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The cytochrome (Cyt) b6  f complex (plastoquinol : plastocyanin 
oxidoreductase) stands at the crossroad of photosynthetic electron 
transport pathways.1–3 In plants and cyanobacteria, there are two 
photosystems, PSI and PSII, interconnected via the membrane-
bound Cyt b6  f complex (which includes Cyt f, two hemes of 
Cyt b6, and [Fe2S2] cluster) and mobile electron carriers, plasto
quinone (PQ), plastocyanin (Pc): PSII ® PQH2 ® b6  f ® Pc ® PSI 
(Scheme 1). The crystal structures of the Cyt b6  f complexes from 
C. reinhardtii (PDB entry 1Q90)4 and M. laminosus (PDB entry 
1VF5)5 have been first obtained at a resolution of 3.0–3.1 Å, in the 
presence of the quinone analogue inhibitor, tridecylstigmatellin 
(TDS). Oxidation of plastoquinol (PQH2, the reduced form of 
PQ) is the rate-limiting step in the chain of electron transfer from 
PSII to PSI.2,3 The two-electron oxidation of PQH2 is provided 
by two reaction centers, the iron–sulfur cluster [Fe2S2] and the 
low-potential heme b6

L (see Scheme 1 and Figure 1). There are 
good reasons to believe that electron transfer from PQH2 to the 
iron–sulfur protein (ISP) represents the rate-limiting step of PQH2 
turnover.3 In the catalytic o-site, PQH2 is connected (via the 
hydrogen bond) to the Ne atom of the histidine residue liganding 
one of two Fe atoms of the ISP (Figure 1). This atom is considered 
as the recipient of the H+ ion donated by PQH2.1,6

Earlier attempts of DFT modeling of quinol oxidation by the 
Cyt complexes of bc type were reported.7–9 Quantum chemical 
simulation of electron transport in proteins faces with a problem 
of an adequate choice of the model system picked out from the 
crystal structure of the protein. To mimic adequately the properties 
of the enzyme, a model system (the catalytic center + substrates) 

must be sufficiently large; however, a size of the system may be 
limited by computer capacities. Another problem is that geometry 
optimization may cause too strong distortions of the system 
geometry, being a potential source of confusions. Therefore, the 
construction of a model system with the architecture close to that 
in the crystal structure of the Cyt b6  f complex was our first task. 
Using the program Molsoft ICM-Browser v3.8.510 for RMSD 
calculations, we evaluated the conformity of optimized model 
systems to X-ray structures (Table 1). The model system consisting 
of 130 atoms (among them, 71 heavy atoms, including two Fe 
and four S atoms) is based on the PDB data (code 1Q90).4 
It includes an iron–sulfur cluster [Fe2S2] and surrounding amino 
acid residues (Cys134–Thr135–His136–Leu137–Gly138–Cys139, 
Cys152, Cys154–His155–Gly156–Ser157). As a model of PQH2 
(fully reduced form of PQ), we used 2,3,5-trimethylbenzoquinol 
(TMBQH2).8 Taking into account that in oxidized ISP, His155 
is deprotonated and His136 is protonated,6 we conclude that the 
total charge of the system equals to Z = –1. Since the [Fe2S2] 
cluster of the oxidized ISP represents the diamagnetic species,11 
the multiplicity of the system m = 1 (spin S = 0, if other is not 
specified). Calculations were carried out using the program 
PRIRODA,12 the functional PBE,13 and TZ2P Gaussian-type 
basis sets (for details, see Online Supplementary Materials). 
Unrestricted Kohn–Sham method was used for all calculations. 

Figure 2 depicts the non-optimized structure of the initial 
system (M0) described above. To avoid unreasonably strong 
distortions of the system architecture upon the geometry optimiza
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DFT analysis of several models for 2,3,5-trimethylbenzo
quinol oxidation in the catalytic center of the cytochrome b6  f 
complex, consisting of the [Fe2S2] cluster and its surroundings, 
has been performed. The comparison of optimized structures 
with different numbers (14–20) of fixed internal coordinates 
allowed us to find an optimal model close to the crystal 
structure.
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Scheme  1  The Cyt b6  f complex in the chain of electron transport from 
PSII to PSI.
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Figure  1  The bifurcation mechanism of two-electron oxidation of quinol.
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tion, its structure was constrained by fixing some of internal 
coordinates. A number of fixed parameters (n) varied in the range 
from n = 14 to n = 20. The energy and geometry characteristics 
of optimized systems (models M1–M6) are presented in Table 1. 
Selecting a set of fixed internal coordinates, we followed the 
notion that in optimized constrained systems the quinol molecule 
and the ring of the His155 residue should remain in the close 
positional relationship as in the initial (non-optimized) system 
M0, which is the fragment of the crystal structure. In particular, 
in all the models (with the exception of M1) the distance between 
the proximal atom O of TMBQH2 and the Ne atom of His155 was 
fixed as 2.852 Å. In the model system M1, internal coordinates 
were not fixed. In the line of structures M2–M5, a number of 
fixed parameters was increased from n = 14 (M2) to n = 20 (M5). 
Then we released a number of fixed parameters under the 
stipulation that the structure of the system was not distorted 
dramatically. The model M6 was produced by releasing six of 
twenty fixed parameters in M5, while other parameters (n = 14), 
that had the most significant impact on the results of optimization, 
remained fixed. Atomic coordinates in the systems M0–M6 and 
the list of the fixed internal coordinates for these systems are 
given in Online Supplementary Materials. 

The completely optimized structure M1 (without fixed 
parameters) and optimized structure M2 (constrained, n = 14) 
are notably distorted as compared to the initial (non-optimized) 
structure M0. The quinol position in M1 changes markedly as the 
result of geometry optimization (Figure 2). In optimized structures 
M3–M6, the quinol position is similar to that in M0. For formal 
quantification of the geometry distortion, we compared the 
RMSD values for optimized structures M3–M6 with respect to 
the initial structure M0. As one can see from Table 1, the lowest 
RMSD values were found for the structures M4 and M5 with the 
maximal numbers of fixed internal coordinates. The total energies 
DEM of the optimized model systems M2–M6 with respect to the 
energy of M1 are given in Table 1. Maximal energy was obtained 
for M5 (Figure 2). Although there is no strict linear relationship 
between the DEM and RMSD values, rather small RMSD values 
for M4 and M5 indicate that their architectures are closely 
related to the crystal structure. Taking together, we conclude that 
the systems M4 (n = 18) and M5 (n = 20) may be considered as 
the appropriate structures for modeling TMBQH2 oxidation.

For M4, we also performed geometry optimization of the 
systems with higher multiplicities (m = 3, 5, 7, 9, and 11). Their 
energies calculated with respect to the energy of the singlet state 
of M4 increased with the rise of m and equal to 2.8, 9.8, 9.9, 

Table  1  The energy and geometry parameters of models Mi and products Piopt and Pinop (i = 1–6).

Model

Number of fixed parameters

RMSD /Å

DE/kcal mol–1 lH–Ne /Å

Dl c /Å
Total Distances

Bond  
angles

Torsion  
angles

DEM DEopt DEnop DErel M P opt, P nop

M1   0 0 0 0 – a   0   – b – – 1.643 – –
M2 14 4 8 2 – a 27.6   3.6 17.4d

16.6d
13.8d

13.0d
2.068 1.056 1.117d

1.095d

M3 16 4 8 4 0.99 31.3   0.2 19.9 
18.8

19.7 
18.6

2.139 1.049 1.463 
1.403

M4 18 6 8 4 0.44 31.8   0.5   9.9
10.7

  9.4
10.2

2.062 1.051 1.048
1.056

M5 20 8 8 4 0.47 33.5 –0.2   7.8
  8.2 
  7.7e

  8.0
  8.4 
  8.0e

2.046 1.051 
 
1.062e

1.034
1.036 
1.023e

M6 14 7 5 2 0.70 27.6   0.1   8.9
  9.2

  8.8
  9.1

2.070 1.050 1.057
1.055

a Not determined due to critical changes in geometry of M1 and M2 with respect to the initial structure M0. b The energy minimum corresponding to P1opt 
was not found. c The distance between the H atom positions before and after the H-transfer (Figure 1). d The structures of non-optimized products (Pnop) were 
obtained using two different approaches as described in the text. The data for the best approximation of two are underlined. e The refined values were obtained 
by detailed scanning of E(Pnop) vs. the H atom position with regard to His155.14
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Figure  2  The initial model system M0 (based on the crystal structure 
data4) and optimized systems M5 (Z = –1, m = 1, not distorted) and M1 
(strongly distorted with respect to M0).
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15.2, and 20.4 kcal mol–1 for m = 3, 5, 7, 9, and 11, respectively. 
The similar result was obtained for M5.14 This result is in good 
agreement with the well-established fact that the ground state of 
oxidized ISP is the singlet state (m = 1, spin S = 0).11 

Our second task was associated with simulation of the first 
step of quinol oxidation in the redox center of the ISP. We 
have calculated the energy effects of the H atom transfer from 
the OH  group of TMBQH2 towards the Ne atom of His155 
(Figures 1 and 2) in the systems M2–M6. As the result of the 
H-transfer, the hydrogen bond between the OH group and the 
Ne atom of His155 (lH–Ne

 ≈ 2 Å) decreases, forming the covalent 
bond between the Ne and H atoms (lH–Ne

 = 1.05 Å). The analysis 
of the redistribution of electric charges and partial spin densities 
on the atoms demonstrated that His155 acquired positive electric 
charge due to the proton transfer, while the Fe(1) atom of the 
[Fe2S2] cluster acquired negative charge.14

The geometries of the products, P2opt–P6opt, were optimized 
with the same fixed internal parameters as in M2–M6. The total 
energies of optimized products are presented in Table 1. For the 
completely optimized model M1, we could not find the product 
P1opt, since in the course of geometry optimization the H-atom 
returned backward to the O atom of TMBQH. The energy of 
the  product P2opt with respect to the substrate M2 is DEopt = 
= 3.6 kcal mol–1. For M3–M6, the results of calculations are almost 
independent of the choice of the initial model. The energies of 
H-transfer, DEopt, calculated as the differences between the total 
energies of optimized products and optimized substrates are close 
to zero. 

The comparison of optimized structures of the substrates M2 
and M3 and the products P2opt and P3opt showed that the quinol 
molecule changed its position markedly as the result of the 
H atom transfer. In the meantime, in the products P4opt, P5opt, 
and P6opt obtained from the constrained structures M4–M6, the 
quinol molecule retained its position. The procedure of geometry 
optimization after the H-transfer mimics the structural changes 
in the catalytic center initiated by a rapid transfer of the atom H. 
In the context of the relaxation mechanism of enzyme catalysis,15 
it was interesting to evaluate the energy of the system immediately 
after a rapid transfer of the H atom to His155 (i.e., in non-optimized 
system, DEnop, see Table 1) and then to calculate the relaxation 
energy, DErel  = DEnop – DEopt. Here, the subscripts ‘nop’ and ‘opt’ 
denote the energies corresponding to non-relaxed and relaxed 
states of the product. 

In order to get coordinates of the H atom translocated towards 
His155 in Pnop, we used two approximations. First, we placed the 
H atom to its position in Popt. This procedure was realized by 
the superimposition of the structures Mi and Piopt (i = 2–6) and 
further deletion of the H atom from Mi and other atoms (except 
of the H transferred) from the Piopt structure. Second, the H atom 
was placed in the plane of the His155 ring, being positioned 
symmetrically (in the bisector of the angle C–Ne–C) with respect 
to two C atoms of the ring nearby the Ne atom. The distance 
lH–Ne

 in the non-optimized products Pinop was assumed the same 
as in the corresponding optimized products Piopt (Table 1). The 
distances Dl of the H atom translocation (see Figure 1 for 
definition of Dl) obtained by these methods differed insigni
ficantly (Table 1). Having evaluated the energy effects DEnop for 
the H-atom transfer in the case of non-optimized products Pnop, 
we could determine the relaxation energy DErel = DEnop – DEopt. 

For M4, M5, and M6, which revealed minimal RMSD values, 
we obtained DErel ≈ 9±1 kcal mol–1 (Table 1), which is close 
to  that obtained in the previous work8 based on the restricted 
Kohn–Sham method. For M2 and M3, we obtained higher values 
of DErel that can be explained by changes in the quinol position 
upon the geometry optimization of the product. 

For M5, we also refined the structure and energy of P5nop by 
detailed scanning of E(P5nop) versus the position of the H atom 
transferred (depicted by italics in Table 1). The refined value of 
DEnop appears to be the same as the minimal of approximate values. 
This means that for each of the models the lowest approximate 
value DEnop (underlined in Table 1) should be considered as the 
reasonable one.  

In summary, we conclude that a sufficiently large model 
(130 atoms) based on the crystal structure of the Cyt b6  f complex 
could be used for simulation of the first step of plastoquinol 
oxidation, provided several internal parameters (n = 18–20) were 
kept fixed, while other coordinates were released and could 
change during geometry optimization. The energy effect of the 
H-transfer from TMBQH2 to the Ne of His155 was estimated as 
≈0 and ≈9 kcal mol–1 for the relaxed and non-relaxed products, 
respectively. 
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