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Abstract

Transport of ADP and ATP across mitochondria is one of the primary points of regulation to
maintain cellular energy homeostasis. This process is mainly mediated by adenine nucleotide
translocase (ANT) located on the mitochondrial inner membrane. There are four human ANT
isoforms, each having a unique tissue-specific expression pattern and biological function,
highlighting their potential as drug targets for diverse clinical indications, including male
contraception and cancer. In this study, we present a novel yeast-based high-throughput screening
(HTS) strategy to identify compounds inhibiting the function of ANT. Yeast strains generated by
deletion of endogenous proteins with ANT activity followed by insertion of individual human
ANT isoforms are sensitive to cell-permeable ANT inhibitors, which reduce proliferation.
Screening hits identified in the yeast proliferation assay were characterized in ADP/ATP exchange
as says employing recombinant ANT isoforms expressed in isolated yeast mitochondria and
Lactococcus lactis as well as by oxygen consumption rate in mammalian cells. Using this
approach, closantel and CD437 were identified as broad-spectrum ANT inhibitors, whereas
leelamine was found to be a modulator of ANT function. This yeast “knock-out/knock-in”
screening strategy is applicable to a broad range of essential molecular targets that are required for
yeast survival.
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Introduction

Despite the tight regulation and critical importance of energy homeostasis mechanisms for
survival, it has recently become clear that modulators targeting specific proteins playing key
roles in energy metabolism can provide therapeutic benefit with an acceptable safety margin.
L Energy generation by cells is mainly through production of ATP from two primary
sources: glycolysis in the cytosol and oxidative phosphorylation (OXPHOS) localized to
mitochondria. ATP flux across the mitochondrial membrane plays a key role in maintaining
cellular energy levels. This ATP transport between the mitochondrial and cytosolic
compartments is primarily mediated by adenine nucleotide translocase (ANT).2

ANT is a well-conserved protein located on the mitochondrial inner membrane that mediates
the exchange of ADP for ATP between the mitochondria and cytosol. In humans, there are
four ANT isoforms (ANT1-4) with tissue-specific expression patterns. ANT1 is mainly
expressed in muscle and brain tissue, ANT2 is preferentially expressed in proliferating
tissue, ANT3 has a ubiquitous pattern of expression, and ANT4 is localized exclusively to
the testis.3 Recently, ANT isoforms have been targeted for several therapeutic indications,
including cancer,* diabetes,® cardiovascular disease,® and obesity.” Notably, ANT4 has been
proposed as a target for male contraception supported by at least three lines of evidence: (1)
ANT4 is exclusively expressed in germ cells,® (2) male ANT4 knockout mice were infertile,
8 and (3) ATP generated in mitochondria by OXPHOS contributes to the motility of mature
sperm.? We hypothesized that a specific ANT4 inhibitor would target sperm motility and

would be efficacious as a male contraceptive, without adverse side effects on other tissues.
10,11

The natural products atractyloside (ATR), carboxyatrac-tyloside (CATR), and bongkrekic
acid (BKA) (Suppl. Fig. S1) have been extensively studied as ANT inhibitors.12 They are
potent inhibitors with high specificity for ANT, but all of them are broad-spectrum ANT
inhibitors lacking isoform selectivity and none of them possess drug-like properties. These
compounds are large with a molecular weight close to 1000 Dalton, are difficult to prepare
synthetically, and either have low cell membrane permeability (BKA) or are impermeable
(ATR and cATR). New chemical scaffolds are needed to develop potent and selective drug-
like molecules suitable for therapeutic use.

In this study, we present a novel strategy to identify ANT-specific inhibitors by high-
throughput screening (HTS) using yeast strains expressing individual human ANT isoforms
to identify ANT inhibitors that reduce yeast proliferation. A combination of yeast and
Lactococcus lactis ADP/ATP exchange assays and mammalian cell oxygen consumption
rate (OCR) assays were employed to characterize the hits identified in the yeast cell survival
assays. Novel ANT inhibitors and modulators were identified, demonstrating the utility of
this “knock-out/knock-in” yeast survival screening strategy.
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Materials and Methods

Chemical Libraries, Repurchased Compounds, Hit Triage, and Expression of Human ANT
Isoforms in Yeast

HTS

A screening library of ~65,000 compounds obtained from commercial sources was used for
primary HTS. HTS triage involved substructure filters and cluster analysis. The
Saccharomyces cerevisiae strains expressing hANT isoforms were previously described3
(see Suppl. Materials and Methods for details).

Individual colonies of the hANT4 strain were inoculated into liquid complete ethanol-
glycerol medium (YPEG medium) and cultured overnight at 30 °C in 50 mL YPEG medium
in 250-mL flasks in a shaker at 200 rpm. The yeast cells were harvested the next morning by
centrifugation at 3000 rpm for 5 min. Yeast cell density was adjusted to 1.0 x 107/mL in
YPEG medium. Following addition of 20 uL YPEG medium into 384-well plates using a
Biomek FX (Beckman Coulter, Brea, CA), 40 nL compound from the screening collection
(final concentration 10 uM) was dispensed using an ECHO550 acoustic dispenser (Labcyte,
Sunnyvale, CA), with the first two and last two columns reserved for controls. Finally, 20 pL
1 x 107/mL yeast was plated using a BioMek FX liquid handler (Beckman Coulter), and the
absorbance at 600 nm was read at 0 h to determine if the compound was colored or cloudy
and again at 48 h following incubation at 30 °C to measure yeast growth. To reduce
interference by colored compounds, the OD values of compound wells at t = 0 that were
greater than yeast control wells were subtracted from the OD at 48 h. Percent inhibition
relative to control wells containing 0.1% DMSO was then calculated for each compound
well following subtraction of the average OD value of blank wells containing media alone.

A pilot screen of the Library of Pharmacological Active Compounds (LOPAC) was
conducted using hANT1, -2, -3, or —4 yeast strains grown in nonfermentable YPEG
medium at a yeast cell density of 0.5 x 107/mL. DMSO was used as vehicle control, and the
known ANT inhibitor BKA (final 50 uM) was used as positive control. Amiodarone was
identified as a hit in the pilot screen. As BKA was weakly active, amiodarone was used as
positive control for the remainder of the HTS campaign.

Hit Confirmation

Primary screening hits selected for concentration-response experiments were tested in the
primary screening hANT4 activity assay in YPEG medium at eight concentrations using 5-
fold serial dilutions from the highest concentration of 60 UM, and 1Csq values were
calculated using Prism (GraphPad, San Diego, CA). Selectivity for hANT4 was determined
in concentration-response experiments using yeast strains individually expressing hANTL,
-2, or =3 in an identical manner to that described for hANT4. A cytotoxicity assay was run
in the same manner as the activity assay, except the strains were inoculated into and grown
in complete glucose (YPD) medium. Hits that were more potent in the activity assay than the
cytotoxicity assay for the hANT4 isoform were repurchased and tested from solid samples in
activity and cytotoxicity assays using all four hANT isoforms. Hits exhibiting activity in the
hANT yeast growth assay from solid samples were tested in hANT1, -2, -3, or —4 yeast
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mitochondrial and hANT1, -2, or —3 bacterial ADP/ ATP exchange assays to confirm direct
inhibition of ANT.

ADP/ATP Exchange with Isolated Yeast Mitochondria Expressing Human ANT

Mitochondria were isolated according to a previous reportl3 with some modifications (see
Suppl. Materials and Methods). The ADP/ATP exchange assay was carried out in a filter
plate format using a 96-well MultiScreenHTS FC filter plate (Millipore, Billerica, MA).
Compound or DMSO diluted into mitochondria isolation buffer (MIB) (20 mM HEPES-
KOH, 0.6 M mannitol, pH 7.4) was transferred into the precooled plate (50 pL/well).
Mitochondria were added in 25 uL MIB (50 pg/well) and incubated for 10 min. ADP/ ATP
exchange was initiated by adding 25 uL of 20 pM [3H] ADP (5 uCi/mL). The exchange
reaction was then stopped after 1 min by the addition of 25 pL cATR (5 uM final). The
reaction mix in the filter plate was then through on a vacuum manifold, and the plate was
washed four times with 300 pL/well MIB buffer. Supermix scintillation cocktail
(PerkinElmer, Waltham, MA) (100 uL) was transferred into each well and incubated
overnight, and the [3H]ADP taken up by mitochondria was measured with a MicroBeta
scintillation counter (PerkinElmer).

Expression of Human ANT in Lactococcus lactis

To express human ANT protein in L. /actifs, the nisin-controlled gene expression system
from MoBiTec (Goettingen, Germany) was used. Briefly, the DNA fragments encoding
human ANT1, -2, -3, or —4 were cloned into the pNZ8148L plasmid and transformed into
NZ9700 cells. Positive clones were picked from M17 agar plates (supplemented with 1%
glucose and 10 pg/mL chloramphenicol) and sequenced to confirm the identity of the
expression construct. To express hANT protein, L. /actis cells were grown at 30 °C in M17
medium (supplemented with 1% glucose and 10 ug/mL chloramphenicol) until ODggq
reached 0.5. Then, nisin A was added at 2 ng/mL to induce gene expression for 3 h. Before
the ADP/ATP exchange assay, cells were washed twice with Dulbecco’s phosphate-buffered
saline (DPBS) and resuspended in DPBS at 20 OD/mL.

ADP/ATP Exchange with Lactococcus lactis Expressing Human ANT

The ADP/ATP exchange assay with ANT expressed in L. /actis was conducted in a similar
manner to mitochondria except that the entire assay was conducted at room temperature in
DPBS without Ca?* and Mg2*, the exchange reaction was initiated by adding 25 pL of 20
UM [3H]JADP (2 uCi/ mL) into each well containing 0.5 OD of L. /actis cells, the incubation
time was 1 h, and cells were retained on 0.2-um PVVDF membrane Filtrex filter plates
(Corning, Tewksbury, MA) washed with DPBS.

Oxygen Consumption Rate

HCT116 (human colon cancer) and MiaPaCa-2 (human pancreatic carcinoma) cell lines
obtained from ATCC (Manassas, VA) were maintained in RPMI11640 medium supplemented
with 10% fetal bovine serum. Briefly, 20,000 cells in 80 uL were plated into each well of an
XF€96 Cell Culture Microplate (Seahorse Bioscience, North Billerica, MA) and incubated in
a 37 °C incubator with 5% CO, overnight. Prior to the assay, the medium was changed to
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MAS buffer (110 mM mannitol, 70 mM sucrose, 10 mM KH,POy4, 5 mM MgCl,, 2 mM
HEPES, 1 mM EGTA, 0.2% fatty acid free bovine serum albumin, pH 7.4) containing 10
mM pyruvate and maleate. Compounds and other reagents were programmed to be added
sequentially, and OCR was measured with an XF®96 Extracellular Flux Analyzer (Seahorse
Bioscience).

Yeast Growth Assays

As the initial goal was to identify selective hANT4 inhibitors, the primary screen was
conducted with yeast expressing hANT4 in nonfermentable medium containing glycerol and
ethanol (YPEG). In this medium, net ATP can only be generated in mitochondria through
OXPHOS. A cell-permeable ANT inhibitor is expected to block the growth of hANT4 yeast
cell by blocking ATP transport. As shown in Figure 1A, all strains grow in the control
condition, except the triple knock-out strain, which does not have mitochondrial ATP/ADP
exchange activity. A hypothetical selective ANT4 inhibitor (compound Y) is expected to
inhibit the growth of hANT4 yeast but not other hANT yeast in YPEG medium. A broad-
spectrum hANT inhibitor (compound W) would inhibit the growth of all four strains. In
contrast, hANT inhibitors would not block the growth of any of these strains in fermentable
glucose-containing medium (YPD), as yeast can generate sufficient amount of ATP in the
cytosol via glycolysis. However, a compound that is cytotoxic by a mechanism unrelated to
ANT inhibition (compound Z) would block cell growth of all strains in both fermentable and
nonfermentable media.

An overview of the HTS and follow-up is shown in Figure 1B. During the course of this
HTS, about 65,000 compounds were screened in the hANT4 yeast cell growth assay. As a
measure of assay robustness, the Z’ value was calculated to be 0.74 £ 0.07, indicative of a
robust screen (Suppl. Fig. S2A). Most compounds (99.6%) screened at 10 UM produced an
inhibition between —-50% and +50% (Suppl. Fig. S2B). A total of 238 of these compounds
were identified as primary hits as they produced >50% inhibition of hANT4 yeast growth
(hit rate = 0.34%). Compounds (152) that produced either >50% inhibition or selected by
cheminformatic analysis were cherrypicked for initial confirmation in dose-response assays
with hANT4 yeast. Hits confirmed using hANT4 (102 compounds) were further tested with
hANTL, -2, and -3 yeast cell lines in dose response assays to determine hANT isoform
selectivity. The 19 hits that showed some selectivity for hANT4 were repurchased and tested
again for isoform selectivity with the four yeast strains. These repurchased hits were also
evaluated for their cytotoxic effect using the four hANT strains grown in glucose-containing
medium.

The potency, selectivity, and cytotoxicity of reference compounds and repurchased HTS hits
in the yeast growth assay are shown in Table 1. The known ANT inhibitor BKA4 inhibited
cell growth with 1Csq values between 33 and 46 pM in the four hANT yeast strains,
indicating it is a broad-spectrum ANT inhibitor. The potent ANT inhibitor cATR? was
inactive up to 100 uM for all four strains. The low potency of BKA and the inactivity of
CATR are likely due to poor cell penetration, as both are highly charged, anionic ligands.
Although minocycline was reported to be an ANT inhibitor based on its interaction with
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CATR in mitochondrial respiration studies, this antibiotic was inactive up to 100 pM in the
yeast growth assay. As significant effects on mitochondrial respiration were reported only at
100 to 200 uM, 1% it may be that concentrations of minocycline >100 uM would be required
to reduce growth of yeast expressing hANT, particularly if it has poor yeast cell penetration.
Of the 19 repurchased hit compounds, 15 inhibited yeast growth with potencies ranging
from ~0.5 to ~50 pM (Table 1). None of these active repurchased hit compounds displayed
selectivity for hAANT4 yeast over other isoforms. Most of the hit compounds did not inhibit
yeast growth in fermentable, glucose-containing medium, suggesting that they primarily
target mitochondrial energy pathways. However, a few of the compounds (amiodarone, IMD
0354, and CD437) exhibited cytotoxic effect in certain strains, and leelamine was only 2- to
3-fold more potent in yeast grown in YPEG medium compared to YPD medium. To confirm
that these hit compounds are indeed ANT inhibitors, they were further evaluated in
ATP/ADP exchange assays with isolated yeast mitochondria and L. /actis expressing hANT
isoforms.

ADP/ATP Exchange Assays

To verify that the compounds active in the yeast proliferation assay are hANT inhibitors, we
developed an ADP/ATP exchange assay with isolated mitochondria from the four yeast
strains expressing human ANT1, -2, -3, and —4. This approach has the advantage that a
direct measure of the function of the ANT can be established for all of the human ANT
isoforms. In this forward exchange assay,® [BH]JADP is taken up by isolated mitochondria,
which exchange endogenous ATP to the extra-mitochondria space (Fig. 2A). This exchange
process is rapid and is complete within 2 min (data not shown) due to abundant hANT
expression on the inner membrane. In the assay, 5 UM cATR was added to stop the reaction
after a 1-min incubation, and the [3H]JADP taken up by the mitochondria was measured.
Natural product ANT inhibitors, such as cATR, BKA, and ATR at 10 uM, completely
inhibited ADP/ATP exchange activity.

To validate the specificity of this assay, a number of known compounds with defined mode
of action were tested, which include mitochondrial complex inhibitors, membrane
permeability transition pore modulators, and ionophores (Fig. 2B, left). Most of the
compounds at 10 pM did not show an inhibitory effect, but antimycin, chelerythrine, and
lonidamine reduced ADP uptake in yeast mitochondria expressing hANT2. These three
compounds are known to impair mitochondrial function by inhibiting complex 111, BCL-2,
protein kinase C,7 or hexokinasel® and also by generation of reactive oxygen species (ROS)
(chelerythrine),19 thereby only indirectly affecting ADP/ATP exchange. Thus, the yeast
ADP/ATP exchange assay is capable of eliminating many false-positive hits from the yeast
proliferation assay that block growth by mechanisms unrelated to inhibition of ANT, but it
may not eliminate all such compounds.

To avoid the indirect effects on ADP transport observed in isolated mitochondria, an
independent ADP/ATP exchange assay for compound characterization was developed in the
Gram-positive bacterium L. /actis. Using the same set of reference compounds examined in
isolated mitochondria, only known ANT inhibitors reduced [3H] ADP uptake in L. /actis
expressing the human ANT2 isoform (Fig. 2B, right), indicating that this bacterial exchange
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assay has higher fidelity than the isolated yeast mitochondrial assay to detect direct ANT
inhibitors.

Sixteen compounds selected from the yeast growth assay were evaluated for their effects on
ADP/ATP exchange by individual human ANT isoforms expressed in both isolated yeast
mitochondria and L. /act/s. In the mitochondrial assay, 11 of 16 compounds (30 uM)
demonstrated more than 50% inhibition of exchange activity in at least one yeast strain
(Suppl. Table S1). However, only three of these compounds inhibited [3H]JADP uptake by L.
Jactis. closantel, CD437, and leelamine. Minocycline showed strong inhibition in the yeast
assay but was completely inactive in the L. /actis assay. Although previously reported to be
an ANT inhibitor based on its interaction with CATR in mitochondrial respiration studies,®
minocycline is unlikely to be a direct inhibitor of ANT because it did not reduce ADP/ATP
exchange by human ANT isoforms expressed in L. /actis. Some compounds, such as IMD
0354, nonactin, S838462, leelamine, closantel, L923-0673, and S899542, appeared to favor
a particular hRANT isoform in the yeast mitochondrial assay, although none were hANT4
selective. For this reason, we focused further efforts on identifying ANT inhibitors that
possess novel selectivity profiles, rather than focusing exclusively on ANT4 selectivity.

Considering the high specificity of the L. /actis exchange assay demonstrated with a broad
array of compounds with known mechanisms of action, it is likely that closantel, CD437,
and leelamine directly inhibit hANT. Therefore, these compounds were selected for further
profiling in concentration-response ADP/ATP exchange assays (Table 2, Fig. 3). Whereas
the highly potent ANT inhibitor cATR showed some selectivity for hAANTL in the yeast
mitochondrial assays, this selectivity was not observed in the L. /actis assay (Table 2),
indicating that cATR is a nonselective hANT inhibitor consistent with previous reports.12
The much weaker inhibitor closantel was generally more potent in the L. /actis assay than
the mitochondrial assay, although by only 2- to 4-fold (Table 2, Fig. 3C,D). Closantel was
more potent in the yeast growth assay than either of the translocase assays, possibly because
it has activity at other molecular targets, such as the known activity at the Na*/H* antiporter.
20 |n contrast, CD437 was 2- to 10-fold more potent in the yeast mitochondrial than the L.
lactis assay and had similar potency in the yeast growth and mitochondrial assays. Although
closantel and CD437 showed ~3-fold selectivity for hANT1 and hANT2, respectively, over
hANT3 in the L. /actis assay, little or no selectivity for the hANT isoforms was observed in
the mitochondrial assay, suggesting that these compounds have little or no ANT selectivity.

Leelamine displays a more complex behavior that can best be described as a modulator of
hANT activity, whose activity depends on the exact context of the translocase. Leelamine
was active in the yeast growth assay in nonfermentable medium but was cytotoxic at 2- to 3-
fold higher concentrations measured in fermentable medium (Table 1, Fig. 3B). Leelamine
inhibited hANT activity at 100 pM in mitochondrial assays expressing all isoforms, although
at lower concentrations (10 and 30 uM), leelamine paradoxically increased translocase
activity in mitochondria from the hANT4, hANT3, and particularly hANT?2 strains (Fig.
3D). Similarly leelamine increased translocase activity in L. /actis expressing hANTI and
hANT2 but inhibited the activity of hANT3 (Fig. 3C).
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Oxygen Consumption Rate

CATR, closantel, CD437, and leelamine decreased OCR in two cell lines, consistent with
inhibition of ANT-mediated ADP/ATP exchange (Fig. 4). Upon addition of ADP (®), a
rapid increase of OCR was observed, which was maintained at a high level for at least 30
min. Addition of leelamine (50 pM) (®) decreased the OCR to a similar extent as cATR.
Both CD437 and closantel inhibited OCR in HCT116 cells, although they were not as
effective as leelamine and cATR. Neither CD437 nor closantel produced an appreciable level
of reduction of OCR in MiaPaCa cells.

Discussion

In this study, we present a novel yeast-based HTS strategy to identify compounds that reduce
the cellular energy flow between mitochondria and cytosol by inhibiting ANT. The initial
focus of this approach was to identify selective inhibitors of hANT4, which is exclusively
expressed in testis. Selective hANT4 inhibitors have the potential to be optimized for use as
male contraceptive agents, as deletion of the ANT4 gene leads to early meiotic arrest of
murine male germ cells in knock-out mice.8

An HTS campaign of ~65,000 compounds to identify inhibitors of the proliferation of the
hANT4 yeast strain was followed by evaluation of 102 confirmed hits for selectivity in the
hANTZ, -2, and -3 proliferation assays and for cytotoxicity in glucose-containing medium.
The yeast cell growth assay was used as the primary screen not only because it is relatively
inexpensive but also because it is likely to detect cell-permeable ANT inhibitors, a property
not shared by ANT probe molecules such as cATR. Using compounds cherrypicked from
DMSO stocks, 19 hits were identified that showed activity in the hANT4 yeast strain and
apparent selectivity for hANT4 over other hANT isoforms in the yeast survival assay. The
selectivity and cytotoxicity profiles determined with repurchased samples resulted in 16
compounds that were active in the hANT isoform survival assays, although none were
selective for hAANT4 over the other hANT isoforms.

HTS hits that selectivity blocked hANT4 yeast strain growth in nonfermentable (YPEG)
medium relative to fermentable (YPD) medium are expected to inhibit mitochondrial
function. However, these compounds can inhibit ADP/ATP exchange by either direct or
indirect mechanisms. We therefore employed ADP/ATP exchange assays using human ANT
isoforms expressed in both isolated mitochondria and L. /actisto characterize compounds
identified as hits in the yeast growth assay. The L. /actis assay had higher fidelity for
differentiating between direct and indirect inhibitors of ADP/ATP exchange than the isolated
mitochondria assay. The higher incidence of detecting indirect ADP transport inhibitors in
the isolated yeast mitochondria assay compared to L. /actis assay may be due to the relative
fragility of mitochondria compared with bacteria and the susceptibility of yeast
mitochondria to functional impairment by compounds that interfere with yeast growth by
mechanisms other than ANT inhibition. In addition, the L. /actis assay is substantially more
reproducible between experiments, has considerably lower variability between replicates,
and is very convenient to prepare in large quantities. cATR was 30- to >300-fold more potent
in the L. /actis than the mitochondrial assay for hANT1, -2, and -3, possibly due to greater
access to the translocase expressed in the bacterial cell membrane and/or abundant
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functional hANT protein in mitochondria, requiring concentrations of cATR approaching
that of the hANT protein to detect inhibition. Somewhat surprisingly, L. /actis expresses
hANT molecules with the same orientation in the membrane as in mitochondria indicated by
the complete inhibition of exchange by the membrane-impermeable inhibitor cATR, which
binds only to the surface of ANT facing the mitochondrial intermembrane space. The correct
insertion of hANT isoforms into L. /actis may be a reflection of the theory that mitochondria
originated from bacterial cells and share a common ancestor. Several mitochondrial inner
membrane carriers have been successfully expressed in L. /actis.?122

Of the 16 compounds identified as inhibitors in the yeast growth assay with low toxicity,
three confirmed in the ADP/ ATP exchange assays in both yeast mitochondria and L. /actis.
An additional eight hit compounds that inhibited [3H] ADP uptake >50% in at least one
human ANT isoform expressed in yeast mitochondria did not produce appreciable inhibition
in the L. /actis assay. Importantly, the three hit compounds active in both the mitochondrial
and L. /actis exchange assays (CD437, closantel, and leelamine) also showed inhibition of
mitochondrial OCR in mammalian cells similar to the natural ANT inhibitor cATR.
Although the OCR data are consistent with ANT inhibition, inhibitors of the electron
transport chain and ATP synthase can also decrease OCR in this cellular assay. However,
modulation of ADP/ATP exchange in mitochondria and particularly L. /actis by these
compounds indicates a direct interaction with ANT. Taken together, these data strongly
support the hypothesis that closantel, CD437, and leelamine directly inhibit or modulate
human ANT activity. Confirmation that these hits are active in a variety of functional assays
demonstrates that the yeast growth screening strategy is a valid, practical, and inexpensive
approach to identify novel ANT inhibitors.

CDA437 is a synthetic retinoid that induces tumor growth arrest and apoptosis. The exact
molecular basis of the underlying mechanism is not yet well understood, but it displays both
RARy-dependent and RARy-independent effects.23 CD437 was previously reported to
interact with hANT by modulating its pore-forming function.24 Our findings for the first
time show that CD437 inhibits hANT-mediated ADP/ATP exchange, suggesting a direct
interaction between CD437 with ANT. Closantel is an anthelmintic that is a proton
ionophore, although its mechanism has not been completely elucidated. Closantel was
reported to disrupt the proton gradient across the mitochondrial inner membrane and to be
an uncoupler of OXPHOS.20 However, it is unlikely that these activities explain the
inhibition of ADP/ATP exchange activity in L. /actis, as the potent proton ionophore FCCP
was inactive in this assay. Closantel appears to be a direct hANT inhibitor in the micromolar
concentration range.

Leelamine is a natural product derived from the bark of pine trees. Its mechanism is poorly
understood as it has been reported to have several unrelated activities, including weak
affinity for the CB1 and CB2 cannabinoid receptors,2® inhibition of pyruvate dehydrogenase
kinase,26 and disruption of cholesterol transport.2 In the current study, we provide evidence
that leelamine modulates the functional activity of ANT. In contrast to the ANT inhibitors
CATR, closantel, and CD437, leelamine stimulates or inhibits translocase activity in a
concentration-, isoform-, and expression system-dependent manner. The modulatory activity
of leelamine may depend on the conformation of the ANT protein influenced by the isoform,
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membrane insertion environment, and/or composition of the surrounding milieu on both
faces of the membrane. In addition, it is possible that differences in the level of expression of
the ANT isoforms may affect the modulatory activity by leelamine. Indeed, hANT2 and
hANT4 expression in yeast was much higher than hANTI and hANT3 (preliminary
observations), which may reflect toxic effects of ANT1 and ANT3 overexpression. Each
hANT strain likely expresses the optimal levels of each hANT for cell survival.

To our knowledge, this is the first report demonstrating a practical and valid HTS strategy to
identify compounds specifically inhibiting the energy flux between mitochondria and
cytosol. The human ANT inhibitors identified in the screen may be useful probes to aid in
understanding the biological consequences of interruption of energy homeostasis. Although
these probes lack high potency and isoform selectivity, medicinal chemistry optimization
may increase their affinity and selectivity as well as conferring drug-like properties. Potent,
isoform-specific inhibitors of human ANT have potential clinical utility in diverse clinical
indications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Human adenine nucleotide translocase (ANT) high-throughput screening (HTS) and hit

confirmation, characterization, and validation (see Results for description). (A) HTS assay
principle. (B) Overview of human ANT yeast HTS and hit follow-up.
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Figure 2.
ADP/ATP exchange assays with human ANT isoforms expressed in isolated yeast

mitochondria and Lactococcus lactfs. (A) Assay principle (see Results for description). (B)
Assay validation with known compounds (10 uM) in isolated yeast mitochondria (left panel)
and L. /actis (right panel) using the hANT2 isoform. The ADP/ATP exchange activity was
expressed as the percent relative to the DMSO control. Mean + SD from a single
experiment. ANT, adenine nucleotide translocase; TTFA, thenoyltrifluoroacetone; FCCP,
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone; MPTP, mitochondrial permeability
transition pore
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Figure 3.

Activity of the three validated hits, leelamine, closantel, and CD437, in yeast growth and
ADP/ATP exchange assays. (A) Chemical structures. (B) Growth inhibition in yeast
expressing human adenine nucleotide translocase (ANT). Inhibition of hANTI, -2, -3, or -4
yeast strain growth in nonfermentable YPEG (- glucose) and fermentable YPD (+ glucose)
media. Cell growth was measured at ODggg and expressed as percent of DMSO control from
three independent experiments. (C) Modulation of ADP/ATP exchange in Lactococcus lactis
expressing hANTI, -2, or =3. (D) Modulation of ADP/ATP exchange in isolated yeast
mitochondria expressing hANTI, -2, =3, or —4. For C and D, ANT activity is expressed as
[BH]ADP uptake from three independent experiments.
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Figure 4.

Leelamine, closantel, and CD437 reduce oxygen consumption rate (OCR) in human cells.
HCTII6 and MiaPaCa adherent cells were treated sequentially by 10 pM atpenin A5 (D),
3.5 mM ADP, 0.375 nM XF Plasma Membrane Permeabilizer (®), and hit compounds or
with cATR as positive control (©). OCR was measured using the XF®96 Extracellular Flux
Analyzer. OCR is expressed as percent of baseline from three independent experiments with
the third measurement point ((D) defined as 100% of baseline.
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