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ABSTRACT: The magnetic properties of the Rieske
protein, purified from Chlorobaculum tepidum were
investigated using electron paramagnetic resonance
and hyperfine sublevel correlation spectroscopy
(HYSCORE). The g-values of the Fe,S, center were ¢,
=181, g,=1.90, and g, = 2.03. Four classes of nitrogen
signals were obtained by HYSCORE. Nitrogens 1 and
2 had relatively strong magnetic hyperfine couplings
and were assigned as the nitrogen directly ligated to
Fe. Nitrogens 3 and 4 had relatively weak magnetic
hyperfine couplings and were assigned as the other
nitrogen of the histidine ligands and peptide nitro-
gen connected to the sulfur atom via hydrogen bond-
ing, respectively. The anisotropy of the nitrogen 3
reflects the different spin density distributions on
the histidine ligands, which influences the electron
transfer to the quinone.

Introduction

Cytochrome (cyt) bc complexes are crucial en-
ergy-transducing machineries in respiratory and
photosynthetic electron transport chains. They con-
duct characteristic quinol oxidation reactions that
couple electron transport with proton translocation
across membranes, resulting in the production of an
electrochemical proton gradient or proton motive
force essential for ATP synthesis. These reactions are
now well understood as the Q-cycle mechanism.'

Recently, genome-wide analyses have shown that the
minimal functional and mechanistic unit of the Q-
cycle mechanism consists of Rieske iron-sulfur pro-
tein (ISP) and cyt b.” This catalytic core evolved into
various complexes by incorporating structurally un-
related proteins. For example, cyt bc, and bgf com-
plexes have incorporated cyt ¢, and f; respectively, as
secondary electron carriers. In phototrophic green
sulfur bacteria (or Chlorobiaceae), the petC gene
coding for c-type cyt is absent in the transcriptional
unit of the petCB genes for Rieske ISP and cyt b, in-
dicating that its cyt bc complex would be of the
Rieske/cyt b type.> * Moreover, phylogenetic analyses
have also suggested that cyt b in green sulfur bacteria
splits into cyt bs and subunit IV before its divergence
to cyt be-type complexes in heliobacteria (cyt bgcc)
and cyanobacteria (cyt bgf).

The Rieske/cyt b unit utilizes two categorized
pool quinones, that is, low and high potential qui-
nones, in order to produce the proton motive force
across membranes.® The low potential menaquinone
(MK, E,, = ~ -70 mV) is considered to be the ances-
tral type of quinone. Vast ranges of prokaryotes in-
cluding green sulfur bacteria and heliobacteria,
which inhabit mostly anaerobic environments, oxi-
dize menaquinol at the Q, site to induce the bifur-
cated electron transfer reactions. On the other hand,



almost all proteobacteria (and mitochondria) in-
cluding phototrophic purple bacteria, cyanobacteria
(and chloroplasts), and hyperthermophilic aerobic
archaebacteria, which adapted to the modern oxy-
genic atmosphere, possess the high potential qui-
nones (E,, = ~ 100 mV): ubiquinone (proteobacteria),
plastoquinone (PQ) (cyanobacteria), and
caldariellaquinone (Sulfolobus spp.). From the view-
point of evolutionary processes in chemiosmotic en-
ergy-converting systems, it would have been critical
for MK-type cyt bc complexes to commence utiliza-
tion of higher potential quinones in the transition
from anaerobic to aerobic conditions induced by the
action of oxygenic photosynthesis.” Without any up-
shift of the redox potentials of cofactors in this en-
zyme, especially those of the Rieske cluster, higher
potential quinones were very poor electron donors
for the retrieval of electrochemical energy. In fact,
the Rieske/cytochrome b complex in green sulfur
bacteria is positioned just before the divergence to a
PQ-type cyt bef complex in the phylogenetic tree.”
The redox potential of its Rieske ISP (E,, = ~ 160 mV)
is expected to up-shift in accordance with the differ-
ence in potentials between MK and PQ.

The way in which redox potentials of various
Rieske clusters could be tuned so as to be energeti-
cally favorable in variable energy conversion systems
has been a subject of discussion for many years.
There are two types of iron-sulfur clusters: the high
potential type with E;, between +105 and +490 mV,
and the low potential type with E,, between -155 and
-50 mV.””? Iron sulfur cluster [2Fe-2S] consists of two
iron atoms bridged by two sulfur atoms. As two
histidine and two cysteine residues are ligated to two
Fe atoms, the backbone structures of Fe,S, are com-
mon among all the species. Multiple factors sur-
rounding the [2Fe-2S] cluster would thus be involved
in the optimization of the redox potential suitable
for its reaction partner.

The factors that determine the midpoint poten-

tial of the Rieske cluster, [2Fe-2S] have been reported.

Density functional theory (DFT) calculations sug-
gested that the negatively charged amino acid resi-
dues near the cluster modulate the midpoint poten-
tial®°. The H-bond network has also been recog-
nized as an important factor in the determination of
the redox potential*™. Fig. 1 shows the amino acid
sequence alignments of Rieske protein from photo-
synthetic organisms such as spinach, Rhodobacter
sphaeroides, and Chlorobaculum. tepidum. Four

amino acid residues, ligated to the iron-sulfur clus-
ter’®, are well conserved. Fig. 2A shows the crystal
structures of Rieske protein from spinach'® and Fig.
2B shows the comparison between the structures of
spinach and purple bacteria (R. sphaeroides)". Their
structures surrounding the iron-sulfur clusters are
very similar. In spinach, two cysteine residues,
Cys107 and Cysi2s, are ligated to a Fe ion, denoted as
Fe,, and two histidine residues, Hiog and Hi28, are
ligated to another Fe ion, denoted as Fe,. The pep-
tide nitrogen of Leuno (132) and oxygen of Seri3o
(154) residue in spinach (R.sphaeroides) are hydro-
gen-bonded to the bridging sulfur atom. The Tyr132
(156) residue also has a hydrogen bond to Cysioy
(149). These hydrogen bonds have been found to af-
fect the midpoint potential of the Rieske cluster.
Site-directed mutagenesis studies revealed that the
substitutions of Ala and Phe for Serizo(is4) and
Tyr132(156), respectively, induced the drastic de-
crease of midpoint potentials and rates of quinone
oxidation” ™, The removal of the hydrogen bond
from the cluster would possibly modify the geometry
and electronic structure of the iron-sulfur center,
although their X-ray crystal structures are unknown.
In the case of the Rieske protein in C. tepidum,
Ser130(154) in spinach (R. sphaeroides) is replaced by
alanine and its relatively lower midpoint potential is
reasonable, because it has one less H-bond than in
spinach and R. sphaeroides. However, more spectro-
scopic data of the Rieske protein in C. tepidum are
needed to understand the physicochemical proper-
ties of its iron-sulfur cluster fully.

Electron paramagnetic resonance (EPR) is a
powerful tool for investigating the electronic and
magnetic structure of paramagnetic species. The re-
duced [2Fe-2S] cluster has a ground state of S = 1/2,
and EPR signals are detected around the g = 2 region
with rhombic symmetry. Electron spin echo envelope
modulation (ESEEM) is one of the advanced EPR
techniques that can selectively detect nuclear mag-
netic species (e.g. “N, ®N, 'H, *H) surrounding a par-
amagnetic center. Four-pulsed ESEEM spectroscopy,
called hyperfine sublevel correlation spectroscopy
(HYSCORE) can resolve several peaks in two dimen-
sions, thus making spectra interpretation easy”.
HYSCORE facilitates an understanding of the elec-
tronic structure, direct ligands, and hydrogen bond-
ing in amino acids.

In this study, we investigated the electronic
structure of Rieske protein from a green-sulfur bac-
terium, C. tepidum, by ESEEM and "“N/°N-



HYSCORE. The EPR data obtained were compared
with those from other Rieske proteins.

2. Materials and Methods

2.1 Sample preparations

An N-terminally truncated Rieske protein
(PetC), whose gene was cloned into the pETz1a vector,
was expressed in Escherichia coli strain C41(DE3)
cells harboring the plasmid pRKISC in an Luria-
Bertani (LB) medium for “N Rieske Protein and Mg
minimal medium (containing *NH,Cl as the sole
nitrogen source) for N labeled Rieske Protein. The
PRKISC contains the isc gene cluster involved in the
assembly of the Fe-S cluster’®. A detailed method for
the construction of the expression vector of PetC will
be described in a future publication (Kishimoto et al.,
Osaka University). The cells were harvested after cul-
tivation, and applied to an Ni**-NTA affinity column
(QIAGEN) equilibrated with 50 mM Tris-HCl of
pH=8.0 and 300 mM NaC(l, and eluted with 50 mM
Tris-HCl of pH=8.0, 300 mM Na(Cl, and 250 mM im-
idazole. They were subsequently applied to a HiLoad
26/600 Superdex 75 pg (GE Healthcare) column
equilibrated with 20 mM Tris-HCl of pH=7.5 and 50
mM NaCl. The purified samples were frozen in liquid
nitrogen until use. The protein concentration was
estimated by spectrophotometry at 280 nm. For the
EPR measurements, approximately 30 mM sodium
dithionite was added to 30 mM Rieske protein with
20 mM Tris-HCl of pH 7.5 and 50 mM NaCl.

2.2 EPR measurements

A Bruker E580 spectrometer was used to meas-
ure EPR signals, equipped with a dielectric sapphire
resonator (ER 418X-MD-5). The temperature was
controlled using an Oxford gas flow temperature
control system CF935 and measurements were per-
formed at 12 K. The pulse sequences of the one-
dimensional three-pulse electron spin echo envelope
modulation (stimulated ESEEM) and the two-
dimensional four-pulse ESEEM (HYSCORE) were
n/2-1-n/2- T*nt/2-t-echo and w/2-t-n/2-T)-n-T\-nt/2-
1-echo, respectively. The pulse lengths of the - and
n/2-pulses were 32 ns and 16 ns, respectively. 4-step
phase cycling was employed for the ESEEM and
HYSCORE experiments to eliminate unwanted ech-
oes. In the three-pulse ESEEM and HYSCORE exper-
iments, echo intensities (integrated using 92 ns and
40 ns gate width for ESEEM and HYSCORE, respec-
tively) were recorded with varying T for 2048 points

in 4 ns steps and with varying T, and T, for 512
points in 16 ns steps, respectively. The time domain
ESEEM spectra were converted to the frequency do-
main by Fourier transformation after subtracting the
decay components. No zero-fillings were performed
before the two-dimensional Fourier transformation.
To eliminate blind spots, multiple © values were em-
ployed in the ESEEM and HYSCORE experiments
(see figure captions). ““N-HYSCORE spectra were
also measured using another condition where t was
188, 200, and 220 ns and T and T, were varied over
256 points in 16 ns steps. The final HYSCORE spectra
were composed of the sum of HYSCORE spectra
measured at different t, where the spectra were nor-
malized by the exponential fitting of the decay com-
ponents of the time domain spectra.

2.3 Analysis of ESEEM and HYSCORE spectra

Fig. 3 shows the energy diagram of the *N and
®N nuclear spin interaction with unpaired electron
spin. The nuclear frequencies between each sublevel
are detectable using ESEEM and HYSCORE spec-
troscopy. In the HYSCORE method, peaks are de-
tected two-dimensionally in the frequency domain
spectra. The non-diagonal cross peaks show the pair
of nuclear frequencies from opposite electron-spin
manifolds. Thus, HYSCORE spectra facilitate the
assignment of nuclear frequencies and resolves over-
lapping peaks in the three-pulse ESEEM spectra.

“N (I = 1) has three sublevels in each electron-
spin manifold and there are three possible transi-
tions (two single quantum (sq) and one double
quantum (dq) transition (Fig. 3)). "N can produce up
to 18 cross peaks in the frequency domain of
HYSCORE spectra®. In contrast, °N (I = 1/2) has only
two sublevels in each electron-spin manifold and
there is only one nuclear transition in each manifold.
Thus, single "N shows only two peaks in “N-
HYSCORE signals at (Visq, V.sq) and (V.q, Visq) that
can be interpreted without difficulty.

When the hyperfine interaction dominates the
“N nuclear frequencies, the first order expressions

are described 7' ** *' as:
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qui = Aln + ZVI (3)

where, 1 is the Zeeman frequency, A,, is hyper-
fine coupling, Q, is quadrupole coupling at arbitrary
orientation of the external magnetic field in the se-
lected coordinate system. The second order expres-
sions of the nuclear frequencies are as follows™ *":

2 2
@ _ A®D + @ @
(1,2)sq+ An _ 21/1
2 2
o AT (5)
A2sa= " A+ 2,
2
V(gz) — A® 6)
+
q %i v,
where,
Tip + Ty 3Q2
A(Z) :%4'1(2(34'7]2)_% (7)

Q@ =3(QnpTop + QngTrq) (8)

2VI(qu+ + qu—)

8v; — (vdq+ — vdq_)

An = (9)

where, K = €°qQ/4h is the quadrupole coupling con-
stant and 7 is the asymmetry parameter. The matrix
Tin A% and Q@ is the anisotropic part of the hyper-
fine interaction. n represents the orientation of the
external magnetic field. p and q are two orientations
perpendicular to n and each other.” The hyperfine
and quadrupole parameters reported in this article
were obtained using formulas (1)-(3) and (9).

The nuclear frequency of the ®N interacting
with an unpaired spin is expressed as:

4,
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(10)

From this equation, hyperfine constants are deter-
mined from observed pairs of peaks. The amplitude
of hyperfine interaction and nuclear Zeeman fre-
quencies of ®N is converted to those of “N using
fundamental nuclear properties:

A(lSN) V(lSN)
| = | | = 1.403 (1)
A(14N) V(14N)
3. Results
3.1 CW-EPR

Fig. 4 shows the continuous wave (CW)-EPR
spectra of the Rieske protein from C. tepidum. In the
oxidized [2Fe-2S] cluster, both the iron atoms are
trivalent and coupled anti-ferromagnetically, form-
ing an S = o ground state. Therefore, the oxidized
[2Fe-2S] cluster is EPR silent. In the samples reduced
by sodium dithionite, EPR signals arising from the S
= 1/2 ground state formed by anti-ferromagnetically
coupled Fe** (S = 2) and Fe** (S = 3/2) were observed.
EPR spectra of the “N- and ®N-Rieske clusters [2Fe-
2S] showed identical rhombic signals. The principal
values of the g-tensor were 1.81, 1.90, and 2.03 for g,
gy, and g,, respectively, which are similar to those of
the reduced cluster [2Fe-2S] of other photosynthetic
organisms. Principal g-values of 1.76, 1.90, and 2.03
were reported in an isolated cytochrome bc, complex
from R. sphaeroides™ *. Earlier work reported g, of
1.815 and g, of 1.90.** Although no g, value has been
reported, the other g-values, g, and g,, obtained in
this work are identical to the previous report™.

ESEEM and HYSCORE experiments were per-
formed under the field corresponding to each prin-
cipal value of the g-tensor. At the magnetic field cor-
responding to the g, and g, positions, the direction
of the magnetic field is only limited to the x- and z-
axes, respectively, and thus, oriented and selected
‘single crystal-like’ spectra were observed.

3.2. Three-pulse ESEEM

Fig. 5 shows the three-pulse ESEEM spectra of
the reduced Rieske [2Fe-2S] center observed at the
position of g; (i=x, y, z). In all ESEEM spectra, the
peaks arising from double quantum transitions were
detected in the region of 5-9 MHz. These strongly
coupled nitrogen signals were assigned as the nitro-
gen of the histidine ligands®” *>. Two peaks were de-
tected at g, and g,, arising from different histidine
molecules. In the g, spectra, the two signals were not
completely separated, indicating that two nitrogen
atoms have similar hyperfine couplings. In all the
magnetic fields, three strong peaks were observed in
the region of o-5 MHz. However, the hyperfine and
quadrupole couplings of N cannot be determined
from the three-pulse ESEEM spectra, because of the
overlapping of multiple “N signals. Higher resolu-
tion HYSCORE is required to determine the magnet-
ic parameters of multiple *N atoms.

3.3 HYSCORE observed at g,



Fig. 6 shows the HYSCORE spectra of the re-
duced [2Fe-2S] cluster in the "N and ®N Rieske pro-
teins observed at g,. The strongest peaks were as-
signed to correlations of double-double (dd) quan-
tum transitions of "N that were strongly coupled to
the [2Fe-2S] cluster, denoted as 144, with the coordi-
nates of (-3.54, 7.08)/(-7.08, 3.54) MHz in the (- +)
quadrant of the *N-HYSCORE spectra. In addition,
there are strong peaks, denoted by 244, with the co-
ordinates of (-8.30, 4.52)/(-4.52, 8.30) MHz, which
are related to the double-double quantum transi-
tions arising from another “N that is strongly cou-
pled to the [2Fe-2S] cluster. The other peaks are ob-
served at the positions of (-2.69, 7.20) /(-7.20, 2.69)
MHz, (-8.30, 3.42)/(-3.42, 8.30) MHz, and (-8.30,
2.93)/(-2.93, 8.30) MHz, denoted by 14, 245, and 2’gs,
respectively. The peaks were assigned to the double-
single transitions of nitrogen 1 and nitrogen 2, re-
spectively. The 245 and 245 peaks were resolved under
different measurement conditions (Fig. S1). These
correlation peaks give nuclear frequencies: N,,, (3.54,
2.69, and 0.85) MHz with quadrupole splitting 3|Q,]|
=1.84 MHz. We assumed that quadrupole interaction
contributes to both sq frequencies. From Eq.(1) and
(2), a second nuclear frequencies set was determined
as (7.08, 2.65, and 4.49) MHz for nitrogen 1. Based
on the dd-peak frequencies, the hyperfine compo-
nent A, is 4.67 MHz using formula (9). For Nitrogen
2, the nuclear frequencies are obtained as (8.30, 5.31,
2.99) and (4.52, 3.42, 1.10) MHz for 2, and (8.30, 4.82,
3.48) and (4.52, 2.93, 1.59) MHz for 2, respectively.
2ds and 2'ds are also belonging to the same double
quantum transition; however, they are not arising
from the same nuclear frequencies (see discussions
below). A, for nitrogen 2 is obtained as 5.84 MHz for
both 2 and 2’ The peaks S1and Sz are the overlapped
sg-sq of nitrogen 1 and 2. Furthermore, in the region
of (0-5, 0-5) MHz in the “N-HYSCORE spectrum,
there are overlapping signals of nitrogen 1, nitrogen 2,
and other nitrogen signals.

In contrast to the N HYSCORE spectrum, only
two peaks are detected in the (- +) quadrant of the
PN HYSCORE spectrum. Nuclear frequencies of ®*N
determined from the peak positions are (-2.08,
4.78)/(-4.78, 2.08) MHz and (-2.93, 5.73)/(-5.73,
2.93)MHz for nitrogen 1 and 2, respectively. One "N
interacting with an electron spin (S = 1/2) induces
only two correlation peaks, and thus, the other peaks
in the (+ +) quadrant are arising from the other ®N,
namely nitrogen 3 and 4. For ®N, the nuclear fre-
quencies of nitrogen 3 and 4 are (1.71, 1.22)/(1.22, 1.71)
and (2.08, 0.85)/(0.85, 2.08) MHz, respectively. The

hyperfine constants for nitrogen 3 and 4 were deter-
mined as 0.49 and 1.22 MHz, respectively.

3.4 HYSCORE measured at gy

Fig. 7 shows the HYSCORE spectra observed
under the magnetic field at g,. Correlation peaks of
dg-dq transitions were detected at (-6.96, 2.93)/(-
2.93, 6.96) and (-8.30, 4.03)/(-4.03, 8.30) MHz for 144
and 244, respectively in the (- +) quadrant of the *N-
HYSCORE spectrum. A, was calculated as 4.34 and
5.67 MHz for nitrogen 1 and 2, respectively. Correla-
tion peaks were detected at (-6.95, 1.34)/(-1.34, 6.95)
and (-8.30, 2.69)/(-2.69, 8.30) MHz. Using the first
order expressions, nuclear frequencies were calculat-
ed as (6.96, 3.61, 3.36) MHz and (2.93, 1.59, 1.34)
MHz for nitrogen 1, and (8.30, 4.83, 3.48) MHz and
(4.03, 2.69, 1.34) MHz for nitrogen 2. Quadrupole
couplings, 3|Qy|, were calculated as o0.25 MHz for
nitrogen 1 and 1.35 MHz for nitrogen 2. At the field
corresponding to g,, weak intensity signals were de-
tected in the (+ +) quadrant of the “N-HYSCORE
spectrum. In contrast, in the "N-HYSCORE spec-
trum (Fig. 7 below), clear correlation peaks arising
from at least two nitrogen atoms (nitrogen 3 and 4)
were detected at the peak positions (1.83, 1.49)/(1.49,
1.83) MHz for nitrogen 3 and (2.32, 0.98)/(0.98, 2.32)
for nitrogen 4, respectively. This indicates that the
hyperfine couplings of nitrogen 3 and 4 in the field
direction corresponding to the g, axis are 0.34 MHz
and 1.34 MHz, respectively.

3.5 HYSCORE measured at gy

At the field of the g, position, molecular orien-
tations are directed towards other directions in addi-
tion to the principal g, axis. Therefore, the
HYSCORE spectra at g, were expected to be powder-
like patterns. Fig. 8 (top) shows the “N-HYSCORE
spectrum measured at g,. The strongest peaks in the
(- +) quadrant arise from the correlations of two
double quantum transitions of "*N, which are strong-
ly coupled to the iron-sulfur cluster. Peak positions
of dg-dq transitions were observed at (-6.47, 2.69)/(-
2.69, 6.47) MHz and (-7.45, 3.42)/(-3.42, 7.45) MHz
for nitrogen 1 and 2, respectively. From two frequen-
cies of the dq-dq transitions, the hyperfine couplings
were obtained as 3.97 MHz and 4.94 MHz for nitro-
gen 1 and 2, respectively. The correlated single quan-
tum transitions (sq) were also detected, denoted by
S1 and Sz, at (-3.78, 1.71)/(-1.71, 3.78) MHz and (-2.89,
0.98)/(-0.98, 2.89) MHz, respectively. The 145 145, and



24s peaks correlate with the double quantum and
single quantum transitions (dq-sq) at the coordi-
nates (-6.47, 0.85)/(-0.85, 6.47) MHz, (-6.47, 1.71)/(-
1.71. 6.47) MHz and (-7.45, 2.81)/(-2.81, 7.45) MHz,
respectively. From these peak positions, the nitrogen
nuclear frequencies and the magnetic parameter
were calculated based on the method described by
egs (1)-(3): vy, = (6.47, 3.73, 2.74) MHz, v;,_= (2.69,
1.84, 0.85) MHz, 3|Qy| = 0.99 MHz, A,y = 4.23 MHz
and 4.93 MHz and A, = 3.97 MHz. Fig. 8 (bottom)
shows the "N-HYSCORE spectrum measured at g, In
the (- +) quadrant, the strongly coupled correlation
peaks were observed at (-4.40, 1.34)/(-1.34, 4.40)
MHz and (-5.01, 1.95)/(-1.95, 5.01) MHz for nitrogen 1
and 2, respectively. The hyperfine constants (°N)
were calculated as 5.74 MHz and 6.96 MHz for nitro-
gen 1 and 2, respectively. Weakly coupled nitrogen
signals were observed in the (+ +) quadrant. Nitro-
gen 3 signal was not separated in the g, because of
the significantly weak hyperfine coupling ~ o MHz.
Resolution of the data points of the "N-HYSCORE
spectra is ~0.12 MHz, therefore the magnitudes of
the hyperfine coupling is less than 0.24 MHz. Nucle-
ar frequencies for nitrogen 4 were (2.20, 0.98)/(0.98,
2.20) MHz, which led to a hyperfine constant of 1.22
MHz. All the magnetic parameters determined from
the HYSCORE spectra are summarized in Table 1 for
strongly coupled nitrogen 1 and 2, and in Table 2 for
weakly coupled nitrogen 3 and 4. Figs. S2-S4 shows
the simulated HYSCORE spectra.

4. Discussions

4.1 Comparison of the stimulated ESEEM spectra with
that of the photosynthetic Rieske [2Fe-2S] cluster

Britt et al. have reported the stimulated ESEEM
spectra of spinach Rieske protein® observed only at
the maximum of the ESE signal, which corresponds
to the ESEEM spectra observed at g, (Fig. 5). In spin-
ach Rieske protein, the strong ESEEM peak was de-
tected at around 4 MHz. Similar peaks were detected
in Rhodospirillum sphaeroides and Rhodobacter
sphaeroides R-26. These peaks are different from
those observed at g, in the present work (Fig. 5). Al-
ternatively, the stimulated ESEEM spectrum meas-
ured at g, of C. tepidum were similar to those of
spinach and purple bacteria observed at g,. The dif-
ference between C. tepidum and other photosynthet-
ic organisms is attributed to the weakly coupled ni-
trogen atoms. The possible weakly coupled nitrogen

is peptide nitrogen that has a hydrogen bond with
the [2Fe-2S] cluster or Neg of the direct ligand,
histidine. Samoilova et al. have reported the differ-
ences of the stimulated ESEEM peaks are caused by
the different Qp-site occupants in Rieske center,
where the peaks in g, and g, are more sensitive than
that in g, peaks®. Therefore, the differences among
photosynthetic organisms may be ascribed to the
differences of the peptide nitrogen.

4.2 Environment of histidine

HYSCORE results showed two different nitrogen
signals with large hyperfine couplings, labeled nitro-
gen 1 and nitrogen 2. These signals arise from the
nitrogen in histidine directly ligated to Fe**. The hy-
perfine couplings and quadrupole constants for gy
and g, are similar with both the high-potential type
and low-potential type” iron-sulfur clusters, which
indicate that the Rieske [2Fe-2S] cluster of C.
tepidum has two histidine ligands and the dihedral
angles between histidine and 2Fe-2S plane are simi-
lar in structure between high and low potential type
Rieske proteins.

In the well-resolved “N-HYSCORE spectrum
observed at g, (Fig. S1 top), the dg-sq transition cor-
relation peaks were separated as 245 and 2’4;. The nu-
clear frequencies of the single quantum transitions
were 3.42 MHz for 245 and 2.93 MHz for 24. The sum
of these frequencies is 6.35 MHz, which is incon-
sistent with (also see Fig. 3):

Visq+ T Vasq+ = Vagq+ (12)

The double quantum transition of 8.30 and 4.52
MHz is arising from the nitrogen 2 of histidine di-
rectly ligated to Fe. The two single quantum transi-
tions have almost the same hyperfine constants, but
different quadrupole constants. Usually, the anisot-
ropy of single quantum transitions is larger than
double quantum transitions. Therefore, one can sug-
gest that 245 and 2’4 are just two points of the same
ds ridge of low intensity. The signals influenced by t-
suppression and appeared randomly in the spectrum
which is actually the sum of different spectra. Esti-
mations of the quadrupole coupling remain ambigu-
ities. Therefore, the determined quadrupole cou-
plings (Qx Qy, Q) are not traceless. (See supporting
information for more discussions for the quadrupole
couplings of the N, and N,.)

The weakly coupled nitrogen 3 signals were as-
signed as the remote nitrogen (Ng) of the histidine



coordinating His126 or Hisi4s. Hyperfine couplings
of ®Ne were 0.35, ~0, and 0.48 MHz for g, g, and g,
respectively. Average of the hyperfine coupling of the
three directions are 0.27-0.35 MHz. In the cyto-
chrome bc, complex of R. sphaeroides, similar hyper-
fine couplings of 0.3 - 0.4 MHz were obtained and
assigned as the remote N&**; however, the obtained
anisotropy was very small (~o.1 MHz). In contrast,
the anisotropy of C. tepidum is larger than 0.1 MHz
(Table S2). The isotropic and anisotropic hyperfine
couplings depend on the spin density on the 2s and
2p orbitals, respectively. The differences indicate that
electron spin density on the 2p orbital increased. The
remote N of the histidine ligand is the quinol bind-
ing site and quinone-His-Fe would be a main elec-
tron transfer pathway. The different electronic struc-
ture of the histidine would imply a substate, which
influence the electron transfer rate from quinol to
the iron-sulfur cluster. It is notable that [2Fe-2S]
cluster has two histidine ligands and both remote Ne
might contribute to the N3 signals. However, the ob-
tained anisotropy of hyperfine coupling is relatively
larger. Therefore, the possibility is unlikely that
two equivalent Ne contributes. There are some pos-
sibilities: (1) the hyperfine coupling of one Ng is rela-
tively small; (2) observed anisotropy is effectively
large because of overlapping of two remote nitrogen
signals. In both case, it is difficult to distinguish two
nitrogen signals. Use of single crystal would help to
clarify them in the future.

4.3 Protein backbone

Hyperfine couplings of 1.2 - 1.4 MHz were de-
tected in the "N-HYSCORE spectra and are denoted
as nitrogen 4. Similar HYSCORE spectra were previ-
ously acquired”” *®, In the stimulated ESEEM spectra
of C. tepidum, multiple weakly coupled nitrogen sig-
nals were observed in the region of o - 5 MHz. In the
Rieske cluster [2Fe-2S], the unpaired electron spin is
distributed not only at the Fe sites, but also in pep-
tide nitrogen via the sulfur and hydrogen bond. The
weakly coupled nitrogen signal indicates that there is
at least one peptide nitrogen atom connected to the
[2Fe-2S] center via hydrogen bonding. The H-bond
structure is essential for regulating the midpoint po-
tentials™™.

Dikanov et al.** showed that the peptide nitro-
gen in the cytochrome bc complex of purple bacteria
has a small anisotropy associated with its hyperfine
coupling. The hyperfine couplings of peptide nitro-
gen were in the range of 1.1 - 1.2 MHz at several g-

values. In the ferredoxin of red marine algae
Porphira umbilicalis, 1.08 MHz of “N (1.51 MHz of
®N) hyperfine coupling of peptide nitrogen was de-
tected®. The small field dependence of the hyperfine
couplings indicates that isotropic hyperfine interac-
tions occur dominantly with nitrogen 4. These values
are similar to the C. tepidum, but the isotropic hyper-
fine couplings are significantly different. The larger
isotropic hyperfine couplings indicate that spin den-
sity is more distributed at the peptide nitrogen. The
spin density orbital reflects the modification of the
H-bond structure surrounding sulfur. The result
suggests that the hydrogen bond length and/or angle
are different. The H-bond structure is different be-
tween C. tepidum and purple bacteria and possibly
modifies the midpoint potentials. Additionally,
Dikanov et al.** assigned the detected peptide nitro-
gen signal to Leu13z2, which is a conserved amino acid
residue during the course of evolution. Leu132 in R.
sphaeroides is Leuno in spinach (See Fig. 1 and Fig.
2). However, the crystal structure of C. tepidum has
not been reported yet. Other amino acid residues are
also possibly contributed to nitrogen 4 signal via the
hydrogen bond.

5. Conclusion

In this paper, an ESEEM study of the Rieske pro-
tein of C. tepidum was reported. The protein envi-
ronments surrounding the [2Fe-2S] cluster were
characterized by “N- and "N-HYSCORE spectrosco-
py. Our results for green sulfur bacteria were com-
pared with previous reports in other photosynthetic
organisms. The results show that the electronic and
hydrogen bond structures are slightly different be-
tween green sulfur bacteria and other photosynthetic
organisms, although their main structures are similar.
These differences would cause modification of the
midpoint potentials of the iron-sulfur cluster in or-
der to adjust to an oxygen-rich environment during
the course of evolution.

The complete structure of the H-bonding is still
unclear because of the lack of structural information
of the Rieske protein in C. tepidum. X-ray crystal
structure analysis combined with HYSCORE spec-
troscopy using single crystals and site-specific iso-
tope labeling would allow the hydrogen bond struc-
ture surrounding the [2Fe-2S] cluster to be deter-
mined.
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Highly resolved “*N-HYSCORE spectra, discus-
sion of detailed quadrupole couplings, simulations
of HYSCORE using magnetic parameters derived
from experiments, simulations of HYSCORE with
the principal values of hyperfine and quadrupole
tensors and Euler angle rotations.

FIGURE CAPTION

Fig. 1 Alignment of amino acid sequences of spinach
(Uniprot ID: Po8980), R. sphaeroides (Qo2762) and C.
tepidum (Qg9F722). Three amino acid sequences were
aligned using Clustal X version 2.1.>°

Fig. 2 (A) X-ray crystal structures of Rieske proteins
isolated from spinach (PDB ID: 1RFS). Amino acid resi-
dues within 6 A from the iron-sulfur center are shown.

S130 is substituted by alanine in green sulfur C. tepidum.
(B) The Rieske protein structure in spinach (in multi-
color) and purple bacteria R. sphaeroides (PDB: 2QJY)
(in light blue). The dashed line shows the direct liga-
tion of Fe (black) and the hydrogen bond (red). Color
schemes: C, gray; O, red; N, blue; S, yellow; Fe, brown.

Fig. 3 Energy diagram of nitrogen nuclei interacting
with an electron spin of S = 1/2. "N (I = 1) has three
sublevels and ®N (I = 1/2) has two sublevels for each
electron spin manifold (mg = +1/2). The transitions be-
tween adjacent nuclear sublevels with frequencies, v,
are single quantum transitions. The transitions be-
tween extreme sublevels with frequencies, v4q, are dou-
ble-quantum transitions.

Fig. 4 CW-EPR spectra of the [2Fe-2S] cluster of the
“N- and “"N-Rieske proteins. Principal values of the g-
tensor are defined as (g, gy, g,) = (1.81, 1.90, and 2.03).
The measurement conditions were as follows: the mi-
crowave frequency was 9.626 GHz for ®N and 9.659
GHz for "N, and the microwave power, modulation
amplitude, time constant, conversion time, and tem-
perature were 0.4 mW, 0.6 mT, 40.96 ms, 40.96 ms,
and 12 K, respectively.

Fig. 5 Three-pulse *N-ESEEM spectra obtained under
the field corresponding to the three principal g-values
(9% 9y g.). Static magnetic fields were at 374, 357 and
337 mT for g,, g, g,, respectively. The delay time be-
tween first and second pulse t =160, 200, and 240 ns
were used to eliminate blind spots.

Fig. 6 The frequency-domain contour plots of the
HYSCORE spectra obtained under the magnetic field
corresponding to g, = 2.03. Panels (A and B) are “N-
HYSCORE and panels (C and D) are "N-HYSCORE
spectra. Spectra (A) and (C) are the stacked plots of (B)
and (D), respectively. Static magnetic field was 341 (**N)
and 338 mT (°N). The “N-HYSCORE spectra were ac-

quired at T =188, 200, and 216 ns.

Fig. 7 The frequency-domain contour plots of the
HYSCORE spectra measured under the magnetic field
corresponding to g,. Panels (A and B) are ™“N-
HYSCORE and panels (C and D) are "N-HYSCORE
spectra. Spectra (A) and (C) are the stacked plots of (B)
and (D), respectively. Static magnetic field was 380
(*N) and 377 mT(°N) The measurement conditions
apart from the magnetic field were the same as those
described in the Fig. 6 caption.

Fig. 8 The frequency domain contour plots of the
HYSCORE spectra obtained under the magnetic field
corresponding to g,. Panels (A and B) are “N-
HYSCORE and panels (C and D) are "N-HYSCORE



spectra. Spectra (A) and (C) are the stacked plots of (B)
and (D), respectively. Static magnetic field was 363
(*N) and 361 mT (°N). The measurement conditions
apart from the magnetic field were the same as those
described in the Fig. 6 caption.

Table 1 Nuclear frequencies and magnetic parameters
for the strongly coupled nitrogen signals observed with
“N-HYSCORE spectroscopy measured under the fields
corresponding to gy, gy, and g,. The units is in mega-
hertz (MHz). The numbers assigned to the nitrogens
correspond to the marked numbers in the HYSCORE
spectra. The frequencies in parentheses belong to the
same set of nuclear sublevel transitions.

Table 2 Nuclear frequencies and magnetic parameters
for the weakly coupled nitrogen signals determined
from ®N-HYSCORE spectroscopy measured under the
fields corresponding gy, gy, and g,. The units are in
MHz. The numbers assigned to the nitrogens corre-

spond to the marked numbers in the HYSCORE spectra.

The hyperfine values in parentheses show the calculat-
ed "N hyperfine couplings.
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Figure 5
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Figure 6
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Figure 8
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Table 1

g-axis N, N, N/ N,’
Sets of nuclear frequen- (6.96, 3.61, 3.36) (8.30, 4.83,3.48)
cies * (2.93,1.59,1.34)  (4.03, 2.69, 1.34)
31Qu 0.25 135
X vi (*N) 117 117
g 1 .62 (6.48) 5.96 (8.36)
A, (“N, 5N 4
( ) 5.27 (7.40) 6.37 (8.93)
A, ("N, ®N) 434 (6.09) 5.67 (7.96)
Sets of nuclear frequen- (6.47,3.73, 2.74) (7.45, 2.63, 4.83)  (6.47, 3.60, 2.87)
cies (2.69, 1.84, 0.85) (3.42, 2.81,0.61)  (2.69, 1.71, 0.98)
3 |Qy 0.99 2.20 0.73
y vi (“N) 112 112 112
A, (N, 5N 423 (5.93) 5.21(7.31) 23 4.
2 ) 4.93 (6.92) 5.66 (7.94) 423 493
Ay ("N, ®N) 3.97 (5.56) 4.94 (6.93) 3.97
Sets of nuclear frequen- (7.14, 2.65, 4.49) (8.30, 5.31,2.99) (8.30, 4.82,3.48)
cies ¥ (3.54, 2.69, 0.85) (452, 3.42, 1.10) (4.52, 2.93, 1.59)
31Q. 1.84 2.32 134
z vi(“*N) 1.05 1.05 1.05
s 1 .64 (6.51) 6.20 (8.70) 6.2 (8.70)
A, (“N, "N 4
( ) 5.04 (7.07) 6.62 (9.29) 6.62 (9.29)
A, ("N, ®°N) 4.68 (6.56) 5.84 (8.19) 5.84

The spectral resolution of the HYSCORE spectroscopy is 0.1-0.2 MHz.

a) The bold values are directly obtained from the HYSCORE peaks. The others are derived from egs.

(1)-(3) and (9) (see text).

b) Hyperfine constants of °N were scaled by equation (11). N;” and N, are corresponded to the same
double quantum frequencies of N1 and Ny, but with the other combinations of single quantum fre-

guencies.
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Table 2

g-axis N, N,

Nuclear frequencies  1.83, 1.49 2.32, 0.98

X
hyperfine coupling:°N (*N)  0.35 (0.25)  1.34 (0.95)
Nuclear frequencies  1.59, 1.59 2.20, 0.98

y

: sy 14 <0.24

hyperfine coupling:°N (**N) (<o7) 1.22 (0.86)
Nuclear frequencies 1.71, 1.22 2.08, 0.85

z
hyperfine coupling:°N (*N) 0.49 (0.34) 122 (0.87)
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