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Mitochondrial F;F5 ATP synthase determines the
local proton motive force at cristae rims

Bettina Rieger, Tasnim Arroum

Abstract

The classical view of oxidative phosphorylation is that a proton
motive force (PMF) generated by the respiratory chain complexes
fuels ATP synthesis via ATP synthase. Yet, under glycolytic condi-
tions, ATP synthase in its reverse mode also can contribute to the
PMF. Here, we dissected these two functions of ATP synthase and
the role of its inhibitory factor 1 (IF1) under different metabolic
conditions. pH profiles of mitochondrial sub-compartments were
recorded with high spatial resolution in live mammalian cells by
positioning a pH sensor directly at ATP synthase’s F; and Fo subu-
nits, complex IV and in the matrix. Our results clearly show that
ATP synthase activity substantially controls the PMF and that IF1
is essential under OXPHOS conditions to prevent reverse ATP
synthase activity due to an almost negligible ApH. In addition, we
show how this changes lateral, transmembrane, and radial pH
gradients in glycolytic and respiratory cells.

Keywords Mitochondrial F1Fo ATP synthase; ApH; IF1; local pH measure-
ments; proton motive force

Subject Category Membranes & Trafficking

DOI 10.15252/embr.202152727 | Received 22 February 2021 | Revised 31 August
2021 | Accepted 10 September 2021 | Published online 30 September 2021
EMBO Reports (2021) 22: e52727

Introduction

Mitochondria are cellular power plants that are the major source of
ATP under respiratory conditions. However, while the mechanisms
by which ATP is produced have long been known, questions remain
about a key regulatory step in the ATP synthesis process. Recent
insights into the proton motive force (PMF) that drives ATP synthe-
sis reveal a local and highly dynamic heterogeneity of PMF (Rieger
et al, 2014; Sjoholm et al, 2017; Wolf et al, 2019; Toth et al, 2020).
The extent to which ATP synthase activity contributes to this hetero-
geneity is poorly understood.

Under respiratory conditions, ATP is synthesized in process
known as oxidative phosphorylation (OXPHOS). During this
process, the respiratory complexes CI (NADH dehydrogenase,
NADH : ubiquinone oxidoreductase) and CII (succinate dehydroge-
nase) deliver electrons to CIII (cytochrome c¢ reductase, coenzyme
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Q: cytochrome c-oxidoreductase). From there, cytochrome c deliv-
ers the electrons to CIV (cytochrome c oxidase), the final electron
acceptor of the electron transport chain (ETC). The redox activity of
CI, CIII, and CIV is coupled to proton pumping from the matrix to
the intracristal space (ICS). Thereby, this pumping generates a
proton motive force (PMF), which is the transmembrane difference
of the electrochemical potential of protons (AuH*). The PMF then
drives ATP synthesis by ATP synthase (CV).

The PMF, as defined by Peter Mitchell (Mitchell, 1961, 1966;
Mitchell & Moyle, 1967) in his chemiosmotic theory, is Ap (Ap =
AuH"/F; F = Faraday constant), where Ap consists of an electric
(AY¥,,) and a chemical part (ApH,,): Ap = A¥Y,, —2.3RT/F ApH (mV).
Foremost, the Ap drives ATP synthesis, coupling the oxidative steps
of the respiratory complexes to ADP phosphorylation by F;Fqg ATP
synthase in a process known as oxidative phosphorylation (OXPHOS).

While the primary proton pumps of the respiratory chain are local-
ized in cristae sheets, rows of dimers of F;Fo ATP synthase line up
along the cristae rims (Gilkerson et al, 2003; Vogel et al, 2006; Davies
et al, 2011, 2012; Blum et al, 2019). F,Fo ATP synthase consists of
subcomplex Fq, which is the proton pump located in the membrane,
and subcomplex F;, which is hydrophilic and extends into the matrix.
Proton flow from the intracristal space (ICS) into the matrix drives
ADP phosphorylation (ATP synthase activity), but this reaction is
reversible, and ATP synthase can function as an ATP hydrolase.

Thus, to block futile ATP hydrolysis, for example, by unassem-
bled F;, many cells express inhibitory factor 1 (IF1) (Gledhill et al,
2007; Campanella et al, 2008; Fujikawa et al, 2012). IF1 activity is
regulated by phosphorylation (Garcia-Bermudez et al, 2015), Ca**,
and protons, making IF1 responsive to key functional parameters
inside mitochondria (Boreikaite et al, 2019) and, thus, a master
regulator of bioenergetics (Barbato et al, 2015; Garcia-Bermudez &
Cuezva, 2016). Yet, while IF1 is known to modulate inadvertent
hydrolysis activity in cellulo, it is still debated whether it also modu-
lates ATP synthase (Gledhill et al, 2007; Garcia-Aguilar & Cuezva,
2018). In order to dissect ATP synthase/ase activity in situ and its
impact on Ap, high-resolution determination of local pH values is
necessary.

Indeed, with progressive developments in high-resolution imag-
ing using A¥,, and pH indicators, it has been possible to determine
local Ap in mitochondrial sub-compartments (Kondadi et al, 2020a;
Wolf et al, 2020). So, it was recently possible to uncover that indi-
vidual cristae can have disparate AW, and that depolarization
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events might affect some cristae but not all (Wolf et al, 2019). In
addition, work by our group and others has shown that a lateral pH
exists between primary proton pumps and ATP synthase that down-
scales Ap to an intracristal Ap heterogeneity (Rieger et al, 2014;
Sjoholm et al, 2017; Wolf et al, 2019; Kondadi et al, 2020b; Toth
et al, 2020).

Here, we determined local pH values directly at mitochondrial
ATP synthase to collect information about the forward and reverse
activity of ATP synthase in situ and to link it to the Ap. To do this
work, a pH-sensitive GFP was introduced to the F; subcomplex and
the Fo subcomplex via genetic fusion. This allowed us to determine
pH values in the IMS (p-side) and on the matrix side (n-side) of the
ATP synthase. To understand IF1’s role in controlling ATP synthase
activity, IF1-knockout cells and cells expressing constitutively active
IF1-H49K (Schnizer et al, 1996; Garcia-Aguilar & Cuezva, 2018)
were generated. For on-side pH determination, the pH-sensitive GFP
derivative sEcGFP (Orij et al, 2009), also known as pHluorin, was
used as a ratiometric pH sensor (Gao et al, 2004; Rieger et al, 2014).
The generated pH profiles revealed that the local Ap was unexpect-
edly low under OXPHOS, which are ATP synthesis conditions.
Moreover, our data clearly show that IF1 is needed to block ATP
hydrolysis under OXPHOS conditions. Since the local Ap at sites of
active ATP synthase is low under steady-state OXPHOS, initiation of
the reverse ATPase mode must be prevented. Accordingly, the Ap
was maximal in respiring cells with a constitutively active IF1 vari-
ant (IF1-H49K).

Results

Generation of IF1-overexpressing and IF1-knockout cell lines

To study the effect of F;F5 ATP synthase on local pH values and
dissect the ATP synthase and ATPase activity of CV, we generated

different HeLa cell lines that either overexpressed the ATPase inhibi-
tory factor IF1 (IF1-OE) or had it knocked out (IF1-KO) (Fig EV1A).
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To enhance IF1, an IF1-H49K-HA expressing cell line was generated,
where IF1H49K is constitutively active (Schnizer et al, 1996; Garcia-
Aguilar & Cuezva, 2018). The total level of IF1 was doubled in the
IF1H49K-expressing cells (Fig EV1B). In both of these cell lines, the
ATP synthase level was not changed (Fig EV1C). Repetitive determi-
nation of IF1 levels in hyperglycemic and respiratory cells indicated
an increase of endogenous IF1 in the latter in two samples, no
change in one sample, and a decrease of IF1 related to SU p in
another sample (Fig EV1D).

Galactose induces a respiratory phenotype

In addition, we aimed to investigate the degree to which ATP
synthase contributes to the local PMF under different metabolic
conditions. A study in yeast reported dependency of intramitochon-
drial pH on the carbon source and thus fermentative versus respira-
tory metabolism (Orij et al, 2009). Similar, HeLa cells, which are
derived from a cervix cancer, are responsive to the carbon source: a
metabolic switch from glycolysis to OXPHOS is easily induced by
changing from glucose to galactose (Rossignol et al, 2004). There-
fore, to find out how different levels of respiratory activity (low and
high) affects PMF and ATP synthase activity, we changed the sugar
supply of HeLa cells, each for a longer period of time.

By comparing the metabolic profile of cells grown with high
glucose (HGlc: 25 mM) or galactose (10 mM) for 3 weeks, we found
that supplying cells with galactose resulted in increased respiration
and less glycolysis, as determined with an automatic flux analyzer
that records oxygen consumption rates (OCR) as a proxy for
OXPHOS activity and extracellular acidification rates (ECAR) as a
proxy for glycolytic activity. Galactose supplied cells also had a
significantly higher basal respiration, respiration after inhibiting
ATP synthase with oligomycin, and maximal respiration after
uncoupling with FCCP (trifluoromethoxy carbonylcyanide phenyl-
hydrazone) (Fig EV2A). Cells grown on (high or low) glucose were
characterized by a low OCR/ECAR ratio, while cells grown on
galactose-containing medium had a high OCR/ECAR ratio (Fig 1A).

Figure 1. Characterization of cell lines used: metabolic profile, mitochondrial membrane potential, and morphology.

A Metabolic profiles of HeLa cells in dependence on IF1 levels under glycolytic and OXPHOS conditions generated by an automatic flux analyzer measuring oxygen
consumption rates and extracellular acidification rates. n = 3 independent experiments (error bars = SD).

B Mitochondrial membrane potential (Ayy,) under the influence of overexpressed IF1-H49K and the absence of IF1 in IF1-KO cells. To estimate Ay, Hela cells were
stained with TMRE (7 nM). In addition, HeLa cells were stained with the membrane potential-independent dye MitoTracker™Green (MTG, 100 nM) for normalization
to the mitochondrial area. Calculated TMRE/MTG ratios from n = 4 independent experiments are displayed for each cell. Statistics: one-way ANOVA with post hoc

Scheffé test, *P < 0.05, **P < 0.01, ***P < 0.001.

C MiNA analysis of Hela cells stained with the membrane potential-independent dye MitoTracker™Green (MTG, 100 nM) to visualize and determine the mitochondrial
area (= mitochondrial footprint). Left: HeLa WT cells grown in 10 mM galactose stained with 7 nM TMRE (red) plus 100 nM MTG (green). Co-localization shown in
yellow. Right: mitochondrial footprint (white) and mitochondrial skeleton (red) generated from MiNA analysis of the MTG channel (green).

D Left: HelLa IF1-KO cells grown in 10 mM galactose stained with 7 nM TMRE (red) plus 100 nM MTG (green). Right: mitochondrial footprint (white) and mitochondrial

skeleton (red) generated from MiNA analysis of the MTG channel (green).

E Left: Hela IF1-H49K cells grown in 10 mM galactose stained with 7 nM TMRE (red) plus 100 nM MTG (green). Right: mitochondrial footprint (white) and
mitochondrial skeleton (red) generated from MiNA analysis of the MTG channel (green). Co-localization shown in yellow. Scale bars = 10 um.
F  Mitochondrial footprint (um?) determined via MiNa analysis of Hela cells. Cells were stained with the membrane potential-independent dye MitoTracker™Green

(MTG, 100 nMm).
G Mean branch length in um determined via MiNA analysis.
H Number of networks determined via MiNA analysis.
| Number of individuals determined via MiNA analysis.

Data information: Statistics: one-way ANOVA with post hoc Scheffé test, *P < 0.05, **P < 0.01, ***P < 0.001. Parameters from n = 4 independent experiments are
displayed for each cell. (F-1). Single dots indicate data from single cells (B, F-I). The error bars denote SD; the boxes represent the 25" to 75" percentiles. The vertical
lines in the boxes represent the median values, whereas the square symbols in the boxes denote the respective mean values. The minimum and maximum values are

denoted by x. Whiskers include outliners, coefficient 1.5.
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As such, cells with a high OCR/ECAR ratio were called OXPHOS or
respiratory cells. When comparing basal, CV-linked, and maximal
respiration rates between OXPHOS WT, IF-KO, and IF-OE cells, the
IF-OE cells displayed the lowest respiratory rates (Fig EV2B),
suggesting that ATP synthase activity feeds back on the respiratory
chain activity.

AWY,, is generally increased in respiratory cells and influenced by
ATP synthase/IF1

To characterize mitochondrial PMF, we first determined the mito-
chondrial membrane potential A¥,, by staining living cells with the
membrane potential-sensitive dye TMRE (tetramethylrhodamine
ethyl ester). TMRE is a cell-permeant, positively charged dye with
excitation/emission maxima of “549/575 nm, and it accumulates in
active mitochondria due to its relative negative charge. In addition,
mitochondria were stained with MTG (MitoTracker™ Green FM),
which was used as reference for mitochondrial mass (Wikstrom et
al, 2007). The TMRE/MTG ratio was taken as a measure for the
AY,, (Fig EV3A: glycolytic conditions, Fig EV3B: respiratory condi-
tions).

The MTG-stained images were further used to determine mito-
chondrial morphology and networks. A cell-by-cell analysis was
conducted by first generating a skeleton of the mitochondria using
the MiNA plugin running in ImageJ (Valente et al, 2017). Under
high glucose conditions, mitochondrial membrane potential and
morphology were not affected by IF1 expression (Fig 1B-I). Specif-
ically, in IF1-KO and IF1H49K-expressing cells, mitochondrial foot-
print (area), mean branch length, and network number were
comparable. These findings are similar to those of another study,
in which IF1 overexpression in glucose-fed INS-1E cells did not
alter mitochondrial network morphology (Kahancova et al, 2020).
Yet, IF1-OE cells had fewer individual mitochondria (P < 0.05).
Under galactose conditions, however, A¥, was significantly higher
in IF1-KO compared to WT cells, suggesting that ATPase activity
contributed to A¥,, in the IF1-KO cells by reverse proton pumping.
To confirm this, local pH measurements at ATP synthase on the p-
side of the IMM were required (see below). Also, the mitochon-
drial mass (footprint) was higher in IF1-KO than in WT cells, prob-
ably representing a rescue mechanism to fulfil ATP demands
(Fig 1F). Interestingly, although respiratory IF1-OE cells had a

Figure 2. Assembly of OXPHOS complexes.
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lower AWY,, than WT cells, the mitochondrial mass was not
affected.

The clearest difference in mitochondrial morphology was
observed when respiratory WT cells were compared with glycolytic
IF1-KO cells. Respiratory WT cells displayed a clear shift toward a
fusion phenotype (greater networking): The mean branch length in
respiratory WT cells increased (Fig 1G), and single networks and
individuals decreased (Fig 1H and I). Respiratory WT cells (Gal)
had a lower number of individual mitochondria compared to WT
cells fed with high glucose (HGIc); this corresponds with previous
studies indicating that respiratory HeLa cells showed greater
networking (Rossignol et al, 2004). IF1-OE cells (Gal and HGIc) had
fewer individual mitochondria compared to WT HGlc (Fig 1I), but
otherwise the mitochondrial network was unchanged. A similar
observation was recently made in pancreatic beta cells overexpress-
ing native IF1 (Kahancova et al, 2020). IF1-OE was not correlated
with higher respiration rates. In respiratory IF1-KO cells, the
increase of A¥,, was not correlated with an increased mitochondrial
fusion phenotype. Thus, we conclude that the activity of the respira-
tory chain is not the only factor that determines the morpho-
function of mitochondria (Bulthuis et al, 2019); the ATP synthase
activity must also be considered.

Respiratory cells have higher oligomeric forms of ATP synthase

Next, we assessed how the metabolic conditions influence the
assembly of ATP synthase (CV) into supercomplexes. Therefore,
mitochondrial protein was separated by native gel electrophoresis,
and we compared CV from WT HGIc cells, WT Gal cells, and
IF1H49K-OE cells; subunit § and IF1 were immunoblotted. We iden-
tified monomers, dimers, and oligomers of CV (Fig 2A), and IF1
associated with all assembly forms of ATP synthase. We found that
respiratory cells tended to contain higher CV assembly states
(dimers and oligomers) compared to glycolytic cells.

Moreover, the overexpression of [F1-H49K stimulated an increase
in oligomers in glycolytic cells as well as in respiratory cells (Fig 2B).
This is in line with structural data showing that IF1 stabilizes CV
tetramers (Pinke et al, 2020). Contrary, high glucose levels (glycolytic
conditions) were correlated with lower IF1 levels (relative to subunit
a of CV) (Kahancova et al, 2020), indicating that IF1 levels naturally
change in dependency on metabolic conditions.

A BN-PAGE and subsequent immuno-blotting of mitochondrial extracts from indicated Hela cell lines showing the assembly of F1Fg ATP synthase and binding of IF1.
Monomers (M), dimers (D), and oligomers (O) were detected. Left panel: Coomassie-stained gel. Right panels: Immunoblotting and detection of ATP synthase and IF1.
WT: wild-type Hela cells; IF*: cells expressing IF1-H49K-HA. Stars indicate oligomeric IF1 forms. I: complex I; I1l: complex Il1.

B Relative levels of ATP synthase monomers, dimers, and oligomers. Semi-quantification of immunoblot shown in (A).

C Assembly of F1Fo ATP synthase SU e-sEcGFP (Sue#) into monomeric, dimeric, and oligomeric ATP synthase (CV). Proteins were separated by BN-PAGE and
immunoblotted as indicated. Left panel: detection of subunit p (a-ATP5B); right panel: detection of SECGFP with a-GFP; O: oligomeric ATP synthase; D: dimeric (blue **);

M: monomeric F1Fo ATP synthase (blue®).

D Assembly of sEcGFP-tagged subunits CoxVIlla-sEcGFP (CIV#) into complex IV, and assembly of subunits y-sEcGFP (SU y #) and SU e-sECGFP (Su e#) into ATP
synthase. Proteins were separated by BN-PAGE and immunoblotted. Lanes #1-#10 were cut into three pieces for further evaluation. Lanes 1-2: complex IV assembly
in WT and CoxVllla-sEcGFP-expressing cells, detection of CIV with anti-Cox1. Lanes 3—4: complex V assembly in WT and SU y-sEcGFP-expressing cells, detection with
anti-SU y. Lanes 8-10: assembly of CIV# into CIV, SU y-sECGFP (SUy#) into CV, and SU e-sECGFP (SUe#) into CV. At lane #6 in the Coomassie-stained gel, the
positions of molecular weight markers (M) are shown. SC: respiratory supercomplexes; CIV,: complex IV dimers; CIV: complex IV monomer; s1: F1-cg subcomplexes; s2:
subcomplexes of CV containing subunits b, e, and g (He et al, 2018). Blue **: dimeric F,Fo ATP synthase; blue*: monomeric F1Fy ATP synthase. Red asterisks:

respiratory supercomplexes.

Source data are available online for this figure.
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Figure 2.

Implementation of local pH probes at OXPHOS complex CIV and
at subunit e and y in CV

To measure local pH, we genetically fused the pH probe sEcGFP
(pHluorin, superecliptic GFP) (Miesenbock et al, 1998; Orij et al,
2009) to subunits of CIV, CV, and to the matrix protein mitochon-
drial processing peptidase (MPP), resulting in MPP-sEcGFP, which
was successfully imported into mitochondria (Appendix Fig S1). For
attaching the probe to CIV and CV, sEcGFP was genetically fused to

© 2021 The Authors
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subunit y (SU y) of the F; subcomplex of CV at the n-side of the
IMM, to subunit e (SU e) of Fo subcomplex of CV at the p-side of
the cristae membrane, and to subunit CoxVIIla of CIV at the p-side
of the IMM.

Protein complexes of cell lines expressing CV SU e-sEcGFP, CV
SU vy-sEcGFP, and CoxVlIlla-sEcGFP were separated by BN-PAGE
and immunoblotted. SU e-sEcGFP (SUe#) assembled into the mono-
meric, dimeric, and oligomeric CV complexes (Fig 2C), and the
assembly was not biased by the fusion of SU e to sEcGFP. CoxVIIla-
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sEcGFP (CIV#) was found in dimeric CIV and respiratory supercom-
plexes but, interestingly, not in monomeric CIV (Fig 2D). The
assembly of CIV was also not affected by fusion of subunit CoxVIIla
to sEcGFP. Labeled SU y was found in subcomplexes of CV (indi-
cated as sl and s2 in Fig 2D), which are not identical with F; and
Fo. A minor fraction of SU y-sEcGFP was found in the monomeric
holo CV (Fig 2D), which was similar to the assembly pattern we
found for SU y -Dendra in an earlier study (Appendix Fig S1 (Muster
et al, 2010)). Expression of SU y -sEcGFP did not affect the assembly
of CV into monomers, as shown by comparing it with anti-SU y test-
ing on the WT sample (Fig 2D, lanes #3 and #4).

According to a previous study from the Walker group (He et al,
2018), sl is an F;-cg subcomplex, and s2 is a subcomplex containing
subunits b, e, and g. However, the subcomplexes sl and s2 were
not detected when probed with anti-ATP5B against subunit § (Fig 2C
and D), which is the main compound of F;. Since the reaction
between anti-ATP5B and F; is rather weak (Bisetto et al, 2013) SU f
might not have been detected here. The correct localizations of
tagged subunits CoxVIIla-sEcGFP in the cristae and MPP-sEcGFP in
the matrix were also confirmed by immuno-EM in a study by
Rosselin et al (2017), whereas the correct location of CV SU y -EGFP
in cristae was confirmed by Wilkens et al (2013) and of CV-SU
e -EGFP by Kondadi et al (2020a). Previous work has also shown that
the assembly of GFP-tagged SU vy into ATP synthase maintained its
functionality (Prescott et al, 2003). Further, fusions to CoxVIlla have
been used in several studies without interfering with mitochondrial
function (Liu et al, 2017).

In sum, the positioning of a pH probe at complex IV and
subunit e of complex V was successful and did not hamper
complex assembly. The pH probe at SU y was mainly found in
Fi-cg subcomplexes of ATP synthase, which are anchored in the
membrane (He et al, 2018). Yet, in cells expressing SU e-sEcGFP
and SU y-sEcGFP, respectively, an additional band of the size of
free GFP was detected (Fig 2D). We cannot say whether free GFP
is a translational by-product, a purification artifact or the product
of proteolytic activity.

Subunit y indicates a higher mobile complex of ATP synthase,
while subunit g represents confined ATP synthase at cristae rims

Because respiratory cells showed a shift toward higher assembly
states of active ATP synthase (reported above), we also expected to
see different spatiotemporal behavior of CV in respiratory versus
glycolytic cells. To compare the spatiotemporal organization of ATP
synthase complexes labeled at F; and Fo, we performed tracking
and localization microscopy (TALM) of individual ATP synthase
particles. Therefore, as a subunit of F;, subunit y was fused to the
self-labeling HaloTag, as recently described (Salewskij et al, 2020).
Since we could not collect sufficient data for the localization of Fo
using CV Halo-tagged SU e, we instead characterized the spatiotem-
poral behavior of SU g tagged with the HaloTag, because both of
these Fo subunits (e and g) closely interact, are co-regulated, and
stabilize oligomers of ATP synthase (Paumard et al, 2002; Wittig et
al, 2008; Carraro et al, 2014; Pinke et al, 2020). Thus, we assume
that holo-complex CV labeled at SU g would exhibit the same behav-
ior as when labeled at SU e.

In short, single ATP synthase particles were localized and
tracked by a super-resolution microscopy technique called tracking
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and localization microscopy (TALM) (Appelhans et al, 2012).
HeLa cells stably transfected with the constructs were then stained
by adding a fluorescent substrate, either tetramethylrhodamine-
HaloTag ligand (TMRH™) or silicon rhodamine-HTL (SiR"™), and
imaged with an inverted TIRF microscope (Nikon Eclipse TE2000
equipped with a 100x TIRF objective (N.A. 1.45, oil immersion)
and an EMCCD camera (Evolve™S512, Photometrics). Posttransla-
tional labeling with low concentrations of fluorescent substrates
(0.5-1 nM HTL-TMR) for the HaloTag (Appelhans & Busch, 2017)
allowed the dissection of single molecules. For further details, see
Salewskij et al (2020). Image sequences of up to 1,000 frames
(30 Hz) were recorded, and single emitters were identified and
localized using a 2D Gaussian fit, taking into account the point
spread function (PSF). Emitters that appeared in subsequent
frames within a radius of 2 pixels (pixel size 107 nm) and that
had similar intensity were treated as identical particles. The
respective positions were then connected until the particle disap-
peared. Together, all connected particles of the same type resulted
in a trajectory. Trajectories of one movie were superimposed to
trajectory maps and further analyzed (Fig 3). Exemplary trajectory
maps of ATP synthase labeled at SU y (A) and SU g (A’) in single
mitochondria are shown in Fig 3A and A’. The detailed views of
the diffusion of CV-SU y and CV-SU g clearly display a difference:
Individual steps of CV-SU y appeared longer and differently
oriented than the steps of CV-SU g, which were shorter and more
localized.

Next, we quantified the differences in detail. To detect possible
movement in cristae membranes, trajectories were analyzed accord-
ing to their orientation. To quantify the orientation with respect to
the long axis of mitochondria, the direction of motion of a single
molecule was described by a vector. Curved mitochondria were first
linearized (Fig 3B and B’). For this purpose, the long axis of a
curved mitochondrion was stretched using a transformation matrix
to generate a linear mitochondrion. Then, the value of the direction
vector (including five steps) was plotted in degrees [°] on a circular
disk. The long axis of a mitochondrion was assigned + 180° and 0°,
and the orthogonal axis was assigned as —90° to 90°. CV-SU y
displayed preferential movement along the orthogonal cristae (Fig 3
C) with the majority of steps around + 90° on the orientation disk
(Fig 3D). This is in accordance with what was described earlier
(Salewskij et al, 2020). In contrast, the trajectories of CV-SU g had a
different orientation, and cristae tracks were hardly observed (Fig 3
C' and D). In addition, CV-SU g had a significantly lower mobility
(Dmedian = 0.006 um?/s) than CV-SU y with D = 0.015 um?/s (Fig 3
E). Also, the length of individual steps of CV-SU g was, on average,
significantly lower (86 nm) than for CV-SU y (182 nm) as displayed
in Fig 3F.

In sum, ATP synthase subcomplexes labeled at F;-SU y were
more mobile than ATP synthase labeled at Fo-SU g. CV-SU y
trajectories display diffusion along the cristae membranes, while
the holo-complex tagged at SU g is quasi immobile. Since the
holo-complex assembles into oligomeric structures along the rims
of cristae (Allen et al, 1989; Davies et al, 2011; Kuhlbrandt,
2019), a pH probe at SU e (equivalent to SU g), therefore,
senses the pH at cristae on the p-side of rims/tips. Furthermore,
the pH probe at SU y senses the pH mainly as F;-SU y or Fj-cg-
SU y and in fully assembled ATP synthase at the n-side of
cristae membranes.

© 2021 The Authors
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Figure 3. Single-particle diffusion analysis of CV-SU g reveals restrictive localization and diffusion of the oligomeric ATP synthase holo-complex compared to
ATP synthase monomers and subcomplexes.

A, A" Trajectory maps of ATP synthase labeled at SUy (A) and SU g (A') in single mitochondria. Insets: Detailed views of the diffusion of CV-SU y (A) and CV-SU g (A).
Scale bars: 1 um overview and 0.5 um insets.

B, B’ Generation of transformation matrices for linearization of mitochondria to analyze the directionality of the movement. The number of individual trajectories is
shown in brackets.

C,C" Analysis of the step directions with respect to the longitudinal axis (£180° and 0°) and the orthogonal axis (from —90° and +90°) represented on a graduated
disk. For the determination of directionality of CV-SU y and CV-SU g, 5 successive steps were integrated. The number of analyzed steps is indicated in D and D'.

D, D’ Heat maps showing the step magnitude in dependence on the step direction.

E Diffusion coefficients (-log D) for CV labeled at SU y and SU g in comparison. Left: probability density function (PDF) and cumulative density functions (CDF) for D
from all trajectories. Right: box and whiskers plot. Mean diffusion coefficients D (open squares) calculated from all individual trajectories shown in A and A/,
respectively.

F Step size diagram (PDF and CDF) for steps of SU y and SU g in comparison.

Data information: Statistics: Mann—Whitney test (E, F). Diffusion coefficients of trajectories shown as single dots. The error bars denote SD; the boxes represent the 25"
to 75 percentiles. The vertical lines in the boxes represent the median values, whereas the square symbols in the boxes denote the respective mean values. The
minimum and maximum values are denoted by x. Whiskers include outliners, coefficient 1.5.
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The spatiotemporal organization of ATP synthase is more
restricted under OXPHOS conditions

We recently reported that the spatiotemporal organization of ATP
synthase depends on its activity mode (Salewskij et al, 2020; Weis-
sert et al, 2021). Namely, inhibiting the ATPase activity resulted in
decreased mobility of ATP synthase complexes and subcomplexes
(monomeric CV-holo, s1, s2) labeled at subunit y, while inhibiting
ATP synthase activity by depleting the respiratory chain’s substrate
increased the mobility of F;-subunit y. Here, we show that stimula-
tion of the electron transport chain activity by galactose supply
decreased the mobility of F,-SU vy significantly in relation to
increased ATP synthase activity. Specifically, CV particles in galac-
tose showed mitochondrial localization and restricted mobility
(Fig 4A). Further, the calculated diffusion coefficient’s probability
function (PDF) showed a clear shift toward lower mobility in galac-
tose (Fig 4B), resulting in a significantly lower median diffusion
coefficient D under OXPHOS conditions (D = 0.00898 prnz/s,
Q1 = 0.0031, Q3 =0.02967) than in glycolytic cells (D = 0.0177
pum?/s, Q1 = 0.00507, Q3 = 0.05386; Mann-Whitney; P < 0.001)
(Fig 4C). The restriction could be due to an increase in dimeric and
oligomeric forms of ATP synthase (Fig 2A and B).

Calibration and characterization of local pH probes

Superecliptic GFP is a pH-sensitive variant from the Aquorea victoria
green fluorescent protein, with 9 mutations that lead to increased
fluorescence and ratiometric pH sensitivity in comparison with the
original ecliptic variant. Since the pH-dependent emission spectra
display an isosbestic point, sEcGFP can be used as a ratiometric pH
sensor (Gao et al, 2004; Rieger et al, 2014) (Fig 5A). After excitation
with 405 nm, the emission in two channels was simultaneously
recorded, and the ratio was calculated (As11/A464). pH sensors MPP-
sEcGFP, CoxVIlla-sEcGFP, SU y-sEcGFP, and SU e-sEcGFP were
positioned as indicated in Fig SB. First, pH calibration curves were

Figure 4. Stimulation of ATP synthase activity is related to decreased mobility.

A Localizations and trajectory map of CV SU y-HaloTag/TMRH™

Bettina Rieger et al

generated by incubating cells expressing the different probes MPP-
SECGFP, SU y-sEcGFP, and SU e-sEcGFP in media with different pH
values. For the equilibration with extracellular pH, ATP synthase
inhibitor oligomycin and uncouplers FCCP (carbonyl cyanid-p-
trifluoromethoxyphenylhydrazon) and nigericin were added (Fig 5C
and D). Detergents were not required for pH equilibration, and the
addition of triton or digitonin was not required to equilibrate with
the external pH (Fig 5C and F). For each construct, a calibration
curve was generated to identify and eliminate probe-specific effects
on the ratio, such as quenching or other effects by the specific nano-
environment. The calibration curves of cells expressing mt-sEcGFP,
SU y-sEcGFP, and SU e-sEcGFP to different external pH values were
similar, while the calibration for CoxVIlla-sEcGFP varied (Fig SE).
This was likely due to the specific nano-environment of CoxVIlla, as
it is localized at the interface of respiratory supercomplexes (Rieger
et al, 2017). Addition of FCCP, nigericin, and oligomycin resulted in
pH equilibration between the local pH in the matrix, at CIV-
CoxVIIla and CV SU e and SU v, respectively, with the external pH
(Fig 5G).

pH measurements directly at ATP synthase allow for the
discrimination of ATP synthase and ATPase activity in situ

Next, we determined local pH values under different metabolic
conditions. The pH at SU e, at SU vy, and in the matrix was deter-
mined in glycolytic and respiratory cells (Figs 6A and EV4A-C).
Under glycolytic conditions, the pH at SU e was pH = 7.06 &+ 0.25
(SD). In the matrix, the pH at SU y of CV and in the bulk were both
alkaline (pHmauix = 7.99 £ 0.09) (Fig 6B-D). We explain the low
pH at SU e by reverse ATP synthase (ATPase) activity, which pumps
protons from the matrix into the intracristal space. Under respira-
tory conditions, the proton concentration at SU e was lower (pH =
7.28 £0.24 (SD)) than wunder glycolytic conditions (pH =
7.06 £ 0.25) (Fig 6C). These values are similar to what was
observed before (Rosselin et al, 2017). The pH at SU y and in the
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particles in a single mitochondrion. Scale bar: 1 um. Cumulative images of 2,000 frames (recording

30 Hz). Each trajectory in a different color. Trajectories of the F;Fo ATP synthase were generated by using the Multi-Target-Tracing-Tool (MTT) (Sergé et al, 2008).
B Diffusion coefficients for ATP synthase under control conditions (5.6 mM glucose) and under OXPHOS conditions. The probability density function (PDF) and
cumulative density function (CDF) of -log D are plotted. Number of trajectories analyzed: 8,622 (Glc) and 10,333 (Gal) from mitochondria in at least five different cells.
C Mean diffusion coefficients D calculated from all individual trajectories. Mann—Whitney test. ***P < 0.001; **P < 0.01; *P < 0.5. Cells analyzed > 5 per condition;
number of trajectories: 4011 (Glc), 10333 (Gal); Q1: 0.00387 (Glc), 0.0031 (Gal); median Dg;c: 0.0142 pum?/s, Dgi: 0.00898 um?/s; Q3: 0.0504 (Glc); 0.02969 Gal; P < 1073,
The error bars denote SD; the boxes represent the 25" to 75" percentiles. The vertical lines in the boxes represent the median values, whereas the square symbols in
the boxes denote the respective mean values. The minimum and maximum values are denoted by x. Whiskers include outliners, coefficient 1.5.
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Figure 5. sEcGFP as a pH sensor.

A

Fluorescence emission spectrum of mt-sEcGFP in Hela cells in situ at different pH values (Aex. = 405 nm, Aem. = 415-705 nm; A-emission scan of transfected cells
with 10 nm steps using a cLSM microscope). Before and after the isosbestic point (indicated), the pH dependence of the emission is reversed, allowing for a readout
of pH-dependent fluorescence emission in the two indicated channels and ratiometric imaging (As11/A464). The A range for the first channel is set larger than the A

Bettina Rieger et al

range for the second channel to allow for a better match of the signal intensities of the two different channels.
B Scheme showing the positions of the pH sensor fused to subunit of different OXPHOS complexes and MPP in the matrix. CIV: Cox8a (CoxVIlla)-sEcGFP; CV SU
e-SECGFP, CV SU y-SEcGFP. Matrix: MPP-sEcGFP. Cl: complex I, Cll: complex II, Clll: complex I, CIV: complex VI, CV,: dimeric complex V. ICS: intracristal space, CM:

crista membrane.

C Images showing matrix pH equilibration with extracellular pH. Shown are ratiometric fluorescence images of MPP-sEcGFP before and after addition of the
uncouplers and inhibitors FCCP, nigericin, and oligomycin (plus 0.002% w/v Triton X-100 where indicated). False color images (As11/A464) indicate ratio values.

D Ratiometric imaging of mitochondrial pH after equilibration with extracellular pH values pH = 8, pH = 7.4, and pH = 6.5. Scale bars = 10 um.

E Calibration curves for the different sensor-fusion proteins. Ratiometric response of SEcGFP to the local pH. Extracellular buffers with different pH values used: MES
(2-(N-morpholino)ethanesulfonic acid, 20 mM, pH 5.6-6.1), BES (N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid, 20 mM, pH 6.1-7.6), or HEPPSO (4-(2-
hydroxyethyl)-piperazine-1-(2-hydroxy)-propanesulfonic acid, 20 mM, pH 7.1-8.0) in 125 mM KCl, 20 mM NaCl, 0.5 mM CaCl,, 0.5 mM MgSO, plus FCCP (10 uM),
nigericin (1 uM), and oligomycin (5 pg/ml). Each data point represents n = 2 independent experiments and mean values =+ SD of at least 15 cells. NFO:
nigericin + FCCP + oligomycin; NFOD: nigericin + FCCP + oligomycin + digitonin; NFOT: nigericin + FCCP + oligomycin + Triton X-100.

F One-way ANOVA comparison of pH values at SU y of CV at the matrix site after treating cells with the cocktail (FCCP, nigericin, and oligomycin) for pH equilibration.
Box (75%) and whisker plots, median (horizontal line in box), mean (box in box). ***P < 0.001; **P < 0.01; *P < 0.5, n.s.: non-significant (N = 3 technical replicates,
> 10 cells analyzed). NFO: nigericin + FCCP + oligomycin; NFOD: nigericin + FCCP + oligomycin + digitonin (0.006% w/v); NFOT:

nigericin + FCCP + oligomycin + Triton X-100 (0.002% w/v).

G Local pH values at CoxVllla, SU e, SU vy, and in the matrix bulk in cells supplied with high glucose (High Glc, 25 mM) before and after the addition of FCCP, nigericin,
and oligomycin, demonstrating successful pH equilibration with extracellular pH 7.3. Three technical replicates from same clones. Bars = mean, error bars & SD.

Statistics: one-way ANOVA with post hoc Scheffé test.

matrix were more acidic under OXPHOS conditions, which is in line
with proton pumping by ATP synthase into the matrix. At CIV, the
local proton concentration was significantly lower in glycolytic
(pH=7.21 £0.26) than in respiratory conditions (pH =
6.88 + 0.15, P = 8.6*107'") due to increased proton pumping activ-
ity of CIV under respiratory (OXPHOS) conditions (Fig 6D).

Inhibition of OXPHOS discloses forward and reverse activity of
ATP Synthase

We next studied the effects of inhibitors that either targeted CV or
the respiratory chain. We expected the following: Under glycolytic
conditions when ATP is hydrolyzed and protons are pumped into
the ICS, the pH at SU e should increase after the addition of oligo-
mycin. In contrast, we anticipated that under respiratory conditions,
a decrease of the pH at SU e would occur when ATP synthesis activ-
ity is blocked by oligomycin addition. This is exactly what we
found: When we applied oligomycin under glycolytic conditions,
the pH at SU e increased significantly (from pH = 7.06 £ 0.25 to
pH=7.32+0.16; P= 4.9%¥107°), while it decreased after oligo-
mycin application under respiratory (OXPHOS) conditions (from
pH =728 +023 to pH=6.8+032; P=13*10">) (Fig7A).
Next, we repeated the same experiments in IF1-KO cells. In

Figure 6. Local pH values in glycolytic and oxidative mitochondria.

glycolytic IF1-KO cells, oligomycin had the same effect as in WT
cells, where the pH increased from pH = 6.95 + 0.39 to pH =
7.31 £ 036 (P=2.8 *1079) (Fig 7B). Before oligomycin addition
though, the pH at SU e in IF1-KO in glycolytic conditions was lower
than in WT cells. Together, this confirms that the acidic pH before
oligomycin addition was due to reverse proton pumping by ATPase
activity. Under OXPHOS conditions, the pH at SU e was higher in
IF1-KO cells under OXPHOS conditions (IF1-KO: pH = 7.39 + 0.28;
WT: pH = 7.28 + 0.24; P = 0.038). Surprisingly though, oligomycin
had no effect in respiring IF1-KO cells, and we currently cannot
explain this without knowing additional parameters. In this context,
it should be mentioned that oligomycin increased the heterogeneity
of A¥,,, as recent high-resolution imaging data suggest (Wolf et al,
2019).

Finally, we determined pH values at SU e in WT and IF1-OE cells
and the effect of oligomycin. Oligomycin addition had no further
effect on local pH at SU e in IF1-H49K, indicating that previous ATP
hydrolysis was already blocked by IF1-H49K (Fig 7C). The pH at SU
e under OXPHOS conditions was similar to the pH in high glucose
conditions. Oligomycin addition resulted in acidification at SU e,
since protons were no longer translocated from the ICS to the matrix
and, thus, the PMF generated by the primary proton pumps was not
depleted.

A Ratiometric imaging of pH in living Hela cells at different OXPHOS complexes and in the matrix. WT matrix: MPP-sEcGFP; WT SU v: SU vy fused to SEcGFP; WT SU e:
SU e fused to sEcGFP; WT CoxVllla: subunit CoxVllla fused to sEcGFP (all C-terminally). HGIc: high glucose; Gal: galactose. Ratio images for IF1-H49K OE cells are

displayed in Fig EV4. Scale bars: 10 um.

B Mitochondrial pH values at SU e, SU v, and in the matrix bulk in hyper-glycolytic cells (high glucose: HGIc, 25 mM).

C pHatSU e SU vy, and in the matrix in respiring cells (Gal, 10 mM).

D pH at CoxVllla at complex IV in the ICS before and after stimulation of the respiratory chain.

Data information: Box (75%) and whiskers plots. Outlier included. The error bars denote SD; the boxes represent the 25" to 750 percentiles. The vertical lines in the
boxes represent the median values, whereas the square symbols in the boxes denote the respective mean values. The minimum and maximum values are denoted by x.
Statistics: one-way ANOVA with post hoc Scheffé test: ***P < 0.001; **P < 0.01; *P < 0.05. Three technical replicates from same clones (B-D).

Source data are available online for this figure.
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Figure 6.
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Figure 7.
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A Mitochondrial pH at CV SU e measured in HeLa WT in glycolytic (HGIc) and respiring (Gal) conditions. Where indicated, 5 ug/ml oligomycin was added to inhibit CV

activity.

T O T mgO @

Mitochondrial pH at CV SU e in IF1-KO cells. Conditions: glycolytic (HGIc) and respiring (Gal) with and without oligomycin.
Mitochondrial pH at CV SU e in IF1-OE cells. Conditions: glycolytic (HGIc) and respiring (Gal) with and without oligomycin.
Fluorescence image showing the localization of SU e-sEcGFP in WT cells. Scale bar: 10 um.
pH calibration curve for testing the effect of antimycin A on local pH at SU e.
Effect of inhibiting the respiratory chain at complex Il (CIll) with antimycin A (AA) on the local pH at SU e in WT cells (glycolytic conditions).
Local pH at SU e in IF1-KO cells before and after inhibiting CllI.

Local pH at SU e in IF1-OE cells before and after inhibiting ClII.

Data information: Box (75%) and whiskers plots. Whiskers: outlier included. The error bars denote SD; the boxes represent the 25" to 75" percentiles. The vertical lines in
the boxes represent the median values, whereas the square symbols in the boxes denote the respective mean values. The minimum and maximum values are denoted

by x. Statistics: one-way ANOVA with post hoc Scheffé test: ***P < 0.001; n.s.: non-significant. Technical replicates from same clones: 3 (A-C), 2 (F-H).
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Inhibition of respiratory chain results in stimulation of ATP
hydrolysis

Inhibition of the respiratory chain resulted in acidification at SU e.
Since this was only observed in WT and IF1-KO cells, we conclude
that this acidification is the result of stimulated ATP hydrolysis,
which is suppressed in IF1-H49K OE cells (Fig 7F-H).

IF1 inhibition of ATPase results in increased pH at SU e

Here, we discuss and compare in more detail the local pH values at
ATP synthase subunit e in WT cells, cells stably expressing IF1-
H49K and IF-KO cells. IF1 inhibits the reverse ATPase activity. If
ATPase is mainly active under glycolytic conditions, IF1-OE should
increase the pH at SU e. Indeed, we found that the pH was signifi-
cantly higher in IF1-H49K cells compared to control cells (Fig EV4C)
and IF1-KO cells (Fig 8A), since ATPase was now inhibited and no
protons were pumped into the ICS by reverse ATP synthase activity.
When IF1-KO and IF1-H49K cells were compared, the difference in
the pH at SU e was significant: The pH value of SU e in IF1-KO cells
was pH = 7.39 £ 0.28, whereas the value in IF1-H49K-expressing
cells was pH =7.19 + 0.25 (P < 0.0001). This demonstrates that
the presence or absence of IF1 significantly affects the pH at SU e of
ATP synthase also under OXPHOS conditions. Moreover, a positive
effect of IF1-H49K in the presence of endogenous IF1 indicates that
endogenous IF1 is not maximally activated at basic pH and when
the phosphorylation potential is high.

To gain more insights on the local pH at ATP synthase, we also
determined pH values at subunit y of ATP synthase in WT, IF1-KO,
and IF1-H49K cells. The C terminus of SU y fused to sEcGFP
extruded from the Fi-head (F1-SU y or F1-c¢8-SU y) such that the
sensor can detect pH values close on the cristae membrane. In
contrast to the pH at SU e, the pH at F;-SU y in WT and IF1-H49K
cells was higher under glycolytic than under respiratory conditions

EMBO reports

(Fig EV4B). In IF1-KO cells, the pH was the same under glycolytic
and OXPHOS conditions (Fig 8B). Under glycolytic conditions, the
presence of IF1-H49K resulted in a pH decrease at SU y. Under
OXPHOS conditions, IF1 had no effect on the local pH at SU y; the
pH was the same in IF1-KO and IF1-H49K-overexpressing cells. To
better understand the differences in local pH at F;-CV under glyco-
lytic conditions, we complementarily determined the matrix pH in
the different cell lines in both metabolic states (glycolytic and
OXPHOS) (Fig 8C). No difference was found between WT and IF1-
OE under glycolytic conditions. Respiration decreased the matrix
bulk pH compared to glycolytic conditions, but IF1-H49K expression
had no influence on the matrix pH in OXPHOS mitochondria. This
was expected when only ATP synthase had been active. In IF1-KO
cells, matrix pH was lowest under glycolytic and OXPHOS condi-
tions. At the current state, we cannot interpret the drop of pH at the
n-side and in the matrix in IF1-KO cells without further knowledge.

The local pH at complex IV is not affected by active ATPase

Next, we compared the pH values measured at respiratory
complex IV (CIV) in the different IF1 cell lines under glycolytic
and OXPHOS conditions. Therefore, sEcGFP was fused to subunit
CoxVlIlIa at the C terminus localized at the p-side (Fig 8D). Under
glycolytic conditions, the pH at CoxVIlla was significantly higher
than under OXPHOS conditions, since fewer protons were pumped
into the ICS. Higher OXPHOS activity linked with proton pumping
resulted in local acidic pH values below pH< 7. IF1 had no effect
on pH values at CIV in glycolytic cells, since neither IF-KO nor
IF1-H49K-expressing cells exhibited pH differences at CIV. Surpris-
ingly, however, IF1-H49K-expressing cells exhibited the most
acidic pH at CIV under OXPHOS conditions (pH = 6.49 + 0.17),
which was significantly lower than pH = 6.88 (& 0.15; P < 107"9)
in WT cells (Figs 8D and EV4D). This suggests either an acceler-
ated cytochrome c¢ oxidase proton pumping activity in cells

Figure 8. The activity of ATP synthase determines lateral, radial, and transmembrane pH gradients.

A Mitochondrial pH at CV SU e is compared for HeLa WT, IF1-KO, and IF1-H49K cells under glycolytic and respiring conditions.

m o 0O ®

values constituting the ApH was significant; P < 0.001.
Radial pH gradient between matrix bulk and subunit y of ATP synthase.
pH difference between SU e of ATP synthase and matrix bulk.

—Tom

Transmembrane pH difference between local pH at CIV (CoxVIlla) and matrix pH.
Lateral pH gradient between CIV SU CoxVllla and CV SU e. Be aware that the pH under glycolytic conditions at SU e was lower than the pH at CIV in the ICS,

Mitochondrial pH at CV SU y measured in HelLa WT, IF1-KO, and IF1-H49K cells under glycolytic and respiring conditions.

pH in the matrix bulk (MPP60 as mitochondrial targeting sequence) measured in HeLa WT, IF1-KO, and IF1-H49K cells under glycolytic and respiring conditions.

pH at respiratory complex IV at SU CoxVllla in the ICS measured in HeLa WT, IF1-KO, and IF1-H49K cells under glycolytic and respiring conditions.

pH differences between SU e and SU y of ATP synthase SU e are part of Fg, SU y of F;. Triple stars in columns indicate that the difference between the compared pH

resulting in a “negative” ApH. (A-I) One-way ANOVA comparison of sets of pH values at the indicated localizations. Box (75%) and whisker plots, median (horizontal
line in box), mean (box in box). P < 0.001: ***P < 0.01: **P < 0.05: *; n.s.: non-significant (N = 3). Statistics: one-way ANOVA with post hoc Schéffe test for normal

distribution.

] pH measurements in mitochondria in live cells expressing SECGFP as the pH sensor at SU y. The pH was color-coded according to respective emission ratio. The pH at

SU y in IF1-H49K-HA expressing cells is compared with WT cells. (Scale bar: 1 um).

K Schematic drawing showing the resolved pH values and resulting gradients under respiratory and glycolytic conditions. The color gradient was generated following

the ratiometric pH code used throughout the study.

Data information: (A-D) One-way ANOVA comparison of sets of pH values at the indicated localizations. Box (75%) and whiskers plots (outlier included, coefficient 1.5).
The error bars denote SD, the boxes represent the 25 to 75" percentiles. The vertical lines in the boxes represent the median values, whereas the square symbols in the
boxes denote the respective mean values. The minimum and maximum values are denoted by x. error bars = SD. P < 0.001: ***P < 0.01: **P < 0.05: *; n.s.: non-
significant (N = 3, technical replicates from same cell clones, data from individual cells are shown). Statistics: one-way ANOVA with post hoc Schéffe test for normal
distribution. (E-1) One-way ANOVA comparison of measured pH values; shown is ApH as the calculated difference between the mean pH values from data shown in A-D.

P < 0.001: ***P < 0.01: **, P < 0.05: *; n.s.: non-significant.Figure 8.

© 2021 The Authors

EMBO reports  22:e52727|2021 13 of 23



EMBO reports

A 85

pHat SUe

I i |
6.0 -1—
\\é Q\u @6 +0\?‘@+
"<
glycolytic OXPHOS
D ss5
f T 1
© 801 s
S —AE
X 7.5+ 1
Q ns 1 »=
=)
D 704 % *
©
T
o
6.0+— T T T T T
& ’\i_o b9+ & $© bgr
&V X & T
KN KN
N3 €
glycolytic OXPHOS
H 1.4+ I 1.4 -
1.2 121
5101 % 1.04
> < 084
8 0.8 5
x & -
%06 ]c:,_ 0.6
€ 064
. < 044
[=% @©
< 0.4 g 02/
g0
0.24 0.04
0.0 -0.2-
glycolytic OXPHOS
K
IMM
oM s NV
S S
a
i W’a g Wfffffmﬂ

i E..JM.F.!J_’Q \

Figure 8.

14 of 23

EMBO reports

B 8% Ty C T ==
=T a1 —
,_I_I_I_I—l
8.07 8.0
S 7.57 + T 751 @ *
2 x
@ -—
[u]
i 7.04
£70 E
| IS I —
6*5— e pe R
s e J e ns e
0-— T 6.0
A ot «i‘ O \ﬁ‘ «i‘ SO \\S‘ e %@“‘
¥ € & ?\' {<"'
glycolytic OXPHOS glycolytic OXPHOS
E 14, [ wr F 14- G 14, .
IF1-H0K C_JFi-ko
1.24 WT 1.2 1.2 :;jr—msk
IF1-KO -~ IF1-KO
1.0 I IF1-H49K 21.04 L, 1.01 .|F1—H49K
3 i 3
? 0.81 F 0.8 . 0.8-
2 T g
T 0.6 1 2 06 - 064
< @ o
2 <
0.4 S 0.4+ 0.4
0.2+ 0.2 0.2
0.0- 0.0- 0.0-

glycolytic OXPHOS

su
ctrl

glycolytic

glycolytic OXPHOS

pH values OXPHOS conditions

22:e52727 | 2021

T

. Matrix 1
5\;}! ;- I ifuw.%%%
7. 3:?

Y]

cv

2

y -sEcGFP

4
i

it

glycolytic OXPHOS

72
o, @
: & 3

glycolytic OXPHOS

Bettina Rieger et al

74.%
‘KEFWWMWIHW

k2

pH 6.7 7.0 73
-

© 2021 The Authors



Bettina Rieger et al

expressing IF1-H49K or a retarded diffusion of protons from the
primary proton pump CIV (proton source) to CV (proton sink)
(Rieger et al, 2014). Since the ultrastructure of cristae is changed
in IF1-H49K-expressing cells (Weissert et al, 2021), a different
coupling between proton source and sink (Toth et al, 2020) is also
likely.

ATP synthesis is possible at low Ap

The determined pH values at ATP synthase subunits SU e and SU y
were then used to calculate the corresponding ApH across the crista
membrane. It has to be kept in mind, though, that due to assembly
of SU y into ATP synthase subcomplexes, this was not necessarily
the ApH across single ATP synthase molecules. Whether a dif-
ference was significant was determined by statistical analysis (one-
way ANOVA test; P < 0.001: ***). In mitochondria with reverse
ATP synthase (=ATPase) activity, the pH difference was highest
with ApH = 0.75 under glycolytic conditions. IF1-KO and IF1-H49K-
expressing cells had a lower ApH (Fig 8E). In OXPHOS cells, the pH
difference was ApH ~0.13 under ATP synthesis conditions in WT, IF-
KO, and IF1-H49K-expressing cells. Thus, IF1-H49K reduced the
transmembrane ApH at ATP synthase under glycolytic conditions,
while it did not significantly affect the ApH under OPXHOS condi-
tions. Together, these data clearly show that ATPase builds up a
local ApH at ATP synthase under glycolytic conditions due to
reverse proton pumping. In contrast, and quite surprisingly, the
transmembrane ApH, and thus, the actual Ap was low under
steady-state OXPHOS conditions at the ATP synthase. This suggests
that ATP synthesis is possible at very low ApH values: a ApH =
0.13 means that the proton concentration at the p-side is only 1.1x
higher than at the n-side!

The local pH at SU y of F1Fo ATP synthase is generally lower than
in the matrix bulk

Next, we compared the pH between the matrix bulk and the
sensor at SU y (Fig 8F). Indeed, the pH was lower at SU y than in
the matrix bulk, indicating a radial gradient from the membrane
surface toward the bulk. This suggests that proton concentrations
near the surface and in the bulk are not in equilibrium, e.g., due
to a delay in proton exchange. Such a scenario was proposed
before (Heberle et al, 1994; Mulkidjanian et al, 2006) and has been
recently intensively reviewed (Lee, 2019). Obviously, diffusion is
not sufficient to maintain a homogenous pH in a compartment
(Mulkidjanian, 2006) under the conditions in which primary and
secondary proton pumps are active (Strauss et al, 2008; Rieger et
al, 2014; Sjoholm et al, 2017; Toth et al, 2020). When the matrix
bulk pH was used to calculate ApH, the nominal ApH was higher
(Fig 8F and G). Regardless of the reference, though, the ApH was
lower under OXPHOS conditions compared to glycolytic condi-
tions. Strikingly, in IF-KO cells, the ApH was the smallest under
OXPHOS conditions, suggesting that IF1 has an important role in
maintaining Ap.

Next, we calculated the ApH between CIV and the matrix. Irre-
spective of the metabolic condition, the calculated ApH > 0.6. In
IF1-H49K-expressing cells, the calculated pH difference was ApH >
1.2 under OXPHOS conditions. This was due to the exceptionally
low pH at CIV (Fig 8H).

© 2021 The Authors

EMBO reports

Lateral pH gradients between primary proton pumps and ATP
synthase reverse under glycolytic conditions

Finally, we compared pH values at subunit CoxVIlla of CIV and
subunit SU e of ATP synthase. Previously, we and others had
reported a lateral pH gradient in the IMS (Rieger et al, 2014; Toth
et al, 2020). As observed before, the pH difference was ApH > 0.4
under OXPHOS conditions with a higher proton concentration at
CIV. This corresponds to a > 3x higher proton concentration at CIV,
the primary proton pump (Fig 8I). Under glycolytic conditions,
however, the calculated ApHcoxvia-su e Was negative, indicating an
inverse pH gradient with a lower pH (higher proton concentration)
at SU e of ATP synthase. The inverse lateral pH gradient was also
found in IF1-KO cells. This can only be explained by the reverse
activity of ATP synthase, pumping protons into the IMS while
hydrolyzing ATP. As examples, we show the pH maps of WT and
IF1-H49K-OE mitochondria in detail in Fig 8J. Together, the experi-
mentally obtained pH profiles of the mitochondrial sub-
compartments reveal lateral and radial pH gradients (Fig 8K). The
pH profiles for all conditions are schematically depicted in Fig EV4E.
In IF1- OE cells, local pH levels might be additionally determined by
ultrastructural changes in cristae that result in a different distribu-
tion pattern of OXPHOS complexes (Fig EVSA-C).

IF1 is required to optimize mitochondrial ATP production rates
under all conditions

Finally, we correlated mitochondrial and glycolytic ATP synthesis
rates and mitochondrial ATP level in living cells with the ApH data.
To obtain ATP synthesis rates, OCR and ECAR were recorded before
and after serial addition of mitochondrial inhibitors (oligomycin and
rotenone/antimycin A) and pathway-specific ATP production rates
were calculated (Mookerjee et al, 2017). Under glycolytic condi-
tions, HeLa WT cells showed low mitochondrial ATP production
rates (< 400 pmol/min*30 K cells) but high cytosolic ATP produc-
tion rates (> 600 pmol/min*30 K cells) (Fig 9A and B). Under
OXPHOS conditions, ATP synthesis rates increased > 2x, while
cytosolic ATP synthesis rates decreased significantly. However, the
increase in ATP synthesis rates under OXPHOS conditions was not
observed in IF-KO cells, emphasizing IF1’s role in blocking ATP
hydrolysis under OXPHOS conditions due to low ApH/Ap. Also,
ATP levels were lower in IF1-KO cells under OXPHOS conditions
(Fig 9C).

Under glycolytic but not OXPHOS conditions, IF1-H49K had a
positive effect on ATP production rates. We conclude that the
endogenous IF1 was not fully active under glycolytic conditions,
likely because the matrix pH was basic (pH > 7.5), and IF1 is acti-
vated at pH < 7.5 (Zanotti et al, 2009; Boreikaite et al, 2019). The
pH-independently active IF1 (IF1-H49K) obviously blocked ATPase
more efficiently. Finally, ATP levels were determined with the fluo-
rogenic BioTracker™ ATP-Red™dye (Millipore), which locates to
mitochondria. ATP-Red fluorescence was normalized on the mito-
chondrial mass (MitoTracker™Green signal). Generally, mitochon-
dria with high respiration rates (OXPHOS conditions) had a
significantly higher ATP content than mitochondria with lower
respiration (glycolytic conditions), irrespective of IF1 levels (Fig 9
C). IF1-H49K expressing glycolytic cells had more mitochondrial
ATP than WT cells, in accordance with higher mitochondrial ATP
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Figure 9.

IF1 is beneficial for ATP production even under OXPHOS conditions.

A Mitochondrial ATP production rates in HeLa cells the presence and absence of IF1. Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were
determined with an automatic flux analyzer (Seahorse/Agilent). After monitoring basal respiration, oligomycin (1 uM), and rotenone plus antimycin A (Rot; 0.5 uM; AA,
0.5 uM) were added sequentially to determine glycolytic and mitochondrial ATP production rates. 12 technical replicates per measurement, N = 4 independent

assays.

B Cytosolic ATP production rates. Each data point represents the mean ATP production rate of one well (12 technical replicates per measurement, N = 4 independent

assays.).

C Determination of mitochondrial ATP levels with the fluorogenic dye ATP-red™ (5 uM, prestaining for 15 min). To normalize on mitochondrial mass, mitochondria
were stained with MitoTracker™ Green (MTG, 100 nM for 30 min). Two technical replicates from same clones.

Data information: (A-C) Statistics: One-way ANOVA with post hoc Scheffé test. The error bars denote SD; the boxes represent the 25t to 75 percentiles. Whiskers:
outliners include coefficient 1.5. The vertical lines in the boxes represent the median values, whereas the square symbols in the boxes denote the respective mean values.
The minimum and maximum values are denoted by x.***P < 0.001; **P < 0.01; n.s.: non-significant.

synthesis rates and inhibition of ATP hydrolysis. IF1-KO cells had
lower ATP levels than WT cells, which can be explained by higher
ATP hydrolysis rates and/or export of ATP to supplement the
cytosol with ATP, as suggested above. Thus, these data suggest that
in WT HeLa cells, a subpopulation of ATP synthase is in the reverse
mode. Under OXPHOS conditions, IF1 is required to block this. IF1-
H49K-expressing cells also had lower mitochondrial ATP levels than
WT cells (but higher levels than IF1-KO cells). The same observa-
tion was made with pancreatic beta cells, where mitochondrial and
cytosolic ATP substantially dropped in IF1-OE (Kahancova et al,
2020). Whether this is due to hampered coupling of ATP synthase
and respiration could be tested by determining P/O values. A
decreased coupling could arise due to the recently observed altered
cristae structure in IF1-H49K-expressing cells (Weissert et al, 2021).

Together, these data clearly demonstrate the importance of IF1
for blocking futile ATP hydrolysis under OXPHOS conditions.

Discussion

Although PMF has been intensively studied since the 1960s, much
of the work has remained at a descriptive level due to methodologi-
cal limitations. Only recently has the development of functional
imaging and biosensing techniques made it possible to visualize
mitochondrial PMF in living cells in situ. The use of membrane
potential-sensitive dyes has revealed new fundamental features,
such as the occurrence of rapid changes in PMF of individual
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mitochondria (i); differential PMF in individual cristae; and cristae
remodeling capable of tuning PMF (ii) (Wolf et al, 2019, 2020;
Kondadi et al, 2020a; Segawa et al, 2020). To this end, readout of
local pH sensors revealed that lateral pH gradients exist between H*
source and sink in individual cristae (iii) and thus PMF is nonhomo-
geneous along the intermembrane (iv) (Rieger et al, 2014; Sjoholm
et al, 2017; Toth et al, 2020). Apparently, local separation of respi-
ratory supercomplexes and ATP synthase is an essential prerequisite
for tuning electron transfer and PMF formation as well as its utiliza-
tion (Strauss et al, 2008; Cogliati et al, 2013; Rieger et al, 2014; Wolf
et al, 2019).

Here, we specialized in how PMF is shaped around ATP synthase
F; and Fo and correlated this with the activity as well as spatiotem-
poral organization of ATP synthase. To do this, we performed high-
resolution pH measurements on the F; and F, part of ATP synthase,
determined the mobility and distribution of ATP synthase under dif-
ferent metabolic conditions in the cristae membrane using single
molecule tracking and localization microscopy, and deciphered the
fraction of ATP synthase or ATPase activity via altering the levels of
inhibitory factor IF1. The inhibitory factor IF1 is a key peptide for
the regulation of the activity of the mitochondrial ATP synthase
enzyme, which further influences the bioenergetics and structure of
mitochondria and eventually cell fate (Campanella et al, 2008; Fuji-
kawa et al, 2012; Barbato et al, 2015; Garcia-Bermudez & Cuezva,
2016). The pH maps we generated by fusing the pH sensor sEcGFP
to subunit CoxVIlla of CIV, subunit e at Fo, and SU y at F; of CV and
mitochondrial processing peptidase in the matrix and revealed

© 2021 The Authors
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significant differences between glycolytic and respiratory cells.
Moreover, we succeeded in elucidating the impact of IF1 to the local
pH at ATP synthase under different metabolic conditions. Tumor
cell lines can easily be reset to different metabolic states by chang-
ing the sugar supply (Rossignol et al, 2004). High glucose sugar
supply (25 mM) was used to induce a glycolytic phenotype, which
was characterized by a low OCR with no spare capacity and a high
cytosolic ATP synthesis rate. Alternatively, a respiratory phenotype
was induced by supplying galactose/pyruvate showing significant
higher OCR rates and an almost twofold spare capacity (Fig EV2).
We assumed that IF1 levels mainly would affect pH under glycolytic
conditions, as it plays a role in glucose-modulated adaptation in
tumor cells (Domenis et al, 2012). Contrary, we did not except
much influence of IF1 on pH under oxidative conditions. We
assumed that the role of IF1 would be restricted to inhibit ATP
hydrolysis during ATP synthase assembly (Song et al, 2018) but
would not affect ATP synthase activity. In order to determine the
effects of IF1, we generated an IF1-KO cell line and a cell line stably
expressing the constitutively active IF1-H49K mutant (Schnizer
et al, 1996; Garcia-Aguilar & Cuezva, 2018).

First, we found that the pH at SU e was acidic under glycolytic
conditions (pHwr = 7.06 and pHir;xo = 6.95). This can be
explained by reverse proton pumping in HeLa WT and IF1-KO cells
linked to ATP hydrolysis. Under respiratory conditions, the pH was
significantly higher (pHwr =7.28 and pHirixo = 7.39) due to
proton pumping from the ICS into the matrix by active ATP
synthase. In IF1-H49K cells, the pH at subunit e was significantly
higher under glycolytic conditions (pH = 7.28), indicating an inhibi-
tion of ATP hydrolysis. Under respiratory conditions, the pH was
similar as in WT cells and as in IF1-H49K expressing glycolytic cells.
If IF1 had inhibited ATP synthesis under OXPHOS conditions as
suggested elsewhere (Sanchez-Cenizo et al, 2010), we would have
expected a lower pH at SU e in IF1-H49K cells compared to control
cells. However, the data showed only a tendency (P = 0.083) for pH
decrease at SU e (Fig 8A). The comparison of IF1-KO and IF1-H49K
cells showed a significant difference between the pH at SU e: in IF1-
KO cells with a pH = 7.39 + 0.28 and in IF1-H40K cells with a pH =

7.19 £ 0.25. This clearly shows that IF1 influences the pH at SU e
of ATP synthase even under OXPHOS conditions. Accordingly, the
decisive factor for the pH at SU e is whether the ATP synthase acts
as a proton source (reverse mode) or as a sink (ATP synthesis
mode). Additional pH measurements at CV SU y in the F; subcom-
plex at the n-side of the membrane confirmed the influence of IF1
on ATP hydrolase activity in glycolytic cells. The pH in WT cells at
SU y was clearly higher than in IF1-H49K where ATPase activity
was blocked. In respiring cells, no difference was found between the
pH at SU y in WT and IF1-H49K expressing cells. This is in accor-
dance with the model that IF1-H49K only blocks reverse proton
pumping by ATPase activity (Gledhill et al, 2007).

Most interestingly was the result that in WT cells the overall
ApH at CV (SU y - SU e) was lower (ApHoxphos 0.13) in respiring
mitochondria with forward ATP synthase activity than in mitochon-
dria with reverse ATP synthase (=ATPase) activity (ApHgycoytic 0.72).
This finding has two implications: The feasibility of ATP hydro-
lase to generate a significant PMF (i) and that for mitochondrial
ATP synthesis obviously a high ApH is not a prerequisite (ii). A
ApH = 0.13 is equivalent to a 1.1-fold difference in the proton
concentration! This resembles the situation of specific bacteria that
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are able to produce ATP even with unfavorable pH gradients (Preiss
et al, 2010; Krulwich et al, 2011). Overall, the importance of a high
PMF for ATP synthesis seems to have been overestimated. In the
steady state, it is obviously sufficient that protons are continuously
delivered, similar as it was recently shown in an in vitro model
(Toth et al, 2020). The low PMF under ATP synthesis conditions is
a tricky situation, since it would in principle stimulate reverse ATP
synthase activity. In order to prevent futile activity, IF1 obviously is
essential under OXPHOS conditions! However, how can IF1 be acti-
vated when the phosphorylation potential is in principle high?
Indeed, phosphorylation of IF1 would prevent its binding to ATP
synthase (Garcia-Bermudez et al, 2015). A possible explanation of
IF1 activation despite a high phosphorylation potential is provided
by the observation that the pH at SU y was lowered under OXPHOS
conditions  (pHoxphos = 7.41 £ 0.20;  pHgycolytic = 7.78 £+ 0.11).
This would likely shift the equilibration toward protonated IF1,
which is the active form as recently reported (Boreikaite et al,
2019).

Furthermore, we showed here that the local pH is important for
the calculation of PMF. For example, the bulk matrix pH was always
higher than the local pH at SU v, only in IF1-KO cells no difference
was found. This means that the calculated PMF when related to the
matrix pH is higher than when related to the local pH at F;-SU y.
The finding that the pH measured at the ATP synthase subunit dif-
fers from the pH in the matrix bulk may be explained if the release
of protons from the membrane into the bulk is delayed, as suggested
previously (Heberle et al, 1994), or if the matrix itself is sub-
compartmented where ATP synthase (sub-) complexes are spatially
separated from MPP. Because super-resolved localization of in
nascendi CV subcomplexes in yeast did not provide evidence for
spatial orchestration of CV assembly, but CV is assembled through-
out the crista membrane (Stoldt et al, 2018), we conclude that diffu-
sion of protons from the surface into the bulk is delayed as
previously suggested (Mulkidjanian et al, 2006). To verify this, we
would need to test whether other surface sensors on the n-side
would also report a lower pH than in the matrix or whether this is a
specific property of the sensor on the proton pump ATP synthase.

Moreover, we confirmed that the physical separation shown
between the respiratory complexes as proton sources and ATP
synthase as proton sink results in a lateral pH gradient (Strauss
et al, 2008; Rieger et al, 2014; Toth et al, 2020). This lateral pH
gradient was reversed under glycolytic conditions, another evidence
for active proton pumping of reverse ATP synthase/ATPase. Under
respiratory conditions, the proton concentration at CIV, the primary
proton pump, was higher than in glycolytic conditions. Notably, this
pH drop at CIV was very prominent in [F1-H49K cells under respira-
tory conditions, indicating a stimulation of CIV activity. These cells
also exhibited the highest mitochondrial ATP synthesis rate. With
regard to the current model of respiratory control for the regulation
of cytochrome c oxidase, which suggests that CIV is negatively
controlled by the ATP/ADP ratio and a high AY,, (Ludwig et al,
2001), this is at the first glance perplexing. The data suggest that
despite a considerable PMF (ApH > 1.0) and high mitochondrial
ATP synthesis rate, complex IV obviously was not inhibited but
rather stimulated. A possible explanation is that respiration and
ATP synthesis were partially uncoupled in IF1-H49K cells. Since
overexpression of IF1-H49K can evoke structural changes of the
inner membrane architecture (Weissert et al, 2021), the Kinetic
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coupling between CIV and CV (Toth et al, 2020) could be partially
abandoned. This hypothesis finds support in the observation that
the lateral pH difference between CIV and CV was also higher in
IF1-H49K cells than in control cells (Fig 81). Figure EV4E summa-
rizes the findings of this paper and shows differences in lateral,
radial, and transmembrane pH gradients under the influence of IF1
under different metabolic conditions.

In sum, we here elucidated the contribution of ATP synthase to
local PMF. We found that IF1 is a key physiological instrument to
prevent futile ATP hydrolysis (Fujikawa et al, 2012), even under
OXPHOS conditions, where obviously the steady-state ApH at the
ATP synthase is very low. An additional mechanism to prevent
futile ATP synthase/hydrolase at the spot, is a possible spatial sepa-
ration of ATP synthase and ATPase as recent findings of our group
indicate (Salewskij et al, 2020).

The local pH differences and diverse pH gradients dissected here
may partially explain recent observations of local AY,, differences
within mitochondria and between individual cristae (Wolf et al,
2019, 2020; Kondadi et al, 2020a; Segawa et al, 2020). By combin-
ing these new high-resolution noninvasive methods for determining
pH values and AY,,, our understanding of the PMF is currently
actively advancing.

Conclusion

ATP synthase activity substantially determines the local Ap in
mammalian cells, as revealed by local pH measurement presented
here. Strikingly, the Ap at ATP synthase is almost negligible under
OXPHOS conditions. Therefore, to prevent futile ATP synthesis/hy-
drolysis cycles, IF1 is essential, especially under OXPHOS condi-
tions. Furthermore, pH profiling of mitochondrial sub-
compartments disclosed that the pH is not laterally or radially
balanced in mitochondria in living cells. This is due to the physical
separation of primary proton pumps and ATP synthase. In this
context, diffusion of protons is apparently not sufficient to ensure
proton equilibration under steady-state conditions. These findings,
in combination with the observed heterogeneity of the mitochon-
drial membrane potential (Wolf et al, 2019), are important for
understanding the generation and modulation of the proton motive
force (PMF).

Materials and Methods
Cell culture

HeLa cells were purchased from the Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures). The HeLa cells
(wildtype, IF1-KO, and IF1-H49K-HA) were cultivated in XF Base
Medium Minimal DMEM (Agilent) supplemented with 10% FBS
(Fetal bovine serum), 1% HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), 1% NEAA (non-essential amino
acids), 2% NaHCO; and either 10 mM D-Galactose (plus 4 mM
alanyl-L-glutamine) or 25 mM bp-Glucose (plus 2 mM alanyl-L-
glutamine) at 37°C and 5% CO,. When confluency was reached,
cells were split using 1 ml Trypsin/EDTA for 5 min at 37°C (and 5%
CO,).
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Single molecule tracking and localization microscopy (from
Salewskij et al, 2020)

Single molecule tracking and localization was performed at a room
temperature with an inverted microscope (Nikon, Eclipse TE2000)
equipped with a TIRF condenser, an oil immersion objective designed
for TIRF (100x oil/N.A. 1.49/0.12 Apochromat, Nikon), an EMCCD
camera (Evolve™512, Photometrics, 512 X 512 pixel imaging array,
16 pm x 16 pm pixel area). To fulfill the Nyquist oversampling, a
1.5x magnitude focusing lens was used. A quad line beam splitter
(zt405/ 488/561/633-640) was mounted in combination with an emis-
sion quadband filter (HC 446 nm/523 nm/600 nm/677 nm). A
561 nm laser (Melles Griot, 20 mW, DPSS) was coupled into the
device via a single-mode glass fiber (FC/PC). The measurements were
performed as described before (Weissert et al, 2021). In short, HeLa
cells stable transfected with F;Fo ATP synthase subunit y fused
C-terminally to a HaloTag were posttranslationally labeled with
TMRM™ (1 nM) for 20 min, washed twice in PBS and once in medium
without phenol red before imaging. Assembly and correct intramito-
chondrial localization were shown earlier with constructs where simi-
lar sized EGFP and pHluorin, respectively, were genetically fused to
the same position in SU y as exchange of by the HaloTag7 (Muster
et al, 2010; Rosselin et al, 2017). The TMR"™ concentration was set
for sub-stoichiometric labeling and low enough to visualize single
molecule signals. The incident angle was set to achieve a highly
inclined laminated optical light sheet (Tokunaga et al, 2008). Usually,
3,000 frames were recorded. Frame rates were 33 and 59 Hz, respec-
tively. Individual signals with a signal-to-noise ratio above 5 were fit-
ted with a 2D Gaussian fit for localizing molecules. From all frames, a
cumulative localization map was generated after movement of mito-
chondria during the recording time was excluded. For generating
trajectory maps, single molecules in subsequent frames were
connected when the following criteria were matched: they must have
been within a radius of maximal 2 px (pixel size 107 nm) and the
intensity distribution profile must have been identical. Only trajecto-
ries with a minimum duration of 160 ms were analyzed.

Theoretical background (from Weissert et al, 2021)

Single fluorescent molecules, whose size is below the diffraction
limit, project a three-dimensional diffraction pattern onto the image
plane, which is defined as the point spread function (PSF). The PSF
can be calculated by Abbe’s law:

A A

d=-2 -__*
2NA  2(nxsina)

M

with d being the diameter of the PSF, A the wavelength of the emit-
ted light, and NA being the numerical aperture of the microscope’s
objective. The numerical aperture describes the light gathering
capability of an objective and depends on the refractive index n of
the medium in which the lens is used and the half angular aperture
of the objective a. The “full width at half maximum” (FWHM) crite-
rion is used to describe a PSF, whereby FWHM is the width at 50%
of the intensity maximum. For TMR (Aer,. = 582 nm) and an objec-
tive with NA of 1.49, the PSF diameter is approximately 390 nm.

According to the Rayleigh criterion, the resolution of the
system is:
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where r is the minimal distance between the two objects. n is the
refractive index of the medium between the objective and sample,
A is the wavelength of the emitted light, « is the half angular aper-
ture of the objective, and NA is the numerical aperture of the
microscope objective. Practically, this means that two separate
light points can just be distinguished if the intensity maximum of
the first point coincides with the first intensity minimum of the
second point. Here, the theoretical resolution is "240 nm. The pixel
size was 106.7 nm for an EMCCD camera (512 x 512 px chip) with
a pixel area of 16 pym X 16 um, thus fulfilling the Nyquist-Shannon
sampling theorem, which demands a twofold oversampling rate for
the desired spatial resolution. In order to probe the spatiotemporal
behavior of FiFg ATP synthase, the multi-target tracer was used
(Sergé et al, 2008). First, the particle was localized by applying a
2D Gaussian fit. The accuracy of the localization highly depends
on the brightness of the signal (corresponding to the number of
emitted photons N), the pixel size of the EMCCD/CMOS camera,
and the background noise:

s? a’/12 87sib?
Oui = (ﬁ) + ( N > + (aZNZ (3)

where o is the standard error of the mean value of photon distribu-
tion, N is the number of gathered photons, a is the pixel size of
the EMCCD/CMOS detector, b is the standard deviation of the
background, and s; is the standard deviation in dimension i, with i
being either x or y dimension.

Single molecule localization and tracking

Single molecules were recorded over several frames. The deter-
mined PSF was used to localize single emitters by a 2D Gaussian fit
(Betzig et al, 2006; Hess et al, 2006; Gould et al, 2009). The
multiple-target tracing algorithm (MTT) (Sergé et al, 2008) was used
to generate trajectories. To obtain diffusion data, the mean square
displacement (MSD, *) was determined and the diffusion coefficient
was calculated according to:

r* = 2nDAt® + 4¢? 4)
rt —4¢*
T 2nAte )

where 7 is the MSD, D is the lateral diffusion coefficient, At is the lag
time, n is the dimension, and ¢ is the localization error. The exponent
a is a factor that distinguishes modes of diffusion, with a < 1 for
anomalous diffusion. Anomalous diffusion is expected when the
movement of particles is restricted by structural constraints such as
physical obstacles or inclusion in micro-compartments. Further details
are found in Appelhans and Busch (2017) (Appelhans et al, 2018).

Statistics
For statistical analysis, we used ANOVA with post hoc Mann—Whit-

ney or Scheffé tests, as indicated, for. Details are mentioned at the
figure legends.
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Generation of IF1-KO and IF1-H49K-HA cell lines

The IF1-knockout cells (IF1-KO) were manufactured using the
CRISPR/Cas technique. The first step was to find the appropriate
targeting sequence for crRNA in the vicinity of the START codon.
The crRNA was cloned into the pSpCas9(BB)-2A-GFP (PX458)
vector (Addgene). Thus, the resulting vector contained both sgRNA
and Cas9 nuclease. To enable selection with puromycin, the pac
gene was inserted at the cutting site. Therefore, a construct was
cloned with homologous arms to the right and left of the place
where Cas9 is to be cut with the pac gene in between. HeLa cells
were co-transfected with both constructs and transformed cells were
selected by adding 0.5 pg/ml puromycin. Positive clones were
isolated and the IF1 knockdown tested by qPCR and WESTERN. For
cloning of IF1-H49K-HA, the forward primer GAAGAAGAAATCGTT-
CATCATAAG with an EcoRV restriction site and the reverse primer
CTTGTGTTTTTTCAAAGCTGCCAGTTGTTC with an EcoRI restric-
tion site was used. The template was integrated into the pSems26
vector after cutting out the sequence encoding for CoxVIlla-snap-tag
purchased from NEB Biosciences™ (formerly Covalys™). The plas-
mid backbone of pSems26 encodes for ampicillin resistance and has
a CMV promoter. For generation of a stable cell line expressing IF1-
H49K-HA, transfected HeLa cells were selected for stable neomycin
resistance by growth in the presence of 0.8 mg/ml G418
(Calbiochem #345810). Positive clones were tested by WESTERN.

Real-Time ATP Rate Assay via oxygen consumption
measurements

Oxygen consumption rates (OCR) and extracellular acidification
rates (ECAR) of intact HeLa cells were recorded with the Seahorse
XFe96 Extracellular Flux Analyzer (Agilent Technologies). 30,000
cells were sown per well of a 96-well XF cell culture microplate 24 h
before the experiment. 60 min before the Agilent Seahorse XF Real-
Time ATP Rate Assay, cells were washed with XF DMEM medium
pH 7.4 (with 5 mM HEPES, without phenol red, glucose, pyruvate,
and r-glutamine, 103575-100 from Agilent/Seahorse Technologies)
with supplements (1 mM pyruvate, 2 mM L-glutamine and 5.6 or
25 mM D-glucose, respectively, 10 mM D-galactose—adjusted to pH
7.4), added to fresh XF assay medium and incubated at 37°C before
loading into the XFe Analyzer. Supplements were from Roth. Injec-
tions were as follows: (i) 1 uM oligomycin, (ii) 0.5 pM rotenone/
0.5 uM antimycin. Seahorse XF technology measures the flux of
both H* production (ECAR) and O, consumption (OCR), simultane-
ously. By obtaining OCR and ECAR data under basal conditions and
after serial addition of mitochondrial inhibitors (oligomycin and
rotenone/antimycin A), total cellular ATP production rates and
pathway-specific mitochondrial ATP and glycolytic ATP production
rates can be measured (Mookerjee et al, 2017). The series of calcu-
lations used to transform the OCR and ECAR data to ATP production
rates is performed using the Seahorse XF Real-Time ATP Rate Assay
Report Generator from Agilent. Briefly, glycolytic ATP production
rate (pmol ATP/min) = glycolytic proton efflux rate (pmol H*/min)
is associated with the conversion of glucose to lactate in the glyco-
lytic pathway. Mitochondrial ATP production rate is associated with
oxidative phosphorylation in the mitochondria and defined as:
OCRatp (pmol 0,/min) = OCR (pmol O,/min) - OCRgjigo (pmol O,/
min).
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SDS-PAGE and BN-PAGE

For SDS-PAGE, cell lysates from samples of confluent T-25 flasks (1
flask would last for 10-15 gels) were heated for 5 min (95°C) and
then separated on 12 % Tricine-SDS-PAGEs and transferred to PVDF
membranes.

For blue native PAGE, cell lysates from 2 confluent T175 flasks
were processed as described recently (Salewskij et al, 2020). In
short, harvested cells were lysed, mitochondria enriched by dif-
ferential centrifugation and solubilized via Digitonin “50% (TLC)
(Sigma-Aldrich, #D5628) 6 g/g mitochondria (Acin-Perez et al,
2008) as described in Wittig et al (2007). First, the concentration of
crude mitochondria was determined via the Bradford method using
BSA as a standard. For BN-PAGE analysis, 50 pg protein per pocket
was loaded and separated via the vertical native gel 3-12%
SERVAGel™ (Serva, #43251.01). In addition, a NativeMark™
unstained protein standard (Thermo Fisher, #L.C0725) was used for
molecular weight estimation. However, it should be taken into
consideration that in gradient gels, native membrane proteins move
slightly different than free protein standard, especially in the high
molecular weight range. Cathode and anode buffers were prepared
as described in Wittig et al (2006).

Immunoblotting

Briefly, cell lysates from samples of confluent T-25 flasks (1 flask
would last for 10-15 gels) were heated for 5 min (95°C). 20 pg of
denatured protein was then resolved by SDS-PAGE using self-casted
4-12% Tricine-Bis-Acrylamide gels (Bio-Rad). Gel contents were elec-
trotransferred to PVDF membranes (Millipore) using a semidry Trans-
ferApparatus (Trans-Blot SD Bio-Rad). Equal loading was evaluated
by Ponceau S staining. Membranes were blocked with 10% nonfat
dry milk in TBS-T (200 mM Tris, 1.37 M NaCl, + 0.1% Tween-20) for
1 h. Membranes were incubated with primary antibodies overnight at
4°C. IF1 was detected with anti-ATPIF1 antibody (CD6P1Q) purchased
from Cell Signaling (#13268), VDAC was detected with an anti-VDAC
antibody (Cell signaling #4661), subunit f was detected with an anti-
ATPS5B antibody (Proteintech #17247-1-AP), subunit e with an anti-
ATPSI antibody (Abcam #122241), and polyclonal anti-SU y (ATP5C1)
was a gift from Ilka Wittig. GFP/sEcGFP was detected with polyclonal
anti-GFP antibody (host: rabbit, #AB10145, purchased from Merck
Millipore.) To detect CIV, anti-MTOC1 (a-Cox1, host mouse, mono-
clonal) from Invitrogen antibodies (#459600) was used. Monoclonal
anti-actin was purchased from Sigma-Aldrich (#A1978, host mouse).
For the secondary antibody, Peroxidase AffiniPure Goat Anti-Mouse
IgG + IgM (H + L) (111-035-068) or Goat Anti-Rabbit IgG (H + L)
(111-035-045) from Jackson Immuno Research was used. After
washes in TBS-T, detection was performed with HRP-conjugated
secondary antibodies (1:2,000). Membranes were washed in TBS-T
(Tris-buffered saline (TBS) and Tween 20) and developed using stan-
dard chemiluminescence with ECL (SuperSignal WestPico Thermo
Fisher) and imaged by ChemiDoc BioRaD.

Fluorescence microscopy
Fluorescence imaging was carried out with confocal laser scanning

microscope (Leica TCS SP8 SMD) equipped with a 63x water objec-
tive (N.A. 1.2) and a tunable white light laser. HyDs with GaASP

20 of 23 EMBO reports  22: €52727 | 2021

Bettina Rieger et al

photocathodes were used as detectors. Measurements were
performed in a humidified chamber at 37°C and 5% CO,.

Local pH measurements

For in situ pH determination, HeLa cells transfected with sEcGFP
(Miesenbock et al, 1998) (or superecliptic pHluorin = pHI, derivate
of green fluorescent protein) fusion constructs (calcium phosphate
method) were used. sEcGFP can be used as a ratio-metric pH sensor
(Rieger et al, 2014), when emission at 470 and 510 nm is recorded
(Gao et al, 2004). The original template for sEcGFP was a gift from
Prof. Jurgen Klingauf. The local pH sensors were generated by geneti-
cally fusing sEcGFP to subunits of CV, CIV, and targeting it to the
matrix, respectively (Fig 1D). In detail, sEcGFP was fused to subunit
vy (SU v) of the F; subcomplex of CV at the n-side of the IMM, to
subunit e (SU e) of Fo subcomplex of CV at the p-side of the cristae
membrane and to subunit CoxVIlla of CIV at the p-side of the IMM
(Rosselin et al, 2017). To generate CoxVIlla-sEcGFP, the sEcGFP
template was integrated into the pSems26 CoxVIlla-snap vector
purchased from NEB Biosciences™ (formerly Covalys™) after cutting
out the sequence encoding for the snap-tag. The plasmid backbone of
pSems26 encodes for ampicillin resistance for bacterial selection and
contained the neomycin resistance for selection of stable clones. The
promoter was from CMV. To generate SU e-sEcGFP and SU y-sEcGFP,
respectively, CoxVIIla was cut out and the coding sequences for SU e
and SU vy, respectively, inserted at the N terminus of sEcGFP. The
correct localizations of the fusion constructs have been confirmed by
Immuno-EM in a different study (Rosselin et al, 2017). An additional
pH sensor was generated for the matrix. The mitochondrial targeting
sequence of the mitochondrial processing peptidase MPP was fused
to sEcGFP to obtain a soluble matrix pH sensor (mt-sEcGFP). Stable
cell lines were generated by addition of 0.5 ug/ml puromycin or
0.8 mg/ml G418 and selection and testing of positive clones.
CoxVIIla-sEcGFP and CV SU e-sEcGFP were used to determine ICS
pH and CV, SU y-sEcGFP, and mt-sEcGFP to determine matrix pH
(Rieger et al, 2014; Sohnel et al, 2016). Local pH was recorded in situ
by confocal fluorescence emission ratio imaging by an inverse confo-
cal laser scanning microscope (Leica TCS SP8 SMD). All measure-
ments were performed at 37°C in fresh medium or buffer. Ratio
images were obtained after excitation with a single wavelength
(Aex- = 405 nm) by recording in two wavelength regimes (Aem. =
440-490 nm and 505-517 nm). For pH calibration, cells were
perfused for 3-5 min with PBS (PAA, pH 7.0-7.5 with CaCl, and
MgCl,). PBS was exchanged for MES (25 mM, pH 6.1), BES (25 mM,
pH 6.5, 7.1, and 7.4) or HEPPSO (25 mM, pH 7.8, 8.0, and 8.2) buffer
adjusted to the desired pH by 1 M HCI or NaOH and supplemented
with the following compounds: 125 mM KCl, 20 mM NacCl, 0.5 mM
CaCl,, 0.5 mM MgS0O,, 10 yM FCCP, 1 uM nigericin, and 5 ug/ml
oligomycin. FCCP, nigericin, and oligomycin were purchased from
Enzo Life. MES was purchased from Biomol and BES and HEPPSO
from Sigma. Other common chemicals were sourced from Roth.
Images were taken after 10-30 min of incubation.

Membrane potential measurements
The mitochondrial membrane potential, Aym, was determined

using the membrane potential-sensitive dye TMRE (tetramethylrho-
damine ethyl ester). TMRE is a cell-permeant, positively charged
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dye with excitation/emission maxima “549/575 nm, which accumu-
lates in active mitochondria due to its relative negative charge. In
addition, mitochondria were stained with MTG (MitoTracker™
Green FM) which was used as reference for mitochondrial mass.
Cells grown on glass coverslips were incubated in medium with
MTG (100 nM) and TMRE (7 nM) for 30 min. Cells were washed
twice with PBS. Cells in fresh medium plus 7 nM TMRE were kept
at 37°C and 5% CO, during the measurement. Fluorescence was
recorded with a cLSM (Leica SP8, equipped with a white light laser,
WLL, a 63x water objective, N.A., and special hybrid detectors
HyD). Z-stacks (three slices, step size 360 nm) were recorded simul-
taneously for MTG and TMRE signals. MTG was excited with the
laser line 488 nm (WLL), and emission was recorded between 500
and 510 nm. TMRE was excited with laser line 561 nm (WLL), and
emission between 620 and 750 nm was recorded. TMRE/MTG ratios
were created by using Image]® software (NIH Image). Therefore,
the Otsu filter mask was used as a mask for mitochondria and the
background was set to NaN. The mean respective fluorescence
intensities (all mitochondria/cell) were determined.

Mitochondrial ATP via fluorescence imaging of ATP-red

The BioTracker™ ATP-red dye (Millipore) is a fluorogenic indicator
for ATP in mitochondria (Wang et al, 2016). To load the dye, the
cells were incubated in medium with 5 pM ATP-red for 15 min at
37°C (5% CO,). Before measurement, the cells were washed twice
with medium before fresh medium was added. The fluorescence
was recorded with a cLSM (Leica SP8, 60x water objective) at 37°C
and 5% CO,. ATP-red was excited at 561 nm (white light laser), and
the emission from Z-stacks (three slices, step size 360 nm) was
recorded between 580 and 650 nm. The subtracted background
images for intensity analysis were created with ImageJ® software
(NIH Image). The filter mask Otsu was used as mask for the cells,
and the background was set to NaN.

Statistics

Statistical analysis was performed using OriginPro version 9.6, 2019
(OriginLab Cooperation, Northampton, MA). After testing for
normal distribution (Kolmogorov-Smirnov), one-way ANOVA test
with post hoc Schéffe test was selected for comparative measure-
ments. At least three independent measurements on different days
with different cell culture samples were the basis.

pH calibration

SEcGFP has two emission peaks (Aem; =511 nm and Aemp =
464 nm, Aexe = 405 nm) that reversely respond to pH changes. The
emission spectrum obtained by a fluorescence scan (10 nm steps) of
cells stably expressing matrix-targeted sEcGFP shows the existence
of an isosbestic point at 484 nm Thus, the fluorescence intensity
below and after 484 nm shows an opposite dependency on pH and
sECGFP can be used as ratio-metric pH probe. The fluorescence
emission ratio of Aem1/Aem2 reports pH changes (Rieger et al, 2014).

The ratio of Em.511/Em.464 was plotted in dependence on the
pH. For all constructs, the Aemi/Aemz value increased. The depen-
dency was fitted with a Boltzmann fit to obtain the respective
conversion from emission ratio to pH.
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MiNA analysis

To determine the morphology under different conditions, the cells
were stained with 100 nM.

MTG (MitoTracker® Green FM). After 30-min incubation, cells
were washed twice with PBS. Cells in fresh medium were kept at
37°C and 5% CO, during the measurement. Fluorescence was
recorded with a cLSM (Leica SP8, equipped with a white light laser,
WLL, a 63x water objective, N.A., and special hybrid detectors
HyD). MTG was excited with the laser line 488 nm (WLL), and
emission was recorded between 500 and 510 nm (single slices).
Finally, the mitochondrial morphology (mean branch length, mito-
chondrial footprint, networks, and individuals) was analyzed with
the MiNA plugin (Valente et al, 2017) for ImageJ® software (NIH
Image).

Data availability
No data were deposited in a public database.
Expanded View for this article is available online.
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