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The diagnosis of mitochondrial disorders is difficult due to clinical and genetic heterogeneity. Measurements
of mitochondrial respiratory chain (RC) enzyme activities are essential for both clinical diagnoses and many
basic research questions. Current protocols for RC analysis are not standardized, and so are prone to inter-
laboratory variability, and also to biochemical interferences that lead to analytical discrepancies. Moreover,
knowledge of the analytical performances of these assays, which is essential to draw meaningful conclusions
from the results, is lacking. To understand this variability and to propose possible solutions, we systematically
investigated the effect of different homogenization protocols and chemical conditions on RC assays using
muscle homogenates. We developed optimized protocols and a novel complex III method with improved
sensitivity, precision, and linearity. These methods can be reliably performed on minute muscle samples with
a single-wavelength spectrophotometer. Moreover, we measured the variability of the proposed
homogenization protocol and we provide a systematic evaluation of each assay's specificity, precision, and
linearity. These data will be useful for quality control in both clinical and research laboratories.

© 2011 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
1. Introduction

Mitochondrial disorders are a heterogeneous group of inherited
metabolic diseases characterized by impaired function of the
mitochondrial respiratory chain (RC). They can be caused by a large
variety of mutations in either the mitochondrial or nuclear DNA, and
can potentially affect every tissue in the organism. However, tissues
with high metabolic rates such as the nervous system, skeletal
muscles, and the heart are usually most severely affected (DiMauro
and Schon, 2003).

Altogether, mitochondrial disorders are relatively common, with
an estimated prevalence of 9.18 cases per 100,000 adults (Schaefer
et al., 2008). Diagnosis is still a difficult task, due to the large number
of nuclear genes involved and the heteroplasmy of mitochondrial
DNA mutations in different tissues. Skeletal muscle is considered the
most suitable tissue for the diagnosis of these disorders due to its
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+III; CII, complex II; CII+III,
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availability and high metabolic rate. Morphological analyses by
specific histochemical reactions and biochemical measures of RC
enzyme activities are crucial for clinical diagnosis, clinical research,
and many of the basic questions in cell biology.

Activities of RC complexes (I–IV) are assayed spectrophotometri-
cally and the results are normalized to the total muscle protein
content or to the activity of mitochondrial matrix enzyme citrate
synthase. Despite the importance of biochemical measurements,
there is still no consensus on the optimal conditions for these assays,
nor a quality assurance scheme (Thorburn et al., 2004). Althoughmost
published protocols appear similar in principle, they have not been
standardized and employ different muscle homogenization pro-
cedures, as well as different reaction conditions (Barrientos et al.,
2009; Kirby et al., 2007; Rustin et al., 1994; Trounce et al., 1996). The
lack of a uniform methodology has led to striking inconsistencies, as
demonstrated by a recentmulticenter study that compared the results
of RC assays on the same muscle homogenate performed by several
diagnostic laboratories specialized in mitochondrial disorders. There
was considerable divergence of the results among different laborato-
ries, with differences exceeding one order of magnitude (Gellerich et
al., 2004). This issue has also been investigated by a French network of
diagnostic laboratories for mitochondrial disorders, leading to the
development of standardized assays that led to greater consistency
ll rights reserved.
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(Medja et al., 2009). However, the performance of some assays (CIII,
CI+III, and CII+III) was still unsatisfactory due to unreliability and
the difficulty in obtaining linear kinetics and a systematic evaluation
of their sensitivity, reliability, and linearity was not performed.
Moreover, although the use of double-wavelength spectrophotometry
has been suggested to be necessary (Trounce et al., 1996) or at least
preferable to single-wavelength spectrophotometry for mitochondri-
al RC assays (Gellerich et al., 2004) no comparative study was
performed between these two techniques.

The aim of our study was to measure the impact of different
conditions on RC assays, both at the homogenization phase, and at the
analytical phase (i.e. impact of different chemical conditions: and
impact of single- vs double-wavelength spectrophotometry), in order
to develop simple and reliable protocols for the standardized analysis
of RC enzyme activities.

2. Material and methods

2.1. Sample preparation

In order to have a sufficient quantity of the samemuscle tissue and to
spare limited human samples, we used bovine quadriceps muscle
obtained from a freshly slaughtered ox for the development of the
protocols. Use of human muscle tissue from controls was limited to the
validationof theassays anddefinitionof preliminary referencevalues, as
specified. The muscle was cut in fragments, flash-frozen in liquid
nitrogen, and stored at−80 °C. For each experiment, small amounts of
frozen muscle (about 30 mg) were dissected with a scalpel blade in
small pieces and diluted in 19 volumes of ice-cold buffer of specified
composition. Muscle tissue was homogenized in a glass–glass motor-
driven 1 ml-tapered conical tissue grinder (Wheaton Science products)
held in an ice bath, with a specified number of strokes and rotational
speed. The homogenate was then centrifuged at 600×g for 10 min at
4 °C to remove nuclei and insoluble cellular debris sedimented in the
pellet. The supernatant was kept on ice for the assays.

2.1.1. Homogenization buffers
We employed two main categories of homogenization buffers: 1)

sugar-based iso-osmotic buffers including a sucrose based buffer
(CCA) and its variations with the addition of different adjuvants such
as heparin (CCA+Heparin) or BSA (CCA+BSA), and amannitol based
buffer; 2) ionic buffers including KCl buffer and Chappel-Perry buffer
(ChP) with a relatively high ionic osmolarity, or a hypo-osmotic
potassium phosphate buffer (KP). The full composition of the different
homogenization buffers is indicated in Supplementary Table 1.

2.1.2. Protein quantification and Western-blot analysis
Protein concentrations weremeasured using the Bradfordmethod.

Protein samples (20 μg per well) were mixed with loading buffer 4x
(Invitrogen), boiled for 5 min and separated on SDS-PAGE (4–12%
NuPAGE bis–tris polyacrylamide denaturing gel, Invitrogen). Gels
were stained with Coomassie Brilliant Blue. The assignment of muscle
proteins was determined according to Salviati et al. (1982).
Subsequently, proteins were transferred to a PVDF membrane (GE
Healthcare). Membranes were blocked overnight in 2% milk in T-PBS
1X at 4 °C, then incubated at room temperature for 1 h with primary
antibodies: mouse anti-complex I, 1:1000 (Molecular Probes); mouse
anti-complex III, 1:1000 (Molecular Probes); mouse anti-COX1, 1:500
(Molecular Probes); mouse anti ATPase, 1:1000 (Mitosciences),
mouse anti-cytochrome c, 1:1000 (BD Pharmingen); rabbit anti-
citrate synthase 1:5000 (Abcam). Once washed in T-PBS 1X,
membranes were incubated with secondary antibodies: IgG goat
anti-mouse (Santa Cruz) conjugated with horseradish peroxidase at
dilution of 1:10,000 for 1 h, or IgG goat anti-rabbit 1:5000, and then
washed three times. The detection procedure was according to
instructions from the manufacturers (GE Healthcare).
2.2. Enzyme assays

All assays were performed using a Beckman Coulter DU-800 or a
Varian Cary 100 spectrophotometer at 37 °C in a final volume of 1 ml.
Citrate synthase was assayed as previously described (Trounce et al.,
1996).

Complex I (NADH:ubiquinone oxidoreductase, EC 1.6.5.3) activity
wasmeasured by recording the decrease in absorbance due to oxidation
of NADH at 340 nm (ε=6.2 mM−1 cm−1). Muscle homogenate (30 μg
of muscle protein) was assayed under five different reaction conditions
(each component of the reaction was varied while the others remained
constant): 1) different concentrations of Tris–HCl or potassium–

phosphate buffer, 2) buffer pH of 7.5 or 8.0, 3) different concentrations
of NADH, 4) different concentration of the electron acceptors
ubiquinone1 or decylubiquinone, and 5) different concentrations of
the adjuvant bovine serum albumin (BSA). The reaction was started by
the addition of the electron acceptor (ubiquinone1 or decylubiquinone)
and the decrease in absorbance was followed for 3 min. Specificity of
complex I activitywasmeasured by thepercent inhibition after addition
of the complex I inhibitor rotenone (10 μM).

Complex II (succinate dehydrogenase; EC 1.3.5.1) activity was
measured by following the reduction of 2,6-dichlorophenolindophenol
at 600 nm (ε=19.1 mM−1 cm−1). Muscle homogenate (25 μg of
muscle protein) was assayed in 25 mM potassium phosphate (pH 7.5)
under different conditions: 1) different concentrations of succinate, 2)
use of decylubiquinoneor phenazinemethosulfate as electron acceptors
(Hatefi and Stiggall, 1978), 3) different concentrations of decylubiqui-
none, 4) with or without the commonly used adjuvants BSA and ATP
(Rustin et al., 1994). The reaction was started by the addition of
decylubiquinone and the decrease in absorbance was followed for
3 min. Specificity of complex II activity was measured by the percent
inhibition after addition of the specific complex II inhibitors malonate
(5 mM) or 2-thenoyltrifluoroacetone (500 μM).

Complex III (ubiquinol cytochrome c oxidoreductase, EC 1.10.2.2)
activity was measured by following the reduction of cytochrome c at
550 nm (ε=18.5 mM−1 cm−1). Muscle homogenate (6 μg of muscle
protein) was assayed at pH 7.5 under six different conditions: 1)
different concentrations of potassium phosphate and Tris–HCl buffers,
2) the presence or absence of the detergents Tween 20 or lauryl
maltoside, 3) different concentrations of the substrate decylubiquinol,
4) different concentrations of cytochrome c, 5) different concentrations
of BSA, and 6) using the CIV inhibitors potassium cyanide or sodium
azide. The assay was started by the addition of decylubiquinol and the
increase in absorbance was followed for 3 min. Specific complex III
activity was calculated by subtracting enzymatic rates measured in
parallel reactions with antimycin A (10 μg/ml). Decylubiquinol was
prepared immediately before use as previously described (Trounce et
al., 1996) with a slight modification; instead of using a fixed quantity of
5 μl HCl (1 M), we added small aliquots of HCl to the decylubiquinol
preparation to reach a final pH between 2.0 and 3.0.

Complex IV (cytochrome c oxidase; EC 1.9.3.1) activity was
measured by following the oxidation of reduced cytochrome c at
550 nm (ε=18.5 mM−1 cm−1). Muscle homogenate (1.5 μg of muscle
protein) was assayed under four different conditions: 1) increasing
concentrations of potassiumphosphate buffer, pH 7.0 2) varying the pH
of 50 mM potassium phosphate buffer, 3) different concentrations of
reduced cytochrome c, and 4) different concentrations of three
detergents, lauryl maltoside, Tween 20, and Tween 80. The reaction
was started by the addition of muscle homogenate and the decrease in
absorbance was followed for 3 min. Reduced cytochrome c was
prepared immediately before use by adding a few grains of sodium
dithionite (DiMauro et al., 1987) or was prepared before hand and
stocked at −80 °C after reduction with ascorbate and separation by
Sephadex G25 chromatography (Salviati et al., 2002). The specificity of
complex IV activity was measured by the percent inhibition following
addition of 500 μM potassium cyanide.
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Complex I+III (NADH cytochrome c oxidoreductase) was assayed
as previously described (Medja et al., 2009) withminormodifications.
Muscle homogenate containing 30 μg muscle protein was preincu-
bated in distilled water to induce osmotic shock (Chretien et al., 1990)
and then assayed in 50 mM potassium phosphate (pH 7.5), 50 μm
cytochrome c, 1 mg/ml BSA, and 300 μm KCN. The reaction was
started by the addition of 200 μM NADH and the increase in
absorbance was followed for 3 min. Specificity of complex I+III
activity was measured by subtracting results obtained from parallel
reactions with added rotenone (10 μM).

Complex II+III (succinate cytochrome c reductase) activity was
measured by following the reduction of 50 μM cytochrome c at
550 nm (ε=18.5 mM−1 cm−1). Muscle homogenate (30 μg of
muscle protein) was assayed in 25 mM potassium phosphate, pH
7.5, 300 μM KCN, different concentrations of succinate, and in the
presence or absences of the commonly used adjuvants BSA, ATP, and
magnesium (Kirby et al., 2007; Medja et al., 2009; Rustin et al., 1994).
The reaction was started by the addition of cytochrome c and the
increase in absorbance was followed for 3 min. Specificity of complex
II+III activity was measured by the percent inhibition after addition
of the inhibitors malonate (5 mM) or antimycin A (10 μg/ml).

2.3. Performance assessment of the enzymatic assays

To evaluate the analytical performances of each optimized
protocol, we measured the coefficients of variation (CV), the
specificity of enzyme activity, and the linearity. Here we defined
both an intra-assay CV by repeated measures performed on the same
day and an inter-assay CV by repeated measures performed on
different days (n=10). The specificity of the enzymatic activity was
defined as the degree of inhibition by the appropriate enzymatic
inhibitor (n=3±SD). The linearity of enzymatic reactions was
defined by a novel parameter, the linearity index, as the ratio of the
enzymatic rate observed within the first 60 s and the activity
measured between 120 and 180 s (n=5±SD). This parameter can
provide an estimate of the decay of the enzymatic rate calculated two
minutes after the initiation of the reaction; values less than one
indicate a reduced rate of reaction over time. The amount of
homogenate included in the reaction was always well below the
saturation threshold to avoid imprecision in the calculation of the
initial reaction rate and to maximize linearity.

2.4. Statistical analysis

Data are expressed as mean±SD. Statistical analysis of group
differences was performed using the Student's t-test or the ANOVA,
when the independent groups were more than two. Post hoc analysis
was performed using the Scheffé test. The Spearman Rho was used to
check the linear relationship between two variables, when at least one
was ordinal. The coefficient of variation was defined as the ratio
between the standard deviation and the mean of repeated measure-
ments of the same sample. The significance level was set at pb0.05.

3. Results

3.1. Optimization of different muscle homogenization protocols for RC
assays

3.1.1. The type of homogenization buffer affects the quantity and quality
of supernatant's proteins

We analyzed the effect of different homogenization buffers on the
protein composition of the supernatants obtained after centrifugation
of the muscle extracts homogenized in different buffers.

Homogenization of muscle in ionic buffers with relatively high
osmolarity (ChP and KCl) resulted in higher total muscle protein
levels compared to either sugar-based buffers or low-osmolarity
potassium phosphate buffer (Fig. 1A; pb0.0001). This difference was
explained by solubilization of myosin in the muscle supernatants
induced by ChP and KCl buffers. As seen in Fig. 1C, the bands
corresponding to myosin heavy chains are found only in the
supernatants of samples processed with ChP or KCl, Interestingly,
Western blot analysis revealed that with all buffers a considerable
amount of RC proteins was found in the pellets after centrifugation
(Fig. 1B) indicating that a portion of RC enzymes is lost to the
biochemical analysis. However, when RC enzymatic activities were
measured in muscular extracts before and after centrifugation, loss of
absolute enzymatic activities did not exceed 10–20% after centrifu-
gation for any respiratory chain complex (Supplementary Fig. 1),
despite the reduction of about 50% of total muscular protein levels.
Another difference concerns cytochrome c, that was found in the
pellets only in the samples homogenized in mannitol buffer (Fig. 1B),
whereas other buffers allowed virtually complete solubilization of this
protein in the supernatants.

3.1.2. Impact of the homogenization buffer on the respiratory chain
enzymatic activities

To compare the impact of different homogenization buffers on the
function of RC enzymes, enzymatic activities were expressed as
μmol/min/g of fresh tissue without normalization for total protein
levels, because these values were differentially affected by individual
homogenization buffers and therefore could not be used as
normalizers. The protocols employed for this analysis are specified
in Table 1.

Several differences between different buffers reached statistical
significance; however these were not striking, with few exceptions.
The use of mannitol buffer resulted in significantly low activities of
most enzymes, including complexes I, II, and IV (pb0.05 compared to
all other buffers; Fig. 2A–B, D–E). The use of ChP buffer resulted in
significantly higher CIV activities (pb0.01 compared to all other
buffers; Fig. 2D). The addition of the adjuvants BSA and heparin to the
sucrose based-CCA buffer, had no remarkable effects. When activities
are expressed normalized to protein levels, results are significantly
lower for ionic buffers (i.e. complex I activities of CCA vs KCl/ChP:
pb0.0006), due to the higher values of total muscle proteins obtained
with these buffers (Supplementary Fig. S2). Overall, the CCA buffer
appeared a reasonable compromise of efficacy and simplicity, and it
retained considerable enzymatic activities of the homogenates even
after storage at low temperatures (−80 °C, data not shown). It was
therefore chosen for subsequent experiments.

3.1.3. Effect of different homogenization procedures on the respiratory
chain enzyme activities

In order to evaluate if different degrees of muscle homogenization
might have an impact on the yield of respiratory chain enzyme
activities, we measured the effects of different homogenization
protocols, including different numbers of strokes (4, 8, 12, or 16 at
500 rpm) and low versus high rotational speed of the pestle (500 rpm
vs 1600 rpm at 16 strokes). An increase in the number of strokes and
in the rotational speed was associated with a significant linear
increment of measured activities for all RC enzymes tested (Rho=0.7,
p=0.007 for CI; Rho=0.76, p=0.0013, CII;, Rho=0.65, p=0.011 for
CII+III; Supplementary Fig. 3A–C), except for CIV, where the
enzymatic activities progressively increased in parallel with the
number of strokes, but they were severely affected by a high
rotational speed (pb0.012 Supplementary Fig. 3D). Interestingly,
total protein levels in homogenates were essentially constant for all
the condition tested (Rho=0.21, p=0.42; Supplementary Fig. 3E).

3.1.4. Variability assessment of the implemented homogenization
procedure

To estimate the magnitude of variability associated with the
homogenization phase, we calculated the intra-day and inter-day



Fig. 1. Effect of different homogenization buffers on muscle homogenate protein quantity and composition. (A) Influence of different homogenization buffers on the total muscle
protein quantity of muscle supernatants. Values are means±SD of at least 6 measurements in at least 2 independent experiments. Statistical significance: **=pb0.00005
(B) Western-blot analysis of complex I (CI: 30 kDa subunit.), III (CIII: 48.5 kDa subunit.), IV (CIV: 57 kDa, COX I subunit.), ATPase (51 kDa subunit.), citrate synthase (51 kDa) and
cytochrome c in supernatants and pellets obtained after homogenization in the specified buffers, followed by centrifugation at 600×g. (C) Representative PAGE of muscle
supernatants and pellets obtained after homogenization in specific buffers followed by centrifugation at 600×g. Gels were stained with Coomassie blue. The arrowheads indicate the
bands corresponding to myosin (molecular weight: 220 kDa).
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coefficient of variations of respiratory chain enzyme activities (CI, CII,
CII+III, CIV, and CS) of separated homogenates obtained from the
same muscle, either in the same day and in different days (Table 2).
The tested homogenization procedure employed the use of CCA
buffer, 16 up-down strokes at a rotational speed of 500 rpm. The
coefficients of variations for the different mitochondrial enzymes
appeared similar both intra-day (range: 6.3–11.2%) and inter-day
(range: 7–13.1%), and they did not change significantly when
expressing the results normalized with total proteins or with citrate
Table 1
Conditions for spectrophotometric assays of respiratory chain enzymes and citrate synthas

CI CII CIII

Buffer (mM) KP (50) KP (25) KP (25)
PH 7.5 7.50 7.50
Substrates NADH 100 μM Succinate 20 mM DubH2 100 μM

CoQ1 65 μM DCPIP 80 μM Cyt c 75 μM
Dub 50 μM

Detergent – – Tween 20 0.025
Specific inhibitor Rotenone 10 μM Malonate 5 mM Antimycin A 10

TTFA 500 μM
Adjuvants/other reagents BSA 3 mg/ml BSA 1 mg/ml KCN 500 μM

KCN 300 μM KCN 300 μM
λ (nm) 340 600 550
Muscle proteins (μg) 7.5–90 8–130 1.5–18.0

KP: potassium phosphate buffer (concentration in mM); Tris: Tris buffer (concentration
decylubiquinone; DubH2 = decylubiquinol; Cyt c = cytochrome c; Cyt cH2 = reduced cytoch
laurylmaltoside; KCN=potassium cyanide; BSA=bovine serumalbumin;λ: selectedwavelen
homogenates showing linear proportionality with enzymatic activity (r2N0.99).

a Omitted when assaying human muscle tissues, in order to increase the linearity of the kin
synthase activity (Table 2). Intra-assay and inter-assay coefficients of
variation (n=10) of the Bradford method used for total protein
determination were 1.5% and 3.8%.

3.2. Optimization of biochemical conditions for spectrophotometric RC
assays

To identify the optimal analytical conditions for each assay, we
measured the effect of different reagents on enzymatic rates, and selected
e activities.

CIV CI+III CII+III CS

KP (50) KP (50) KP (20) Tris (100)
7.00 7.50 7.50 8.00
Cyt c H2 NADH 200 μM Succinate 10 mM DTNB 100 μM
60 μM Cyt c 50 μM Cyt c 50 μM AcCoA 300 μM

% LM 0.05%a – Triton X 0.1%
μg/ml KCN 300 μM Rotenone 10 μM Malonate 5 mM

– BSA 1 mg/ml KCN 300 μM
KCN 300 μM

550 550 550 412
0.5–4.0 7.5–90.0 7–60 5–80

in mmol/l); CoQ1 = ubiquinone1; DCPIP = 2,6-dichlorophenolindophenol; Dub =
rome c; DTNB = 5,5′-Dithiobis(2-nitrobenzoic acid); AcCoA = acetyl coenzyme A; LM=
gth for the assay;Muscle proteins: range of amount of skeletalmuscle protein frommuscle

etics with time and extend muscle protein concentration range (1.5–24 μg).



Fig. 2. Effect of different homogenization buffers on respiratory chain enzyme and citrate synthase activities, expressed as μmol/min/g fresh tissue. Values aremeans±SD of at least 6
measurements in at least 2 independent experiments. (A) Complex I activities. (B) Complex II activities. (C) Complex II+III activities. (D) Complex IV activities. (E) Citrate synthase
activities.
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the conditions that yielded maximal specific enzymatic activities, the
highest precision, and linearitywith timeandover awide rangeof protein
concentrations, all while maintaining procedural simplicity.
Table 2
Intra-day and inter-day coefficients of variations of respiratory chain enzymes
extracted by separated homogenizations.

CI CII CII+III CIV CS

CV intra-day (n=10) 10.8% 9% 10.7% 11.2% 6.3%
(12.7%) (6.4%) (7.9%) (12.3%)

CV inter-day (n=10) 13.1% 7% 9.9% 8.3% 8.5%
(11.1%) (8.8%) (9.1%) (7.8%)

CV intra-day: coefficient of variation intra-day, calculated as the ratio of standard
deviation/mean of ten measurements of ten different homogenates from the same
muscle processed on the same day; CV inter-day: coefficient of variation inter-day,
calculated as the ratio of standard deviation/mean of ten different homogenates from
the same muscle processed on different days. Activities are expressed both as nmol/
min/mg total proteins and normalized for citrate synthase activity (in brackets).
3.2.1. Complex I (CI)
Published protocols propose the use of different pHs and

concentrations of Tris–HCl or potassium phosphate (KP) in the CI
assay (Bugiani et al., 2004; Gellerich et al., 2004; Rustin et al., 1994).
We measured significantly higher enzymatic activities in potassium
phosphate than in Tris–HCl at all concentrations tested (Fig. 3A), with
optimal values between 50 and 250 mM. Changes in pH between 7.5
and 8.0 did not have a significant impact on the reaction. Next, we
investigated the most suitable electron acceptor, ubiquinone1 or
decylubiquinone. In accordance with previous data (Estornell et al.,
1993), we confirmed that ubiquinone1 was preferable to decylubi-
quinone because decylubiquinone, despite higher initial rates, yielded
invariably non-linear reactions (Fig. 3B) indicated by a low linearity
index compared to ubiquinone1 (linearity index: decylubiquinone
0.33±0.05 vs ubiquinone1 0.9±0.03; n=3, pb0.0001). This non-
linearity, which was independent of decylubiquinone concentration
and the amount of tissue added, led to considerable imprecision in the
calculations of enzymatic rates. Ubiquinone1 concentration was
saturating at 50 μM (Fig. 3C), while concentrations above 100 μM

image of Fig.�2


Fig. 3. Effect of different biochemical parameters on complex I specific activity, expressed in nmol/min/mg of protein from skeletal muscle homogenate. For each assay, about 30 μg of
muscle proteinswas used. Specific CI activities (represented in the graph bars) were calculated after addition of rotenone 10 μMand subtraction of the rotenone insensitive dA/dt. Values
aremeans±SDof 3measurements. (A) Influence of the buffer type (potassium phosphate, KP or Tris–HCl), concentration, and pHon CI enzymatic activities. Reaction conditions included
3 mg/ml BSA, 300 μM potassium cyanide, 100 μM NADH, and 65 μM ubiquinone1. (B) Representative CI kinetics in the same muscle homogenate using the two different acceptors,
ubiquinone1 (CoQ165 μM)anddecylubiquinone(DUB65 μM).Reaction conditionswereas indicated in (A), except for theuseofpotassiumphosphate buffer 50 mM,pH8.0. (C) Saturation
curve for ubiquinone1. (D) Effect of different BSA concentrations on CI specific activity. (E) Effect of the detergent lauryl maltoside at different concentrations.
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resulted in a mild enzymatic inhibition. The NADH concentration was
saturating at 50 μM, but linearity was optimal using concentrations
between 100 and 200 μM (data not shown). The use of BSA in the
reaction buffer is still controversial (Gellerich et al., 2004; Long et al.,
2009). We found that defatted BSA, at an optimal concentration
between 3 and 5 mg/ml was necessary to measure maximum
rotenone-sensitive complex I activity (73.5±4 nmol/min/mg protein
with no BSA vs. 127.3±3 nmol/min/mg protein with 3 mg/ml BSA;
pb0.005, Fig. 3D). Repeated freeze-thaw cycles in hypotonic buffer
(25 mM potassium phosphate, pH 7.4) (Birch-Machin et al., 1994) or
the use of the detergent saponin (Wibom et al., 2002) was reported to
increase CI activity in isolated mitochondria by disrupting mitochon-
drial membranes. This did not apply to muscle homogenates from
previously frozen muscle (Supplementary Fig. 4A–B), while the use of
lauryl maltoside, a detergent used by some laboratories (Gellerich et
al., 2004), dramatically inhibited complex I activity (Fig. 3E).

3.2.2. Complex II (CII)
In agreement with previous observations (Birch-Machin et al.,

1994), preincubation of the sample with succinate for ten minutes was
mandatory to fully activate CII, and the optimal concentration of
succinatewas 20 mM (Supplementary Fig. 5A–B). The use of phenazine
methosulfate 1.5 mMor the ubiquinone analog decylubiquinone 50 μM
as electron acceptors resulted in comparable enzymatic activities,
although marginally higher when using phenazine methosulfate
(172.2 nmol/min/mg±0.2 vs 180.1±0.7). Decylubiquinone was cho-
sen as electron acceptor, being considerably less subject to photo-
oxidation thanPMS, and its concentrationwas saturating at 50 μM(data
not shown). The addition of BSA resulted in a slight increase in activity at
a concentration of 1 mg/ml (+ 8.2%). The addition of ATP had a slightly
inhibitory effect (data not shown), while lauryl maltoside was also
detrimental (Supplementary Fig. 5C). The rate of DCPIP reduction in the
absence of decylubiquinone represented a small fraction of that
obtained after addition of decylubiquinone (about 6% when testing
24 μg of total muscle proteins; Fig. 6B), and the degree of enzymatic
inhibition after addition of the complex II inhibitors TTFA, a chemical
interfering with ubiquinone binding, as well as malonate, a succinate
analog,washigh (85%and97%, respectively), suggesting that the overall
succinate–ubiquinone reductase activity of complex II was effectively
measured, rather than only the succinate dehydrogenation reaction.

3.2.3. Complex II+ III (CII+ III)
As with the complex II reaction, preincubation of the sample with

succinate for ten minutes was necessary to fully activate complex II+III
(34.5±1.8 nmol/min/mg protein without succinate preincubation vs.
51.8±1.2 nmol/min/mg protein with succinate preincubation; pb0.05,
Supplementary Fig. 6A). Addition of the complex I inhibitor rotenone,
commonly used in several protocols, had no effect (Supplementary
Fig. 6B). Combined addition of 1 mg/ml BSAand100 μMATP (Medja et al.,
2009; Rustin et al., 1994) resulted in amarginal increase in complex II+III
activity (Supplementary Fig. 6C). The addition of the adjuvantmagnesium
chloride, proposed by some protocols (Kirby et al., 2007) resulted in a
significant inhibition of CII+III activities, when used at a concentration of
either 5 mM (−18%, pb0.0003) or 10 mM (−15.4%, pb0.0008).

3.2.4. Complex III (CIII)
The optimal buffer to assess CIII activity is still debated (Gellerich

et al., 2004; Luo et al., 2008; Zheng et al., 1990). Use of potassium
phosphate (50 mM, pH 7.5) resulted in higher specific activity than
Tris–HCl at the same pH and concentration (189.9±12.5 nmol/min/mg
protein in Tris–HCl vs. 379.7±19.3 nmol/min/mg protein in potassium
phosphate; pb0.005). The optimal concentration of potassium phos-
phate was between 25 and 50 mM (Fig. 4A). Both lauryl maltoside and
Tween 20 have been employed in this assay (Birch-Machin et al., 1994;
Luo et al., 2008), but a comparative analysis is not available. Only Tween
20, at an optimal concentration between0.025 and 0.050% increasedCIII
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Fig. 4. Effect of different biochemical conditions on complex III activity. Specific CIII activity (the antimicyn A sensitive activity, in light gray bars) was calculated by subtracting total
enzymatic rate (dA/dt) from the residual spectrophotometric signal in antimycin A (antimycin A resistant activity, dark gray bars). For each assay, 6 μg of muscle protein was used.
Values are means±SD of 3 measurements. (A) Influence of the buffer type (potassium phosphate, KP or Tris–HCl both at pH 7.5) and concentration on CIII enzymatic activity.
Reaction conditions were 75 μM cytochrome c, 500 μMpotassium cyanide, 0.1 mg/ml BSA, 0.025% Tween 20, and 100 μMdecylubiquinol. Buffer type and concentration are specified
on the abscissas. (B) Effect of the detergents Tween 20 and lauryl maltoside. Reaction conditions were the same as in (A) except for the buffer, 25 mM KP at pH 7.5. Tween 20 and
lauryl maltoside concentrations are specified on the abscissas. (C) Saturation curve for the substrate decylubiquinol. Reaction conditions were the same as previously indicated
except for decylubiquinol concentrations (specified on the abscissas). (D) Saturation curve for cytochrome c. Reaction conditions were the same as previously indicated except for
cytochrome c concentration (specified on the abscissas). (E) Effect of two different CIV inhibitors, potassium cyanide (500 μM) and sodium azide (3 mM), on CIII activity. (F) Effect of
different concentrations of BSA. (G) Comparison between the proposed CIII assay (described in Table 1) and previously published methods (Krahenbuhl et al., 1994; Luo et al., 2008;
Medja et al., 2009; Zheng et al., 1990).
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specific activity (no Tween: 269.3±19.2 nmol/min/mg protein vs.
397.7±10.1 nmol/min/mg protein in 0.025% Tween, pb0.05; Fig. 4B)
and dramatically improved linearity (linearity index:no Tween: 0.054±
0.02 vs. Tween 0.025% 0.082±0.03, n=3, pb0.0005), while lauryl
maltoside had a detrimental effect on both CIII specific activity (Fig. 4B)
and linearity. Higher concentrations of Tween 20 resulted in a further
decrease in antimycin A insensitive activity, but also reduced CIII-
specific activity. Decylubiquinol and cytochrome c concentrations were
saturating at 100 μM (Fig. 4C) and 50 μM (Fig. 4D), respectively, while
higher concentrations resulted only in increased nonspecific activity.
The choice of potassium cyanide rather than sodium azide as the
complex IV inhibitor resulted in higher specific CIII activity (Fig. 4E). The
addition of the adjuvant BSA, commonly included in CIII protocols
(Gellerich et al., 2004; Krahenbuhl et al., 1994; Rustin et al., 1994),
increased only background activity (Fig. 4F), and we therefore suggest
that it should be omitted from the assay.

Based on these results, we compared the activities obtained from
different publishedCIII protocols (Krahenbuhl et al., 1994; Luoet al., 2008;
Medja et al., 2009; Zheng et al., 1990) with our proposed method
described in Table 1. Our protocol yieldedhigher specific activity (Fig. 4G),
could be employed over a wide range of protein concentrations
(Supplementary Fig. 7), had good precision, a satisfactory percent
inhibition by antimycin A, and maintained greater linearity over time
(Table 3).

3.2.5. Complex IV (CIV)
Most of the protocols for CIV assay employ the buffer potassium

phosphate, but its concentration and pH vary (Gellerich et al., 2004;
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Fig. 5. Effect of different biochemical parameters on complex IV activity, expressed as nmol/min/mg proteins or as milli optical density/min as specified. For each assay, 1.5 μg of
muscle protein was used. Values are means±SD of 3 measurements. (A) Effect of the concentrations of potassium phosphate buffer (KP), pH 7.0. (B) Impact of pH variations in KP
50 mM. (C) Saturation curve for reduced cytochrome c. Reduced cytochrome c concentrations, prepared either immediately before use with sodium dithionite or with ascorbate
followed by column separation, are indicated in the abscissas. (C–D) Effect of the detergents lauryl maltoside (D) and Tween 20 (E) on CIV activity. Background activity (represented
by dark gray bars) represents reduced cytochrome c oxidation before addition of the muscle homogenate, while net activity (represented by light gray bars) represents enzymatic
rates calculated by subtraction of the activity obtained after addition of the homogenate minus background activity.

900 M. Spinazzi et al. / Mitochondrion 11 (2011) 893–904
Rustin et al., 1994). The concentration of potassium phosphate buffer
that resulted in the maximal enzymatic activities was 50 mM, while
higher or lower concentrations resulted in significant enzymatic
inhibition (Fig. 5A). Moreover, we found that the optimal pH value
was between 6.0 and 7.0, while higher values result in a dramatic
inhibition of enzymatic activity (1963±168 nmol/min/mg protein at
pH7.0 vs. 1164.3±11 nmol/min/mgprotein at pH 7.5, pb0.05; Fig. 5B).
Different protocols also employ variable concentrations of the substrate
reduced cytochrome c (Gellerich et al., 2004; Kirby et al., 2007; Rustin et
al., 1994).We found that theoptimal concentrationwasbetween50and
75 μM, while higher concentrations resulted in severe enzymatic
inhibition (Fig. 5C). The technique for cytochrome c reduction, either
by addition of a few crystals of sodium dithionite or by the more
laborious method using ascorbate followed by separation with column
chromatography, did not have a significant impact on enzymatic rate at
the optimal cytochrome c concentration (Fig. 5C). We next investigated
the effects of four detergents, lauryl maltoside (Kirby et al., 2007),
Tween 20 (Gellerich et al., 2004), Tween 80 and Triton X on CIV activity.
Although laurylmaltoside, at a concentration between0.025 and0.050%
remarkably increased CIV-specific activity (Fig. 5D), linearity was
significantly diminished by this detergent, especially in human muscle.
Conversely, the apparent enhancement caused by Tween 20 was due
only to increased background activity that also occurred in the absence
of muscle protein (Fig. 5E). Use of Tween 80 at a concentration of 0.1%
and 0.5% had a similar unwanted effect to that observedwith Tween 20,
and the addition of 0.1% Triton X resulted in a dramatic CIV inhibition
(data not shown). Bovine serum albumin at a concentration of 1 mg/ml
(Gellerich et al., 2004; Rustin et al., 1994) had no significant effect on
activity or kinetics (data not shown).

3.3. Single-wavelength vs double-wavelength spectrophotometry

Based on previous results, we selected the optimal analytical
conditions for the spectrophotometric assays illustrated in Table 1.

image of Fig.�5


Fig. 6. Representative traces for each RC assay, obtained with the proposed protocols (Table 1) with single-wavelength spectrophotometry at 37 ° C. Where indicated, the specific
complex inhibitor was added to demonstrate the specificity of the reaction. (A) Complex I assay; addition of the specific CI inhibitor, rotenone, is indicated by the white arrow.
(B) Complex II assay; the reaction is started by addition of decylubiquinone (black arrow), and inhibited by addition of 2-thenoyltrifluoroacetone (500 μM). (C) Complex III assay;
the two traces represent two separate reactions (cuvettes), one in the absence and one in the presence of the specific CIII inhibitor, antimycin A. Specific CIII activity is calculated by
subtraction of the two activities. (D) Complex IV assay; the reaction is started by addition of the muscle supernatant (1.5 μg) and inhibited by addition of potassium cyanide
(100 μM). (E) Complex I+III assay; the two traces represent two separate reactions (cuvettes), one in the absence and one in the presence of rotenone. Specific CI+III activities are
calculated by subtraction of the two activities. (F) Complex II+III assay; the reaction is started by addition of the substrate cytochrome c. (G) Citrate synthase assay.
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Table 3
Analytical performances of the proposed respiratory chain spectrophotometric assays
on muscle homogenates: precision, specificity, and linearity.

CI CII CIII CIV CI+III CII+III CS

Muscle
proteins (μg)

30 24 6 1.5 30 30 15

CV intra-assay
(n=10)

3% 5.2% 5.2% 3% 1.7% 2.8% 5.3%

CV inter-assay
(n=10)

4.1% 4% 7.4% 3.7% 6.4% 6.7% 5.4%

% inhibition
(n=3)

98% 97% (mal) 67% 100% 79% 99% (mal) –

85% (TTFA) 92% (Aa)
Linearity
index (n=5)

0.89
±0.02

0.95
±0.05

0.82
±0.03

0.77
±0.08

0.85
±0.012

1,01
±0,09

1,01
±0,07

Muscle proteins: amount of muscle protein from homogenates used for the
performance assessment of the assays; CV intra-assay: coefficient of variation intra-
assay, calculated as the ratio of standard deviation/mean of ten measurements of the
same sample performed on the same day; CV inter-assay: coefficient of variation,
calculated as the ratio of standard deviation/mean of ten measurements on the same
sample, separated on aliquots and frozen at performed in different days; % inhibition:
percentage of inhibition, calculated by the ratio of the activity measured in two parallel
cuvettes, with and without the addition of the specific complex inhibitor (mean of 3
independent measurements); mal: malonate 5 mM; TTFA: 2-thenoyltrifluoroacetone
500 μM; Aa: antimycin A 10 μg/ml; linearity index: ratio of the enzyme activity
observed within the first 60 s and the activity measured between 120 and 180 s.
Linearity index is expressed as the mean±SD of 3–5 independent assays.
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Results of RC analysis performed with our protocols were comparable
using single or double-wavelength spectrophotometry (Supplemen-
tary Table 2), and double-wavelength spectrophotometry did not
increase the analytical precision of the assays, although considerably
more time consuming, as only one cuvette could be assayed at once.
Representative traces for each RC assay are illustrated in Fig. 6.

3.4. Performance assessment of the proposed enzymatic protocols

The range of muscle proteins that can be assessed in each assay
while still maintaining proportionality between enzymatic rate and
the amount of sample tested was determined (Table 1, Supplemen-
tary Fig. 8). The results of the performance assessment of each of
these protocols, performed with a single-wavelength spectropho-
tometer, are summarized in Table 3. Intra-assay and inter-assay
precisions were determined for each assay and ranged between 1.7–
5.3% and 3.7–7.4%.

The specificity of the enzymatic reactions, measured as the degree
of inhibition using specific complex inhibitors, varied from 100% to
67%.

The CIII reaction displayed the highest nonspecific activity,
although this was substantially reduced by the addition of Tween
20. Residual antimicyn A-resistant activity was independent of the
amount of muscle protein added (Supplementary Fig. 7), suggesting
that this non-specific activity was not simply due to incomplete
inhibition. Furthermore, nonspecific activity did not affect the intra-
assay CV (5.2%) or the inter-assay CV (7.4%).

Linearity also differed between assays (Table 3). The CII+III and
citrate synthase reactions displayed very linear kinetics with
negligible decay over the first three minutes (linearity indices of
1.01±0.09 and 1.01±0.07). CIV assay showed the shortest window
of linearity when lauryl maltosidewas employed (linearity indexwith
lauryl maltoside 0.77±0.08 vs 1.03±0.02 without lauryl maltoside).
This lauryl-maltoside-induced non-linearity was especially pro-
nounced in human muscle tissue (data not shown).

3.5. Validation of RC protocols in human muscle homogenates

To validate the proposed RC protocols in human muscle tissue, we
performed the RC analysis on frozen muscle biopsies from five
individual free of known muscle diseases. The results are shown in
Supplementary Table 3.

4. Discussion

At difference with other inborn errors of metabolism, residual
enzymatic activities can be considerable in mitochondrial diseases
(Trijbels et al., 1993; Thorburn et al., 2004). Therefore, to be clinically
useful, mitochondrial RC enzymatic assays must be sufficiently
sensitive to detect partial loss of function and sufficiently specific
and precise to limit false positive results. Moreover, these methods
should be sensitive enough to be performed in small amounts of
tissue, especially in case of pediatric patients. Yet the methods must
be relatively simple and not prohibitively expensive in order to be
employed for the routine diagnosis of RC disorders. We utilized
muscle homogenates because although isolated mitochondria from
fresh muscle have the advantage of allowing complementary
measurements of oxygen consumption and ATP production in
addition to RC enzymatic analysis, isolation requires large amounts
of fresh tissue (Trounce et al., 1996), and is not practical for routine
diagnosis, especially for small children. Instead, muscle biopsies can
be performed in peripheral hospitals, and the frozen samples can be
easily shipped to the diagnostic laboratory.

4.1. Standardization of the muscle homogenization protocol is necessary
for reliable RC analysis

Sample preparation is a critical step of the biochemical analysis. An
optimal protocol must allow sufficient disruption of a hard tissue such
as skeletal muscle, release of the mitochondria, breakage of the
mitochondrial membranes and solubilization of the RC complexes, in
order to make them accessible to the specific substrates, but at the
same time it must protect the RC enzymes from either chemical or
physical inactivation. A good yield in terms of enzymatic activity is
essential to increase sensitivity of the analysis and to reduce the
amount of sample employed. To this purpose several homogenization
protocols have been proposed throughout the years but no systematic
assessment of their performance has been conducted.

We showed that several factors influence this phase of the RC
analysis, either by affecting directly the enzymatic activities of
individual complexes or by altering total muscle protein content
which is commonly employed for the normalization of the results. In
fact, only ionic buffers with relatively high osmolarity were able to
solubilize myosin in the muscle supernatants, resulting in higher total
protein concentrations.

When we expressed data as μmol/min/g of fresh tissue, absolute
enzymatic activities were roughly comparable with most buffers
except with mannitol. Mannitol buffer performed poorly for most RC
assays especially for CI, CII, and CIV. It should be noted that this widely
used buffer was found to be optimal for RC assays when used for the
dilution of previously isolated heart mitochondria (Medja et al.,
2009). Notably, after centrifugation, cytochrome c, a soluble protein of
the mitochondrial intermembrane space, was found in the pellets
obtained after centrifugation only in the samples processed in
mannitol buffer. This finding suggests that this buffer, at difference
with the others, maintain more effectively mitochondrial integrity
precluding breakup of mitochondrial membranes, which is essential
for the measurements of RC enzyme activities. Therefore the choice of
the most appropriate homogenization buffer must be made depend-
ing on its use (i.e. for RC assays in muscle homogenates or for other
biochemical studies requiring mitochondrial integrity, i.e. measure-
ments of respiratory control index).

Addition of several commonly used adjuvants such as heparin
(Max et al., 1972) or BSA (Sherratt et al., 1988) had not any
remarkable effect, and therefore they can be safely omitted when
performing RC assays on muscle homogenates.
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While it is a common assumption that mitochondria are retained
in the supernatants after the first centrifugation at 600×g (Sherratt et
al., 1988), we showed that a substantial amount of subunits of all RC
complexes are lost in the pellets after this passage with all methods.
However, loss of RC enzymatic activities after centrifugation did not
exceed 10–20%, and we therefore suggest to maintain this passage in
order to obtain purer muscular extracts.

Theprotocol ofmechanical tissuedisruption alsohas an impact on the
yield of respiratory chain enzyme activities. Several techniques are
available including theuse of tissue grinderswithpestlesmadeof glass or
teflon,mechanical blenders, detergents, sonicators (Gellerichet al., 2004;
Zheng et al., 1990). We focused on the glass-on-glass pestle homogeni-
zation technique, which was previously shown to produce higher
enzyme activities in skeletal muscle (Grace et al., 1996). While many
protocols homogenizewith a limited number of strokes, often between 6
and 7 (Gellerich et al., 2004; Medja et al., 2009; Rustin et al., 1994), we
noted that an increased number of strokes results in an increment of RC
enzymatic activities, probably because it improves breakage of the tissue
and release of the enzymes, and therefore an insufficient number of
strokes may lead to underestimation of the RC enzymatic activities. A
harsh homogenization obtained with high rotational speeds is beneficial
for most RC enzymes, except for CIV which is subject to a considerable
loss of activity. These data are in accordance with a previous study,
showing that CIV is more labile and negatively affected by mechanical
stress induced by sonication (Zheng et al., 1990), while the activities of CI
andCII aremaximized. Use of excessivemechanical forcemight affect the
stability of delicate enzymes, such as CIV, due to shearing forces and
generation of excessive heat. We therefore suggest that a reasonable
compromisemight employ a sufficient number of strokes (around16), at
low rotational speed (500 rpm). Interestingly, however, total protein
levels in supernatants did not vary significantly with different stoke
numbers, indicating that myofibrillar proteins (which constitute the
majority of muscle proteins) are promptly solubilized; therefore total
protein levels cannot be used to evaluate the efficacy of the homogeni-
zation process with respect to mitochondrial proteins.

Overall, the pre-analytical variability significantly exceeded the
one associated with the analytical phase. However, a strict standard-
ization of the homogenization phase led to an acceptable degree of
replicability, as shown by consistent coefficients of variation.

Normalization of the RC enzymatic activities for total muscle
proteins or citrate synthase did not significantly change this
variability. In the diagnostic practice, we suggest to express the
results of RC analysis using both normalization for total proteins and
for citrate synthase, which is a mitochondrial matrix enzyme
commonly used as an index of mitochondrial abundance (Reisch
and Elpeleg, 2007). Each of these normalization strategies might be
useful in different pathological contexts, especially in conditions
associated with a change of mitochondrial quantity. Normalization for
citrate synthase activity will facilitate the detection of partial
enzymatic defects in diseases with compensatory mitochondrial
proliferation, while normalization for total proteins could unmask a
RC enzymatic defects in some cases of mitochondrial DNA depletion
syndromes, associated with reduced citrate synthase activities (Sarzi
et al., 2007; Tesarova et al., 2004).

4.2. Optimization of analytical protocols

We have examined the impact of different biochemical conditions
that affect the analytical performances of each RC assay. Our goal was
to identify optimized protocols displaying maximized specific
activities while minimizing inhibitor-insensitive reactions, good
linearity with time, and a consistent relationship between measured
activity and sample protein concentrations.

In general, our protocols were conceived to be as simple as possible,
and we selected only reagents with significant and reproducible effects
on the reaction.
The choice of buffer (composition, concentration, and pH), sub-
strates, detergents, adjuvants, and inhibitors had a dramatic impact on
each RC assay. Therefore, there is no single optimal reactionmedium for
all assays. Buffers are essential to maintain a stable pH during an
enzyme-catalyzed reaction. However, concentrations of buffers usually
far exceed that of any other component in the reaction mixture, and
unwanted interactions can occur between buffers and the enzymes
tested or substrates, leading to enzymatic inhibition (Blanchard, 1984).
In general, we observed that potassium phosphate resulted in higher
activities than Tris–HCl. Furthermore, Tris–HCl has the additional
disadvantage of high variations in pH depending on temperature
(Blanchard, 1984).Moreover, the pHand ionic strength can significantly
influence the electrostatic interactions between substrate and enzyme.

To achieve maximal enzymatic rates, we determined the maxi-
mum saturating substrate concentration that did not cause enzymatic
inhibition. This substrate optimization was particularly important for
the CIV assay, which was subject to a dramatic substrate inhibition at
excessive concentrations of reduced cytochrome c. The choice of the
type of substrate was also critical, especially for CI assay, where we
recommend the use of ubiquinone1 rather than decylubiquinone to
improve linearity of the reaction with time.

Specific detergents allowed to increase the enzymatic rates in CIII
and CIV assays, but they have deleterious effects for other complexes.
For example, laurylmaltoside enhanced CIV activity,while it profoundly
inhibited the other RC enzymes. This detergent has a specific effect on
cytochrome c oxidase oligomerization (Sinjorgo et al., 1987), although it
leads to a substantial decrease in the linearity of the reactions, especially
pronounced in human muscle, and we therefore suggest to omit this
reagent in the diagnostic practice. Similarly, while the addition of the
adjuvant BSA, commonly used to enhance enzyme stability, was
mandatory to maximize CI activity and rotenone sensitivity, it had
undesirable effects on the CIII assay by enhancing nonspecific activity
due to spontaneous reduction of cytochrome c by the numerous cystein
residues of BSA in presence of reduced quinones (Chretien et al., 2004).

Activity of complex III has been always considered the most
difficult to measure due to the preparation of reduced quinones, the
high non-specific activity, and insufficient reliability and linearity
(Chretien et al., 2004; Medja et al., 2009). Some centers do not
routinely analyze this complex, but rather rely only on the combined
assays of CI+III and CII+III although a reliable assay for isolated CIII
had been found necessary for the identification of partial CIII defects,
which can fail to be recognized when using the coupled assays (Taylor
et al., 1993). We now propose a new optimized protocol, based on a
previously published method (Luo et al., 2008), but with optimal
concentrations of potassium phosphate buffer, saturating concentra-
tions of decylubiquinol, low concentrations of the detergent Tween
20, potassium cyanide instead of sodium azide, and exclusion of BSA.
This protocol minimized nonspecific activity, yielded greater sensi-
tivity compared to the original protocol and it had a substantially
greater linearity with time compared to other published methods. It
was precise and linear over time and with increasing sample quantity.

Finally, we provided an assessment of the analytical performances
of the proposed protocols based on precision, specificity of the
enzyme inhibitors, linearity, and proportionality of enzymatic
activities over a range of protein sample concentrations. To the best
of our knowledge, this information has not been systematically
provided along with previously published protocols.

In general, the proposed protocols displayed high sensitivity, and
required only microgram quantities of muscle proteins per reaction.
The full set of RC enzymes can be easily measured using minute
quantities of muscle biopsy tissue (around 20–30 mg) in several
replicates. Double-beam spectrophotometers, allowing monitoring
absorbance changes with time at two different wavelengths, were
considered necessary to investigate reliably the function of respira-
tory chain enzymes to overcome artifacts caused by light scattering
due to turbidity of mitochondrial preparations and substrates and
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fluctuations of the light intensity of the old-generations spectropho-
tometers (Chance, 1957; Trounce et al., 1996). We showed that the
degree of analytical precision was very high for all the assays with the
use of a modern single-wavelength spectrophotometer, indicating
that measurements of respiratory chain enzymes can be reliably
performed without need of expensive, time consuming and commer-
cially unavailable double-wavelength spectrophotometers (Gellerich
et al., 2004; Rustin et al., 1994).

Protocols were designed to achieve high sensitivity with high
linearity of the reactions. Obtaining a reliable initial velocity in an
enzymatic assay is of prime importance for obtaining a faithful measure
of the enzymatic rate, especially when multiple samples are assayed at
the same time. This parameter depends upon several factors, such as the
fractional saturation of the enzymewith substrate, the buffering capacity
of the medium, and product inhibition (Allison and Purich, 1979).

5. Conclusions

Different homogenization protocols and analytical conditions have a
dramatic impact on the results of respiratory chain spectrophotometric
assays used for the diagnosis ofmitochondrial diseases and significantly
affect their sensitivity and reliability. We presented protocols with
optimized analytical performances that allow for the assay of electron
transport complexes in mitochondria frommuscle homogenates with a
commercial single-wavelength spectrophotometer. Use of the deter-
gent Tween 20 is critical to measure maximal specific activities for CIII.
Surprisingly, many reagents, including adjuvants, detergents and
inhibitors proposedbyprevious protocolswere found to havenegligible
or even deleterious effects on the RC assays. The variability associated
with the homogenization step of a hard tissue such as muscle,
significantly exceeds that due to the spectrophotometric analysis
when performed with our protocols, although it can be limited to
acceptable levels with a strict standardization.

We believe that the criteria established here could provide both
objective measures for quality assurance within diagnostic centers
and a rational foundation for the standardization of the protocols
between different centers.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.mito.2011.07.006.
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