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Microbial rhodopsins are membrane proteins that use the energy absorbed by the
covalently bound retinal chromophore to initiate reaction cycles resulting in ion
transport or signal transduction. Thousands of distinct microbial rhodopsins are
known and, for many rhodopsins, three-dimensional structures have been solved
with structural biology, including as entire sets of structures solved with serial
femtosecond crystallography. This sets the stage for comprehensive studies of
large datasets of static protein structures to dissect structural elements that
provide functional specificity to the various microbial rhodopsins. A challenge,
however, is how to analyze efficiently intra-molecular interactions based on large
datasets of static protein structures. Our perspective discusses the usefulness of
graph-based approaches to dissect structural movies of microbial rhodopsins solved
with time-resolved crystallography.
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Introduction

Microbial rhodopsins belong to a large family of seven-helical membrane proteins in which
photo-isomerization of the covalently-bound retinal molecule triggers reaction cycles resulting
in ion transfer or photo-sensing (Govorunova et al., 2017). The diversity of biological functions
performed by microbial rhodopsins underlines their importance to dissect sequence-structure-
function relationships. Moreover, some of the microbial rhodopsins are used as optogenetic
tools to control the membrane potential of excitable cells (Zhang et al., 2006; Gunaydin et al.,
2010; Berndt et al., 2011; Kandori, 2020). Decades of studies have led to a detailed
understanding of the general principles of action of microbial rhodopsins—for
comprehensive reviews, see, e.g., refs. (Lanyi, 1999; Heberle, 2000; Balashov and Ebrey,
2001; Herzfeld and Lansing, 2002; Kandori, 2004; Wickstrand et al., 2015; Bondar and
Smith, 2017; Govorunova et al., 2017; Kandori, 2020; Brown, 2022). Here, we focus on the
usefulness of graph computations to evaluate structural changes along reaction cycles of ion-
transfer microbial rhodopsins based on structural movies derived with structural biology.

During its reaction cycle, an ion-transfer microbial rhodopsin undergoes a sequence of
protein structural changes that couple to the retinal isomeric state, relocation of discrete internal
water molecules, and ion transfer. Time scales for inter-conversions among subsequent
intermediate states can vary substantially, for example, in the case of the bacteriorhodopsin
(BR) proton pump, the lifetimes of intermediate states that have been characterized with
spectroscopy range from the femtoseconds to milliseconds (Lanyi, 1993). Structural biology has
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provided invaluable data on the architecture and structural dynamics
of microbial rhodopsins—from the first electron microscopy structure
of BR solved at a resolution of 7 Å (Henderson and Unwin, 1975), to
crystal structures solved at resolutions of 1.05–1.6 Å for BR
(Borshchevskiy et al., 2022), Acetabularia rhodopsin-1 (Furuse
et al., 2015), and arachaerhodopsin-3 (Bada Juarez et al., 2021);
recently, entire structural movies of structural changes along the
reaction cycle, up to the millisecond time domain, were solved
with time-resolved serial femtosecond crystallography (TR-SFX) for
BR (Nango et al., 2016; Nass et al., 2019; Weinert et al., 2019), the
sodium pumping rhodopsin KR2 (Skopintsev et al., 2020), and for
channelrhodopsin chimera C1C2 (Oda et al., 2021). For the chloride-
ion pumping rhodopsin, CIR, TR-SFX resolved the early-stage
dynamics within 100 ns after illumination (Yun et al., 2021).

Data from TR-SFX may be combined into sets of structures for
given time intervals, such as an early picosecond time domain,
nanosecond-, microsecond-, and millisecond-domains. Together,
the ensembles of average protein structures provide an overview of
the protein structural dynamics in the crystal environment, which are
relevant to reaction cycles in physiological conditions–as verified for
BR (Nango et al., 2016) and KR2 (Skopintsev et al., 2020). By
providing a high-resolution view of structural rearrangements
along key steps of the reaction cycle, datasets of TR-SFX structures
are a unique opportunity to dissect the time evolution of protein
conformational changes, and to understand how protein
conformational changes ultimately lead to ion transfer.

Hydrogen(H)-bond networks are central to formulating hypotheses
about reaction mechanisms of membrane transporters in general. In the
particular case of ion-transfer microbial rhodopsins, H-bond networks
of the retinal Schiff base, and of protein sidechains directly involved in
ion transfer, are thought essential for functionality. For microbial
rhodopsins whose structural movies have been solved with TR-SFX,
the challenge is how to dissect the entire H-bond network of the protein,
and to identify sites where H-bonds break or form as the protein passes
from one intermediate state to the next.We argue here that graph-based
algorithms that compute and compare H-bond networks in datasets of
static protein structures enable us to dissect the structural movies
captured in experimental data.

Graphs of H-bond networks computed from static protein
structures of microbial rhodopsins. An H-bond graph consists of
nodes–here, the H-bonding protein groups, and edges, which here are
direct or water-mediated H-bonds between protein groups. A local
H-bond cluster, or local H-bond network, consists of a subset of nodes
and edges that are all interconnected to each other.

Let us consider the structure of the resting state of a microbial
rhodopsin, which we label as a reference structure R, and two
intermediate-state structures, I1 and I2. The conserved H-bond
graph of structures R, I1 and I2 consists of the nodes (H-bonding
groups) and edges (H-bonds) that are common to the three structures
within a set conservation threshold (Bertalan et al., 2020; Bertalan
et al., 2021). That is, for three static structures of microbial rhodopsins
captured at distinct moments of time, the conserved H-bond graph
contains the H-bonding protein groups and their H-bonds that remain
part of the network. The difference H-bond graph of structure I2
relative to that conserved H-bond graph indicates which H-bonding
groups and H-bonds are present in structure I2, but not in structures R
or I1. The comparison H-bond graph of structures I2 and R indicates
H-bonding groups and H-bonds present in both structures, vs. only
in I2/R.

To compute H-bond graphs we used the graph-based algorithms
Bridge (Siemers et al., 2019; Siemers and Bondar, 2021) and C-Graphs
(Bertalan et al., 2021) with standard geometric criteria of ≤3.5 Å
distance between the H-bond donor and acceptor hetero-atoms; we
included water bridges of up to three H-bonded water molecules
between protein sidechains. To examine the location of the H-bond
networks, protein structures were pre-aligned and their H-bond
graphs projected with C-Graphs along the membrane normal
(Bertalan et al., 2021). From the projected H-bond graphs we
estimated the length of the networks and identified sites where
H-bond networks become interrupted or connected in a given
structure.

We analyzed in total 35 structures of microbial rhodopsins,
grouped in 4 datasets according to the corresponding experimental
measurement. For each dataset, the resting state is considered as a
reference. Protein structures were downloaded from the Protein
Data Bank (PDB) (Rose et al., 2021), and the corresponding PDB
ID indicated in Figure 1A. To facilitate comparisons of the
projections of the H-bond graphs of distinct microbial
rhodopsins, we used Chimera (Pettersen et al., 2004) to overlap
each structure onto the structure of the dark (resting) state of KR2,
PDB ID: 6tk6 (Skopintsev et al., 2020), oriented along the
membrane normal with Orientations of Proteins in Membranes,
OPM (Lomize et al., 2011).

From the H-bond graphs we extracted the total number ofH-bond
connections between sidechains, which can be direct or water-
mediated H-bonds (Figure 1B). Separately, we extracted the
number of direct H-bonds between protein sidechains, without
water-mediated connections (Figure 1C), and the number of direct
H-bonds between protein sidechains and protein backbone groups
(Figure 1F).We computed the number of in internal water molecule as
the number of water oxygen atoms within the membrane plane
indicated by OPM (Lomize et al., 2011).

Resolution of the structure and the number of water molecules
impact H-bond networks. Internal water molecules are central to
reaction mechanisms of ion-transfer microbial rhodopsins (Gerwert
et al., 2014; Tomida et al., 2021) because they may, e.g., impact the
relative orientation of the protonated retinal Schiff base and its
carboxylic primary proton acceptor (Gat and Sheves, 1993), the
energetics of proton transfer reactions (Hayashi and Ohmine, 2000;
Bondar et al., 2004), the translocation of sodium ions by KR2
(Suomivuouri et al., 2017), and the opening of CHR2 (Ardevol and
Hummer, 2017).

For the dataset of 35 static structures considered here, the overall
water content depends somewhat on the resolution (Figure 1D): CIR
structures solved at resolutions of 1.65–1.85 Å have 106 water
molecules each, and the two KR2 structures solved at 1.6 Å
resolution have 60 and, respectively 99 water molecules
(Figure 1E). Likewise, the number of internal water molecules
depends on the resolution–but also on the protein and time
domain. The higher resolution CIR structures for 0 ps–100 ps have
32–35 internal waters each, and BR structures for 0–1.725 ms,
10–17 internal waters each. For comparison, each of the 0–4 ms
C1C2 structures has 13–15 internal waters, and each of the
800 fs–20 ms KR2 structures, 9–10 waters (Figures 1A, D).

Within a dataset of TR-SFX structures of the same protein,
changes in the number of H-bonds of protein sidechains may
indicate structural rearrangements leading to the loss/formation of
H-bonds along the reaction coordinate of the protein. Typically,
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within a dataset, the number of sidechain-sidechain H-bonds
(Figure 1C) follows the same trend as the total number of H-bond
contacts of that protein’s H-bond graph (Figures 1B, C, F): Each of the
BR structures has 17–22 sidechain-sidechain H-bonds (Figure 1C),
and 26–39 direct and water-mediated contacts between sidechains
(Figure 1B); relative to the resting state, the total number of direct
H-bonds increases by 10 in the 1.725 ms structure (Figure 1F). The
3 KR2 structures solved at 2.25 Å resolution for 800fs-150 µs, 1 ns +
16 ns, and 30 μs + 150 μs have 50–52 connections each (Figure 1B),
and 27–29 sidechain-sidechain contacts (Figure 1C); the 1 ms and
20 ms structures (2.5 Å resolution) have similar numbers of sidechain-
sidechain H-bonds (Figure 1C) and internal waters (Figure 1A), but
noticeably different numbers of connections (Figure 1B), suggesting

rearrangements in water-mediated bridges and/or sidechain-
backbone contacts; though distinguished by 17 internal water
molecules (Figure 1E), the two 1.6 Å resolution KR2 structures
solved at acidic vs. neutral pH have rather similar numbers of
H-bond connections (Figure 1B), suggesting rearrangements of the
protein-water H-bond network.

The precise contribution that net loss of gain of H-bond
connections might bring to the energy profile along the reaction
coordinate is unclear. A rough estimation could be made based on
double-mutant cycle analyses of BR indicating that, on the average,
most sidechain-sidechain H-bonds contribute about 0.6 kcal/mol to
the stability of the protein (Joh et al., 2008). Such energetic penalties
would be compatible with the energy profile of the first half of the

FIGURE 1
Water-mediated H-bonds in datasets of static structures of microbial rhodopsins. (A–C)Number of internal water molecules (panel A), direct and water-
mediated H-bond connections (B), and direct sidechain-sidechain H-bonds (C), in datasets of microbial rhodopsin structures: orange, BR structures from
0 ms to 1.725 ms after illumination (Nango et al., 2016); blue, channelrhodopsin (Oda et al., 2021), green, CIR (Yun et al., 2021), magenta, KR2 (Skopintsev et al.,
2020). (D–F) Number of internal water molecules (D), total number of waters (E), and number of direct H-bonds between sidechains and between
sidechains and backbone (F) as a function of the resolution at which the structure was solved. In panels D–F, each dot represents a microbial rhodopsin
structure, color-coded as in panel (A) (G–J) Molecular graphics of BR (G), C1C2 (H), CIR (I), and KR2 (J). Structures were downloaded from the Protein Data
Bank, PDB (Berman et al., 2000) and aligned along the membrane normal using Chimera (Pettersen et al., 2004).
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reaction cycle of BR (Bondar et al., 2004; Bondar et al., 2005; Bondar
et al., 2007).

Below we inspect closely H-bond graphs of four microbial
rhodopsins. For clarity, for the comparison with conserved H-bond

graphs we selected four time points representing structural changes at
distinct time domains captured with experiments.

H-bond connections at the extracellular side of BR become
more extended in the 36.2μs-1.725 ms time domain. The conserved

FIGURE 2
Time evolution of H-bond graphs of microbial rhodopsins. The vertical axis shows the projection along the membrane normal (z coordinate) of the Cα
atoms of amino acid residues part of the H-bond graphs; the horizontal axis shows the Principal Component Analysis (PCA) projection along the membrane
plane. (A–P)Difference H-bond graphs. Conserved H-bond graphs computed using Bridge (Siemers et al., 2019; Siemers and Bondar, 2021) within C-Graphs
(Bertalan et al., 2021) for BR (panels A–D), C1C2 (E–H), KR2 (I–L), and CIR structures (M–P) indicated in Figure 1A are compared to selected structures of
each dataset. Nodes and edges colored gray that are present in all structures of the corresponding dataset; different colors indicate nodes and edges present
only in the corresponding structure, and numbers in the right upper corner indicate the total/conserved connections. (Q–T) Comparison H-bond graphs
computed for selected pairs of strructures of BR (Q), C1C2 (R), CIR (S), and KR2 (T).
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H-bond graph computed for the 13 BR structures (Nango et al., 2016)
has 26 H-bonds (Figures 2A–D). BR resting state hosts an H-bond
network with a linear length of ~18 Å, which includes the primary
proton donor (the protonated retinal Schiff base-K216), the
primary proton acceptor D85 and D212 (also implicated in
proton transfer), and the extracellular proton release dyad E194/
E204 (Brown et al., 1995; Dioumaev et al., 1999; Bondar et al., 2004;
Phatak et al., 2009); the cytoplasmic proton donor D96, which
H-bonds with T46, is within ~15 Å distance (Cα-Cα) from D85/
D212 (Figure 2A) –comparable with distances of ~10–13 Å
between proton-transfer sites in unrelated proton transporters
(Bondar, 2022); such distances could be bridged by
3–4 H-bonded water molecules (Bondar, 2022).

Progressive changes in the H-bond connections are observed in
the H-bond graphs of the later intermediates. A water-mediated bridge
between T178 and W182 appears at 760 ns (Figure 2B) and remains
present in the 36.2 µs (Figure 2C) and 1.725 ms structures (Figure 2D).
These two latter structures add to the extracellular H-bond network
several water-mediated bridges such that this network, though with
about the same length of the projection, has greater connectivity than
in the resting state (Figures 2A, C, D)—as also indicated by the
comparison H-bond graph between the resting and 1.725 ms
structures (Figure 2Q). Taken together, the H-bond graphs for the
structural movie of BR (Figures 2A–D, Q) indicate that, within
~1.7 ms, the internal H-bond network that couples D85 to E194/
E204 gains connections without extending along the membrane
normal.

C1C2 looses H-bonds in the central protein core. TR-SFX
structures of the C1C2 channelrhodopsin chimera solved at a
resolution of 2.3 Å captured C1C2 in the dark state and at 1 µs,
50 µs, 250 µs, 1 ms, and 4 ms after illumination (Oda et al., 2021).
The conserved H-bond graph computed for all C1C2 structures has
46 H-bonds. Relative to the conserved H-bond graph common to
all C1C2 structures, the resting state and the 1 μs structures contain
a handful more H-bonds. The H-bond graph of the resting state
(Figure 2E) has additional H-bonds at the extracellular network of
the protonated retinal Schiff base (K296, see also Figure 1H).
H-bonding between the retinal Schiff base and the primary
proton acceptor D292, and between E162 and T166, is present
only in the resting state (Figure 1H, Figure 2E). The 250 μs
structure has additional H-bonds at the extracellular side (see
T155, Y160, and R213 in Figure 2G); the 1 ms structure has two
additional H-bonds (R312-D319 and S55-N70 in Figure 2H).
Overall, unlike the rather localized changes in BR (Figure 2Q),
the C1C2 resting vs. 4 ms structures are distinguished by H-bond
connections throughout much of the protein (Figure 2R).

An extensive cytoplasmic H-bond network of KR2 shrinks
within 20 ms. The KR2 sodium pump is of interest for
optogenetics applications for the control of neuronal activity (Kato
et al., 2015). KR2 couples sodium transport with changes in the
protonation of the retinal Schiff base and D116: the Schiff base
proton is transferred to D116 and then, following transfer of the
sodium ion, back to the retinal Schiff base (Kato et al., 2015). N106,
N112, E160, and D251 (Figure 1J) are part of the sodium conductance
path (Kato et al., 2015; Skopintsev et al., 2020).

The conserved H-bond graph for the seven KR2 structures of the
dataset (Figure 1A) has 28 H-bonds (Figures 2I–L); in all structures, an
H-bond network extends from Y45 some ~12 Å further to the
cytoplasmic side, to N264 (Figures 2M–P). In the resting state, this

H-bond network includes 14 H-bonds (Figure 2I), of which 10 are lost
in the 20 ms structure (Figure 2L). The difference H-bond graph
between the resting and 20 ms structures (Figure 2T) indicates loss of
H-bonds in the latter, particularly at the cytoplasmic H-bond network
of N264, and at the extracellular network of the retinal Schiff base
(Figures 2I, T).

Extensive H-bond rearrangements of the CIR within 200 ps. In
the Non-labens marinus chloride pump CIR, the BR proton transfer
groups D85 and D96 (Figure 1G) are replaced by N98 and Q109
(Figure 1I) (Yun et al., 2021); BR T89 (Figure 2B), which can function
as an intermediate carrier for the Schiff base proton (Bondar et al.,
2004; Bondar et al., 2008), is conserved as T102 (Figure 2N). TR-SFX
structures of the CIR captured by TR-SFX for the dark, resting state,
and for 1 ps, 2 ps, 50 ps, and 200 ps after illumination, suggested rapid
structural perturbation such that the chloride ion, which is close to the
protonated Schiff base (K235) in the CIR resting state (Figure 1I), is
close T102 at 50 ps (Yun et al., 2021). Rapid signal propagation might
be needed to ensure an inter-helical pore opens to allow the chloride
ion to pass (Yun et al., 2021), and is compatible with the flexible
opening of an inter-helical passage observed previously for
halorhodopsin (Gruia et al., 2005).

H-bond graphs computed for the eight CIR structures
(Figure 1A) have in common 34 H-bonds, but the number of
H-bond connections of each of the four structures of the resting,
1 ps, 2 ps, and 50 ps states ranges from 43 to 62 (Figure 1B), and
difference H-bond graphs for intermediate states indicate extended
H-bond changes throughout the protein (Figures 2M–P). For the
100 ps state, a cross-validation of the signals was interpreted to
suggest consistent conformational changes at four different power
levels of the laser (Yun et al., 2021). The H-bond graph
computations here indicate that the total number of sidechain-
sidechain and water-mediated H-bonds between sidechains varies,
among the 4 distinct 100 ps structures solved at different laser
power levels, between 43 and 62, which is the same interval found
for the 0–50 ps structures (Figure 1B). This suggests that structural
rearrangements of the CIR H-bond network might depend on the
laser power–which could also affect the interpretation of the other
structures of the CIR dataset.

Conclusion

Time-resolved coordinate snapshots of microbial rhodopsins
provide invaluable information about the structural rearrangements
along the reaction path. Discrete water molecules captured in the
structures mediate internal H-bond networks that ensure
conformational couplings between remote regions of the protein,
and participate in ion transfer reactions.

The graph computations suggest common features in the
propagation of structural changes via H-bonds and H-bond
networks of microbial rhodopsins, but also important differences
that could be related to function. Thus, the BR resting and ms-
intermediate states are distinguished by connections within an
H-bond network that extends through ~18 Å at the extracellular
side, which becomes more inter-connected in the ms structure
(Figure 2A). A similar number of H-bond connections
distinguishes the internal H-bond network of the resting vs. the
4 ms C1C2 structures but, unlike BR, C1C2 gains H-bonds at the
cytoplasmic side (Figure 2R). By contrast, the resting state of KR2 has

Frontiers in Chemistry frontiersin.org05

Bertalan and Bondar 10.3389/fchem.2022.1075648

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1075648


more extended H-bond connections than the 20 ms structure,
particularly at the extracellular and central H-bond clusters
(Figure 2T).

A caveat of the analyses of H-bond graphs based on TR-SFX
structural movies is that each structure of the data set might represent
mixtures of intermediate states (Yun et al., 2021; Barends et al.,
2022). Moreover, resolution impacts the overall picture of the
internal H-bond networks (Figure 1). We anticipate that future
methodological developments in structural biology will allow for
more complete structural movies of microbial rhodopsins to be
solved at high resolution, and that graph analyses as presented
here could be used for an automated assessment of the H-bond
fingerprints of intermediate states of microbial rhodopsins.
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