transfer protons across
cell membranes. The movement of ions is controlled by gates
(Gadsby, 2009) – protein structural elements that can sample
two conformations, open and closed, thus controlling accessibility
of ions to the protein (Gadsby, 2009; Gora et al., 2013). The dynam-
ics of structural elements that may function as gates must couple
to the protonation dynamics and to the dynamics at remote re-
gions of the protein, such that the transporter coordinates the
sequential steps of proton uptake, movement of protons across
the protein, and proton release. To assess the role of inter-helical
hydrogen bonding in the conformational dynamics of a proton
transporter, we performed extensive molecular dynamics simula-
tions of bacteriorhodopsin trimers embedded in hydrated lipid
membranes and explored the response of the protein and water
dynamics to mutations that affect hydrogen bonding.

The light-driven proton-pumping cycle of bacteriorhodopsin in-
cludes five distinct proton-transfer steps during which a proton is
pumped from the cytoplasmic to the extracellular side of the mem-
brane. A complete reaction cycle takes approximately 10–15 ms
(Edman et al., 1999; Hatcher et al., 2002; Lanyi, 1999). In the first

step the retinal Schiff base proton is transferred to the nearby D85
on the extracellular side (Fig. 1B), then a proton is released from an
extracellular proton-release group, followed by reprotonation of
the retinal Schiff base from the cytoplasmic D96, proton uptake
from the cytoplasm by D96 and, in the fifth and last proton transfer
step, transfer of the proton from D85 to the extracellular proton re-
lease group (for a review see, e.g., Lanyi, 1999). The distance be-
tween D96 and the retinal Schiff base, �11 Å, is too large for a
direct proton transfer, and the transfer of the proton from D96 to
the retinal Schiff base during the millisecond-timescale transition
from the M to the N intermediate is thought to couple to the tran-
sient assembly of a water wire in the cytoplasmic channel of the
pump (Cao et al., 1991; Lanyi, 1999; Sass et al., 2000; Schobert
et al., 2003). Though thermodynamically allowed (Roux et al.,
1996), a continuous cytoplasmic water wire is not observed in
crystal structures of the resting-state of the pump (Belrhali et al.,
1999; Luecke et al., 1999); cytoplasmic water molecules are pres-
ent in some of the crystal structures of bacteriorhodopsin deproto-
nated retinal states (Kouyama et al., 2004; Sass et al., 2000;
Schobert et al., 2003).

Since waters are required for long-distance proton transfers in
the cytoplasmic channel, the observation from experiments that
specific site-directed mutations alter the kinetics of proton
transfers – e.g., Y57F (Govindjee et al., 1995), D85E (Butt et al.,
1989; Heberle et al., 1993), or R82A (Balashov et al., 1993; Otto
et al., 1990) – raises the important question as to whether the
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Fig.1. The wild-type bR trimer in a hydrated lipid membrane. (A) System setup: View from the cytoplasmic side. The trimer is shown with the monomers colored in green,
orange, and black cartoons; the retinal molecules covalently bound to K216 are shown as blue bonds. Lipid molecules are shown with phosphate atoms in yellow, nitrogen –
blue, oxygen – red, and carbon atoms – cyan. Oxygen atoms of water molecules on the extracellular side are shown as transparent silver spheres. (B) Selected hydrogen bonds
at the D96 and D212 sites. The image is prepared based on the crystal structure from Luecke et al. (1999). (C) Selected inter-helical hydrogen bonds and water molecules at
the end of Sim1. The water oxygen atoms within 3.5 Å of the amino acid residues shown explicitly are depicted as small magenta spheres. Both in the starting crystal structure
and at the end of Sim1 there are three water molecules within hydrogen-bonding distance from D85/D212. For clarity, hydrogen atoms are not shown. (D) Root-mean-square-
distance (rmsd) profiles for the Ca atoms of the transmembrane helical segments during Sim1. (E) Dynamics of the T46–D96 and T47–F27 hydrogen bonds. The D96 proton
resides on the Od2 carboxyl oxygen atom. We plot as time-series the distances that meet the hydrogen-bonding distance criterion of 63.5 Å during Sim1 for one monomer.
We give the percentage of the non-constrained simulation during which there is hydrogen bonding. (F) Schematic representation of selected hydrogen bonds and their
dynamics in one of the wild-type protein monomers (Sim1). Dotted lines indicate hydrogen-bonding interactions; real numbers along the dotted lines give the percentage of
time when a hydrogen-bonding distance is sampled. For additional data on the other two monomers see Fig. S3. For all molecular graphics we used VMD (Humphrey et al.,
1996). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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