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Abstract
Protons participate in many reactions. In proteins, protons need paths to move in and out of buried active sites. The vectorial 
movement of protons coupled to electron transfer reactions establishes the transmembrane electrochemical gradient used for 
many reactions, including ATP synthesis. Protons move through hydrogen bonded chains of waters and hydroxy side chains 
via the Grotthuss mechanism and by proton binding and release from acidic and basic residues. MCCE analysis shows that 
proteins exist in a large number of protonation states. Knowledge of the equilibrium ensemble can provide a rational basis 
for setting protonation states in simulations that fix them, such as molecular dynamics (MD). The proton path into the  QB 
site in the bacterial reaction centers (RCs) of Rb. sphaeroides is analyzed by MD to provide an example of the benefits of 
using protonation states found by the MCCE program. A tangled web of side chains and waters link the cytoplasm to  QB. 
MCCE analysis of snapshots from multiple trajectories shows that changing the input protonation state of a residue in MD 
biases the trajectory shifting the proton affinity of that residue. However, the proton affinity of some residues is more sensi-
tive to the input structure. The proton transfer networks derived from different trajectories are quite robust. There are some 
changes in connectivity that are largely restricted to the specific residues whose protonation state is changed. Trajectories 
with  QB

•− are compared with earlier results obtained with  QB [Wei et. al Photosynthesis Research volume 152, pages153–165 
(2022)] showing only modest changes. While introducing new methods the study highlights the difficulty of establishing the 
connections between protein conformation.
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Introduction

The light reactions of photosynthesis occur in proteins 
embedded in bacterial or chloroplast membranes. These 
proteins bind cofactors that carry out light absorption and 
the core cofactors participate in electron and proton transfers 
(Gunner et al. 2013). The reactions are initiated by absorp-
tion of light by chlorophyll, carotenoids and other chromo-
phores followed by electron transfer across the proteins. The 
directionality of electron transfer and the coupled uptake 
and release of protons generates the transmembrane elec-
trochemical potential gradient (Gunner et al. 2013). These 
reactions polarize the membrane creating a positive potential 
in the periplasm of bacteria and lumen of chloroplasts with 
the cytoplasm or stroma being more negative. Protons accu-
mulated on the lumen side are transferred down the elec-
trochemical gradient in the F1/F0 ATP synthase to drive 
the synthesis of ATP. The electron transfer chains in green 
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plants lead to high energy reduced products such as NADH 
which in conjunction with ATP reduces  CO2 to sugar. In 
contrast, in the purple non-sulfur bacteria described here 
the type II photosynthetic reaction centers (RCs) work in an 
electron transfer cycle with the cytochrome  bc1 complex. 
The pair of proteins use cytochrome c and ubiquinone as 
mobile electron carriers to simply increase the proton gradi-
ent (Blankenship 2021).

The reaction centers (RCs) from the purple non-sulfur 
bacterial Rb. sphaeroides are analyzed to describe meth-
ods that characterize the distribution of protonation states 
and networks for proton transfer, reviewing and extending 
work from earlier studies (Khaniya et al. 2022; Wei et al. 
2022). Each excitation of the protein leads to reduction of 
a ubiquinone at the  QA site which in turn reduces the sec-
ondary quinone,  QB. First a semiquinone  QB

•− is formed, 
followed by protonation, preceding the second reduction 
and second protonation (Paddock et al. 1999).  QH2 then is 
released from the protein into the membrane and replaced 
with an oxidized quinone. Experimental and computational 
studies have explored the electron and proton transfers to  QB 
(Okamura et al. 2000; Wraight 2004), the thermodynamics 
of the  QA and  QB reduction and protonation reactions (Gun-
ner et al. 2008) and the proton transfer pathways from the 
cytoplasm to the  QB site (Ishikita and Knapp 2004; Kram-
mer et al. 2009; Wei et al. 2022). The  QB site is ≈15 Å from 
the cytoplasm requiring long-range transfer to bring protons 
to the reduced quinone.  QB is surrounded by a very complex 
web of polar and protonatable residues, which modulate the 
quinone redox potential and serve as proton transfer paths 
(Sebban et al. 1995).

Proton transfer networks are established with water, His 
and hydroxyl containing residues, including Ser, Thr, Tyr 
involved in Grotthuss-type mechanisms. In addition, acidic 
and basic residues serve as proton loading sites that release 
and bind protons translocated along hydrogen bonds  (Ishi-
kita and Saito 2014; Bondar 2022b). Surrounding non-Grot-
thuss competent residues such as Asn, Gln, Trp can orient 
and stabilize the connections needed for proton conduction.

Proton transfer pathways are found with different motifs. 
They can be linear chains with a single amino acid at the 
entry and exit and few branches along the path. Examples 
include the pathways starting approximately 10 Å from the 
oxygen evolving complex (OEC) in photosystem II (PSII) 
(Vassiliev et al. 2012; Kaur et al. 2019; Hussein et al. 2021), 
the D and K pathways in cytochrome c oxidase (CcO) 
(Sharpe and Ferguson-Miller 2008; Kaila et al. 2010) the 
three antiporter derived paths in Complex I (Sazanov 2015; 
Kaila 2018) and in bacteriorhodopsin (Balashov 2000). 
These networks often rely on proton transfer through key 
amino acid residues. There are also very tangled paths as 
found here near  QB in RCs (Wei et al. 2022), on the proton 
exit side in CcO (Cai et al. 2018), the E-channel of Complex 

I (Kaila 2018; Khaniya et al. 2020) and the region within 
7–10 Å of the OEC in PSII (Kaur et al. 2021b). We do not 
know why proteins choose to use simple or complex motifs. 
Single mutations in linear paths often stop proton transfer 
(Kaila et al. 2010) while complex paths often require multi-
ple mutations to block proton transfer (Okamura et al. 2000; 
Wraight 2004). Linear paths can often be traced by visual 
inspection of a protein structure file (Sharpe and Ferguson-
Miller 2008), but complex motifs must be characterized by 
computational techniques such as those described here.

Proton transfers accompany electron transfers to reduce 
the change in charge induced by the redox reactions (Mer-
chant and Sawaya 2005). Quinones and other cofactors 
such as the  Mn4O5Ca OEC of PSII will change protonation 
through the reaction cycle (Okamura et al. 2000; Wraight 
2004; Gunner et al. 2008; Vinyard and Brudvig 2017). Other 
redox cofactors such as chlorophylls, iron sulfur clusters and 
hemes (Reedy and Gibney 2004) do not change protonation 
state. However, when a cofactor changes charge the protona-
tion states of nearby residues often change (Wraight 2004). 
A number of computational techniques have been developed 
to follow the changes in residue protonation states coupled 
to quinone reduction (Beroza et al. 1991; Rabenstein et al. 
1998; Alexov and Gunner 1999; Ullmann and Knapp 1999; 
Ishikita and Knapp 2004). Thus, the first reduction of  QB 
leads to proton uptake to residues near the quinone that shift 
their proton affinity in the presence of the introduced nega-
tive charge. In contrast, the second reduction requires proton 
binding to the quinone itself.

Approximately 25% of the amino acid residues in an aver-
age protein structure are acidic or basic residues, Asp, Glu, 
Arg, Lys and His (Kim et al. 2005). The protonation state 
of acids and bases and the redox state of cofactors as well 
as the orientation of polar side chain and amide backbone 
dipoles  generate electrostatic fields that regulate the struc-
ture and function of the protein (Gunner et al. 1996; Fried 
and Boxer 2015). In light harvesting proteins, the fields tune 
the spectra so that the absorbance of chemically identical 
chromophores can span a significant energy range (Friedl 
et al. 2022). Likewise, the cofactor redox potentials  (Ems) 
(Ullmann et al. 2002; Mao et al. 2003; Klingen and Ull-
mann 2004; Reedy and Gibney 2004; Zheng and Gunner 
2009) and site  pKas (Pahari et al. 2019) are determined by 
the electrostatic potentials. The protein environment thus 
allows the chemically identical chromophores, redox cofac-
tors and amino acids to have significantly different absorp-
tion spectra and electron and proton affinities in their indi-
vidual sites. Without this tuning, proteins would likely need 
many more types of ligands to achieve a comparable range 
of functionality.

Simulations of proton and redox titrations generally pro-
vide the average protonation and redox state at a given pH 
and  Eh usually determined by Monte Carlo (MC) sampling 
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(Alexov et al. 2011; Gunner and Baker 2016). One class of 
programs allow limited sampling of the conformations in the 
protein (Gunner and Baker 2016). For example, the program 
MCCE (Multi-Conformation Continuum Electrostatics), 
which will be used here allows for side chain rotamer sam-
pling on a fixed backbone. This class of programs efficiently 
come to equilibrium in almost all cases within the physically 
constrained protein conformation. Although it should be 
noted that when many groups are coupled together, such as 
the waters in a wire, convergence can be difficult to achieve 
(Zhang et al. 2021). One work around for the rigid back-
bone is to carry out multiple independent calculations of 
protonation states and side chain conformations starting with 
different experimental structures (Lu and Gunner 2014) or 
with multiple MD frames (Cai et al. 2018; Cai et al. 2020).

An evolving approach, constant pH MD (cpHMD), is 
designed to meld protonation changes with MD, often car-
rying out a MC protonation state analysis at fixed intervals 
within the MD trajectory (Baptista et al. 1999, 2002; Teix-
eira et al. 2002; Damjanovic et al. 2018; Liguori et al. 2019; 
Sarkar et al. 2019; Vila-Vicosa et al. 2019; Cruzeiro et al. 
2020; Torabifard et al. 2020; Vilhjalmsdottir et al. 2020; da 
Rocha et al. 2022). Following each change in charge state, 
the system must be relaxed. pH replica exchange methods 
help to speed convergence (Itoh et  al. 2011). Currently 
cpHMD converges efficiently for systems with a few titrat-
ing sites, but it is challenging to converge with large proteins 
with many, interacting buried charges. Studies of larger sys-
tems profit from recognizing the residues that are firmly ion-
ized or neutral and removing them from consideration (Bap-
tista et al. 2002). Thus, compromises made in programs such 
as MCCE and by cpHMD show the difficulty of bringing the 
protonation and conformational states into equilibrium as is 
needed to explore proton transfer processes.

In contrast, standard Molecular Dynamics (MD) simu-
lations focus on exploring conformational space, picking 
one protonation state for each residue that will be fixed for 
the whole trajectory. Likewise, the simulations that include 
quantum effects such as DFT and QM/MM simulations have 
a fixed number of protons. Protons can shift between neigh-
bors in the portions of calculations that incorporate quantum 
mechanics, but the number of protons remains the same.

Monte Carlo (MC) sampling is an ideal approach to find 
the Boltzmann distribution of protonation states as protons 
bound to the acidic and basic residues in the protein come to 
equilibrium with those in a bath at a fixed chemical potential 
(i.e., pH) (Baptista et al. 1999). MC sampling works by ran-
domly generating microstates, where each is a single choice 
for each residue and ligand given their degrees of freedom. For 
example, in MCCE a “microstate” has a defined position for all 
side chains, protonation state of each acidic and basic residue, 

cofactor redox state and ligand position (Song et al. 2009). The 
energy of each new microstate is compared to that of the previ-
ous one and Metropolis–Hastings sampling decides if the new 
microstate is accepted or if the previous one is retained. Recent 
work has begun to analyze the distribution and properties of 
the accepted MC microstates generated by MCCE (Khaniya 
et al. 2022). The MCCE ensemble of microstates will be used 
here to find the distribution of “protonation microstates”, each 
of which define the protonation state of each acidic and basic 
residue independent of the side chain conformations (Khaniya 
et al. 2022).

The examination of protonation microstates shows that pro-
teins are not in a single protonation state. Depending on the 
entropy contributed by the conformational degrees of freedom, 
the protonation microstates that are most probable may not be 
at the lowest energy. Different microstates generate different 
electrostatic potentials through the protein, thus will lead to 
spectral width, and the modulation of  Ems and  pKas of bur-
ied groups. Analysis of the residue protonation states in all 
accepted MC microstates can identify complex connections 
showing which residues are coupled to each other. Correlation 
of protonation and redox states can show how the ensemble 
of protonation states shift to relax in redox reactions (Baptista 
et al. 1999; Teixeira et al. 2002; Mao et al. 2003; Khaniya 
et al. 2022). A simple yet important use of the information 
about individual protonation microstates is that they provide 
a rational choice for all protonation states for input to MD or 
other higher-level calculations.

Tracing hydrogen bonded paths requires knowing the posi-
tion of neighboring residues and waters in individual confor-
mational microstates. The hydrogen bonds found in the many 
accepted MCCE microstates can be built into proton transfer 
chains using network analysis (Cai et al. 2018; Khaniya et al. 
2020; Wei et al. 2022). Connections can also be determined 
in the many frames (snapshots) of an MD trajectory (Bondar 
et al. 2010). When hydrogen bonds are found in an MD tra-
jectory the protonation state of acidic and basic groups are 
fixed which determines whether they can be a proton donor 
or acceptor in the path. In MCCE these groups are allowed to 
sample different protonation states so can switch the role they 
play in the proton transfer path.

The results provided here will use the classical MD pack-
age OpenMM (Eastman et al. 2013, 2017) and the MCCE 
MC sampling program (Song et al. 2009). Similar analysis 
has been carried out on bacterial RCs (Wei et al. 2022), PSII 
(Kaur et al. 2021b), cytochrome c oxidase (Cai et al. 2020) and 
Complex I (Khaniya et al. 2020) and reviewed in (Kaur et al. 
2019, 2021a). We will use MCCE protonation microstates, 
which define the protonation state of every acid and base, to 
initiate MD. The proton transfer pathways will be obtained 
from the hydrogen bonds in the MD trajectory. The effects of 
the MD protonation states on the hydrogen bonded paths in the 
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MD trajectories and on the MCCE calculated proton affinities 
will be described.

Methods

Choice of protonation states in the MD trajectories

The coordinates of the Rb. sphaeroides photosynthetic reac-
tion centers (RCs) (PDB ID: 1AIG) with  QB in the proxi-
mal site are the starting material for the MCCE and MD 
simulations (Stowell et al. 1997). MCCE uses Monte Carlo 
sampling to find the Boltzmann distribution of protonation 
states. Several highly probable protonation states that differ 
in their protonation of residues near  QB are chosen as input 
for MD simulations.

The MCCE calculations use a protein dielectric con-
stant of 4, and 80 for water both outside and in cavities 
within the protein. Only isosteric conformer sampling is 
used, which allows a search of the positions of polar pro-
tons and His tautomers and Asn and Gln rotamers. During 
the MCCE sampling,  QA and the other redox cofactors 
are always fixed in their neutral ground state. In contrast, 
 QB is fixed in the anionic  (QB

•−) semiquinone form. The 
MCCE calculations (Song et al. 2009) are carried at pH 7 
as described in previous work (Khaniya et al. 2022). After 
the calculation, MCCE finds most Asp, Glu, Lys and all 
Arg are fixed ionized and most His are neutral with the 
proton on ND1 (HSD). These choices are maintained in 
the MD simulations. In line with the results of the MCCE 
calculations, Glu H43, L104 and Lys H197 are always 
fixed neutral and His H126, 128 and 301 are always fixed 
ionized. HisH98, HisH204, HisL116, HisL168, HisL211, 
HisM145 are fixed with the proton on NE2 (HSE). Then 
the protonation states of six other residues are modified in 
each trajectory. AspL210, AspL213, GluL212 and HisH68 
switch their protonation states between the trajectory with 

the neutral  QB (Q1) (Wei et al. 2022) and  QB
•− (SQ1-

SQ4), shown in Table 1. In the trajectories SQ2, SQ3 and 
SQ4, the total charge is maintained with a proton shifting 
between residues. LysH146 is not in the group of intercon-
nected residues around  QB, but it may affect the protona-
tion states of nearby residues.

The MD parameters and settings

We prepared the topology and parameter files for molecu-
lar dynamics using the CHARMM GUI (Jo et al. 2008) 
with the protein cofactors patched into the protein, as 
described in our previous work (Wei et al. 2022). Cofac-
tor parameters are from Matyushov (Ceccarelli and Marchi 
2003; LeBard and Matyushov 2008) and can be down-
loaded from https:// github. com/ Gunne rLab/ RCspa ramet 
ers. New parameters were created for the ubisemiqui-
none  (Q•−) using the VMD toolkit (Mayne et al. 2015) 
as described in the SI.Part I. The  Q•− parameters can be 
found at https:// github. com/ judyw ei2333/ semi_ brc_ param 
eters.

MD is carried out in a POPC membrane with explicit 
water in a rectangular box of 115 Å × 115 Å × 120 Å using 
OpenMM (Eastman et  al. 2013, 2017); 86  Na+ and 84 
 Cl− are included for the charge neutrality. Each MD pro-
duction run is 200 ns long for each protonation state with 
 QB

•− and compared with previous results with the neutral  QB 
(Wei et al. 2022). The trajectory coordinates are saved every 
10 ps and is written out in a dcd file. The snapshots spaced 
20 ns apart are used for the analysis here.

Determination of the correlation between residue 
protonation in the protonation microstate 
ensembles

The protonation microstates are found in MCCE. Each 
unique protonation microstate has a different distribution 
of protons over the acidic and basic residues. Individual 
protonation microstates may have the same number of pro-
tons bound to different residues (protein tautomers) or dif-
ferent numbers of protons and thus a different charge. The 
weighted Pearson's correlation is applied here to investigate 
the charge correlations between residues in the millions of 
generated microstates (Khaniya et al. 2022), although there 
are other methods to find coupling between residues in the 
large dataset (Baptista et al. 1999). All microstates with 
the same protonation distribution are identified as a unique 
microstate and each is associated with a count of the number 
of times this protonation microstate is found in the accepted 
MC ensemble. Using the count of each unique microstate as 
a weight is equivalent to the standard Pearson’s correlation 

Table 1  Protonation states of residues near  QB that are modified in 
the different MD trajectories

Trajectory

Q1 SQ1 SQ2 SQ3 SQ4

QB QB QB
•− QB

•− QB
•− QB

•−

ASP L210 0 − 1 − 1 − 1 − 1
ASP L213 − 1 0 0 − 1 0
GLU L212 − 1 0 0 0 0
GLU M236 0 0 − 1 0 0
HIS H68 0 1 1 1 0
LYS H146 1 0 0 0 0
LYS H0197 1 0 0 0 0
Sum  H+ 0 0 − 1 − 1 − 1
Total  H+ 3 3 2 2 2

https://github.com/GunnerLab/RCsparameters
https://github.com/GunnerLab/RCsparameters
https://github.com/judywei2333/semi_brc_parameters
https://github.com/judywei2333/semi_brc_parameters
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where every accepted microstate in the sampling sequence 
is counted once. The weighted Pearson's correlation coef-
ficient is:

The count of each individual conformation/protona-
tion microstate is the number of times it is chosen in MC 
sampling. A microstate count increases when the subse-
quent randomly chosen microstate is rejected in Metropo-
lis–Hastings sampling. The protonation microstate count 
is the sum of the counts for the many conformational 
microstates with the same number and position of protons 
but different side chain positions.

The correlation is determined given each protonation 
microstate i , and the charges of the two residues to be 
compared: pi and qi . The total number of unique accepted 
protonation microstates is n. The average charge of these 
residues in the full MC ensemble is p and q . The weight 
here is equal to the count of protonation microstate i. The 
weighted coefficient is used to ensure that the correlation 
matrix is not dominated by the many unique protonation 
microstates with low probability in the ensemble. The 
weighted Pearson's correlation coefficient ranges from 
− 1 to 1, with 1 or − 1 indicating the sites are fully cor-
related or anticorrelated and 0 indicating that they are 
not correlated at all (or corresponding to orthogonal 
displacements).

Determination of the proton transfer paths 
in the MD trajectories

The goal is to find the hydrogen bonded paths that pro-
tons can take from residues at the cytoplasmic surface to 
 QB

•− (Okamura et al. 2000; Wraight 2004). 2500 snap-
shots are selected from the 51–100 ns portion of the MD 
trajectory. The membrane and explicit waters with less 
than 20% surface accessibility are removed. Hydrogen 
bonds are identified by a distance between the hydro-
gen and a heteroatom between 1.2 and 3.5 Å and angle 
between the donor hydrogen and acceptor, that is greater 
than 90° (Wei et al. 2022). The hydrogen bond network is 
developed based on the depth-first search (DFS) to carry 
out an exhaustive search of the hydrogen bonds from the 
periplasm side of the RCs to the  QB site (Mercado et al. 
2022). The hydrogen bond network are visualized using 
Cytoscape (Shannon et al. 2003). Networks described 
here are mapped between residues with a maximum of 
two intervening waters. This leads to a complete map of 
the full hydrogen bond network. The networks with 0–4 

(1)rpq =

∑n

i=1
wi(pi − p)(qi − q)

�

∑n

i=1
(wi(pi − p)

2
)
∑n

i=1
(wi(qi − q)

2
)

intervening waters are provided in Fig SI.5. The network 
becomes more tangled when longer paths through more 
waters are considered.

Results

Distribution of protonation microstates

MCCE maintains the backbone of the input structure, so it 
cannot simulate displacements of distant sites or changes 
in the local structure that are backbone dependent. Stand-
ard MD in contrast can show the changes in the protein 
driven, in part, by one distribution of ionized residues. 
Here, five protonation microstates were chosen as input for 
MD trajectories that represent different states of six resi-
dues near  QB whose protonation states were shown to be 
correlated with each other (Khaniya et al. 2022) (Table 1).

There are 132 protonatable residues in RCs whose 
Boltzmann distribution of protonation microstates are 
determined by MCCE using individual snapshots from 
the five trajectories. Figure 1A shows the distribution of 
protonation microstates derived from one snapshot from 
the MD trajectory SQ2 (see Table 1 for trajectory protona-
tion). Here 23 residues have different protonation states in 
the accepted MC microstates. Each dot is one of the 5733 
unique accepted protonation microstates. The graph is 
plotted with the natural log of unique microstate probabil-
ity against the charge of the protein in that state. The dots 
in each column have the same net charge, ranging from − 2 
to 7. The most occupied microstates have charges between 
1 and 3. The Boltzmann averaged charge of the ensemble 
of acids and bases is 1.23 with a charge on  QB

•− of − 1.
Many conformational microstates, each of which have 

different energy, are in the same protonation microstate. 
The dot size and color represent the range of energies 
found in the conformational ensemble for that pronation 
microstate. The range corresponds to the maximum minus 
the minimum energy for the microstates with this proton 
distribution. The most populated protonation microstates 
are found in a diverse group of conformational states with 
a wide range of energies.

The large number of protonation microstates contains 
many rare states while a small subset makes up the bulk 
of the population. Figure 1B shows that the protonation 
microstate with the highest probability contributes 8% of 
the population while 26 microstates make up about 50% of 
the ensemble. However, > 630 are needed to capture 90% 
of the total population. To tame the explosion of protona-
tion microstates, the protein can be divided into clusters 
which are spatially separated so the charge of each cluster 
is relatively independent. A  QB cluster can be defined as an 
extended group of residues in the  QB proton transfer network 
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(see below in Table 3). The cluster has 15 protonatable resi-
dues and 12 of them change protonation states in the MC 
sampling, leading to a total of 197 protonation microstates. 
Now only three protonation microstates constitute 50% of 
the population and 15 represent 90%. The 15 protonation 
microstates with higher probability for the  QB cluster are 
reported in Table SI.1.

Having access to all protonation microstates allows us 
to find the correlation between different properties that are 
sampled in the calculations. Here, we show the weighted 
Pearson's correlation coefficient (Eq. 1) for the coupled pro-
tonation state of individual residues near  QB

•− using a snap-
shot from the SQ2 trajectory (Fig. 2). The protonation states 
of three acidic residues are strongly correlated. GluL213 
lies between AspL210 and GluL212 leading towards  QB. 
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Fig. 1  A Distribution of unique RC protonation microstates at pH 7. 
The MCCE calculations were run on one snapshot of the MD trajec-
tory SQ2 (Table 1). Each dot represents one protonation microstate, 
and natural log of the probability gives the fraction of times a state 
with this protonation distribution is accepted by MC sampling. Each 
protonation microstate can be found in many MCCE side chain con-
formation states with a range of microstates with different energy. 

The dot color and size report on this range of energies with bigger, 
darker dots having a wider energy distribution. Energies are in kcal/
mol. B The running sum of the probabilities of the protonation micro-
states. Protonation microstates are graphed in order of decreasing 
probability. Each point adds the probability to that of all points to its 
left

QB
-

Fe

D-L213

E-H173

H-H126

D-L210

E-L212

A B

Fig. 2  The correlation of residue charge in the protonation micro-
states in the MCCE calculations with  QB

•− of a snapshot from the 
MD trajectory SQ2. A Residues with significant correlation. The resi-
dues names are given as Chain Designator (H, L or M) and the one 
letter code for the amino acids followed by the residue number. Resi-

dues with stronger correlation in sticks, more weakly interacting resi-
dues are lines.  QB

•−: the ubiquinone head and tail as magenta sticks, 
Fe: yellow sphere. B weighted Pearson’s correlation of protonation 
states of individual residues. Blue: positive correlation; red: negative 
correlation; darker color indicates stronger correlation
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The protonation state of the central GluL213 is negatively 
correlated with the other two acids. This leads to a posi-
tive correlation between AspL210 and GluL212 so that both 
tend to be ionized, or to be neutral responding to the charge 
on AspL213. HisH126 and GluH173 both have significant 
correlation within this cluster. Thus, the cluster protonation 
microstates show the residues are coupled together. How-
ever, no correlation coefficient is  close to ± 1, indicating 
that residues do not change in lockstep with each other. This 
makes it challenging to discover these connections without 
using statistical tools for evaluating large ensembles (Bap-
tista et al. 1999; Khaniya et al. 2022).

The impact of fixed MD protonation states 
on the proton affinity found in MCCE

We can consider how the conformation input from MD 
configurations affect the proton affinity. MCCE simulations 
were run on 12 snapshots, four are from a trajectory with  QB 
and two each from four different trajectories with  QB

•−. The 
results for each residue were separated by whether the trajec-
tory had this residue fixed to be ionized or neutral in MD 
(Table 2). In all cases MCCE favors the charge state imposed 
by the MD trajectory for a given residue. The variation in 
average protonation can be modest, as for HisH68, or more 
substantial as for AspL213 or GluM236. It should be noted 
that, with the exception of the stable value for HisH68, the 
standard deviation is largest when the average protonation 
is near 50% ionized. This is near the steepest part of a titra-
tion curve, where smaller changes in energy lead to larger 
changes in proton binding.

A more detailed version of Table 2 is given in SI. 2, which 
provides the MCCE calculated protonation states in each 
snapshot for the 7 residues whose protonation is modified 
in the different trajectories as well as that of 10 other resi-
dues near  QB whose charge is the same in all MD  trajectory. 
Between 2 and 4 snapshots were chosen from each trajectory. 
In general, there is agreement in the MCCE average proto-
nation in the snapshots from the same trajectory. However, 

this is not always the case. GluM236 ranges from being 
fully neutral to 85% ionized in different snapshots from the 
Q1 trajectory where this Glu is fixed neutral. LysH197 also 
gives quite different ionization in different snapshots from 
two of the trajectories. The residues of interest were chosen 
as being highly correlated with other residues in the initial 
MCCE calculations of the crystal structure. We find here 
that their protonation can sometimes be influenced by details 
of the structure in addition to their protonation state in MD.

The protonation states of other residues near  QB are 
listed in Table SI.2C. Their average protonation does not 
change much between different snapshots. The exception is 
HisH128 which is at the entrance to a proton input channel.

Thus, the protonation in the trajectory generally leads to 
a structure that stabilizes the charge on that residue favoring 
the protonation state used in MD. However, comparisons of 
the average proton affinity from individual snapshots show 
that the protonation states of some residues are significantly 
influenced by the local environment along the MD trajectory. 
These may profit from analysis by cpHMD. Another fruit-
ful approach to this real problem is to subject the trajectory 
to meta-analysis focusing on the positions of residues with 
highly variable proton affinity. Previous calculations have 
shown that it can be possible to identify geometric arrange-
ments that switch the proton affinity of a residues between 
different states (Cai et al. 2020).

Finding proton transfer paths

Hydrogen bonded networks that connect the cytoplasm to 
 QB are found in the RC MD trajectories. As with previous 
calculations of hydrogen bonded paths in RCs (Wei et al. 
2022), the hydrogen bond networks find the residues con-
nected by waters. Proton transfer networks found from the 
MD trajectory can bring protons from the negative, cyto-
plasmic side of the membrane to  QB via the Grotthuss trans-
fer mechanism augmented by transient proton trapping on 
acidic and basic residues. Here, residues are viewed as con-
nected if a path between them can be found via 2 or fewer 

Table 2  MCCE calculated 
average charge state for residues 
that are fixed in different 
protonation states in MD 
(Table 1)

‘Neutral’ gives the average protonation in snapshots coming from trajectories where the residue is neutral, 
while ‘Ionized’ indicates the residue was ionized in the trajectory. N is the number of snapshots averaged

Neutral Ionized

average stdev N average stdev N

Asp L210 − 0.01 0.02 4 − 0.93 0.11 8
Asp L213 − 0.27 0.30 6 − 0.98 0.02 6
Glu L212 − 0.16 0.18 8 − 0.52 0.48 4
Glu M236 − 0.44 0.40 10 − 1.00 0.01 2
His H68 0.44 0.23 6 0.74 0.20 6
Lys H197 0.77 0.37 8 1.00 0.00 4
Lys H146 1.00 0.01 8 1.00 0.00 4
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waters. There are 17 residues that are connected in at least 
one trajectory (Table 3A and B). A more complete list of 
23 residues connected by four or fewer waters is provided 
in Table SI.3.

Table 3A shows the average number of connections made 
by the residues whose protonation state is different in the 
five trajectories. Residues tend to make more connections 
in trajectories where they are ionized than in the trajecto-
ries where they are neutral. Table 3B shows residues whose 
charge is the same in all trajectories, sorted by the average 
number of connections. The number and identity of the con-
nections to other residues are similar in the different trajec-
tories. The surface residue HisH126 can be connected to 

the most other residues. SerL223 and ThrL226, which are 
hydrogen bonded to  QB also have many partners allowing 
protons to follow many paths to the quinone. The trajectory 
with  QB neutral (Q1) was compared with those with  QB ion-
ized (SQ1–SQ4). There are only a few significant differences 
such as the surface residue TyrM3 being less connected in 
Q1 and GluM234 being more connected. As these are not 
near  QB, this is likely to represent the vagaries of a given 
MD trajectory.

Table 3C shows the network around  QA. ThrM222 and 
HisM219 make hydron bonds directly to the quinone. In 
the previous analysis of a trajectory where both quinones 
are neutral (Q1),  QA never had any additional connections 

Table 3  Count of the number of connections each residue makes in the network with a maximum of two intervening waters

(A) The residues with different charges in different trajectories. The count of connections is averaged separating the values from trajectories 
where the residue is ionized or neutral. (B) The number of residues connected to the residues with the same charge in all trajectories are sorted 
in the descending order of the average number of connections. (C) Connectivity of residues around  QA

^ Surface residues
*Ionized residues

(A) Q1 SQ1 SQ2 SQ3 SQ4 Ionized Neutral

QB 2 3* 3* 4* 3* 3.25 2
Asp L210 8 7* 7* 8* 6* 7.00 8
Asp L213 5* 5 6 6* 5 5.5 5.33
Glu L212 4* 2 3 2 2 4 2.25
Glu M236 5 3 4* 4 3 4 3.75
His H68^ 3 3* 9* 3* 2 4.25 2.50

(B) Q1 SQ1 SQ2 SQ3 SQ4 av connect  ± stdev

*His H126^ 10 9 16 12 8 11.0  ± 3.16
Thr L226 7 7 7 7 8 7.2  ± 0.45
*Lys H130 9 5 7 9 5 7.0  ± 2.00
Ser L223 9 6 7 4 7 6.6  ± 1.82
*Glu H173 6 5 8 5 4 5.6  ± 1.52
*Asp M17 4 4 7 6 4 5.0  ± 1.41
*Glu H224^ 5 5 5 5 5 5.0  ± 0.00
Thr L214 6 5 7 4 3 5.0  ± 1.58
*Asp H124 7 4 7 3 3 4.8  ± 2.05
*His H128^ 1 6 6 6 3 4.4  ± 2.30
Tyr M3^ 1 5 5 6 4 4.2  ± 1.92
*Lys H132^ 3 4 4 5 3 3.8  ± 0.84
Thr L208 6 0 6 5 1 3.6  ± 2.88
*Asp M240 1 1 4 4 2 2.4  ± 1.52
Thr M21^ 0 0 3 4 3 2.0  ± 1.87
Ser M8 0 0 3 3 3 1.8  ± 1.64
His L190 1 1 1 1 2 1.2  ± 0.45

(C) Q1 SQ1 SQ2 SQ3 SQ4 av crg  ± stdev

QA 2 2 2 3 2 2.2  ± 0.45
Thr M222 1 1 1 1 1 1  ± 0
His M219 1 1 1 1 1 1  ± 0
Thr M261 0 0 0 2 0 0.4  ± 0.89
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beyond these two residues (Wei et al. 2022). Here, we see in 
SQ3 that  QA can also connect to ThrM261, which connects 
to the  QB

•− network. The role of  QA is to be reduced only 
to the level of the semiquinone, passing this electron to  QB 
and then to  QB

•H.  QA
•− should never bind a proton and its 

isolation from a robust proton transfer network protects it 
from doing so.

Figure 3 shows a network aggregated from the 2500 
snapshots from the 50–100 ns segment of the trajectory 
SQ2 The paths shown here simply trace connectivity, but 
do not show which paths are favored. Only residues that 
can participate in Grotthuss proton transfer or by binding 
and releasing protons are shown. In Fig. 3B each column 
represents one step away from  QB. The nodes (residues) 

can be connected by as many as two waters, which are 
not shown. Thus, SerL223, HisL190 and ThrL223 are the 
primary nodes connected to  QB. followed by GluL212, 
M236, H173 and Asp L210 and L213 which are connected 
to  QB through the Ser or Thr. The residues in the network 
are entangled with one another. Depending on the path a 
residue can serve as primary or secondary connections to 
 QB. For example, SerL223 can connect directly to  QB or 
connect via ThrL226.

The networks show connectivity although the preferred 
paths are yet to be determined (Ishikita and Saito 2014; 
Kaur et al. 2021a; Bondar 2022a). Table SI.4A shows the 
frequency of each of the 89 residue-residue connections 
found in at least one frame (snapshot) in the four SQ tra-
jectories with at most two intervening waters. Focusing 
on SQ2 we see the Ser L223 is a hydrogen bond donor to 
 QB 90% of the time in the MD trajectory, while the Thr 
L226 connects to either  QB or to the Ser < 1% of the time. 
Thus, the proton is more likely to transfer via the Ser than 
the Thr. Ser L223 is often a hydrogen bond donor to Asp 
L213 and more rarely to GluH173 and AspM17 and occa-
sionally to AspL210 and ThrL226. When protons transfer 
from the cytoplasm to  QB the Ser would need to be a pro-
ton acceptor, with one of these acids protonated (Ishikita 
and Knapp 2004). Table SI.4B shows that overall, Ser and 
Thr are more likely to be proton donors than acceptors. 
This may be because there are more acids than bases in 
the network or because of the propensity of hydroxyl con-
taining side chains to be better proton donors (Kim et al. 
2005). Despite some acids being protonated here, none 
are found to satisfy the rules to be classified as donors in 
these trajectories.

Table 3A shows that individual residues tend to make 
connections to more other residues in the trajectories 
when they are ionized. However, Table SI.4A provides 
a mixed message about the changes in the persistence of 
the connections when groups are ionized. Thus, in SQ2 
when both Glu M236 and His H68 are ionized, they are 
connected to each other in 61% of the frames and Glu 
M236 connects to Lys H130 72% of the time. However, 
in SQ4 when both His H68 and Glu M236 are neutral 
the frequency of their connection decreases to 14% and 
now Glu M236 connects to Lys H130 in only 12% of the 
frames. In another example, GluL213 loses its connection 
to ServL223 when it is ionized but strengthens its con-
nection to Lys H130. However, overall, the frequency of 
connections to the six residues whose protonation states 
are changing are not strongly correlated with the residue 
charge. Thus, the network maintains many of the key con-
nections, but the strength of connections can be dependent 
on the input residue charge state.

We find many proton transfer paths to  QB
− (Fig. 3 and 

SI.5). There are four entries to the network on the surface 

H _ H 6 8

D _ M 2 4 0 E _ H 1 7 3

E _ L 2 1 2

E _M 2 3 6

H _ L 1 9 0
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E _ H 2 2 4

K _ H 2 2 0

K _ H 6 2
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S _M 8

D _ H 1 2 4

T _ H 2 2 3

D _ L 2 1 0

T _ H 2 2 6
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E_H224
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E_M22

D_M240
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H_H126
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T_L208

T_M21

T_L214
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Fig. 3  Hydrogen bond network leading to  QB
•− in a snapshot from 

SQ2. Residues are colored with:  QB orange; Grotthuss competent 
hydroxyl residues greens; the bases blue, and acids red with darker 
shade indicating the residue is charged and the lighter shade that it is 
neutral. A Network connection drawn with Cytoscape (Shannon et al. 
2003). Each node is a residue. Each line is a connection through two 
or fewer waters. B Pymol picture of the SQ2 snapshot from the net-
work shown in (A). Residues are labeled with one letter amino acid 
code_subunitResidueNumber. Cytoplasm is on the left side as noted. 
S_H80 and S_L4 could not be shown in this orientation of the protein
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from HisH126, HisH128, HisH68 and TyrM3. All three His 
are protonated in the MD trajectories. The pathways with 
 QB

•− are shorter than those found previously in trajectories 
with the neutral  QB (Wei et al. 2022). Complete proton trans-
fer paths can be found to each entry needing connections via 
no more than two waters. For example:

SQ2 entry 1:

SQ2 entry 2:

SQ2  QB•-:

QB•-

SQ2 entry4:

or

Conclusions

Here, we have explored the variation of protonation micro-
states in RCs. We found thousands of protonation states in 
the Boltzmann ensemble for the protein as a whole. When 
the protein is separated into smaller relatively independent 
regions, the combinatoric explosion can be significantly 
reduced. Thus, while more than 600 protonation microstates 
are needed to describe 90% of the proteins in the ensemble, 
only 15 protonation microstates contribute significantly to 
the ensemble for residues in the network near  QB.

We have chosen different protonation states as inputs 
for MD trajectories. MD allows the protein to equilibrate 
and MCCE does find the proton affinity of each snapshot is 
dependent on the charge state in the input trajectory. How-
ever, while the proton affinity of many residues is fairly sta-
ble there are a number of residues where the MCCE output 
is quite sensitive to the input structure.

We have compared the proton transfer network in 
snapshots from multiple trajectories with different input 

HisH126+ → AspM17− → 1w → SerL2230 → �⋅−

�

HisH128+ → 1w → AspM17− → 1w → SerL2230 → �⋅−

�

HisH68+ → 1W → AspL210− → 2W → SerL2230 → QB⋅−

HisH68+ → GluM236− → 2W → ThrL2260 → 1w → QB⋅−

TyrM30 → 1W → SerM80 → 2w → GluH173−

→ 2w → SerL2230 → �⋅−

�

TyrM30 → 1W → SerM80 → 2w → GluH173−

→ 1w → ThrL2260 → 2W → �⋅−

�

protonation states. Overall, the proton transfer network is 
robust but when a group is charged it tends to make connec-
tions to more partners than when it is neutral. The persis-
tence of the connections is more weakly dependent on the 
input protonation states.

Thus, it can be important to initiate MD with well-chosen 
protonation states (Kaila et al. 2014; Zheng and Cui 2017), 
such as those derived from MCCE microstate analysis which 
provides a self-consistent protonation state for all residues in 
the protein. If possible multiple high-probability protonation 
states can be used in different trajectories. Initial protonation 
states that are derived from the experimental structures may 
be less biased as the coordinates can represent an average of 
multiple protonation microstates in the crystal.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11120- 022- 00973-0.
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