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Qo-site binding motifs: experimental insights

Several different scenarios have been suggested for the chemical specificity of the QH2· · ·H156

hydrogen bonding. The reduction of ISP involves transfer of both an electron and a pro-

ton, and such proton-coupled electron transfers can follow different pathways. The actual

protonation state of H156 greatly impacts the initial reaction at the Qo-site because it de-

termines which residue acts as H-bond donor, and hence the probable sequence of transfer.

A substantial literature has considered different sequences,1–7 - proton-first-then-electron,

electron-then-proton, concerted, etc., - with important consequences for understanding re-

action mechanisms in the many different enzymes in which they occur. In the bc1 complex,

each of the partial reactions involving semiquinone species occurs by a different mechanism,

and the underlaying reaction mechanisms have, therefore, attracted much attention. In gen-

eral, the hydrogen bonding between two dissociable groups is determined by their pK values.

These can be perturbed by the protein environment, but are known to good approximation

for the species involved here;1,3,8 pKox1 associated with H156 is 7.6 in the subunit isolated

from wildtype,9,10 and pK for dissociation of QH2 to QH• is ≥11.5. Furthermore, the pK

of H156 has been changed by mutagenesis of key residues, allowing exploration of the im-

portance of this parameter in modulation of the properties of the first electron transfer in

the bc1 complex.2,3,11,12 The reaction shows strong pH dependence in the range about the

pKox1 of H156, but with a titration curve (apparent pK ∼6.65 determined kinetically)1,11

displaced by about 1 pH unit from the value (pKox1 ∼7.6) measured in the isolated sub-

unit. Since the displaced value tracks changes in pKox1 in mutant strains (Fig. S1),2,11 it

is clear that both reflect the pK of H156, with the displacement likely associated with the

work involved in forming a hydrogen bond. Since rates are maximal at pH values above

the pK, it is also clear that they reflect involvement of the dissociated form in formation of

the productive reaction complex. However, significant activity is observed at environmental

pH well below the pK, suggesting that electron transfer can occur even with H156 in the

protonated form.1,2,6 To establish the binding mode of QH2 at the Qo-site, it is, therefore,
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necessary to consider both protonation states of H156. In addition, one needs to identify

other key residues that contribute to the binding of the QH2 substrate molecule within the

bc1 complex. Particularly important, in this respect, is the inclusion of all charged and polar

residues that can potentially contribute to substrate binding at the Qo-site, as these residues

can impact critically the rate of electron and proton transfers.

Figure S1: Correlation between pKox1 and pKA. Correlation between the pKA value
measured kinetically, which reflects the occupancy of the reaction complex, and the pKox1 of
H156, determined from the pH dependence of the redox potential in different mutant strains.
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Protonated H156 at the Qo-site (Model I)

Membrane equilibration

Figure S2: Lipid bilayer equilibration. Time evolution of the surface area of the lipid
bilayer, calculated during the Model I equilibration. The first 60 ns were simulated with
a combination of CHARMM 22 and 27 force fields, as done in,13 while CHARMM 36 was
used beyond 60 ns (point indicated with an arrow). The proteins of the bc1 complex were
constrained to the configuration of the crystal structure and subsequently released after 220
ns, as also indicated by a vertical arrow. MD simulations beyond 280 ns were continued in
the NVT ensemble, and the configuration of the system at the 280 ns simulation instance
was used as a reference structure in further analysis.
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bc1 complex equilibration

Figure S3: Equilibration of the bc1 complex. RMSD values calculated for the protein
subunits of the two monomers (A and B) of the bc1 complex in case of Model I (Fig. 1).
Upper panels: RMSD calculated for all atoms of the protein’s backbone. Lower panels:
RMSD computed only for the atoms of the secondary structure motifs that exclude bridges,
coils and turns. All RMSD plots were computed with respect to the reference structure
noted in Fig. S2.
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Figure S4: Equilibration of intermembrane helices. Shown are RMSD values calculated
for the atoms of the transmembrane helices of the bc1 complex in case of Model I. RMSD
values were computed with respect to the reference structure noted in Fig. S2.
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Deprotonated H156 at the Qo-site (Model II)

Membrane equilibration

Figure S5: Lipid bilayer equilibration. Surface area of the lipid bilayer as a function of
simulation time, calculated during the equilibration of Model II. The bc1 complex proteins
were released after 220 ns; up until this point the simulations of Model I and Model II were
carried out identically. RMSD value calculations of the bc1 complex protein subunits and
the hydrogen bonding network analysis were performed with respect to the configuration of
the system at 310 ns, as indicated by a vertical arrow marked “reference”. MD simulations
beyond 400 ns were carried out in the NVT ensemble.
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bc1 complex equilibration

Figure S6: Equilibration of bc1 complex. RMSD values calculated for the protein sub-
units of the two monomers (A and B) of the bc1 complex in case of Model II (Fig. 1). Upper
panels: RMSD calculated for all atoms of the protein’s backbone. Lower panels: RMSD
computed only for the atoms of the secondary structure motifs that exclude bridges, coils
and turns. All RMSD plots are computed with respect to the reference structure noted in
Fig. S5.
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Figure S7: Equilibration of intermembrane helices. Shown are RMSD values calculated
for the atoms of the transmembrane helices of the bc1 complex in case of Model II. The
RMSD values were computed with respect to the reference structure obtained after 310 ns
of membrane and protein equilibration noted in Fig. S5.
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Quantum chemistry study of Qo-site quinol binding

Figure S8: Comparison of quantum chemical optimizations of the Qo-site. Shown
are aligned optimized structures of the Qo-site for Model I (a) and Model II (b) obtained
using the B3LYP/6-311G(d) (lime) and B3LYP/6-311+G(d) (blue) methods. The structures
were aligned to minimize the relative RMSD value which equals 0.37 Å and 0.33 Å in the
case of Model I and Model II, respectively.
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Supporting Files

The CHARMM topology file, top_H156.inp, obtained for the MD simulations performed

in this study for Model II, is included with this supporting material. This topology file

includes the topology of the deprotonated H156 residue together with the Fe2S2 cluster and

the ligating residues C133, C153, H135. It includes the charges fitted to the electrostatic

potential (ESP), calculated using the B3LYP/6-31G(d) model chemistry.
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