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Abstract
The highly abundant voltage-dependent anion-selective channel (VDAC) allows transit of metabolites across the
mitochondrial outer membrane. Previous studies in Neurospora crassa showed that the LoPo strain, expressing
50% of normal VDAC levels, is indistinguishable from wild-type (WT). In contrast, the absence of VDAC
(ΔPor-1), or the expression of an N-terminally truncated variant VDAC (ΔN2-12porin), is associated with deficien-
cies in cytochromes b and aa3 of complexes III and IV and concomitantly increased alternative oxidase (AOX)
activity. These observations led us to investigate complex I and complex II activities in these strains, and to explore
their mitochondrial bioenergetics. The current study reveals that the total NADH dehydrogenase activity is similar in
mitochondria from WT, LoPo, ΔPor-1 and ΔN2-12porin strains; however, in ΔPor-1 most of this activity is the
product of rotenone-insensitive alternative NADH dehydrogenases. Unexpectedly, LoPo mitochondria have increased
complex II activity. In all mitochondrial types analyzed, oxygen consumption is higher in the presence of the
complex II substrate succinate, than with the NADH-linked (complex I) substrates glutamate and malate. When
driven by a combination of complex I and II substrates, membrane potentials (Δψ) and oxygen consumption rates
(OCR) under non-phosphorylating conditions are similar in all mitochondria. However, as expected, the induction of
state 3 (phosphorylating) conditions in ΔPor-1 mitochondria is associated with smaller but significant increases in
OCR and smaller decreases in Δψ than those seen in wild-type mitochondria. High ROS production, particularly in
the presence of rotenone, was observed under non-phosphorylating conditions in the ΔPor-1 mitochondria. Thus, the
absence of VDAC is associated with increased ROS production, in spite of AOX activity and wild-type OCR in
ΔPor-1 mitochondria.
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Introduction

Voltage-dependent anion-selective channels (VDAC), also
known as mitochondrial porins, provide the primary transport
mechanism across the mitochondrial outer membrane (MOM)
for ADP, ATP and small organic anions that include respira-
tory substrates. They are proposed to regulate calcium, metab-
olite and ATP/ADP flow through the MOM, from the inter-
membrane space to the cytosol and vice-versa (Fig. 1; see
(Shoshan-Barmatz and De 2017)). VDAC folds into a 19 β-
stranded barrel with an extra-membranous N-terminal α-helix
that resides in the barrel lumen in the folded state subjected to
structural analysis (Bayrhuber et al. 2008; Hiller et al. 2008;
Ujwal et al. 2008). The helix is proposed to re-orient and
become exposed to the cytosol in the partially closed states
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associated with gating (Geula et al. 2012, Tomasello et al.
2013). Partial truncation of the N-terminus of VDAC from
Neurospora crassa generates a protein that forms gated, but
unstable, channels in artificial membranes (Popp et al. 1996),
and in vivo, this truncation is associated with a reduced level
of VDAC and defects in the electron transport chain (Shuvo
et al. 2017). While VDAC can modulate multiple cellular
functions via interactions with other proteins, the connections
between VDAC and mitochondrial bioenergetics have yet to
be examined in detail.

N. crassa is an excellent candidate for studying the effect
that the absence of VDAC has on mitochondrial bioenergetics
and reactive oxygen species (ROS) production. It is an obli-
gate aerobe and has canonical respiratory chain complexes I
through V, some of which exist in supercomplexes ((Marques
et al. 2007) and see legend to Fig. 1). In addition, it expresses
several alternative non-proton-pumping NAD(P)H dehydro-
genases (Fig. 1; (Carneiro et al. 2012)). Isolation of mitochon-
dria from N. crassa is straightforward and therefore, this fun-
gus has been used extensively for the study of mitochondrial
biology (see reviews by (Nargang and Rapaport 2007) and
(Videira and Duarte 2002)) and of VDAC function, starting
with the initial experiments by (Colombini 1979). In addition,
N. crassa expresses a single VDAC isoform, in contrast to
mammalian systems in which an understanding of the effects
of a knockout of VDAC is complicated by the presence of

three VDAC isoforms, one of which is required for embryonic
development (reviewed in (Young et al. 2007)).

InN. crassa,while VDAC is not essential, a strain (ΔPor-1)
lacking this channel has severe mitochondrial abnormalities
and high alternative oxidase (AOX) activity (Table 1;
Summers et al. 2012). AOX receives electrons from ubiquinol
(reduced CoQ) and thus bypasses complex III and IV to donate
electrons to terminal oxygen (Fig. 1). Hence, energy from the
electrons that pass through AOX contributes less to the forma-
tion of the proton motive force across the inner membrane
(Møller 2001; Tanton et al. 2003). AOX has been proposed
to reduce ROS production by allowing alternative electron flow
in the inner membrane, thereby preventing build-up of a highly
reduced pool of CoQ (Q-pool) (Maxwell et al. 1999).

There is limited information on mitochondrial ROS pro-
duction in N. crassa, in particular from VDAC-impaired
strains. During mitochondrial energy transformation process-
es, electrons can leak and partially reduce oxygen to produce
reactive oxygen species. In broad terms, ROS refers to oxygen
molecules that are chemically reactive, without the need for a
catalyst (Munro and Treberg 2017). Examples of ROS are
singlet oxygen, hydrogen peroxide, hydroxyl radical and su-
peroxide anion. In mitochondria, ROS are produced from
complex I, II and III of the ETC (Fig. 2) and enzymes of the
tricarboxylic acid (TCA) cycle (reviewed in (Mailloux 2015)).
Most of the mitochondrial ROS producing sites catalyze

H+

H+ H+ H+

H+

NADH NAD+

Succinate Fumarate

+ Pi

C
om

 II

C
om

 V

Co
m

 II
I

C
om

 IV

MOM

MIM

IMS

cyt c

Q
e- e-

e- e-

e-

1/2O2 H2O

aNDH

NADH NAD+

NADH NAD+

C
om

 I

e-

ATPADP

e-

aNDH
AOX

1/2O2 H2O

WT or LoPo                                 N2-12Por                                       Por-1  

OR OR

Fig. 1 Electron transport and oxidative phosphorylation in wild-type and
variant Neurospora crassa mitochondria. In WT mitochondria CoQ (Q)
shuttles electrons from complex I (Com I), complex II (Com II) and the
four alternative NAD(P)H dehydrogenases (aNDH), to complex III (Com
III). Electrons from Com III are carried by cytochrome c (cyt c) to
Complex IV (Com IV). ATP synthase (Com V) uses the resulting proton
gradient for ATP synthesis. Note that complexes I, III and IV exist in
supercomplexes with compositions of ComI-ComIV, ComI-ComIII,
ComI-ComIII-ComIV and that complexes I and V form homodimers in
N. crassa (Marques et al. 2007). Three variant strains were used: LoPo,
expressing 40–50% ofWT levels of VDAC, ΔPor-1, lacking VDAC, and
ΔN2-12Por, expressing an N-terminally truncated VDAC at about 10% of
WT levels.With the exception of an increased level of Com II activity, the
ETC of LoPo resembles that of WT (not shown). In ΔPor-1 and ΔN2-

12Por mitochondria, the cytochromes associated with complexes III and
IV are reduced (hatched symbols), cytochrome c is present in higher
levels, and electrons are shuttled from the Q-pool through alternative
oxidase (AOX). Additionally, in ΔPor-1, complex I levels are decreased
and aNDH activity is higher than in WT. The predicted reductions in
proton pumping are indicated by dotted lines. VDAC is shown as a red
cylinder with a black stick that indicates the N-terminus; the crossed out
symbol represents the lack of VDAC inΔPor-1 and the hatched cylinder
lacking the stick indicates the truncation in ΔN2-12Por and the lower
levels of this protein. N. crassa has four alternative NAD(P)H dehydro-
genases (aNDH), one on the matrix side and three in theMIM. For clarity,
only one of each group is shown. MOM, mitochondrial outer membrane;
MIM, mitochondrial inner membrane; IMS, inter membrane space
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conversion of monovalent oxygen to superoxide, which is
rapidly dismuted to hydrogen peroxide either spontaneously
or by superoxide dismutase (SOD) activity in the matrix or the
intermembrane space; in addition, some sites can generate
hydrogen peroxide from divalent reduction of oxygen
(Brand 2010).

In this study, the characterization of the ETC in a group of
VDAC knockdown (LoPo), knockout (ΔPor-1) and VDAC
variant (ΔN2-12porin) strains was completed with measure-
ments of NADH dehydrogenase and succinate dehydrogenase
activities. The following hypotheses were addressed i) in or-
der to maintain membrane potential, mitochondria from
strains with ETC defects and expressing AOX will consume
oxygen at higher rates, due to the fact these defects may lead
to higher ratios of oxygen consumed to protons pumped ii)
that AOX activity will be sufficient to drive electron flux away
from complexes I and II, thus maintaining reducing potential
(lower ratios of reduced (CoQ(red)) to oxidized CoQ
(CoQ(ox))) and thereby maintaining low levels of ROS in
the presence of abnormal ETC. To these ends, respiration
rates, relative measurements of membrane potential, and
ROS production were examined.

Materials and methods

Chemicals

All the chemicals were purchased from Thermo Fisher
Scientific (Mississauga, ON, Canada), Sigma-Aldrich
Canada (Oakville, ON, Canada) or BioShop Canada
(Burlington, ON, Canada).

Strains and growth conditions

N. crassa strains used in this study are listed in Table 1. Note
that VDAC fromN. crassa is also referred to as mitochondrial
porin, and the porin designation is incorporated into the names

Table 1 Summary of N. crassa strains and ETC data

Strain name Genotype/Comments Respiration insensitive
to cyanide (%) a

Cytochrome aa3
and b levels
(Complexes III and IV)

NADH dehydrogenase
activities b

Complex
II activity c

FGSC 9718d

(wild-type; WT)
Δmus-51::bar+ mat a
(Colot et al. 2006)

< 5%
(Summers et al. 2012)

WT
(Summers et al. 2012),

(Shuvo et al. 2017)

tNDH: 100%
aNDH: 100%
complex I: 100%

100%

LoPo hph+, Δmus51::bar +mat α,
TOM40 promoter::por
transformant of FGSC 9718

(Shuvo et al. 2017)

8%
(Shuvo et al. 2017)

Similar to WT
(Shuvo et al. 2017)

tNDH: 103%
aNDH: 101%
complex I: 104%

153%*

ΔPor-1 Δpor::hph+ Δmus51::bar+ mat a
transformant of FGSC 9718

(Summers et al. 2012)

95%
(Summers et al. 2012)

Reduced
(Summers et al. 2012)

tNDH: 88%
aNDH:148%
complex I: 30%*

84%

ΔN2-12porin hph+, porΔ2–12, Δmus51::bar+ mat a
transformant of FGSC 9718

(Shuvo et al. 2017)

80%
(Shuvo et al. 2017)

Reduced
(Shuvo et al. 2017)

tNDH: 96%
aNDH:134%
complex I: 60%*

84%

aMeasured as percentage of oxygen consumption that occurs in the presence of cyanide; mediated by alternative oxidase
bData from Fig. 4a; relative to WT; tNDH, total NDH actvity; aNDH, alternative NDH activity
c Data from Fig. 4b; relative to WT
d Strain FGSC 9718 was obtained from the Fungal Genetics Stock Center (McCluskey et al. 2010)
* Different than WT (students’ t-test <0.5)
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Fig. 2 ROS production sites in the ETC. Rotenone and antimycin A
induce ROS production by interactions with complex I (grey L-shape)
and complex III (ComIII), respectively. The two ROS producing sites in
complex I are associated with the flavin mononucleotide (IF) and ubiqui-
none (IQ); rotenone blocks the IQ site, increasing ROS production by
NADH-linked substrates. Reverse flow from succinate to complex I,
via complex II (ComII) can occur, but is greatly decreased in the presence
of glutamate, malate and NADH-linked substrates, likely due to inhibi-
tion of ComII (discussed in Muller et al. 2008). Sites of inhibitor activity
are indicated by blunt ended lines, and solid and dashed arrows indicate
electron flow in the absence or presence of inhibitors, respectively. In the
presence of inhibitors, the CoQ(red)/CoQ(ox) ratio is high. Antimycin A
treatment blocks interactions between the Q-pool and CIII at Qi, leading
to ROS generation. Alternative oxidase can decrease the CoQ(red)/
CoQ(ox) ratio, thereby limiting ROS production in cells where oxidation
of the Q-pool is blocked by inhibitors or defects in the ETC. Other mito-
chondrial ROS-producing sites (Brand 2010; Mailloux 2015) are not
shown. Note that ROS can also be produced directly from complex II
(Quinlan et al. 2012)
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of the VDAC variants (Popp et al. 1996) and strains (Summers
et al. 2012). Growth and handling of N. crassa strains were
performed following the procedures described in (Davis and
de Serres 1970) at 30 °C. Mitochondria were isolated follow-
ing the modification of the protocol described in (Harkness
et al. 1994). In brief, mycelia were harvested by filtration from
14 to 16-h (wild-type and LoPo) or 20-h (ΔN2-12porin) or
36-h ΔPor-1 liquid cultures. The mycelial mats were ground
with sand in SEM buffer (220 mM sucrose, 1 mM EDTA,
10 mM MOPS [morpholinepropanesulfonic acid], pH 7.2].
Sand and unbroken hyphae were removed by two rounds of
centrifugation for 5 min each at 3000×g and mitochondria
were collected by centrifugation of the resulting supernatant
for 12 min at 17000×g. All steps were carried out on ice or at
4 °C. Further purification on flotation gradients was not used,
as it can lead to disruption of the MOM (see (Ferens et al.
2017) for discussion).

Evaluation of mitochondrial outer membrane
integrity

Mitochondrial outer membrane integrity was evaluated based
on the change in oxygen consumption in response to addition
of exogenous cytochrome c. Briefly, 100 μg of mitochondrial
protein was added to 2 ml of air-equilibrated SR buffer (mod-
ified from (Court et al. 1996); 50 mMKH2PO4, 5 mMMgCl2,
10 mM MOPS, 250 mM sucrose, 0.3% fatty acid free BSA,
pH 7.2) at 30 °C in an Oxygraph-2 k (Oroboros Instruments,
Innsbruck, Austria). After stabilization of the signal, succinate
and rotenone (the latter dissolved in DMSO) were added to
final concentrations (fc) of 5 mM and 1 μM, respectively. The
mitochondria reached a stable respiration rate under these
non-phosphorylating conditions (state 2). Subsequent addition
of 1 mM ADP initiated phosphorylating respiration (state 3).
Lastly, 8 μM (fc) of cytochrome c was added to determine the
oxygen consumption rate to evaluate MOM integrity. The
degree of brokenMOMwas evaluated by dividing the oxygen
consumption rate in the presence of ADP and exogenous cy-
tochrome c by the oxygen consumption rate in the presence of
ADP alone (×100) (Banh et al. 2015). It is related to the
amount of exogenous cytochrome c that can enter the inter-
membrane space to increase electron flux to complex IV,
thereby, increasing the respiration rate (Supplementary
Fig. 1). The validity of this ratio as a measure of intactness
was confirmed by a parallel set of experiments, for each strain,
in which two samples of each mitochondrial preparation were
mixed in the respirometer under the same buffer conditions as
for the cytochrome c-based assay. The membrane integrity test
described above was carried out in one chamber, and from the
other samples were removed for western blotting (see
Supplementary Fig. 1B for details). In brief, samples
(125 μg of mitochondrial protein in 0.5 ml SR buffer) were
either untreated, or digested with proteinase K (final

concentration 10 μg/ml) on ice for 15 min. Protease digestion
was stopped by the addition of PMSF (4 mM final concentra-
tion) and mitochondria were collected by centrifugation, and
suspended in 50 μl of 4x SDS loading buffer (20 mM Tris-Cl
pH 8.0, 40% glycerol, 4% SDS, 0.004% (w/v) bromophenol
blue, 20 mM β-mercaptoethanol). Proteins were separated by
SDS-PAGE, transferred to nitrocellulose and probed with an-
tibodies against Tom70, cytochrome c heme lyase (CCHL)
and the mitochondrial-processing peptidase (MPP). Tom70
resides in the MOM and is susceptible to externally added
protease while CCHL is localized to the intermembrane space
and will be protected from externally added protease in intact
mitochondria (see (Schlossmann et al. 1994)). MPP is a matrix
protein (Schneider et al. 1990), and will be protease-protected
unless the inner membrane is ruptured. It was used as a load-
ing control.

Complex I and complex II activity

NADH dehydrogenase (NDH) activity was measured using n-
dodecyl β-D-maltoside (DDM) solubilized mitochondria.
300 μg of mitochondrial protein were dissolved in 100 μl of
1% (w/v) DDM in 20 mM Tris-Cl pH 7.4, 0.1 mM EDTA,
50 mM NaCl, as described in (Ferens et al. 2017). Samples
were incubated on ice for 20min followed by centrifugation at
15000 rpm in a microfuge for 15 min at 4 °C. NDH activity of
15–25 μl of the resulting suspension was assayed in 1 ml of
NDH assay buffer (0.25 M sucrose, 50 mM Tris-Cl pH 8.0,
0.2 mM EDTA, 0.3% (w/v) fatty-acid free BSA (Marques
et al. 2005)). Reactions were started by the addition of
NADH (fc 100 μM). The reactions were allowed to proceed
for 2 min to establish full activity, and then either 1 μl of
10 mM rotenone in DMSO, or 1 μl DMSO (solvent control)
was added. The reactions were allowed to continue for six
minutes. Rates of rotenone-sensitive and rotenone-
insensitive oxidation of NADH were calculated from the de-
crease in OD at 340 nm, and the corresponding change in
NADH concentration was determined using the molar extinc-
tion coefficient of 6.22 × 103 M−1. cm−1. Rates were normal-
ized to mg of mitochondrial extract added to the reaction.

Mitochondrial complex II activity was measured based on
the protocol described in (Frazier and Thorburn 2012).
Briefly, 50 μg of previously frozen mitochondrial protein
was suspended in 1 ml of complex II buffer (50 mM
KH2PO4, 10 mM succinate, 1 mM KCN, 2.5 μM rotenone,
10 μM antimycin A, pH 7.4) and incubated at 23 °C to acti-
vate complex II. The reaction was started by adding coenzyme
Q1 (CoQ1) from a stock solution in DMSO (fc 20 μM).
Reduction of CoQ via complex II activity was measured by
decreased absorbance at 280 nm. The activity (nmol min−1)
was calculated using the extinction coefficient for reduced
CoQ1 of 12 mM−1 cm−1 and then normalized to the amount
of protein (nmol min−1 mg−1).
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Simultaneous measurement of respiration rate
and membrane potential

Combined respirometry and spectrofluorometry were con-
ducted using 100 μg of mitochondrial protein in 2 ml of SR
buffer containing 2.5 μM tetramethylrhodamine methyl ester
(TMRM) at 30 °C in an Oxygraph-2 k. In state 2 respiration,
the oxygen consumption rate in the presence and absence of
TMRM was measured in reaction media containing 5 mM
glutamate, 5 mM succinate and 5 mM malate (GMS),
supporting electron entry into the electron transport system
at complex I and complex II (Hoffman and Brookes 2009).
Glutamate and malate (GM), and succinate (S) alone, were
also utilized at the same final concentrations. To initiate state
3 respiration, ADP was added to 800 μM, followed by
oligomycin (fc 1 μM) to measure the oligomycin-induced,
non-phosphorylating respiration rate (state 4o).

Accumulation of the lipophilic cationic fluorescent dye
TMRM was used to estimate membrane potential (ΔΨ).
Quenching TMRM fluorescence in response to its migration
into the organelle is proportional to the degree of mitochon-
drial energization (see (Chowdhury et al. 2016)). Here we
assume that TMRM has comparable non-specific binding to
all mitochondrial types and that the matrix volumes per mg of
mitochondria protein across strains are similar. Reaction con-
ditions for measuring ΔΨ were as described for determining
respiration rate, except that 10 μM CCCP (Carbonyl cyanide
3-chlorophenylhydrazone) was introduced to depolarize the
mitochondria at the end of the experiment. Relative TMRM
fluorescence quenching was used to assess relative ΔΨ in
different states of respiration (see Fig. 3).

To the best of our knowledge this is the first time TMRM
was utilized to study the N. crassa mitochondrial ΔΨ and it
was necessary to confirm that TMRM did not influence mito-
chondrial respiration. A moderate, but statistically significant
effect of TMRM on respiration was seen only in WT
(Supplementary Fig. 2). In the presence of TMRM, WT state
2 respiration was about 20–25% lower than that in the absence
of TMRM; a similar reduction was noted for mouse cortical
cells in TMRM and was predicted to be due to effects on ATP
synthase activity (Chowdhury et al. 2016). However, in the
presence and absence of TMRM, the RCRo was unchanged
when evaluated using an oligomycin-induced non-phosphor-
ylating state of respiration (state 4o; Supplementary Table 1).
Thus, TMRM at 2.5 μM does not interfere significantly with
coupling and is a suitable tool for comparison of ΔΨ in
N. crassa mitochondria.

Mitochondrial H2O2 efflux measurements

Mitochondrial ROS production was measured as H2O2 efflux
using the protocol described in (Banh and Treberg 2013).
Briefly, 200 μg of mitochondrial protein was suspended in

2 ml of SR buffer. 25 IUml−1 superoxide dismutase (SOD, to
minimize autoxidation of Amplex Ultrared and convert any
extramitochondrially directed superoxide to H2O2), 5 IUml−1

horseradish peroxidase (which carries out the oxidation of
Amplex Ultrared in the presence of H2O2), and 50 μM
Amplex Ultrared were used in the reaction buffer. The fluo-
rescence was measured at 30 °C with constant stirring, at an
excitation wavelength of 550 nm and an emission wave-
length of 590 nm in an Agilent Eclipse spectrofluorometer.
After monitoring for a 5 min preincubation phase, GMS was
added and the reaction was allowed to continue for at least
5 min to determine the rate of H2O2 efflux. Calibration
curves were constructed by using at least 4 stepwise addi-
tions of 0.2 nmole of H2O2 to identical cuvettes with mito-
chondria in the presence or absence of respiratory substrates.
The rate of increase in fluorescence was converted to nmole
of H2O2 min−1 mg−1 protein−1 based on this curve. The
fluorescence values were slightly lower in the absence of
respiratory substrates; for example, for ΔPor-1, the values
were 167 and 150 arbitrary units per nmole of H2O2 in the
presence and absence of substrate. To evaluate the possible
role of specific enzyme complexes in ROS production,
0.5 μM rotenone and 10 μM antimycin A were used sepa-
rately as inhibitors for complex I and complex III, respec-
tively. Rotenone binds to the Q-binding site of complex I
(IQ) and antimycin A blocks the transfer of electrons in the
Qi site of complex III (Liu et al. 2002; Fig. 2).
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Fig. 3 Measurement of relative ΔΨ in WT mitochondria by quenching
of TMRM fluorescence. A representative trace usingWTmitochondria is
shown; additions are indicated by the arrows in the top part of the figure.
In the presence of GMS (state 2 respiration), mitochondria were energized
and fluorescence was quenched (ΔFA) as TMRM entered the
mitochondria. Subsequently, ADP was used to depolarize the
mitochondria (state 3 respiration) and dequenching was observed
(ΔFB). Next, oligomycin was used to inhibit the ATP synthesis from
complex V (state 4o respiration), and fluorescence was quenched
(ΔFC). Finally, to obtain the fully uncoupled stage, CCCP was added.
The difference between deenergized and background fluorescence (FT)
was determined as the difference between the lowest fluorescence (upper
dashed line), which was observed in the closed chamber with
mitochondria and buffer alone, and the highest stable fluorescence, in
uncoupled mitochondria (+CCCP, lower dashed line)
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Statistical analysis

The results are presented as mean ± SD (standard deviation).
Given the multiple variables (VDAC, AOX levels and ETC)
among the strains analyzed (see below), pairwise comparisons
between theWTand each variant were performed for complex
II activity, membrane potential, ROS production and RCRo.
These data were analyzed using Student’s t test; p < 0.05 was
considered significant. For analyzing the effect of TMRM on
the overall RCRo data, ANOVA was used, followed by the
PAIRWISE Tukey test.

Results

N. crassa ETC complexes and VDAC

In the wild-type (WT) N. crassa strain, the ETC is composed
of the canonical complexes I through V, and, in addition, this
fungus expresses four rotenone-insensitive, non-proton
pumping alternative NAD(P)H dehydrogenases (aNDH),
one of which faces the matrix side of the mitochondrial inner
membrane (Fig. 1) (Gonçalves and Videira 2015). To provide
a baseline for comparisons with other strains, the total NADH
dehydrogenase (tNDH) activity and complex II activity were
determined for WT (Fig. 4). tNDH activity was assessed in
solution in the presence and absence of the complex I inhibi-
tor, rotenone (Fig. 4a), to distinguish the aNDH activity from

the total activity. In WT, about 50% of the NDH activity is
rotenone-sensitive and represents complex I activity.

The high abundance of VDAC (Schein et al. 1976) sug-
gests that many pores are needed for its many normal func-
tions. However, a strain (LoPo) expressing 40–50% of VDAC
has cytochrome spectra and growth characteristics indistin-
guishable from WT (Shuvo et al. 2017). Therefore, it was
hypothesized that in LoPo, complex I and II activity would
be similar to WT. In isolated LoPo mitochondria, tNDH and
aNDH activities were indistinguishable from WT (Fig. 4a),
but the activity of complex II was increased by about 50%
compared to WT (Fig. 4b), indicating an unexpected conse-
quence of reduction of VDAC levels.

In contrast to WT and LoPo, the VDAC knockout strain,
ΔPor-1 displays deficiencies in the cytochromes residing in
complex III (cytochrome b, about 40% of WT) and complex
IV (cytochrome aa3, 25% of WT) and an increase (150% of
WT) in levels of cytochrome c (Summers et al. 2012). Unlike
WT, the ΔPor-1 strain expresses alternative oxidase (AOX;
Table 1), which can bypass complex III and complex IV to
donate electrons to the terminal oxygen (Fig. 1). Proteomic
analyses ofΔPor-1mitochondria indicated low levels of some
of the subunits of complex I ((Summers et al. 2012) (Ferens
et al. 2017)), suggesting that complex I activity is low in this
strain. This hypothesis is supported by the reduced levels of
rotenone-sensitive NDH activity (~20% of WT, Fig. 4a).
Nonetheless, the tNDH activity per mg of mitochondrial ex-
tract is similar to that of WT, presumably to ensure sufficient
NAD+. The increase in aNDH activity can be attributed to the

a NADH dehydrogenase activity        b                Complex II activity

Fig. 4 Characterization of the ETC complexes of strains harbouring
different variants of VDAC. (a) Complex I activity was determined as
described in Materials and Methods and is presented as nmol of NADH
oxidized per minute per mg of mitochondrial protein in the presence
(black bars) and absence (sum of black and white bars) of rotenone.
Rotenone-sensitive activity (white bars) was determined as the difference
between the activities in the presence and absence of rotenone. Data
represent the average activity measured from at least two biological rep-
licates (independent mitochondrial isolations); in most cases two inde-
pendent detergent extractions of each mitochondrial preparation were

made, and each was analyzed in duplicate (technical replicates). The
black and white error bars indicate the standard deviations for the rote-
none insensitive, and sensitive activity, respectively. The error bars for
each average are indicated only in one direction for clarity. The star
indicates statistically different aNDH activity compared to WT. (b)
Complex II activity was determined as described in Materials and
Methods and is presented as nmole of CoQ1 reduced per minute per mg
of mitochondrial protein. Data represent averages and standard deviations
of 3–4 biological replicates
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combined activity of the four alternative NADH dehydroge-
nases in mitochondria (Fig. 1). Proteomic analysis (Ferens
et al. 2017) revealed that the relative amounts of three of the
four alternative NADH dehydrogenases (NDE1, NDE2,
NDI1) were similar in ΔPor-1 and WT; the fourth enzyme,
NDE3, was not detected in either strain. Therefore, to provide
the additional rotenone-insensitive activity, the levels of
NDE3 could be increased in ΔPor-1, or the activities of the
detected proteins are increased, or a combination of the two
events has occurred. In ΔPor-1, complex II activity was un-
changed compared toWT (Fig. 4b). For clarity, results obtain-
ed frommitochondria from an additional variant,ΔN2-12Por,
will be discussed separately at the end of the results section.

Substrates for determination of oxygen consumption
and membrane potential

It was hypothesized that a reduction in, or the absence of,
VDAC in the MOM would limit the first steps of substrate
and ADP flow into mitochondria, and together with the asso-
ciated defects in the ETC, would result in reduced membrane
potential (Δψ) and/or an increased oxygen consumption rate
(OCR). To investigate this, isolated mitochondria from WT,
LoPo and ΔPor-1 were assessed in the presence of ETC sub-
strates for complexes I and/or II (state 2 respiration), with
substrate and ADP (state 3) and with substrate and oligomycin
to pharmacologically induce a non-phosphorylating state of
respiration (state 4o). In the first round of experiments
(Supplementary Fig. 3), three substrate combinations were
utilized to drive the ETC: i) succinate, which generates
FADH2 to be utilized by complex II, ii) glutamate and malate
(GM), which generate NADH for complex I and iii) GMS,
which activates both complexes I and II and is required for full
operation of the TCA cycle (see (Chowdhury et al. 2016)).
The data in Supplementary Fig. 3 represent mitochondria iso-
lated from two independent cultures of N. crassa (biological
replicates), and each biological replicate was examined in the
presence of all three substrates. These observed trends, sup-
port the use of a combination of GMS as the substrate in the
following experiments.

For mitochondria from all strains, the OCR (Supplementary
Fig. 3a, state 2) was highest in GMS and in GM it was notably
lower than in S alone or in GMS; this observation applied to all
states of respiration. This pattern is expected, as glutamate-
induced respiration generates NADH, which provides electrons
for proton translocation (Joseph-Horne et al. 2001). In WTand
LoPo mitochondria, the relative membrane polarization was
similar in the presence of all substrates. Upon addition of
ADP to initiate state 3 respiration, the membrane potential de-
creased (Supplementary Fig. 3b, state 3) and the OCR in-
creased (Supplementary Fig. 3a, state 3), reflecting consump-
tion ofΔψ by ATP synthase (complex V), and electron flow to
terminal oxygen. Inhibition of complex V by oligomycin (state

4o respiration) increased OCR and Δψ to levels similar ob-
served in the substrate alone (Supplementary Fig. 3). InΔPor-1
mitochondria, similar trends were observed, but the OCR was
generally lower than that of WT utilizing S or GMS.
Nonetheless, a response to ADP was observed in OCR and
membrane polarization measurements, indicating that ADP
was taken up and converted to ATP by these mitochondria.

Oxygen consumption and membrane potential

The OCR andΔψ for isolated LoPo and, unexpectedlyΔPor-
1, mitochondria were similar to those of mitochondria isolated
from the wild-type in GMS (Fig. 5, black bars). Upon addition
of ADP to initiate state 3 respiration, the membrane potential
decreased (Fig. 5a white bars) and the OCR increased (Fig. 5b
white bars), relative to that in state 2, in all three types of
mitochondria, reflecting consumption of Δψ by complex V/
ATP synthase, and relaxation of respiratory control, thereby
allowing electron flow to terminal oxygen. Although this in-
dicates that ADPwas able to cross the mitochondrial outer and
inner membranes in the ΔPor-1 organelles, the increase in
OCR and concomitant decrease in Δψ were less in ΔPor-1
mitochondria than those observed in the WTand LoPo organ-
elles (Fig. 5), suggesting decreased depolarization due to im-
paired uptake of ADP or limitation of complex V flux. In all
three mitochondrial types, inhibition of complex V by
oligomycin (state 4o respiration) returned OCR and Δψ to
levels observed in substrate alone (Fig. 5 grey bars). In mam-
malian cells, the respiratory control rate RCRo (OCR in state
3/OCR in state 4o) is used to assess coupling efficiency in
mitochondria. When the RCRo was calculated using paired
OCR data from the same preparation, a small, statistically
significant difference was observed between ΔPor-1 (RCRo
1.71 ± 0.15) and WT (1.98 ± 0.08) mitochondr ia
(Supplementary Table 1). However, this value is less useful
for comparison in N. crassa, because, in contrast to WT,
ΔPor-1 displays high levels of cyanide-resistant respiration,
and thus oxygen consumption likely also occurs through
AOX.

Mitochondrial ROS production

Links between VDAC and mitochondrial ROS production
have been shown in yeast VDAC knockout strains, animal
VDAC knockdown cell lines and yeast strains expressing dif-
ferent variants of VDAC (Galganska et al. 2008; Reina et al.
2010; Shoshan-Barmatz et al. 2010). Considering only the
ETC defects, ΔPor-1 mitochondria are expected to lead to a
highly reduced Q pool with a high ratio of CoQ(red)/CoQ(ox),
leading to increased ROS production (see Fig. 2). However,
the activity of AOX is predicted to ameliorate this effect, by
oxidizing CoQ through transfer of electrons to molecular ox-
ygen (see (Joseph-Horne et al. 2001)). To examine the net
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effects, the ROS released was measured from isolated mito-
chondria containing different levels of VDAC. Hydrogen per-
oxide efflux was measured after dismutation of superoxide to
hydrogen peroxide, which we use the general term ROS to
describe. Hydrogen peroxide levels are reasonable represen-
tatives of ROS production because superoxide is rapidly con-
verted to H2O2 in mitochondria. However, one drawback of
this approach is that only extramitochondrial H2O2 is mea-
sured (Munro and Treberg 2017) and VDAC is implicated in
the release of ROS by mitochondria (Han et al. 2003), so the
approach may under-represent ROS production by the variant
mitochondria.

To probe the potential for ETC-derived ROS production,
H2O2 production was measured in mitochondria respiring on
GMS, with and without inhibitors that block electron flow. In
complex I, there are two sites (IF and IQ) involved in ROS
production; electrons flow from NADH to the flavin mononu-
cleotide site (IF) to the ubiquinone site (IQ) to the Q-pool (Fig.
2, (Treberg et al. 2011)). In mammalian mitochondria, in the
presence of the complex II substrate succinate, ROS is pro-
duced at the IQ site due to reverse electron flow from the re-
duced Q-pool and the addition of rotenone decreases ROS
production from that site by blocking the reverse flow (Liu
et al. 2002; Lambert and Brand 2004). In contrast, rotenone
increases ROS production in the presence of NADH-
generating substrates, such asmalate and glutamate, as it blocks
the electron transfer from complex I to the Q-pool (Liu et al.
2002). Antimycin A was used to impair electron flow from
complex III (Fig. 2). Antimycin A binds to the Qi site of this
complex, which may elevate superoxide formation from its Qo

site, and inhibits the mitochondrial electron transfer between
cytochromes b and c (Quinlan et al. 2011; Ma et al. 2011). The

rate of production of ROS from antimycin A-impaired complex
III is increased in the presence of high membrane potential
(reviewed in (Bleier and Drose 2013) and is impacted by the
redox state of the Q-pool, reaching a maximum at intermediate
levels of Q-pool reduction (Quinlan et al. 2011).

In wild-type N. crassa mitochondria, there was detect-
able H2O2 efflux, in the presence of GMS (Fig. 6, black
bar). This rate decreased slightly in the presence of rote-
none (white bar), suggesting that a proportion of ROS was
generated by reverse flow of electrons from complex II to
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the Q-pool to complex I in the presence of GMS (see Fig. 2).
Addition of antimycin A (grey bar) resulted in an almost 6-
fold increase in ROS production over that in the presence of
GMS alone, as expected in the absence of AOX. In LoPo
mitochondria, the rate of ROS production, and the electron
leak (Table 2) produced in the presence of GMS were similar
to those of WT, but, in the presence of rotenone, ROS was
generated at a rate about three times higher than for WT. This
suggests that the IQ site in complex I plays a larger role in ROS
production in LoPo. This strain has high complex II activity
(Fig. 4b), which may increase the proportion of electrons
entering the Q-pool from this complex and thus, reverse
flow into complex I may be increased, leading to an in-
crease in the generation of ROS in the presence of rotenone.
The addition of antimycin A to LoPo mitochondria in GMS
caused an approximately 5-fold increase in ROS production
compared to substrate alone, reflective of the wild-type
levels of complex III and the absence of significant cya-
nide-insensitive, AOX activity in this strain (Table 1). The
antimycin A-linked ROS production was somewhat lower
than that from WT mitochondria; the reason for this is not
known.

In contrast, ΔPor-1 mitochondria produced ROS at
about twice the WT rate in the presence of GMS alone
(Fig. 6), and the calculated electron leak was higher
(Table 2). This is presumably due to reduced amounts
of complexes III and IV, leading to a highly reduced Q
pool with a redox state that is not maintained at wild-
type levels. If this is the case, the AOX activity is
insufficient to keep the ratio of CoQ(red)/CoQ(ox) as
low as in WT. The ROS production rate tripled in the
presence of rotenone, indicating that, when respiring on
GMS, NADH-dependent sites of ROS are responsible
for a significant portion of the reduction occurring from
the Q-pool. If so, it is occurring in spite of increased
aNDH activity and reduced levels of intact complex I
(some subunits are at 1/16 to 1/32 of WT levels as
estimated by mass spectroscopy; Ferens et al. 2017).

In ΔPor-1 mitochondria, the addition of antimycin A
also induced an approximately 3.5-fold increase in
ROS production compared to that of the GMS-treated
mitochondria; this level is about 12% higher than that
of WT. It was expected that ROS production would be
controlled in part due to removal of electrons from the
Q-pool by AOX activity. Further, ΔPor-1 mitochondria
contain about 150% of WT levels of cytochrome c
(Summers et al. 2012), which could scavenge some of
the ROS produced by these defective ETC (see (Bleier
and Drose 2013) for discussion).

Membrane potential, bioenergetics and ROS
in ΔN2-12Por mitochondria

The expression of a truncated version of VDAC (ΔN2-
12porin) partially restores growth of a ΔPor-1 strain
(Shuvo et al. 2017). The N-terminus of VDAC resides
in the lumen of the barrel, where it is hypothesized to
control gating of the pore, and regulate interactions with
ATP (reviewed by (Shuvo et al. 2016)). In artificial
membranes, ΔN2-12porin produces gated, anion-
selective pores with conductances of similar to size to
those of the WT; however, individual channels are
“noisy” with small, rapid fluctuations in current, sug-
gesting a degree of channel instability (Popp et al.
1996). The ΔN2-12Por strain expresses relatively low
(~10%) levels of ΔN2-12porin, has cytochrome aa3
and b deficiencies and AOX expression similar to
ΔPor-1 (Shuvo et al. 2017). Thus, the ΔN2-12porin
strain was expected to provide an interesting intermedi-
ate between LoPo and ΔPor-1.

ΔN2-12porin mitochondria display a statistically sig-
nificant decrease in complex I activity (Fig. 4a), al-
though tNDH activity is similar to that of the other
strains. Complex II activity is indistinguishable from
WT. In GMS, (Fig. 5), significant differences were not
observed in OCR and Δψ between WT and ΔN2-
12porin; this trend was also seen for mitochondria in
GM or S (Supplementary Fig. 3). Of particular interest
are the data obtained under state 3 conditions, which
indicate that the influence of ADP flow into mitochon-
dria is similar to that in WT and more pronounced than
in ΔPor-1, despite a much lower quantity of VDAC in
the MOM of ΔN2-12Por. ROS production in GMS was
somewhat higher than that of both WT and LoPo mito-
chondria, but was less than that of ΔPor-1 mitochondria
(Fig. 6). The increased levels of ROS production seen
in LoPo and ΔPor-1 mitochondria in the presence of
rotenone were not observed in ΔN2-12Por mitochon-
dria. While antimycin A induced a 3-fold increase in
ROS in ΔN2-12Por, the rate was significantly lower
than that observed in WT and ΔPor-1.

Table 2 Fractional electron leak in the presence of GMS

Strain Electron leak relative to WTa

WT 100%

ΔPor-1 356 ± 130%b *

ΔN2-12porin 153 ± 20%b *

LoPo 100 ± 2%b

a relative electron leak was determined as the ratio between H2O2 pro-
duced and oxygen consumed, per mg mitochondria per minute; the value
for WT mitochondria was 6.55*10−4 nmole H2O2 produced (nmole O
consumed)−1 and was set to 100%
b% of WT; stars indicate values that are different from WT, p < = 0.05
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Discussion

Analysis of respiratory complexes I and II in VDAC
variant mitochondria

Although complex I activity is reduced in ΔPor-1 cells (Fig.
4), the total activity of rotenone-insensitive aNDH is in-
creased, presumably to maintain sufficient NADH/NAD+ ra-
tios. The 50% reduction in VDAC found in LoPo was unex-
pectedly found to be linked to an increase in complex II ac-
tivity. However, the normal levels of complex II in ΔPor-1
cells suggest that there are threshold levels of VDAC at which
different cellular responses, including increased AOX expres-
sion and altered complex II activity, occur. One intriguing
explanation derives from the link between VDAC and com-
plex II activity via the mTOR pathway. Drosophila cells in
which the mTOR pathway is downregulated with rapamycin,
display increased complex II activity, and reduced hydrogen
peroxide production (Villa-Cuesta et al. 2014). In mammalian
cells, the mTOR pathway is negatively regulated by
itraconazole, which binds to VDAC1 (Head et al. 2015), sug-
gesting that the status of VDAC is a player in mTOR
regulation.

Membrane potential and OCR in VDAC variants

VDAC is a primary transport mechanism across the MOM for
ADP, ATP and the small organic anions that include respira-
tory substrates. Considering this, and the slow growth rates of
the ΔPor-1 strain (Summers et al. 2012), it was unexpected
that ΔΨ and OCR in the non-phosphorylating state 2 and in
the presence of oligomycin (state 4o) were similar in ΔPor-1
and WT mitochondria (Fig. 5; similar trends in seen in
Supplementary Fig. 3). Furthermore, the activity of AOX
(Summers et al. 2012; Ferens et al. 2017) and a reduced level
of complex I (Ferens et al. 2017 and see Fig. 4a) would be
expected to reduce proton translocation per oxygen con-
sumed, and therefore would suggest a lower ΔΨ and/or a
higher OCR. Neither of these was observed. In terms of
OCR, in ΔPor-1, this rate is determined by the flux of elec-
trons mediated by AOX and complex IV. The relative rates
from each oxidase are not known, as respiration in the pres-
ence of cyanide (Table 1) does not reflect the distribution of
electron flux between the two oxidases under inhibitor-free
conditions, due to potential difference in the affinities for re-
duced quinones. In addition, the levels of active complex IV in
ΔPor-1 cannot be predicted from the low levels of cyto-
chromes aa3 (~20%, Summers et al. 2012) in that strain.
While data are not available for the Neurospora enzyme, the
Km for reduced quinones may be at least 20-fold higher for
AOX (~400 μM) than for complex III (<20 μM; discussed in
(El-Khoury et al. 2013)). Thus, the proton-pumping complex

III/complex IV arm of the ETC may predominate, ensuring
sufficient membrane potential.

In mammalian cells, the respiratory control rate RCRo
(OCR in state 3/OCR in state 4o) is used to assess coupling
efficiency in mitochondria. When the RCRo was calculated
using paired OCR data from the same preparation, a small,
statistically significant difference was observed between
ΔPor-1 (RCRo 1.71 ± 0.15) and WT (1.98 ± 0.08) mitochon-
dria (Supplementary Table 1). However, this value is less use-
ful for comparison in N. crassa, and perhaps other fungi and
plants, because of cyanide-insensitive respiration, and oxygen
consumption that occurs through AOX, without directly
translocating protons.

The steady state membrane potential is a function of proton
translocation into the IMS, and the sum of proton return
through coupled processes such as ATP synthesis, protein im-
port and transport of metabolites, as well as proton leak,
through anion carriers for example (Joseph-Horne et al.
2001; Jastroch et al. 2010). In isolated mitochondria respiring
in the absence of ADP, it would be expected that proton leak is
a significant component of proton return to the matrix. In
ΔPor-1 mitochondria, AOX is active, and therefore the ratio
of protons translocated to electrons entering the ETC is lower.
Therefore, assuming similar electron flux in the two strains,
the maintenance of a potential similar to WT by ΔPor-1 mi-
tochondria might indicate that the latter mitochondria are less
prone to proton leak, perhaps through differences in lipid or
protein composition of the inner membrane. However, it is
important to consider that these experiments were performed
with isolated mitochondria, and therefore describe the maxi-
mal OCR and Δψ under conditions in which substrates are
not limiting and there is limited collapse of the proton motive
force. Evidence obtained from cell lines may support the im-
portance of this experimental difference; for example, the
knockdown of VDAC isoform 1 from HepG2 and HeLa cell
lines resulted in lower mitochondrial ΔΨ (Maldonado et al.
2013; Tewari et al. 2017). It is difficult to compare these data
with those from the current study because phosphorylation
state of the mitochondria and the effect of knockdown of
VDAC on ETC complexes were not presented.

A second hypothesis was that the effect of externally-added
ADP on ΔΨ would be reduced in the mitochondria lacking
the normal amount of VDAC, because VDAC is considered to
be a regulating step in the control of the flow of ATP across the
MOM, and through the inner membrane (MIM) possibly via a
complex between VDAC and the MIM protein, adenine nu-
cleotide translocator (ANT) (Klingenberg 2008). As expected,
the degree of depolarization observed inΔPor-1mitochondria
was blunted compared to WT in the presence of ADP.
Although it has long been understood that VDAC is a main
pore in the MOM (discussed by (Krüger et al. 2017)), the fact
that Saccharomyces cerevisiae lacking both isoforms of
VDAC (Por1p and Por2p; (Blachly-Dyson et al. 1997), as
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well as ΔPor-1 N. crassa (Summers et al. 2012), survive on
non-fermentable carbon sources indicates that substrates and
products of mitochondrial metabolism must enter and exit the
organelle in its absence. This has been confirmed for NADH
in Δpor1 yeast mitochondria (Lee et al. 1998) and ADP via
the induction of state 3 respiration in both fungi ((Michejda
et al. 1990), this work).

Alternative mechanisms for the transit of adenine nucle-
otides and NADH across Δpor1 yeast MOM have been
based on the assumption that Por2p is not sufficient for
these activities (Kmita et al. 1999) as its pore-forming ac-
tivity was not confirmed (Blachly-Dyson et al. 1997).
However, it was recently shown that Por2p (yVDAC2)
forms pores that are generally similar to those of Por1p,
and the lack of complementation of the ΔPor1 mutant by
Por2p may be related to the lack of expression of Por2p
under normal conditions (Guardiani et al. 2018). In addi-
tion, conditions producing oxidized cytosolic environments
in yeast increased levels of two other β-barrel proteins in-
volved in mitochondrial protein import and assembly,
Tom40 (translocase of the MOM) and Sam50/Tob55
(topogenesis of MOM beta-barrel proteins) were observed
in Δpor1 cells (Budzinska et al. 2007; Galganska et al.
2010), suggesting that the increased expression of these
pores compensates for the lack of Por1p. However, similar
increases in these proteins, and another MOM β-barrel,
Mdm10, were not seen in proteomics assays of WT and
ΔPor-1 mitochondria from N. crassa cells grown under
the same conditions as those used in the analysis of ROS
production (Summers et al. 2012; Ferens et al. 2017).
Recently, non-β-barrel channels were identified in the
MOM (Krüger et al. 2017) and it is possible that they are
involved in transport across the MOM in the absence of
VDAC. Two of these proteins, Ayr1 (N. crassa
NCU07904) and Mim1 (NCU01101) are found at similar
levels in WT and ΔPor-1 N. crassa cells (Shuvo et al. in
preparation), indicating that they are not upregulated to
compensate for the absence of VDAC in this fungus.
Additional unidentified channels (Krüger et al. 2017) may
be involved, or interactions between mitochondria and vac-
uoles or the endoplasmic reticulum, through contact struc-
tures (reviewed by (Elbaz-Alon 2017)) may provide flux of
some mitochondrial substrates and products in vivo.

The ΔN2-12porin mitochondria were predicted to be
an interesting intermediate between WT and ΔPor-1.
However, mitochondrial depolarization upon addition
of ADP was similar to WT, despite the presence of only
10% of WT levels of a truncated VDAC (Shuvo et al.
2017). Presumably, functional VDAC molecules, alone
or in contact sites with ANT, are present in sufficient
amounts in ΔN2-12porin (and LoPo) mitochondria to
ensure that ATP/ADP exchange and respiratory substrate
supply were not limiting factors for respiration.

Release of ROS by variant mitochondria

In the presence of GMS, the ROS production capacity for WT
and LoPo were similar, as expected from the similar OCR and
Δψ in the two strains (Fig. 6). LoPo expresses increased
levels of complex II, which may have an impact on in electron
flow, as suggested by the increase in ROS in the presence of
rotenone, a complex I inhibitor, and by the small decrease in
ROS induced by antimycin A (Fig. 6). Thus differences in the
ETC complexes, or other NADH-dependent ROS production
sites, exist that are not reflected in its essentially wild-type
growth and respiratory phenotypes (Shuvo et al. 2017). In
contrast, the severity of ETC defects in ΔPor-1 mitochondria
is associated a higher fractional electron leak (Table 2) and
ROS production (Fig. 6). It was striking that, althoughΔPor-1
has relatively low amounts of complex I, H2O2 efflux is ele-
vated 9-fold in the presence of rotenone. One possible expla-
nation is that in the presence of rotenone, the NADH/NAD+

ratio increased, leading to additional ROS production from
other NADH-dependent ROS-producing sites, such as pyru-
vate dehydrogenase and α-ketoglutarate dehydrogenase
(Brand 2010; Mailloux 2015). Another possibility is that ac-
tivity of the aNDHs increases electron flow into the Q-pool,
generating a higher ratio of CoQ(red)/CoQ(ox), which in turn
could increase ROS production from complex II or III.
Finally, it is also possible that partially assembled versions
of complex I remain and have enhanced binding to rotenone;
subunit composition has been associated with differential ro-
tenone binding (Earley and Ragan 1984). Antimycin A treat-
ment of ΔPor-1 mitochondria induced a rate of ROS produc-
tion similar to that seen with rotenone; this was about 12%
higher than that for WT in the presence of the complex III
inhibitor. Thus, electrons from the coQ(red) are accessing
complex III, even in the presence of AOX.

ΔPor-1 mitochondria have AOX activity, but assuming rel-
atively low binding affinity for reduced CoQ (see above), the
Q-pool may remain highly reduced. This could magnify the
ROS production induced by antimycin A because reduced
CoQ can interact with the higher affinity complex III, but
the electrons are impaired from leaving it. This would lead
to marked elevation in the production of ROS from Qo site
of complex III. Taken together, these data suggest that AOX
can partially limit ROS production in uninhibited ΔPor-1 mi-
tochondria, but cannot compensate for the highly reduced Q-
pools expected when both pathways of Q oxidation, reverse
flow through complex I and complex III activity, are blocked
by the combination of inhibitor and mitochondrial defects (see
Figs. 1 and 2).

TheΔN2-12porin mitochondria show an intermediate pro-
file in terms of ROS production. There is a slight increase in
ROS in GMS and in the presence of rotenone compared to
WT. It is unclear whether the small increase can be linked to
the small amount of VDAC or the N-terminal truncation, but it
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is noteworthy that the increased ROS release is much less than
that from ΔPor-1 mitochondria. Interestingly, the ROS pro-
duction from antimycin-A treated mitochondria is less than
that of WT, as expected if there is a lower level of complex
III (based on cytochrome b levels). Further, AOX is expected
to maintain electron flow in the upstream ETC complexes and
thereby reduce ROS production relative to an equivalent sys-
tem lacking AOX activity.

In spite of the differences between S. cerevisiae and
N. crassa mitochondria, there are notable similarities in the
bioenergetics of the wild-type and ΔPor1p or ΔPor-1 strains
(collectively referred to as ΔPor for this discussion). In both
organisms, the OCR is close to WT in the ΔPor strain (85–
90% in S. cerevisiae) (Michejda et al. 1990), (Fig. 5a). This
similarity is interesting, given the differences in electron trans-
port in the two organisms. The activity of AOX in N. crassa
would presumably reduce the number of protons pumped into
the intermembrane space per oxygen molecule consumed in
ΔPor-1, while yeast lack both complex I and AOX. Possible
explanations for this observation include less proton leak and/
or lower utilization ofΔΨ inΔPor-1 N. crassamitochondria.
Further similarities extend to the changes in redox state asso-
ciated with the lack of VDAC. In yeast, Por1p and Por2p
mediate cytosolic and mitochondrial redox states in a manner
that is growth-phase specific (Budzinska et al. 2007;
Galganska et al. 2008). In N. crassa, there is a remarkably
high increase in ROS production in ΔPor-1 mitochondria
(Fig. 6), which may reflect complex I activity, which is not
present in yeast.

Summary

The results presented herein form a detailed description of the
impact of changes to the status of the most abundant MOM
protein, VDAC, on mitochondrial bioenergetics and on ROS
production by the mitochondria. In the absence of VDAC,
increased activity of alternative NDH compensates for a de-
crease in complex I. Membrane potentials similar to those in
WTare maintained inΔPor-1 mitochondria, but consumption
of the proton gradient is reduced in state 3 mitochondria, pre-
sumably due to reduced flow of substrates and products across
the mitochondrial membranes. This correlates well with the
reduced growth rates associated with the absence of porin.
Furthermore, AOX activity is unable to completely reduce
the excess ROS production associated with the defective
ETC in ΔPor-1. A strain expressing VDAC at levels about
50% of WT shows increased complex II activity, and in-
creased levels of ROS release when treated with rotenone.
An N-terminal truncation variant displayed bioenergetics
and ROS production capacity intermediate to those of WT
and ΔPor-1, indicating that low levels of this protein, likely
in conjunction with AOX activity, are able to maintain signif-
icant mitochondrial function in fungal cells.
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