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Exchangeable protons in the immediate neighbor-
hood of the semiquinone (SQ) at the Qi-site of the bc1
complex (ubihydroquinone:cytochrome c oxidoreduc-
tase (EC 1.10.2.2)) from Rhodobacter sphaeroides have
been characterized using electron spin echo envelope
modulation (ESEEM) and hyperfine sublevel correla-
tion spectroscopy (HYSCORE) and visualized by substi-
tution of H2O by 2H2O. Three exchangeable protons in-
teract with the electron spin of the SQ. They possess
different isotropic and anisotropic hyperfine couplings
that allow a clear distinction between them. The
strength of interactions indicates that the protons are
involved in hydrogen bonds with SQ. The hyperfine cou-
plings differ from values typical for in-plane hydrogen
bonds previously observed in model experiments. It is
suggested that the two stronger couplings involve for-
mation of hydrogen bonds with carbonyl oxygens, which
have a significant out-of-plane character due to the com-
bined influence of bulky substituents and the protein
environment. These two hydrogen bonds are most prob-
ably to side chains suggested from crystallographic
structures (His-217 and Asp-252 in R. sphaeroides). As-
signment of the third hydrogen bond is more ambiguous
but may involve either a bond between Asn-221 and a
methoxy O-atom or a bond to water. The structural and
catalytic roles of the exchangeable protons are dis-
cussed in the context of three high resolution crystallo-
graphic structures for mitochondrial bc1 complexes. Po-
tential H-bonds, including those to water molecules,
form a network connecting the quinone (ubiquinone)
occupant and its ligands to the propionates of heme bH
and the external aqueous phase. They provide pathways
for exchange of protons within the site and with the
exteriors, needed to accommodate the different hydro-
gen bonding requirements of different quinone species
during catalysis.

The quinone1 processing sites of photosynthetic and respira-
tory electron transfer chains have spawned an extensive liter-
ature dealing with mechanism in the context of structure. This
has been dominated by the two-electron gates of bacterial re-
action centers (reviewed in Refs. 1 and 2), which until recently
have provided the only high resolution structures. Discussion
has centered on the features of structure that allow the sites to
mediate between the one-electron chemistry of photochemical
reactions (or of cytochrome or iron-sulfur center redox reac-
tions) and the two-electron chemistry of quinones. Since reduc-
tion or oxidation of the quinone systems involves uptake or
release of protons, the sites also have to include the features
needed to deal with these processes. Over the last few years,
structures at high resolution have become available for several
other proteins with quinone processing sites. Among these, the
bc1 complex has provoked the most interest because of the
dynamic features associated with the Qo-site, through which
ubihydroquinone (quinol, QH2) is oxidized (reviewed in Refs.
3–8). However, recent structures at high resolution have sug-
gested that the second quinone processing site of the bc1 com-
plex, the Qi-site, through which ubiquinone (quinone, Q) is
reduced through a two-electron gate, might also have interest-
ing dynamic features, albeit on a smaller scale (9–11). Of the
three high resolution structures available in which a quinone is
modeled at the site, all show marked differences in the pattern
of ligation by protein side chains, in the orientation of the
quinone, and in the involvement of bridging waters. Earlier
studies of functional aspects show the same general two-elec-
tron gate behavior at the Qi-site as that at the QB-site of
bacterial reaction centers but with heme bH of the cytochrome
(cyt) b subunit acting as an electron donor (12). In both sys-
tems, a relatively stable semiquinone (SQ) intermediate stores
one electron from the donor chain and is reduced to quinol by a
second electron. The involvement of the SQ necessitates that
the sites accommodate binding of all three components of the
quinone redox system. The three species (Q, SQ, and QH2)
require different properties of the H-bond partners, which
therefore have to respond during different phases of the cata-
lytic cycle. The structures have shown that the thermodynamic
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properties and pattern of liganding involved in the Qi-site are
different from those in the bacterial reaction centers and that
the proton processing pathways are likely also different, and
simpler. To understand the mechanism, more detailed infor-
mation is needed on the H-bonding to the intermediate
semiquinone. This information is important both in terms of
the binding of the semiquinone and because the proton ex-
change reactions are likely mediated by transfer through
H-bonds.

The paramagnetic properties of the semiquinone provide the
possibility of studying the protein environment through EN-
DOR and ESEEM applications, in which the interactions of
nuclear spins from neighboring 1H and 14N atoms with the
unpaired electron spin modify the energy levels and relaxation
properties of the spin system. In contrast to reaction centers,
the semiquinone at the Qi-site is EPR-detectable without the
need for structural modification.

In previous work (13), the ubisemiquinone at the Qi-site has
been studied by X-band ENDOR. Spectra showed a loss of
intensity after 1H/2H exchange. These changes were assigned
to one or more protons from hydrogen bonds, with the perpen-
dicular component having a hyperfine tensor �4 MHz. How-
ever, the number of hydrogen bonds, their orientation, and
which protein atoms were involved in these bonds were not
resolved.

We have shown more recently using X-band ESEEM that the
SQ at the Qi-site interacts with a nitrogen atom, characterized
by an isotropic hyperfine coupling, A, of �0.8 MHz and qua-
drupole coupling constant, K, of �0.35 MHz. The nitrogen was
identified as the N� or N� imidazole nitrogen of a histidine,
most probably His-217, equivalent to His-201 in the bovine
mitochondrial complex (9). In the structure from Berry’s group,
this histidine provides an H-bond through the N�-atom to one of
the quinone carbonyls. The isotropic hyperfine coupling sug-
gests the existence of an atomic bridge for the transfer of spin
density from the SQ on this protein nitrogen. The only likely
mechanism for such a transfer is a hydrogen bond between one
of the SQ oxygens and the protein nitrogen identified. We did
not detect in the X-band ESEEM spectra any major contribu-
tions from other nitrogens in the SQ environment that had
comparable unpaired spin density.

Thus, ENDOR and ESEEM studies have established the
presence of at least one hydrogen bond between the SQ in the
Qi-site and the protein environment, with the participation of a
histidine imidazole nitrogen. However, the results of these
studies did not exclude the existence of additional hydrogen
bonds between SQ oxygens and other protein H-bonding part-
ners, for example R-O-H . . . O, R-S-H . . . O, or even R-N-H . . .
O, but with smaller nitrogen isotropic coupling.

As noted above, analysis of the available high resolution
x-ray structures provides ambiguous information about other
possible H-bonds. Three structures at �2.6-Å resolution all
have different configurations of the quinone bound at the Qi-
site. However, all show the same three suitable residues close
enough to the quinone to allow formation of H-bonds, assuming
some degree of structural flexibility. These are (in bovine num-
bering) His-201, Asp-228, and Ser-205, with the following bond
lengths in the 2.1-Å structure from Berry’s group (9): His-201
N�H to carbonyl O-atom (2.52 Å), Asp-228 –OH to carbonyl
O-atom (2.74 Å), and Ser-205 –OH to H2O (2.62 Å), and to the
–O-CH3 O-atom (4.06 Å). In the other structures, H-bonds with
either the histidine (10) or both the aspartate and the histidine
(11) were mediated by bridging waters. The H-bonding of the
serine also varied, with the yeast structure (10) showing a
H-bond to one –O-CH3, and the Gao et al. (11) bovine structure
showing an H-bond to the other –O-CH3 O-atom. We note,

however, that in the coordinate data set for this latter structure
available from the Protein Data Bank (1ntz), the configuration
of the Qi-site has been revised, with the quinone flipped so as to
show a H-bonding pattern more similar to that in yeast.

In this study, we present a characterization of the exchange-
able protons around SQ in the Qi-site by ESEEM and HY-
SCORE, visualized by substitution of H2O by 2H2O, in samples
of Rhodobacter sphaeroides bc1 complex poised with a substan-
tial population of SQ at the Qi-site. Our results indicate the
existence of three exchangeable protons interacting with the
electron spin of the SQ. These possess different isotropic and
anisotropic hyperfine couplings that allow clear distinction be-
tween them. The hyperfine couplings all differ from values
typical for in-plane hydrogen bonds observed in model experi-
ments with semiquinones in frozen aqueous or alcohol solu-
tions. It is suggested that the formation of two hydrogen bonds
with carbonyl oxygens involves a significant out-of-plane char-
acter and occurs under the combined influence of bulky sub-
stituents and the protein environment.

EXPERIMENTAL PROCEDURES

Generation of Semiquinone at the Qi-site—Three protocols used to gen-
erate semiquinone at the site were similar to those described previously
(9), with minor modifications to maximize the intensity of the semiqui-
none radical signal. The samples, with or without the addition of inhibi-
tors (antimycin and/or myxothiazol), were incubated at room temperature
for at least 20 min. In the sodium ascorbate reduced samples, the sodium
ascorbate was added to a final concentration of 2.5 mM and then incubated
at room temperature for 15 min. The samples that contained semiquinone
generated by the addition of decylubihydroquinone in the presence of
myxothazol were mixed within the EPR cuvette and rapidly (�30 s) frozen
in liquid nitrogen. The paramagnetic signals had similar characteristics
in all of the samples. In all cases, the semiquinone species observed was
completely eliminated by the addition of antimycin at 2-fold molar excess
over the monomer concentration.

Preparation of Deuterium-exchanged Samples—Deuterium-ex-
changed samples were subjected to three dilutions in 2H2O medium,
each dilution by a factor of 10. Samples were reconcentrated between
each dilution step using a Centriplus YM-100 centrifugal concentrator
(Amicon). Following the final exchange and concentration step, samples
were incubated over 24 h at 4 °C. Sodium ascorbate used was dissolved
into 2H2O, dried under nitrogen, and resuspended into 2H2O. The buffer
used for samples with ascorbate-generated semiquinone was 100 mM

KCl, 50 mM MOPS, 5 mM MgSO4, 0.01% n-dodecyl-�-D-maltoside
(Sigma), 15 �g/ml phosphatidyl choline (Avanti Polar-Lipids, Inc., Ala-
baster, AL) at pH 7.8 made in 99% deuterium oxide (Cambridge Isotope
Laboratories, Inc., Andover, MA). The buffer used for samples in the
presence of myxothiazol and decylubiquinol was the same as previous,
except 50 mM CHES, in place of MOPS, was used at a pH of 9.0.

Preparation of Isolated bc1 Complex—The bc1 complex was isolated
from chromatophores prepared from R. sphaeroides strain GBH6 and
purified following the protocols described by Kuras et al. (14), with
minor modifications as described in Ref. 9.

EPR Measurements—The continuous wave EPR and ESEEM exper-
iments were carried out using X-band Bruker Elexsys E580 spectrom-
eters equipped with Oxford CF 935 cryostats. Unless otherwise indi-
cated, all measurements were made at 90 K. Several types of ESE
experiments with different pulse sequences were employed with appro-
priate phase-cycling schemes to eliminate unwanted features from ex-
perimental echo envelopes. Among them are two-pulse, and one-dimen-
sional and two-dimensional four-pulse sequences. In the two-pulse
experiment (�/2-�-�-�-echo), the intensity of the echo signal is measured
as a function of the time interval � between two microwave pulses with
turning angles �/2 and � to generate an echo envelope that maps the
time course of relaxation of the spin system (in ESEEM) or as a function
of magnetic field at fixed � (in field-sweep ESE). In the two-dimensional
four-pulse experiment (�/2-�-�/2-t1-�-t2-�/2-�-echo), also called HY-
SCORE, the intensity of the stimulated echo after the fourth pulse is
measured with t2 and t1 varied at constant �. Such a two-dimensional
set of echo envelopes gives, after complex Fourier transformation, a
two-dimensional spectrum with equal resolution in each direction. This
procedure differs from the one-dimensional version of the four-pulse
experiment where the time � between first and second pulses is kept
constant and the times t1 � t2 � T/2 are increased stepwise. The set of
four-pulse envelopes recorded at different � values forms a two-dimen-
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sional four-pulse data set. Spectral processing of ESEEM patterns was
performed using Bruker WIN-EPR software.

Characteristics of HYSCORE Spectra from I � 1⁄2 Nuclei—The most
informative experimental data regarding the ligand environment of SQ
were obtained from the two-dimensional ESEEM (HYSCORE) experi-
ment (15). The basic advantage of the HYSCORE technique is the
creation in two-dimensional spectra of off-diagonal cross-peaks whose
coordinates are nuclear frequencies from opposite electron spin mani-
folds. The cross-peaks simplify significantly the analysis of congested
spectra by correlating and spreading out the nuclear frequencies. In
addition, the HYSCORE experiment separates overlapping peaks along
a second dimension and enhances the signal-to-noise ratio through a
second Fourier transform. HYSCORE is also valuable for the detection
of extended anisotropic peaks of low intensity, which are not seen in
one-dimensional ESEEM spectra.

HYSCORE spectra are sensitive to the relative signs of the correlated
frequencies and are usually presented as two quadrants (�,�) and
(�,�). A nucleus with I � 1⁄2, such as 1H, has two hyperfine frequencies,
�	 and ��, corresponding to two states of the electron spin in the applied
magnetic field. These may produce a pair of cross-features, (�	, ��) and
(��, �	), in the (�,�) quadrant as well as another pair (�	, ���) and (��,
��	) in the (�,�) quadrant. Peaks in the (�,�) quadrant appear pri-
marily from strong hyperfine interactions, i.e. �T�2a� �� 4�I, whereas
the peaks in the (�,�) quadrant appear predominantly for �T�2a��� 4�I

(where a is the isotropic hyperfine coupling, T is the perpendicular
component of the axial anisotropic hyperfine tensor, and �I is the
nuclear Zeeman frequency). Peaks may appear in both quadrants si-
multaneously if the hyperfine and Zeeman couplings are comparable
(16). In the present work, the cross-peaks from protons were located in
(�,�) quadrant only.

Orientationally disordered (i.e. powder) spectra of I � 1⁄2 nuclei also
reveal, in the form of cross-peak contour projections, the interdepen-
dence between �	 and �� values in the same orientation. Analysis of the
contours allows for direct, simultaneous determination of the nuclear
isotropic and anisotropic hyperfine coupling constants (17).

RESULTS

The line of the SQ in frozen solutions of the bc1 complex in
H2O at 90 K has a width �0.80–0.85 mT in X-band continuous
wave EPR and in field-sweep ESE spectra. The replacement of
H2O by 2H2O decreases the line width by less then 0.1 mT. The
effects of solvent replacement on line shape and line width of
the SQ are relatively small, and in line with those reported
previously (13), despite the significant difference in magnetic
moments of the 1H and 2H. Typical principal values of the
g-tensor of the quinone anion-radicals in reaction centers and
frozen solutions measured by Q- and W-band EPR vary within
the following ranges: gx � 2.0064 � 0.0006, gy � 2.0051 �
0.0002, gz � 2.0021 � 0.0001 (18). Such tensor anisotropy
produces the difference of �0.7–0.8 mT between the fields
corresponding to the gx and gz canonical orientations in powder
X-band EPR spectrum measured at microwave frequency �9.7
GHz. This estimated difference corresponds well to the line
width of the SQ (Fig. 1) and indicates that the primary contri-
bution to line shape is given by g-tensor anisotropy, which
largely masks the influence of 1H/2H substitution on the EPR
spectrum.

Fig. 2 shows the two-pulse spin echo decay of the SQ meas-
ured at the maximum of EPR intensity in the two samples at 90
K. The sample in H2O shows the modulation associated with
spin coupling to protons and 14N-atoms in the immediate en-
vironment, with Zeeman frequencies �15 and �1.5–5 MHz,
respectively. The additional deep periodical variations of the
echo intensity that appear in the sample prepared in 2H2O are
characteristic, and Fourier transformation of this echo enve-
lope shows that the major contribution to the deep variations
occurs at the frequency of �2.3 MHz, corresponding to the
Zeeman frequency of deuterium. There is also a contribution of
smaller intensity at the double frequency �4.6 MHz.

This result gives a first indication of solvent accessibility and
1H/2H exchange around the SQ. On the other hand, the reso-
lution achieved in two-pulse spectra is not sufficient to show

details of the interaction with protons and deuterons. More
complete information about the proton environment of the SQ
was obtained from the application of more sophisticated one-
dimensional and two-dimensional ESEEM approaches.

HYSCORE—The proton region of the HYSCORE spectra of
the SQ obtained at � � 136 and 200 ns in the samples with
two different solvents is shown in Fig. 3. In addition to a
diagonal peak with extended shoulders at the proton Zeeman
frequency (�14.7 MHz), the spectrum in Fig. 3, a and b,
contains three types of resolved cross-peaks, designated H1,
H2, and H3. The cross-peaks labeled H1 extend between
(17.4; 12.2) and (16.2; 13.4) MHz. A set of lower intensity
lines (H2) is located in a similar area of the plot and even
overlaps with the H1 lines at the high frequency edge of the
�2 dimension. Nevertheless, the contours of both cross-fea-
tures are well pronounced and could be used for the quanti-
tative analysis. Lines associated with H3 are well separated
from the H1 and H2 lines and consist of several separate
features in the area further up the diagonal. The opposite

FIG. 1. Two-pulse field sweep ESE spectra of the semiquinone
at the Qi-site generated by incubation with ascorbate as de-
scribed under “Experimental Procedures,” in samples prepared
in H2O and 2H2O.

FIG. 2. Two-pulse ESEEM patterns of the SQ in samples pre-
pared in H2O and 2H2O as in Fig. 1. For the sample in H2O, the
microwave frequency was 9.697 GHz, and the magnetic field was 345.6
mT. For the sample in 2H2O, the microwave frequency 9.704 GHz, and
the magnetic field was 345.9 mT.
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cross-feature is enhanced at larger times �.
The HYSCORE spectra recorded under the same conditions

using the sample with 2H2O show a complete disappearance of
the cross-peaks H1, H2, and H3. Simultaneously, the peak
lying on the diagonal at the proton Zeeman frequency is almost
completely suppressed in the spectrum measured at � � 200 ns
(not shown). However, the diagonal peak, with a shoulder ex-
tending up to (15.3, 14.3) MHz, corresponding to the proton
splitting of �1 MHz, still appears in the spectrum measured at
� � 136 ns (Fig. 3C).

In addition to the weak proton lines, a very intense line lying
on the diagonal at the point corresponding to the deuterium
Zeeman frequency at 2.3 MHz appears in the HYSCORE spectra
of the 2H2O sample (not shown). The ratio of 1H and 2H magnetic
moments is 6.51. The proton splitting leading to differences be-

tween the coordinates of each cross-peak point would be de-
creased by 6.51 in the deuterium spectra; the largest splitting in
the proton spectra (which reaches up to �6 MHz) would corre-
spond to a maximal splitting of �1 MHz in the deuterium spec-
trum. As a consequence, the deuterium spectrum shows only an
intense broad peak around the deuterium Zeeman frequency,
which is not resolved into separate spectral contributions from
different types of exchangeable nuclei.

The results indicate that the exchangeable protons interact-
ing with the unpaired electron spin of the SQ produce three
different resolved cross-peaks, H1, H2, and H3 in HYSCORE
spectra. More specific conclusions about the nature of these
protons could be formulated after evaluation of their hyperfine
couplings from their contour line shapes.

Analysis of HYSCORE Spectra—The contour line shape in

FIG. 3. The proton part of HYSCORE spectra of the SQ in samples prepared following the protocols used in Fig. 1, in H2O (A and B),
or by addition of decylubihydroquinone to the myxothiazol inhibited complex in 2H2O (C), with time � � 136 (A and C) and 200 ns (B).
For the sample in H2O, the microwave frequency was 9.697 GHz, and the magnetic field was 345.6 mT. For the sample in 2H2O, the microwave
frequency was 9.704 GHz, and the magnetic field was 345.9 mT . Similar spectra were obtained using either protocol for generation of SQ but with better
signal/noise in the ascorbate-reduced samples.
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the powder two-dimensional spectrum from the 1H nuclei (nu-
clear spin I � 1⁄2) for axial hyperfine interactions is described by
Equations 1–3 (17).

�	�{Q	��
2�G	}1/2 (Eq. 1)

where

Q	 �
T � 2a � 4�I

T � 2a 
 4�I
(Eq. 2)

and

G	 � 2�I�4�I
2�a2 � 2T2 � aT
T � 2a � 4�I

� (Eq. 3)

An axial approximation has been used in all previous reports
devoted to ENDOR studies of semiquinones in model systems
and proteins.

For each cross-peak contour, the frequency values along the
ridge can be plotted as �	

2 versus ��
2, transforming the contour

line shape into a straight line segment whose slope and inter-
cept are proportional to Q	 and G	, respectively. These values
can then be used to obtain two possible solutions of isotropic (a)
and anisotropic (T) couplings with the same value of �2a � T�
and interchanged A� � �a � T� and A� � �a � 2T�.

The coordinates (�	, ��) of arbitrary points along the ridge
formed by the uppermost contour for each proton cross-peak
were measured from HYSCORE spectra recorded with differ-
ent � values at a constant magnetic field value and plotted as
sets of values for �	

2 versus ��
2 as shown in Fig. 4. The larger

frequency of each point was arbitrarily selected as �	, and the
smaller was selected as ��. The points have been fitted by
linear regression to give the slopes and intercepts shown in
Table I.

In addition to the experimental points, the curve ��	 � ��� �
2�I (using �I � 14.715 MHz corresponding to proton Zeeman
frequency) is also plotted in Fig. 4. The points at which the
curve crosses each extrapolated straight line correspond to the
nuclear frequencies �	 and �� at canonical orientations. They
define the range of possible frequencies in powder spectra for
each nucleus at this particular value of �I. These canonical
frequencies can also be used to determine the hyperfine param-
eters. For an axial hyperfine tensor, there are two possible
assignments of the parallel or perpendicular orientations, and
consequently, two sets of hyperfine tensors, one for each as-
signment. This approach gives hyperfine couplings identical to
those determined from the slope and intercept.

The placement of this theoretical curve on the figures pro-
vides additional evidence for the correct assignment of these
peaks to protons. The measured points fit to the linear regres-
sion with a high degree of accuracy and are found in the proper
region relative to this curve, as the extrapolated regression line
crosses the curve at two points. These intercepts would not be
observed if the signals originated from other elements.

Additionally, the crossing of the regression lines with the
curve ��	 � ��� � 2�I also provides evidence that peaks H1–H3
belong to different nuclei. It has been shown that for strongly
non-axial hyperfine tensors, up to three separate ridges (even
observed in both quadrants) may appear in the HYSCORE
spectrum (16). The regression lines of such ridges must form a
triangle, with apices on the ��	 � ��� � 2�I curve; however, the
regression lines in Fig. 4 do not form such a shape, indicating
three different types of nuclei with their hyperfine tensors well
described by the axial approximation.

Selection of the right set from the two evaluated here cannot
be based solely on the HYSCORE spectra because the lines in
these spectra have zero intensity in the canonical orientations
of hyperfine tensor. They possess a maximum at some inter-

mediate orientation, and HYSCORE spectra simulated for two
possible sets do not provide convincing support for any of them.
Selection of the preferable set was made on the basis of the
ENDOR spectra reported by Salerno et al. (13). These spectra
show a loss of intensity after 1H/2H exchange, which is most
significant at frequencies � 1.5–3.5 MHz from the proton Zee-
man frequency. The maximal intensity in the ENDOR spectra
belongs to frequencies ��I �A� /2� corresponding to an orienta-
tion of the magnetic field perpendicular to the unique axis of
the proton axial hyperfine tensor. Therefore, we tentatively
suggest that the correct combination for each proton from two
possible solutions given in Tables I and II corresponds to the
set with �A�� closest to the value of �A�� �3–7 MHz derived from
the ENDOR spectra. The selected set for each proton is marked
by italics in Table II.

Sum Combination Lines in ESEEM Spectra—Additional in-
formation about the proton environment of SQ and support for
our line assignment in the HYSCORE spectra were obtained
from the observation of proton sum combination lines in four-
pulse ESEEM experiments (Fig. 5). Two-pulse ESEEM spectra
of SQ contain lines in the region of double proton Zeeman
frequency (2�I, at 29.4 MHz) from protons located in the neigh-
borhood of the radical, but resolution in this region was incom-
plete because of a relatively fast decay, limited by the electronic
relaxation time T2. The use of a one-dimensional four-pulse
sequence, with the echo decay time limited by the much longer
relaxation time T1, allowed improved resolution. The four-
pulse ESEEM spectra of SQ in 1H2O buffer contain three well

FIG. 4. Plots of cross-peaks H1–H3 from HYSCORE spectra
measured at different times � in the ��

2 versus ��
2 coordinate

system. The larger coordinate of randomly selected points from cross-
peaks is arbitrarily chosen as �	, and the smaller coordinate is chosen
as ��. The straight lines show the linear fit of plotted data points. The
dashed curved line is defined by ��	 ���� � 2�I with proton Zeeman
frequency �I � 14.71 MHz.
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FIG. 5. Stacked presentations of the two-dimensional set of the four-pulse ESEEM spectra of the SQ in samples prepared in H2O
and 2H2O as in Fig. 1 (A and B). The spectra show the modulus of Fourier transform along time T axis at different times, �. Initial time � is 100
ns in the nearest trace and was increased by 12 ns in successive traces. For the sample in H2O, the microwave frequency was 9.697 GHz, and the
magnetic field was 345.6 mT. For the sample in 2H2O, the microwave frequency was 9.704 GHz, and the magnetic field was 345.9 mT. The lines
marked by 14N in spectrum A are produced by histidine nitrogen. They are two double quantum lines (1.7 and 3.1 MHz), and their sum combination
is 4.8 MHz (for further details, see Ref. 9). All other lines in this spectrum are produced by protons. Spectrum B shows the appearance of lines of
deuterium at the Zeeman frequency and at its second and fourth harmonics. Those deuterium lines are masking the lines from 14N. Contour
presentation of proton sum combination lines (C) shows periodical variations of line intensity due to its dependence on time � at stable frequencies.
Only one line at proton 2�I remains in spectrum D in the presence of 2H2O.

TABLE II
Characteristics of the exchangeable protons (in MHz)

The selected set for each proton is indicated by italics.

Proton a,T �2a � T� A� � �a - T� A� � �a � 2T� �

H1 �3.8, 1.2 6.4 5.0 1.4 0.05
�2.6, �1.2 6.4 1.4 5.0 0.05

H2 �2.4, 4.2 0.6 6.6 6.0 0.6
1.8, �4.2 0.6 6.0 6.6 0.6

H3 �4.3, 5.5 3.1 9.8 6.7 1.1
1.2, �5.5 3.1 6.7 9.8 1.1

TABLE I
Parameters derived from contour line shape analysis of HYSCORE spectra

Proton Q	 G	 �T� (a, T)a

MHz2 MHz MHz

H1 �1.246 (0.02) 482.3 (2.6) 1.2 (�3.8,1.2) (�2.6,�1.2)
H2 �1.02 (0.03) 456.9 (5.7) 4.2 (�2.4,4.2) (1.8, �4.2)
H3 �1.11 (0.01) 491.3 (2.3) 5.5 (�4.3,5.5) (1.2, �5.5)

a The analysis described in the text provides only relative signs of a and T values. For both a and T, the signs given in the Table can be exchanged
so as to correspond with the opposite assignment (larger frequency of the proton cross-peak to �� and smaller one to �	). Because of this uncertainty
we show in Table II absolute values of 2a � T, a � T, and a � 2T.
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resolved lines in the region of the proton 2�I, shown in Fig. 5 in
stacked (A and B) and contour (C and D) presentations. The
most intense line appears exactly at the 2�I frequency and
therefore represents the contribution of weakly coupled protons
from the protein environment. The four-pulse spectrum also
revealed two peaks of low intensity shifted to higher frequen-
cies by �0.5 and �1.0 MHz.

These two shifted lines completely disappeared in the spec-
tra of the sample prepared in 2H2O (Fig. 5, B and D). In
addition, the intensity of the line at the proton 2�I was partially
decreased. From this, one can conclude that the lines shifted
from 2�I also contain a major contribution from exchangeable
protons. We now address the question of correlation of these
shifts with the HYSCORE spectra.

In powder ESEEM spectra, the frequency of the sum combi-
nation harmonic maximum (��) from an I � 1⁄2 nucleus (proton
in this case) with hyperfine couplings a and T is described by
Equation 4 (19).

�� � 2�I�1 �
9T2

16�I
2 � (2a � T)2�1/2

(Eq. 4)

The shifts � � �� � 2�I calculated for the parameters a and T
obtained from the analysis of the contour line shapes of the
cross-peaks H1–H3 (Table I) are equal to 0.05, 0.6, and 1.1
MHz, respectively. The two largest calculated shifts are in a
good agreement with the shifts of the two lines resolved in the
four-pulse spectrum shown in Fig. 5, A and C, and could be
assigned to H2 and H3. The shift from H1 is too small to be
resolved, even in a four-pulse spectrum. The loss of intensity at
2�I (Fig. 5, B and D) could in part be accounted for by an
exchangeable proton near this frequency. The proton sum com-
bination peaks therefore confirm the assignment made in the
HYSCORE spectra for the exchangeable protons and the hy-
perfine couplings determined from these spectra.

One can note that values of (2a � T)2 determined for ex-
changeable protons are significantly less than 16�I

2. This
means that a simplified equation for the shift � � 9T2/16�I is
applicable in this case (19) and allows for a direct estimation of
T from the shift of the sum combination peak from 2�I. Two
sum combination lines observed in the four-pulse spectra with
the shifts 0.5 and 1.0 MHz correspond to T � 4 and 5.1 MHz, in
close agreement with the values determined from HYSCORE
spectra, thus providing independent support for these values.
Some difference in T between four-pulse and HYSCORE can
probably be attributed to the partial overlap of cross-peaks in
HYCORE spectra, leading to distortion of the contour line
shape.

In addition, the four-pulse spectra in 2H2O show the appear-
ance of lines near the Zeeman frequency of deuterium and an
intense line near the double frequency (Fig. 5B). However, this
peak does not show any additional features that would allow us
to distinguish contributions from different deuterium nucleus,
nor does it show any additional quadrupole splitting to provide
information about orientation of the O2H bonds.

No extended cross-peaks from non-exchangeable protons of
methyl, methoxy, and methylene protons of the “tail” are visi-
ble in the HYSCORE spectra of SQ in the Qi-site, except the
peak centered at the proton Zeeman frequency with shoulders
corresponding to proton coupling constants up to �1 MHz.
Analysis of the published data for hyperfine constants for UQ10

and other quinones can provide the additional information
needed to understand this result. The ENDOR spectra of UQ10

in frozen solution gave values of A� � 0.5 MHz and A� � 1.3
MHz for methoxy protons and A� � 4.8 MHz and A� � 8.5 MHz
or a � 6 MHz and T � 1.2 MHz for the methyl protons (20). No
lines from methylene protons were detected.

Theoretical calculations show that the proton hyperfine con-
stants depend on the conformation of the substituent and thus
could be different for the SQ in proteins. For instance, Salerno
et al. (13) report the observation of the following non-exchange-
able resonances with the proton couplings 0.2, 0.75, and 1.1
MHz assigned to amino acid protons and distant quinone pro-
tons. The 1.1-MHz coupling is in a good correspondence with
the values reported for methoxy protons in UQ10 and also could
contribute to the proton peak in HYSCORE spectra remaining
after deuterium exchange. In addition, the peaks correspond-
ing to two splittings of 3.9 � 0.7 and 7.8 � 0.7 MHz were
suggested in the spectra after solvent replacement. Those were
assigned to the A� components of the protons of CH2, or CH3

groups. However, the peaks corresponding to A� for these cou-
plings were not detected. Observation of these resonances in
ENDOR spectra and their absence in the HYSCORE spectra
allow us to suggest that interactions with methyl and methoxy
protons are mostly isotropic, i.e. a �� T, and this conclusion is
partly supported by ENDOR results for the methyl protons in
UQ10, where a exceeds T five times. The condition a �� T is not
favorable for ESEEM, and this would explain qualitatively the
absence of any peaks from these protons in HYSCORE spectra.
In addition, one can take into account the following consider-
ation. Observation of only one coupling from the CH2 or CH3

protons suggests their equivalence and indicates some rota-
tional mobility of the CH3 group (or movement of the tail)
leading to averaging and an effective decrease of the anisotro-
pic coupling and a consequent suppression of the ESEEM.
These considerations show the need for additional ENDOR
experiments to clarify this question. On the other hand, our
results demonstrate the convenience of the ESEEM/HYSCORE
approach for studying exchangeable protons around the SQ,
without any detectable contribution from substituent protons.

DISCUSSION

Characteristics of Hydrogen-bonded Protons—Hydrogen
bonds of semiquinones in frozen alcohol solutions and reaction
centers have been extensively studied by ENDOR spectroscopy.
The results of this work could be summarized in the following
way: 1) All SQs in frozen alcoholic solutions show formation of
hydrogen bonds with carbonyl oxygens. Hydrogen bonding to
the quinone carbonyl groups occurs via proton donation to the
two lone pairs on the sp2 hybridized carbon oxygen. In the
unsubstituted quinones, the geometry of hydrogen bonds cor-
responds to in-plane coordination, along the lone pair orbital of
the oxygen. The protons of hydrogen bonds are characterized by
almost purely anisotropic hyperfine couplings, with values for
T between �2.6 and �2.9 MHz and with values for a between
0 and 0.3 MHz (20–22). The experimentally observed values
are supported by density functional theory calculations (23,
24); and 2) when bulky substituents are present on the ring
system, hydrogen bond formation is apparently forced out of
the ring plane and can occur either above or below the plane.

The quinone in the Qi-site is a UQ10 molecule that has bulky
substituents in all positions of the ring near the carbonyl oxy-
gens. Therefore, one can expect the formation of out of plane
hydrogen bonds with the SQ of this molecule even in frozen
aqueous or alcoholic solutions, where the formation of hydro-
gen bonds is not restricted by the protein environment. The
density functional theory calculations show that deviation of
the hydrogen bond from the quinone plane leads to a simulta-
neous increase of the isotropic and anisotropic coupling of the
hydrogen-bonded proton (25). This demonstrates the impor-
tance of the H-bond geometry in determining the magnitude of
the H-bond tensor. This effect is not accounted for in the simple
point-dipole model used for estimation of H-bond length
(20–22).
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A second factor influencing the geometry of hydrogen bonds
and proton hyperfine couplings is the protein environment
itself, particularly the location of suitable hydrogen-bond part-
ners for the semiquinone molecule. A radical embedded in a
protein pocket is subject to geometrical constraints affecting
orientation of either substituents and/or molecular skeleton.
For instance, the reaction center of the photosynthetic bacte-
rium R. sphaeroides contains primary QA and secondary QB

quinone acceptors, which possess different properties. The EN-
DOR spectra of their semiquinones show significant differences
in the signals from exchangeable protons. For semiquinone in
the QA site, three peaks corresponding to the couplings �A1� �
4.6 MHz, �A2� � 6.2 MHz, and �A3� � 8.9 MHz have been
associated with hydrogen bond protons (18). Two smaller cou-
plings were assigned to the A� components of two different
axially symmetric hyperfine tensors and the large splitting
with peaks of low intensity to one A� component.

For semiquinone in the QB site, only two couplings �A1� � 3.1
MHz, �A2� � 5.0 MHz from exchangeable protons were detected
and assigned to the A� components of two tensors. Possible
contributions from A� components were not identified in the
spectra (18).

Q-band ENDOR studies were also performed for the anion-
radical of the UQ10 in the high affinity site (the QH-site) of bo3

quinol oxidase. In contrast to photosynthetic reaction centers,
the QH-site serves to oxidize QH2 by electron transfer from the
ubiquinol pool to the oxygen-consuming center of the terminal
bo3 oxygenase. In this sample, the deuterium ENDOR has
shown only one splitting, corresponding to the proton coupling
5.2 MHz (26). This observation is supported by X-band ENDOR
study of decyl-ubisemiquinone in bo3 oxidase where peaks from
exchangeable protons assigned to A� � �5.1 MHz and A� �
11.7 MHz were seen (27). This latter study also reported model
ENDOR experiments with decyl-ubisemiquinone in isopropa-
nol (O1H and O2H). In these samples, features assigned to the
exchangeable protons were interpreted as a contribution of two
similar but not identical protons with A� � �1.7 and �2.4
MHz and A� � 4.9 and 6.1 MHz. The correspondence between
different A� and A� was not established. These data differed
quantitatively from the previously reported ENDOR results for
UQ10 in propan-2-ol (O1H and O2H) with A� � �1.3 MHz and
A� � 6.0 MHz for one hydrogen-bonded proton and A� � �1.17
MHz and A� � 5.6 MHz for the second one (20). One can note,
however, that the assignment mentioned above leads to the
couplings a � 0.5–1.2 MHz and T 	 2.3–2.6 MHz that are in
contradiction with theoretical calculations predicting increased
anisotropic hyperfine coupling for the out of plane protons of
the order 4–5 MHz, as we observed in our experiments.

This brief consideration shows that interpretation of the
ENDOR spectra from exchangeable protons in model UQ10

systems, and hence, the number of hydrogen bond protons and
their hyperfine couplings, are still open to question. In this
situation, we expect that model comparative two-dimensional
ESEEM experiments with UQ10 in normal and deuterated
water and/or alcoholic solutions would be extremely desirable.
They will help to establish more accurately the number of
protons forming hydrogen bonds, determine their isotropic and
anisotropic hyperfine couplings, and provide support for the
correct interpretation of the ENDOR resonances observed in
similar samples.

Possible Assignment of the Observed Hydrogen Bonds—Our
data show the presence of three exchangeable protons with
significant differences in hyperfine couplings, which are prob-
ably involved in hydrogen bonds with the SQ in the Qi-site. Two
of them possess large anisotropic hyperfine coupling with
T�4–5 MHz. In agreement with theoretical calculations (25),

these could be assigned to the protons of hydrogen bonds with
carbonyl oxygens. The difference in values for anisotropic cou-
pling probably reflects a different deviation of the hydrogen
bonds out of the ring plane. Such differences could be deter-
mined by the orientation of the hydrogen bond donor in the
protein environment and/or by the influence of the substitu-
ents, which are different for the two carbonyls. An asymmetry
in H-bonding leads to the asymmetric distribution of unpaired
spin density on the carbonyl oxygens that could also contribute
to the observed difference in hyperfine coupling (28).

The third proton demonstrates significantly smaller aniso-
tropic hyperfine coupling (�4–5 times). The crystallographic
structures suggest several possibilities for assignment of this
proton. Indeed, the several different configurations shown in
crystallographic structures for each of the potential H-bond
acceptor functions of the quinone present an abundance of
possibilities. This might be taken to represent a substantial
degree of flexibility of the site, a view emphasized by the many
different inhibitors that occupy the same volume. The other
protein side chain within H-bonding distance is Ser-205. How-
ever, in alignment with the R. sphaeroides sequence, this is
replaced by an asparagine, also a potential H-bond donor. If a
protein side chain is involved, it seems most likely that the
third proton seen in our data comes from the formation of a
hydrogen bond from asparagine to the oxygen of a methoxy
group, which would be expected to possess significantly smaller
unpaired spin density. This would account qualitatively for the
observed decrease in hyperfine coupling. In all structures, one
or more H2O molecules are involved in H-bonds with the qui-
none or its immediate liganding atoms, and could also possibly
be involved in direct H-bonds to the SQ. Because of the weak
coupling, if the third proton was associated with an H-bond
from water to a carbonyl O-atom, it would likely be at second
shell distance.

Mechanistic Implications—The different configurations of
the Qi-site quinone in crystallographic structures likely reflect
a plasticity of the site in accommodation of the different occu-
pants of the catalytic cycle. The properties of the bound com-
ponents of the Q/SQ/QH2 redox system have been explored in
detail by redox titration and interpreted in the context of the
classical disproportionation reaction (29–33). From the posi-
tion of the characteristic bell-shaped curve for [SQ] as a func-
tion of ambient potential (Eh), it has been concluded that the
semiquinone is formed from a bound Q/QH2 couple in which the
binding for QH2 is 30–100-fold stronger than that for Q. The
SQ is strongly stabilized as compared with the reaction in the
lipid phase. From the pH dependence, it is suggested that the
semiquinone is bound as the anion, Q�

�. These binding charac-
teristics have to be explained in the structural context. Several
other factors need to be considered that complicate this simple
picture. Formation of the semiquinone by reduction of the
oxidized bc1 complex in the presence of myxothiazol (which
blocks reactions at the Qo-site) is accompanied by a reduction of
heme bH (9, 34). This corresponds to a reversal of the second
electron transfer of the two-electron gate mechanism. The ther-
modynamic properties suggest that the reaction occurs accord-
ing to the following process (35–38).

QH2(pool) � cytbHQ% Q(pool) � cytbH
�QH�(H�)

REACTION 1

The formation of the semiquinone perturbs the properties of
heme bH so as to raise the Em value of the fraction participating
in this reaction so that a new component is seen in redox
titrations with an apparent Em,7 of 150 mV, and this compo-
nent is called cyt b150. This would correspond to the right-hand
product of Reaction 1. The cyt b150 state is sensitive to antimy-
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cin, so that the addition of this inhibitor induces an oxidation of
cyt b150, and redox titrations in the presence of antimycin show
only the conventional heme bH titrating at Em,7 of �50 mV.
Partial reactions giving rise to the overall process of Reaction 1
are

QH2(pool) � cytbHQ % Q(pool) � cytbHQH2

REACTION 2

cytbHQH2% cytbH
�QH � 
H��

REACTION 3

At any defined pH, the equilibrium constant for formation of
the cyt b150 form, obtained from the partial processes of Reac-
tions 2 and 3, is given by

Keq � K(2)K(3) � (KA(QH2)/KA(Q))exp{(Em(cytbH)�Em(QH�/QH2))F/RT} (Eq. 5)

where KA values are association (binding) constants for QH2

and Q, and Em(cytbH) and Em(QH�/QH2) refer to the mid-point
potentials of cyt bH and of the SQ/quinol couple bound at the
site, respectively.

Examination of Equation 5 shows that an increased value of
Keq could be expected if Em(cytbH) is increased, if Em(QH�/QH2) is
decreased, if the affinity of quinol is increased, or if the affinity
of quinone is decreased. However, the affinities for Q and QH2

have a significance that can be expressed in a different form.
When expressed with respect to the potential of the quinone
pool, the ratio of binding constants for Q and QH2 contributes
to the value for Em(QH�/QH2) in such a way as to cancel the
pre-exponential term. This gives

Keq � exp{((Em(cytbH) � Em(Q/QH�)) � 2Em(Qpool))F/RT} (Eq. 6)

where Em(Q/QH�) refers to the bound couple. This same expres-
sion can also be derived directly from Reaction 1 using the
conventional relationship between equilibrium constant and
half-cell potentials. Incorporation of this equation in a com-
puter model allows exploration of the variation of redox states
of all components as a function of redox potential, pH, etc. (38).

The binding properties of the different components of the
Q/SQ/QH2 system at the Qi-site that emerge from this analysis,
as well as the interaction with heme bH, need to be explained in
the context of the structure. Of particular interest are the
changes in ligation that accompany changes in binding occur-
ring during the catalytic cycle. From this perspective, the H-
bonding pattern of the SQ provides important clues about the
intermediate cyt b150 state. In discussion of the role of His-217,
we proposed a reaction sequence in which the different struc-
tures seen by crystallography were incorporated into different
configurations of the site leading to transitions from the empty to
the Q-bound state. The configuration of the SQ-bound state was
provided by the EPR data, which we can now extend to include
the three H-bonds demonstrated here. A structural model is
shown in Fig. 6, in which the side chains shown are those for the
R. sphaeroides sequence. Apart from side chain changes (of Ser to
Asp at residue 221 and of Ser to Ala at residue 49), the positions
of the corresponding residues of the bovine structure and all,
except one, crystallographic waters were retained.

The rotamer of Asn-221 that brings the N-�2 atom into
H-bonding distance of the –O-CH3 also brings the O-�1 atom
close to the position occupied by a bound water molecule in the
bovine structure and makes a similar H-bond to the heme
propionate. This water has been removed. An additional H-
bond to water seen on the bovine structure is also shown, from
the O1-atom of quinone, which also H-bonds to Asp-252 (Asp-

FIG. 6. The Qi-site model for R. sphaeroides, showing suggested ligands, and H-bonds. The bovine mitochondrial bc1 complex (Protein
Data Bank number 1pp9) was mutated in silico using Swiss-PdbViewer (www.expasy.org/spdv/) by changing Ser-205 to asparagine, Ser-35 to
alanine, with the residues renumbered to the bacterial sequence. A water molecule was removed to avoid steric interference with the side chain
carbonyl of the asparagine. Rotamers for both residues were chosen to allow H-bonding consistent with that seen in mitochondrial structures, as
detailed under “Discussion.” All other atoms were retained in the same coordinates as specified in 1pp9. Energy minimization using the Gromos96
force field parameters under Swiss-PdbViewer did not change the configuration significantly for the residues shown.
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228 in the bovine structure). The general pattern of H-bonding
is appropriate for the function of the site since it can, in prin-
ciple, accommodate all the occupants of the catalytic cycle, as
noted in the reaction mechanism proposed previously. Both
aspartate and histidine have pK values that, with some tweak-
ing by local coulombic effects (see below), might be expected to
occur in a range appropriate for function. The carboxylate and
imidazole groups can therefore perform either H-bond donor or
acceptor functions. In its acidic form as the Asp-COOH, or in its
neutral form as His � NH, these residues can act as H-bond
donors to bind Q, and as Asp-COO� or His � N, they an act as
H-bond acceptors in the binding of QH2. Transfer of two elec-
trons to the Q would induce this transition, leading to the
transfer of two hydrogen atoms overall. The mechanistic inter-
est lies in how the charge compensation necessary to allow the
reaction to precede is achieved. For His-217, this seems rela-
tively straightforward; the residue lies at the surface and is in
H-bonding contact with waters that might allow ready dissoci-
ation or association of H� (9, 10). For Asp-252, exchange of H�

with the external phase would be impeded by occupancy of the
intervening space by the quinone reactant species. However,
the conserved neighboring lysine (Lys-251) would likely facili-
tate formation of the Asp-252 anion. It also seems likely that
indirect contacts with heme bH might be of importance in the
mechanism. The quinone in the bovine structure is in van der
Waals contact with one propionate side chain of the heme,
which would allow for the rapid electron transfer observed
through a heme edge pathway, with a 4.9-Å distance between
conjugated systems of the heme and quinone rings. A pattern of
H-bonding involving other waters in the site, which includes
both heme propionates, their liganding side chains (Arg-100,
Trp-31), and one of the heme histidine ligands (His-97), links
the H-bonding status of the quinone occupant to changes in
protonation state of the heme and provides potential pathways
for equilibration of protons through H�-transfer both in the site
and to the external phase (Fig. 6).

Conclusion—By using pulsed EPR spectroscopy to examine
exchangeable protons interacting with the paramagnetic
semiquinone at the Qi-site, we have been able for the first time
to detect three different exchangeable protons through obser-
vation of their separated cross-peaks in two-dimensional spec-
tra and to determine their hyperfine tensors. Two of these are
most likely involved in direct H-bonds to the semiquinone
carbonyls. From the crystallographic structures, we have iden-
tified plausible H-bond partners for the semiquinone and sug-
gested possible configurations for the third (weaker) coupling.
Future work will be directed to the assignment of these protons
to hydrogen bonds with the particular residues and to establish
their geometry. This assignment will require additional spec-
troscopic work using isotopic substitution combined with site-
directed mutagenesis.
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