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Abstract 

Heme-copper oxidases are membrane protein complexes that catalyse the final step of the 

aerobic respiration, namely the reduction of oxygen to water. The energy released during 

catalysis is coupled to the active translocation of protons across the membrane, which 

contributes to the establishment of an electrochemical gradient that is used for ATP synthesis. 

The distinctive C-type (or cbb3) cytochrome c oxidases, which are mostly present in 

proteobacteria, exhibit a number of unique structural and functional features, including high 

catalytic activity at low oxygen concentrations. At the moment, the functioning mechanism of 

C-type oxidases, in particular the proton transfer/pumping mechanism presumably via a 

single proton channel, is still poorly understood. In this work we used all-atom molecular 

dynamics simulations and continuum electrostatics calculations to obtain atomic-level 

insights into the hydration and dynamics of a cbb3 oxidase. We provide the details of the 

water dynamics and proton transfer pathways for both the “chemical” and “pumped” protons, 

and show that formation of protonic connections is strongly affected by the protonation state 

of key residues, namely H243, E323 and H337.  
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1. Introduction 

Heme-copper oxidases (HCOs) terminate the respiratory chain of most aerobic organisms. In 

a stepwise manner, HCOs catalyse the reduction of oxygen to water and use the redox energy 

generated during catalysis to actively pump protons from the negative to the positive side of 

the membrane, thereby contributing to the formation of an electrochemical gradient used for 

ATP synthesis [1–4]. According to their structural and functional features oxidases can be 

divided into three families: type A (aa3, mitochondrial-like), type B (ba3) and type C (cbb3) 

oxidases [5–7]. All HCOs share the same architecture for the central subunit (subunit I or 

CcoN in C-type), containing 12 membrane-spanning helices and an active centre composed 

of a low-spin heme and a high-spin heme – copper binuclear centre (BNC) coordinated by 

conserved histidine residues. The canonical A-type are the most studied oxidases. These are 

present in all the three domains of life, while the B-type are mostly found in archea and C-

type predominantly in bacteria. Notably, the A-type oxidases have two proton pathways (so-

called D- and K-channel), which are used for chemical and pumped protons, while B- and C-

type have a single proton pathway located in the same region as the K-channel of A-type 

oxidases (see details below) [3].  

C-type cytochrome c oxidases are a highly divergent group and the least studied members of 

the HCO superfamily. They exhibit a number of unique features, such as high affinity for O2, 

and thus high catalytic activity at low oxygen concentrations, and ability to reduce nitric 

oxide under anaerobic conditions, along with some structural resemblance to the bona fide 

nitric oxide reductases (NORs) [8,9]. The prototype of the C-family is a cytochrome cbb3 

oxidase. Importantly, it is the only terminal oxidase expressed in some clinically relevant 

human pathogens (e.g. Campylobacter jejuni and Helicobacter pylori), and thus it is required 

for microaerobic respiration and colonisation of anoxic tissues. This makes cbb3 a potential 

target for therapeutic purposes.  

The first cbb3 structure containing all core subunits (cbb3 from Pseudomonas stutzeri) was 

solved by Buschmann et al. at a 3.4 Å resolution [10]. Four chains were resolved in that 

structure: three core subunits – subunits N (CcoN or I), O (CcoO or II) and P (CcoP or III) – 

which are essential for the enzymatic activity (Figure 1A), and subunit M (CcoM) that was 

recently shown to have a putative role in the cbb3 complex assembly and stability [11]. The 

central subunit CcoN, was shown to have the same overall architecture as in A- and B-type 

oxidases, with an active site composed of a heme b3 – CuB binuclear centre (Figure 1D). The 
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highly conserved tyrosine, which is crosslinked to one of histidine ligands of CuB (H207 in P. 

stutzeri), is also present in this structure, though it is located in a different helix as was 

predicted previously [12]. Unlike most A- and B-type oxidases, which contain an additional 

copper centre, CuA, located in the hydrophilic part of subunit II, cbb3 contains three extra 

hemes (all type c) embedded in the hydrophilic domain of subunits CcoO and CcoP. This 

results in a distinctly different electron transfer (ET) mechanism that includes: outer and 

inner heme c in subunit CcoP, heme c in subunit CcoO, and heme b and the BNC in subunit 

CcoN, as shown schematically in Figure 1B [10]. In resemblance to the known NORs 

[13,14], the heme b and heme b3 groups are bridged by a calcium ion, instead of two arginine 

residues that are conserved in all A- and B-type oxidases. Furthermore, the proximal ligand 

of heme b3, H345, is H-bonded to E323, which is another structural feature of cbb3 oxidases. 

Two internal cavities were identified in cbb3 (Figure 1C): i) a (hydrophilic) periplasmic 

cavity extending more than 15 Å from the BNC to the postulated exit to the periplasm, which 

is absent in other structurally known oxidases and was suggested be part of the proton exit 

pathway, and ii) a (hydrophobic) membrane cavity that likely serves for oxygen to the active 

site, and is similar to the one found in B-family, and is located in a position equivalent to the 

end of the D-channel in A-type oxidases. The unique structural and functional features of 

cbb3 oxidases described above suggest that there could be significant differences in the way 

they carry out their function, i.e. oxygen reduction and proton pumping. 
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Figure 1. Overall architecture and main functional elements of cbb3 oxidase. (A) cbb3 oxidase embedded in 

membrane. Subunits CcoN (blue), CcoO (red) and CcoP (grey) comprise the protein complex. (B) Schematic 

illustration of the electron, oxygen and proton pathways. (C) Hydrophilic (cyan) and hydrophobic (green) 

internal cavities. (D) Organisation of the active site. (E) A proton pathway (Kc-channel) connects the 

cytoplasmic side of the membrane with the active site. The residues E323 and H337 are proposed to be part of 

the proton loading site and/or exit pathway. The relevant residues and cofactors are shown as sticks, while the 

copper centre (CuB), iron ions of hemes and calcium ion bridging hemes b and b3 are represented as spheres. 

The single-letter amino acid abbreviations are used. The lipid bilayer membrane is represented as a transparent 

grey surface in panels A to C. The protein structure is shown as a transparent grey cartoon in panels B and C. 

The bulk water is represented as a transparent blue surface in panel B. The hydrophobic ring around H243 is 

represented as a grey transparent surface and lines in panel E. 

Long-range proton transfer in proteins is usually described by a Grotthuss-like mechanism, 

according to which protons are translocated in a stepwise manner along well specified 

pathways that are stabilized by polar groups [1,15,16]. In cbb3 a single proton channel from 

the cytoplasmic side transports both chemical and pumped protons [10,12,17–21]. This is 

referred to as Kc-channel, as it is positioned equivalently to the K-channel in A-type. The 

highly conserved residue E49 in subunit CcoP (E25
P 

in Rhodobacter sphaeroides) was shown 
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to be an entry point to this channel [17,22]. The further Kc pathway towards the BNC is lined 

by the residues Y237, S236, T293, S240, N289, Y223, H243, Y317, S283, T215, Y251 (P. 

stutzeri numbering; residues of the main subunit, CcoN, are listed without superscript) 

[10,12,17–21], with a bottleneck region centred on H243, which sits in the narrowest part of 

the channel surrounded by a ring of hydrophobic residues (Figure 1E). No D-channel 

analogue was identified in cbb3 [10,18].  

For efficient proton pumping, a gating mechanism should be in place to prevent proton 

leaking [2–4,23]. The models of proton pumping by oxidases usually include a redox-

controlled “proton loading site” (PLS), which can accept and store protons during some steps 

of the catalytic cycle, before releasing them to the positive side of the membrane. Different 

candidates, all located close to the BNC towards the positive side of the membrane, where 

considered for this role, namely D- and A-propionate of heme a3, water molecule, or the 

water cluster – in A-type [23–32] and A propionate and nearby residues – in B-type [33–40] 

oxidases. Two possible proton exit pathways were previously suggested for cbb3 [10,41]. The 

first involves E125 (which coordinates the calcium ion that clamps heme b and heme b3 

together) and E122 (which sits in the periplasmic cavity) [10], which are highly conserved in 

both cbb3 oxidases and NORs [42]. The second involves a unique route “behind” the active 

site heme along the residues Y317, T321, S320, E323 and reaches the A-propionate of heme 

b3 [41]. The latter proposal also suggests Y317 as the branching point from where the 

chemical and pumped protons split and are either delivered to the active site for oxygen 

reduction or to the proximal side of heme b3 and (unknown) PLS for pumping, which is in 

agreement with experimental observations [21]. Such exit pathway could possibly involve 

redox-induced pKa shifts in E323 (H-bonded to the proximal ligand of heme b3) and/or H337 

(interacting with A-propionate of heme b3 and highly conserved in C-type oxidases) [41]. 

Atomic insights into the mechanism of proton translocation in proteins can be obtained by 

computational methods, as e.g. was extensively shown in studies of cytochrome c oxidases 

[1,28,43–48]. These studies predominantly focused on A-type oxidases. Only two previous 

computational works reported the analysis of water dynamics in cbb3 [17,41], which greatly 

contributed to the present understanding of the proton pathways in the enzyme. Sharma et al. 

[41] studied the dynamics of internal water networks in the Kc-channel and in a plausible 

proton exit pathway via E323 (described above). However, the simulation system in that 

study comprised only two subunits, CcoN and CcoO, thus excluding subunit CcoP and the 

critical E49
P
 residue, and did not include explicit membrane or solvent. Furthermore, the 
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reported timescale was very short (about 5 ns). Therefore it is not clear whether or not the 

observed water networks were a result of the insertion of internal water molecules during the 

system setup. The computational part of the study by Ahn et al. [17] focused only on the 

entrance region of the Kc-channel. The authors highlighted the role of E49
P
 in the proton 

uptake to the channel and proposed a channel opening-closing mechanism governed by 

sidechain conformational changes of E49
P
 and Y237. 

In this work we perform large-scale all-atom molecular dynamics (MD) simulations of cbb3 

oxidase containing three core subunits within an explicit lipid bilayer membrane and solvent. 

MD simulations are complemented by continuum electrostatics pKa calculations. We focus 

on the details of the proton translocation pathways, the Kc-channel and plausible pumping 

pathway, and explore the effect of the protonation state of the key residues and mechanistic 

details of the channel formation. We identify the likely candidate for the proton loading site 

and propose a model of the proton pumping/gating mechanism. We also model the effect of 

four previously reported mutations, which reduce the activity or decouple the proton 

pumping.  

 

2. Materials and Methods 

2.1. System setup and MD settings 

The initial protein coordinates were obtained from the crystal structure of cbb3 oxidase from 

Pseudomonas stutzeri (PDB ID code: 3MK7) [10]. Subunits CcoN, CcoO and CcoP 

(corresponding to chains A, B and C in the PDB file), were used in the current work. The 

partial charges for the redox centres (hemes c, heme b, heme b3 and CuB) were obtained using 

Gaussian03 [49] and Ambertools14 [50], as described in the Supplementary Material. The 

calculated charges were used in MD simulations and continuum electrostatics calculations 

(see below). Internal waters in the initial structure were modelled with DOWSER [51] using 

a binding free energy threshold of -10 kcal/mol, which resulted in the insertion of 166 

internal water molecules, most of them in the hydrophilic cavity “above” the active site 

(shown in Figure 1C). In agreement with previous studies [10,17], only four DOWSER 

waters were predicted in the Kc-channel:  three in the top region and one at the entrance 

(between E49
P
 and S240). The protein was then inserted in an equilibrated POPE lipid 

bilayer using LAMBADA and InflateGRO2 [52], resulting in a membrane-protein system 
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containing 413 lipid molecules. The system was solvated using the TIP3P water molecules 

[53], and neutralized with Na
+
 ions. The total system size was ~200 K atoms. No ionic 

concentration was used. Both calcium ions seen in the crystal structure were kept; their 

positions and coordination remained very stable throughout our simulations. The only 

exception was S102 which coordinates the calcium ion between two hemes in the crystal 

structure but moves away and is replaced by a water molecule in MD simulations (data not 

shown). The protonation state of ionisable residues was assigned according to continuum 

electrostatics calculations by a Poisson-Boltzmann/Monte Carlo approach, using MEAD 

(version 2.2.9) [54] and MCRP [55] as described in detail in the Supplementary Material. 

Based on predictions from continuum electrostatics calculations, all ionisable residues were 

modelled in their default protonation states (i.e. -1 for Asp and Glu, and +1 for Arg and Lys), 

except for E323, which was simulated in both charged and neutral states. All histidine 

residues were taken neutral, except for H124 in subunit CcoO, which was predicted 

protonated, and H243 and H377, which were simulated in both charged and neutral states. 

The heme centres were modelled in the reduced state and the copper centre was modelled 

with a hydroxyl as a fourth ligand. All MD simulations were performed with GROMACS 

version 5.0.2 [56,57], using the CHARMM36 force field [58–60] and in-house 

parameterization for the redox sites. The solvated protein-membrane systems were energy 

minimized, equilibrated and simulated according to the protocol described in the 

Supplementary Material. To ensure proper statistics, we performed three runs for each 

simulation system. In simulation systems A and B, replicas were generated using different 

initial velocities. In simulations C, D and E, the final configurations of simulations B1-3 were 

taken as the initial coordinates for the extended simulations, and the alterations – change of 

protonation state of H243, H337 and E323, respectively – were introduced as described in 

Table 1. For example, simulation C1* represents an extension of simulation B1 with the 

charge of H243 changed to 0. After changing the protonation state, a short (0.1 ps) 

equilibration was performed, during which the protein and membrane were kept rigid, 

allowing solvent molecules to adapt to the new charge configuration, similar to the constant-

pH MD method [61]. In simulations C1*-3*, H243 was changed from the charged form (HSP 

in CHARMM) to the neutral form in which the imidazole nitrogen N
ε
 is deprotonated (HSD). 

In simulations D1*-3*, H337 was converted to the neutral form in which the imidazole 

nitrogen N
δ
 is deprotonated (HSE). A summary of the simulations performed in this work is 

presented in Table 1, including simulations performed for the mutant variants H243G, 
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E49
P
A, T215A and Y317F. Mutants were created using PyMOL [62] and two replicas were 

run for each variant. 

 

Table 1. Summary of MD simulations performed in this work. The protonation state of the key residues H243, 

E323, and H337 is specified (His: “0” – neutral, deprotonated, “+” – positively charged, protonated; Glu: “-“ – 

negatively charged, deprotonated, “0” – neutral, protonated). Asterisk (*) denotes the calculations that have 

been extended from the final snapshot of the previous simulation (B1-3) after changing the protonation state of a 

key residue.  

Simulation  H243 E323 H337 Length (ns) 

A 

1 

0 – + 

356 

2 340 

3 300 

B 

1 

+ – + 

300 

2 300 

3 300 

C 

1* 

0 – + 

50 

2* 50 

3* 50 

D 

1* 

+ – 0 

150 

2* 250 

3* 250 

E 

1* 

+ 0 + 

100 

2* 100 

3* 100 

H243G 
R1 

+ – + 
200 

R2 200 

E49
P
A 

R1 
+ – + 

200 

R2 200 

T215A 
R1 

+ – + 
200 

R2* 200 

Y317F 
R1 

+ – + 
200 

R2 200 

 Total simulation time: 4,596 ns 

2.2. Analysis 

All the analyses were performed using GROMACS tools and VMD [63]. The root-mean 

square deviation (rmsd) and root-mean-square fluctuation (rmsf) were calculated after least-

squares fit of the Cα atoms of the transmembrane region to the reference structure (initial 

configuration at t = 0 ns). For the rmsf and water occupancy maps only the equilibrated part 

of the trajectories was taken into account: >25 ns for simulations A, B and mutants, and >5 ns 

for simulations C, D and E. The water occupancy maps were calculated using the Volmap 
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tool in VMD with a 0.5 Å resolution grid for water molecules within 4 Å of selected residues. 

The resulting volumetric maps are shown as an isosurface (mesh representation) with an 

isovalue of 0.15 (i.e. representing the regions with a water occupancy ≥15 %) in all cases. In 

some analyses the Kc-channel was sub-divided into three regions, which are referred to as 

top, bottom and bottleneck. The top part includes the residues H207, T215, Y251, S283, 

Y317, S320, T321, H345, the bottom – Y223, S236, Y237, S240, H243, N289, T293, and the 

bottleneck – Y223, H243, N289, Y317. An additional selection, called the bifurcation region, 

includes the residues S320, T321 and H345.  

 

3. Results and Discussion 

3.1. Kc-channel hydration and protonation state of H243 

As mentioned in the Introduction, Kc-channel is the only proton uptake pathway identified in 

cbb3 oxidases [10,12,17–21]. It provides a connection between the cytoplasm and the active 

site. The channel is formed by a number a polar residues and has a bottleneck region around 

H243, which is surrounded by a ring of nonpolar residues (Figure 1E). Based on our pKa 

calculations (data not shown) H243 is always predicted to be neutral, exhibiting significant 

negative pKa shifts from its model value. However, given that H243 sits in the narrowest part 

of the channel and is the only ionisable residue in the region, its direct involvement in the 

proton translocation is very likely. Therefore, we performed simulations for both neutral (“0”, 

deprotonated) and charged (“+”, protonated) forms of H243 – simulations A and B, 

respectively (Table 1). In the simulations A1-3 (with H243 neutral) we observed a 

discontinuous water chain in the Kc-channel, with a wide gap around H243 and Y233 (Figure 

2A and S2A). In contrast, in the simulations B1-3 (with H243 positively charged) we 

consistently observed a continuous and stable water chain connecting the cytoplasmic side of 

the membrane to the active site (Figure 2B and S2B). We further analysed the hydration of 

different parts of the Kc-channel and found that the main difference between the simulations 

A and B comes from the bottom and bottleneck regions of the Kc-channel. The effect of the 

H243 charge is clear when comparing the number of waters in these two regions (Figure 2C 

and D). Although an initial influx of water molecules is observed in both cases, only when 

H243 is charged the waters populate the bottleneck region (on average ~7 waters when H243 

is charged vs only ~2 waters when H243 is neutral) and form a connection to the top part of 

the channel (Figure 2). The water dynamics in the top part is less sensitive to the charge of 
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H243. It should be noted that only four waters were initially placed by DOWSER in the Kc-

channel (see section 2.1). In simulations A1-3 only the waters placed in the top part remained 

in the channel, while in simulations B1-3 extra waters arrived from the cytoplasmic side of 

the membrane.  

 

Figure 2. Kc-channel hydration depends on the protonation state of H243. (A-B) The water occupancy within 4Å 

of the Kc-channel residues and residues H207 and T321 is represented as a blue mesh for simulations A1, with 

H243 neutral (A), and B1, with H243 charged (B). Similar results are obtained for other replicas (see Figure 

S2). The bulk water is shown as a light blue surface and subunit CcoN is shown as a transparent grey cartoon. 

(C-D). The number of water molecules within 3Å of residues in the three regions of the Kc-channel is shown for 

simulations A1-3 (C), and B1-3/C1*-3* (D). In (D) the vertical dashed lines at 300 ns represent the 

deprotonation of H243, and the number of waters beyond that point corresponds to the extended simulations 

with H243 neutral (C1*-3*).  

To further validate the role of H243 in the hydration of the Kc-channel, we changed its 

protonation state at the end of simulations B1-3 (at 300 ns) and extended the simulations – 

now with H243 neutral (simulations C1*-3*). Upon H243 neutralisation, in all simulations 

we observed a disruption of a continuous water chain and a significant decrease in the 

number of waters in the bottom part of the Kc-channel – to the level comparable to 

simulations A1-3 (Figure 2C and D). This confirms that the hydration of the Kc-channel is 

strongly influenced by the protonation state of H243, with a positive charge at position 243 

facilitating the formation of a continuous internal water network. Also, the role of H243 in 

stabilizing the nearby water chains was suggested in one of the previous computational 

studies [41].  
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The importance of H243 for the Kc-channel hydration is not surprising given its location and 

the fact that no other ionisable residues are present in the bottleneck region. However, this 

residue is not conserved in all known cbb3 oxidases [10], e.g. it is replaced by alanine in the 

majority of the Campylobacterales [12,18] and by serine in Helicobacter [18,64]. This shows 

that presence of a titratable residue at this position is not essential for the proton uptake in 

several species. The results from mutagenesis experiments of cbb3s in which His is conserved 

also do not offer a straightforward interpretation: while the H243V variant 

in Bradyrhizobium japonicum [65] and Rhodobacter capsulatus [20] and the H243G variant 

in Vibrio cholerae [17] and Rhodobacter sphaeroides [18] exhibited lowered catalytic 

activity, the H243A variant of R. sphaeroides retained WT activity [66].  

In order to understand the effect of a substitution by a small non-titratable residue at this 

position, we performed simulations for the H243G mutant. This mutation resulted in a more 

hydrated bottleneck region, in comparison with simulations A1-3 (Figure S3A); however a 

gap between G243 and the entrance of the Kc-channel is still present in both replicas (Figure 

S3B). This might explain a low activity observed for the H243G variants of V. cholerae [17] 

and R. sphaeroides [18], and suggests that presence of a histidine residue at this position is 

important. Also, this data confirms that presence of a small residue at this position provides 

additional space for accommodating extra water molecules, which might be important for 

species where H243 is not conserved. 

3.2. Formation of the water channel and Kc-channel entrance 

To gain mechanistic details of the formation of the water connectivity between the cytoplasm 

and the active site, the conformational dynamics in the Kc-channel was analysed in 

simulations exhibiting a continuous water channel (B1-3, with H243 charged). Overall, 

subunit CcoN remains stable throughout our simulations, and no significant displacement of 

the transmembrane helices lining the Kc-channel (namely helices α6, α7, α8, and α9) is 

observed upon the water channel formation (rmsd remained below ~1.5Å, data not shown). 

This suggests that the event involves rearrangement of sidechains, and next we focus on the 

conformational dynamics of individual residues. Although there are variations to the 

mechanism, we identified several possible scenarios, with the common feature that the 

conformational changes of two polar residues located below H243, namely N289 and Y223, 

are always associated with the formation of the water chains in the Kc-channel bottleneck. 

Figure 3 presents the data (rmsd values and pair-wise distances) that characterise the 

conformational changes of these residues, along with the number of water molecules in the 
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region. The representative MD snapshots illustrating the conformational changes and 

dynamic of water chains are shown in Figure 3C and Figure S4.  In simulation B1, the initial 

increase in the number of water molecules in the bottleneck region correlates with the 

displacement of the sidechains of N289 and Y223 (Figure 3A). This local structural 

reorientation leads to the formation of a persistent H-bond interaction between N289 and 

Y223, which then blocks the water connection to the top part of the Kc-channel until 250 ns, 

when a new sidechain reorientation is observed (Figure 3B and 3C and Figure S4). 

Interestingly, while the water connection between these two residues is disrupted, an 

alternative route is observed around Y223 and bypassing H243 (Figure S4). In simulation B2, 

the initial increase in the number of waters in the bottleneck region (at 45-50 ns) correlates 

with the Y223 sidechain displacement and disruption of the Y223-S240 and N289-H243 

interactions (Figure 3). The subsequent gradual increase coincides with a displacement of the 

N289 sidechain, which moves away from Y223 at around 125 ns. This leads to a continuous 

water chain forming in the space between Y223, H243 and N289 (Figure S4). Finally, in 

simulation B3, there is an immediate increase in the number of water molecules in the 

bottleneck region; this number then remains constant until the end of the simulation (Figure 

3). The water chain formation correlates with the Y223 sidechain reorientation and disruption 

of the H-bond interactions with S240 and N289. In turn, the sidechain of N289 gradually 

rotates and moves away from T293. In this simulation the forming water chain bypasses the 

polar cluster region below H243 and most of the time is bridged to the top part of the Kc-

channel by the H243 imidazole ring (Figure S4). In summary, although we observe slight 

changes in terms of the local structural rearrangements associated with the formation of a 

continuous water channel, the reorientation of the sidechain of Y223 and N289 is common to 

all cases. Upon H243 deprotonation (in simulations C1*-3*), reorientation of these two 

residues correlates with the decrease in the number of waters located at the bottleneck region 

(Figure 3A and 3B). This finding is consistent with previous experimental observations. It 

was shown that mutations of the residues equivalent to N289 and Y223 in Vibrio cholera, 

Rhodobacter capsulatus and Rhodobacter sphaeroides cbb3 lead to impaired activity, most 

likely due to blockage/disruption of the proton pathway [17,18,21]. 
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Figure 3. Conformational rearrangements associated with the formation of a continuous water channel in the Kc-

channel. (A) Rmsd of sidechains of the residues Y233 (violet line) and N289 (green) and the number of waters 

in the bottleneck part (orange line) in simulations B1+C1* (left), B2+C2* (middle) and B3+C3* (right). (B) 

Distances between the polar residues which are involved in the water channel formation in each simulation: 

N289-Y233 in B1+C1*; N289-Y233 and Y223-S240 in B2+C2*; N289-T293 and N289-S240 in B3+C3*. The 

numbered colour dots correspond to the MD snapshots shown in panel (C). C) Representative MD snapshots 

from simulations B1-3 illustrating dynamic water chains and formation of the water channel in the bottleneck 

region. For each simulation two snapshots are shown; more snapshots can be found in Figure S4. The water 

molecules are shown as sticks and using a surface representation (transparent blue). The vertical dashed lines in 

(A) and (B) at 300 ns represent the deprotonation of H243 and a starting point of simulations C1*-3*. 

Previously, based on the results of MD simulations, Ahn et al. discussed an opening/closing 

mechanism in which the residue Y237, which is located close to the channel entrance (Figure 

1E), acts as a gate controlling the water access to the Kc-channel. Three different 

conformations of Y237 – the so called “open-in”, “open-out” and “closed” conformations – 

were observed in their simulations [17]. This mechanism is governed by sidechain 

conformations of Y237 and E49
P
. In the “open” conformations, the orientation of the Y237 

sidechain enables the formation of a continuous hydrated pathway from the bulk to the polar 

cluster in the bottom part of the Kc-channel. Such water chain is disrupted in the “close” 

conformation, when Y237 moves upwards towards V159, while E49
P
 moves downwards 
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towards the bulk and away from S240. The authors suggested that this mechanism resembles 

the one observed at the entrance of the D-channel in the A-type oxidases. We carried out 

similar analysis and found that this mechanism is not confirmed by our simulations B1-3 

(Figure S5B). We did observe the conformations discussed by Ahn. et al., however there is 

no correlation between the orientation of the sidechain of Y237 and variations in the number 

of waters at the entrance (i.e. bottom part) of the Kc-channel. Also, there is no correlation 

between the E49
P 

“up” or “down” conformations and the number of waters in this region 

(Figure S5B). It should be noted that the number of waters populating this region was much 

lower in the simulations by Ahn et al. (up to 5 water molecules) in comparison with our study 

(up to 20 water molecules, Figure 2D); this could explain the discrepancy between the 

scenarios observed in the two works. This difference could also be due to the fact that H243 

was treated in the neutral (deprotonated) state in the study by Ahn et al. Nevertheless, our 

analysis of the simulations with H243 neutral (A1-3, see Figure S5A) still does not reveal a 

correlation between Y237 orientation and the hydration of the channel entrance.  

Finally, analysis of the entrance of the Kc-channel identified two main plausible proton 

uptake routes from the bulk. The first proceeds as E8
O
 → Y237 → E49

P
, while the second 

involves residues E48
P
 and E49

P
 (Figure 4). These two pathways are well illustrated by the 

water occupancy distributions in all simulations; similar results are observed in simulations 

A1-3 (data not shown). It should be noted that upon formation of the water connections, the 

solvent-exposed N-terminal region of subunit CcoP is displaced in all simulations (Figure 

S6). Interestingly, an alternative pathway leading directly to the bottleneck region in the Kc-

channel was observed in simulation B3; this involves residues N52
P
 → Y235 → N289 → 

H243 (Figure 4, right), and might be a consequence of a partial blockage of the E48
P
 → E49

P
 

route in this case. We conclude that E49
P
 is the key residue involved in the proton uptake 

pathways from the cytoplasm (Figure 4).  This is in agreement with the experimental results 

which confirmed the role of this residue as the entry point to the proton pathway 

in Rhodobacter sphaeroides cbb3 [22] and Vibrio cholera cbb3 [17]. The mutations E49
P
A/Q 

(P. stutzeri numbering) were experimentally shown to severely impair the oxidase activity 

[17,22], while the mutation E49
P
K reduced the wild-type (WT) activity by half [22], and 

E49
P
D retained the WT activity [17].  

In order to further understand the importance of E49
P
 for the proton uptake, we performed 

simulations for the E49
P
A mutant (with H243 in the charged state). In these simulations, the 

entrance region of the Kc-channel was significantly less hydrated (Figure S7) in comparison 
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with the results obtained in simulations B1-3 (Figure 2D and Figure 4). The number of water 

molecules in the bottom and bottleneck regions of the Kc-channel (around 6-7 and 3-4, 

respectively) was comparable to that observed in simulations A1-3 (compare plots in Figure 

S7A and Figure 2C). Also, the main proton uptake pathways shown in Figure 4 are affected 

in the E49A
P
 variant. Interestingly, the neighbour glutamate, E48

P
, does not take up the role 

of the mutated E49
P
, remaining fully extended to the bulk as observed in the WT simulations 

(data not shown). This shows that the presence of a titratable residue at position 49 is 

essential for the (proton uptake and) enzymatic activity, and highlights the preference for a 

negatively charged residue. The role of E8
O
 in proton uptake was ruled out after the E8

O
A/Q 

mutants exhibited WT activities [17]. Together with our observations, these results suggest 

that even with the E8
O
 → Y237 → E49

P
 pathway blocked, the proton uptake to the Kc-

channel can proceed via the E48
P
 → E49

P
 route. This hypothesis can be verified 

experimentally by making a mutant in which both main water/proton intake routes are 

blocked, such as e.g. the double mutant E8
O
A/E48

P
A.  

 

Figure 4. Kc-channel entrance region. Water occupancy within 4 Å of polar residues in the region (Y223, Y235, 

S236, Y237, S240, H243, N289, T293, E8
O
, E48

P
, E49

P
 and N52

P
) in simulations B1-3 is represented as a blue 

mesh. The plausible proton uptake pathways are indicated by green arrows, and an alternative proton uptake 

pathway, observed in simulation B3, is shown in magenta. Relevant residues are shown as sticks. Subunit CcoP 

is shown in orange, and subunits CcoN and CcoO are shown as a transparent cartoon. The bulk water is shown 

as a light blue surface.  

3.3. Proton exit pathway and gating mechanism 

3.3.1. E323 and H337 are part of the PLS 

Since in cbb3 there is only one proton pathway from the cytoplasmic side, the chemical and 

pumped protons must share it up to some point in the top part of the Kc-channel, after which 

they will diverge. Then, for the pumped protons there must be a further pathway to the water-

filled hydrophilic cavity, which is connected to the periplasmic side of the membrane. Such 

pathway should involve a redox-controlled gating mechanism and PLS. Sharma et al  [41] 

proposed a plausible pathway that leads from Y317 at the top of Kc-channel along the 
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residues T321, S320, E323 “behind” the active site heme to H337 and A-propionate of heme 

b3. It should be noted that E323 is positioned far away from both the top part of Kc-channel 

(~13 Å to Y317) and the cluster above heme b3 (~14 Å to H337). Therefore it is expected that 

transiently forming water chains will bridge the gaps and provide a pathway for proton 

translocation. We investigated the water dynamics in this region, including the effect of the 

protonation state of H337 and E323. In simulations A, B and C both residues were simulated 

in the charged state (His
+
, Glu

-
). No water connections were observed between E323 and 

H337 or Y317 in either of these simulations, so the proton translocation is blocked in this 

configuration. Importantly, a stable salt-bridge interaction is maintained between H337 and 

the A-propionate of heme b3 in all cases (Figure 5A). The effect of the protonation state of 

H337 and E323 was studied by extending the simulations B1-3 after neutralising H337 or 

E323 – simulations D1*-3* and E1*-2*, respectively.  

Upon neutralisation of H337 (simulations D1*-3*) a previously stable salt-bridge between 

H337 and A-propionate is broken and the sidechain of H243 moves away (Figure 5A). At the 

same time, the number of water molecules around E323 increases from 2-5 to 7-8 (Figure 

5A), and this in turn disrupts the labile H-bond interaction between E323 and H345 (Figure 

5A). These local structural events facilitate formation of a stable water connection between 

E323 and the A-propionate in all three simulations, as illustrated in Figure 5B. Furthermore, 

in simulation D1* the increase in the E323 hydration is accompanied by a local displacement 

of helix α9 (Figure S8) and rearrangement of the sidechains of Y317, S320, T321 and M327 

(Figure 5C). These changes together facilitate formation of a water connection between E323 

and Y317 (Figure 5B), thus providing a continuous pathway for proton translocation from 

Y317 to H337/A-propionate. Interestingly, the H-bond between E323 and H345 is recovered 

and stabilized upon the formation of this pathway in simulation D1* (Figure 5A). No such 

structural changes were observed in the two other simulations (D2* and D3*), which 

prevented the water connection between E323 and Y317 (Figure 5B and 5C and Figure S8). 

These observations suggest that local structural rearrangements (helix and/or sidechains), 

which open space for water molecules, are required for the formation of protonic connections 

along the pumping pathway, and they can be triggered by the H337 neutralisation and 

dissociation from A-propionate.  

Neutralisation of E323 (simulations E1*-3*) greatly reduced its local hydration (Figure S9A), 

which precludes formation of the proton exit pathways observed upon H337 neutralisation 

(compare Figure S9B and Figure 5B). Interestingly, this had a stabilising effect on the H-
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bond interaction between E323 and H435 (Figure S9A). These observations suggest that the 

protonation state of E323 greatly affects the local hydration and stability of its H-

bond connectivity to H345. 

 

Figure 5. Proton pumping and exit pathways. (A) Distance between the C atom of the carboxyl group of the A-

propionate of heme b3 and imidazole ring of H377 (left), number of waters within 3 Å of E323 (middle), and  

distance between the sidechains of E323 and H345 (right) in simulations B1-3/D1*-3*. The vertical dashed line 

at 300 ns indicates neutralisation of H337 and starting point of simulations D1*-D3*. (B) Water occupancy 

within 4 Å of residues around BNC (namely, E122, E125, S320, E323, M327, H337, T339, W341, T342, H345, 

W400) is represented as a blue mesh for simulations D1*-3* (left, middle and right, respectively). The initial 

and final conformations of the highlighted residues are shown as white and grey sticks, respectively, the bulk 

water at the periplasmic side is shown as a light blue surface, and the calcium ion is shown as a yellow sphere. 

The plausible proton pathways are indicated by green arrows. (C) Rmsd of the sidechains of Y317, S320, T321 

and M327, and number of waters within 3 Å of S320, T321 and H345 in simulations D1*-3*. 

In order to test whether local conformational changes would affect the protonation equilibria 

of these two residues, we performed pKa calculations using a Poisson-Boltzmann/Monte 

Carlo approach for multiple snapshots sampled from each MD simulation. The results of the 
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pKa calculations for E323 and H337 are presented in Table 2. The pKa values obtained for 

E323 are in the range 5-6 in simulations A-D, in agreement with similar calculations by 

Sharma et al. [41]. This suggests that in this case E323 is likely to be titrating, and small 

changes in the local environment (e.g. hydration level or redox changes in the nearby heme 

b3) could affect its protonation state. In simulations E, an upward shift of ~2-3 pKa units is 

observed, suggesting a stabilisation of the neutral state. As for H337, the pKa values obtained 

are >10 for all simulations, except for D1*-3*, where H337 exhibits a lower pKa value around 

~6-7. This means that in all cases, except for D1*-3*, the charged (protonated) form of H337 

is stabilised due to a strong salt-bridge interaction with the negatively charged A-propionate 

of heme b3. In simulations D1*-3*, the lower pKa value is a consequence of a dissociation of 

the (deprotonated) imidazole ring of H337 from A-propionate; H337 is rather titrating in such 

conditions. 

Table 2. Results of the pKa calculations for residues E323 and H337 in different simulation systems. The 

Poisson Boltzmann/Monte Carlo calculations were performed as described in Supplementary Material. Multiple 

snapshots (Nsnaps) for pKa calculations were sampled from each MD simulation with a 5 ns interval. The average 

over all snapshots and standard deviation (SD) for each simulation are presented. 

Simulation 
Nsnaps 

E323 H337 

pKa SD pKa SD 

A 

1 

56 

6.0 0.5 11.5 0.7 

2 5.7 0.4 12.2 0.4 

3 5.9 0.5 11.8 0.4 

B 

1 

56 

5.6 0.5 12.4 0.5 

2 5.7 0.6 12.3 0.4 

3 5.7 0.5 12.3 0.5 

C 

1* 

10 

5.6 0.4 11.9 0.5 

2* 6.2 0.3 12.1 0.4 

3* 6.1 0.4 12.0 0.4 

D 

1* 

30 

5.1 0.6 7.0 1.4 

2* 5.4 0.6 6.7 0.7 

3* 5.7 0.6 6.0 0.9 

E 

1* 

20 

8.6 0.7 12.4 0.4 

2* 8.6 0.5 12.5 0.5 

3* 8.2 0.5 12.0 0.4 

Assuming a scenario where redox changes in the BNC during the catalytic cycle stabilise a 

neutral state of H337 and a charged state of E323, this would lead to an increase of E323 

hydration and facilitate the formation a water connectivity between Y317 and the A-

propionate of heme b3, thus providing a pathway for the pumped proton towards the 

periplasmic side of the membrane (Figure 5). This pathway is similar to the one observed in 
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MD simulations by Sharma et al. [41]. Our observations suggest that formation of such 

proton exit pathway is controlled by the protonation state of H337 and E323 and involves 

local conformational changes of the residues Y317, S320, T321 and M327. 

3.3.2. Y317 is a bifurcation point 

Y317 was previously suggested to serve as a bifurcation point in cbb3 [21,41]. This proposal 

is in tune with our results of simulation D1*, which showed that pathways for the chemical 

and pumped protons diverge at this point (see Figure 5B and discussion therein).   

In Rhodobacter capsulatus, the T215A variant was shown to decouple oxygen reduction from 

proton pumping resulting only in a decrease of the pumping activity (~ 20% of the WT) [21]. 

This suggested that such mutation would affect the branching point (Y317) in a way that the 

proton translocation towards the outer side of the membrane is no longer possible. 

Furthermore, a mutation of the  residue Y317 to a phenylalanine was shown impair cbb3’s 

enzymatic activity in Vibrio cholerae [18] and Rhodobacter capsulatus [21], which precluded 

the understanding of the impact of such mutation on the proton pumping activity.  

In order to investigate the effect of such mutations in the bifurcation region, we performed 

simulations for the T215A and Y317F variants. The results for T215A are rather 

inconclusive, as this mutation only resulted in a slight decrease of the number of waters in the 

bottom part of the Kc-channel (in agreement with previous observations [17,18]), and had no 

effect on the pre-formed exit pathway (Figure S10). The Y317F mutant exhibited significant 

dehydration towards the BNC, but at the same time increased hydration in the bifurcation 

region between F317 with E323 (Figure S11). In one replica the exit proton pathway 

observed in simulation D1* was also present. Therefore, along with affecting the water 

connection to the active site, this mutation seems to change the water preference towards the 

pumping route, enabling access via E323. 

Altogether, our results emphasize the role of Y317 in controlling the proton pathways from 

the Kc-channel to either the active site or the periplasmic side of the membrane. 

3.3.3. Redox-controlled proton pumping mechanism 

Despite the distinct functional and structural features of C-type oxidases, similar principles 

are expected to govern the coupling mechanism between the chemical reaction and proton 

pumping in all oxidases [2–4,23]. The consequence of redox-induced local structural changes 

on specific reaction steps that are rate limiting for proton pumping, was recently 

demonstrated for an A-type oxidase [23]. Moreover, mutations in residues “above” the active 
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site were shown to uncouple the enzymatic activity from the proton pumping activity in a B-

type oxidase, possibly by preventing protonation of the PLS [38] located in this region [40]. 

This was further validated by recent computational studies [39,67,68], in which H376 in 

Thermus thermophilus ba3, which sits at a position equivalent to H337 in cbb3 and interacts 

with the A-propionate of the active site heme, was identified as part of the PLS. Given a 

closer structural relation between the B- and C-families [7,26], in particular presence of a 

single proton channel, and the results presented here, it is likely that the proton exit pathway 

and the PLS are similar in these two families. Based on this assumption, we propose a redox-

driven pumping mechanism for cbb3. Initially, the pumping route is closed and the positively 

charged H337 forms a salt-bridge with the propionate A of heme b3. The redox changes in the 

active site (possibly heme b3 oxidation) shift the pKa of H337 down and stabilise its neutral 

form; H337 donates a proton towards the periplasm and dissociates from A-propionate, 

enabling formation of a continuous water connectivity between the Kc-channel and the 

hydrophilic region above the active site. A proton is then translocated along this pathway via 

E323 to H337. The transient protonation of E323 leads to local changes, which will close the 

water connection between Y317 and E323, ensuring the unidirectional proton translocation 

towards H337. H337 is eventually (re)protonated, and the pumping route is closed until the 

next pumping step in the catalytic cycle. To test this plausible proton exit pathway, we 

propose to mutate H337 to a non-titratable residue, e.g. asparagine. Another option is to 

replace M327 by a bulky nonpolar residue, e.g. phenylalanine or tryptophan. We expect these 

to be uncoupling mutants, i.e. they will affect the pumping efficiency without decreasing the 

catalytic activity. 

It is noteworthy that in our simulations no water connections were observed between the 

active site and residues E125 and E122 (Figure 5B), thus excluding the possibility of a proton 

exit pathway involving these residues [10]. A potential connection between the active site and 

E122 is blocked by the calcium ion and Y123; the latter residue maintains a persistent 

hydrogen bond interaction with the D-propionate of heme b3 (Figure S12). 

 

4. Conclusions 

In this work we used molecular dynamics simulations (in total ~4.6 µs) together with 

continuum electrostatic calculations to obtain the atomic-level details of internal water 
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dynamics and proton transfer pathways in cytochrome cbb3 oxidase. We have established that 

the Kc-channel has a bottleneck region around H243 and that the channel hydration is highly 

influenced by the protonation state of this residue – only simulations with the charged H243 

consistently displayed formation of a continuous and stable water channel in the bottleneck 

region of the Kc-channel. It must be noted that since this residue is not fully conserved 

in cbb3 oxidases, its role in the proton transfer through the Kc-channel requires more studies. 

We also shown that sidechain conformational changes of Y223 and N289 are associated with 

the mechanistic formation of a continuous water channel through the bottleneck region. E49
P
 

in the entrance region of the Kc-channel has been confirmed as the key residue participating 

in the uptake of protons from the bulk. All these findings are consistent with the high 

conservation of the identified key residues and previously reported mutagenesis data. 

In light of observations from MD simulations and pKa calculations, we have proposed a 

redox-driven pumping mechanism, in which H337 and E323 participate in the exit pathway 

and likely act as PLS. The (redox triggered) neutralisation of H337 (and release of a proton 

towards periplasm) primes local conformational changes, which lead to the formation of a 

continuous water connection, and a plausible proton pumping route, between the top part of 

Kc-channel (Y317, the suggested bifurcation point) and hydrophilic region above heme b3. A 

proton is then transferred via E323 to H377, which is reprotonated, and the transient pathway 

is closed, ensuring the unidirectional proton translocation. We observed that in the Y317F 

mutant the water connectivity to the BNC is disrupted, while hydration of the bifurcation 

region increases. This emphasises the role of Y317 as the branching.  

It should be noted that the methods used in this work, namely classical MD simulations and 

continuum electrostatics calculations, cannot in principle describe the actual proton transfer 

processes. Our results provide the information about plausible proton pathways, key residues 

involved in and conditions required for formation of protonic connections; details of the 

explicit proton translocation are out of the scope of this work and will be the focus of future 

publications. Also, the effect of different redox states, corresponding to various intermediates 

of the catalytic cycle, is not addressed here and will be explored in the subsequent papers. 

Our preliminary data suggests that some of the events described in this work (changes of the 

protonation equilibria of key residues) could be achieved by redox changes in the metal 

centres. 
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This work provides new insights into the proton pathways in cbb3 oxidase and offers a basis 

for future experimental and computational studies. In particular, based on our results we have 

proposed three mutations which can be tested experimentally to confirm the details of the 

proton pathways and mechanism: the double mutant E8
O
A/E48

P
A would clarify the role of 

these two residues in the proton uptake from the cytoplasm, while the M327F/W and H337N 

mutants would possibly confirm the pumping route and role of H337 as part of the PLS.  
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Highlights 

• Proton pathways in cbb3 (C-type) oxidase are explored by large-scale molecular 

dynamics simulations and continuum electrostatic calculations. 

• The protonation state of H243 and conformational dynamics of Y223 and N289 

control formation of protonic connections in the Kc-channel. 

• Proton uptake routes from the bulk to the entrance of the Kc-channel involve E49P. 

• A mechanism for proton pumping is proposed, with H337 as part of the proton-

loading site. 

• Three mutants - E49PA, T215A, and Y317F - are examined. 


