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In the bacterial reaction center (bRC) of Rhodobacter sphaeroides, the key
residues of proton transfer to the secondary quinone (QB) are known. Also,
several possible proton entry points and proton-transfer pathways have
been proposed. However, the mechanism of the proton transfer to QB
remains unclear. The proton transfer to QB in the bRC of Blastochloris viridis
is less explored. To analyze whether the bRCs of different species use the
same key residues for proton transfer to QB, we determined the conser-
vation of these residues. We performed a multiple-sequence alignment
based on profile hidden Markov models. Residues involved in proton
transfer but not located at the protein surface are conserved or are only
exchanged to functionally similar amino acids, whereas potential proton
entry points are not conserved to the same extent. The analysis of the
hydrogen-bond network of the bRC from R. sphaeroides and that from B.
viridis showed that a large network connects QB with the cytoplasmic region
in both bRCs. For both species, all non-surface key residues are part of the
network. However, not all proton entry points proposed for the bRC of R.
sphaeroides are included in the network in the bRC of B. viridis. From our
analysis, we could identify possible proton entry points. These proton entry
points differ between the two bRCs. Together, the results of the conservation
analysis and the hydrogen-bond network analysis make it likely that the
proton transfer to QB is not mediated by distinct pathways but by a large
hydrogen-bond network.
© 2009 Elsevier Ltd. All rights reserved.
Keywords: photosynthetic reaction center; proton transfer; hydrogen-bond
network; graph-theoretical analysis; sequence alignment using profile
hidden Markov model
Edited by D. Case
Introduction

A central protein of photosynthesis is the pho-
tosynthetic bacterial reaction center (bRC). The L
and M subunits form together with the H subunit—
and in some bacterial species also a C subunit—the
bRC protein. The ultimate step of conversion of
excitation energy into chemical energy takes place at
ess:
.
equally to this work.
l reaction center;
pHMM, profile
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the terminal electron acceptor, a quinone molecule
bound at the secondary quinone (QB) binding site of
the bRC. In the course of two light-induced electron-
transfer reactions, QB binds two protons that are
taken up from the cytoplasm. The proton uptake is
mediated by the protein. These reactions lead to an
electrochemical gradient and to the full reduction of
the quinone into a dihydroquinone. In the bRC of
Rhodobacter sphaeroides, the ultimate proton donors
to QB are AspL2131 and GluL2122 for the first proton
and the second proton, respectively. The way in
which the protons are taken up and how they are
transiently kept during the electron-transfer reac-
tions are still a matter of debate.3–8 Several groups
have proposed different proton-transfer pathways
with different entry points (see Fig. 1). Examples for
such proton-transfer pathways are a single branched
d.



Fig. 1. Key residues for proton transfer to QB. All residues are colored according to their subunit (M=cyan,
L=orange and H=black). Only side chains are shown. The proposed proton-transfer pathways P1 (red), P2 (green) and
P3 (light blue),4 P4 (yellow),3 P5 (dark blue) and P6 (purple)6 are shown. Additionally, the non-heme iron (purple) and
QB (blue) are depicted. The figure is based on the crystal structure with PDB code 2I8C and was prepared with VMD.
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proton-transfer pathway with the entry point at the
Cd2+ binding site formed by AspH214, HisH126 and
HisH1283,5,9–13 and a combination of three branched
proton-transfer pathways with the entry points
TyrM3, AspM17, AspM240 and GluH224.4 Recently,
two extended proton-transfer pathways starting at
ArgH118 and ArgM13 were proposed.6 Inside the
protein, several residues are involved in the proton
transfer to QB. These residues are HisL190, AspL210,
GluL212, AspL213, ArgL217, SerL223, AsnM44,
GluM46, GluM234, GluM236, GluH173 and
GlnH174.3,6,9–12,14–18 There is an agreement in the
literature7,8,19–21 that in the bRC of R. sphaeroides,
protons are taken up during the first electron transfer
to QB and are transiently stored in a delocalized
hydrogen-bond network of protein residues and
water molecules.22 Not so much information exists
about the proton-transfer system and key residues
in the bRC of Blastochloris viridis since the introduc-
tion of mutations in this bacterium is not possible.
A Zn2+/Cu2+ binding site has been proposed as a
possible proton entry point in the bRC of B.
viridis.13 This binding site might be located near
HisM16 and HisH178.13 Continuum electrostatic
calculations showed that GluL212, GluH177 and
GluM234 (numbering refers to B. viridis; GluL212,
GluH173 and GluM236 in R. sphaeroides) are likely
to be involved in proton transfer.23–25 Moreover,
another theoretical study determined a strongly
interacting cluster of protonatable residues being
coupled to QB.

26 In this study, possible proton-
transfer pathways are also discussed.
In the work presented here, we investigated the

organization of proton transfer in the bRC by ana-
lyzing the hydrogen-bond network and determin-
ing the degree of conservation of key residues using
multiple-sequence alignment (MSA). The MSAs are
based on profile hidden Markov models (pHMMs)
that include structural information of the bRC. The
comparison of the hydrogen-bond networks of the
bRC from R. sphaeroides and that from B. viridis
gives new insight into the general organization of
the proton transfer to QB. To the best of our know-
ledge, it is the first time that the hydrogen-bond
network involved in proton transfer to QB is
analyzed using graph theory. Our analysis of the
hydrogen-bond network indicates that the proton
transfer to QB is organized in a large network
consisting of several connected clusters and not in
distinct pathways. This observation finds an ana-
logy in electron-transfer pathways that are orga-
nized in bundles of pathways.27–31



Table 2. Character of the amino acid at position L210 in
dependence on the amino acid pattern at positions L213
and M44 determined from an MSA of 50 bRC sequences

[L213, M44] L210

Pattern Occurrence [%] Glu [%] Asp [%]

[Asn, Asp] 42 (21) 100 (21) 0 (0)
[Asp, Asn] 38 (19) 32 (6) 68 (13)
[Asp, Met] 2 (1) 0 (0) 100 (1)
[Asp, Gln] 18 (9) 100 (9) 0 (0)

The numbers in parentheses give the absolute number of
occurrences of the patterns.

633Proton Transfer in Photosynthetic Reaction Centers
Results and Discussion

The study presented here used MSAs and
hydrogen-bond network analysis to examine the
conservation and organization of the proton-
transfer network from cytoplasm to QB in the
bRCs of different species. There is a large contro-
versy in the field whether the proton transfer to QB
occurs along distinct proton-transfer pathways or
in a highly delocalized proton-transfer network.
Our results on the conservation and structural
organization of the network open a new view of
this problem.

Conservation of functional key residues
of proton transfer in the bRC

For the bRC of R. sphaeroides, several proton path-
ways with different proton entry points have been
proposed (see Fig. 1).3,4,6,9–12,14–16 But, until today,
the exact mechanism of the proton transfer to QB is
not known. However, from crystallographic, muta-
tional and spectroscopic studies with the bRCs on R.
sphaeroides and Rhodobacter capsulatus, key residues
of proton transfer (GlnH173, GluL212, HisL190,
AspL210, AspL213, ArgL217, SerL223, AsnM44,
GluM46, GluM234 and GluM236) and several pos-
sible proton entry points (TyrM3, ArgM13, AspM17,
AspM240, ArgH118, AspH124, HisH126, HisH128
and GluH224) have been determined.3,4,6,9–13 These
residues are used as the starting point of our con-
servation analysis to determine whether these resi-
dues are of functional importance for proton transfer.
If a key residue is only exchanged to functionally
similar amino acids, we assumed that it has a general
Table 1. Conservation of residues involved in proton transfe

Subunit
Residue of

R. sphaeroides
Conservation

(%) Negative

L HisL190 100.0
AspL210 26.8 E (73.2)
GluL212 100.0
AspL213 60.0
ArgL217 100.0
SerL223 100.0

M TyrM3 95.7
GlnM11 97.9
ArgM13 42.6 D/E (5.3)
AspM17 8.5 E (50.0)
AsnM44 44.0 D (35.0)
GlnM46 98.2 E (0.9)
GluM234 100.0
GluM236 83.5 D (15.6)
AspM240 100.0

H ArgH118 36.4 D/E (15.1)
AspH124 42.4
HisH126 39.4 D/E (51.5)
HisH128 45.5 E (6.1)
GluH173 97.0
GlnH174 33.3
GluH224 9.1

The amino acid exchanges to a negative (D, E), a positive (R, H, K), a p
that have previously been proposed to function as proton entry point
functional role in proton transfer in all analyzed
bRCs. The results of this conservation analysis are
shown in Table 1. Apart from AspM240, none of
the putative proton entry points is totally con-
served. Some of them (at positions M13, M17,
H124, H126 and H224; numbering refers to R.
sphaeroides) are mostly changed to other protona-
table residues—i.e., they might keep their ability to
transfer protons. However, HisH128 and ArgH118
are exchanged to non-polar amino acids in nearly
25% of the analyzed sequences. Thus, in these spe-
cies, residues H128 and H118 cannot be involved in
proton transfer to QB.
Many of the non-surface residues identified to

participate in the proton transfer are highly con-
served (at positions H173, L190, L212, L217, L223,
M46 and M234). AspL210 is exchanged in 73.2% of
the sequences to a glutamate, and GluM236 is
exchanged in 15.6% of the sequences to an aspartate.
Both glutamate and aspartate are able to participate
in proton transfer; thus, L210 andM236 can have the
r

Exchanged to (%)

Positive Polar Other

N (40.0)

F/I (4.3)
R (2.1)

H/K (19.1) T/S/Q (24.5) A/G/V (8.5)
H (18.1) Y (21.3) M/P (2.1)

Q (19.0) M (2.0)
S (0.9)

Y (0.9)

H/K (6.1) Q/N/T (18.2) P/A (24.2)
N/T (51.5) G (6.1)

A/G (9.1)
K (3.0) N/Q/T (12.1) V/A/L/I (33.3)

S (3.0)
H (6.1) N/S/Y (12.1) V/A/P/M/L/I (48.5)
R (3.0) Q/S/Y (78.8) V/F (9.1)

olar (T, W, S, N, Q, Y, C) or some other group are listed. Residues
s are shown in italics. The numbering refers to R. sphaeroides.



Fig. 2. Modularity of the clustering in dependence on
the number of clusters for the QB network of the bRCs
from B. viridis (dotted line) and from R. sphaeroides
(continuous line).
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same functional role in all species. At position M44,
either a polar amino acid or a protonatable amino
acid is found in the sequences (see Table 1). At
position L213, either an aspartate or an asparagine is
found. Our analysis shows that most putative
proton entry points are not conserved, and even a
high level of sequence variability is observed for
some of them. We therefore think that proton entry
points might differ from species to species and are
not evolutionarily conserved. However, the non-
surface key residues show a high degree of
conservation, and if an exchange is observed, it is
only an exchange to a functionally similar amino
acid.

Correlation of the amino acid character
at positions L213 and M44

An interesting phenomenon that could be termed
correlated mutation has been described for the amino
acids at positions M44 and L213 in the bRC.32,33 In
the bRC of R. sphaeroides, the combination
AsnM44/AspL213 is found, whereas the combina-
tion AspM44/AsnL213 is the wild-type pattern of
the bRC of B. viridis. The double mutant
AspL213→Asn/AsnM44→Asp of the bRC of R.
sphaeroides grows photosynthetically, while the
single mutant AspL213→Asn is not able to do
so.32,33 It seems very likely that the combination of
a polar amino acid and a protonatable amino acid
at positions M44 and L213 is required for proton
transfer to QB.
We assessed the proposed correlation by ana-

lyzing an MSA of 50 sequences of the L subunit and
the corresponding M subunit. This analysis shows
that for residues [L213, M44], the pattern [polar,
protonatable] or [protonatable, polar] is always
found (see Table 2). In addition to the wild-type
patterns of R. sphaeroides [Asp, Asn] and Rhodop-
seudomonas viridis [Asn, Asp], the patterns [Asp,
Met] and [Asp, Gln], respectively, are present. The
pattern [Asp, Met] was found only in the bRC of
Rubrivivax gelatinosus. There are several sequences
available for the M subunit of the bRC of this
species in the databases. In all these sequences, a
methionine is found at position M44 (numbering
refers to R. sphaeroides), and wrong sequencing at
this position is thus unlikely. By further examina-
tion of the alignment, we found an interesting
phenomenon that was, to our knowledge, not
described before. The character of the amino acid
at position L210 is correlated with the pattern of the
residues [L213, M44] (see Table 2). In all examined
sequences with the pattern [AsnL213, AspM44],
L210 is a glutamate. For sequences with the pattern
[AspL213, AsnM44], L210 is either a glutamate
(32%) or an aspartate (68%). In sequences with the
pattern [AspL213, GlnM44], L210 is always a
glutamate. At this point, we have no clear
explanation for this correlation. Both aspartate
and glutamate at position L210 can fulfill the func-
tion of L210 in proton transfer; however, they differ
in size.
Description of the hydrogen-bond network

To further investigate the organization of the
proton transfer to QB, we analyzed the hydrogen-
bond network that includes QB for the bRC proteins
of two species, R. sphaeroides and B. viridis. In the
bRCs of both species, we found several unconnected
hydrogen-bond networks. Among these networks, a
large hydrogen-bond network connects QB to the
cytoplasm. This network will be called QB network
in the following. In the bRC from R. sphaeroides, it
consists of 50 protein residues and 79 water mole-
cules; in the bRC from B. viridis, 55 protein residues
and 82 water molecules. Another large hydrogen-
bond network is found around QA. However, QA is
not part of this network or any other hydrogen-bond
network. Thus, even if it would be energetically
possible, the reduced QA cannot be protonated,
since a proton cannot be transferred from the cyto-
plasm to QA.
We clustered theQB network in order to analyze its

structural organization. To identify the optimal
division of this network, we determined the modu-
larity in dependence of the number of clusters, which
was varied between 2 and 50. The number of clusters
at which the modularity is maximal represents the
optimal clustering of the network. A modularity
above 0.7 indicates that a network is highly
structured—i.e., it can be well divided into several
clusters. As can be seen in Fig. 2, the optimal
clustering with a modularity of 0.77 for R. sphaeroides
and that of 0.75 for B. viridis is obtained with 11
clusters for the QB network. The locations of the
different clusters in the bRC structures are depicted
in Fig. 3. Figure 4 shows schematically the clusters
and their connections. Some but not all residues that
have been discussed before to be part of proton-
transfer pathways are connections between clusters.
From visual examination of the clusters in Fig. 3, it
can be seen that the network and clusters are similar
for both species and differ only in details. Several
residues close to the cytoplasmic surface of the
protein could function as proton entry points. These
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residues are listed in Table 3. Many of these possible
proton entry points are not conserved, as shown in
Table 4. However, some of these residues show a
high degree of functional conservation. Interestingly,
in both species, the cluster containing QB includes no
proton entry point. Thus, proton-transfer connec-
tions in the protein interior and to clusters with
proton entry points are needed for the protonation
of QB. The connections of the QB cluster play a
critical role for the proton transfer from cytoplasm to
QB. The existence of at least one of these connections
is essential, because otherwise the proton cannot
reach QB.
Based on our analysis, a large hydrogen-bond

network connecting QB to the cytoplasm exists in
both species. This network can be divided into
several clusters. It thus seems likely that the proton
transfer occurs not along certain residues but along
certain clusters.

Key residues included in the hydrogen-bond
network

As shown in Table 5, the known non-surface
residues involved in proton transfer are all part of
Fig. 3. Clusters of the QB network. The colors of the partic
3=red, 4=yellow, 5=blue, 6=cyan, 7=orange, 8=violet, 9=ice
the bRCs of (a)R. sphaeroides and (b) B. viridis. For each protein r
is shown at the center ofmass of the corresponding group. In th
situated on the right. The figures are based on the crystal stru
the hydrogen-bond network. For the MSA, we
found that the character of the amino acid at
positions L210, L213, M44 and H174 in the bRC of
R. sphaeroides differs from that in the bRC of B. viridis
(see Table 5).
Compared with the non-surface residues involved

in proton transfer, the situation for the proton entry
points proposed in earlier studies is different.3,4,6,9–13
First, not all of them are part of the calculated
hydrogen-bond network in both investigated bRCs.
Second, based on our calculations, not all of them are
directly connected to the cytoplasm. In the bRC of R.
sphaeroides, the proposed proton entry points TyrM3,
ArgM13, AspH124 and HisH126 are part of the QB
network and are connected to the cytoplasm (see
Table 3). In the bRC of B. viridis, only TyrM3 and
ArgM13 are part of the QB network (see Table 5).
Both residues could act as proton entry points. All
other proposed proton entry points (M17, H118,
H124, H126, H128 and H224; numbering refers to R.
sphaeroides) are not part of the QB network of the bRC
of B. viridis. In the bRC of R. sphaeroides, the Cd2+

binding site formed by H124, H126 and H128 was
proposed to function as a proton entry point.3,9,13

Also, in our calculations, AspH124 and HisH126 are
ipating groups refer to the clusters (1=green, 2=magenta,
blue, 10=gray and 11=ocher). The clusters are shown for
esidue orwatermolecule participating in a cluster, a sphere
e left panel, QB is situated on the left; in the right panel, QB is
ctures 2J8C6 and 2I5N34 and were prepared with VMD.35



Fig. 4. Clusters of the QB net-
work for the bRCS of (a) R. sphaer-
oides and (b) B. viridis. Cluster
numbers are shown in red. The
connections between the clusters
and possible proton entry points
(blue) are shown. Connections are
shown as continuous lines or as
dashed lines if a connection crosses
other clusters in this representation.
The water molecules with chains M,
L and H in the PDB file are named
N, O and P, respectively, or X if they
were added in this study.
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possible proton entry points. A metal binding site is
also found in the bRC of B. viridis,13 but it is not
located at the same position as in the bRC of R.
sphaeroides. It was proposed that this binding site
may be formed by HisM16 and HisH176. Based on
our calculations, HisM16 is not part of the QB
network. HisH178 is part of the network, albeit not
in direct contact with the cytoplasm. Interestingly, in
both networks, AspL210 is close to the cytoplasm
and could function as a proton entry point.
Based on the calculated hydrogen-bond networks,

it is likely that the proton entry points differ in
different species but that the non-surface key
residues involved in proton transfer are in similar
positions in the graph representing the QB network
of all bRCs.
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Conclusions

The proton transfer to the QB of the bRC was
examined by a combined analysis of amino acid
conservation and the hydrogen-bond network. In all
used bRC sequences, the known non-surface key
residues of proton transfer are conserved or
exchanged to functionally equivalent amino acids.
In contrast, most of the previously proposed proton
entry points are not conserved, and some of them
even show a high level of sequence variability. Thus,
it is very likely that the proton transfer to QB is
mediated by the same functional key residues in all
bacterial species but that the proton entry points
differ from species to species. The hydrogen-bond
networks of the examined bRC proteins from R.
sphaeroides and B. viridis do not show distinct
hydrogen-bond pathways from the cytoplasm to
QB. In contrast, a large hydrogen-bond network
spanning from the cytoplasm to QB was found in
both bRC proteins. These networks include all
experimentally determined key residues involved
in proton transfer. Possible proton entry points were
determined in both bRCs. The proton entry points in
these two networks are not identical. The analysis of
Table 3. Possible proton entry points

Subunit

Protein residues

R. sphaeroides B. viridis

Residue Cluster Residue Cluster

L GluL205 2 LysL205 0
ArgL207 2 LysL207 0
ThrL208 (2) ThrL208 2
AspL210⁎ 2 GluL210 2
HisL211⁎ 2 HisL211 2
ThrL214 (3) GlnL214⁎ 4

M TyrM3 6 TyrM3 8
PheM7 0 TyrM7 8
GlnM9 6 GlnM9 8
ArgM13 7 ArgM13 7
GluM22 2 SerM20 4
AsnM25 4 AspM25 4
AsnM28 4 ArgM28 4
ArgM29 4 ValM30 0
PheM35 0 TyrM34 3
ThrM37 7 TyrM36 7
TrpM41 0 LysM40 7
TyrM51 4 TyrM50 0
ArgM136 4 ArgM134 (4)
ArgM228⁎ 8 ArgM226 8
AlaM239 0 ThrM237 2

H HisH68 11 HisH72 2
LysH70 11 - 0
ArgH117 10 ArgH120 10
AspH124 2 ThrH127 0
HisH126 2 AspH129 0
AsnH206 0 ThrH211 8

Residues that are not in direct contact with the cytoplasm but are
connected through a water molecule are marked by an asterisk.
For comparison, the corresponding residues in the bRCs of R.
sphaeroides and B. viridis are shown. The numbering refers to the
corresponding species. The table indicates to which cluster a
residue belongs. If the residue is not part of the QB hydrogen-
bond network, we assigned the cluster number 0. If the residue is
not in contact with the cytoplasm, we listed the cluster number in
parentheses.
hydrogen-bond network supports further the idea
that the proton transfer toQB is organized as a proton
sponge—i.e., having several proton entry points and
transferring the protons in a delocalized network
from the entry points via certain key residues to QB.
However, this sponge seems to be structured in
several clusters. It thus seems likely that the proton
transfer occurs not along certain residues but along
certain clusters. The biological significance of such
clusters could be that they are more robust against
mutations than defined proton-transfer pathways.
Nevertheless, the clusters provide an approximately
defined route for the proton.

Materials and Methods

Multiple-sequence alignment

MSAs are made using pHMMs.36–41 Respectively, 100,
114 and 33 sequences for subunits L, M and H were used
for the MSA. These sequences were taken from a BLAST42

search on the National Center for Biotechnology Infor-
mation Web page43 using the sequences of subunits L, M
and H of the bRC from R. sphaeroides as query sequences.
All sequences found in the database were considered.
Redundant sequences were removed from the data set.
The construction of the pHMMs used for the MSA of the
L and M subunits has been described in an earlier pub-
lication.44 For the construction of the pHMM of the H
subunit, we followed a similar strategy. We generated an
MSA of the bRCs from R. sphaeroides [Protein Data Bank
(PDB) code 2J8C]6, Thermochromatium tepidum (PDB code
1EYS)45 and B. viridis (PDB code 1PCR)46 with the pro-
gram Staccato,47 which uses structure and sequence infor-
mation. Default settings were used for this alignment. In
order to validate the correctness of the sequence align-
ments, we identified regions (marker regions) with
conserved structure and sequence. Structurally conserved
regions of the H subunit were identified by visual ins-
pection of the known bRC structures. We found four
maker regions: a β-sheet from H58 to H75, a β-sheet from
H148 to H180, an α-helix from H226 to H249 and a loop
from H37 to H42 (numbering refers to R. sphaeroides). To
the MSA with structural information, 12 additional H
subunit sequences were aligned. We constructed the
pHMM for the H subunit from this alignment. To validate
the pHMM, we aligned 33 sequences and calculated the
degree of conservation (sequence logos)48 for the marker
regions. The marker regions, the resulting structural
alignment and the sequence logos are depicted in Fig. 5.
The agreement of the conservation pattern of the marker
regions between the MSAwith structural information and
the MSA obtained with the pHMM made us confident
that the pHMM of the H subunit is correct. For the H
subunit, the complete lists of the sequences used for
building, validating and analyzing the pHMM, the
obtained alignment and the pHMM file are given in
Supporting Information. For the L and M subunits, these
data have been provided in a previous publication.44
Structure preparation

The network calculations are based on high-resolution
crystal structures of the bRCs of R. sphaeroides (PDB code
2J8C)6 and B. viridis (PDB code 2I5N).34 For the bRC of



Table 4. Conservation of the possible proton entry points proposed based on our network analysis

Subunit
Residue of

R. sphaeroides
Conservation

(%)

Exchanged to (%)

Negative Positive Polar Other

L GluL205 28.9 D (10.3) K/R (8.2) N/S/T (14.4) A/I/L/P/V (38.1)
ArgL207 6.2 K (87.6) C (1.0) G/M (5.2)
ThrL208 57.7 H (10.3) S/Y (22.7) A/F (9.3)
AspL210⁎ 26.8 E (73.2)
HisL211⁎ 76.3 N/T/Y (22.7) A (1.0)
ThrL214 86.3 Q/S (4.2) A/I/M (9.5)

M TyrM3 95.6 F/I (4.4)
PheM7a 90.5 Y (5.3) L (4.2)
GlnM9 71.6 R (15.8) T/S (7.3) A/G/L/P (5.3)
ArgM13 42.6 D/E (5.3) H/K (19.1) T/S/Q (24.5) A/G/V (8.5)
GluM22 6.1 D (8.2) H (7.1) N/S/T/Y (15.3) A/G/I/L/M/P/V (63.3)
AsnM25 17.5 D/E (21.6) H (1.0) Q/S/T (24.8) A/G/I/L/M/V (35.1)
AsnM28 5.1 D/E (28.3) K/R (63.6) A/G (3.0)
ArgM29 36.4 E (6.1) K (1.0) Q/S/T/Y (17.1) I/L/M/V/F (39.4)
PheM35a 53.5 D (1.0) H (15.2) N/Q/S/Y (26.3) L (4.0)
ThrM37 15.3 H/K/R (16.4) N/Q/S/W/Y (65.3) P (2.0)
TrpM41a 20.0 K/R (57.0) Q/Y (6.0) I/L/V (17.0)
TyrM51 84.8 H (4.5) N/W (3.6) L/P/F (7.1)
ArgM136 72.8 I/C/L (27.2)
ArgM228 98.2 H (0.9) L (0.9)
AlaM239⁎ 2.8 T/Y (57.6) I/L/M/V/F (39.6)

H HisH68 45.5 D (24.2) N/S/T (9.0) G (21.2)
LysH70 9.1 H/R (57.6) N/Q (12.1) A/G (18.2)
ArgH117 97.0 K (3.0)
HisH126 39.4 D/E (51.5) A/G (9.1)
HisH128 45.5 E (6.1) K (3.0) N/Q/T (12.1) V/A/L/I (33.3)
AsnH206 15.2 D/E (30.3) K/R (30.3) Q/T (18.2) A/G (6.0)

The conservation analysis is based on our MSAs. Residues that have previously been proposed to function as proton entry points are
shown in italics. Residues that are not in direct contact with the cytoplasm but are connected through a water molecule are marked by an
asterisk. The amino acid exchanges to a negative (D, E), a positive (R, H, K), a polar (T, W, S, N, Q, Y, C) or some other residue are listed.
For residues ThrM37 and LysH70, the complete percentage does not lead to 100% since gaps (one for ThrM37 and three for LysH70) were
found at these positions in the MSA. The numbering refers to R. sphaeroides.

a This residue is a proton entry point in the bRC of B. viridis.

Table 5. Previously determined key residues of proton
transfer and their participation in the QB network in the
bRCs of R. sphaeroides and of B. viridis

Location

Protein residues

R. sphaeroides B. viridis

Residue Cluster Residue Cluster

Non-surface residues HisL190 1 HisL190 1
AspL210 2 GluL210 2
GluL212 1 GluL212 1
AspL213 3 AsnL213 1
ArgL217 3 ArgL217 3
AspL218 4 AspL218 4
SerL223 1 SerL223 1
AsnM44 3 AspM43 5
GlnM46 4 GlnM45 3
GluM236 11 GluM234 2
GluH173 5 GluH177 9
GlnH174 0 HisH178 3

Proposed proton
entry points

TyrM3 6 TyrM3 7
ArgM13 7 ArgM13 9
AspM17 0 HisM16 0
AspM240 0 AspM138 0
ArgH118 0 AlaH121 0
AspH124 2 ThrH127 0
HisH126 2 AspH129 0
HisH128 0 LysH131 0
GluH224 0 GlnH229 0

The numbering refers to the corresponding species. The table
indicates to which cluster a residue belongs. If the residue is not
part of the QB network, we assigned the cluster number 0.
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R. sphaeroides, only the proximal position of QB is used for
the calculations since the distal position is thought to be
unproductive.49–52 For both structures, the lipids of the
crystal structures were included in the calculations.
Hydrogen atoms are placed with the HBUILD module53

of CHARMM,54 followed by energy optimization of the
hydrogen positions, while the heavy-atom positions are
kept fixed. In the used crystal structure of the bRC from B.
viridis, no coordinate is given for the loop region fromH46
to H53. Since this loop is located in the cytoplasmic part of
the protein and could thus be important for proton
transfer, the loop is modeled into the structure. Starting
coordinates for this loop are taken from a lower-resolution
crystal structure (PDB code 1PRC).46 The atom coordi-
nates of the loop residues are minimized, while the rest of
the protein is kept fixed. To define the membrane-
spanning part of the proteins, we superimposed the
used structures with the crystal structure that was
obtained by the lipidic cubic phase method (PDB code
1OGV).55 For this structure, the region of the lipid bilayer
can be easily deduced.55 The hydrophobic region of the
membrane spans from −6.55 to 27.45 Å on the z-axis. Since
not necessarily all water positions are resolved in crystal
structures, we searched for internal cavities using the
program McVol. The algorithm evaluates whether points,
which are randomly placed in a box containing the
protein, are inside the protein or inside the solvent.
Clusters of solvent points inside the protein, which have
no connection to other solvent points, are identified as
cavities. Additional water molecules were placed in these
cavities if their volume was more than 18 Å3.



Fig. 5. Superposition of theH subunits ofR. sphaeroides (PDB code 2J8C; black), T. tepidum (PDB code 1EYS; purple) and
R. viridis (1PRC; orange).6,45,46 Regionswith high conservation aremarked in the superposition, in the structural alignment
and in the sequence logo. In the sequence logo, the maximum conservation at a certain position is given by log2
20=4.32 bits, since 20 amino acids are, in principle, possible.48 These regions were used for validation of the pHMM. The
corresponding sequence logo of the resulting profile alignment is given next to the structural alignment. Sequence logos
were done using the WebLogo program.48
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Since water clusters on the protein surface give no
information about the proton transfer inside the protein, all
water molecules on the protein surface were removed. All
water molecules with a distance of less than 3.0 Å from the
solvent-accessible surface of the protein were removed.
The solvent-accessible surface was calculated by the
program McVol, setting the probe sphere radius to 1.4 Å.
The calculation of the solvent-accessible surface and the
removal of the surface water molecules were done
iteratively until no more water molecules were found at
the protein surface. However, water molecules located in
protein pockets (clefts) are potentially important as
hydrogen-bond partners. If such a water molecule is near
the protein surface, it was removed by our algorithm.
Thus, we placedwatermolecules in the cleftswith a similar
algorithm as described above for the placement of water
molecules in cavities.
Building of the hydrogen-bond network

We describe the hydrogen-bond network in the proteins
as a graph. Graph theory has been used in previous
studies to investigate electron-transfer pathways in



Fig. 6. Flowchart of the betweenness clustering algo-
rithm. The algorithm iteratively removes the edge with the
highest betweenness. The iteration runs until the network
is divided into the desired number of subgraphs.
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proteins.26,28–30,56–58 In mathematics, a graph is a repre-
sentation of a set of objects where some pairs of the objects
are connected by links. The objects are called nodes, and
the links are called connections. In our study, water mole-
cules, protein residues with polar side chains (arginine,
aspartate, lysine, glutamate, histidine, threonine, serine,
tyrosine, tryptophan, the N-terminus and the C-terminus)
and cofactors (quinone, cardiolipin, bacteriopheophytin
and bacteriochlorophyll) are considered as nodes in the
graph representation of the hydrogen-bond network.
Possible hydrogen bonds are considered as connections
between these nodes. Two distance criteria are used to
identify a hydrogen bond between two possible hydrogen-
bond partners. The distance between donor and acceptor
heavy atoms should be less than 4.0 Å, and the distance
between the acceptor heavy atom and the hydrogen
should be less than the distance between the donor
heavy atom and the acceptor heavy atom. Assuming that
the distance between the donor heavy atom and the
hydrogen varies between 0.9 and 1.0 Å and the distance
between the donor heavy atom and the acceptor heavy
atom varies between 2.0 and 4.0 Å, the angle between
hydrogen, donor heavy atom and acceptor heavy atom is
always less than 85°. Proton entry points are residues that
are in contact with the cytoplasm—i.e., the proton donor or
acceptor of this residue is less than 3.0 Å apart from the
solvent-accessible surface of the protein. During our
analysis, we realized that the distance between the
carboxylate oxygen of GluL212 and QB is about 4.5 Å;
therefore, this hydrogen bond was not included in our
network. We inspected the structure and electron density
near GluL212 using the Coot59 program. The electron
density is not well defined at this position. We assumed
that GluL212 is connected to the O2 oxygen of QB either
directly or by a water molecule in our calculations and
introduced a hydrogen bond between these atoms.

Network analysis and clustering

The hydrogen-bond network is clustered by the algo-
rithm of Girvan and Newman (betweenness clustering
algorithm)60 (see Fig. 6). The algorithm is a divisive
clustering algorithm and clusters the hydrogen-bond
network based on its topological properties. The algo-
rithm iteratively removes connections from the network,
dividing the graph into more and more subgraphs. The
decision which connection is deleted at each iteration step
is based on an all-pairs-shortest-path search. The between-
ness of a certain connection is defined as the number of
shortest paths containing this connection. The connection
with the highest betweenness is removed. Afterward,
the number of unconnected subgraphs of the remain-
ing network is evaluated. These three steps (i.e., cal-
culating the betweenness, removing the connection with
the highest betweenness and evaluating the remaining
network) are done iteratively until the desired number of
subgraphs is reached. Each of these subgraphs is then
considered as a cluster. To evaluate the quality of clustering,
we calculated the modularity61 in dependence on the
number of clusters. The modularity Q of the clustering is
given by the following equation:

Q =
XK
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where K is the number of clusters, N is the total number of
connections in the network, Aii is the number of connec-
tions within cluster i and Aij is the number of connections
between cluster i and cluster j. The second term in Eq. (1)
requires some additional explanation. Let us consider two
clusters, i and j, one with ki connections and the other with
kj connections. The average number of connections, Lij,
between these clusters is given by

Lij =
kikj
N

ð2Þ

if the connections are placed randomly. An equivalent
equation can be used for the expected number of
connections, Lii, within a single cluster i. Since Eq. (3) is
valid,
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the last term in Eq. (1) represents the average number of
connections of cluster i. The modularity can take values
between one and zero and is related to the difference
between the number of connections within each of the
clusters and the average number of connections of each
cluster. A randomly clustered network would give a
modularity close to zero. Large values of the modularity
indicate a high quality of the clustering. Newman and
Girvan reported that modularities of 0.7 and higher
indicate a strong clustering.61
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