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Abstract

The proteases of the mitochondrial inner membrane are challenging yet highly desirable drug
targets for complex, multifactorial diseases prevalent mainly in the elderly. Among them, OMA1
with its substrates OPA1 and DELEL1 safeguards mitochondrial homeostasis at the intersection of
energy metabolism and apoptosis, which may have relevance for neurodegeneration, malignancy
and heart failure, among other diseases. Little is known about OMAL. Its structure has not

been solved and we are just beginning to understand the enzyme’s context-dependent regulation.
OMAL appears dormant under physiological conditions as judged by OPA1’s processing pattern.
The protease is rapidly activated, however, when cells experience stress or undergo apoptosis.
Intriguingly, genetic OMAL ablation can delay or even prevent apoptosis in animal models for
diseases that can be broadly categorized as ischemia-reperfusion related disorders. Three groups
have reported their efforts implementing OMAL drug screens. This article reviews some of the
technical challenges encountered in these assays and highlights what can be learned for future
screening campaigns, and about the OMA1 protease more broadly. OMAL does not exists in a
vacuum and potent OMAL inhibitors are needed to tease apart OMAL’s intricate interactions with
the other mitochondrial proteases and enzymes. Furthermore, OMAL inhibitors hold the promise
of becoming a new class of cytoprotective medicines for disorders influenced by dysfunctional
mitochondria, such as heart failure or Alzheimer’s Disease.
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INTRODUCTION/BACKGROUND

Entering the realms of drug discovery, a former colleague of mine cautioned me, “Marcel,
you will always just find what you screened for.” In light of his enlightening words, | would
like to reflect on the advances in, and challenges of, implementing OMA1 drug screening
campaigns. This is a highly relevant topic as three research groups (including my own
“group”) have recently reported their efforts.

OMAL1 is a conserved, Zn%*-dependent metalloendopeptidase in the inner membrane of
mitochondria and a magnificent drug target, because so little is known about the enzyme.
OMAZ1’s structure has not been solved and no inhibitors or chemical probes have been
disclosed. OMAL’s function evolved over time with distinct substrates in invertebrates

and mammals [1]. The enzyme was first described in yeast as part of a membrane

protein disposal system [2]. Later, mammalian OMAL1 was recognized to process the
inner-membrane shaping protein OPAL in the context of mitophagy, outer membrane
permeabilization and apoptotic signaling [3-5]. And fairly recently, it was suggested OMAL
can cleave the signaling peptide DELE1L, which evokes the integrated stress response and
launches counter measures combating proteotoxicity [6, 7]. OMAL functionally interacts
with the eponymous m-AAA protease (the OMAL acronym stands for overlapping activity
with m-AAA protease 1) and other proteases and scaffolding proteins in the inner
membrane.

OMAL1 acts at the intersection of energy metabolism and stress signaling, which has
relevance for a number of multifactorial, complex diseases, such as heart failure,
neurodegeneration and cancer. For example, whole exome sequencing of 1,000 individuals
with heart failure revealed an association with the coding polymorphism rs17117699
(p-Phe211Cys) [8]. Four non-coding markers in an intron of the DABI gene less than 1
MB downstream of OMAL showed a weak association with coronary artery disease in

an independent genome-wide association study (4 of a total of 1,035 markers across the
genome with p<0.001: rs1524715, rs11207058, rs1524716, and rs1880443; HGVST75)
[9]. More importantly, OMAL ablation in three unrelated mouse models of heart failure
could protect cardiomyocytes thus providing genetic target validation [10]. Intriguingly, also
alterations of OMAL’s substrate OPA1 appear to be connected to heart failure [11-15]

OMAL1 has also relevance for neurodegeneration, mainly through its substrates DELE1
and OPAL. Also certain PINK1 mutants pertaining to Parkinson’s Disease were found

to be digested by OMAL [16]. DELEL can signal to the integrated stress response,

which is active in post-mortem brains from individuals and animal models of cognitive
and neurodegenerative disorders, including Alzheimer’s Disease, Parkinson’s Disease,
Huntington Disease, amyotrophic lateral sclerosis, traumatic brain injury, Down syndrome,
and Charcot-Marie-Tooth disease [17]. Mutations in OPA1 on the other hand can lead to
dominant optic atrophy (ADOA), a rare form of childhood blindness [18], accompanied at
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times by more severe neurological ailments, including parkinsonism [19, 20]. Pathological
processing of OPAL was also documented in autopsy brain specimens from individuals with
Alzheimer’s Disease [21, 22], who can experience optic nerve degeneration as well [23].
However, OMAL’s role during neurodegeneration and in particular OMA1’s connection to
Alzheimer’s Disease are not very well understood. Five non-coding markers, again in the
intronic sequence of DABI, were associated with Alzheimer’s Disease (5 of 761 markers
with p<0.001: rs1341316, rs1539053, rs12029004, rs10889061, and rs852807; HGVST318)
[24]. A working hypothesis currently being investigated is whether proteotoxic Alzheimer’s
proteins, such as amyloid plaques and neurofibrillary tangles, can activate OMAL1. | refuted
an earlier hypothesis linking OMA1 activity with tau phosphorylation by demonstrating that
both can be modulated independently from one another [25].

Energy metabolism and stress signaling is also highly relevant for cancer. The model

here is that proliferating cells in a stressful tumor environment characterized by hypoxia,
inflammation and mutational burden, survive thanks in part by keeping a check on OMA1
[26]. Also different chemotherapies can evoke OMA1-dependent OPAL proteolysis, which
would align with such a model [27-29]. Accordingly, survival of patients with breast
cancer, colorectal cancer, and lung cancer could be stratified retrospectively by OMA1 gene
expression levels [26, 30, 31].

However, there is more to it, because OMAL can reprogram the energy-metabolism and
thus influence cell differentiation. For example, OMAL knockout suppressed azoxymethane/
dextran sodium sulfate-induced colorectal cancer development in mice and tumor growth

in xenograft mouse models of colorectal cancer [30]. On the other hand, silencing OMAL1

in patient-derived metastatic breast cancer cells significantly increased migratory properties
of these cells, which promoted malignant progression with an unfavorable clinical outcome
[31]. This means OMAL inhibitors could benefit patients with colorectal cancer, while
patients with breast cancer would presumably benefit from OMA1 activators. OMAL1 is not
a (proto-)oncogene nor a tumor suppressor gene but contributes to malignancy on multiple
levels. For this reason, it is necessary to understand the workings of the OMAL mechanism
in a certain disease, and maybe even in an individual patient, before deciding on the specific
type of intervention.

OMA1 mutations are not linked to a specific disease, and OMA1 knockout mice are

viable and fertile with no apparent phenotype—discounting diet-induced obesity [32].

This suggests only limited on-target side-effects if OMA1 inhibitors were just specific
enough. Drugging OMAL therefore is merely an engineering task of developing highly
potent/specific OMAL inhibitors—still a quite formidable task though. Once specific OMAL
inhibitors become available, one can evaluate their efficacy in the different preclinical
disease models thereby corroborating the rational for human proof-of-concept studies.

THE CHALLENGES

“It ain’t easy”is the common credo sung by all drug hunters (including Ziggy Stardust)
and applies of course to OMAL as well. OMAL’s physical interactions with lipids and
proteins of the inner membrane together with the enzyme’s self-processing provide the
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biggest challenges for the isolation of functional OMAL protein for /in vitro assays and
structural studies. OMAL is presumably an integral membrane protease comparable in its
function with PARL [33]. Interestingly, in yeast it is the mitochondrial rhomboid protein
PCP1/RBDL1 (i.e. PARL) instead of OMAL that cleaves yeast’s OPA1 homolog MGML1 [1,
34]. OMAL1 and PARL functionally and physically interact with the membrane anchored
m-AAA and i-AAA proteases in a not very well understood mitochondrial membrane
protein recycling machinery [35]. OMA1 and the i-AAA protease, which shares the OPA1
protein as substrate with OMAL, were suggested to regulate one another by reciprocal
proteolysis [36, 37]. OMAL is not active under physiological cell-culture conditions but
becomes active when cells are challenged with stressors, such as the protonophore CCCP [3,
4]. The molecular basis for OMAL’s context-dependent activation, however, remains elusive.
Once active, OMAL starts to degrade through self-digestion and/or mediated by the i-AAA
protease, though at a much slower pace than OPA1’s proteolysis [36—-38] (see, for example,
Figures 1A & B). The protease thus can limit its own function by removing itself quite
similar to a timer switch. Interestingly, short deletions near OMAL1’s carboxy terminus were
shown to stabilize the protease, while still preserving its catalytic function [39]. OMAL can
bind to cardiolipin, the predominant lipid of the mitochondrial inner membrane, and so it
was suggested that prohibitins can regulate OMAZ1’s turnover through the interaction with
cardiolipin [40].

At the same time, OMAL’s active site appears not very specific for any one cleavage-site
motif. For example, OMAL1 cleaves the sequence T-A-F-R—A-T-D-R of OPAL (P4-P3-P>-P1
—P’1-P’5-P’3-P’4; with “—’ denoting the scissile bond; NP_056375.2) [41] but the sequence
L-R-Q-H—I-L-P-S of DELE1 (NP_055588.3) [7]. Moreover, measuring hydrolysis of
FITC-casein allowed for the study of OMAZ1-expressing yeast strains in /n vitro assays,
further demonstrating promiscuity of OMAZ1’s active site [42, 43]. An OPA1-based reporter
was still processed when OPAL’s cleavage site was replaced with a TEV-cleavage site,
though at a different position [27]. A chimeric protein tethering the inner and outer
mitochondrial membranes by combining SCO1 with TOM20 domains was also cleaved

by OMAL1 [44]. And mitochondrial contact site and cristae organizing system (MICQOS)
subunit MIC19 appears to be cleaved by OMAL upon SAMM50 knockdown in HCT116
cells [45]. These findings together suggest that the (miss-)placement of a protein in the inner
membrane could suffice for its recognition by the OMA1 protease. This conclusion is further
substantiated by the aforementioned report of misrouted PINK1 mutants that became an
OMAL substrate [16].

THE DIFFERENT APPROACHES

The first attempts to design an OMAL assay made use of a peptide resembling OPA1’s
cleavage site coupled to a fluorescence resonance energy transfer (FRET) pair [46]. The
basic idea behind this assay is that the FRET acceptor would quench the FRET donor
until the peptide is cleaved and the FRET pair separated, whereby fluorescence is emitted
(see also Table 1). Such FRET-based protease assays are popular for their ease of use

and because the fluorescence signal correlates directly with protease activity. They allow
for measuring accurate kinetic parameters in a straightforward, one-step reaction. The
FRET reporter peptide and the protease are combined and fluorescence recorded. Still
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there are some inherent limitations to such protease assays stemming for example from the
specific FRET pair, as well as additional constrains introduced by the protease. In case of
OMAL, an eight-amino acid peptide of the rat OPA1 cleavage site (A-F-R—A-T-D-G-H)
was coupled to the fluorophore MCA (7-Methoxycoumarin-4-ylacetyl) on the amino end
and the quencher DNP (2,4-Dinitrophenyl) on the carboxy terminus [46]. The chemical
nature of the MCA-DNP pair limits its use to /in vitro assays. The inventors of this assay
hence used whole cell lysates from rat kidney cells and mouse embryonic fibroblasts for
their assays. Another group used whole cell lysate from HEK293T cells that overexpress
OMAL [8]. Interestingly, both groups appear to measure only basal OMAL1 activity in their
assays, because OMAL was not activated by stress challenges before harvesting the cells
for analyses. Unfortunately, it is not understood what impact detergents, such as SDS in
the solubilization buffer have on OMAL activity. Solubilization of cells usually does not
per seresult in OMAL activation—at least as judged by OPA1 cleavage [3, 4]. Another
open question is how efficiently the FRET peptide would reach the active site of the
membrane protease. Overall, this assay showed little specificity, because OMAL knockdown
and OMAL knockout cells considerably amplified the fluorescence signal of the reporter,
but still to a lesser extent than control cells [46]. /n silico predictions indicate that the
eight-amino acid peptide can be hydrolyzed by other proteases as well, which is why
purified and functional OMAL protease would be required to improve OMAL specificity of
this assay. But then again, it is not easy to purify functional OMAL, even more so at scale
for high-throughput drug screening. These limitations of the FRET reporter peptide render it
impractical for drug screening.

Another attempt to measure OMA1 protease activity utilized said PINK1 mutant processed
by OMAL1 [16]. The native PINK1 protein is usually imported into healthy mitochondria,
where it is processed by PARL in the inner membrane and subsequently degraded via

the proteasome. But PINK1 is stabilized in dysfunctional mitochondria destined for
mitophagy and recruits PARKIN to the mitochondrial surface to initiate the formation

of the autophagosome [47, 48]. A set of experiments led thereby to the identification

of the PINK1 p.C125G mutant. CCCP can stabilize PINK1 by impeding its import.

The proteasome inhibitor MG132 on the other hand can block PINK1 degradation after
processing by PARL, whereby a cleaved form of PINK1 is retained. Simultaneous treatment
with CCCP and MG132 stabilized full-length PINK1 in agreement with a model in which
CCCP frustrated PINK1’s import and thus prevented PINK1 from reaching the PARL
protease in the inner membrane [16]. The PINK1C¢125G mutant behaved differently in these
experiments, because a PINK1C125G_EYFP fusion protein was not stabilized by CCCP,

but still degraded [49]. Simultaneous treatment with CCCP and MG132 also stabilized

a cleaved form of PINK1C125G_EYFP as opposed to fu/l-length PINK-EYFP. Follow-up
experiments with OMA1 knockout cells yielded full-length PINK1¢125G_EYFP upon CCCP
treatment, which established that PINK1€125C.EYFP is processed by OMAL. Motivated
by this result, the authors of the study reasoned that PINK1C125G-EYFP could be used

for drug screening, whereby the PINK1C125G_EYFP fluorescence would inversely correlate
with OMAL activity in CCCP-treated cells [49]. However, the complex dependencies of
the reporter in this assay limit its utility. Stabilization of the PINK1C125G-EYFP reporter
can be confounded by interference with its import, its processing, and its degradation. Not
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surprisingly, the chemicals that were identified in a pilot screen of 1,100 FDA-approved
drugs were either proteasome inhibitors or chlorhexidine and alexidine, which shattered
the inner membrane. The complexity of the various interactions of this reporter could

even be higher. In OMA1 knockdown cells, for example, MG132 still stabilized cleaved
PINK1C125G_EYFP [49]. This cleavage event was attributed to PARL. So both OMAL1 and
PARL can process PINK1C125G_EYFP apparently compensating for one another. It is also
not understood how PINK1C125G_EYFP could reach the inner membrane in CCCP-treated
cells. Protein transport across membranes requires energy, which is usually provided by the
mitochondrial membrane potential Ay. When CCCP disrupts Ay, then other means, such
as chaperones, would need to provide that energy, which is another potential confounding
factor for PINK1C125G_EYFP-based screens. All these uncertainties increase the likelihood
of finding false positives in PINK1C125G-EYFP reporter assays and reduce the chances of
identifying true OMAL inhibitors.

The third attempt to design an OMAL protease screening assay combined a split luciferase
enzyme with two OPA1 domains in a reporter, which can be expressed in mammalian

cells [25, 27]. This reporter, dubbed Luke-S1, establishes OMAL specificity through its
spatial confinement to the inner membrane, where it acts as artificial OMAL substrate.

The bioluminescence emitted by this reporter inversely correlates with OMAL1 activity.
HEK?293T reporter cells produced readily detectable bioluminescence when cultured under
standard conditions. OMAL activation by CCCP or valinomycin on the other hand led

to reporter cleavage and elimination of its bioluminescence [27]. Cellular protease assays
preserve the native environment of the enzyme, which seems particularly advantageous
when investigating mitochondrial membrane proteases. Cell permeability and cytotoxicity,
however, are additional constrains of cellular protease assays, which should be considered
when designing drug screening campaigns. The increased stringency might reduce the hit
rate of such drug screens on one hand, but could also lead to hits with more desirable
physiochemical properties precisely because of the additional readout for cell permeability
and cytotoxicity. Assay interference, that is molecules engaging the luciferase, is another
potentially confounding factor. For example, one study reported that 2.7% of about 42,000
compounds of a chemical diversity set were potential luciferase inhibitors [50]. Though this
is less of an issue when screening for OMAZ1 inhibitors, because of the inverse correlation of
the bioluminescence with OMA1 activity. OMAL cleaves the luciferase and kills its signal.
OMAL inhibitors hence would sustain bioluminescence. And luciferase inhibitors would just
add to the number of negative scoring molecules, but not lead to false positive hits in this
assay. A screening campaign of about 20,000 molecules for OMAL inhibitors had a hit rate
of 0.03% [27].

ADDITIONAL CONSIDERATIONS

What has been learned from the screens? Testing 166 FDA-approved cancer drugs at a
single dose with the cellular luciferase-based Luke-S1 reporter assay identified mainly
kinase inhibitors as potential OMAL1 triggers [27]. 30 of the 166 cancer drugs reduced the
bioluminescence by more than 37.5% after incubating OMA1 reporter cells for 60 min with
10 puM of the drug. 19 of these drugs reduced also the bioluminescence of control cells,
which expressed the unaltered, native luciferase. Remarkably, the dose-response curves in
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OMAL1 reporter cells and in control cells were almost identical, thus confirming that these 19
drugs primarily engaged the luciferase. 10 of the 11 remaining drugs were kinase inhibitors
(and #11 was tamoxifen). However, there was a disconnect between the results of the
luciferase assays and Western blots, because only 2 of the 10 tested kinase inhibitors (i.e.
ceritinib and sorafenib) demonstrated OPA1 cleavage in Western blots—and only after 3 h
of incubation with 5-times the concentration of the drug (i.e. 50 pM). Western blots against
the luciferase reporter matched the OPA1 blots in that only ceritinib and sorafenib led to
reporter cleavage [27].

The discovery that 8 kinase inhibitors lowered bioluminescence without apparent reporter
cleavage could point to posttranslational modifications of OMA1, OPA1 and/or the reporter.
Protein phosphorylation could regulate either protein levels or function of either the
luciferase or the protease. Investigations into the influence of the energy-metabolic state
on the OMAL reporter supported the former. Alternative carbon sources in the growth
media can force cells to alter their energy metabolism [51, 52]. OMAL reporter cells
cultured for 24 h with sorbitol as the sole carbon source had significantly higher Luke-

S1 reporter protein levels compared to cells cultured in galactose (Figure 1C—F). This
effect leveled off after 48 h, but OMA1 protein levels significantly increased in galactose
at this time. Luciferase assays also showed increasing bioluminescence after 24 h with
increasing sorbitol concentrations, but not with galactose (Figures 2A & B). This effect
was specific to the OMAL reporter and not rooted in higher cell growth, because luciferase
control cells maintained a steady signal. The GSK3 inhibitor AZD1080 alleviated some of
sorbitol’s effect on bioluminescence (Figures 2C & D), suggesting that reporter turnover
could be regulated by phosphorylation. An independent study reported that the GSK3
inhibitor SB216763 stabilized OMAL (and restored OPA1 processing) in leptin-treated
human mesenchymal stem cells [53], whereas higher glucose concentrations reduced
OPAL protein levels through posttranslational modifications in neonatal cardiomyocytes
[54]. Mitochondrial NAD-dependent protein deacetylase sirtuin-3 knockout mice and
hypertrophic mouse hearts displayed OPA1 hyperacetylation [55]. And another study

on oxidative stress in cardiomyocytes implied protein kinase A signaling upstream of
sirtuin-3 in the regulation of OPAL [56]. Moreover, skin fibroblasts infected with human
cytomegalovirus also showed temporal changes in OPA1’s acetylation pattern, which were
ascribed to OPAL’s interaction with sirtuin-3 [57]. Together, these findings suggest that
posttranslational modifications can influence OMA1 and OPA1—how exactly, in what cell
types, and whether directly or indirectly still needs to be determined. It is also not clear if the
same or different mechanisms regulate the turnover of the Luke-S1 reporter.

The higher sensitivity of the OMAL luciferase assays for ceritinib and sorafenib than the
readout of OPA1 by Western blots could be due to the enzymatic signal amplification by the
luciferase. It is also possible that higher OMAL substrate concentrations in the reporter cells
lowered the detection limits by better exploiting OMAZ1’s full capacity. Another explanation
is that OMAL does not always engage in OPA1 cleavage. For example, OMAL could show a
preference for the reporter or other substrates because of a higher binding affinity, less steric
hindrance or conformational changes.
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Comparing OPA1 cleavage in native HEK293T cells and Luke-S1 reporter cells by Western
blotting revealed an about 20%-reduced half maximal effective concentrations (ECg) of
CCCP and valinomycin in the latter (Figures 3A&B). So, a higher OMA1 substrate
abundance could indeed lower the detection limit or the threshold for OMAL activation.
Such an effect could be due to the formation of an inactive, intermediary enzyme-substrate
complex that required lower activation energy than the protease alone. Non-denaturing
electrophoresis of yeast and mammalian cell extracts actually uncovered higher molecular
weight OMAL complexes [2, 38, 42, 43]. More importantly, sucrose-density fractions

and 2D blue-native PAGE revealed that OMAL and OPA1 comigrate together in higher
molecular weight complexes [38, 40]. It is still unclear, however, whether OMA1 and OPA1
interact directly or indirectly. For example, both proteins can bind to the MICOS complex
[44, 58, 59]. And yet, sSiRNA-mediated OPA1 knockdown also reduced valinomycin’s ECsg
in the luciferase assays (Figures 3C&D). This result argues against altered substrate levels as
primary determinants of the detection limit. An alternative explanation could be a limiting
stoichiometric OPA1-to-OMAL1 ratio regulating the function of the alleged OMA1-OPA1
complexes. OMAL knockdown did not alter the valinomycin-dose response relationship
(data not shown). But OMAL overexpression diminished the baseline bioluminescence,
leading to a less pronounced response to valinomycin (Figures 3E&F). This finding, while
in line with a critical OPA1-to-OMAL ratio, could also indicate that OMA1 has some

basal activity (tying back to the findings with the FRET peptide). Evidence for constitutive
OMAL activity comes from OMA1 knockout mouse embryonic fibroblasts, which were
lacking certain OPA1 isoforms [38]. On the other hand, exogenously expressed OMAL was
misrouted to the endoplasmic reticulum in earlier studies [60], which could result in higher
proteotoxicity and overall pronounced OMAL activity.

Another screening campaign with the Luke-S1 assay tested 20,000 chemicals in search

of OMAL1 inhibitors. To this end, OMA1 was activated by valinomycin. An independent
cellular luciferase-based screen searched for molecules that would prevent valinomycin-
induced MFN1 degradation mediated by PARKIN recruitment to the mitochondrial outer
membrane [61]. The investigators of that study expressed a MFN1-luciferase fusion protein
in HeLa cells, which was degraded by the proteasome when cells were exposed to
valinomycin. MFN1 is among the proteins that are ubiquitinated once PINK1 has recruited
PARKIN to the outer membrane [62, 63]. This particular assay relied on the correct function
of the proteasome for readout and presumably led to the identification of proteasome
inhibitors. The OMAL assay is superior in that signal changes are a direct result of target
engagement without any mediators. That is, OMAL inactivates the luciferase by cleaving

it. This reduces the likelihood of identifying false positives. But mammalian cells still
accommodate enough pathways with the potential to skew outcomes when using cellular
assays for drug screening. One such example are efflux pumps. HEK293T cells express the
ATP-dependent translocase ABCB1, aka multidrug resistance 1 (MDR1) or P-glycoprotein
(P-gp), which can carry valinomycin across membranes [64]. Molecules that modulate
ABCBL1 could in theory show up in a screen. Also the different, in part cell-type dependent
posttranslational modifications of OMA1, OPAL and the reporter can create biases. On the
positive side, the OMAL protease is activated within minutes (Figure 1) [27]. Careful timing
thus can help mitigate some of the more profound processes potentially skewing screening
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results, such as changes in gene regulation, protein turnover, OMAL (self-)degradation, and
apoptotic signaling. /t ain’t easy and you will always just find what you screened for.

CONCLUDING REMARKS

Tremendous progress has been made in recent years and we now have arrived at a point
where drug screening for OMAL modulators became a reality. A target-based cellular
reporter assay finally did the trick. This assay allowed for testing of OMA1-triggering
chemicals simply by exposing cells to the chemicals and then measuring changes in
luciferase activity. In living cells that is, because the luciferase substrate is cell permeable
and non-toxic. One can even envision transgenic mice that express the reporter. This would
be extremely useful for /n vivo monitoring of OMAL in the context of diseases, such

as heart failure, neurodegeneration or cancer. Moreover, it would allow to investigate the
behavior of the OMAL protease across different cell types. Over the past years it became
clear, OMA1 does not exists in a vacuum but presumably relies on interactions with other
enzymes and proteases for proper function and/or regulation. Too little is known about the
impact of posttranslational modifications on OMAL, OPAL1 and other substrates, such as
DELEZ1, and how these are influenced by the energy-metabolism and other factors. The
molecular basis for OMA1’s regulation is also still just a plain white space, which is
unacceptable considering recent technological advances in cryo-electron microscopy and
artificial intelligence approaches for protein structure predictions. The first specific OMA1
modulators will be critical facilitating complementary studies. In addition, OMA1 inhibitors
hold the promise of becoming a new class of cytoprotective medicines for a range of
diseases, which are influenced by dysfunctional mitochondria.
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HIGHLIGHTS

. Potent OMAL1 inhibitors might advance research and could help address
unmet medical needs.

. OMAL is a magnificent drug target validated by knockdown in mouse disease
models.

. Target-based cellular reporter assays are a viable option for OMAL drug
screens.

. OMAL1 does not exists in a vacuum but is modulated by protein-protein
interactions.

. Paying close attention to timing and energy metabolism can minimize biases.
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Figure 1: OMAL, OPA1 and Luke-S1 reporter protein turnover in Western blots.
OMAL1 is activated within minutes upon exposure of HEK293T cells to 2 uM CCCP (A)

or 100 nM Valinomycin (B) as evident by cleavage of the large OPAL isoforms. OMA1
hydrolysis by contrast follows a slower kinetics. PHB2 is not an OMAL substrate and
remained stable even after 9 h of CCCP or valinomycin treatment. Luke-S1 reporter protein
levels were significantly higher in HEK293T reporter cells cultured for 24 h in serum-free
medium with 100 uM sorbitol than in cells cultured with 100 uM galactose (C). This effect
was less pronounced after 48 h (D). OMA1 and OPAL protein levels were about the same
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after 24 h, but OMAL protein levels were significantly higher in cells maintained for 48 h in
galactose medium. Panels E & F show the densitometric quantification of Western blots; n =
2 independent replicates; 2-way ANOVA: p<0.05 (*).
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Figure 2: Influence of the energy-metabolic state on the Luke-S1 OMAL reporter.
Luke-S1 reporter cells exhibit a sorbitol-dose dependent increase in bioluminescence

compared to Luke cells, which express just the native luciferase (A). No signal changes
were observed in cells cultured for 24 h with galactose (B). The GSK3 inhibitor AZD1080
mitigated sorbitol’s effect (C) and had no other effects on cells cultured with galactose (D).
All cells were cultured for 24 h in 96-well plates in serum-free RPMI 1640 medium without
glucose, supplemented with sorbitol or galactose before luciferase substrate was added and

bioluminescence measured.
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Figure 3: OMAL substrate levels and OMAL1 protein levels can modulate the protease’s response
to CCCP and valinomycin.

Luke-S1 reporter cells showed a higher CCCP (A) and valinomycin (B) sensitivity in OPAL
Western blots than native HEK293T cells. OPA1 knockdown lowered valinomycin’s ECs
in luciferase assays. OPAL protein levels were significantly reduced in Luke-S1 cells treated
for 36 h with OPA1 siRNA (C); these cells showed a higher valinomycin sensitivity in
luciferase assays (D). Ectopic OMA1-Flag expression reduced the baseline fluorescence,
which diminished the valinomycin response but did not change valinomycin’s ECs3. OMAL
protein levels were significantly increased and more than doubled in Luke-S1 cells 24 h
post transfection with an OMAZ1-Flag plasmid (E). The OMA1-Flag expressing reporter
cells showed about 40% reduced bioluminescence at low valinomycin concentrations but
still responded to higher valinomycin concentrations with the same ECsg as non-transfected
cells (F). All cells were treated for 30 minutes with CCCP or valinomycin in serum-free
DMEM/F12 media before the analysis. Panels C & E show the densitometric quantification
of Western blots; n = 3 independent replicates; 2-way ANOVA: p<0.001 (***).

Pharmacol Res. Author manuscript; available in PMC 2023 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Alavi

Table 1.

Main features of the 3 OMAL assays side by side.
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Assay type:

Principle:

Correlation with
OMAL activity:

Advantages:

Disadvantages:

Reference:

FRET peptide
In vitro assay
FRET pair serves as

OMAL substrate

Direct

+ Straightforward assay set up
+ Plate reader compatibility

+ Direct correlation of emitted
signal and OMAL activity

- Requires purified and functional
OMAL1 protease for specificity

- Potentially confounded by
autofluorescence of test molecules

Tobacyk et al. 2019 [46]

PINK1C125G.EYFP reporter
Cellular reporter assay
Fluorescent protein

targeted to the inner membrane serves as
OMAL1 and PARL substrate

No

+ Additional readout of cell permeability
and cell toxicity

+ Direct correlation of OMAL inhibition
and emitted signal

- Requires high content imaging system
- OMAU1-independent events can also
generate signal

- Limited to cell permeable and non-
toxic compounds

- Potentially confounded by
autofluorescence of test molecules

Houston et al. 2021 [49]

Luke-S1 reporter
Target-based cellular reporter assay
Luciferase targeted to the inner

membrane serves as OMAL substrate

Indirect

+ High specificity though spatial
confinement of the reporter to the inner
membrane

+ High sensitivity through enzymatic
signal amplification

+ Additional readout of cell
permeability and cell toxicity

+ Plate reader compatibility

+ Indirect correlation of emitted signal
and OMAL activity

- Limited to cell permeable and non-
toxic compounds

- Potentially confounded by luciferase
modulators

Alavi 2021 [27]

*
The FRET peptide is presumably recognized by other proteases as well.
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