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Abstract The redox potential of the Rieske iron-sulfur
protein depends on pH. It has been proposed that the
histidines coordinating one of the irons are responsible
for this pH dependence, but an experimental proof for
this proposal is still lacking. In this work, we present a
density functional/continuum electrostatics calculation
of the pK, values of the histidines in the Rieske iron-
sulfur center. The calculated apparent pK, values are 6.9
and 8.8 in the oxidized state, which are in good agree-
ment with the corresponding experimental values of 7.5
and 9.2 and the measured pH dependence of the redox
potential. Neither of these two pK, values can, however,
be assigned to only one of the histidines. We find that
both histidines titrate over a wide pH range in the ox-
idized state. Reduction of the iron-sulfur center shifts
the pK, values to 11.3 and 12.8, thus above 10.0 as
found experimentally. The results provide a complete
picture of the coupling of proton and electron binding,
showing strongly cooperative binding of protons at
electrode potentials near the redox midpoint potential of
the cluster. The potential biological function of the low
pK, value of the histidines and the shift upon reduction
are briefly discussed. Electronic supplementary material
to this paper (comprising tables with the partial charges
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Introduction

The cytochrome bc¢; complex is found in electron
transfer chains in mitochondria and bacteria; related
be f complexes are found in chloroplasts and algae. This
family of bc complexes all contain two heme b centers, a
high-potential heme center (either heme ¢; or f) and a
Rieske iron-sulfur protein [1, 2]. The bc; complex oxid-
izes ubiquinol in a step that is coupled to proton
translocation through the Q-cycle [2]. The ¢ complexes
are important elements in respiration and photosyn-
thesis, and the oxidation of the quinol by the Rieske
protein is a key event, because the electron transfer bi-
furcates at this step, with one electron of the quinol
going to the Rieske protein, the other to a b-form heme.

The redox potential of the Rieske iron-sulfur protein
in bc-type cytochromes is much more positive than
values typical for 2Fe-ferredoxins, and depends on pH
[3, 4, 5, 6]. It has been speculated that the histidine
residues coordinating to one of the irons are responsible
for this pH dependence [3, 4, 5, 6]. An experimental
proof for this hypothesis is, however, still lacking. Be-
cause of the paramagnetic nature of the Rieske iron-
sulfur complex, an experimental determination of the
pK, values is not trivial. By quantum chemical methods
it is possible to compute pK, values to a high degree of
accuracy [7, 8, 9]. Therefore, theoretical investigations
can help to clarify whether the histidine residues are
responsible for the measured pH dependence of the



redox potential or not, and how electron transfer and
proton transfer events are coupled in this system. Here,
we demonstrate that density functional calculations can
provide a good account of the pH dependence of the
redox potential for a Rieske-type iron-sulfur center, and
a reasonable (but not perfect) value for the absolute
redox potential. The results suggest that the histidines
are indeed responsible for the pH dependence, but that
the two observed inflection points in the pH profile
should not be identified with individual histidine resi-
dues; rather, protonation of the two sites are strongly
coupled to each other.

The Rieske iron-sulfur protein is a component of
cytochrome bc; and contains an Fe,S, cluster coordi-
nated by two cysteine and two histidine residues [10].
Both histidine residues coordinate the iron with their
Nsi. The two irons are ferric and antiferromagnetically
coupled in the oxidized form. A high-resolution struc-
ture of the Rieske fragment from bovine cytochrome bc,
cleaved from its membrane anchor has been solved [11].
In the crystal structures of whole cytochrome bc;, the
part of the Rieske iron-sulfur protein that was crystal-
lized as a fragment was found in different orientations in
different structures [12, 13, 14], indicating a remarkable
mobility of this protein. The mobility of the Rieske
protein is connected to a hinge motion between the
transmembrane helix and the crystallized fragment of
the Rieske iron-sulfur protein. In some of the structures
of cytochrome bc; the iron ligand His161 makes a hy-
drogen bond with the ubiquinol analogue stigmatellin
[12, 14]. Tt is therefore likely that His161 also makes a
hydrogen bond with ubiquinol during the catalytic re-
action. This hydrogen bond is possibly involved in a
coupled proton-electron transfer from the fully reduced
quinol to the oxidized Rieske iron-sulfur cluster [2]. If
this hypothesis is true, His161 must titrate in the phy-
siological pH range in the oxidized form of the Rieske
protein.

In this paper, we combine density functional and
electrostatic calculations to compute the pK, values of
the histidines coordinating one of the two irons in the
Rieske iron-sulfur center. First, we give the computa-
tional details and briefly explain the method that is used
for computing the microscopic and macroscopic pK,
values. We apply this method first to methylimidazole
and obtain reasonable agreement with experimental data
to validate the method. Then, we apply this method to
the Rieske iron-sulfur center.

Computational methods

Overview

The calculations reported here combine, for the first time, a set of
techniques for looking at coupled proton and electron transfer in
metalloenzymes. The energies and geometries of the active site
cluster, with various numbers of electrons and protons bound, are
estimated using density functional theory (DFT). The effect of the
protein and solvent environment is incorporated using a continuum
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solvent model and a dielectric region with embedded charges to
represent the protein. Once the energies of the relevant protonation
and redox states are available, a statistical (Boltzmann) calculation
is used to evaluate state populations for given values of tempera-
ture, pH, and solution redox potential. Equivalently, the partition
function (or binding polynomial) for binding of protons can be
factorized to interpret proton uptake or release in terms of “ap-
parent” pK, values. Details of the individual pieces of this scheme
are given in the following paragraphs.

Quantum chemical and electrostatic calculations

The Rieske protein can be proteolytically cleaved from its mem-
brane anchor and the fragment has properties comparable to the
Rieske protein in the intact cytochrome bc; complex. The structure
of this fragment is known at 1.5 A resolution [11] (PDB code
1RIE). This geometry was used as the starting structure for the
calculation. Hydrogen-bond partners were also included in the
quantum chemically treated model (see Fig. 1). The geometry was
optimized with ADF 2000.02 [15] by density functional methods
(functionals VWN [16] and PW91 [17]) and a high-level basis set
(triple-{ plus polarization — ADF Basis IV). The frozen core in-
cludes the (1s, 2s, 2p) orbitals of Fe and S, and the 1s orbitals of N,
C, and O. We used the broken symmetry approach [18] to represent
the antiferromagnetic coupling. We optimized a total of 12 states,
corresponding to the four possible protonation states in the oxid-
ized cluster and in the two reduced clusters. In the two reduced
states, the electron is either placed at the iron coordinated by the
histidine residues (by adding a spin-up electron) or at the iron
coordinating the cysteines (by adding a down-spin electron; see
Fig. 1 for spin vectors). The following atoms were fixed during the
minimization: the peptide N and carbonyl C of His141, the peptide
N and carbonyl C of Hisl61, Cg of Cys139, Cg of Cys158, the
carbonyl C of Thr140, the carbonyl C of Prol59, the peptide N of
Leul42, Cg of Ser163, and C; of Tyr165. Point charges obtained by
fitting the quantum electrostatic potential using a CHELPG algo-
rithm [19] combined with singular value decomposition [20] were
used to estimate the interaction energy of the Rieske center with the
protein and solvent environment [21] by solving the Poisson-
Boltzmann equation numerically using MEAD 1.1.8 [22]. The
following radii have been used for the charge fit and the solvation
energy calculations: Fe 1.3 A,N1.55A,C1.7A,015A,S1.8 A,
and H 1.2 A. Partial charges from CHARMM?22 [23] and radii
published by Bondi [24] were used for the protein. The system was
divided into three dielectric regions: e=1 for the quantum-chem-
ically treated cluster, e =4 for the protein, and ¢ =80 for water [21].
These parameters are reasonable from physical considerations [21,
25] and gave good agreement with experimental results in previous
calculations [26, 27, 28, 29, 30]. In the quantum-chemically treated
cluster, all degrees of freedom are treated explicitly, i.e. no addi-
tional shielding is required; thus the dielectric in this region is 1.0.
In the protein, the electronic degrees of freedom and nuclear re-
arrangements are not considered explicitly. They are considered
with a dielectric constant of 4.0. The ionic strength in the calcu-
lation of the pK, values of the Rieske center was set to 0.15 M,
which is equivalent to the physiological ionic strength. In the cal-
culation of the pK, values of methylimidazole (a model for histi-
dine), the ionic strength was set to zero according to the
experimental conditions. The optimized geometries and point
charges are given in the Supplementary material.

Titration of non-coordinating residues
by a continuum electrostatic method

We calculated the protonation probability for the Rieske protein
by a standard method [22, 25, 37] using the numerical solution of
the Poisson-Boltzmann equation to calculate protonation and in-
teraction energies and Monte Carlo simulation for protonation
state sampling. The Poisson-Boltzmann equation was solved with
the program MEAD [22]. The Monte Carlo sampling was done
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His141

Fig. 1. Structure of the center used in the quantum chemical
calculation. Non-polar hydrogens are omitted for clarity. The
antiferromagnetic spin-coupling between the two iron centers is
shown by the red arrows

with the program Karlsberg [30]. The protonation probabilities
were calculated for the oxidized and reduced states of the Rieske
center. The coordinating histidines were always protonated in these
calculations. These calculations were done to see whether the redox
state of the Rieske center influences the protonation probability of
any residue in the Rieske protein.

Calculation of the protonation and redox equilibrium constants
and protonation and reduction probabilities

The microscopic protonation and redox equilibrium constants be-
tween the different states of the metal cluster were calculated by a
method [21, 27] which was described in more detail previously. The
microscopic pK, values were obtained from the thermodynamic
cycle depicted in Fig. 2 using the following equations. The pK,
values relate directly to the free energy of deprotonation in aqueous
solution, AG¥™" by Eq. 1. AG¥™" can be expressed as a sum of
two contributions: the solvation energy difference AAGIP™! be-
tween the associated and dissociated system and the gas phase
deprotonation energy AGeh "

deprot __
A water

1 (AGdeprot + AAGdeprot) (1)

PKy = =0 10 k7 \ACue solv

In 10 kgT

The solvation energy difference AAGEP™" is obtained from Eq. 2:

AAGEP™ = AGyoiy (A7) + AGson (H) — AGyoi(AH) 2)
The solvation energy of the protonated and deprotonated mole-
cule, AGs (A7) and AGso(AH), was calculated by solving the
Poisson-Boltzmann equation using the program MEAD as des-
cribed above. The solvation energy of a proton, AG.,(H "), was
set to —260.5 kcal/mol, as can be calculated from the experiment-
ally measured potential of the standard hydrogen electrode [31].
The calculated pK, depends linearly on the choice of the solvation
energy of a proton, as can be seen from Eq. 2. The gas phase
protonation energy was AGYP™!, calculated from Eq. 3:

A G(\j]:grot vacuum
AH —— A ; HY
AGsolv(AH) AGsolv(A_) AGSO]V(H+)
AH —— A_ + H +
deprot
A Gwater
water

Fig. 2. Thermodynamic cycle to calculate absolute pK, values.
Instead of calculating free energy of dissociation of a proton from

an acid in water (AGY"™") directly, the free energy of dissociation is
first calculated in vacuum and the reactant and products are then

transferred from vacuum into water

AGER™ = AHEP™ + AHG™ + Higans(H') + A(pV) — T[S(H)]
(3)

where AHYP™! is the difference in the vacuum energy of the asso-
ciated (protonated) and dissociated (deprotonated and hydrogen
ion) system as calculated from ADF; AHSP™ is the change in the
vibrational energy between the protonated and deprotonated state
and was estimated from a normal mode analysis of methylimi-
dazole to be —8.0 kcal/mol. The main contribution to this vibra-
tional term is the zero-point energy of the N-H bond that is being
lost upon deprotonation. Because of the large cost of doing a
normal mode calculation on the full iron-sulfur cluster, we have
used methylimidazole as a model compound, essentially assuming
that the frequency of the N-H bond is not changed very much upon
coordination to the iron. H.ns(H ") is the translational energy of a
proton, which is 3kgT; A(pV) is the energy change due to the
volume change in the gas phase reaction, which is estimated from
ideal gas approximations to be kgT; and T[S(H")] is the entropic
portion of the gas-phase free energy of a proton and was set to
7.8 kcal/mol as derived from the Sackur-Tetrode equation [32].

The redox potential £, is computed by a similar approach.
However, we neglect the cluster/protein entropy difference between
oxidized and reduced states. The redox potential E® is calculated

redox
from Eq. 4:
1 T X T X
Eregor = 5 (AHEE™ + AAGEY™) + ASHE )

where AH®4* is the difference in the vacuum energy between the
oxidized and reduced state, AAG;f;ff" is the difference in interaction
energy with the protein and solvent between the oxidized and re-
duced state, Fis the Faraday constant (23.06 kcal/mol), and ASHE
is the standard potential of the hydrogen electrode (-4.43 V).

The protonation and reduction probabilities are calculated
from the grand canonical partition function [32, 33]. The theoret-
ical background is explained in more detail elsewhere [25, 34, 35].
The grand canonical partition function is here a function of two
external variables representing the chemical potential of the elec-
trons and the protons. The energy of each possible state is calcu-
lated from the microscopic redox potentials and pK, values. A
thermodynamic average over all the possible states coupled to the
external chemical potential of the electrons and the protons leads to
the plots displayed in Fig. 5.

The macroscopic or apparent pK, values are obtained from the
roots of the grand canonical partition function Z [33, 36], which is
a polynomial in the ligand activity A= 10" (binding polynomial).
The grand canonical partition function Z at the oxidized state is
given by Eq. 5:
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Z =1+ (107K 4 107PKI) A 107 PRI P A2 state. In the oxidized, singly deprotonated state the Fe-N
= 14 (107PKT 1 107PKE) A 4 107 PRSI —PKE A2 (%) bond to the deprotonated (imidazolate-type) histidine is
always shorter than the other neutral (protonated)
0X (O o o T . < I . .
where pKi} and pK3y are the microscopic pK, values for the first  hictidine, comparing 1.97 A to 2.10 A. The variation of
deprotonation step, and pKy} and pK3) are the microscopic pK, Fe-N dist: ith tonati f the histidine i
values for the second deprotonation step. In the reduced state, the e 1stance with protonation o ¢ histiding 1§ con-
grand canonical partition function is a bit more complex because siderably larger for Fe(IIl) than for Fe(I). These
the Rieske center can be reduced either at the iron coordinated by  differences in bond lengths may be useful for compar-
the histidines or at the iron coordinated by the cysteines. Therefore ison with future high-quality data for the oxidized Rie-

the grand capomcal partition .functlon for the reduced system in ske, and for the comparison of Fe-N distances to
Eq. 6 has twice as many terms:

Z=14 lOAGrtdox " (107pKerdl 4 lO*PKﬁ‘“ 1 107PK\I'tIdZ+AGn:dox 4 loipK;dZ+AGmdm>A 4 <10*PKﬁ‘”*PK|'§‘“ 4 loipKﬁdl7PK{§d2+AGmlm>A2

- n lOAGredox n (107pkﬁxu n lopr;‘dl n 107PK§CI(1'_’+AGA'C((0K + lopr;dz+AG.-edox>A n (107pKzre‘:d17pK2r§dl + 1Opréeidzprzdz+AG.-edox)AZ (6)

where AG™** is the energy difference in pK, units between the protonated versus deprotonated histidines. Comparisons
reduced state of the Rieske center when it is reduced at the iron {4 the 1.5 A crystal structure of a Rieske fragment [11]

coordinated by the histidines and the reduced state of the Rieske - - .
center when it is reduced at the iron coordinated by the cysteines, (which is probably in the fully protonated, reduced

and is given by Eq. 7: form) are shown in the final two columns of Table 1.
7 The computed metal-ligand bond lengths are on average

AG™ = "W T0RT T(E%”‘ —E") (7)  within 0.04 A of those from the crystal structure, but
B o

' . our predicted metal-metal distance is about 0.1 A
The apparent pK, values are then the negative of the logarithm of  ghorter than that observed. A complete listing of all

the negative of the roots A, of the grand canonical partition imized . . . . he S 1 )
function Z, pK*¥ = —log(—A,). The apparent pK, values cor- optimized geometries 1s given In the Supplementary

respond to the macroscopic pK, values of the system and usually material.
cannot be assigned to particular group, but are a property of the

hol . . . . . .
whole system Titration of non-coordinating residues

in the Rieske iron-sulfur protein

Results and discussion It is in principle possible that titratable residues in the

protein other than the coordinating histidines are re-
Geometry of the different redox and protonation states sponsible for the pH-dependent redox potential. In

particular, His164, Tyr157, and Tyr165 are all reason-
The geometry of the Rieske center changes only slightly ably close to the iron-sulfur cluster. Hence, we computed
upon optimization. The metal-metal and metal-ligand the protonation probabilities of all titratable residues
distances are listed in Table 1. The metal-ligand dis- except the histidines of the iron-sulfur cluster for the
tances are about as sensitive to the protonation state of oxidized and reduced states of the protein by a standard
the complex as to the redox state. When the last histidine method [22, 25, 37]. This method was able in previous
is protonated and the corresponding Fe site is reduced, applications to reproduce and explain experimental
the Fe-N bond changes from 1.99 A in the totally de- results [26, 34, 38, 39], at least qualitatively. The
protonated and oxidized state to 2.14 A for His141 or protonation probabilities of all titratable groups show
2.10 A for His161 in the totally protonated and reduced no significant dependence on the redox state of the

Table 1. Iron-iron and iron-ligand distances in the energy optimized geometries. The reduced geometry corresponds to the geometry in
which the reducing electron is placed at the iron coordinated by the histidines. The distances are given in A. X-ray values from [11]

Doubly deprotonated Singly deprotonated Protonated X-ray
Oxid Red Oxid Red Oxid Red
His141 Hisl61 His141 Hisl61

Fepis-Fecys 2.67 2.68 2.63 2.62 2.61 2.59 2.61 2.58 2.71
Fecys-Si 2.18 2.20 2.20 2.19 2.21 2.19 2.17 2.21 2.24
Fecys-S) 2.19 2.19 2.18 2.18 2.20 2.20 2.20 2.20 2.24
Fey;is-Si 2.26 2.27 2.20 2.18 2.22 2.22 2.20 2.19 2.24
Fenis-Sz 2.22 2.31 2.22 2.22 2.26 2.25 2.17 2.22 2.24
Fecys-Scysi39 2.30 2.40 2.33 2.32 2.37 2.36 2.29 2.34 2.29
Fecys-Scysiss 2.35 2.37 2.26 2.27 2.31 2.30 2.25 2.29 2.22
Fenis-Nuisia1 1.99 2.05 1.97 2.11 2.11 2.15 2.09 2.14 2.16

Feni-Niicto1 1.99 2.06 2.10 1.97 2.13 2.06 2.09 2.10 2.13
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Table 2. Calculated microscopic and macroscopic pK, values of
methylimidazole

Microscopic pK, values®

pKl 1 7.1

pK21 7.5

pKi2 11.7

pK22 11.3
Apparent pK, values

pK zpp 7.3

pK;™? 12.3

“The meaning of the microscopic pK, values is described in Fig. 3

iron-sulfur cluster. The so-called pK;, values, i.e. the
pH at which the protonation probability of a given
residue is 1/2, are given for all protonatable residues in
Table S3 of the Supplementary material. These pKj,
values indicate the titration behavior of non-coordinated
sidechains do not appear to be strongly coupled to the
redox state of the cluster. The largest coupling is for
Tyr157, whose pK;, changes by 0.6 pH units upon
cluster reduction. From these calculations, we rule out
that residues other than the histidines of the iron-sulfur
cluster are responsible for the pH-dependent redox
potential.

Calculation of the absolute pK, values
of methylimidazole

The side chain of histidine has two macroscopic pK,
values, 7.0 and 14.0. Microscopic pK, values for the first
deprotonation reaction have been estimated from
measurements at N-methylated methylimidazoles [40]
and were found to be 7.0 for the Ng; nitrogen and 6.6 for
N, nitrogen. In order to evaluate the above-described
method for computing absolute pK, values, we applied it
to free methylimidazole. The results are shown in
Table 2 and in Fig. 3 and are in reasonable agreement
with the experimental data. From Fig. 3b, one can see
that both, Ng; and the N,,, are only partially protonated
over a wide pH range.

Calculation of the absolute pK, values
of the coordinating histidines and redox potentials

Measurements of the pH dependence of the redox
potential of the bovine Rieske protein fragment gave
associated apparent pK, values of 7.5 and 9.2 [4]. These
values refer to the oxidized form of the Rieske protein.
From the quantum chemical calculations, we obtained
the microscopic pK, values, which are listed in Table 3.
The microscopic pK, values cannot be directly com-
pared to the experimentally measured apparent pk,
values. Macroscopic pK, values can be derived from
microscopic models by factorizing the binding polyno-
mial [33, 36]. Applying statistical mechanics, one can
also derive titration curves of the individual sites from
the microscopic values [36]. The titration curves of

pK1) pKi12
pK>y
2 T T T
b)
16 a
§ I __\ il
05 - -
D i i i i
1] B 10 12 14

Fig. 3. a Scheme of the different protonation of methylimidazole.
The scheme also marks the different microscopic pK, values that
are listed in Table 2. b Calculated titration curves of methylimi-
dazole. The black curve represents the total protonation probab-
ility. The red and the cyan curves designate the titration curves of
the Ng; and the N,,, respectively

Hisl41 and Hisl61 and the total titration curve of the
cluster are shown for the oxidized and reduced state in
Fig. 4. In the oxidized form, both histidines titrate over
a wide pH range, and neither of the two residues can be
assigned to just one of the apparent pK, values. The sum
of the two individual titration curves can, however, ex-
actly be described as a sum of two standard titration
curves having pK, values of 6.9 and 8.8 and each site
contributes to both of these pK, values [36]. The calcu-
lated apparent pK, values agree with the experimentally
determined values [4]. In the reduced state, the electron
is formally added to the iron which is ligated by the
histidines. The reduction leads to higher electron density
on these ligands, favoring the fully protonated form for
both His141 and His161. According to our calculations,
the pK, values in the reduced state are shifted to 11.3
and 12.8, consistent with the experimental observation
that the two histidines titrate above pH 10 [4].



Table 3. Calculated microscopic redox potential (protonated form)
and microscopic and macroscopic pK, values to describe the pH
dependence of the redox potential of the Rieske center. The energy
of each possible state of the Rieske center can be calculated by
adding the different energy terms according to the scheme in Fig. 4

Ox Red Red
(His) (Cys)
Microscopic pK, values®
pKi1 7.1 11.3 8.9
pK>i 7.4 13.1 8.1
pKi» 8.6 134 9.0
pK>» 8.3 11.6 9.8
Mlcroscopic redox potentials® (mV)
Et -12
E‘Dmt -390
Ox Red
Apparent pK, values
pK;tP 6.9 11.3
KPP 8.8 12.8

“The mednmg of the mlcroscoplc pK, values is described in Fig. 4
®The meaning of the microscopic redox potentials is described in
Fig. 4

The calculated redox potential is —12 mV in the to-
tally protonated form. The measured redox potential at
low pH (pH 6) is 311 mV [4]. Previous calculations of
absolute redox potentials of iron-sulfur clusters have
also found values that are too low, by similar amounts
[20, 21]. For example, calculations using the same
methods we use here gave a redox potential for the
ferredoxin from Anabaena 7120 that is 1.0 V more
negative than the present result for the Rieske center
[21]. Experimentally, this ferredoxin has a redox poten-
tial that is 0.75 V lower than a Rieske center. Differences
in entropy between the oxidized and reduced states or
changes in the protein geometry upon reduction, both of
which are neglected here, are the most likely origins of
these low estimates, although intrinsic errors in the DFT
calculations themselves cannot be ruled out. Given the
difficulties of calculating absolute redox potentials, we
view the present result as acceptable.

Figure 5 shows the analytically calculated reduction
probability and total protonation of the Rieske iron-
sulfur cluster as a function of the external thermody-
namic variables: the solution pH and electrode potential.
A detailed theoretical framework of the method to
compute these plots is given elsewhere [34, 35]. Although
the calculated absolute redox potential is about 320 mV
too negative, the dependence of the redox potential on
pH is represented well by the calculation. The slope of
the redox potential as a function of pH at pH 10 is
—114 mV/pH and similar to the experimentally meas-
ured slope of =120 mV/pH at the same pH [4]. The fact
that the absolute magnitude of the slope is greater than
60 mV/pH indicates that more than one proton is cou-
pled to the redox event.

A common way to measure cooperativity is the Hill
coefficient [41]. Hill coefficients larger than 1.0 indicate
cooperative binding, those smaller than 1.0 indicate anti-
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Fig. 4. a Scheme of the different protonation and redox states of
the Rieske iron-sulfur protein. The scheme also marks the different
microscopic pK, values that are listed in Table 3. b Calculated
titration of the histidines coordinating one iron in the Rieske iron-
sulfur protein in the reduced (/eft) and oxidized (right) states. The
cyan and the red curves designate His141 and His161, respectively.
The black curve represents the total protonation probability of the
iron-sulfur cluster and can be obtained as the sum of the cyan and
the red curves
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Total Protonation

-400 =200 0

E [mV]

Fig. 5. Reduction probability and total protonation of the Rieske
center in dependence on the electrode potential E (x-axis) and pH
(y-axis). The z-axis represented by the color scheme reflects the
probabilities. Red means totally deprotonated or totally oxidized,
blue means totally protonated or totally reduced. The green line in
the reduction probability plot represents the calculated redox
potential as a function of pH. The left- and right-hand sides of the
total protonation plot are equivalent to the black curves in the left-
and right-hand sites in Fig. 4, respectively
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Fig. 6. Hill coefficient n for proton binding in dependence on the
electrode potential E. We define the Hill coefficient as the derivative
of the proton titration curve when one proton is bound to the
system, i.e. the system is half protonated

cooperative binding or binding to independent sites with
different binding constants. Figure 6 shows the Hill co-
efficient for protonation of the Rieske center as a func-
tion of solution redox potential. Cooperative proton
binding occurs when the external electrode potential is
near the redox potential of the Rieske cluster; at these
electrode potentials, proton and electron binding are
occurring simultaneously. At its maximum, the Hill
coefficient nearly reaches 2, consistent with the large
slope of the redox potential versus pH curve discussed
above. At very high or very low electrode potentials
(where the system is constrained to be either in the
oxidized or reduced states), proton binding is anti-

Total Reduction
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Table 4. Energy difference between the reduced states when the
electron is mainly localized at the iron coordinated by the histidine
residues and the reduced state when the electron is mainly localized
at the iron coordinated by the cysteine residues. AH;S is the gas-
phase energy difference between the two reduced states as calcu-
lated from ADF and AAG™ is the solvation energy difference
calculated by using the Poisson-Boltzmann equation. The energy is
given in kcal/mol

AHEE AAGE AHE

AAGHE™
Protonated -11.6 2.9 8.7
Deprotonated His141 -6.0 1.6 -4.4
Deprotonated His161 -4.9 0.9 —4.0
Doubly deprotonated 0.6 0.9 0.3

cooperative, so that binding of a first proton inhibits
binding of the second one.

Energetic difference between the reduction
of two irons

In agreement with experiments [10], we find that the
reducing electron is mainly localized at the iron co-
ordinated by the histidine residues in the totally proto-
nated state. Adding a down-spin electron (rather than an
up-spin electron) as reducing electron to the oxidized
Rieske center leads to the reduction of the iron coordi-
nated by the cysteine residues (see Fig. 1 for the spin
vectors). The energy of the configuration with the elec-
tron at the cysteine site is 8.7 kcal/mol higher than that
of the configuration with the electron at the histidine site
in the totally protonated form of the Rieske center. Thus
the configuration with the electron at the cysteine site is
thermally inaccessible in the protonated state. Deprot-
onating the histidines makes the two irons more equiv-
alent. In the totally deprotonated form the difference
between adding an electron to either the histidine or
cysteine site is negligible, indicating that the two sites are
nearly equivalent at very alkaline pH. The difference in
energy between adding an electron to either the iron
coordinated by histidines or to the iron coordinated by
cysteines is listed in Table 4 (negative energies indicate
that reduction at the histidine-bound iron is favored).



Conclusions

From our calculations, we can conclude that the two
coordinated histidines are responsible for the pH de-
pendence of the redox potential in the Rieske iron-sulfur
center. The two pK, values, however, cannot be assigned
to particular histidines. Rather, both histidines titrate in
the same pH range and both are thus partially respon-
sible for both pK, values. Since His161 titrates in the
same range as Hisl41 in the oxidized state, the postu-
lated hydrogen bond between the fully reduced quinol
and His161 of the oxidized Rieske iron-sulfur cluster [2]
is entirely feasible. Rapid equilibration in the oxidized
form between tautomers in which the proton is on either
histidine would be expected.

The titration behavior of the two histidines has con-
sequences for the mechanism of the ubiquinol reduction.
In the oxidized state, both histidines have about the
same protonation probability. According to our calcu-
lations, His161 has a higher affinity for protons than
His141 after reduction. Thus a proton transfer from
ubiquinol to the His161 will be faster than to His141
after reduction, according to Marcus theory [42, 43], if
the transfer occurs in the normal region.

Overall, the calculations provide a good account of
the proton-binding behavior, with computed pK, values
within 1 pH unit of those observed. Recent measure-
ments on a Rieske fragment from Thermus thermophilus
[44] provide apparent pK, values for the oxidized cluster
(7.8 and 9.6) that are similar to those seen in the bovine
structure considered here, and also are able to see the
reduced transitions (both at about pH 12.5), in good
agreement with the values we report in Table 3. The
absolute redox potential is computed to be too low, in
accord with our previous experience using this method
for iron-sulfur clusters [20, 21]. However, relative redox
potentials, such as the difference in potential at high and
low pH, are predicted quite accurately. We believe that
these calculations provide additional evidence that these
sorts of quantum investigations can be useful in the study
of coupled proton/electron transfer in metalloenzymes.
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