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Ustilago maydis is an aerobic basidiomycete that depends on oxidative phosphorylation for its ATP supply,
pointing to the mitochondrion as a key player in its energy metabolism. Mitochondrial respiratory complexes I,
1II,, and IV occur in supramolecular structures named respirasome. In this work, we characterized the subunit
composition and the kinetics of NADH:Q oxidoreductase activity of the digitonine-solubilized respirasome
(1600 kDa) and the free-complex I (990kDa). In the presence of 2,6-dimethoxy-1,4-benzoquinone (DBQ) and
cytochrome c, both the respirasome NADH:O, and the NADH:DBQ oxidoreductase activities were inhibited by
rotenone, antimycin A or cyanide. A value of 2.4 for the NADH oxidized/oxygen reduced ratio was determined
for the respirasome activity, while ROS production was less than 0.001% of the oxygen consumption rate.
Analysis of the NADH:DBQ oxidoreductase activity showed that respirasome was 3-times more active and
showed higher affinity than free-complex I. The results suggest that the contacts between complexes I, III, and IV
in the respirasome increase the catalytic efficiency of complex I and regulate its activity to prevent ROS pro-

duction.

1. Introduction

The proton electrochemical potential, Apy., across energy trans-
ducing membranes is the basis of the chemiosmotic hypothesis for en-
ergy coupling [1-3]. In mitochondria this electrochemical potential is
used for heat production, ion and substrate transport, ATP/ADP ex-
change, and especially ATP synthesis [4]. The proton translocation
across inner mitochondrial membrane occurs through three protein
complexes termed NADH:coenzyme Q oxidoreductase (complex I),
coenzyme Q:cytochrome c oxidoreductase (complex III;, which is a
functional dimer), and cytochrome c¢ oxidase (complex IV); ad-
ditionally, the succinate:coenzyme Q oxidoreductase (complex II), that
belongs to the electron transport chain, doesn't translocate protons but
produce ubiquinol which is a mobile lipid electron carrier [4].

Three models have been proposed to explain the organization of the
electron transport chain complexes: 1) “Random collision model”,
proposed by Hackenbrock et al. [5] in which individual respiratory
complexes in the inner membrane diffuse freely, and electron transfer is
based on random collisions between complexes and two small electron
carriers, coenzyme Q and cytochrome c; 2) “Solid state model”, in

which complexes are attached in supra-structures called super-
complexes [6], which have been founded in mitochondria from mam-
mals, plants, fungi, and bacteria; and 3) “Plasticity model”, which in-
volves both previous models [7].

Supercomplexes have a wide distribution in the natural kingdoms,
from bacteria to plants and animals. In Paracoccus denitrificans the su-
percomplexes III,:1V; [8] and I;:111,:1V; have been reported [9]; while
in Saccharomyces cerevisiae complex III, could be attached to one
(III,:1V7) or two (III,:IV,) monomers of complex IV [10,11]. In Neuro-
spora crassa supercomplexes are composed of complexes I, IIl,, and IV
in different proportions [12]. Supercomplex I;:III, is the most abundant
in potato (Solanum tuberosum), bean (Phaseolus vulgaris), barley (Hor-
deum vulgare), and Arabidopsis thaliana [13-15]. Bovine heart mi-
tochondrial supercomplexes described are I;:1115:1Vy, [,1II,, and III,IV,
[16]. If complexes I, Il and IV are present in the supercomplex and
NADH oxidation and oxygen reduction occur, they are called respira-
some [10].

Actually, the architecture of respirasomes from porcine (Sus scrofa)
heart mitochondria [17] and ovine (Ovis aries) heart mitochondria [18]
has been determined by cryo-electron microscopy with a resolution of
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5.4 A and 5.8 A, respectively.

Initially, respirasomes were associated with electron channeling
from NADH to oxygen and the enhancement of electron flow between
complexes [5,19]; however this hypothesis has been challenged by new
structural and functional evidence [17,18,20]. Currently, the accepted
role is related to structural stabilization of complex I [6,21], and pre-
vention of oxygen radicals production [7,21-28]. However, the precise
role of supercomplexes remains to be defined.

In this work, digitonin-solubilized respirasomes from Ustilago
maydis mitochondria were isolated and their subunit composition and
activity were characterized. U. maydis is an aerobic basidiomycete
which infects the corn and teocinte plants in a biotrophic way [29]. In
the laboratory the non-pathogenic yeast form of U. maydis is easily
maintained in standard growth conditions [30]. U. maydis contains the
four classic mitochondrial respiratory complexes and depends on the
oxidative phosphorylation for the supply of ATP [31]. Supercomplexes
isolated from U. maydis contained complexes I, III; and IV, as well as
coenzyme Q and cytochrome c. NADH oxidation supported oxygen
uptake and was sensitive to KCN, antimycin A or rotenone. Ad-
ditionally, complex I activity from respirasome was inhibited by anti-
mycin A or KCN, even upon the addition of coenzyme Q and cyto-
chrome c, suggesting a tight functional interaction between complexes.
Kinetic characterization of NADH:Q oxidoreductase activity showed
that respirasome was 3-times more active than free-complex I, sug-
gesting a stimulatory effect of the contacts between complexes in the
respirasome.

2. Materials and methods
2.1. Cell culture and mitochondria isolation

U. maydis cells (strain FB2) were prepared as previously described
[31]. U. maydis mitochondria were isolated using the method described
by Waterfield and Sisler [32]. For details see Supplemental material.

2.2. Solubilization of respiratory supercomplexes

The respiratory supercomplexes and complexes were solubilized
from U. maydis mitochondria using digitonin (a very-mild detergent) as
described by [33-35], with minor modifications [36]. Briefly, U. maydis
mitochondria (10 mg/ml) were suspended in 3.5 ml of 50 mM Bis-Tris
and 500 mM 6-aminocaproic acid, pH7.0 and 140 pl digitonin (50%
stock) were added to reach a detergent/protein ratio of 2:1. Digitonin
was added drop by drop while the mixture was gentle stirred in an ice
bath and then incubated in this condition during 30 min. The mixture
was centrifuged at 100,000g for 30 min at 4 °C and supernatant con-
taining the supercomplexes and individual complexes was recovered
and immediately loaded into a sucrose gradient (16-42%) for super-
complexes isolation (vide infra).

2.3. Respirasome isolation

Mitochondrial digitonin extract (16 mg protein) was loaded on
24 ml of a continuous sucrose gradient (16-42% sucrose, 15 mM Tris,
pH 7.4, 20 mM KClI and 0.2% digitonin) and centrifuged at 131,000g for
16h at 4°C [36]. Afterward, 500 pl fractions were collected from the
bottom of the gradient. Fractions containing respirasomes were iden-
tified by BN-PAGE (vide infra). These respirasomes samples were pooled
and diluted 7-fold with 30 mM HEPES, pH 8.0 and 5% glycerol; then
were concentrated using a Centrifugal Filters Units (100K, Millipore
Amicon Utra) to a final volume of 100 ul, and stored at —70 °C until
used.

2.4. Blue Native-PAGE and in-gel catalytic activity assays

Samples from the sucrose gradient and the later supercomplexes
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fraction were loaded on a linear polyacrylamide gradient gel (4-10%)
for Blue Native PAGE (BN-PAGE) [35]. The BN-PAGE buffers were
50 mM Bis-Tris/HCl, pH 7.0 for the anode electrode, and 50 mM tricine,
15 mM Bis-Tris, pH7.0 and the anionic Coomassie© Brilliant Blue R-
125 dye (0.02%) for the cathode electrode [35]. The voltage was set to
35V for 10 h at 4 °C and the run was stopped when the sharp line of the
dye approached the gel front. Molecular weight of the respiratory
complexes and supercomplexes was determined by their electrophoretic
mobility and in-gel catalytic activity, using the complexes of digitonine-
solubilized bovine heart mitochondria as standards.

The in-gel assays were performed as described by Jung [34] using
gel loaded with isolated digitonine-solubilized supercomplexes from of
U. maydis mitochondria. NADH dehydrogenase activity (NADH:-
methylthiazolyldiphenyl tetrazolium bromide (MTT) oxidoreductase)
was assayed at 20-25 °C in a buffer containing 1.2 mM MTT and 1.0 mM
NADH in 10 mM Tris/HCI, pH 7.4. For succinate dehydrogenase activity
(Succinate:MTT oxidoreductase) NADH was replaced by 10 mM succi-
nate, 0.2mM phenazine methosulfate (PMS), 5mM EDTA in 10 mM
K,HPO,4, pH7.4. NADH or succinate dehydrogenase activity was cor-
related with the development of purple precipitates on the gel. When
activity-staining appear (10-20 min) the reaction was stopped with
fixing solution (50% methanol, 10% acetic acid). To assay the activity
of complex IV the gel was incubated in 50 mM K,HPOy,, pH 7.2, 4.7 mM
3,3’diaminobenzidine tetrahydrochloride (DAB) and 16 uM horse heart
cytochrome c. After 30-40 min of incubation at 20-25 °C, the activity
was observed as a brown precipitate and the reaction was stopped with
the fixing solution. Activity of complex V was assayed in 50 mM glycine
(adjusted to pH8.0 with triethanolamine), 10 mM MgCl,, 0.15% Pb
(ClO4), and 5mM ATP. ATP hydrolysis correlated with the develop-
ment of white lead phosphate precipitates. The reaction was stopped
using 50% methanol, and subsequently the gel was transferred to water
and scanned against a dark background as described previously
[36,371.

2.5. Kinetic characterization of NADH dehydrogenase activity from
respirasomes and free-complex

Activity of complex I (NADH:2,6-dimethoxy-1,4-benzoquinone
(DBQ) oxidoreductase activity) from respirasomes or free-complex I
was determined spectrophotometrically at 340 nm by following the
oxidation of NADH (enapy = 6.22mM~'cm™!) in an Agilent 8453
UV-visible spectrophotometer (Agilent Technologies, USA). Activity of
isolated respirasomes or free-complex I was performed in a reaction
mixture containing 120 mM KCl, 5mM MgCl,, 1 mM EGTA, 30 mM
KH,PO,4, pH7.4, at 25°C. Where indicated, isolated respirasomes or
free-complex I, were added to the buffer described above plus 10 uM of
horse heart cytochrome c¢ [38], 10-1000 uM of DBQ and 10-150 uM
NADH to start the reaction. Where indicated, rotenone (1-10pM)
[39-41], antimycin A (0.1-1uM) [42-44], or cyanide (1-3mM)
[45,46] were added. Addition of cyanide increased the pH to 7.8, but
the activity of complex I and the respirasome was the same at pH 7.4
and pH 7.8 (data no shown). To explore the effect of phospholipids on
the activity of free-complex I and respirasomes, the protocol reported
by [47] was followed using asolectin or lecithin.

Protein concentration of respirasome or free-complex I was 50 ug/
ml and the reaction was started by the addition of NADH. NADH ab-
sorbance was continuously monitored and the time response was less
than 1s. Kinetic analysis of changes in NADH dehydrogenase activity
(initial velocity) was carried out using the direct spectrophotometric
recording. Initial velocities were further obtained from the slope of the
linear region in each spectrophotometric recording, and the linear re-
gion of the traces was corroborated with the plot of the first derivative
against time. Data were analyzed by robust, weighted, non-linear re-
gression analysis using the SigmaPlot software (Systat Software, Inc.,
version 10.0). The data represent the average of eight independent
experiments. Rotenone was added to inhibit NADH:DBQ
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Table 1
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Subunit identity and molecular mass of Ustilago maydis mitochondrial respirasomes. The identity of each subunit was determined by LC/ESI-MS/MS.

Subunit identity =MW mature protein (kDa)  Exclusive unique peptides

Unique exclusive spectra/total spectra

Coverage (%) ID (Scaffold-NCBI) ID (KEGG/PENDANT)

Complex [
NUAM 77.2 33 51/103 53 Q4P471 UMAG_10695
NUBM 51.6 18 20/32 31 Q4PGP5 UMAG_11170
NUCM 48.2 17 27/47 45 Q4P4N9 UMAG_11162
NUGM 28.3 8 13/18 21 Q4PDY2 UMAG_11896
NUHM 24.3 7 8/15 32 Q4PGX9 UMAG_00634
NUKM 20.5 5 9/18 26 Q4P1W1 UMAG_11038
NUFM 13.4 5 7/15 51 Q4P712 UMAG_11517
NB4M 15.0 3 4/4 31 Q4PBS6 UMAG_02437
NUPM 17.2 4 6/8 44 UMAG_05598
NUEM 35.1 17 23/40 57 Q4PHN2 UMAG_00381
N7BM 14.1 5 6/11 41 Q4P6C6 UMAG_10847
NI2M 10.1 4 5/8 38 Q4P2N8 UMAG_05625
NUYM 17.2 6 10/16 34 Q4PHA1 UMAG_00512
NUJM 14.1 4 4/7 55 Q4PAHO UMAG_11495
NUXM 20.9 5 8/11 46 Q4P5K7 UMAG_10989
NUZM 22.2 5 8/21 40 Q4POU1 UMAG_12039
NB6M 10.7 5 6/14 52 Q4PF02 UMAG_01311
Complex III,
QCR2 43.2 17 27/49 56 Q4PEI5 UMAG_01478
Cytl 30.4 10 15/29 36 Q4P512 UMAG_11534
QCR7 10.5 8 11/14 70 Q4P6M6 UMAG_04237
RIP1 26.5 6 9/22 21 Q4P7T8 UMAG_10507
Complex IV
Cox2 28.6 5 8/14 30 QOH8Y7 QOH8Y7
Cox4 12.8 3 4/9 41 Q4P511 UMAG_04802
Cox5A 16.8 7 10/20 46 Q4P348 UMAG_05465
Cytochrome ¢
11.9 3 4/7 39 XP_011389077 UMAG_02708

The identity of each protein was determined by mass spectrometry. The subunit molecular weight of the mature protein was determined by 2D-Tricine-SDS-PAGE and
corroborated with the molecular weight obtained from U. maydis genome analysis (Biomax informatics ag; http://pedant.helmholtz-muenchen.de/
pedant3htmlview/pedant3view?Method = analysis&Db = p3_t237631_Ust_maydi_v2GB).

oxidoreductase activity of complex I; samples used in this work were
100% inhibited by rotenone, confirming that complex I was the only
NADH dehydrogenase present in both samples. The concentration of
complex I in respirasome and free-complex I samples was determined
by a densitometry analysis of Coomassie© Brilliant Blue R-125 stained
NUAM 77 kDa-subunits (ID Scaffold-NCBI Q4P4Z1; ID KEGG/
PENDANT UMAG_10695, Table 1) from an SDS-Tricine-PAGE, using
Coomassie stained BSA as a standard (see Supplemental material sec-
tion). The gel was scanned and the stain-intensity of NUAM subunit and
BSA was determined by the Image Analysis software version 1.0
(Thermo Fisher Scientific Inc.). The intensities of NUAM subunit and
BSA were measured by peak integration after densitometry analyses.
The mol of NUAM subunit was determined using the molecular weight
of the mature protein (Table 1). The amount of complex I in respira-
somes and free-complex I samples was 3.3 = 0.7 ug/10 pg total protein
and 2.8 *+ 0.5ug/10 g total protein, respectively; these amounts of
complex I in respirasomes and free-complex I were used to kinetics
parameters estimation.

2.6. Oxygen consumption by mitochondrial respirasomes

Oxygen consumption by isolated respirasomes was determined
using a type Clark electrode in the buffer described above at 30 °C.
Mixture reaction was supplemented with 10 uM horse heart cytochrome
¢, 70 uM DBQ and 20-100 uM NADH. Maximum activity of complex IV
from respirasomes was assayed with 4 mM ascorbate and 6 mM 2,3,5,6-
tetramethyl-p-phenylendiamine (TMPD) to reduce the horse heart cy-
tochrome c. Where indicated, rotenone (10 uM), antimycin A (1 uM), or
cyanide (3 mM) were added.
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2.7. Quantification of hydrogen peroxide produced by respirasomes

Quantification of hydrogen peroxide was performed with Amplex®
Red hydrogen peroxide assay kit (Invitrogen, Molecular Probes, USA),
following the manufacturer instructions. Experimental conditions used
were similar to those described in Section 2.5 (vide supra). Superoxide
dismutase (50 U/ml) was added to the reaction mixture to accelerate
the production of hydrogen peroxide from the superoxide anion.

2.8. Tandem mass spectrometry (LC/ESI-MS/MS)

Protein identification of isolated supercomplexes was determined by
mass spectrometry performed by the Arizona Proteomics Consortium
(Cancer Center and by the BIO5 Institute of the University of Arizona).
Samples were prepared following the specifications of the Proteomics
Core Laboratory. Scaffold program (version Scaffold 4.8.9, Proteome
Software Inc., Portland, OR) was used to validate MS/MS based peptide
and protein identifications. Peptide identifications were accepted if
they could be established at greater than 95.0% probability by the
Scaffold Local FDR algorithm. Protein identifications were accepted if
they could be established at greater than 99.0% probability and con-
tained at least 2 identified peptides. Protein probabilities were assigned
by the Protein Prophet algorithm [48]. Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Proteins sharing
significant peptide evidence were grouped into clusters. Proteins were
annotated with GO terms from NCBI (downloaded Apr 24, 2018) [49].

2.9. Determination of protein concentration

Samples were treated with 0.4% deoxycholate and the protein
content was determined as described by Lowry et al. [50]. Bovine
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Fig. 1. Isolation and in-gel activity of the respirasome. Respiratory complex and supercomplexes from U. maydis mitochondria were solubilized with digitonin (A).
Left panel shows the Coomassie-stained native gel strips; CI, CII, CIV, and CV corresponding to in-gel activities assay of complexes I, II, IV, and V, respectively.
Respirasome was isolated by sucrose-gradient ultracentrifugation and its in-gel NADH dehydrogenase activity analyzed by BN-PAGE (B). Fractions from the bottom
[3-11] and the top [25-30] of the sucrose gradient were used to obtain isolated the respirasome and free-complex I, respectively (C). Where is showed Bos taurus
respiratory complex and supercomplexes were solubilized with digitonin and used as standard. U. maydis respirasome sample was used to subunits identification by

MS/MS (Table 1).

serum albumin (BSA) was used as standard.
2.10. Materials

Analytical grade reagents were purchased from Sigma Chemical Co.
(St. Louis, MO, USA), E. Merck (Darmstadt, Germany), and BioRad
(Hercules, CA, USA). Strain FB2 of U. maydis was obtained from the
American Type Cell Collection (Manassas, VA, USA).

3. Results
3.1. Composition of isolated respirasomes

Respiratory complexes and supercomplexes from U. maydis mi-
tochondria were efficiently solubilized with digitonin preserving their
activity (Fig. 1A). In gel-activity of individual complex I, II, IV and V
was associated with a protein band of a molecular mass of 960, 150,
240 and 640 kDa, respectively; additionally, ATPase activity of complex
V was associated with a single protein band of 1260 kDa, which has
been reported as the dimer of F;Fy-ATP synthase [36]. Activities of
complexes I and IV were associated with several bands with molecular
masses from 1400 to 1900 kDa (Fig. 1A). MS/MS analysis confirmed the
presence of complex III, in these supercomplexes.

Digitonin-solubilized respirasomes from U. maydis were isolated by
sucrose density gradient centrifugation (Fig. 1B). NADH:MTT oxidor-
eductase activity from complex I was distributed from fraction 3 to 30;
however, fractions 3-11 contained exclusively the respirasome, and this

pattern was highly reproducible (Fig. 1B). Free-complex I was re-
covered from fractions 25-30. The fractions containing respirasomes
and free-complex I were pooled separately and concentrated as de-
scribed in the Materials and methods section and their purity, in terms
of NADH dehydrogenase activity, was analyzed by BN-PAGE (Fig. 1C).
For the respirasomes, activities of complex I and IV were associated
with a main protein band of 1600 kDa, using bovine mitochondrial
respiratory complexes solubilized with digitonin as standard (Fig. 1C).
No activity of monomeric complex I and IV, or complex III, stained with
Coomassie was observed, demonstrating that supercomplexes were
isolated without contamination by individual complexes. Free-complex
I activity was located around 970 kDa as a single band (Fig. 1C, right
lane).

Although activities of complexes I and IV were observed in
the upper zone of the gel (Fig. 1B), suggesting a broad spectrum of
supercomplexes stoichiometries, a main protein band of 1630 kDa was
observed in the gel stained with Coomassie (Fig. 1C). Using the
molecular weight obtained from U. maydis genome database
(Biomax informatics ag; http://pedant.helmholtz-muenchen.de/
pedant3htmlview/pedant3view?Method = analysis&Db = p3_t237631_
Ust_maydi_v2GB) for complex I (900kDa), dimer of complex III,
(473kDa), and complex IV (203kDa), we hypothesize that the
minimum and most probable stoichiometry of this 1630kDa super-
complex is I;:(III);:IV;. Seventeen subunits for complex I, 4 subunits
for complex III,, and 3 for complex IV were identified by MS/MS
analysis of isolated respirasomes (Table 1), confirming their composi-
tion. Additionally, cytochrome ¢ was detected in the respirasome
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Fig. 2. Oxygen consumption by isolated Ustilago
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sample (Table 1). Complex I amount was determined as described in
Materials and methods section and Supplementary material.

3.2. Oxygen consumption by respirasomes

Surprisingly, isolated respirasomes reduced oxygen in the presence
of NADH (133 + 17 nmol O, reduced-(mg of CI'min)~?), suggesting
that they contain, in addition to functional respiratory complexes I, III,
and IV, the mobile elements, coenzyme Q and cytochrome c, allowing
the electron flux from NADH to oxygen (Fig. 2A). If mobile electron
carriers (i.e. 60 ug cytochrome c/ml and 65 pM DBQ) were added to the
reaction mixture, oxygen consumption increased (397 = 41 nmol O,
reduced-(mg of CI'min) ~'; Fig. 2B-E), suggesting that these could be
used as substrates by isolated respirasomes. Once NADH has been
oxidized, oxygen uptake decreases (Fig. 2A-C), and a new NADH ad-
dition promoted respiration again. Although oxygen uptake was sup-
ported by NADH oxidation, the maximum complex IV activity was
reached with ascorbate and TMPD addition (992 + 203 nmol O, re-
duced-(mg of CI'min) ™ %; Fig. 2C-E), indicating that flux control could
belong to complexes I or IIl,. Oxygen reduction by respirasome in the
presence of NADH, cytochrome ¢ and DBQ was inhibited by rotenone
(Fig. 2D), antimycin A (Fig. 2E), or cyanide (Fig. 2A-E). The total in-
hibition of electron flux by these specific inhibitors discards the pre-
sence of rotenone-insensitive alternative NADH dehydrogenases (i.e.
Ndel, Nde2, or Ndil) or cyanide-resistant alternative oxidase [31] in
isolated respirasomes. Additionally, MS/MS analysis confirms the ab-
sence of these alternative respiratory elements in the U. maydis re-
spirasome. The absence of hydrogen peroxide (H,0,) as a result of
electron leak during NADH oxidation was demonstrated by the addition
of catalase (Fig. 2A and B). Alternatively, H,O, production by re-
spirasomes, assayed with the Amplex Red probe, was of 240 = 4 pmol
of H,O(mg of CI'min) ! in the presence of 150 nmol of NADH to as-
sess the maximum rate of oxygen consumption; Cyanide addition
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increased ROS production to 550 + 10 pmol of H,O»(mg of CI'min) ~ 1
and 484 * 24 pmol of H,O,(mg of CI'min) ' in the absence or pre-
sence of superoxide dismutase, respectively. These values represent
0.001% of the maximum rate of oxygen consumption supported by
NADH.

Since H,0, production was negligible (i.e. less than 0.001%) during
maximum oxygen consumption by respirasome, one question is arising,
the NADH:DBQ oxido-reductase activity of complex I occur even if
electron flow in complex III, and IV in supercomplexes is interrupted by
antimycin A or cyanide? To answer this question, NADH:DBQ oxido-
reductase activity by respirasomes was monitored in the presence of
inhibitors of complex I, III, or IV.

3.3. NADH oxidation by respirasome

Oxidation of NADH by respirasomes was recorded spectro-
photometrically at 340 nm in the presence of cytochrome ¢ and DBQ
(Fig. 3). NADH dehydrogenase activity of respirasomes was inhibited
by rotenone (Fig. 3A) demonstrating that this activity belongs ex-
clusively to complex I and alternative NADH dehydrogenases were
absent. Interestingly, reduction of DBQ by complex I was stopped when
complex III, and complex IV were inhibited by antimycin A or cyanide,
respectively, even in the presence of an excess of coenzyme Q and cy-
tochrome ¢ (Fig. 3B and C). Inhibition of the NADH:DBQ oxidor-
eductase activity occurs even if inhibitor (i.e. Antimycin A or cyanide)
was added before NADH (Fig. 3B and C). This observation indicates that
activity of complex I is tightly coordinated with the activities of com-
plexes IIl, and IV in the respirasome (Fig. 2). Antimycin A and cyanide
have no effect on free-complex I activity (Fig. 3E and F). Remarkably,
the ratio between NADH oxidation (i.e. 959 + 197 nmol NADH oxi-
dize/mg of CI'min; see Fig. 3) and oxygen reduction (ie.
397 + 81 nmol O, reduced/mg of CI'min, see Fig. 2) by respirasomes
was 2.42 = 0.3, very close to the theoretical value of 2 for the electron
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Fig. 3. Effect of rotenone, antimycin A and cyanide on NADH:DBQ oxidoreductase activity of respirasome. Respirasomes were incubated in the buffer described in
Fig. 2. NADH oxidation was monitored by NADH absorbance at 340 nm. Where is indicated respirasome, DBQ (65 uM), cytochrome ¢ (60 pg/ml), NADH (150 nmol),
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+ Antimycin A (B), or +CN- (C). Activity of free-complex I was assayed in similar conditions in the presence of rotenone (D), antimycin A (E) or cyanide (F). The

number below each recording represents the velocity of NADH oxidation. The mean

+

S.D. value of NADH:DBQ oxidoreductase activity for respirasome in this

experimental condition was 959 = 197 nmol NADH oxidize/mg of CI'min (n = 9). Results were obtained from 7 different preparations.

flux from NADH to oxygen through respiratory complexes I-III,-IV.

Oxygen uptake stimulation by the addition of DBQ and cytochrome
c (Fig. 2A and B) suggests that mobile electron carriers were taken from
the medium, and their microdiffusion between complexes could play an
important role in electron flux. Interestingly, inhibition of complexes
III, or IV stops the NADH:DBQ oxidoreductase activity of the respira-
some (Fig. 3), suggesting that protein-protein contacts between com-
plexes I, III; and IV could play an important role in the regulation of
respirasome activity. In this sense, we have previously characterized
the role of protein-protein interactions in the activity of the complex V
dimer [36]. Then, the characterization of NADH dehydrogenase activity
in respirasomes and free-complex I could be helpful to elucidate the role
of the interactions between complexes in the respirasomes.

3.4. NADH dehydrogenase activity from complex I versus NADH
dehydrogenase activity from respirasome

As a first step, activity of NADH:DBQ oxidoreductase from respira-
some and free-complex I was determined following the change in ab-
sorbance at 340 nm.

Activity of NADH:DBQ oxidoreductase by respirasome (Fig. 4A and
B) or free-complex I (Fig. 4C and D) increased as the NADH or DBQ
concentrations were raised. The data were fitted to the Michaelis-
Menten equation. Respirasome showed a V., = 3340 *+ 150 nmol
NADH oxidized-(mg of CI'min) ™!, a Ky.napy = 19 * 4uM and a Ky,
peo = 76 = 15uM. In contrast, free-complex I showed a Vy,ax value of
1000 = 80nmol NADH oxidized(mg of CI'min)~!, a Ky
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nap = 50 *= 11uM and a Ky.ppg = 103 * 30uM (Table 2). It has
been reported that phospholipid reconstitution could increase the ac-
tivity of DDM-isolated complex I from Yarrowia lipolytica [47]; how-
ever, this effect was not observed in the free-complex I or respirasome
from U. maydis (see Suppl material). The Lineweaver-Burk plot for free-
complex I as well as complex I from respirasome was consistent with a
random Bi Bi mechanism, which predicts a ternary complex (i.e. NADH-
CI-DBQ).

The k., values for free-complex I and respirasome were 15 + 1s~
and 49 + 2571, respectively (Table 2), confirming that respirasome is
3-times more active than free-complex I. Additionally, the k.../Ky.napu
values of free-complex I and respirasome were 2.9 x 10> *+ 0.2 X 10°
and 2.6 x 10° £ 0.6 x 10°M~'s™ !, respectively; while the ke./Ky.
DBO values were 1.4 x 10° + 0.3 x 10° and
6.5 x 10° + 1.3 x 10°M " 's™! for free-complex I and respirasome,
respectively (Table 2), indicating a higher specificity of respirasome for
NADH and DBQ. These results indicate that incorporation of complex I
into respirasomes and the interaction between complexes I, III, and IV,
has a stimulatory effect on the activity and affinity of complex I.

1

3.5. Proteins associated to respirasomes

The MS/MS analysis of isolated respirasomes showed five proteins
related with the organization of mitochondrial architecture: Prohibitins
1 (UMAG_11092) and 2 (UMAG_05030); Fcjl (UMAG_00635), Rcf2
(UMAG_03929) and the mitochondrial inner membrane organizing
system protein 1 (UMAG_10488). All these proteins showed
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Fig. 4. Kinetic characterization of NADH:DBQ activity from respirasome and free-complex I. The dependence of respirasome (A) and free-complex I (C) activity on
NADH at different fixed concentrations of DBQ, and dependence of respirasome (B) and free-complex I (D) activity on DBQ at different fixed NADH concentrations,
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average of four replicates from five independent preparations. The activity was corrected by complex I amount in each preparation of respirasomes and free-complex
I as described in Materials and methods section. Error bars represent S.D.

Table 2 4. Discussion
Kinetics parameters of NADH:DBQ oxide-reductase activity of the respirasome
and the free-complex I from Ustilago maydis mitochondria. Mitochondrial respiratory complex I, III, and IV are membrane
Free-complex I* Respirasome® proton-pumps that transform the energy of NADH into the proton
electrochemical gradient (Apy ) across the inner membrane. The free
Vimax (nmol NADH oxidized/ 1000 = 80 3340 + 150 energy stored in the Ayy, is utilized for ATP synthesis. Actually, stable
ket ?;% f)omplex fmin =) 15+ 1 49 5 2 interactions between the respiratory complexes have been determined,
NADH and these new structures are named supercomplexes. Although com-
Knt (M) 50 + 11 19 + 4 position and stoichiometry of supercomplexes are diverse, if complexes
Keae/Kn (M~ 1s™1) 2.9%x10° £ 0.2 x 10° 2.6 x 10° * 0.6 X 10° I, III, and IV are presents, the electron flow could occur from NADH to
DBQ oxygen (i.e. a respirasome). The respirasome has been described in
Ky (M) 103 = 30 76 + 15 : . . .
ke/Ky (M5 1) 14%10° £ 03 x 105 65 % 10° + 1.3 x 10° mitochondria from different eukaryotes such as bovine [16], Neurospora
crassa [12], and prokaryotes as the a-proteobacteria Paracoccus deni-
# Complex I mol in free-Complex I and respirasome samples was determined trificans [9].
as described in Materials and methods section, and kinetics parameters were In this work the U. maydis respirasome was efficiently solubilized
showed as mg of Complex I. with digitonine and isolated as a highly stable unit (Fig. 1). Composi-

tion of U. maydis respirasome was assessed by MS/MS analysis
transmembrane domains but only prohibitin 2 and Rcf2 presented a (Table 1), in-gel activity (i.e. complex I and IV), and NADH:O, oxi-

glycine zipper motif in the transmembrane domains. It has been sug- doreductase activity (i.e. electron flux from NADH to oxygen). The
gested that proteins with transmembrane glycine zippers play a struc- minimal stoichiometry of the respirasome was LIII,IV; with an ap-
tural role as glue between the membrane proteins [51]. Finally, three parent molecular mass of 1630 kDa (Fig. 1).

proteins with the pentatricopeptide repeat domain (PPR domain: Oxygen consumption supported by NADH oxidation strongly in-
UMAG_06347 and UMAG_11282; PET127: UMAG_02275) were asso- dicates that cytochrome ¢ and coenzyme Q were present in isolated U.
ciated with the respirasome sample. maydis respirasome (Fig. 2A), similar to that described for the respira-

some obtained from bovine heart mitochondria [52]. This could be
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possible because the binding of cytochrome c to complex III, is strong
[53,54], and coenzyme Q was embedded in the lipid annulus of the
respirasome. However, incorporation of fresh cytochrome ¢ and DBQ
into isolated respirasomes increased the electron flow from NADH to
oxygen, suggesting that the respirasome can take the quinone and cy-
tochrome ¢ from the medium.

Recent experimental evidences support that substrate channeling
inside the respirasome doesn't occur. Electron microscopy showed that
each monomer in complex III dimer (III,) contains two Q binding sites
(Qp and Qy), which are located on opposite sides of the dimer. The
activity of complex III, involves oxidation of QH, and reduction of
cytochrome c, in a process called the Q-cycle. QH, binds at the Qp site
and its electrons are transferred, one to cytochrome c in the inter-
membrane space via the Rieske protein, and the other to a Q bound at
the Qy site, generating a semiquinone (Q-). A new QH, binds at the Qp
site and a second cytochrome c is reduced, and the Q- bound at the Qy
site is fully reduced to QHs, which is released into the ubiquinone pool.
Kinetic analysis has demonstrated the alternating activity of each
monomer [55].

The cryo-electron microscopy analysis of the respirasome shows
that the Q binding site of one monomer of complex I, is facing the Q
site of complex I but separated by ~10nm (~100 A), while the other
monomer is facing complex IV [18]. Also, these studies showed that
there were no proteins involved in substrate channeling between the Q
sites of complex I and complex III, [18].

Indeed, a time-resolved kinetic study of the respiratory chain in
submitochondrial particles or mitochondrial membranes showed that Q
exists as a single, common pool which is exchanged freely between
respiratory complexes, including supercomplexes [56]. An elegant ap-
proach to test the electron channeling in the respirasome was provided
by Fedor and Hirst [20], who hypothesized that in the presence of
electron channeling between complexes I and III,, the respiratory ac-
tivity supported by NADH should be insensitive to enzymes that take
the QH, from the quinone pool. Using a cyanide-insensitive, non-elec-
trogenic quinol oxidase (AOX), they probed that adding AOX to bovine
submitochondrial particles the NADH oxidation rate increases and be-
comes cyanide insensitive. They concluded that channeling doesn't
occur because quinol produced by complex I is released into the qui-
none pool and oxidized by AOX [20].

However, a recent report shows that in the inner mitochondrial
membrane complex I is heterogeneously distributed [57]. In bovine
heart about 44% of complex I occurs as a single copy (I;); 16% as I;III,
supercomplexes, and 40% as I;III,IV,_, respirasome [57]. In Yarrowia
lipolytica the arrangements of complex I founded were: complex I by
itself (40%); supercomplexes I;:11I; (13%); and L;111,IV,_5 (47%) [57].

In this sense, the kinetic behavior of complex I in the different su-
percomplexes found in the membrane is not necessarily the same. An
approach to determine the properties of respirasome is to isolate it.
Interestingly, although the NADH:O, oxidoreductase activity of U.
maydis respirasome was sensitive to classical respiratory inhibitors
(Fig. 2), inhibition of complexes III, or IV prevented NADH oxidation
(Fig. 3) in the presence of an excess of DBQ and cytochrome c. Parti-
cularly, inhibition of NADH:DBQ oxidoreductase activity by antimycin
A or cyanide strongly supports the idea that interactions between
complex I and complexes III, and IV might regulate the activity of
complex I, and therefore the respirasome activity. In line with this
hypothesis, inhibition of NADH:O, oxidoreductase activity in the re-
spirasome with antimycin A or cyanide does not induce HO, or su-
peroxide production, as confirmed by catalase addition (Fig. 2) or
Amplex Red assay in the presence or absence of superoxide dismutase.
Since complex IV doesn't use the product of complex I, and its active
site is ~20nm away from complex I Q site [18], the cross-talk (i.e.
complex-complex contacts) between complexes IV and I is a working
hypothesis to explain that inhibition of complex IV induces the in-
hibition of complex I.
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It has been described that intersubunit contacts play a significant
role in the catalytic properties of many enzymes. Particularly, in the 3-
deoxy-d-manno-octulosonate-8-P synthase the subunit interphase is
important for substrate selectivity and binding [58]; and in the gluco-
samine-6-P deaminase from Escherichia coli the contacts between the
subunits modify the allosteric equilibrium between the R and T-state
[59]. In U. maydis the contacts between monomers in the dimer of F;F,-
ATP synthase increase the ATPase activity and decrease the ICsy for
oligomycin [36].

In the respirasome, interactions between complex IV and complex I
involve subunit 7A of complex IV and either ND5 or the 39-kDa subunit
of complex I. Additionally, complexes IV and III, interact through
subunits cox 7A and cox 8B and regions of subunits QCR9, QCR8 of
complexes IV and III,, respectively [57].

To explore the effect of complex-complex contacts in the respira-
some, we decided to determine NADH:DBQ oxidoreductase activity of
complex I in two states, free as well as incorporated in the respirasome.
Free-complex I from U. maydis showed a V,x of 1000 + 80 nmol
NADH oxidized-(mg of complex I'min) ~ 1. similar values (420-840 nmol
NADH~(mg~min)_1) have been reported for Yarrowia lipolitica [44,60].
However, kinetic analysis showed that the activity of U. maydis re-
spirasomal complex I was 3-time higher than that of the individual
complex I (Vphax = 3340 = 150 nmol NADH oxidized-(mg of complex
I'min) ~ 1), and the affinity for NADH and DBQ was also higher. These
observations indicate that incorporation of complex I in super-
complexes (i.e. respirasome) increased their catalytic (k.,) and the
specificity (kea/Ky) constants, illustrating the possible role of the tight
interactions between complexes I, III, and IV. In contrast with our re-
sults, the group of Shinzawa-Itoh described that the supercomplexes
isolated from bovine heart mitochondria showed an NADH:Q; oxidor-
eductase activity of 700-1120 nmol NADH:(mg of SCmin) ' in the
presence of 150 uM NADH, 37 uM Q1, 200 uM cytochrome ¢ and 2 mM
KCN [61]. The activity of U. maydis respirasome was 3-time higher than
the activity of bovine supercomplexes, and under similar concentra-
tions of NADH, coenzyme Q, and cytochrome c the U. maydis respira-
some showed only 30% of its Vy,x (Fig. 4). It's important to note that
KCN was present in the mixture assay of the bovine supercomplexes
activity [61], while KCN had a different effect on U. maydis respira-
some.

An important difference between bovine and U. maydis respirasomes
is the dependence of complex I activity on active complexes III, and IV.
Here we showed that NADH:DBQ oxidoreductase activity of complex I
was depended on active complex III, and IV, even in the presence of an
excess of DBQ and cytochrome c; moreover, inhibition of complex IV
abolished complex I activity (Fig. 3). Bovine respirasome showed si-
milar behavior only if coenzyme Q concentration was limiting, sug-
gesting that activities of complex III; and IV were important to remove
the products [61]. Under this condition electron leak at mammalian
complex I or contribution to QH, pool would be probable [61]. Ad-
ditionally, complex-complex contacts in U. maydis respirasome pro-
motes NADH:DBQ activity, while in bovine respirasome this stimulating
effect was not observed.

To explain the effect of cyanide or antimycin A on the activity of
complex I in respirasome, we hypothesized that the respirasome in U.
maydis is “tighter”, and the interactions between the complexes pro-
moted a conformational change in complex I (i.e. formation of deactive
status of complex I). Studies on the deactive state of complex I, which is
formed during ischemia, showed that an unstructured region in the loop
of ND3 prevents coenzyme Q binding [62]. Actually, this deactive state
is considered a regulatory mechanism of complex I to minimize
ischemia-reperfusion injury [63]. Thus, although a deactive state of
complex I in U. maydis must be determined experimentally, in the re-
spirasome the cyanide inhibition of complex IV could recreate the
ischemia condition, promoting the “deactive state” of complex I and
preventing NADH oxidation and coenzyme Q reduction.

Regarding the identity of proteins associated whit the U. maydis
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respirasomes sample, prohibitins 1 and 2 [64,65] and Rcf2 [66,67]
have an important role in the formation and stabilization of super-
complexes. Although Fcjl has a role in the formation of the mi-
tochondrial crista [68], it has not been reported a role of this protein in
respirasome formation.

The common features of the pentatricopeptide repeat domain pro-
teins and Pet127 detected in the respirasome sample are the mi-
tochondrial localization and mRNA binding during the synthesis of
proteins in mitochondria. Although deletion of some members of these
proteins results in a complete loss of mitochondrial respiratory capacity
[69,70], their precise role in the U. maydis respirasome should be ex-
perimentally determined.

Under physiological conditions, the interaction between complexes
[-III,-IV in the respirasome may have two possible roles: 1) stimulate
the NADH:DBQ oxidoreductase activity of complex I, and 2) provide a
mechanism of regulation of complex I, stabilizing its deactive/active
status to prevent ROS production. If cellular ATP decreases, individual
mitochondrial respiratory complexes could associate into respirasomes
to improve the electron flux, the proton pumping and generate the
Apy + needed for ATP synthesis. Contrary, if there is not a cellular de-
mand for ATP (or an ischemic state) complex I can be in a deactive state
to decrease NADH consumption and cytochrome ¢ reduction, and then
drop the electron flux reducing the ROS production.
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