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Abstract

Electron paramagnetic resonance (EPR) spectra of complex biological systems contain information about the paramagnetic centres present.
Retrieving such information is important since paramagnetic species are common intermediates of all redox reactions in both normal and abnormal
metabolism. However, it is often difficult to determine the nature and content of all paramagnetic species present because the EPR signals from
individual centres overlap. Here, we apply our deconvolution method based on spectra subtraction with variable coefficient to quantify individual
paramagnetic components of human muscle biopsies taken from critically ill patients with severe sepsis. We use low temperature EPR spectroscopy
to identify and quantify nine different paramagnetic species in the tissue. These include the majority of the mitochondrial iron—sulfur centres and the
first in vivo report of a mitochondrial radical assigned to a spin-coupled pair of semiquinones (SQ"—SQ"). We have previously demonstrated in these
same muscle biopsies that biochemical assays of mitochondrial dysfunction correlate with clinical outcomes (D. Brealey, M. Brand, I. Hargreaves, S.
Heales, J. Land, R. Smolenski, N.A. Davies, C.E. Cooper, M. Singer, Association between mitochondrial dysfunction and severity and outcome of
septic shock. Lancet 360 (2002) 219-223.). Analysis of the paramagnetic centres in the muscle confirms and extends these findings: the (SQ"—SQ")
radical species negatively correlates with the illness severity of the patient (APACHE II score) and a decreased concentration of mitochondrial

Complex I iron—sulfur redox centres is linked to mortality.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electron transfer in redox reactions plays a fundamental role in
biochemistry. The intermediates of such reactions contain an odd
number of electrons and therefore have a non-zero total electron
spin. Such molecular states are called paramagnetic and can be
detected by the method of electron paramagnetic resonance (EPR)
spectroscopy. The paramagnetic intermediates of redox reactions
are usually transient, short-lived species. However, a steady state
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concentration of such species can be frequently detected in
normally functioning complex biological systems such as cell
cultures or whole tissues. For example, the process of
haemoglobin (Hb) autoxidation in normal human blood results
in a continuous generation (and decay) of a globin free radical
[1,2], shown to be located on a tyrosine residue [3]. On the other
hand, a biochemical system can be brought to a fully reduced or
fully oxidised state in which not a steady state, but rather a fixed
concentration of paramagnetic centres can be detected by EPR.
Mitochondrial electron transfer proteins can be assayed under
either equilibrium or steady state conditions [4,5]. These electron
transfer proteins contain iron—sulfur clusters of two, three or four
iron atoms; depending on the combination of the Fe** and Fe*"
oxidation states of the iron atoms in these clusters, the whole
protein may be paramagnetic (EPR visible) [5].

Biological samples usually contain many different types of
paramagnetic centres. Their EPR signals overlap and make
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analysis difficult, sometimes impossible. Although a significant
number of EPR studies have been performed on animal [6—15]
and human [1,2,16-20] tissues and bacteria, conventional
techniques of EPR spectroscopy do not allow for the accurate
characterisation (and quantitation) of individual paramagnetic
species with overlapping EPR signals in complex systems.
Overlapping EPR signals must be deconvoluted into compo-
nents before an assignment of the signals to individual para-
magnetic centres can be performed. We have previously
suggested a technique of spectra subtraction with variable coef-
ficient that has proved effective in studying individual
paramagnetic centres [3,21-26]. The purpose of this commu-
nication is to demonstrate how this technique can be applied to as
complex a system as whole muscle tissue in order to quantitate
all paramagnetic species detectable. We will consider the low
temperature spectra of whole blood and muscle biopsies of
patients with sepsis, focussing on the latter as muscle bio-
energetic properties have been reported abnormal. Our studies
reveal changes in mitochondrial signals in the pathophysiolog-
ical state, only some of which were predictable from our
previous in vitro assays of enzyme activity.

2. Materials and methods
2.1. Patients

Approval for this study was obtained from the ethics committee of the
University College London Hospitals National Health Service Trust. Patients (or
their next-of-kin) were asked for informed consent (or agreement) before
enrolment. Data were obtained from 26 patients. Full details of the patient
groups and procedures for obtaining biopsies have been reported elsewhere [27].
Briefly, patients with recent-onset severe sepsis or septic shock were studied
within 24 h of admission to the intensive care unit at University College London
Hospitals NHS Trust. Illness severity of each patient was measured by the Acute
Physiology and Chronic Health Evaluation (APACHE II) Score [28]. Tissue
biopsies (approximately 200 mg) were taken from the vastus lateralis thigh
muscle. A control group consisted of nine otherwise healthy patients undergoing
elective total hip replacement for degenerative arthropathy.

2.2. Tissue sample preparation

The tissue samples were placed in both-end-open Wilmad SQ EPR tubes
(Wilmad Glass, Buena, NJ) which were then frozen in liquid nitrogen. To
minimize the effect that slightly different size of the tubes might have on the
quantitative results, only selected tubes were used with outer diameter 4.05+
0.07 mm and inner diameter 3.12+0.04 mm (mean+range). The tubes were
filled with tissue samples tightly (avoiding the formation of air spaces) to a depth
greater than the working zone of the resonator (1.3 c¢cm). This meant that for
tubes of equal diameter, the amount of tissue that generated the EPR spectrum
was always the same.

2.3. Reduction of tissue samples with dithionite

Frozen tissue samples were pushed out of the EPR tube, weighed and placed
in 450 pl of 75 mM phosphate butfer (pH 7.4) to thaw. Once thawed, the sample
was homogenised with a Kinematica AG (Luzernerstrasse 147a, CH-6014
Littau-Lucerne, Switzerland) handheld homogeniser Polytron PT 1200 CL (5 s
at maximal speed). A volume of 92 pl of dithionite stock solution (160 mM) was
added to the homogenate and the mixture incubated at 4 °C for 3 min. The
reduced homogenate was then placed into the same EPR tube (washed and
dried) with a syringe attached to the other end of the tube; the tube was then
incubated in liquid nitrogen vapour until frozen (~1 min) and then placed into
liquid nitrogen (direct immersing into liquid nitrogen, without pre-incubation in

the vapours, could result in tube cracking). The tissue samples were
homogenised and reduced in turn, so a fresh dithionite stock solution was
prepared for every five consecutively thawed, homogenised and reduced tissue
samples. The final concentration of dithionite was about 20 mM, slightly
varying according to individual dilution factors. The final dilution factor for the
tissue components was also determined individually, depending on the initial
tissue sample weight (the range was 150-230 mg; 1 mg was considered
equivalent to 1 ml).

2.4. EPR spectroscopy

All EPR spectra were measured on a Bruker EMX EPR spectrometer
(X-band) equipped with a spherical high quality Bruker resonator SP9703 and
with an Oxford Instruments liquid helium system for EPR measurements at low
temperature. EPR spectra simulations were performed with WINEPR SimFonia
1.25 (Bruker Spectrospin Ltd., Coventry, UK).

2.5. EPR spectra subtraction with variable coefficient

Fig. 1 shows an illustrative example of how the technique of spectral
subtraction with variable coefficient can be used. The EPR spectra A and B are
both sums of different EPR signals; importantly, the partial proportion of these
signals is different in the two spectra: the intensity of the signal that causes the
trough at the g-factor value of 1.99 (we shall call it EPR signal X) is notably
greater in spectrum A. A difference spectrum B—kA is constructed, and the
coefficient & is varied until the EPR signal at g=1.99 completely disappears
from the difference spectrum. This happens at k=0.42, when a smooth baseline
is observed in the difference spectrum (formally 4 is varied until the second
derivative of the difference spectrum does not cross zero in the region of the
signal’s width). Signal X, responsible for the g=1.99 feature, may have other
components, not as clearly manifested as the 1.99 line. But all those components
(if any) will be changing simultaneously with %, so the difference spectrum at
k=0.42 does not have signal X at all. If the intensity of signal X in spectrum A is
taken to be 1, then the intensity of the signal in spectrum B is 0.42. Spectrum A

1.99 A
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0672
0.588
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0.420
0.336
0.252
0.168

3320 3370 3420 3470
Magnetic field, G

Fig. 1. An illustration of the procedure of spectra subtraction with variable
coefficient This can be used first to eliminate an EPR signal from the overall
EPR spectrum and then to determine the signal’s intensity in relative units. The
experimental spectra A and B in this example are those of muscle tissue biopsies
taken from two patients with sepsis. The difference spectrum at £=0.42 does not
contain the g=1.99 signal. Instrumental conditions: microwave power
P=3.18 mW; microwave frequency v=9.47 GHz; modulation amplitude
Am=3 G; modulation frequency v,,=100 kHz; time constant =41 ms; sweep
rate v=>5.96 G/s; number of scans averaged (NS)=8; registration temperature
T=10 K.
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can be used in the same way to determine the intensity of signal X (in relative
units) in a series of spectra. To convert signal X intensity in a series of spectra to
absolute concentrations of the paramagnetic species responsible for signal X, we
would need a pure EPR lineshape of signal X, which should be double
integrated, and the integral should be compared with a double integral of an EPR
spectrum of a concentration standard (often Cu®* ions in solution).

2.6. Normalisation of derived data

In order to correct for differences in mitochondrial density in the sample
collected, all muscle spectra were initially normalised to citrate synthase activity
(a mitochondrial marker enzyme) measured as described previously [27]. The
intensity of individual EPR signals was then compared to the average intensity
of that signal in the control samples (n=9). For illustrative purposes and because
it does not affect the statistical analysis, in the figure showing the mortality
outcome (Fig. 9), the data for the paramagnetic components in the patients who
died is normalised to the mean value of the same components in the group that
survived (the latter normalised to 1 for every species).

3. Results and discussion
3.1. EPR spectra of human blood and muscle

Fig. 2 shows the X-band (9 GHz) EPR spectra of human
venous blood and muscle measured at a low temperature. The
most pronounced feature in both spectra is the signal at g=5.9
originating from haem proteins in the high spin (h.s.) ferric
(Fe'"y state [29]. In blood, this EPR signal is associated with
methaemoglobin (metHb) [1]. The peak at g=5.85 is the
perpendicular component of the axially symmetrical spectrum of
the h.s. metHb, whereas the parallel component is detected at a
much higher magnetic field giving the g-factor value of 2.00
[29]. Oxidised haem proteins can exist also in the low spin (L.s.)
state, when the 6th coordination position of the haem ferric ion is
occupied by a small molecule or by a side group of an amino acid
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residue [30]. Normally, there is a number of different 1.s. forms
of metHb in blood, formed by different ligands at the distal (6th)
coordination site [22]. Their relative and absolute concentrations
depend on a number of factors and are variable in different
individuals and even in the samples taken from the same
individual at different time. Spectrum A in Fig. 2, being an
arithmetic sum of the spectra of the samples from four different
patients, shows a low concentration of the l.s. forms of metHb.
One of those, just detectable at g;=2.59 g,=2.18 and g3=1.83,
can be identified as hydroxyl haemoglobin (where the distal
ligand is hydroxyl anion OH ") [30].

Catalase is another haem protein that can be detected in whole
blood. Its resting ferric state has the haem in the h.s. form but, in
contrast to the h.s. form of metHb, the geometry of the haem is
distorted and does not show an axial symmetry (the porphyrin
ring is slightly stretched). As a result, the two components, that
have equal g-factors and are therefore ‘perpendicular’ in the case
of axial symmetry (g=5.85 in metHDb), are split into g; =6.49 and
2,=5.31, and the third component (the parallel g=2.00
component in metHb) is shifted to a higher field to the value
of g3=1.98 (Fig. 2) [8].

The EPR signal in the blood spectrum with a g-factor of 4.28
is characteristic of non-haem h.s. ferric ions Fe"" in rhombic
coordination [31]. The specific lineshape of this signal (Fig. 2A)
is a signature of the bicarbonate ions (HCO3) participating in
such coordination [32]. The plasma protein transferrin, that
binds iron in a bicarbonate-dependent mode, is responsible for
this EPR signal in blood [32].

The g=2.05 EPR signal in the blood spectrum (Fig. 2A) is a
typical signal of copper ions in the oxidised state Cu** [33]. The
interaction of the copper nucleus with a spin of I=3/2 with the
unpaired electron results in a hyperfine splitting into four lines.
This is usually seen well for the parallel component of the
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Fig. 2. The EPR spectra of blood (A) and muscle (B) from patients with severe sepsis. Each spectrum is an average of 4 individual spectra taken from different patients.
The g-factors of major EPR centres are indicated. The instrumental conditions were (see Fig. 1 legend for letter coding): P=3.18 mW; v=9.467 GHz, 4,,=5.0 G;

vm=100 kHz; 7=82 ms; v=22.64 G/s; NS=1; T=10 K.
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Fig. 3. The EPR spectrum of muscle in patients with severe sepsis (A) and the
spectrum of tightly coupled activated bovine heart submitochondrial particles
during steady-state NADH oxidation [36] (B). Since the spectra were measured
at different microwave frequencies, their resonance field values are also different
and therefore omitted. Instead, the spectra were overlaid on the basis of common
g-factor and gridlines were drawn at an interval of 100 G. The g-factors of major
features in the spectrum of tissue are indicated. The instrumental conditions for
A were (see Fig. 1 legend for letter coding): P=0.05 mW; v=9.470 GHz,
An=3.0 G; v,=100 kHz; =41 ms; v=9.56 G/s; T=10 K. The spectra of
samples from 11 patients, each sample recorded at NS=4, were averaged to
produce spectrum A. Spectrum B was measure at P=2 mW and 7=16 K [36].

spectrum on the left from the main perpendicular feature, but
often unresolved for the latter. The centre mostly (though maybe
not exclusively) responsible for this signal in blood is cerulo-
plasmin, the blue multi-copper oxidase present in plasma [34].
The last EPR signal that can be seen in the EPR spectrum of
whole blood is the small singlet at g=2.004 from free radicals.
This signal is not indicated in Fig. 2 since it overlaps with the
parallel component of the h.s. metHb at g=2.00. The free
radicals responsible for this signal are tyrosyl radicals formed on
haemoglobin following its interaction with peroxide; the nature
of these radicals has been described in details elsewhere [1-3].

Succinate

Once all EPR signals in blood spectra are identified, the
relative concentration of the paramagnetic centres responsible
for them can be directly determined by using the technique of
spectra subtraction with variable coefficient, as explained in
Fig. 1 and in the text above.

The muscle spectrum B in Fig. 2, as well as blood spectrum
A, has a strong signal from h.s. ferric haem proteins in the g=6
region. This spectrum originates from the muscle tissue protein
myoglobin in the oxidised (met) form (metMb) and from
methaemoglobin (metHb). We think that metMb is likely to be
the dominant component as the g=6 signal is significantly
smaller in tissues containing no myoglobin, e.g., liver [35].
Traces of the h.s. catalase EPR signal can be seen at both sides
from the g=06 signal. A signal from rhombic ferric iron at g=4.3
is also present, though its lineshape is different from that in
blood; it is probable that a number of species contribute to this
signal. The area of the spectrum covering the magnetic field
range of 2800—-3800 G contains many overlapping EPR signals.
The analysis of this area, i.e., deconvolution of the spectrum to
composite components, assignment of each component to a
paramagnetic centre and quantitation of all centres (concentra-
tion determination), would make the paramagnetic description
of human muscle tissue complete.

3.2. EPR spectra deconvolution and assignment of each
individual species

The EPR spectrum of human muscle shown in Fig. 3A
covers a 1000 G wide area around the g-factor value of 2. It is
obvious that many paramagnetic centres with different EPR
signals contribute to this spectrum. Most of these centres are in
mitochondria of the muscle tissue, as can be concluded from the
comparison of spectrum (A) with the spectrum of purified and
concentrated submitochondrial particles (Fig. 3B). The latter
spectrum has been taken from the literature [36].

Mitochondria contain the respiratory chain (Fig. 4), a set of
protein complexes associated with the inner membrane and
participating in the transfer of electrons from the substrates
(NADH and succinate) to molecular oxygen. Depending on the
substrate-to-oxygen ratio, the whole chain, or a part of it, could
be either reduced or oxidised, and, depending on the com-
bination of the oxidation states Fe®" and Fe*" in the multinuclear
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Fig. 4. Schematic presentation of the respiratory chain redox components in the inner membrane of mammalian mitochondria (after Ohnishi [36]). Iron—sulfur clusters
in the NADH-ubiquinone (Complex I) and succinate—ubiquinone (Complex II) oxidoreductase segments are indicated by symbols N and S, respectively. The numbers
of iron and sulfur atoms involved in each cluster are indicated by the subscripts. The Complex I components are arranged in the box by their redox midpoint potential

increasing from the left (FMN, flavin mononucleotide) to the right (N2).
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Table 1

The g-factors of the iron—sulfur clusters

Fe-S cluster x gy 2 Reference
Nla Not visible [36]

N1b 2.022 1.938 1.923 [53]

N3 2.037 ~1.93 1.86-1.87 [54,55]
N4 2.10-2.11 ~1.94 1.88 [54]

N5 2.07 1.93 1.90 [36]

N2 2.054 1.922 1.922 [53]

S-1 and S-2 2.029 1.935 1.915 [36,39]
S3 2.017 2.000 1.968 [39,42]
Rieske 2.01 1.91 1.78 [40,56,57]

iron—sulfur clusters, these can be either paramagnetic (detect-
able by EPR) or diamagnetic (EPR silent). Many of the electron
transfer proteins have been individually characterised before,
and their EPR signals, usually consisting of three anisotropic
components (Table 1), are known.

We have used the g-factors of the iron sulfur clusters, taken
from the literature (Table 1), to assign the EPR signals observed
in the total EPR spectrum of whole muscle (Fig. 3). In order to
obtain the pure lineshapes of individual EPR signals, we tried to
use the procedure of spectra deconvolution applied to a set of
experimental muscle spectra using a different relative proportion
of the individual signals. Unfortunately, this approach proved
unsuccessful because the differences in the proportions were not
great enough to ensure a good signal-to-noise ratio in the
extracted pure lineshape signals. Therefore, we used computer
simulations of the pure lineshapes as our basis spectra. Using the
published g-values as a guide, we slightly changed them in the
simulations in order to fit best the peak position in our experi-
mental spectra. We also varied in the simulations the individual

line width in order to attain the best correspondence with the
experiment (to a first approximation the linewidths were
assumed to be isotropic to reduce the number of degrees of
freedom in the fitting procedure) The result of the simulation of
the four signals from the Fe—S clusters in Complex I is shown in
Fig. 5. The intensities of the simulated signals presented in Fig. 5
are the same as the intensities of these signals in the experimental
spectrum A. We found these intensities by using the subtraction
procedure with variable coefficient, with each simulated signal
being subtracted from the experimental spectrum (note Fig. 1).

Spectrum B (Fig. 5) is a result of subtraction of the sum of all
four simulated spectra from the experimental spectrum A, i.e.,
spectrum B does not have any of the signals from the Complex I
clusters. The small signal at g=2.16 is probably the g,
component of the L.s. form of metMb, with OH  ion as the 6th
coordinating ligand (alkaline Mb) [37], the other two g-values at
~2.60 and ~1.83 being below detection level. The signal at
2=2.07 has not been assigned. However, it should be noted that
a similar EPR signal is detected in many biological samples,
including purified Hb and Mb preparations [22]. We have
previously suggested that this EPR signal can originate from a
high spin iron centre with weak bonding and high symmetry
[38]. The narrow singlet line with a typical free radical g-factor
0f 2.005 and a linewidth of ~12 G is present in the EPR spectra
of many mitochondrial preparations and is usually assigned to
the ubisemiquinone radical SQ* [36]. The line marked S3 has a
position in the spectrum typical for the oxidised form of iron—
sulfur centres S3 in Complex II [39]. It is possible that the first
component of the Rieske iron—sulfur centre from Complex III
[40] also contributes to this line.

The feature with the g-factor of 1.99 in Fig. 5 was also
present, though not commented on, in an EPR spectrum from
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Fig. 5. llustrative muscle tissue EPR spectrum and simulated EPR signal of the iron—sulfur clusters N1b, N2, N3 and N4 from mitochondrial Complex I. Spectrum A
(noisy) is the same as A in Fig. 3; spectrum A (smooth) is a sum of the simulated signals, N1b+N2+N3+N4. The simulated signals are shown with the intensities
determined by the procedure of subtraction with variable coefficient (see text). B=A(noisy) — A(smooth). The g-values used in the simulations of the N-cluster signals

are shown on the right hand side of each simulated EPR signal.
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Fig. 6. The use of spectra subtraction with variable coefficient in the extraction of the EPR signal with the g=1.99 component. A—an average spectrum of 6 muscle
samples from the patients with sepsis, each with a strong g=1.99 signal; B—an average spectrum of 6 tissue samples from the patients with sepsis, each with a weak
2=1.99 signal; C=2(A —0.72B), the coefficient k=0.72 was chosen to minimize the input of all EPR signals non-related to the 1.99 line. D—the same as C, but after
the simulated signals from N2, N3 and N4 (the same as in Fig. 5) have been subtracted; E— SQ°—SQ" pair spectrum as simulated in [43]. The instrumental conditions
for spectra A and B were (see Fig. 1 legend for letter coding): P=13.8 mW; v=9.468 GHz, 4,,=3.0 G; v,,=100 kHz; t=41 ms; v=5.96 G/s; T=10 K, each of the 6
spectra in both cases was recorded at NS=2. The g-factors of main features in spectrum D are indicated. A field scale was attributed to spectrum E simulated in [43]
with reference to the two points (marked with crosses) for which the g-factors were specified in the original paper (2.0145 and 1.990 [43]) and the values of magnetic
field were calculated when v was allowed to be the same as in spectra A and B, 9.468 GHz. The position of the average g-factor of the simulated spectrum E (2.0056) is

also indicated.

bovine submitochondrial particles [41]. The 1.99 line is bigger in
some muscle samples and smaller in the others. This was used in
the extraction of the whole EPR signal (part of which is seen as
the 1.99 line) from the overall spectrum (Fig. 6). This figure
shows that the whole signal has a quartet-like lineshape.

A similar quartet-like signal with characteristic g-factors
2=2.04, 1.99 and 1.96 has been reported to accompany the
signal from S3 centre in mitochondrial membranes [42]. The
field position of the components of the signal did not depend on
the microwave frequency used; therefore, the multiplicity was
assigned to a spin—spin interaction. Since the signal disappeared
on depletion of ubiquinone Q, one of the spins was assigned to
the ubisemiquinone radical SQ’. The other spin was originally
thought to originate from S3 (since the S3 and 1.99 go together),
but the simulation of the spectrum of the semiquinone—
semiquinone pair for a g-factor anisotropy of g,=2.0041,
gy=2.0066 and g,=2.0066 gave a slightly better fit to the
experimental spectrum than the S3—semiquinone system [43].
The possibility of direct spin—spin interaction between ubise-
miquinone and S3 has also been criticized [44,45]. Therefore the
authors of the study favoured two ubisemiquinone radicals in the
radical pair, rather than S3 and an ubisemiquinone radical.
However, the ubisemiquinone radical pair is likely to be located
in the vicinity of S3 (from the SQj pool), since thenoyltri-
fluoroacetone (TTFA, a specific inhibitor of the succinate—
ubiquinone reductase segment of the respiratory chain)
quenched both the ubisemiquinone pair signal and the fraction
of the non-coupled (the g=2.005 singlet) ubisemiquinone

radical that is close to the succinate dehydrogenase SQj, in
contrast to the fraction of the non-coupled SQ" (the g=2.005
singlet) that are close to cytochrome be; (SQg) [43].

Following the conclusions made in [43], we suggest that the
signal with the 1.99 component in muscle tissue samples
originates from a pair of coupled ubisemiquinone radicals, i.e.,
from an SQ"—SQ" radical pair.

We then compared the intensity of all the signals detected as a
function of the patients’ physiological and chronic health status
using a standard intensive care scoring system (APACHE II). This
score provides a measure of clinical illness severity and takes into
account age, severe chronic comorbidities, core temperature,
heart rate, blood pressure, respiratory rate and a range of blood
analytes [28]. Higher scores indicate a worse clinical status and an
increased likelihood of non-survival. This can be related to the
underlying acute illness, such as pneumonia or bowel perforation,
to provide a statistical population risk of mortality.

The only component of the EPR detectable species in muscle
that showed a significant correlation with the APACHE II score
was the radical pair SQ°—SQ°, where a lower steady state
concentration of this species indicated a more severe acute
clinical score (Table 2). This again shows the relationship
between clinical status in sepsis and muscle mitochondrial
bioenergetics [27]. However, we hesitate to interpret this
correlation in detail, as little is known about the factors affecting
the concentration of this rarely studied species, even in isolated
mitochondria. We merely wish to state that the concentration
will depend on the redox state of Complex II (note that the redox
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Table 2

The slope of the linear regression, correlation coefficient and its confidential
interval for different paramagnetic centres in muscle analysed against the
APACHE II clinical score (on 23 septic patients)

Slope r 95% confidence interval®
MetMb 0.018 0.131 (—0.33; 0.54)
Catalase —0.006 —0.106 (-0.52; 0.35)
Rhombic iron 0.010 0.097 (—0.36; 0.52)
N3 —0.007 -0.097 (—0.53; 0.37)
N4 —-0.020 -0.214 (—0.61; 0.27)
N2 -0.020 —-0.201 (-0.60; 0.28)
SQ* -0.009 -0.116 (—0.54; 0.36)
S3 -0.014 —0.065 (—0.50; 0.40)
SQ°-SQ* -0.039 —0.558 (—0.81; —0.14)

? The 95% confidence interval for the correlation coefficient has been
determined by using Fisher’s transformation of the correlation coefficient r into
anormally distributed variable, for which the mean and variance are known, and
then inverse Fisher’s transformation to express the confidence interval in terms
of 7. Only in the case of SQ*—SQ*, the 95% confidence interval does not cover
the zero value indicating significance of the non-zero value of the slope.

potentials [43] of the spin-coupled signal are 140 mV for
oxidised to semiquinone and 80 mV for semiquinone to fully
reduced). Factors that affect Complex II activity (e.g., citric acid
cycle flux) might be expected to perturb the steady state
concentration of the spin coupled species (arising from an
interaction between two radical species this signal would expect
to be particularly sensitive to effectors acting to perturb electron
flow between them). As we saw no variation in the total
Complex II activity in muscle homogenates from patients with
severe sepsis [27], an explanation based on irreversible damage/
removal of the radical pair is somewhat less attractive than one
based on a steady state kinetic argument.

Fig. 7 demonstrates how the lineshape of the muscle tissue
EPR spectrum changes when different temperatures are used for
EPR measurements. This is caused by the different relaxation
characteristics of the paramagnetic centres. The technique of
spectra subtraction with variable coefficient, using the pure
lineshape signals (Fig. 5) as the subtracted signals, allowed us to
measure the intensities of the individual EPR signals in each
spectrum presented in the figure and to plot the temperature
dependences of the signals (Fig. 7). One might argue that
different parts of a signal saturate differently and therefore the
spectral subtraction cannot be performed. However, this does not
affect the accuracy of our method significantly. Different parts of
a signal can saturate differently (whether temperature or power
are varied). In practice, however, this effect within the
temperature range presented in Fig. 7 manifests itself as varia-
tions in the accuracy of the temperature dependencies obtained
(see panel at the bottom of Fig. 7). The coincidence of all
temperature dependences at the beginning, before saturation
starts (0—8 K for all curves or 0—10 K for all but S3, or 0-20 K
for SQ and N4), is not perfect, as one might expect from the
signals that change their lineshape with temperature. On the
other hand the coincidence of the overlapping parts of the curves
is good enough for the differences between curves to be less than
the variation in a particular species observed in different
samples. So we consider it acceptable. It is important to note
when comparing relative signal between tissue samples, this

effect will be irrelevant anyway, unless there is a significant in
vivo variation in the saturation properties of the centres.

The signal, that was preliminary assigned to the [3Fe—4S]
centre S3 on the basis of its g-factor, is characterised by the
fastest decrease of intensity on temperature increase and is not
detectable above 20 K. This is a well known characteristics of
oxidised centre S3 [46], so the preliminary assignment of the
signal to this kind of clusters is confirmed. An alternate
explanation is that a signal could arise from oxidatively damaged
[3Fe—4S] centres in aconitase (which has similar, though not
identical, g-factors to S3). However, unlike S3, the aconitase
signal is still detectable up to 25 K [47]. Therefore the complete
disappearance of the muscle g=2.01 signal at 20 K (Fig. 7)
suggests that the vast majority of what we are measuring at 10 K
i1s S3, not aconitase.
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Fig. 7. On top, the EPR spectra of a muscle sample from a septic patient
measured at various temperatures (indicated in Kelvin). The components of the
identified paramagnetic centres are indicated. Below, the temperature depen-
dences of the identified EPR signals The amplitudes of the signals were
measured by the technique of subtraction with variable coefficient, i.e., over the
whole line (see Fig. 2) and not at any particular position. All dependences are
normalised to a similar course in the temperature interval 0-8 K. The
instrumental conditions for the EPR spectra: P=13.8 mW; v=9.468 GHz,
Am=3.0 G; v,=100 kHz; =41 ms; v=16.71 G/s; NS=4.
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between intensities of the “1.93” signal before and after reduction in 26 samples of muscle tissue. Total “1.93” signal intensity is a measure of the aggregate
concentration of the reduced forms of clusters N1b, N3, N4 and N2. Line of identity included for illustrative purposes.

Centre S3 is the only iron—sulfur cluster in the mitochondrial
respiratory chain that is paramagnetic in the oxidised form (due
to the odd number of iron atoms in the cluster). The presence of
the S3 signal in the EPR spectra of muscle tissues means that the
chain is not completely reduced. If so, it is possible that there is
a population of oxidised (and therefore EPR silent) clusters
from Complex I in the tissue, and the measured concentrations
of centres N1b, N2, N3 and N4 are underestimated. To explore
this possibility, we reduced the tissue samples with dithionite
and compared the EPR spectra of the reduced muscle with the
spectra of the samples as prepared (Fig. 8). As expected, the

reduction resulted in disappearance of the S3 signal, of the h.s.
haem signal (g=5.88) and of the rhombic ferric iron signal
(g=4.3), all three species being paramagnetic in the oxidised
form. The reduction, however, did not result in any appreciable
increase of the signal at g=1.93, considered to be an integral
measure of the reduced forms of the Complex I clusters. After
the reduction procedure the tissue sample is diluted, and its EPR
spectrum shows signals of accordingly lower intensity (note that
the noise in spectrum B in Fig. 8 becomes greater). The inset in
Fig. 8 (data from 26 patient samples) shows that, on average, the
intensity of the 1.93 signal does not change on reduction if this
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dilution factor is taken into account. Therefore, we conclude
that Complex I is essentially fully reduced in the muscle tissues
as prepared. This is consistent with the data from animal tissue
samples frozen in liquid nitrogen [35,48], although human brain
samples stored following homogenisation convert predomi-
nantly to the oxidised state [49].

3.3. Correlation with clinical outcome

We can now use this method to study the relative concen-
tration of different paramagnetic centres in vivo. In this case we
ignore cluster N1b since its EPR signal intensity, being the
lowest among the Complex I centres, cannot be accurately
determined. Additionally, its spectrum is similar to that of S1, the
reduced [2Fe—2S] centre in complex I, and, although we do not
think that we detect reduced S1 in the muscle samples, we are not
totally confident that changes in its concentration would not
contaminate the deconvolution process.

Fig. 9 shows the relative concentration of different paramag-
netic centres in muscle in the patients suffering from severe sepsis,
grouped as to whether they survived or not. We have previously
shown a significant fall in muscle ATP levels measured at day 1
for those patients who subsequently die [27]. There is also a
tendency for isolated Complex I activity in muscle homogenates
to be lower in the non-survivors. While the random error in the
determination of the paramagnetic components in muscle is
relatively high, we see a statistically significant decrease in the
intensity of centres N4 and N2 in the non-survivors. Both these
centres are located in Complex I (Fig. 4) and this confirms the
trend that we saw in the isolated enzyme activities.

The lower concentration of N4 and N2 in the non-survivors
can be explained in a number of ways. First, the electron
transfer chain could be inhibited, such that there is decreased
reduction of these centres that is maintained during the freezing
process, e.g., by an inhibitory block between N3 and N4. We do
not favour this explanation as the dithionite experiments suggest
the Complex I iron—sulfur clusters in the chain are essentially
fully reduced in all the samples. Inhibition of electron flux also
might be expected to affect the S3 redox state, which does not
happen. An alternative possibility is that N2 and N4 are
specifically damaged, i.e., there are Complex I species lacking
these centres. In favour of this is the fact that another Complex I
centre, N3 is not significantly different between the two groups.
While we cannot rule this out, we consider it an over-
interpretation of the N3 data. There is a tendency for N3 to be
lower in the non-survivors and it has a large random error.
Therefore, we favour the third, simplest explanation of the data,
i.e., that patients in the non-survivor group have, on average,
less Complex I molecules per mitochondria than those that
survive. In principle, quantitative immunoassays or proteomic
techniques could be used to support the contention that the
reduced Complex I activity and decrease in detectable EPR
species in muscle homogenates is merely a consequence of a
decreased enzyme content; however, the relatively small
changes detected here might be difficult to confirm.

This analysis is consistent with the trend from our previous
studies [27] and from long-term animal models of sepsis [50]. It

confirms that mitochondrial dysfunction (and particularly
Complex I damage) is linked to the aetiology of septic shock.
We have not shown a causal nature of this link; however, we do
note increased nitric oxide and decreased glutathione levels in
muscle biopsies from these patients [27]. Complex I is
particularly susceptible to irreversible damage by NO and
peroxynitrite, especially when glutathione levels are low [51].
Furthermore, perturbations in electron flow at the level of
Complex I may have more far-reaching effects than a simple
decrease in respiratory flux, given that it is a major source of
mitochondrial free radical production [52].

4. Conclusion

EPR spectroscopy can be used to describe both qualitatively
and quantitatively the paramagnetic status of a complex system
containing many paramagnetic centres. By using the techniques
of spectra subtraction with variable coefficient, it is possible to
follow changes in the concentrations of individual centres.
While absolute concentrations might be relatively error prone,
relative changes in the concentration of individual centres in
similar experimental systems are likely to be more robust. The
data presented on muscle biopsies clearly illustrate the
usefulness of this approach in a complex real world situation.
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