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Abstract

Mitochondria is a decisive organelle of cells that produces adenosine triphosphate (ATP) by the process of oxidative
phosphorylation of the Krebs cycle and the electron transport chain. The electron transport chain system of mito-
chondria embodies multiple enzyme supercomplexes including complex | to V which located in the inner membrane.
Although the simple enzyme activity of some as-isolated complex has been studied so far, the steady-state kinetic
analysis of each complex within the form of mitochondrial supercomplex has not been studied in depth. To this end,
kinetic parameters of mitochondrial complex I-IV were determined using steady-kinetic analysis using corresponding

the mitochondrial function practically in advance.

substrates of them. Catalytic activity and binding affinity between substrates and enzymes were obtained by fitting
the data to the Michaelis—-Menten equation. Acquired kinetic parameters represented distinctive values depending
on the complexes that can be interpreted by the characteristics of the enzymes including the distinction of substrates
or the ratio of the enzyme itself under the supercomplex form. The indirect k_,, of the mitochondrial enzymes were
varied from 0.0609 to 0.334 s~ in order of complex Ill, II, 1, and IV and K, of substrates were also diverse from 5.1 uM
to 12.14 mM. This is the first attempt to get exact kinetic values that should provide profound information to evaluate
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Introduction

The mitochondria play an important role in diverse
aspects of cellular physiology, including production of
adenosine triphosphate (ATP), regulation of oxidative
stress, calcium homeostasis, and regulation of apopto-
sis [1]. In particular, ATP production occurs through the
electron transport chain comprising four enzyme com-
plexes (complex I-1V) and two electron carriers (ubiqui-
none and cytochrome c). Complex I, NADH: ubiquinone
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oxidoreductase, is an enzyme complex mediating the
first step of the mitochondrial electron transport chain
[2]. Complex I contains 45 subunits and has a molecular
mass of about 1000 kDa [2, 3]. It has an L-shaped struc-
ture comprising the membrane domain and peripheral
domain, including the NADH binding site. Complex II,
succinate dehydrogenase, catalyzes the conversion of
succinate to fumarate in the mitochondrial matrix and
reduces ubiquinone in the mitochondrial inner mem-
brane. This dual action of complex II connects the citric
acid cycle to the electron transport chain. In these steps,
electrons are transferred from succinate to ubiquinone
via the iron—sulfur cluster of FAD as an intermediate [4,
5]. Complex III, coenzyme Q: cytochrome c oxidoreduc-
tase, is an enzyme complex found in the inner mitochon-
drial membrane. It mediates the reduction of cytochrome
¢ by ubiquinol as a substrate. Mitochondrial complex III

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-4119-0643
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13765-021-00626-1&domain=pdf

Kim et al. Appl Biol Chem (2021) 64:54

from bovine heart is dimeric, and each monomer com-
prises 11 different polypeptide subunits [5, 6]. Complex
IV, cytochrome ¢ oxidase, is the final enzyme of the elec-
tron transport chain and is located in the mitochon-
drial inner membrane. Complex IV oxidizes reduced
cytochrome ¢ and transfers electrons to oxygen, thereby
producing water.

Mitochondrial function has been used as a marker of
cellular function in various research fields such as cancer,
metabolic diseases, aging, and neurodegenerative dis-
eases [7—11]. The dysfunction of mitochondria induces
the progression of various diseases, and the status of dis-
eases can be detected or analyzed by the mitochondrial
function assay [12—14]. The most used methods for ana-
lyzing mitochondrial function include measurement of
oxygen consumption, examination of ATP production,
assessment of membrane permeability, and evaluation of
its shape [15]. All of these are powerful and representa-
tive techniques to analyze the overall function of live and
intact mitochondria. However, these techniques require
sophisticated facilities and fresh mitochondrial fractions
at the same time. Hence, assessment of the activity of
mitochondrial complexes including that of the respira-
tory chain was proposed to overcome the difficulties of
the requirement of high-end techniques and demand for
fresh mitochondria [16]. However, the activity assay of
mitochondrial enzymes is also limited because it analyzes
simple activity of enzymes consuming substrates without
in-depth analysis of enzyme kinetic parameters.

To this end, steady-state kinetic parameters of mito-
chondrial enzymes from bovine heart mitochondria
were determined within the composition of respiratory
supercomplexes because each enzyme modulates spe-
cific reactions by consuming specific substrates. This
method would reveal the kinetics of assembled enzyme
complexes under physiological conditions, unlike the
methods used in previous studies, which established the
kinetics of isolated enzyme complexes. Determining the
steady-state kinetic parameters of an enzyme is useful
because the results would reveal the overall reaction or
function of the enzyme, from binding of the substrate to
the production of the final product.

Materials and methods

Reagents

All of the reagents are purchased from Sigma Aldrich
(MO, USA).

Activity assay of mitochondrial complex | (NADH:
Ubiquinone oxidoreductase)

Isolated bovine heart mitochondria were purchased
from Cayman Chemical (MI, USA). The activity of com-
plex I was monitored by using the spectral property of
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oxidized NADH at 340 nm with an extinction coefficient
(e) of 6.2 mmol™' cm™' as previously described [16].
The activity of complex I was measured using ultrapure
distilled water, 50 mM potassium phosphate buffer (pH
7.5), 3 mg/mL of bovine serum albumin, 300 pM potas-
sium cyanide (KCN), and different concentrations of
NADH (2.5, 5, 10, 25, 50, 75, and 100 uM) using 3 pg of
bovine heart mitochondria. After 10 min of incubation at
37 °C, 60 pM of ubiquinone was added, and the change
in absorption at 340 nm was measured for 600 s every
10 s using an S-3100 spectrophotometer (Scinco, Seoul,
Republic of Korea). A parallel assay was carried out using
the same conditions by using a fixed concentration of
NADH (100 pM) and different ubiquinone concentra-
tions of 5, 10, 20, 30, 40, 50, 60, and 70 uM.

Activity assay of mitochondrial complex Il (Succinate
dehydrogenase)

The activity of complex II was monitored using DCPIP
(dichlorophenolindophenol) as a coupling reac-
tant at 600 nm with an extinction coefficient (g) of
19.1 mmol™ cm™! as previously described [16]. The
activity of complex II was measured in ultrapure distilled
water, 25 mM potassium phosphate buffer (pH 7.5), 1 mg/
mL of BSA, 300 uM KCN, 80 puM DCPIP, and different
concentrations of succinate (2.5, 5, 10, 20, 30, 40, 60, and
80 mM) using 3 pg of bovine heart mitochondria. After
10 min of incubation at 37 °C, 50 pM of decylubiquinone
was added and the change in absorption at 600 nm was
measured for 600 s every 10 s using an S-3100 spectro-
photometer (Scinco). A parallel assay was carried out
at the same conditions using a fixed concentration of
80 mM of succinate and different concentrations of 5, 10,
20, 30, 40, 50, and 60 uM of decylubiquinone.

Activity assay of mitochondrial complex Il (coenzyme
Q:cytochrome c oxidoreductase)

The activity of complex III was measured by using the
spectral property of reduced cytochrome ¢ at 550 nm
with an extinction coefficient (€) of 18.5 mmol~! cm™! as
previously described [16]. The activity of complex III was
measured in ultrapure distilled water, 25 mM potassium
phosphate buffer (pH 7.5), 500 uM KCN, 0.025% (v/v)
Tween-20, 100 pM EDTA (ethylenediaminetetracetic
acid), and 75 pM oxidized cytochrome c using 3 pg of
bovine heart mitochondria. After 10 min of incubation at
37 °C, decylubiquinol of different concentrations (2.5, 5,
7,10, 12.5, 18.5 and 25 pM) was added, and the change in
absorption at 550 nm was measured for 600 s every 10 s
using an S-3100 spectrophotometer (Scinco). A parallel
assay was carried out at the same conditions using a fixed
concentration of 25 pM of decylubiquinol and different
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concentrations of 5, 10, 20, 30, 40, 50, and 60 pM of oxi-
dized cytochrome c.

Activity assay of mitochondrial complex IV (Cytochrome c
oxidase)

The activity of complex IV was measured by oxidation
of reduced cytochrome ¢ using the spectral property of
reduced cytochrome ¢ at 550 nm with an extinction coef-
ficient (e) of 18.5 mmol™! cm™ as previously described
[16]. The activity of complex IV was measured in
ultrapure distilled water, 50 mM potassium phosphate
buffer (pH 7.0), and different concentrations of reduced
cytochrome ¢ (10, 30, 50, 70, 90 and 120 puM). After
10 min of incubation at 37 °C, 3 pg of bovine heart mito-
chondria were added and the change in absorption was
measured at 550 nm for 600 s every 10 s using an S-3100
spectrophotometer (Scinco).

Kinetic analysis of mitochondrial complexes

Based on the results of the absorption spectra obtained
by the activity assay, the initial rate was measured from
the linear portion of the reaction progress curve and fit
according to the standard Michaelis—Menten equation
(Eq. 1) to obtain the V, ,, and K, values. In Eq. 1, V,, rep-
resents the initial rate, V. represents the maximum
reaction rate achieved by the system, and K|, represents
the concentration of the substrate at which the reaction

rate is half of V.

Vo = Vmax[S]/(I<m +[SD (1)

Indirect turnover rate of k,,, of each enzyme was deter-
mined based on the Eq. 2. In Eq. 2, V,,,. represents the
maximum reaction rate achieved by the system, k_,, rep-
resents the turnover number, and [E,] represents enzyme
concentration applied as the ratio of each enzymes..

Vinax = kcat [E:] (2)

Analysis was conducted using the GraphPad Prism
8.0.1 software.

Results and discussion

The analysis of enzyme kinetics from the initial rate (V)
of reaction provides information that describes the func-
tion of enzymes from substrate binding to product for-
mation, depending on the substrate concentration of
each complex. To analyze the kinetic parameters of each
enzyme by determining V), the enzyme activities of com-
plexes I to IV were monitored by varying the concentra-
tions of the specific substrates for each enzyme (Fig. 1).
Given that every enzyme possesses a specific k,,, the
reaction was monitored by varying concentration of both
substrates; therefore, high accuracy of measurements
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was obtained regardless of the variation in the substrates.
Although the kinetic assay was conducted for individual
enzymes within the whole mitochondrion, the reaction
progress curves were in the shape of a single exponen-
tial, and all the progress curves of the enzyme complexes
were saturated after a certain number of seconds, result-
ing in the plateau of a linear line within the last portion of
the graph. From the graph, V), of the enzyme was meas-
ured at every concentrations of the substrates and were
fitted to the Michaelis—Menten equation (Eq. 1) to obtain
Vmax and K, values (Fig. 2 and Table 1). The results of
the kinetic analysis indicate that each complex within the
mitochondria exhibits specific kinetic property as shown
by the characteristic V,,,, and K, values.

Complex IV exhibited a V,,,, of 1.4380 £ 0.4977 uM s},
which was 4- to 8-fold faster than that of the other
enzymes of complex I, II, and III. The other enzymes
exhibited similar V,,,, and the reaction rate was the high-
est for complex II followed by complex I and III (Table 1).
From previous studies, it is known that enzymes form-
ing respiratory supercomplexes possess specific ratios of
complex -1V, according to the origin of the organ and
host organism [17]. The previous research identified the
ratio of bovine heart mitochondrial complex LILIILIV as
1.140.2:1.3+0.1:3:6.7 0.8 [18]. Therefore, the indirect
turnover rate of k_,, for each enzyme can be decided by
dividing the V,,,, with the ratio of each enzyme within
a single unit of mitochondria, based on Eq. 2 (Table 1).
The value of indirect k,,, for each complex was similar,
except that for complex III (0.06 s~!), which was rela-
tively low. Various values were also obtained for the affin-
ity with substrates, K,,, depending on each enzyme. For
complex II, the coupling reactant of DCPIP was applied
for monitoring the reduction of decylubiquinone by suc-
cinate. Thus, the monitored progress curve portrayed the
reduction of DCPIP, which was coupled with the activ-
ity of complex II. Therefore, the unit of calculated kinetic
values of K, was shown by the concentration unit of
DCPIP. To verify the K|, of succinate as an exact varied
substrate, the reaction ratio of 20 mM:50 pM:80 puM for
succinate, decylubiquinone, and DCPIP was applied [16].
The exact K, values of each complex with respect to their
substrates are listed in Table 1.

The definition of parameters allows for the interpre-
tation of distinct kinetic properties of mitochondrial
complexes. For complex I, the calculated V, . by vary-
ing both ubiquinone and NADH in separate reactions
was similar at around 0.3 pM s™!, and the indirect &,
of the reactions was similar to that of other enzymes.
However, the K, values of NADH and ubiquinone were
11.2397 uM and 12.5676 pM, respectively, which were
similar to those of the substrates of complex II and III
and relatively lower than those of reduced cytochrome
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Fig. 1 Exemplar progression curve of mitochondrial enzyme activity. A Activity of NADH: ubiquinone oxidoreductase (complex I) with varying
concentrations of NADH, B activity of NADH: ubiquinone oxidoreductase (complex I) with varying concentrations of ubiquinone. C Activity of
succinate dehydrogenase (complex II) with varying concentrations of succinate. D Activity of succinate dehydrogenase (complex Il) with varying
concentrations of decylubiquinone. E Activity of coenzyme Q: cytochrome ¢ oxidoreductase with varying concentrations of decylubiquinol. F
Activity of coenzyme Q: cytochrome ¢ oxidoreductase with varying concentrations of oxidized cytochrome c. G Activity of cytochrome ¢ oxidase
(complex IV) with varying concentrations of reduced cytochrome c. Deeper color of dots represents the higher concentrations of substrate for each
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Fig. 2 Mitochondrial enzyme activity fitted to the Michaelis—Menten equation. A Activity of NADH: ubiguinone oxidoreductase (complex I) with
varying concentrations of NADH, B Activity of NADH: ubiquinone oxidoreductase (complex I) with varying concentrations of ubiquinone. C Activity
of succinate dehydrogenase (complex II) with varying concentrations of succinate. D Activity of succinate dehydrogenase (complex Il) with varying
concentrations of decylubiquinone. E Activity of coenzyme Q: cytochrome ¢ oxidoreductase with varying concentrations of decylubiquinol. F
Activity of coenzyme Q: cytochrome ¢ oxidoreductase with varying concentrations of oxidized cytochrome c. G Activity of cytochrome ¢ oxidase
(complex IV) with varying concentrations of reduced cytochrome c. Results represent mean and standard error for duplicated or triplicated

experiments
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Table 1 Kinetic parameters of mitochondrial complexes
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Varied substrates V,,,,

Vypay Unit K, K, unit Indirect k., (s™")

NADH: Ubigquinone oxidoreductase ~ NADH 0.2909 4-0.0405 M-~ 11.2397 +£5.7066 uM 0.2644+0.0368"
uQ 0.3667 12,5676 03334
(*>%10.3048-0.4640) (% 5.9611-25.9138) (>%¢10.2771-0.4218)
Succinate dehydrogenase Succinate 0.3197+0.0759 48.5691 £ 22.5309¢ 0.245940.0584"
121423 +£56327%" mM
DUQ 0.2095 9.7331¢ UM 0.1612"
(*>%¢10.1731-0.2666) (%1 4.2749-21.0149) (*>%¢10.1332-0.2051)
6.0832""
(% 26718-13.1343)
Coenzyme Q: cytochrome c oxidore-  DUQH, 0.1827£0.0287 5.1969 4 2.4045 0.060940.0096"
ductase Oxidized Cytc 0.2071 37.8970 0.0690"
(*>%¢10.1601-0.2893) (*>%C117.9899-79.0282) (*>%10.0534-0.0964)
Cytochrome c oxidase Reduced Cytc 1438004977 126.7201 £ 69.9096 02146 +0.0743"

"Theoretically calculated value, °K.,, of DCPIP, K., of Succinate, 'K,, of Decylubiquinone

¢ for complex IV (126.7201 uM). This relatively low K,
value might have been observed due to the characteris-
tics of the substrates, ubiquinone and NADH. It is known
that V,,,, depends on the structure and concentration of
the enzyme, whereas K, is independent of the enzyme
concentration. Unlike complex IV, the activity assay of
complex I, II, and III involved the utilization of quinone,
quinol, or small-sized compounds as the substrate, which
can easily be moved through the membrane. This might
have facilitated the binding of additional small-sized sub-
strate to the enzyme by reconstructing binding site of
enzyme for easier substrate binding and low K, resulted
from that. The calculated values of V, ,. and K,, were
smaller than those determined in previous results by
using isolated complex I from bovine heart mitochondria
[1] which is the only kinetic study for using isolated com-
plexes. These results might also result from the difference
of the system between isolated complex I and complex
I in supercomplexes in which possess different environ-
ments around the enzymes. For complex II, a K, value
of 6.0832 uM for decylubiquinone, which is distinct from
complex I despite of its activity, was also obtained using
the quinone compound. This might have been a result
of the specific structure of succinate dehydrogenase, the
difference between decylubiquinone and ubiquinone, or
the characteristics of its reaction that included a coupling
reaction with DCPIP. For V,, . or indirect k_,,, although
the values calculated by varying decylubiquinone were
relatively lower than those calculated by varying succi-
nate, they were similar within the error range. For com-
plex III, relatively lower V,, .. and K,,, values compared to
those of other enzymes were observed when they were
measured by varying the concentrations of decylubiqui-
nol. The indirect k , value of complex III was lower

than that of other enzymes. Therefore, it is presum-
able that this resulted from the structure of coenzyme Q:
cytochrome c oxidoreductase or the ratio of the enzymes
among the supercomplexes, because V,,,. depends on
the enzyme structure and concentration. A relatively
high K, value of 37.8970 uM, which is similar to that of
reduced cytochrome ¢ for complex IV, was obtained for
the oxidized cytochrome ¢ for complex III. This indi-
cated that the K, value of the substrate larger in size than
quinone, quinol, or other smaller compounds is getting
higher. Complex IV exhibited a very high V, .. value of
1.4380 pM-s ! compared to the V. values of other com-
plexes, although the k_,, value of 0.2146 s~* for complex
IV was similar to k_,, values of 0.1612 and 0.3334 s for
complex I and II, respectively. Therefore, it can be con-
cluded that the high concentrations represented by the
high ratios of complex IV in bovine heart mitochondrial
supercomplexes cause elevated V... The results of this
study reveal the kinetic parameters of mitochondrial res-
piratory complexes isolated from bovine heart mitochon-
dria. Although these parameters are interpreted without
considering the system environment, such as tempera-
ture, pH, and concentrations of salt, it is important that
the standard kinetic parameters were determined with-
out the form of the isolated complex. Paradoxically, our
results cannot represent the exact kinetic parameters
of enzymes since whole mitochondrial fraction for the
assay was utilized. However, we applied the ratio of the
enzyme complexes to present the indirect k, for the
understanding of enzyme function within the whole
mitochondrial fraction. In addition, bovine heart mito-
chondria that is usually less-applied to the mitochondrial
study, was used for the study rather than that in rodent
animal models. It may decrease the utilizing potent of
our kinetic values but the comparison of the values from
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bovine heart mitochondria to those from rodent animal
models will be studied in further. Nonetheless, a kinetic
analysis was carried out by varying the substrates of the
enzymes, thus, increasing the reliability of the results.
Although previous results have determined the kinetic
values of enzymes using isolated complexes by varying
both substrates, the present study is the first to describe
the kinetic properties of mitochondrial enzymes in their
original form in the mitochondrial supercomplex [1, 4].
Furthermore, our results would be helpful to identify the
functional state of mitochondrial enzymes in detail such
as a change in substrate binding and further alterations in
enzyme function by relatively simple methods compared
to the previously described techniques. The main points
of our methodological approach are not the replacement
of the current techniques of mitochondrial assay such as
oxygen consumption or structure analyzer, but to present
deeper analysis within the enzyme kinetics level and to
down the equipment-barrier for mitochondrial func-
tion assay by applying the relatively simple facility of a
spectrophotometer. The determined kinetic parameters
by our approach would be useful for deeper analysis of
enzyme dysfunction-related malfunctioning of mito-
chondria and the occurrence of various diseases and can
be applied to various fields of studies, including identify-
ing the exact structure and composition of mitochondria
and analyzing the effects of acute exposure of certain tox-
ins on mitochondrial function.
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