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Table S1. Fixed Parameters

Table S1 shows the fixed model parameters used in the simulations given in the main text and in this supplement.

Parameter | Definition | Value* | Units | Reference
Physical Constants
R Ideal gas constant 8.314 J/mol/K -
F Faraday’s constant 96.5 J/mol/mV -
Ka values
K 1SPox Oxidized Rieske iron-sulfur cluster 1066 i (1)
A acidic group protonation constant
ISPox Oxidized Rieske iron-sulfur cluster 92
K basi . 10 - (1)
asic group protonation constant
b, ox Oxidized heme by protonation 59 i
KA constant 10 2)
K E\Lred Reduced heme b protonation 1079 i @)
constant
by, 0x Oxidized heme by protonation 57 i
KA constant 10 2)
KZHred Reduced heme by protonation 1077 i @)
constant
Thermodynamic
E (C3+ /C2+) Cytochrome ¢ midpoint potential 55 mv 3)
m( ) Cytochrome ¢; midpoint potential 270 mV (4)
E;(ISP [1SP) Rieske ISP midpoint potential 300 mv 4)
E,?] (Q/QH,) Ubiquinone midpoint potential 65 (479) mV (5)
EX (b /b7) Cytochrome b, midpoint potential | -30 (39) mV (2)
ES (b5 /b%) Cytochrome by midpoint potential | 90 (160) mV (2)
0 Qn-site semiquinone midpoint i
E.(Q/SQ), potential 2.3 mV (6)
0 Qn-site semiquinone midpoint
E,(SQ/QH,), ootential 122 (951) mV (6)
E; (NAD+ / NADH) NADH midpoint potential 320 mv @)
Fraction of total charge
Y43 translocation sensed between bL 0.5 - (2, 8-10)
and bH
Q10 Related Constants
KDglpon Q10H2 binding constant at Qp-site 16 mM (12)
KDglpo Q10 binding constant at Qp-site 16 mM (12)
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KD%]O Q10 binding constant at Qn-site 0.25 mMm (12)°
KDglnon Q10H2 binding constant at Qn-site 25 uM (12)°
Q10,t0t Q10 pool size 20 mM (13, 14)¢
Superoxide
Em (Oz /O{) Superoxide midpoint potential 160 mvV (15)¢
H H nd
kfso Superoxide production 2™ order 1010 M-I L (16)
rate constant

a\Values are at pH 7 and at 25 °C. Values in parenthesis are at pH 0 and 25 °C. ®Values chosen to match
reported kinetic and thermodynamic behavior of enzyme. °Estimated by assuming a total mitochondrial
Q pool of 5.8 nmol/mg and an inner membrane volume of 290 nl/mg. “The pK of superoxide is 4.7, so

the midpoint potential is invariant in the biological pH range.

Table S2. Experimental Data Summary

Species and . A Free Dimeric
Tissue S% ublgt(r)gtee Kénaigc B;]l‘_fier Poﬁirgslr?rr;\e\/) Radical | Function | Reference
Origin Data Data
Bovine heart DQ yes 7.5 0 no no (17)
Bovine heart NBH yes 7.2 0 no no (€8]
Bovine heart Q2 yes 7.4 0 no no (18)
Bovine heart Q2 yes 7.4 0 no no (19)
Rat liver Qzand Qo yes 7.0 100 - 180 no no (20)
Yeast DQ no 7.3 100 - 220 yes no (21)
rl?’]itszlreeletal Qo no 7.2 0 yes no (22)
Yeast DQ no 7.0 0 no yes (23)
Bovine heart DQ no 7.4 0 yes no (24)

Q2, ubiquinone-2; NBH, nonylubihydroquinone; DQ, decylubiquinone; Q1o, ubiquonone-10

Table S2 lists the data used to parameterize the model. The list consists of a set of data that contain
information on the cytochrome c reduction kinetics and superoxide production rates collected under a
wide range of conditions. This is not an exhaustive list of all available data, but it does contain data that
enables identification of essential features of bcl Kinetics and free radical generation. The majority of
the data come from bcl complex purified from bovine heart, but some of the superoxide production
and dimeric function data were obtained using rat and yeast mitochondria. Ideally, these data would be
from the same source as the kinetic data. But unfortunately, we could not find such data. The data was
collected using bcl complex resuspended in detergent, incorporated into lipid membranes, or in its
original state in mitochondrial membranes. The kinetic data were collected with a variety of Q-
analogues at different pH and membrane energization conditions. The superoxide production data was
collected in a similar manner. By fitting all these data with the same set of rate constants and relevant
kinetic parameters, the robustness of the model is demonstrated.
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Figure S1. Correlation heat map for adjustable parameters given in Table 1. Parameter correlation coefficients are
ordered in the following manner: state transition rate constants, cytochrome c binding constants, quinone analogue
binding constants, quinone stability constants, and experimental design parameters. Parameter correlation coefficients
were computed from the parameter sensitivity matrix (see Eq. S44). Parameters can be negatively correlated (red pixels,
coefficient value of -1), uncorrelated (white pixels, coefficient value of 0), or positively correlated (blue pixels coefficient

value of 1).
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Figure S2. Net cytochrome ¢ reduction turnover rates at the Qp-site. The partial reaction for each enzyme state
transition is given as indicated. The conditions for these simulations are given in Figure 5.



Quinone Reduction
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Figure S3. Net quinone reduction turnover rates at the Qn-site. The partial reaction for each each enzyme state
transition is given as indicated. The conditions for these simulations are given in Figure 5.



Superoxide Production
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Figure S4. Net superoxide production turnover rates at the Qp-site. The partial reaction for each enzyme state
transition is given as indicated. The conditions for these simulations are given in Figure 5.

Midpoint potential to free energy conversions. The midpoint potentials given in Table S1 were converted to free energies
using the following equation.

AG =-nFAE Eq. S1

where n is the number of electrons transferred in the reaction.

Free energy of electron transfer and pH effects. The free energy of reaction for the mobile electron carriers (quinones and
cytochrome c) are defined with respect to their respective pools. So the free energy of electron transfer (midpoint
potentials when expressed in mV) for these electron carriers must be adjusted for the free energy of binding and unbinding
to the bc1 complex. For the cytochrome ¢*/c?* reduction free energy, the free energy of electron transfer is calculated
using Eq. S2.

MGy . =AG . ~RTIn(KD,,.)+RT In(KD.) Eq. S2

For the quinone/semiquinone and the semiginone/quinol reduction free energy, the free energy of electron transfer is
calculated in a similar manner using Egs. S3 and S4.

AetGQ/SQ = AGg/sq —RT In(KQ) Eq. S3
AyGeqron, = AGsrg/QH2 +RT In(Kq, ) Eq. S4

The free energy for the semiquinone/quinol couple is pH dependent and calculated using Eq. S5.



=AG!?

pH
AG SQ/QH,

L “2RTIn([H*]) Eq. S5

For the semiquinone/quinol couple at the Qp-site, the proton concentration is taken with respect to the positive side of the
membrane ([H*]p). For the Qn-site, the proton concentration is taken with respect to the negative side of the membrane

(HTn).

In a similar manner, the quinone/quinol couple free energy is pH dependent and calculated using Eq. S6.

AGS;—'QHZ = AGS/QHZ —~RTIn([H"]) Eq. S6

The free energy of electron transfer for the b hemes are also pH-dependent but possess pKs close to neutral pH. These free
energies are computed using Eqgs. S7 and S8.

AGH o =AGY, o +RT In(([H]+107"5) / ([H*]+10 ) Eq. 7
AGY! s = AGY, o + RT In(([H]+107w) / ([H "] +10 7)) Eq. S8

For the heme by, the proton concentration is taken with respect to the positive side of the membrane. And for heme by,
the proton concentration is taken with respect to the negative side of the membrane.

Semiquinone stability constants and free energies. To calculate the semiquinone free energies from the semiquinone
stability constant and ubiquinone/ubiquinol couple free energy, the following relations were used:

pH pH
AGqon, =AGq50 + AGspom, Eqg. S9
H
AGy 5o = AG G n, =—RT IN(K;) Eq. S10
Equilibrium constants. The equilibrium constants for electron transfer for quinol oxidation at the Qp-site, quinone
reduction at the Qn-site, and superoxide production at the Qp-site are given below.
—(A,G —ALG, . )IRT
eq __ et C3+/‘:2+ et ~SQ/QH 2
KQIO =e Eg. S11
—(AeG oy, —AGPH /
Kg?] —e (AEt SQ/QH3 A bﬁx/b'r_'ed) RT Eq 812
_ 0 _ Q|
Kseg =e (480,105~ AatGsgign, /I RT Eq. S13

Substate distribution. For each state (oxidized to five-electron reduced), the complex exists in a combination of redox
states that depends on the total number of reachable redox centers and the number of electrons on the complex. To
account for Coulombic repulsion forces, we include neighbor interactions for intra-monomer b./by and inter-monomer
b./b. pairs. For details, see below.



monomer a

AGS 50, = A, G

Q/sQn ~RTIn ([Q]/ KS" / PQn) Eqg. S14

Q/SQn

If an antimycin A molecule is bound to the Qn-site of monomer a, Eq. S14 becomes

AGSs0n = 0 Eq. S15

AG;‘DX bred AGbZ:bLEd + 2FIBALIJ Eq 816

AGbaox bt AG:é:b[ed Eq. S17
Qp

AG)40 = AyGoisop ~RT IN([Q1/ KS? 1Py, ) Eq. S18

monomer b

_ Q

AG 540 = AyCoison — RTIN([QI/ K/ Py, Eq. S19

If an antimycin A molecule is bound to the Qn-site of monomer b, Eq. S19 becomes

b
AGY g = ® Eq. 20
b H
AGbDX brEd =AG zx o + ZFIBALP Eq. S21
bH /bH
b H
AGbD"/bred =AG i red Eq. S22
bL /bL
b
AGqsqp = © Eq. S23

If a single antimycin A molecule is bound to the dimer, then Eq. S23 becomes

AG/4 = A4Goss0p —~RT IN([Q1/ KSP /Py, ) Eq. S24

Q/SQp Q/SQp

For the Coulombic electrostatic interactions, energy penalties were added to the redox state combinations containing intra-
monomer b /by and inter-monomer b/b. pairs. These energies are given in Table 1. However, in order to satisfy detailed



balance, this penalty was not applied to redox centers including intra-monomer b -by-SQn combinations for three-electron
reduced states and higher.

To calculate the substate distribution for each enzyme state, we need all the possible combinations of redox centers. To do
this, we use combinatorics. For example, the two-electron reduced dimer has a total of 8!/21/(8-2)! = 28 substate
combinations, where 8 is the total number of possible redox centers and 2 is the number of electrons on the dimer. To
calculate the standard free energy change for each redox center combination, we assume linear combinations of the
individual standard free energy change for each redox center described by Eqgs. S14-S24. We then use the Boltzmann
distribution to calculate the reduced fraction of each redox center combination on the dimer with a given number of
electrons.

State occupancy solution. For the state occupancies, Eq. S25 was solved. For brevity, only the matrix equation is shown.
The analytical solution consists of several thousand terms. Electrons are added or removed from the complex either one at
a time at the Qp-site or two at a time at the Qn-site. The last row in Eq. S25 is a conservation equation to fix the sum of
the state occupancies to equal one.

__(k01+ koz) k1o kzo 0 0 0 ] 'E] o] Eq S25
k01 _(klo + k1z + k13) k21 k31 0 0 EO 0
koz k1z _(kzo + kz1 + kza) ksz kAZ 0 El 0
0 k13 kzs _(k31+ kaz + k34) k43 ksa EZ = 0
3
0 0 kz4 k34 _(k42 + k43 + kAS) k54 E4 0
0 0 0 k35 k45 _(k53 + k54)
E| |1
1 1 1 1 1 T

State transition rate constants. The state transition rate constants, ki, are the summation of the partial one-step and two-
step oxidation/reduction reactions. They include both the forward and reverse reactions that facilitate transitions from
state i to state j. For completeness, they are given below in Eqgs. S26-S43. These equations are for the antimycin A free
turnover conditions. Therefore, only one Qp-site is active. When antimycin A is bound to a single monomer, both are
active (23). Both Qn-sites are available for turnover except when antimycin A is bound. The superscript a and b
designates which monomer in the dimer is involved in the partial reaction. The equations for the binding terms Bs, By, and
Bq are given in Egns. S48-S54.

Koy = Kfg By + Bg[O; Tkry, Eq. S26
k = (krngr +[02]kfso)sfe{SQg} Eq. S27
1,2 - 1
, = (fa78; +By[0; Tk ) Y ! o 528
vresQj |
1,2 2
= (lkig?B [0 0o ) Y s o, 529
Vre{SQg}



 A2PAYI2RT|,£ 20| o2 2
kK, =6 kfy (sre{b[ed,alsw +Sre{b[ed‘b~SQg}) Eq. S30

Ko, = 26°747/2RT erzn'O Eqg. S31
23 - 2
vre{SQ3)
23 3
K, = (k"B +[0 o) Y Eq. 533
vre{sQj |
A —2BAY/2RT,£31( o3 3
k,, =e kfy (sre{b[ed asqt] + sre{b[ed "’~soﬁ}j Eq. S34

k=€ RS Y s+ Y s Eq. S35
re{b[ed'a,SQﬁ} re{b[ed'b,SQ,?}

3.4 - 3
Ky = (kfop By +By, [0 ]krso) Z S Eqg. S36
vresQj |
3.4 4
k43 = (erp B, "’[Oz]kfso) Z S Eq. S37
vre{sQj |
K,, = e 2A¥I2RT ka‘:z (Sje{b[Ed'a-SQﬁ} + Sje{b[ed'b-SQE}j Eq. S38

ky =€k Y sl Y] Eq. S39
refo[*" .05 | refo”'*-sQp |
45 - y
Ky = (kap B; +B,[O; ]krso) Z S Eq. S40
vre| Q3 |
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k54 = (kl‘éf Br +[Oz]kfso) Z S? Eq. S41

vre(sQ; |
L —2PAY/2RT,£53( o5 5
k=6 kfg (Sre{b[ed'a-SQna} + sre{b[ed,b_sqg}j Eq. S42

kg =SS Y st Y] Eq. $43
refb(* *.5Q3 | re{b™*-sQ} |

Steady State Equations. State transitions occur from the appropriate substate fraction with rate constants determined by
model fitting. Net turnover at each site is computed using the following equations.

Jo=B; > kb > s-B X kaEa D s Eq. S44
i Vre(SQp| : Vre(SQp) : |
Jo=[0 ki, X E Y s —By[O5Tkrgo Y Ey Y s, Eq. $45
b vrelsQp) ! Vre{SQp| |
JQp :Jc | Eq. S46
and
Jop =(Jo=3p)12 Eq. S47

where i is for the ith electronic state given by solving Eq. S25. State transitions simulated by the model are represented in
Fig. 1B. The net cytochrome c reduction (Jc) and superoxide production (Jso) rates are given by Eqns. S44 and S45,
respectively. Quinol oxidation at the Qp-site (Jqp) and quinone reduction at the Qn-site (Jon) are stoichiometrically linked
to the cytochrome c¢ reduction and superoxide production rates as shown in Eqs. S46 and S47, respectively. Only one Qp-
site is active on the dimer unless a single antimycin A molecule is bound to the dimer (23). Substrate, product, and proton
bound complexes are computed using By, Br, and Bq as shown in Eqgs. S48-S54. Proton concentration for the ISP
protonation state given in By is taken with respect to the positive side of the membrane. For these equations, we assume
substrate, product, and proton bound and unbound states are in rapid equilibrium. In addition, we assume the ¢?* and ¢3*
compete with each other for the c1-site, and QH» and Q compete with each other for the Qp-site and Qn-site, respectively.
And for state transitions to occur, the enzyme needs to be in the proper enzyme-substrate complex (e.g., for Qp-site
catalysis, the enzyme needs to be bound with QH: and ¢*; recall that we lump QH, oxidation and ¢3* reduction into a
single step for simplicity).

B, =[QH,1/ K, / Py 161/ Kg, /P, [H*1/ K™ I P, Eq. 548
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B, =[c**]/K,,, /P,-[H*]/ K"/ Pgp Eq. S49

B, =[Q1/KSP / Py, Eq. S50
P =(L+[H 71/ K (1+[H 1/ K Eq. S51
Pop =1+[QH,1/ K&h, +[Q]/ KgP Eq. S52
Pon =1+[QH, ]/ Kgh, +[Q]/ Kg" Eq. S53
P, =1+[c*]/ K 4, +[c*]/K,,, Eq. S54

Parameter sensitivity matrix and correlation coefficients. The normalized parameter sensitivity matrix is computed using
Eg. S55. Each model output, f;, is congruent with the experimental data. The parameter sensitivities were computed using
a complex variable approach (25).

_ o Py

= Eq. S55
'] apj f q

The sensitivity coefficients presented in Table 1 were computed by averaging all the non-zero sensitivity coefficient for a
given parameter. This was done by using Eg. S56.

— 1
TN 2 S Eq. S56
j Viis; ;=0

where Nj is the number of non-zero elements in jth column of S. The parameter correlation coefficients are pairwise linear
correlation coefficients computed for each pair of columns in the normalized parameter sensitivity matrix.

Antimycin inhibited state transition rate constants. When antimycin A is bound to a given monomer, we assume the rate of
QH: oxidation at the Qp-site is slowed. This is discussed in more detail in the main text. The inhibition factors, £,, and

,B,iA, are given in Table 1. The antimycin A binding constant, Kaa, is 30 pM (26).
12
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Kinetic fits. Model simulations of the kinetic data is shown below. When no uncertainty was given, we assumed an error
model of 20% the maximum for a given data set.
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Figure S5. The turnover rate of purified bc: complex oxidizing the Q-analogue decylubiquinol (DQH3). (A) The
simulated rate of cyt c reduction versus c** concentration at various fixed DQH- concentrations. (B) The simulated rate of
cyt ¢ reduction versus ¢** concentration at various fixed pH at a fixed DQH2 concentration. (C) The simulated rate of cyt
¢ reduction versus ¢ concentration at various fixed ¢?* concentrations at a fixed DQH, concentration. The symbols

represent the experimental data and lines represent model simulations. Data from (17).
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Figure S6. The turnover rate of reconstituted bci complex in proteoliposomes oxidizing the Q-analogue
nonylubiquinol (NBH). (A) The simulated turnover rate versus NBH concentration at fixed pH and cytochrome c3*
concentration. (B) The simulated turnover rate versus pH at fixed cytochrome ¢** and NBH concentrations. Data from (1).
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Figure S7. The turnover rate of purified bc: complex oxidizing the Q-analogue ubiquinol-2 (Q2H2). (A) The
simulated turnover rate versus cytochrome ¢** concentration at varying Q2H, concentrations. (B) The simulated turnover
rate versus Q,H> concentration at varying cytochrome ¢** concentrations. (C) The simulated turnover rate versus
cytochrome ¢® concentration at varying Q. and cytochrome ¢2* concentrations at a fixed Q2H, concentration. (D) The
simulated turnover rate versus QzH, concentration at varying Q. concentrations at a fixed cytochrome ¢** concentration.
Fixed concentrations for each simulation are indicated on each panel. The symbols represent the experimental data and
lines represent model simulations. Data from (18).
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Figure S8. The turnover rate of purified bci complex oxidizing the Q-analogue ubiquinol-2 (Q2H3). (A) The
simulated turnover rate versus cytochrome ¢ concentration at various fixed Q.H> concentrations. (B) The simulated
turnover rate versus Q.H, concentration at various fixed cytochrome c3* concentrations. (C) The simulated turnover rate
versus cytochrome ¢t concentration at various fixed cytochrome ¢?* concentrations at a fixed Q,H2 concentration. (D)
The simulated turnover rate versus Q,H> concentration at various fixed cytochrome ¢2* concentrations at a fixed
cytochrome c® concentration. The symbols represent the experimental data and lines represent model simulations. Data
from (19).
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Figure S9. The effect of a proton-motive force on turnover. (A) The steady-state rate of oxygen consumption by
isolated rat liver mitochondria in the presence of rotenone and oligomycin versus the proton-motive force is shown. The
oxygen consumption rate is equivalent to two times the turnover rate of the bc, complex. The blue line and circles reflect
the simulated turnover rate and data, respectively, when the mitochondria are suspended in a KCl-based respiration buffer.
The orange line and circles show the simulated turnover rate and data, respectively, when the respiration buffer is
switched to sucrose-based buffer. Exogenous Q»H: and cytochrome c were supplied to the mitochondrial suspension. The
proton-motive force is defined as: Apun+ = AY + 59ApH. Data from (20).

Model Code Description

During the editorial process, each file in the zip was appended with "_V1." In order to run the code without
issue, first remove "_V1" from each file.

bcl _code.zip - zip file containing the following files:
bcl data.mat — mat file containing data structure
bcl params.mat — mat file containing model parameters
bcl dimer.m — function containing dimer model code

Generate_Figures.m — function containing code to simulate the model and plot the figures

17
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