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Abstract

Two-dimensional electron spin-echo envelope modulation (HYSCORE) analysis of the

uniformly 1°N-labeled archaeal Rieske-type [2Fe-2S] ferredoxin (ARF) from Sulfolobus
solfataricus P1 has been conducted in comparison with the previously characterized high-potential
protein homologs. Major differences among these proteins were found in the HYSCORE lineshapes
and intensities of the signals in the (++) quadrant, which are contributed from weakly coupled (non-
coordinated) peptide nitrogens near the reduced clusters. They are less pronounced in the HYSCORE
spectra of ARF than those of the high-potential protein homologs, and may account for the tuning
of Rieske-type clusters in various redox systems.

Keywords
EPR; ESEEM; HYSCORE; Rieske; ferredoxin; [2Fe-2S] cluster; archaea

1. Introduction

Proteins containing Rieske-type [2Fe-2S](His)»(Cys), clusters are involved in a wide range of
biological electron transfer reactions such as aerobic respiration, photosynthesis, and
biodegradation of various alkene and aromatic compounds [1-6]. Rieske proteins from quinol-
oxidizing cytochrome bcq/bgf complexes contain a high-potential [2Fe-2S] cluster (with
midpoint redox potential (Ep,) of ~+150 to +490 mV), whereas the archaeal and bacterial
Rieske-type ferredoxins have a relatively low-potential cluster (~—150 to =50 mV). The
available crystallographic structures indicate that these proteins are structurally related and that
a lower potential cluster tends to have less extensive hydrogen bonding network around the
cluster [7-9]. The combined density functional theory/continuum electrostatics analysis further
suggests a contribution of negatively charged residues in the low-potential homolog [10]. Thus,
versatility of the cluster E;,’s might have been achieved in the modular evolution of the cluster
binding domain by accumulative natural mutations of the local non-coordinated residues
around the tuneable cluster.
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Pulsed electron paramagnetic resonance (EPR) techniques such as electron spin-echo envelope
modulation (ESEEM) and electron-nuclear double resonance (ENDOR) probe coupling
between electron and nuclear spins, and have become popular tools in the detailed analyses of
various proteins with paramagnetic centers, often aided by isotopic labeling and other
physicochemical methods [11-14]. The tuneable [2Fe-2S] cluster in Rieske-type proteins is
hydrogen bonded with multiple backbone peptide nitrogens (Np’s) [7-9], some of which can
be potentially resolved and quantitatively analyzed by the ESEEM measurement of the
hyperfine (HF) frequencies of nuclei (such as IH, 2H, 14N, and 1°N) that interact with the
effective S=1/2 electron spin of the reduced cluster.

In our previous study, we have established the heterologous overexpression system in
Escherichia coli for two hyperthermophile Rieske-type protein homologs with the specific aim
of exploring the differences in their cluster environments: (i) an archaeal low-potential Rieske-
type ferredoxin (ARF) from Sulfolobus solfataricus strain P1 (Ep, 7 ~—60 mV) with homology
to oxygenase-associated Rieske-type ferredoxins (DDBJ-EMBL-GenBank code, AB047031)
and (ii) an archaeal high-potential Rieske protein called sulredoxin (SDX) from Sulfolobus
tokodaii strain 7 (Em acig p ~+190 mV) with weak homology to cytochrome bc-associated
Rieske proteins (DDBJ-EMBL-GenBank code, AB023295) [15-18]. Particular effort was
devoted to analyzing the comparative, two-dimensional four-pulse ESEEM (also called
hyperfine sublevel correlation, HYSCORE) spectra of 1*N(natural abundance, N/A)-ARF and
SDX, which have shown two major factors affecting the spectral differences from the “strongly
coupled (coordinated)” 14Nj of histidine ligands [17]: (i) the variation of the N5 quadrupole
couplings that are influenced by the changes in coordination geometry of histidine imidazole
ligands to the reduced cluster, and (ii) the variation of the Ng HF couplings that are affected to
a lesser degree by the changes of the ligand geometry and the differences in the polypeptide
environment. Additionally, we suggested a possible different interaction of the reduced cluster
with certain backbone Np’s in these proteins [17]. However, the powder-type 14N HYSCORE
spectra provided limited information about the “weakly coupled (non-coordinated)” remote
N (of the histidine ligands) and Np’s, due to the influence of nuclear quadrupole interaction
requiring special relations between the nuclear Zeeman frequency and HF coupling [19]. These
weakly coupled nitrogens can be better resolved by the orientation-selected HYSCORE
analysis of 1°N-labeled proteins, because 1°N does not contain the quadrupole moment.
Currently, N HYSCORE characterization is available only for the high-potential Rieske
proteins [18,20,21], although several 14N studies have been reported for the low-potential
homologs with emphasis on the strong couplings from histidine Ny ligands [17,22-24].

Here we report the 15N HYSCORE investigation of a low-potential Rieske-type ferredoxin for
the first time, characterizing the coordinated and non-coordinated nitrogen nuclei around the
reduced [2Fe-2S] cluster in the uniformly 1°N-labeled ARF (2°N-ARF). We discuss the
similarities and variations of 1°N HYSCORE features among different types of the Rieske
protein family.

2. Experimental procedures

2.1. Materials and sample preparation

Escherichia coli strain JIM109 (TaKaRa, Japan) used for cloning was grown in Lauria-Bertani
(LB) medium, with 50 pg/ml kanamycin when required. Water was purified by a Millipore
Milli-Q purification system. Other chemicals mentioned in this study were of analytical grade.

The uniformly 1°N-labeled, recombinant ARF (DDBJ-EMBL-GenBank code, AB047031)
from the hyperthermoacidophilic archaeon Sulfolobus solfataricus P1 was prepared as reported
previously, using the combinations of the pTrc99A vector (Amersham Biosciences)/E. coli
CodonPlus(DE3)-RIL host strain (Stratagene)/M?9 salt-based synthetic medium system [15].
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2.2. ESEEM and HYSCORE analyses

X-band pulsed EPR measurements were carried out by using an X-band Bruker ELEXSYS
E580 spectrometer with an Oxford CF 935 cryostat at 10-11 K. ESEEM experiments with
two-pulse and two-dimensional four-pulse sequences were employed, with appropriate phase
cycling schemes to eliminate unwanted features from experimental echo envelopes, as
previously described in detail [17]. Spectral processing of ESEEM patterns, including
subtraction of relaxation decay (fitting by polynoms of 3-6 deg), apodization (Hamming
window), zero filling, and fast Fourier transformation (FT), was performed using Bruker WIN-
EPR software.

3. Results and discussion

3.1. Strongly coupled (coordinated) 1°Ng1,2 in the (+-) quadrant of the HYSCORE spectra

Strong antiferromagnetic coupling between the electron spins of two irons of the biological
[2Fe-2S] cluster produces an EPR-silent (S=0) ground state in the oxidized Fe3*-Fe3* form
and a paramagnetic S=1/2 ground state in the reduced Fe3*-Fe2* form. Dithionite-reduced
Rieske-type [2Fe-2S] cluster in ARF is characterized by the anisotropic EPR spectrum, as a
result of a rhombic g-tensor (g, y x=2.02, 1.90, 1.81) [15]. The two-dimensional HYSCORE
spectrum consists of non-diagonal cross-peaks, whose coordinates are nuclear frequencies
from electron spin mg=+1/2 and —1/2 manifolds belonging to the same nucleus [11].

Because 15N with nuclear spin 1=1/2 has only two nuclear frequencies, each 1°N may produce
only a single pair of the cross-features which are located symmetrically relative to the diagonal
line in the (+-) or (++) quadrant of the HYSCORE spectrum (depending on the 15N HF
coupling strength). The cross-features produced by different types of 1°N could be successfully
resolved in the orientation-selected HYSCORE spectra of 1°N-ARF measured at different
points of the EPR line (Fig. 1A,B). In the (+—) quadrant, two pairs of cross-peaks with a contour
parallel to the diagonal line are detected, which are attributed to the two coordinated
histidine 1°N31,2 to the reduced cluster with the HF couplings of the order 6 and 8 MHz. As
shown in Fig. 1C, the frequency coordinates of the data points from the cross-peaks in the (+
—) quadrant were measured across the entire EPR line at different external magnetic field
positions, and then plotted in the coordinates (v1)2-versus-(vo)? after recalculating their
frequencies for a common v|=1.511 MHz [25,26]. In this representation, all data points fell
along two straight lines, described by the following equation:

v%sz%+G
T+2a—4v, 2v,(4? — a*+2T* — aT)
where ™ 742444, and =" T+2a+4v,

The slope and intercept of each line from the linear regression fit determine the isotropic and
anisotropic parts of the HF tensors (in the axial approximation) for each strongly coupled
(coordinated) 1°N; (1°Ns1, open circle; 1°Ns2, filled circle) of 1°N-ARF (Fig. 1C and Table
1). These values are very similar to those reported for other Rieske-type proteins by the
orientation-selected 1°N HYSCORE [18,20,21] (Table 1) and 1°N Q-band ENDOR [27]. On
the basis of the previous 14N HYSCORE analyses of Rhodobacter sphaeroides cytochrome
bcy complex [28] and ¥N(N/A)-ARF and SDX [17], two strong couplings 1°Ng1 and 1°N;2
were tentatively assigned as the His44Ng and His64Ng ligands, respectively, of ARF (Table
1). One of these ligand residues, His64, can be substituted by cysteine to accommodate a fairly
stable, oxidized [2Fe-2S](Cys)3(His); cluster in the ARF scaffold [15].
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3.2. Weakly coupled 1°N¢ in the (++) quadrant of the HYSCORE spectra

The (++) quadrant of the 15N-ARF spectra contains features centered symmetrically around
the diagonal point with 1°N Zeeman frequency and attributed to weakly coupled (non-
coordinating) 1°N nuclei near the reduced cluster (Fig. 1A,B). These features were best
resolved in the “single-crystal-like” HYSCORE spectra recorded at the low- and high-field
edges near the maximal and minimal g values (Fig. 2A,B,D). Near the g, area (low-field edge),
two superimposed but relatively well-resolved pairs of the cross-features are detected at [2.01;
0.98] MHz (*>Np) and [1.71; 1.28] MHz (*°N;), with the splittings of 1.03 and 0.43 MHz,
respectively (Figs. 1A, 2A). Near the gy area (high-field edge), they are at [2.23; 1.13] MHz
(*5Np) and [1.92; 1.43] MHz (15N,), with the splittings of 1.1 and 0.49 MHz, respectively (Fig.
2D). The similar splittings were also observed at some intermediate positions between the low-
and high-field edges (e.g., see Figs. 1B, 2C), indicating their predominantly isotropic
characters. This HYSCORE spectral pattern (but with small variations in their values) is
reminiscent of those reported for the high-potential Rieske protein homologs [18,20,21] (Table
1).

The isotropic HF coupling of the directly coordinated N of the imidazole ring to a
paramagnetic metal center is about 20 times larger than that of the (non-coordinated) remote
N¢ in various model complexes and metalloproteins [14,29]. This property is probably owing
to the analogous spin density transfer phenomenon from the metal ion over the imidazole ring
to the remote N, which is also sensitive to the protonation state of the N [14,29]. Thus, the
intense pair of the cross-features with the smaller splitting of ~0.3-0.5 MHz in the HYSCORE
spectra of these proteins (e.g., N in Fig. 2A) are consistent with those from the protonated
form of the remote N,’s of two histidine ligands to the reduced cluster (Table 1). The nuclear
magnetic resonance (NMR) assignments of the HF-shifted resonances for His47N, and
His64N, of a closely related Rieske-type ferredoxin component (T4moC) of the Pseudomonas
mendocina toluene 4-monooxygenase complex [30,31] suggest that the two 1°N,, nuclei of
ARF are expected to have very similar HF couplings. They probably remain unresolved in
the 1°N X-band HYSCORE spectra where the estimated difference is comparable with the
individual spectral line-widths.

3.3. Variations of other weakly coupled nitrogens among Rieske-type proteins

The (N/O)-H 'S hydrogen bond network around the biological iron-sulfur clusters is one of
the most important themes in modulating their redox properties. In the case with the N-H'S
hydrogen bonds with the bridging and terminal sulfur atoms of the reduced iron-sulfur cluster
system, the s- and p-orbitals of the nitrogens carry unpaired spin density transferred from the
reduced cluster through chemical bonds (including hydrogen bonds). These spin densities can
be observable as HF couplings in the ESEEM spectra [18-21,32].

In the (++) quadrant of the 1°N-ARF spectra, the largest HF coupling of ~1.1 MHz is clearly
resolved (Fig. 2), which is comparable to those previously detected in the ESEEM spectra of
the plant and vertebrate [2Fe-2S](Cys)4 ferredoxins (~0.7 and ~1.1 MHz for 14Nlo, or~1and
~1.5 MHz for 15Np, respectively) [32] and the high-potential Rieske protein homologs (~1.1
MHz for 1Np) [18,20,21] (Table 1). The equivalent HF coupling ~1.1 MHz in the 15N
HYSCORE spectra of the R. sphaeroides high-potential Rieske protein has been determined
to come from Leul32N, [21]. Notably, the NMR analysis of T4moC, which is closely related
to ARF, showed the maximal chemical shift of ~426 ppm for the HF-shifted GIn481°N,,
(equivalent to Lys45N,, in ARF [DDBJ-EMBL-GenBank code, AB047031] and Leul32N, in
the R. sphaeroides Rieske protein [21]) in the reduced protein (with the largest change of
chemical shift by ~300 ppm upon reduction of the cluster) [30,31]. In the 1.48-A structure of
the Cys84Ala/Cys85Ala double mutant of T4moC (1vm9.pdb), this N, is hydrogen-bonded
with the bridging sulfide S1 of the [2Fe-2S] cluster (GIn48N,-S1 distance, 3.4 A) [33]. Based
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on these considerations, we tentatively assigned the largest HF coupling of ~1.1 MHz in the
(++) quadrant of the HY SCORE spectra to the 15Np nucleus (presumably Lys45N,) of ARF
(Fig. 2), which holds some unpaired spin density transferred from the reduced Rieske-type
cluster via the N-H 'S hydrogen bonding. In retrospect, the previously observed cross-features
Py and P, in the 14N(N/A)-ARF spectra [17] can be re-assigned as the double quantum-double
quantum (dg-dq) and double quantum-single quantum (dg-sq) features, respectively, of the
same N, nucleus with the coupling ~1.1 MHz (for 15N).

The NMR analysis of T4moC also showed the presence of other HF-shifted Np’s, such as
Ala66N,, (equivalent to Leu63N, in ARF [DDBJ-EMBL-GenBank code, AB047031]) which
is hydrogen bonded with the terminal Cys64S, ligand [30,31]. In principle, the 15N HYSCORE
spectra can potentially provide information about all nitrogens involved in the measurable
magnetic interactions with the unpaired electron spin of the reduced cluster, contrary to

the 14N HYSCORE spectra. The 15Ns1,2 couplings giving cross-peaks in the (+—) quadrant of
the spectra (Fig. 2A) vary only slightly among different Rieske-type proteins (Table 1),
suggesting that they should produce small changes in the corresponding relative intensities
under the same experimental settings. The relative cross-peak intensities contributed from
two 15Nj; ligands in the (+—) quadrant were therefore normalized after re-scaling and used as
the internal references for the comparison of the spectral intensities of the

aggregate 1N/1N, peaks in the (++) quadrant. Close inspection of the resulting 1°N
HYSCORE spectra of different Rieske-type proteins indicates the substantial variations in the
lineshapes and relative intensities of their doublet components and the area around the diagonal
point, in the (++) quadrant (Fig. 2B-D). Thus, although the present 1°N-ARF spectra have
apparently resolved the remote 1N, and the largest 1°N,, couplings with the splittings 0.3-0.5
and ~1.1 MHz, respectively, like those reported for the high-potential protein homologs [18,
20,21] (Table 1), these variations clearly indicate additional contributions of non-equivalent
weak HF couplings from other 15N nuclei to the ESEEM amplitude in this particular region.
Their possible candidates may be 15Np(s) of other non-coordinating residues around the
reduced cluster and the terminal cyteine ligands, most of which should not give resolved cross-
peaks in the corresponding 14N HYSCORE spectra [17,22-24]. This is important, because the
overlap of these additional signals (weak couplings with narrow lineshapes), especially in the
cases of the high-potential protein homologs, would interfere with the 1°N, splitting that is
currently measured directly from the cross-peak positions (Fig. 2B-D). Because the ESEEM
amplitudes are complicated functions of spin Hamiltonian operator parameters and
experimental settings [11,12], deconvoluting each of these signals is practically difficult. Their
further resolution and assignments would therefore require extensive site-specific isotope
labeling of the residues near the cluster.

4. Concluding remarks

The HF couplings of the remote N of the histidine ligands to the reduced Rieske-type [2Fe-2S]
cluster give only weak peaks that are masked by those from weakly coupled Np’s in ESEEM
spectra. The best way to detect these nuclei with the X-band experiments for the future
functional study is through substitution of 14N by 15N. The 1°N HYSCORE characterization
of dithionite-reduced 1°N-ARF provides the first resolution of 1N, and one of 1°N,, nuclei in
alow-potential Rieske-type ferredoxin, which gave very similar HF couplings as those reported
for the high-potential protein homologs [18,20,21] (Table 1). These features probably reflect
the common structural framework and physical nature of the biological iron-sulfur clusters of
this functionally versatile class, regardless of the cluster E,’s.

Significant variations were found among different Rieske-type proteins in the (++) quadrant
of the corresponding, orientation-selected 1°N HYSCORE spectra, where the weak HF
couplings with narrow lineshapes from other 1Ny’s appear to overlap with the N, splitting
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and may interfere with its cross-peak positions. These weak couplings are less pronounced (but
also present) in the 15N-ARF spectrum, indicating less contribution from these extra non-
coordinated (probably peptide) nitrogens in the reduced ARF cluster system.
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Abbreviations

ARF archaeal Rieske-type ferredoxin from Sulfolobus solfataricus

ENDOR electron nuclear double resonance

EPR electron paramagnetic resonance

ESEEM electron spin-echo envelope modulation

FT Fourier transform
Em redox potential
HF hyperfine

HYSCORE hyperfine sublevel correlation

NMR nuclear magnetic resonance
Np peptide backbone nitrogen
SDX sulredoxin (a high-potential Rieske protein from Sulfolobus tokodaii)

T4moC Rieske-type ferredoxin component of toluene 4-monooxygenase complex
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Fig. 1.

HYSCORE spectra in contour presentation of the reduced Rieske-type [2Fe-2S] cluster in the
uniformly 15N-labeled ARF, recorded at the g, (A) and gy (B) areas of the EPR line. The
(v1)2-versus-(vo)? plot for recalculated frequencies at acommon v;=1.511 MHz (C) [25], where
all data points for the cross-peaks correlating 1°N31 (open circle) and 15N;2 (filled circle),
respectively, of 1°N-ARF fell along straight line with slope and intercept: Q1=2.44 (S.E. 0.07),
G1=13.7 (S.E. 0.2) MHz2 (for 1°Ns1) and Q2=2.07 (S.E. 0.04), G2=16.2 (S.E. 0.2) MHz2
(for 15N52). These parameters gave the anisotropic HF tensor 1°a=6.5 MHz, 15T=1.5 MHz
for 15N;31, and 1%a=7.9 MHz, 15T=1.6 MHz for 1N;2 (see Table 1). The heavy curve (C) is
defined by |[v1+v,|=2v,. Magnetic field, time t, and microwave frequency, respectively: 342.5
mT (near g,), 136 ns, 9.695 GHz (A); 363.1 mT (near gy), 136 ns, 9.695 GHz (B).
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Fig. 2.

HYSCORE spectra in 3D presentation of the uniformly 1°N-labeled ARF recorded near the
g, area (A) and superimposed stacked HYSCORE spectra in the (++) quadrant of 1°N-ARF
(blue) and 1°N-SDX (red), recorded near the g, (B), gy (C), and gy (D) areas. At least two
superimposed but well-resolved pairs of the cross-peaks are clearly detected at [2.0; 0.92] MHz
(*®Np) and [1.7; 1.2] MHz (**N,) with the splittings of 1.1 and 0.5 MHz, respectively, near
g, (A). Additional contribution to the 1°N ESEEM amplitude in the (++) quadrant of the spectra
(e.g., marked with red asterisk in panel C) is evident for 1°N-SDX (red) [and other high-
potential Rieske proteins; not shown] [18,20,21], when the stacked spectra (with zero
projection angles) were re-scaled and superimposed after normalizing the relative scales of the
cross-peak intensities from two N ligands in the (+—) quadrant (B-D). The same small t-value
(r=136 ns; slightly exceeding the dead time of the instrument) was chosen for the measurement
of these 1N HYSCORE spectra, which allows the preferable observation of the undistorted
lineshape of the cross-peaks as well as the minimization of the suppression effect on the
ESEEM amplitudes [34]. Magnetic field, and microwave frequency, respectively: 342.5 mT
(®*N-ARF) and 344.3 mT (1°N-SDX) (near g,), 9.695 GHz (A,B); 363.1 mT (**N-ARF) and
361.6 mT (1°N-SDX) (near gy), 9.695 GHz (C); 387.0 mT (1°N-ARF) and 386.0 mT (1°N-
SDX) (near gy), 9.695 GHz (D).
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