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We have recorded15N NMR spectra of oxidized, [15Nδ1, 15Nε2]-
histidine-labeled Rieske iron-sulfur protein (Rp) fromThermus
thermophilis (Tt) as a function of pH. Two resonances were
assigned to the Nε2 atoms of imidazole rings bound to Fe2 of the
[2Fe-2S] cluster and shown to yield pKa values (7.46 and 9.24)
that agree with those calculated from the pH dependence of the
TtRp reduction potential. The data provide direct evidence for
sequential dissociation of protons from Nε2 atoms of the two Fe-
coordinated histidine rings in the oxidized protein.

As a component of the membrane-boundbc1 respiratory complex,
the Rieske protein is known to play an essential role in energy
transduction,1,2 and the mechanism is widely thought to involve its
well-studied redox behavior.2-4 Rieske proteins contain a [2Fe-
2S] cluster with Fe1 coordinated to two Cys Sγ atoms and Fe2
coordinated to two His Nδ1 atoms.5,6

In the oxidized state, both metals areS) 5/2 Fe(III) and coupled
antiferromagnetically to yield a ground-stateS ) 0. Owing to the
multi-state spin-ladder, Rieske protein is paramagnetic at room
temperature, and this paramagnetism broadens many1H NMR
signals beyond detection. Paramagnetic relaxation depends on the
square of the magnetogyric ratioγ. Because15N and13C have much
smallerγ values than1H, it is frequently possible to detect their
NMR signals directly in paramagnetic molecules.7-9 Moreover, the
15N chemical shifts of imidazole nitrogens can differ by 80 ppm in
different protonation states,10,11 making direct detection of15N an
attractive approach to monitor the protonation state of the histidine
ligands.

All Rieske proteins have pH-dependent redox potentials,12,13and
it has been proposed that protonation of the Nε2 atoms from the
two histidine rings coordinated to Fe2 is coupled to cluster
reduction.14 Indeed, a detailed investigation of TtRp from pH 3 to
pH 144 revealed that the pH dependence of the redox potential is
determined by three pKa

app values: two (7.85 and 9.65) from the
oxidized state and one (12.5) from the reduced state. It is widely
held that these correspond to pKa values of Fe-bound histidine
residues in the protein, and this remains the most reasonable
chemical explanation of Rieske protein redox behavior, despite the
lack of direct evidence. Attempts to confirm this idea involved
assignment of a resonance Raman band at 274 cm-1, which gains
intensity at high pH,15 DFT/MEAD calculations,16,17 interpretation
of unusually short intermolecular N-N distances in crystals of
TtRp,18 and the observation of imidazolate signatures in the ATR-
FTIR spectra of bovine Rieske protein.19

Here we incorporated [15Nδ1, 15Nε2]-histidine into TtRp20,21

and used15N NMR spectroscopy to determine the pKa values

of the Fe-bound histidine residues in the oxidized state of the
protein.

The protein studied (Figure 1) contains four histidine residues.
His120 and His162 are both on the surface of the molecule and
are>20 Å from the [2Fe-2S] cluster. His134 and His154 are bound
to Fe2 of the cluster. At pH∼ 6 (Figure 2), two sets of peaks were
observed in the one-dimensional15N spectrum. The peaks at lower
frequency are sharper and insensitive to temperature (Supporting
Information, S1), leading us to assign them to the imidazole Nε2

and Nδ1 atoms of His120 and His162. This assignment was further
confirmed by a heteronuclear, multiple-bond correlation experi-
ment22 that showed long-range connectivities to these peaks of the
type observed only from diamagnetic residues (Supporting Informa-
tion, S2).
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Figure 1. Sequence of the domain ofThermus thermophilisRieske protein
(TtRp) studied here. This protein lacks 37 N-terminal and 9 C-terminal
residues of the full-length protein.18,20 In addition, it contains the mutation
Trp142Phe.21 The four histidines of the protein are numbered, and the two
histidines that ligate the iron-sulfur cluster are boxed.

Figure 2. 1D 15N spectra of [15Nδ1, 15Nε2]-histidineThermus thermophilis
Rieske protein (TtRp) in the oxidized state at various pH values. Spectra
were collected on a Bruker DMX500 NMR spectrometer with a 5 mmbroad-
band probe at 298 K. A simple delay 90° acquisition pulse sequence with
recycling time∼174 ms was applied. The pH values were measured before
and after data collection, and average values are reported.
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The broader peaks were identified with the15Nε2 atoms of ligand
histidines (H134 and H154) of TtRp. The rationale for this identi-
fication was the following: a previous study of a Rieske-type
ferredoxin (T4MOC)7 showed that signals from the15Nδ1 atoms
that directly ligate iron are too broad to be detected but that broad
15Nε2 signals can be resolved; both peaks shifted upon reduction
(Supporting Information, S3), as expected for histidines ligated to
the iron-sulfur cluster;1 the different pH dependence of the two
peaks (Figure 3) indicate that they arise from different histidines.2

The pH-dependent15N signals were fitted to a theoretical
equation (eq 1)23 in which δobs and δB represent the observed

chemical shift of the signal at a particular pH and the chemical
shift of the signal in the deprotonated state, respectively,∆δ
represents the titration shift of the signal from the deprotonated
state to the protonated state, andn is the Hill coefficient. Fitting
the titration curves yielded two distinct pKa values: 7.46( 0.02
for the peak at the higher frequency and 9.24( 0.02 for the peak
at the lower frequency (Figure 3). The signal from the histidine
with pKa ) 9.24 remained sharp throughout the transition, whereas
that with pKa ) 7.46 broadened around pH 7.5 (Figure 2) and
showed the influence of a second deprotonation with pHmid ∼ 10.5,
which may be due to Tyr158, whose phenolic OH forms a H bond
to Sγ of ligand Cys132 and is only∼7 Å from Fe2.18 The pKa

values determined here for oxidized TtRp (7.46 and 9.24) are in
close agreement with those derived from the pH dependence of
the reduction potential (7.85 and 9.65).4,24

Because the structures of cluster regions of the bovine Rieske
protein (1rie) and TtRp (1nyk) are nominally identical, it is
reasonable to make comparisons between the current results and
the DFT/MEAD calculations by Ullman et al.16,17The calculations
suggested that the microscopic pKa of His141 of bovine Rieske
protein (His134 in TtRp) is only slightly lower than the microscopic
pKa of His161 (His154 in TtRp): 7.1 versus 7.4. Hence, as
deprotonation begins, the anionic “hole” is shared between the two
imidazole rings, resulting in nonlinear Hill plots, withn deviating
substantially from unity. The data of Figure 2 show clearly that
the two imidazoles of TtRp undergo separate (noninteracting)
deprotonation steps with n≈ 1 (the NMR data fitted equally well,
with n fixed at unity). The DFT/MEAD calculations for bovine
Rieske protein yielded a difference of∼2 pH units in pKa1

app and
pKa2

app; this is remarkably similar to the difference observed for
TtRp (1.8). Because the lower apparent pKa of the calculation was
for His 141 (Tt His134), the lower pKa

obs (7.46) of oxidized TtRp
can tentatively be associated with deprotonation of His134.

Assignment of the15N signal with the lower pKa to His134 (lower
solvent exposure than His154) is consistent with its observed

midpoint broadening and high pH perturbation by nearby Tyr158.
In terms of proposed mechanisms of thebc1 complex, the consensus
view is that one electron and one proton from the quinol are
transferred to the Rieske protein. Subsequently, the proton from
the semiquinone is believed to go to a nearby Glu residue, while
the second electron is believed to go to hemebL.1,2,4,25Assignment
of the lower pKa to His134 would suggest that His134 acts as the
proton donor/acceptor during these oxidation/reduction steps,
whereas His154 with the higher pKa, which is actually located closer
to the binding sites for quinol and cytochromec1,1,25 may remain
protonated. Similar considerations are likely to apply to the closely
related Rieske protein in theb6f complex.26
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Figure 3. pH dependence of NMR signals (Figure 2) assigned to the15Nε2

of each of the two histidine rings ligating Fe2 ofThermus thermophilis
Rieske protein (TtRp). The points represent experimental data; the lines
are fits to theoretical curves. (A) pKa ) 7.46( 0.02,n ) 1.06( 0.06. (B)
pKa ) 9.24 ( 0.02,n ) 0.90 ( 0.04.

δobs) δB + ∆δ × 10n(pKa-pH)
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