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ABSTRACT: The Rieske protein from Thermus thermophilus (TtRp) and a truncated version of the protein
(truncTtRp), produced to achieve a low-pH crystallization condition, have been characterized using UV-vi-
sible and circular dichroism spectroscopies. TtRp and truncTtRp undergo a change in the UV-visible spectra
with increasing pH. The LMCT band at 458 nm shifts to 436 nm and increases in intensity. The increase at 436
nmversus pHcan be fit using the sumof twoHenderson-Hasselbalch equations, yielding twopKa values for the
oxidized protein. For TtRp, pKox1 = 7.48 ( 0.12 and pKox2 = 10.07 ( 0.17. For truncTtRp, pKox1 = 7.87 (
0.17 and pKox2= 9.84( 0.42. The shift to shorter wavelength and the increase in intensity for the LMCT band
with increasing pH are consistent with deprotonation of the histidine ligands. A pH titration of truncTtRp
monitored by circular dichroism also showed pH-dependent changes at 315 and 340 nm. At 340 nm, the fit gives
pKox1= 7.14( 0.26 and pKox2= 9.32( 0.36. The change at 315 nm is best fit for a single deprotonation event,
giving pKox1 = 7.82 ( 0.10. The lower wavelength region of the CD spectra was unaffected by pH, indicating
that the overall fold of the protein remains unchanged, which is consistent with crystallographic results of
truncTtRp. The structure of truncTtRpcrystallized at pH 6.2 is very similar toTtRpat pH 8.5 and contains only
subtle changes localized at the [2Fe-2S] cluster. These titration and structural results further elucidate the
histidine ligand characteristics and are consistent with important roles for these amino acids.

Rieske proteins are electron transport proteins that are
involved in key biological processes, including respiration and
photosynthesis. They function within cytochrome bc1 (complex
III) of the respiratory electron transport chain in both eukaryotes
and prokaryotes and in the cytochrome bc1 complexes of photo-
synthetic bacteria, as well as in the cytochrome b6f complex of the
plant photosynthetic electron transport chain. There are also
Rieske-type proteins that are part of bacterial dioxygenase
systems that break down aromatic compounds or serve in
detoxification pathways (1-4).

Rieske proteins have a conserved fold and contain a [2Fe-2S]
cluster, with one iron ligated by nitrogens from two solvent-
exposed histidine residues and the other iron ligated by sulfurs
from two cysteine residues (Figure 1). Rieske proteins couple
electron transfer with proton movement across the membrane
and thus have pH-dependent reduction potentials. These poten-
tials are positive and can be as high as∼þ400 mV at low pH (1).
Electrochemical titrations measured as a function of pH result in
two pKa values for the oxidized protein (pKox1 and pKox2) and

one or two pKa values for the reduced protein (pKred) (see, for
example, refs (5-7)).

Themechanismof theRieske protein electron transfer is thought
to include a large-scale movement of the Rieske domain within the
larger complex, between quinol and cytochrome c1 in complex III
of the respiratory chain or between plastoquinol and cytochrome f
in the photosynthetic electron transfer chain. Rieske proteins
oxidize quinol (or plastoquinol) by accepting one of its electrons
and a proton and subsequently reduce cytochrome c1 (or cyto-
chrome f). There are several crystal structures of the bc1 or b6f
complexes in which the Rieske domain either interacts with one of
these redox sites or is found in an “intermediate” site (8-16). One
crystal form reveals the Rieske protein interacting directly, via a
hydrogen bond, with the propionate group of the cytochrome c1
heme (16). Other structures show interactions between the Rieske
protein and inhibitors such as stigmatellin that bind in similar
locations to and structurally resemble quinol (see, for example,
refs (8-12, 14, 15). Similar interactions can be observed in
b6 f complexes (17-19).
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of the protein indicates a low-pH reduction potential ofþ161mV
with pKox1, pKox2, and pKred values of 7.85, 9.65, and 12.5
respectively (5, 6). Crystallographic analysis at higher pH
(pH ∼8.5, Protein Data Bank entry 1NYK) revealed an overall
fold similar to other Rieske proteins, despite its low sequence
similarity. In this structure, TtRp participates in an interesting
interprotein hydrogen bond made between histidine residues
(His134) in two symmetry-related protein molecules (20). Pre-
viously published spectroscopic characterization indicates that
TtRp has similar EPR g values to other Rieske proteins, with the
characteristically low gav = 1.91 (21). Furthermore, the visible
spectrum of the protein is dominated by three major ligand to
metal charge transfer (LMCT) bands at 325, 458, and 560 nm; at
least one of these bands shifts with changes in pH (22).

[2Fe-2S] clusters in both Rieske and Rieske-type proteins have
been studied with circular dichroism. All show features in the
visible region that arise from transitions originating from the
metal cluster. There are characteristic positive bands near
300-350 and 400-500 nm and a large negative band near
400 nm (21, 23-26). Bovine Rieske protein also showed pH-
dependent changes in the visible region with increased pH (23).
Probing this region of the CD spectrum provides a unique
spectroscopic window, since the transitions all derive from the
iron-sulfur cluster.

To understand how the Rieske proteins function, both struc-
tural and functional characterizations are necessary. In the
following report, UV-visible and CD spectra at various pH
values are used to determine pKa values of the oxidized protein
for both a truncated and the previously characterized version
of the T. thermophilus Rieske protein in solution using methods
other than electrochemical titrations. The truncated version of
the protein (truncTtRp) was created to achieve a low-pH crystal-
lization condition, and we report here the lower pH structure of
truncTtRp. This lower pH structure shows subtle structural
changes that occur in response to different pH environments.
However, there are notable spectroscopic changes that accom-
pany the same different pH environments, consistent with small
structural changes localized to the iron-sulfur cluster.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The vectors used for
the expression of TtRp and truncTtRp were kindly provided by
the laboratory of JamesA. Fee at The Scripps Research Institute.
TtRp is the construct previously described in the literature (5, 20)
and is composed of amino acids 38-210, beginning with
SLPREEVT and ending with ASAGAYTWRV. The truncated

version has the eight N-terminal residues and nine C-terminal
residues of TtRp removed, and thus the protein is composed of
amino acids 46-201 (Y. Chen and J. A. Fee, unpublished). The
N-terminal amino acid in the truncated protein is T46 and the C-
terminus is A201, both underlined in the sequences shown above
(Scheme 1).

Both versions of the proteins were expressed and purified as
previously reported (20). The purity of eachproteinwas assessed by
SDS-PAGE gel. The concentration of eachTtRpwas determined
by the difference in A572 of the isolated oxidized form and the
reduced form obtained by the addition of an excess of sodium
dithionite as described previously (20). The absorptivity of the
truncated protein was determined to be slightly different than
TtRp, 1441M-1 cm-1. Thus, the concentration of truncTtRp was
determined in the same way as TtRp, with the new absorptivity.
pHTitrationAssay.AllUV-visible datawere collected on a

Jasco V-530 spectrophotometer (Tokyo, Japan) with a 1 cm path
length in quartz microcuvettes. The purified protein was diluted
to a final concentration such that the absorbance at 436 nm was
in the linear range of the UV spectrophotometer (42.5 μM for
TtRp and 53.4 μM truncTtRp) in a final volume of 400 μL of
50 μM appropriate buffer for the desired pH. The buffers used
were NaOAc, MES, MOPS, HEPES, Tris, TAPS, CAPS,
NaH2PO4, and NaOH. The pH of the buffer was determined
immediately before the experiments to account for any drift over
time. The samples were allowed to incubate for at least 4 h at 4 �C
at the desired pH. For each pH, the spectrum of the protein was
measured from 800 to 200 nm in triplicate using the appropriate
buffer as a reference. The buffer used for protein storage (50 mM
Tris, 100 mM NaCl, pH 8.0) was used to obtain a baseline. The
measurement of A436 was recorded and normalized to the A280.
All chemicals used for the pH titration assays were obtained from
Sigma Aldrich Chemical Co. (St. Louis, MO).
CD Titrations. CD spectra were collected on a Jasco J-815

spectropolarimeter (Tokyo, Japan). Experimental conditions
used were as follows: bandwidth, 2 nm; scan speed, 500 nm/
min; resolution, 1 nm; path length, 1 mm; room temperature,

FIGURE 1: (a) Diagram of the [2Fe-2S] cluster with the two histidine ligands (His134 and His154) and the two cysteine ligands (Cys132 and
Cys151). (b) Ribbon diagram of the crystal structure of truncated T. thermophilus Rieske protein obtained at pH 6.2.

Scheme 1
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20-22 �C; response time, 1 s. The samples for the CD titration
experiments were prepared similarly to the UV-visible experi-
ments. The purified protein was diluted to a final concentration
of 138 μM for spectra taken from 650 to 300 nm and 34.5 μM for
the spectra taken 300-200 nm in a final volume of 400 μL of
50 μM appropriate buffer for the desired pH. For each pH, the
spectrum of the protein was measured in triplicate. For the
reduced and oxidized spectral comparison of TtRp and
truncTtRp, the protein concentrations were 138 μM in 20 mM
Tris, pH 8.0, and 100 mM NaCl. Dithionite was added to an
excess of 100-fold. All chemicals used for the pH titration assays
were obtained from Sigma Aldrich Chemical Co. (St. Louis,
MO).
Curve Fitting. The pH titration data was graphed using

Prism 4.0 (GraphPad Software) and fit using nonlinear regres-
sion to an equation representing the sum of two Henderson-
Hasselbalch equations for the two pKa values (27). This fit
assumes two noninteracting sites. This equation

A436 ¼ ðA436Þmax þ
ðspan 1Þ10pKox1 -pH

1þ10pKox1 -pH
þ ðspan 2Þ10pKox2 -pH

1þ10pKox2 -pH

span 1 ¼ ymin -ypKox1
span 2 ¼ ypKox2

-ymax

fits as a sum of two sigmoids, and span 1 and span 2 reflect the
relative span of the sigmoid for the individual pKa values.
(A436)min - (A436)pKox1

is the span in y between the minimum y
value and the maximum y value associated with pKox1. Likewise,
(A436)pKox2

- (A436)max signifies the change in the y value
associated with pKox2. The fit with the single Henderson-
Hasselbalch uses the same formulation as seen above but has
only a single pH term and span.
EPR. Protein samples were treated with 30% (v/v) glycerol as

a cryoprotectant, reduced with dithionite, and loaded into
standard EPR tubes. For the truncTtRp and TtRp preparations,
the final concentrations were 1064 and 160 μM, respectively.
Spectra were taken at the CalEPR Center at the University of
California, Davis, on a BrukerECS 106 continuous waveX-band
spectrometer. Data were collected at 10K in an Oxford ESR 900
liquid helium cryostat using an Oxford ITC503 temperature
controller. Field calibration was done at room temperature using
g-value marker LiF:Li (g = 2.002293).
X-ray Crystallography. A well solution made of PEG 8000

(8-14%), sodium cacodylate, pH 6.21 (100-275 mM), and
calcium acetate (225-275 mM) was added to a 40 mg/mL
truncTtRp in a 1:1 ratio, usually with 1 μL each. From 1.25 to
1.75 μL of 0.1 M praseodymium(III) acetate (Hampton Re-
search) was added to the sitting drop in a polystyrene bridge.
Crystals were grown at room temperature and consistently
formed within 24 h. The crystal was pulled into a loop from its
mother liquor and then swiped through a mixture of 1:1 paraffin
oil/Paratone-N ((28); Hampton Research) before flash cooling.
Poorly formed crystals will appear without the praseodymium
salt, but the crystal quality and reproducibility greatly increased
with addition of the heavy atom. The salt was identified through
an additive screen (Hampton Research).

Data were collected on a Rigaku MicroMax 007HF X-ray
generator equipped with R-AXIS HTC imaging plates in the X-
ray Crystallography Core Laboratory at the University of Texas
Health Science Center at San Antonio. The data were integrated
and scaled using HKL-2000 (29), and data collection statistics
are listed in Table 1. The structure was solved by molecular

replacement using protein A of the higher pH crystal structure of
T. thermophilus Rieske protein (1NYK) using Molrep (30). The
structurewas refinedwithRefmac 5 (31), and the electron density
maps were fit using Xfit (32). Refinement statistics are summar-
ized in Table 2. The final structure and structure factors have
been deposited in the PDB with code 3FOU (Table 2).

RESULTS

Spectroscopic Characterization of TtRp and truncTtRp.
TtRp is the soluble version of the Rieske protein from
T. thermophilus that has been previously reported and character-
ized in the literature (5, 6, 20-22). truncTtRp is a shortened
version of TtRp that lacks the N-terminal eight residues and
C-terminal nine residues, which was constructed to aid in crystal-
lization (see Scheme 1 and Crystal Structure below). UV-visible
data for the “as isolated” protein for both TtRp and trunc-
TtRp in the oxidized and reduced forms are nearly identical and
compare with the previously reported values (Table 3) (21). EPR
spectra of TtRp and truncTtRp show that the two proteins have
identical g values, which also match previously reported values
(Figure 2a) (21). CD spectra of the oxidized and reduced TtRp
and truncTtRp are shown in Figure 2b. They are nearly indis-
tinguishable and match previously reports of TtRp (21). Thus,
the proteins do not differ significantly in electronic structure.

Table 1: Data Collection Statistics

unit cell parameters

a, b, c (Å) 113.152, 58.512, 58.798

R = β = γ (deg) 90

space group P21212

wavelength (Å) 1.54

resolution (Å) 58.8-2.10 (2.15-2.10)a

total observations 105184

unique observations 23456

redundancy 4.5

completeness (%) 99.7 (98.7)

I/σI 13.1 (2.5)

Rsym 0.088 (0.529)

aValues in parentheses correspond to the highest resolution bin.

Table 2: Refined Model Statistics and B Values

refined model statistics

residue range 46-201

no. of non-H atoms (in asymmetric unit) 2473

no. of water molecules 114

no. of Fe atoms 4

no. of Pr atoms 6

no. of Ca atoms 2

R (%) 19.8

Rfree (%) 24.6

rmsd from ideal, bond lengths (Å) 0.02

rmsd from ideal, angles (deg) 1.86

esu, bond lengths (Å) 0.18

average B values (Å2)

overall 37.8

protein atoms (molecule A, molecule B) 38.0, 37.0

main chain (molecule A, molecule B) 37.2, 36.0

side chain (molecule A, molecule B) 39.1, 38.1

metal cluster (molecule A, molecule B) 30.4, 30.9

Pr ions 54.5

water molecules 39.1

Ramachandran plot

residues in most favored regions (%) 88.7

residues in additionally allowed regions (%) 11.3

PDB ID 3FOU
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A spectroscopic analysis of the changes that occur in this
protein as a function of pH can be achieved by monitoring the
UV-visible spectrum at different pH values. There are three
major LMCT bands seen in the oxidized protein at 325, 458, and
a shoulder at 560 nm. Upon raising the pH, the 458 nm band
shifts to 436 nm and increases in intensity. The 325 nm band also
increases in intensity. These changes are consistent with a
previous report (22). The data reported here represent a full
characterization of these changes for both TtRp and truncTtRp,
resulting in measurable pKox1 and pKox2 values. Representative

spectra from the pH titrations with the observed changes in λmax

and plots of the changes in A436 versus pH for both proteins are
shown in Figure 3. The A436 versus pH plots are fit with a sum
of two Henderson-Hasselbalch equations and result in two oxi-
dized pKa values. For TtRp pKox1 = 7.48 ( 0.12 and pKox2 =
10.07( 0.17 and for truncTtRp pKox1= 7.87( 0.17 and pKox2=
9.84( 0.42 (Table 4). The values for the absorbances at 436 nm for
truncTtRp do not differ significantly upon an increase in ionic
strength to 2 M NaCl (data not shown), indicating that these
spectroscopic changes are not due to electrostatic interactions.

The sumof theHenderson-Hasselbalch equations was chosen
to fit the UV-visible titration since it is the simplest interpreta-
tion of the data. This fit assumes two noninteracting sites and is
based on previous work using NMR chemical shifts (27). Neither
adding a Hill coefficient to the fits nor adding a mathematical
cross-term of the two Henderson-Hasselbalch terms improves
the fitting statistics significantly. Thus, the simple sum equation
best fits all of the UV-visible data.

ForTtRp, the pKox1 and pKox2 values aremore separated than
those reported in the literature obtained through electrochemical
measurements, with pKox1 slightly lower and pKox2 slightly
higher. The difference between the pKa values for TtRp using
the UV-visible titration data (pKox2 - pKox1 = ΔpKox) is 2.6,
whereas the difference from the literature values is ΔpKox =
1.8 (5). The truncTtRp values are actually closer to the literature
values for TtRp in both the actual pKa values and the ΔpKox =
2.0. In the data for TtRp, there is a larger spread between pKox1

and pKox2, which may indicate more of a cooperative effect, but
accounting for this in the fit using a Hill coefficient does not
significantly improve the fit or the match to the literature values.
Overall, these pKa values are similar to the literature, and the
small differencesmay reflect slight changes in the protein stability
or dynamics and/or may be due to the different experimental
conditions in the electrochemical studies (5) and the UV-visible
titrations reported here.

The circular dichroism spectra for truncTtRp have been taken
at both low wavelength (220-300 nm) and at high wavelength
(300-650 nm) in order to capture the structural information for
both the global protein fold and the electronics of the cluster
(Figure 4) (34). In the low wavelength region, there is no change
in the spectrum upon increasing pH (Figure 4a), indicating that
there is no large, global conformational change in the protein as
the pH changes.However, there are changes in peak intensity and
wavelength observed for the visible region. The spectra at the
visible wavelengths are reporting on differences in absorbance of
the right and left polarized light by the [2Fe-2S] cluster, and thus
these pH-dependent changes in ellipticity reflect changes in the
cluster environment.Notably, the changes in ellipticity at 315 and
340 nm can be fit as a function of pH (Figure 4c,d). The change at
340 nm was fit in the same manner as the UV-visible data, using
a sumof twoHenderson-Hasselbalch equations. Such treatment
results in two pKa values, pKox1 = 7.14( 0.26 and pKox2 = 9.32
( 0.36. However, the change at 315 nm is best fit to a single
Henderson-Hasselbalch equation, giving pKox1 = 7.82 ( 0.10
(Table 4). These values again match well with the previously
reported pKa values determined by electrochemical titrations (5).
Interestingly, the change at 315 nm is best fit with a single pKa

that is very close to pKox1 from both the 340 nm data and the
UV-visible titration experiments. Addition of the second pKa

term did not improve the fit and resulted in nonsense values for
pKox2. One interpretation of this result is that the 315 nm band is
reporting solely on the first deprotonation event.

FIGURE 2: (a) EPR spectra of the truncTtRp (black) and TtRp
(gray). EPR parameters: temperature, 10 K; microwave frequency,
9.696 GHz (TtRp) and 9.693 GHz (truncTtRp); microwave power,
50 μW;modulation frequency, 100 kHz;modulation amplitude, 8 G;
sweep time, 41.94 s; 1024 points per spectrum; four scans each. The
TtRp trace is multiplied by a factor of 5 to match protein concentra-
tion. (b) Circular dichroism spectra for oxidizedTtRp (solid line) and
truncTtRp (dotted line) from 650 to 200 nm. The inset is reduced
TtRp (solid line) and truncTtRp (dotted line) from 650 to 380 nm.
The proteins were reduced by addition of a 100-fold excess of
dithionite.

Table 3: TtRp and truncTtRp Visible λmax Values

protein oxidation state λmax (nm)

truncTtRp oxidized 328

458

564 (s)

reduced 426

516

TtRpa oxidized 325

458

560 (s)

reduced 425

550

aValues taken from ref 21, which also match those obtained in our
laboratory with this protein.
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Crystal Structure of the Truncated T. thermophilus
Protein at Low pH. truncTtRp was crystallized at an acidic
pH of 6.2, data were collected to 2.1 Å resolution, and the model
was refined to a final R = 19.8 and Rfree = 24.6 (Figure 5,
Table 2). To achieve this crystal form, the protein was shortened,
removing the eight N-terminal and nine C-terminal residues
(see Experimental Procedures, Scheme 1). The previously re-
ported structure of TtRp at higher pH (8.5) included these 17
residues in the sequence, but they were disordered and not visible
in the electron density (20). Thus, the residues were removed from
the construct, and the new crystallization conditions were
determined. TtRp does not readily crystallize under the lower
pH condition, and truncTtRp will only form plates under the
higher pH conditions reported previously (20).2

The lower pH crystal form has several notable characteristics.
First is the presence of 6 Pr3þ ions found in the structure resulting
from addition of the lanthanoid to the crystallization condition
(Figure 5a). These large cations make cross-protein interactions
between proteins and symmetry-related proteins representing
important crystal contacts. The oxophilic Pr3þ ions are ligated
by surface Glu and Asp residues, with their coordination shells

filled out byH2O and, in two cases, acetatemolecules. These sites
have the typical six to nine ligands permetal seen for lanthanoids.
The ions can be readily detected in an anomalous difference
Patterson map. Interestingly, one Pr3þ appears to be disordered
and has a 0.5 occupancy in two different sites, which are adjacent
to another fully occupied Pr3þ.

There are two proteins in the asymmetric unit, and they will be
referred to as proteins A and B. A notable difference between
them is a hydrogen bond that is formed between the Nε of
His154, one of the ligands to the [2Fe-2S] cluster of protein A in
the asymmetric unit, and the carboxylate group of the C-terminal
alanine in a symmetry-related protein (Ala201A0). One oxygen of
the carboxylate group is within 2.6 Å of the His154 A Nε,
indicating a hydrogen bond (Figure 5b). There is, therefore, one
hydrogen shared between the N and O. There is also an adjacent
lysine amino group (Lys68 B Nζ) in protein B of the asymmetric
unit that interacts with the C-terminus, balancing the charge
effect of the carboxylate. The hydrogen bond between the
carboxylate and His154 A is likely an important crystal contact
and, if so, could indicate why TtRp does not crystallize under
these specific conditions. The longer TtRp C-terminus would
presumably be in a different position and thus not be available to
make this contact. Protein A differs slightly from protein B, and
an overlay of the two proteins results in an rmsd of 0.26 Å
(Supporting Information, Table S1). The above-mentioned inter-
action between the terminal carboxylate group and His154 A Nε

FIGURE 3: (a, b) UV-vis spectra of the pH titration of TtRp (a) and truncTtRp (b). The spectra are shown from 800 to 300 nm. The absorbance
peak at 436 nm increases as the pH value is increased. (c) and (d) are plots of the A436 vs pH for TtRp (c) and truncTtRp (d). Errors shown are
standard error of the mean from experiments done in triplicate. The curve fit is the simple sum of two Henderson-Hasselbalch equations (see
Experimental Procedures).

Table 4: Measured Oxidized pKa Values for TtRp and truncTtRp

method protein λ (nm) pKox1 pKox2 span 1 (Abs units) span 2 (Abs units) Ymax (Abs units)

UV-vis TtRp 436 7.48( 0.12 10.07( 0.17 -0.057( 0.003 -0.039( 0.004 0.35( 0.003

truncTtRp 436 7.87( 0.17 9.84( 0.42 -0.050( 0.003 -0.023( 0.006 0.23( 0.003

CD truncTtRp 340 7.14( 0.26 9.32( 0.36 -0.795( 0.125 -0.530( 0.126 3.75( 0.06

truncTtRp 315 7.82 ( 0.10 1.42 ( 0.06 4.92( 0.04

2Interestingly, truncTtRp also crystallized under an alternate condi-
tion at pH 4.6 in PEG 400 and acetate, but data collected on this form
consistently showed degradation of the iron-sulfur cluster (L. Hunsicker-
Wang, J. A. Fee, and C. D. Stout, unpublished).
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FIGURE 4: pH-dependent CD spectra. (a) Low wavelength region (300-200 nm) of truncTtRp at 34.5 μM with increasing pH. (b) Visible
wavelength region (650-300 nm) of truncTtRp at 138 μMwith increasing pH.Arrows indicate direction of changewith increasing pHat 315 and
340 nm, and the black spectrum is for the highest pH. (c) and (d) are plots of millidegrees of rotation with increasing pH at 315 and 340 nm,
respectively. Errors shown are standard error of the mean from experiments done in triplicate. The curve fit is the simple sum of two
Henderson-Hasselbalch equations for 340 nm and single Henderson-Hasselbalch equation for 315 nm (see Experimental Procedures).

FIGURE 5: (a) Electron densitymap of truncatedT. thermophilusRieske protein at Pr 206. Blue density is 1σ and red is 5σ. Atoms from copyA of
the protein in the asymmetric unit are colored by atom, and the symmetry-related protein atoms are in magenta and labeled as B0. Waters are
depicted as red spheres. (b) Interaction between His154 and the C-terminus of the symmetry-related protein. One of the oxygen atoms of the
carboxy terminus of a symmetry-related protein (A0, green wire) makes a hydrogen bond with Nε of His154 of protein A (magenta ribbon).
Protein B (gray ribbon) in the asymmetric provides an adjacent Lys68. Interacting residues are represented as sticks and colored by atom.
(c) Overlay of theT. thermophilusRieske protein crystallized at high pH (A and B of 1NYK) and of the truncatedT. thermophilusRieske protein
crystallized at low pH (AandBof 3FOU) using global best fit inChimera. The lower pHAandBproteins are shown in red and pink, respectively,
and the higher pH A and B proteins are shown in blue and cyan, respectively. The [2Fe-2S] and the four ligands are shown as sticks.
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is only present in protein A. In protein B, the only other cluster
interaction is a hydrogen bond of His134 B Nε with an ordered
water molecule.
Comparison between the Low pH and High pH

T. thermophilus Structure. The Rieske protein structure
previously reported was produced with the longer protein
(TtRp) in crystallization conditions at pH 8.5. This crystal
structure also had two proteins in the asymmetric unit. A
comparison between all four copies of the proteins, two at lower
pH and two at higher pH, is shown in Figure 5c. All alignments
were made using Chimera (35). Aligning the proteins with a
global overlay indicates only minor changes between the higher
and lower pH structures, but there are differences in backbone
structure at theC-terminus and in a glycine-rich loop (Gly63-65)
(Figure 5c). Upon further inspection, however, there are subtle
changes at the [2Fe-2S] cluster including changes in the His
Nδ-Fe2-NδHis angle and some dihedral angles that govern the
relative positioning of the histidine residues with respect to each
other (Supporting Information, Table S2). The His134
Nδ-Fe2-NδHis154 angle in Rieske proteins is generally found
to be near 90� (see, for example, refs 20, 36, and 37). In protein B
of the lower pH structure, this angle is more acute than in the
other three proteins (89.7� versus 94�).3 There is also a 10�
difference in a dihedral angle in His 134 between the lower and
higher pH structures (Supporting Information, Table S2).

These changes in the geometricmeasurements of the cluster are
small but seem to be the most notable differences between the
lower and higher pH structures. The low-pH structure reported
here is of lower resolution (2.1 Å) andwas refined with a different
program than the high pH structure, so care must be taken in
interpreting the small differences in the metrics of the cluster.
These changes inmetrics could be within the limits of the error of
the measurements at this resolution and using these programs.
However, the minor changes observed are consistent with the
solution CD results in the low wavelength region that indicate
that onlyminor changes shouldbe observed in the crystalline state
since no large changes in protein conformation were detected.

DISCUSSION

Iron-sulfur proteins conveniently contain an analytical
handle for UV-visible and CD spectroscopies, the metal cluster
itself. Rieske proteins have an observable signal in the visible
region (500-300 nm) that is assigned as LMCT bands. We
utilized these bands to examine the molecular environment of the
[2Fe-2S] cluster of the oxidized Rieske proteins over a range of
pH (4-12) with standard UV-visible and CD spectroscopies. In
doing so, we were able to determine the two pKa values for the
oxidized protein in a facile and nondestructive manner. The pKa

values obtained through the titrations are unique because they
are determined solely in the oxidized state. Previous measure-
ments of these pKa values have all been obtained through more
arduous electrochemical means, which experimentally probe
changes between the reduced and oxidized states. Small differ-
ences between the reported pKa values from the previous electro-
chemical measurements and the spectrophotometric measure-
ments reported here could be due to experimental differences (5).

The UV-visible pH titration spectra of both truncTtRp and
TtRp result in a change to the 458 nm LMCT band, in that it

shifts to a shorter wavelength, λmax 436 nm, and increases in
intensity. This shift to lower wavelength would be consistent with
deprotonation of the histidine ligands. Conversion of a proto-
nated histidine (neutral) ligand to a deprotonated “imidazolate”
(anionic) ligand would cause a strengthening and shortening
of the Fe-Nδ bond(s), since the “imidazolate” ligand would be
a better σ donor than the neutral form of histidine (38). In
a qualitative assessment, electrons in the lower relative energies of
ligand-based orbitals (due to the strengthening of the Fe-N
bonds) are excited into the metal-based orbitals, resulting in a
shift to higher energy for the observed LMCT band(s) (39). The
modest increase in molar absorptivity is also consistent with
greater electron density at the histidine ligands which would
increase the probability that the LMCT occurs.

The CD data are also consistent with a model of histidine
deprotonation. The changes in the CD spectra are confined to the
visible wavelengths, which solely report on the electronics of the
cluster (40). The lower wavelength region, which reports on
protein global structure, does not change. Therefore, the changes
due to increasing pH must be localized to the cluster region. The
histidines are the closest, solvent-exposed, titratable groups to the
cluster and are thus the most likely groups to be sensitive to pH.

The T. thermophilus Rieske protein crystal structures at two
different pH values represent structures below and above pKox1

of the protein. In solution, the protein has different UV-visible
and CD spectra (see Supporting Information, Figure S1) at pH
6.5 than at pH 8.6, consistent with different protonation states of
the histidines. However, the micro pH environment of the
crystallization drop cannot bemeasured, and theH atoms cannot
be located at this resolution. Thus one cannot know the exact
protonation state of the hisitidine. Themost likely states, though,
are that the lower pH structure would be fully protonated, while
the higher pH structure would be a singly deprotonated state.
Comparing them allows a glimpse into protein conformation
changes that may occur as a function of protonation state. Since
reduction of the protein requires protonation (at moderate pH),
it is possible that the lower pH structure may mimic the reduced
state. Thus, the small, localized changes at the cluster may be
similar to those motions occurring as the protein is reduced and
protonated through its catalytic mechanism in vivo.

In the bovine bc1 complex crystal structures, theRieske protein
either interacts with the redox centers (quinol or cytochrome c1)
or is in intermediate states (16).When theRieske protein interacts
with the cytochrome c1 in the bovine bc1 complex, His161
(equivalent toHis154 inTtRp) hydrogen bonds to the propionate
group of the heme moiety (Figure 6a). In an intermediate state
conformation, “Int”, the structure opens, allowing solvent to
interact with residues that make up the interface between the
large domain and the cluster-binding domain. In addition, a
proline in the “Pro loop” isomerizes from the normal trans
conformation to a cis conformation (16).

The crystal structure of the solubilized bovine Rieske protein
(1RIE) is identical to the form interacting with cytochrome
c1 (36). The higher pH structures of TtRp (20) (1NYK) have
the smallest rmsd with this protein (1.16 Å), closely followed by
protein A in the lower pH structure (rmsd 1.17 Å) (Supporting
Information, Table S1). None of the T. thermophilus structures
show a cis-proline isomerization, nor do they show the larger
changes in structure observed in the “Int”, open state within the
bovine bc1 complex. Therefore, the higher pH structure is most
representative of the closed “c1” conformation, followed closely
by protein A in the lower pH structure.

3B values for this residue are 31 Å2 and are slightly better than those
for the entire protein, 36.9 Å2. Thus, it is not poor placement or disorder
of the residue that results in the unusual angle.
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Protein A of the lower pH structure is the copy of the protein
that has a hydrogen bond between His154 A Nδ and the
C-terminal carboxylate group of the symmetry-related protein.
Though this hydrogen bond in our structure is a protein crystal
packing effect, it does mimic the histidine-propionate group
interaction seen in the bc1 structure (Figure 6a,b) (16). Thus,
some crystallographically observed interactions of the histidines
may give clues as to the roles of these amino acids in the
mechanism of the Rieske protein.

A survey of the crystal structures of soluble Rieske struc-
tures and bc1 and b6f complexes shows a variety of types of
observed interactions of the histidine ligands. Within the bc1
and b6f complexes the histidines have been shown to interact
with quinol mimics, such as stigmatellin (8, 11, 12, 14, 15, 41)
or its derivatives (17) at the exocyclic oxygen (Figure 6c). The
Rieske-stigmatellin interaction is extremely interesting in
light of recent evidence suggesting that binding of stigmatellin
results in reduction of the [2Fe-2S] cluster, by an unidentified
electron source postulated to be an aromatic side chain (42).
Having a reduced protein in this position is still consistent as
the reduced protein is necessarily protonated and capable of
hydrogen bonding to the stigmatellin exocyclic oxygen. Other
examples of histidine interactions include hydrogen bonding
to the carbonyl oxygen of the protein backbone (Figure 6d)
to an inhibitor or to water (10, 13, 18, 20, 36, 43, 44).
Another crystallographically observed interaction is the

His134 Nε-Nε His1340 hydrogen bond in the high-pH
T. thermophilus structure (20).

Taken together, these examples depict the varied types of
protein interactions possible with a solvent-exposed histidine
ligand in a [2Fe-2S] cluster protein. Through evolution, histidine
ligands may have been retained in Rieske proteins since they lend
more possible types of protein-protein interactions at the cluster
site than if the histidines were, for example, cysteine ligands, as
are found in other [2Fe-2S] ferredoxins. Histidine ligands also
provide a possible titratable group directly interacting with the
[2Fe-2S] cluster and have been shown to greatly alter reduction
potential upon mutation to Cys (45). The diversity of observed
interactions, along with the pH dependence of the UV-visible
and CD spectra of the T. thermophilus Rieske protein, is
consistent with themodel in which the histidines are the ionizable
groups that are probed when the Rieske proteins are subjected to
different pH values.

Spectroscopic evidence further describes the role of histidines
in the pH-dependent behavior of the protein (46-48). pH-
dependent shifts of the 15N NMR chemical shifts of 15N-labeled
histidines yielded pKa values of 7.46 and 9.24 that agree with the
previously reported pKa values (46) giving very strong evidence
for histidine deprotonation. A resonance Raman band at
274 cm-1 increases in intensity as the pH is raised (47). There
are also reported imidazolate signatures in the ATR-FTIR
spectra of the Rieske protein from bovine (48). Indeed,

FIGURE 6: Various interactions of [2Fe-2S] ligand histidines with other molecules. (a) Stick diagram showing the interaction of His161 of the
Rieske domain interacting with the heme propionate of the bovine cytochrome bc1 complex (1BE3). (b) Stick diagram showing the interaction of
His154of truncTtRpcrystallized at lowpHwith theC-terminal alanine (coloredbyatom) of a symmetry-relatedprotein (green). (c) Stick diagram
of His155 interacting with a carbonyl of the inhibitor tridecylstigmatellin (color by atom) in the cytochrome b6f complex of Chlamydomonas
reinhardtii (PDB code 1Q90). (d) Stick diagram of His161 interacting with a carbonyl of the polyketide inhibitor methyl N-[(5Z)-6-({[4-
(4-iodobenzyl)phenyl]carbonyl}amino)hex-5-enoyl]glycinate (color by atom) in the cytochrome bc1 complex of chicken (3CWB).
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DFT/MEAD calculations that model the redox-dependent be-
havior using the histidines ligated to the cluster closely reproduce
the observed pKa values (49). Arguments against the titratable
group being the histidine ligands include the fact that the second
pKa of a free histidine is estimated at∼14 based on measurement
of free imidazole (50), which would make this pKa inaccessible at
physiological pH. However, ligating a to the Lewis acid, Fe3þ,
can lower the pKa (51). It is possible that the [2Fe-2S] cluster may
lower the pKa values of the ligating histidines enough to exhibit
the observed values for the Rieske protein. This line of reasoning
has been used to explain other metallosystems (52). Obviously,
more direct methods to determine if the histidine ligands do
indeed lose protons during titration are necessary and underway.

In summation, the UV-visible spectra of this protein change
as the pH is increased, and at least one λmax shifts to a shorter
wavelength and increases in intensity. This shift to shorter
wavelength coupled with an increase in intensity is consistent
with amodel in which the cluster histidines become deprotonated
as pH increases. pH-dependent CD data taken in the visible
wavelength ranges are also observed, but no change is observed in
the lower wavelength range, which reports on secondary struc-
ture element content. Thus, there are no global changes in
conformation with increased pH, but there are changes in the
cluster electronics. Only small conformational changes localized
at the cluster are observed in the crystal structures of the Rieske
protein fromT. thermophilus at two different pHvalues. A survey
of the current Rieske structures points to a broad range of
histidine-ligand interactions with other proteins or with small
molecules. The CD and UV-vis titration results, the observed
changes in the cluster measurements and orientations, and an
analysis of the observed interactions in soluble Rieske structures
and bc1 and b6f complexes signify a wide variety of characterized
histidine-ligand interactions, suggesting important roles for
these amino acids in both the structure and the function of
Rieske proteins.
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SUPPORTING INFORMATION AVAILABLE

A figure depicting the differences in the UV-visible and CD
spectra at pH values similar to the crystallization conditions,
a table with detailed metrics of the cluster, and a table with the
rmsd values for the higher and lower pH proteins as well as
a comparison to the bovine Rieske protein (1RIE). This material
is available free of charge via the Internet at http://pubs.acs.org.
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