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Proteins containing Rieske-type [2Fe-2S] clusters with two
histidyl and two cysteinyl ligands play important roles in many
biological electron-transfer reactions such as aerobic respiration,
photosynthesis, and biodegradation of various alkene and aromatic
compounds.1-4 The distinct biological function of this protein family
is in part associated with the cluster redox potential, for which its
rough correlation with the number of hydrogen bonds to the cluster
has been proposed.5-7

In the cytochromebc1/b6f family, a high-potential Rieske protein
constitutes a high-potential electron-transfer fragment of the
bifurcated mechanism at the quinol-oxidizingQo site.4,8 The energy
released from the electron-transfer reaction is captured in the form
of a transmembrane electrochemical proton gradient, which is then
used for energy-requiring processes such as ATP synthesis, ion
transport, and flagellar movement in the cells.

In the catalytic quinol oxidation at theQo site, extraction of a
proton, as well as an electron, from bound quinol to the Rieske
protein is a crucial step, and the pKa values of the Nε of the terminal
histidyl ligands of the high-potential Rieske proteins may be of
particular mechanistic importance in the coupled electron-proton
transfer in the cytochromebc1/b6f family.4,8 However, since
spectroscopic techniques for the specific characterization of the Nε

and peptide nitrogens are very limited,7,9 it has not directly been
addressed experimentally how electron transfer is coupled to proton
transfer at the Rieske center to initiate theQo site catalysis.

Toward deeper mechanistic understanding of the coupled electron-
proton transfer event of the biological iron-sulfur cluster system,
we have employed X-band one- and two-dimensional14N electron
spin-echo envelope modulation (ESEEM) techniques to character-
ize bacterial cytochromebc1 complex (with natural abundance of
nitrogen, 99.63% of14N) in complex with bound quinol and various
inhibitory Qo site occupants.10 This study was based on the analysis
of the ESEEM from two coordinated14Nδ of the histidyl ligands
that dominantly contribute to the spectra. Other weakly coupled
nitrogens around cluster, i.e., Nε and peptide nitrogens, did not show
readily recognizable lines in the spectra, due to the influence of
nuclear quadrupole interaction requiring special relations between
nuclear Zeeman frequency and hyperfine coupling.11 Consequently,
no quantitative information about these weakly coupled nitrogens
has previously been reported for the Rieske protein system with
natural abundance of nitrogen.10,12-15

Belonging to the high-potential class of the Rieske protein family,
a new tractable model protein of interest is the hyperthermostable
archaeal sulredoxin (SDX) fromSulfolobus tokodaiistrain 7

(Em,acid pH ≈ +190 mV), which is weakly homologous to the
extrinsic cluster-binding domain of cytochromebc1-associated, high-
potential Rieske proteins (DDBJ accession number, AB023295).9,16-18

Recombinant SDX has been overproduced inEscherichia coliand
can be obtained in appropriate forms for isotope labeling, site-
directed mutagenesis, crystallization, and various spectroscopic
analyses.9,15,18,19Here, we report the orientation-selected hyperfine
sublevel correlation spectroscopic (HYSCORE) analysis of the
uniformly 15N-labeled, archaeal SDX (prepared as reported previ-
ously),18 with the specific aim to detect and characterize weakly
coupled 15Nε and peptide15Np in the immediate Rieske cluster
environment without any interference from other redox centers
nearby. This sample is particularly suitable for the ESEEM analysis
of the weakly coupled nitrogens because15N does not possess the
quadrupole moment.

Dithionite-reduced Rieske [2Fe-2S] center in15N-SDX shows
a rhombic EPR spectrum (gz,y,x ) 2.008, 1.91, 1.79).15,16HYSCORE
spectra measured at different points of the EPR line contain the
cross-features produced by different types of nitrogens (Figure 1).
In the (+-) quadrant, two pairs of cross-peaks with a contour
parallel to the diagonal are detected, which are attributed to the
two coordinated15Nδ1,2 with the hyperfine splittings of the order
6 and 8 MHz. The contour line shape analysis of these features
recorded at different field positions20 gave the hyperfine tensors in

† Nippon Medical School.
‡ Osaka Kyoiku University.
§ Russian Academy of Sciences.
| University of Illinois at Urbana-Champaign.

Figure 1. Typical 15N-HYSCORE spectrum of the uniformly15N-labeled
SDX recorded neargx (top). Magnetic field, 386 mT (g ) 1.796);τ ) 136
ns; microwave frequency, 9.7015 GHz. The contour presentations of the
weakly coupled15N cross-peaks in the (++) quadrant neargx (magnetic
field 386 mT,g ) 1.796;τ ) 136 ns; left) andgz (magnetic field 344.5
mT, g ) 2.012;τ ) 136 ns; right) are also shown (bottom).
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the axial approximation ofa ) 6.0 andT ) 1.2 MHz for Nδ1, and
a ) 7.8 MHz andT ) 1.3 MHz for Nδ2 in 15N-SDX. These tensors
are very similar to those reported for other Rieske-type proteins
by the orientation-selected15N Q-band electron-nuclear double
resonance (ENDOR).21

Of particular interest in the HYSCORE spectra of15N-SDX is
the (++) quadrant, in which two superimposed but well-resolved
pairs of the cross-features are clearly detected at (2.2, 1.1) MHz
(Np) and (1.9, 1.5) MHz (Nε) neargx, with the splittings of 1.1 and
0.4 MHz, respectively, and at (2.04, 0.97) MHz (Np) and (1.63,
1.38) MHz (Nε) neargz, with the splittings of 1.07 and 0.25 MHz,
respectively (Figure 1). These features are centered symmetrically
around the diagonal point with15N Zeeman frequency and are
attributed to weakly coupled15N in the immediate cluster environ-
ment. They were also observed in the HYSCORE spectra recorded
at some intermediate field positions as well as neargx andgz (Figure
1, bottom), indicating their predominantly isotropic character as a
result of the transfer of the unpaired spin density onto the
corresponding nuclei.

The intense pair of the cross-features with the smaller splitting
of 0.25-0.4 MHz can be assigned to the Nε of the histidyl ligands
of 15N-SDX (Nε in Figure 1). The available values of isotropic
hyperfine couplings for coordinated Nδ and remote Nε of the
imidazole rings ligated to Cu(II) and VO(II) in various model
complexes and proteins have an almost constant ratio of about 20
between the Nδ and Nε couplings (although both couplings in the
Cu(II) complexes are much larger than those in the VO(II)
complexes).22,23 The couplings of∼6-8 MHz for two Nδ coordi-
nated to the Rieske-type [2Fe-2S] clusters are very close to those
of the Nδ equatorially coordinated to the VO(II) complexes,23 and
the Nε nuclei in the latter compounds have the coupling 0.3-0.4
MHz, as observed in the present HYSCORE spectra of15N-SDX
(Figure 1). This probably reflects analogous spin density distribution
over the imidazole ring in the reduced Rieske cluster system, which
is controlled by the protonation state of the Nε atoms.

In light of these arguments, the coupling of∼1.1 MHz for the
less intense cross-features in the HYSCORE spectra does not fit
the typical ratio between the Nδ and Nε couplings, thus requiring
different assignment. ESEEM spectra of the plant and vertebrate
ferredoxin-type [2Fe-2S] clusters with four cysteinyl ligands
exhibit lines from the peptide backbone nitrogens (Np), which hold
some unpaired spin density transferred from the cluster via the
hydrogen bonding network.11 A typical hyperfine coupling for14Np

is ∼1 MHz (or ∼1.5 MHz for 15Np), which is very close to the
coupling of ∼1.1 MHz observed for15N-SDX (Figure 1). We
therefore assigned this coupling to the peptide backbone15Np

involved in the hydrogen bonding network around the reduced
Rieske cluster.

In conclusion, the weakly coupled15Nε and15Np nuclei around
the archaeal Rieske center in the uniformly15N-labeled SDX
produce readily observable signatures in the HYSCORE spectra.
Two well-pronounced spectral contributions assigned to the15Nε

and peptide backbone15Np with the couplings of 0.3-0.4 and 1.1
MHz, respectively, are resolved for the hyperthermostable tractable
protein. These nitrogens do not show unambiguous patterns in the

14N ESEEM spectra of the cognate natural abundance protein15 as
well as many other biological metal centers and clusters. Thus, the
HYSCORE experiment with15N-labeled proteins can offer a new
practical tool, applicable for the detailed structure-mechanism
studies of a wide range of the biological redox protein system
involving these nitrogens. Among the particular instances are the
quantitative and mechanistic investigation of histidine Nε of 15N-
labeled Rieske proteins in context of theQo-site catalysis of the
cytochromebc1/b6f family,8,10 and probing the peptide backbone
15Np involved in hydrogen bonding network around Rieske-type
proteins with different redox potentials.6,7

Acknowledgment. This investigation was supported by the
Japanese MEXT Grant-in-aid 15770088 (T.I.), by JSPS Grant
BSAR-507 (T.I.), by NSF Grant 9910113 (S.A.D.), and by NIH
Grant GM62954 (S.A.D.).

References

(1) Mason, J. R.; Cammack, R.Annu. ReV. Microbiol. 1992, 46, 277-305.
(2) Trumpower, B. L.; Gennis, R. B.Annu. ReV. Biochem.1994, 63, 675-

716.
(3) Link, T. A. AdV. Inorg. Chem.1999, 47, 83-157.
(4) Berry, E. A.; Guergova-Kuras, M.; Huang, L.-S.; Crofts, A. R.Annu. ReV.

Biochem.2000, 69, 1005-1075.
(5) Iwata, S.; Saynovits, M.; Link, T. A.; Michel, H.Structure1996, 4, 567-

579.
(6) Colbert, C. L.; Couture, M. M.-J.; Eltis, L. D.; Bolin, J.Structure2000,

8, 1267-1278.
(7) Hunsicker-Wang, L. M.; Heine, A.; Chen, Y.; Luna, E. P.; Todaro, T.;

Zhang, Y. M.; Williams, P. A.; McRee, D. E.; Hirst, J.; Stout, C. D.; Fee,
J. A. Biochemistry2003, 42, 7303-7317.

(8) Crofts, A. R.Annu. ReV. Physiol.2004, 66, 689-733.
(9) Iwasaki, T.; Kounosu, A.; Kolling, D. R. J.; Crofts, A. R.; Dikanov, S.

A.; Jin, A.; Imai, T.; Urushiyama, A.J. Am. Chem. Soc.2004, 126, 4788-
4789.

(10) Samoilova, R. I.; Kolling, D.; Uzawa, T.; Iwasaki, T.; Crofts, A. R.;
Dikanov, S. A.J. Biol. Chem.2002, 277, 4605-4608.

(11) Dikanov, S. A.; Tyryshkin, A. M.; Felli, I.; Reijerse, E. J.; Hu¨ttermann,
J. J. Magn. Reson., Ser. B1995, 108, 99-102.

(12) Britt, R. D.; Sauer, K.; Klein, M. P.; Knaff, D. B.; Kriauciunas, A.; Yu,
C.-A.; Yu, L.; Malkin, R. Biochemistry1991, 30, 1892-1901.

(13) Shergill, J. K.; Joannou, C. L.; Mason, J. R.; Cammack, R.Biochemistry
1995, 34, 16533-16542.

(14) Dikanov, S. A.; Xun, L.; Karpiel, A. B.; Tyryshkin, A. M.; Bowman, M.
K. J. Am. Chem. Soc.1996, 118, 8408-8416.

(15) Dikanov, S. A.; Shubin, A. A.; Kounosu, A.; Iwasaki, T.; Samoilova, R.
I. J. Biol. Inorg. Chem.2004, 9, 753-767.

(16) Iwasaki, T.; Isogai, T.; Iizuka, T.; Oshima, T.J. Bacteriol.1995, 177,
2576-2582.

(17) Iwasaki, T.; Imai, T.; Urushiyama, A.; Oshima, T.J. Biol. Chem.1996,
271, 27659-27663.

(18) Kounosu, A.; Li, Z.; Cosper, N. J.; Shokes, J. E.; Scott, R. A.; Imai, T.;
Urushiyama, A.; Iwasaki, T.J. Biol. Chem.2004, 279, 12519-12528.

(19) Uchiyama, T.; Kounosu, A.; Sato, T.; Tanaka, N.; Iwasaki, T.; Kumasaka,
T. Acta Crystallogr., Sect. D2004, 60, 1487-1489.

(20) Dikanov, S. A.; Bowman, M. K.J. Biol. Inorg. Chem.1998, 3, 18-29.
(21) (a) Gurbiel, R. J.; Doan, P. E.; Gassner, G. T.; Macke, T. J.; Case, D. A.;

Ohnishi, T.; Fee, J. A.; Ballou, D. P.; Hoffman, B. M.Biochemistry1996,
35, 7834-7845. (b) These authors have observed a splitting of∼0.5 MHz
in 15N Q-band ENDOR spectrum neargy for the reduced Rieske cluster
in the uniformly 15N-labeled cytochromebc1 complex, which was
tentatively assigned to be Nε, on the basis of the absence of equivalent
splitting in the spectrum of the selectively15Nδ-labeled phthalate dioxy-
genase. Such an assignment strategy, however, cannot distinguish15Nε

from peptide backbone15Np as a possible source of this coupling.
(22) Mims, W. B.; Peisach, J. InAdVanced EPR: Applications in Biology and

Biochemistry; Hoff, A. J., Ed.; Elsevier: Amsterdam, 1989; pp 1-57.
(23) Dikanov, S. A.; Samoilova, R. I.; Smieja, J. A.; Bowman, M. K.J. Am.

Chem. Soc.1995, 117, 10579-10580.

JA045898X

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 43, 2004 13903


