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Diacylglycerols Activate Mitochondrial Cationic
Channel(s) and Release Sequestered Ca’*
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Mitochondria contribute to cytosolic Ca** homeostasis through several uptake and release pathways.
Here we report that 1,2-sn-diacylglycerols (DAGs) induce Ca* release from Ca>*-loaded mammalian
mitochondria. Release is not mediated by the uniporter or the Na*/Ca”* exchanger, nor is it attributed
to putative catabolites. DAGs-induced Ca>* efflux is biphasic. Initial release is rapid and transient,
insensitive to permeability transition inhibitors, and not accompanied by mitochondrial swelling.
Following initial rapid release of Ca>* and relatively slow reuptake, a secondary progressive release of
Ca®* occurs, associated with swelling, and mitigated by permeability transition inhibitors. The initial
peak of DAGs-induced Ca* efflux is abolished by La** (1 mM) and potentiated by protein kinase C
inhibitors. Phorbol esters, 1,3-diacylglycerols and 1-monoacylglycerols do not induce mitochondrial
Ca®* efflux. Ca**-loaded mitoplasts devoid of outer mitochondrial membrane also exhibit DAGs-
induced Ca®t release, indicating that this mechanism resides at the inner mitochondrial membrane.
Patch clamping brain mitoplasts reveal DAGs-induced slightly cation-selective channel activity that is
insensitive to bongkrekic acid and abolished by La**. The presence of a second messenger-sensitive
Ca* release mechanism in mitochondria could have an important impact on intracellular Ca?*
homeostasis.

KEY WORDS: Mitochondria; calcium; diacylglycerol; mitoplast; cation channel; permeability transition pore;
protein kinase C; transient receptor potential; OAG.

ferent PLC isoforms are activated resulting in the im-
mediate formation of DAG from inositol phospholipids,

A plethora of cellular signaling cascades converge
to the production of diacylglycerols (DAGs), leading to
the activation of various target proteins regulating cellular
processes of extraordinary diversity (Brose et al., 2004).
Depending on the identity of the stimulated receptor, dif-
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most rapidly from P1-4,5-bisphosphate (PIP,). This DAG
molecule disappears quickly; however, a second wave of
DAG emerges with a relatively slow onset persisting for
minutes or hours. This latent increase in DAG is partially
attributed to the subsequent action of phospholipase D
(PLD) on phosphatidylcholine (PC) to yield phosphati-
date plus choline followed by phosphatidate phosphatase
generating DAG and orthophosphate (Nishizuka, 1992,

Abbreviations  used: 1,2-DGs, 1,2-Diacylglycerols;  1,3-DGs,
1,3-Diacylglycerols; 2-MGs, 2-Monoacylglycerols; 1-MGs, 1-
Monoacylglycerols; ALM, Alamethicin; BKA, Bongkrekic acid;
Cys A, Cyclosporin A; PTP, Permeability Transition Pore; OAG,
1-oleoyl-acetyl-sn-glycerol; DOL, 1,2-Dioleoylglycerol (18:1); DDC,
1,2-Didecanoylglycerol  (10:0); SAG, 1-stearoyl-2-arachidonoyl-
sn-glycerol; DOG, 1,2-Dioctanoyl-sn-glycerol (8:0); HDAG,
1-O-Hexadecyl-2-arachidonoyl-sn-glycerol.
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1995). An additional pathway contributing to this la-
tency is substantiated by the slow degradation of DAG
by DAG lipase; this DAG is produced from PC hydrolysis
by phosphatidylcholine-specific phospholipase C and is
a poor substrate for the fast-acting enzyme DAG kinase
(Ford and Gross, 1990; Lee et al., 1991). DAG kinase
rapidly catabolizes DAG produced from phosphatidyli-
nositol hydrolysis converting it to phosphatidate at the
expense of ATP (Florin-Christensen et al., 1992).

Downstream effects of DAGs are commonly
attributed to activation of PKCs. There are, however, ad-
ditional important targets of DAGs including protein ki-
nase D (PKD), DAG kinases «, 8, and y, RasGRPs, chi-
maerins, Munc13s, and channels of the transient receptor
potential (TRP) family, namely TRPC3, 6, and 7 (Brose
etal.,2004; Brose and Rosenmund, 2002; Hofmann et al.,
1999; Kazanietz, 2002; Okada et al., 1999; Yang and
Kazanietz, 2003).

Upon PIP, hydrolysis, DAGs are formed in a
membrane-delimited manner both on the plasma mem-
brane and on intracellular membranes (Irvine, 2002;
Panagia ef al., 1991; Rebecchi and Pentyala, 2000), serv-
ing as hydrophobic anchors to recruit their targets to the
membrane (Brose et al., 2004). The other product, IP3,
diffuses in the cytosol to activate IP3 receptors on the ER
releasing Ca* to the cytoplasm followed by triggering of
Ca’* influx from the extracellular space (Mikoshiba and
Hattori, 2000). Within the context of intracellular Ca%*
homeostasis, mechanisms and effectors downstream of
the IP; signaling pathway received the vast majority of
attention, culminating in a spark of interest on the so-
called “store-operated CaZt entry” (SOCE) (Nilius, 2004;
Penner and Fleig, 2004; Venkatachalam et al., 2002).
SOCE is a process whereby the depletion of intracellular
Ca?* stores (likely ER or SR) activates plasma membrane
Ca’* permeable channels (Putney, 1986). Members of the
TRP family are candidates for SOCE; however, unequiv-
ocal evidence demonstrating that TRP channels account
for this phenomenon is yet to be reported (Clapham, 2003;
Nilius, 2004). Conversely, it has been shown that at least
three members of the TRP family are activated by DAGs
but not through PKC (Clapham et al., 2003). These chan-
nels (TRPC3, 6, and 7) do not possess the DAG-binding
C1 domain (Gudermann et al., 2004), while TRPC3 plus
two additional TRP channels, TRPC4 and TRPCS5, are
inhibited upon activation of PKC (Venkatachalam et al.,
2003).

Enzymes and macromolecules participating in the
formation of DAGs have been reported to reside or
translocate to mitochondria. PIP, is found in mitochon-
dria (Watt et al., 2002) and a brain-specific isomer may
exist (Bothmer et al., 1992); PLCS$ is found in mitochon-

dria from liver (Knox et al., 2004), yeast (Vaena de et al.,
2004), and kidney (Nishihira and Ishibashi, 1986). PLD
and phosphatidate phosphatase exist in intestinal and my-
ocardial mitochondria (Freeman and Mangiapane, 1989;
Liscovitch et al., 1999). The same is true for DAG targets:
mitochondrial translocation of PKCS is a critical proapop-
totic event in cardiac responses following ischemia and
reperfusion (Murriel e al., 2004), as well as in phor-
bol ester-induced apoptosis in human myeloid leukemia
cells (Majumder et al., 2000) and keratinocytes (Li et al.,
1999). An alternative isoform PKCe, confers beneficial
effects upon translocation to mitochondria by inhibiting
the permeability transition (Baines et al., 2003), while
others, such as PKCe«, phosphorylate mitochondrial Bcl-
2 suppressing apoptosis (Ruvolo et al., 1998) or promote
cardioprotection at least partially due to modulation of
mitochondrial Kt srp channels (Korge et al., 2002; Sato
et al., 1998). With the exception of mitochondrial PKD
(Storz et al., 2000), the presence of other non-PKC targets
of DAG has not been reported.

Based on the involvement of DAGs on multiple mi-
tochondrial functions, we tested the hypothesis that this
second messenger affects mitochondrial Ca>* handling.
We show that DAGs release Ca?t from Ca’>*-loaded mi-
tochondria in conjunction with activation of novel chan-
nel(s) present on the inner mitochondrial membrane.

MATERIALS AND METHODS
Isolation of Mitochondria

All animal procedures were carried out according
to the National Institutes of Health and the University
of Maryland, Baltimore animal care and use committee
guidelines. Adult male Sprague-Dawley rats and C57BL/6
mice were used. Nonsynaptic adult rat brain mitochondria
were isolated on a Percoll gradient exactly as described
previously (Chinopoulos ef al., 2003). Mouse heart, kid-
ney, and liver mitochondria were prepared as described
previously (Starkov and Fiskum, 2001). Mitochondria
from sweet potato (Ipomoea batatas) were isolated as
detailed previously (Chen and Lehninger, 1973).

Mitochondrial Ca?* Uptake
in Mammalian Mitochondria
Rat Brain

Mitochondrial or mitoplast-dependent (0.275
mg/mL) removal of medium Ca>* was followed using
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the impermeant pentapotassium salt of the ratiometric
dye Fura 6F (Molecular Probes, Portland, OR, USA)
as previously described in a KCl-based medium con-
taining malate plus glutamate as respiratory substrates
(Chinopoulos et al., 2003). All experiments were
performed at 37°C.

Rat Liver

The experiments were conducted as for rat brain mi-
tochondria, with the exception that these mitochondria
(0.5 mg/ml) were suspended in 250 mM sucrose, 20 mM
Hepes, 2mM KH,;PO4, 1 mM MgCl,, 5mM succinate,
1 uM rotenone, 1 mg/ml bovine serum albumin (BSA,
fatty acid-free), pH 7.2.

Mouse Heart and Kidney

These experiments were performed similar to the
ones for rat brain, but at room temperature (~23°C),
the fluorescent dye used was the hexapotassium salt of
Calcium Green-5N (200nM, K4 = 4.3 uM) (Rajdev and
Reynolds, 1993), and the mitochondria (0.25 mg/mL)
were suspended in 225 mM mannitol, 75 mM sucrose,
2mM KH,PO, 5mM HEPES, 0.2mg/mL BSA (fatty
acid-free) 5 mM glutamate, 5 mM malate, pH 7.4.

Mitochondrial Ca** Uptake in Sweet
Potato Mitochondria

1 mg/mL of mitochondria was used; the experimen-
tal conditions were similar to those for mammalian mito-
chondria but performed at room temperature (~23°C) in
300 mM mannitol, 10 mM Hepes, 2 mM KH,PO,4, 10 mM
succinate, 0.5 mM ADP, 2mM ATP, plus 1 mg/mL BSA
(fatty acid-free), pH 7.4.

Preparation of Mitoplasts From Rat Brain
Mitochondria for Ca?* Uptake Studies

Mitoplasts were prepared as described previously
(Schnaitman et al., 1967), with minor modifications: Upon
isolation of mitochondria, protein determination was per-
formed (Biuret); afterwards, 450-500 uL of 20 mg/mL
mitochondria were suspended in 2.5mL of buffer “A”
containing 10 mM TRIS and 2 mM MgCl,, pH = 7.8 for
20 min in ice while shaking. Subsequently, 3 mL of 1.8 M
Sucrose plus 2 mM MgCl, was added and left in ice while
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shaking for an additional 20 min. Next, 12 mL of buffer
A plus 45 ug of digitonin (>99% pure) was added to
the suspension and left in ice while shaking for 15 min.
At the end of this step, the suspension was diluted 5-fold
with buffer “B” containing: 225 mM mannitol, 75 mM su-
crose, 5 mM Hepes, ] mM EGTA, 0.5 mg/mL BSA (fatty
acid-free), pH = 7.4, and were centrifuged at 12, 000 x g
for 10 min. This centrifugation step was repeated once,
and the resulting pellet was suspended in buffer B with-
out EGTA. To evaluate the efficiency of the removal
of the outer mitochondrial membranes, mitoplasts were
tested for the presence of adenylate kinase, as described
previously (Schmidt er al., 1984); >95% of adenylate
kinase activity was lost with this method. These mito-
plasts retained a respiratory control ratio of 5 £ 1 over
a period of 45 min (in the presence of externally added

cyt ¢).

Preparation of Mitoplasts From Rat Brain
Mitochondria for Patch Clamp Studies

Upon isolation of mitochondria, the organelles were
suspended in a hypertonic buffer consisting of 460 mM
Mannitol, 140 mM Sucrose, 10 mM HEPES, pH 7.4 for
10 min. Subsequently, they were subjected to 1500 psi
with a French press (American Instruments Company,
Silver Springs, MD, USA). The suspension was di-
luted with 2 volumes of 230 mM Mannitol, 70 mM Su-
crose, SmM HEPES, pH 7.4. Mitoplasts were pelleted at
12,000 x g for 10 min and resuspended in 100 uL of the
same buffer.

Oxygen Consumption

Mitochondrial respiration was recorded at 37°C with
a Clark-type oxygen electrode (Hansatech, UK) as de-
scribed previously (Chinopoulos et al., 2003).

Mitochondrial Swelling

Swelling of isolated liver mitochondria was as-
sessed by measuring light scatter at 540nm (37°C) in a
Beckman Coulter DU 7500 spectrophotometer (Fullerton,
CA, USA) as detailed previously (Bernardi et al., 1992).

Patch Clamp of Rat Brain Mitoplasts

Membrane patches were excised from rat brain mi-
toplasts after formation of a giga-seal (2-5GS2) using
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glass electrodes made of borosilicate and resistances of
10-30 M. The solution in the electrodes and bath was
150 mM KCl, 5SmM HEPES, pH 7.4. This buffer con-
tained 10 uM free Ca’*. Experiments were carried out
at room temperature (~23°C). Voltage clamp was es-
tablished with the inside-out excised configuration and
currents were amplified using an Axopatch 200 amplifier
(Union city, CA, USA). Current traces were sampled at
5kHz with 2kHz filtration and analyzed with WinEDR
version v2.4.3 program (Strathclyde Electrophysiological
Software courtesy of J. Dempster, Univ. of Strathelyde,
UK). Ion selectivity was measured by a 1:5 gradient by
perfusion of the bath with 30 mM KCl, 184 mM mannitol,
56 mM sucrose, 5 mM HEPES, pH 7.4.

Reagents

Standard laboratory chemicals were from Sigma.
2-APB (Sigma), CGP 37157 (Calbiochem), cyclosporin
A (Sigma), bongkrekic acid (Calbiochem), alamethicin
(Sigma), BSA (Sigma), Digitonin (Spectrum, New
Brunswick, NJ, USA), PMA (Sigma), RHC 80267 (Cal-
biochem), DAG kinase inhibitor II (Sigma), all PKC in-
hibitors (Calbiochem, PKC inhibitor set), all 1,2-DGs and
MGs were from Sigma or Biomol, all 1,3-DGs were from
ICN Biomedicals (Aurora, OH, USA).

RESULTS

Release of Sequestered Ca** in Mammalian but Not
Sweet Potato Mitochondria by OAG

Ca’*-loaded mitochondria from rat brain (Fig. 1(A)),
mouse kidney (Fig. 1(B)), mouse heart (Fig. 1(C)), and
rat liver (Fig. 1(E)) release Ca>* upon exposure to the
putative, cell-permeable diacylglycerol analogue, OAG.
After the initial rapid release, Ca?* was re-accumulated,
followed by a secondary slow net release. In contrast to
OAG, phorbol 12-myristate 13-acetate (PMA) failed to
induce Ca’t efflux (Fig. 1(A), trace b). Sweet potato
mitochondria loaded with Ca?* did not exhibit OAG-
induced Ca** release (Fig. 1(D), trace b). Liver mi-
tochondria pretreated with Cys A (Fig. 1(E), trace b)
display an almost identical OAG-induced Ca’* release
and a moderate extent in the lag time until the spon-
taneous secondary efflux. Using identical conditions,
swelling was not observed upon addition of OAG to
Ca’*-loaded liver mitochondria (Fig. 1(G)); however,
they exhibit spontaneous large amplitude swelling co-
incident with the secondary Ca’>* efflux in the absence
(trace a) or presence (trace b) of Cys A. Cys A mod-
erately extends the threshold of PTP induction. In the

A 400 nmol B 200 nmol caciy
o S2Ch 151 v vy
s YW oG
'315 or 10
& PMA a
Q ¥ b 5 OAG
5
0 0 —
0 1000 0 500

D
50 nmol CaCly
a b

A
OQG ALM

edep
1000 2000

540 (0.5/tick 0.D.) o

=3

800 0 1000
time (sec)

400
time (sec)
Fig. 1. OAG induces mitochondrial Ca®>* efflux and its relation to the
permeability transition. Release of sequestered Ca?t from rat brain (A,
trace a), mouse kidney (B), mouse heart (C), and rat liver (E), but not
sweet potato (D) mitochondria by the diacylglycerol analogue, OAG
(100 uM). The phorbol ester PMA (1 uM) fails to induce Ca®t release
(A, trace b). In (D) trace a, Ru360 (165 nM) was present before addition
of CaClyp; in trace b, 1 uM FCCP was added at 1200 s. (E): Rat liver mi-
tochondria are loaded with two pulses of CaCl, (100 and 200 s, 40 nmol
each) in the absence (trace a) or presence of Cys A (1 uM, trace b),
followed by addition of 100 uM OAG at 300s. At approximately 600s,
mitochondria spontaneously release Ca?*t. Alamethicin (40 p g/ml) was
added at 800 s. (F): PTP inhibitors do not affect the initial OAG-induced
Ca®* efflux, but modulate the secondary rise: Rat brain mitochondria
were loaded with two pulses of CaCl, (350 and 500s, 400 nmol each)
followed by addition of OAG (50 #M) in the presence and absence of
Cys A (2 uM) or BKA (20 uM) or 2-APB (100 uM) (each added at 50s,
small arrow). In trace a, mitochondria were not pretreated with either
PTP inhibitor; trace b, Cys A is present; trace ¢, mitochondria were
not challenged by OAG (replaced with vehicle); trace d, mitochondria
were pretreated with 2-APB; trace e, mitochondria were pretreated with
BKA. (G): OAG does not evoke an immediate large-amplitude swelling
in Ca®*-loaded rat liver mitochondria: Mitochondria were loaded with
CaZt exactly as in (A) in the absence (trace a) or presence of Cys A
(1 uM, trace b), followed by addition of 100 uM OAG at 300s, and light
scatter was followed spectrophotometrically. At approximately 600 s,
mitochondria spontaneously swell. Alamethicin (40 pg/mL) was added
at 800s. (H): 2-APB does not inhibit the initial OAG-induced Ca®* re-
lease. Rat brain mitochondria were loaded with three pulses of CaCl,
(350, 500, and 600 s, 400 nmol each) followed by addition of OAG at
1000 s in the presence of 2-APB (100 1M, added at 50 s). Trace a, OAG
(100 uM) was added at 1000s; in trace b, no OAG was added (replaced
by vehicle). Traces for this and all subsequent figures are representative
of at least four independent experiments unless otherwise indicated.
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absence of OAG, Cys A elevated the threshold for
PTP induction by CaCl, in rat liver mitochondria from
160 nmol/mg protein to 1280 nmol/mg protein. PTP in-
hibitors didn’t affect the first or the second pulse of
OAG-induced Ca®* efflux (Fig. 1(F)); however, Cys A
partially inhibited the secondary Ca’* rise, while BKA
and 2-APB conferred substantial protection (Fig. 1(F)
and (H)).

OAG-Induced Ca** Release Is Not Mediated by the
Uniporter or the Mitochondrial Na*/Ca?** Exchanger

Inhibition of the uniporter by Ru360 fails to in-
hibit OAG-induced mitochondrial Ca®* release and ac-
tually potentiates it (Fig. 2(A), trace d). Inhibition of
the Nat/Ca’>* exchanger by CGP-37157 had no effect
on modulating the OAG-induced Ca’* release mecha-
nism (Fig. 2(A), trace e). Addition of FCCP (Fig. 2(A),
trace c), or antimycin Az plus oligomycin (trace b) in
Ca*-loaded mitochondria pretreated with Ru360 caused
only a minor increase in the rate of Ca’" efflux. La’*
abolishes OAG-induced Ca’* release completely, but
only moderately affects the reversal of the uniporter
(Fig. 2(B)). Fura 6F reacts to La** similar to Ca?*,
however the Ky of the dye for the trivalent is differ-
ent (not quantified). Its presence also alters the K4 for
Ca’*; therefore only qualitative measures of Ca’t flux
are possible after the addition of LaCls;. La’t is se-
questered very slowly by mitochondria, competing with
Ca®* (Reed and Bygrave, 1974) and blocking the uni-
porter (Gunter and Pfeiffer, 1990). In trace a, addition
of antimycin A3 plus oligomycin induced slow Ca>* ef-
flux followed by faster release upon subsequent addition
of FCCP. In trace b where no mitochondrial inhibitors
were added, OAG-induced Ca?t release was inhibited
by LaCls;. To address the directionality of the OAG-
induced Ca’* flux, mitochondria were not preloaded
with CaCl,, and Ru360 was added to eliminate Ca2*
uptake through the uniporter (Fig. 2(C), trace a). Af-
ter subsequent addition of CaCl,, there was no mi-
tochondrial Ca’* uptake and subsequent addition of
OAG (trace a) had no effect on Fura 6F fluorescence.
In contrast, Ca’*-loaded mitochondria subsequently ex-
posed to Ru360 still exhibited OAG-induced Ca’* efflux
(trace b).

Effect of OAG on Mitochondrial Sr** Handling

Rat brain mitochondria were loaded with SrCl,
(Fig. 3(A)) and flux of Sr?* was monitored with Fura
6F. This dye responds to Sr>* similarly to Ca?*; how-
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Fig. 2. OAG-induced Ca®* efflux from rat brain mitochondria is not me-
diated by known Ca* uptake and release pathways. (A): Mitochondria
are loaded by exogenously added Ca>* (each pulse is 400 nmol CaCl,)
and the following compounds are administered: trace a, OAG (100 £M)
at 500s; trace b, 165 nM Ru360 at 300 s, 1 «M antimycin Az plus 2 uM
oligomycin at 500s; trace ¢, 165nM Ru360 at 300s, 0.5 uM FCCP at
500s; trace d, 165 nM Ru360 at 300s, 100 uM OAG at 500s; trace
e, 165nM Ru360 at 300s, 20 uM CGP-37157 at 400, 100 uM OAG
at 500s; traces d and e are superimposed. “Eft.”: effectors. (B): 1 mM
LaCls abolishes OAG-induced Ca?t efflux, without affecting the reverse
function of the uniporter: mitochondria are treated with 400 nmol CaCl,
at 350 and 600s and 1 mM LaCl; in between (500 s). Subsequently
1 uM antimycin Az plus 2 uM oligomycin are administered at 800 s
(trace a) or 100 uM OAG at 800s (trace b). In trace a 0.5 uM FCCP
was also added at 1100 s. In both traces, alamethicin (40 pg/ml) is added
at 1200s. (C): In trace a, rat brain mitochondria are not preloaded with
Ca2t, and Ru360 (165 nM) is added at 300s; subsequently, 800 nmol of
CaCl, is added at 350 s, followed by two pulses of OAG (100 uM each)
at 400 and 500 s. In trace b, mitochondria are preloaded with two pulses
of exogenously added CaCl, (100 and 200s, 400 nmol each); 165 nM
Ru360 is added at 300s, followed by an additional pulse of 400 nmol
CaCl, at 350s. Subsequently OAG (two pulses of 100 uM each) are
added at 400 and 500 s. In both traces, alamethicin (40 ug/mL) is added
at 1200s.

ever, the Ky for Sr>* is different (not quantified). In the
absence of added OAG (trace a) mitochondria retain their
Sr?* load for the duration of the experiment. Addition of
OAG (trace b) leads to an abrupt elevation of Fura 6F
fluorescence, indicating release of sequestered Sr>*. The
increase in Fura 6F fluorescence is not due to efflux of
endogenous mitochondrial Ca?* as addition of OAG (or
FCCP, not shown) to freshly isolated mitochondria that
have not been loaded with Ca?>* does not lead to an in-
crease in Fura 6F fluorescence (Fig. 4(D)). Similar to the
effect of La’* on Ca?* efflux, La3* completely blocked
OAG-induced Sr** release (Fig. 3(B)).
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Fig. 3. OAG-induced Sr?* efflux from rat brain mitochondria and inhi-
bition by La**. (A): Mitochondria are loaded with three pulses of SrCl,
(400 nmol each, trace a). In trace b, subsequent to Sr2t loading, OAG
is added (100 ©M) at 1000 s causing an immediate increase in Fura 6F
ratio fluorescence. In both traces, alamethicin (40 pg/ml) is added at
1800s. (B): Mitochondria are treated with 400 nmol SrCl, at 350 and
750s and 1 mM LacCl3 in between (500 s). OAG is added (100 uM) at
1000s causing no further increase in Fura 6F ratio fluorescence.

OAG Induces Cationic Channel Activity
in Rat Brain Mitoplasts

In the absence of OAG, no channel activity was
recorded from mitoplasts in 9 patches and conductances
characteristic of PTP were observed in 3 other patches.
Seventeen out of 34 patches showed no channel activity of
any kind in the presence of OAG. Multiple conductance
levels were observed in patches that were slightly cation-
selective in the presence of OAG in 12 of 34 patches. These
patches were scored positive for the presence of OAG-
induced activity in the bar graph (Fig. 4(A), p < 0.05).
While other transition sizes were observed, current traces
recorded in the presence of OAG typically exhibited tran-
sitions of 202 &+ 33 pS; (n = 8 patches, Fig. 4(B)-(D)).
PTP and Tim23 channels with conductances of ~1200
and 750 pS, respectively, were recorded from 5 patches,
which may have obscured the smaller OAG-induced ac-
tivity (not shown). While the frequency of observing the
OAG-induced activity increased slightly to 8 of 17 patches
in the presence of the PTP inhibitor BKA, this increase
was not statistically significant (p = 0.4). Unlike BKA,
perfusing the excised patches that exhibited OAG-induced
activity with 1 mM LaClj; led to a blockade of this channel
activity (n = 3 patches). We did not observe any current
upon exposure of OAG to patches excised from liposomes
(Type 1V, phosphatidylcholine, prepared as in (Guo et al.,
2004), Fig. 4(A)).
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Fig. 4. OAG-induced mitoplast channel activity. (A): The frequency of
detecting OAG-induced channel activity in rat brain mitoplasts is shown
in the absence (Control) and presence (OAG) of 100 #M OAG, and pres-
ence of 100 uM OAG plus 20 uM BKA (OAG + BA). The frequency
is statistically different in the absence and presence of OAG (p = 0.02)
and is not statistically different in the presence and absence of BKA
(p = 0.4, Fisher’s test). The frequency of detecting OAG-induced activ-
ity in patches from giant liposomes is also shown (OAG + liposomes).

€90

n” indicates the number of independent patches. (B-D). Current traces
from three different excised patches from mitoplasts show 202 + 33 pS
(SD) transitions in the presence of 100 uM OAG at indicated voltages.
O and C indicate open and closed current levels.

DAGs Release Mitochondrial Ca** Through a
Mechanism Independent of DAG Metabolism or
Activation of PKC

1,2-diacylglycerols other than OAG, release Ca’**
from Ca®t-loaded mitochondria, (Fig. 5(A), traces b—
/), while 1,3-diacylglycerols are inactive (Fig. 6(A)).
Inhibition of PKC using five different PKC inhibitors
(Fig. 5(B)) potentiated the OAG-induced initial Ca’* ef-
flux. No inhibitor exhibited statistically significant res-
piratory inhibition and/or uncoupling, except Myristoy-
lated Protein Kinase C Inhibitor 20-28 (15% increase
in state 4 respiration, not shown). The DAG lipase in-
hibitor RHC 80267 (Fig. 5(C), trace b) or the DAG kinase
inhibitor II (Fig. 5(C), trace c¢) didn’t influence signifi-
cantly the initial OAG-induced Ca?t efflux; RHC 80267
only slightly potentiated the initial OAG-induced Ca>*
efflux while the DAG kinase inhibitor II potentiated the
delayed Ca’" rise. Neither inhibitor exhibited respiratory
inhibition or uncoupling (not shown). Addition of OAG
to mitochondria prior to loading with CaCl, did not in-
hibit subsequent Ca?t uptake; however, the time elapsed



Diacylglycerols Release Mitochondrial Ca**

CaCI2
§ovi ORC

PKC
Inh.

500

0 400 800
time (sec)

1000
time (sec)

Fig. 5. Diacylglycerol-induced release of sequestered Ca* in rat brain
mitochondria (A-E) and mitoplasts (F): Relationship to putative targets
and catabolites. (A): Mitochondria are loaded with two pulses of CaCl,
(400 nmol each at 350 and 500 s) followed by addition of the following
DAG at 600 and 750 s (50 uM each pulse): trace a, vehicle (2 ul 96%
ethanol [or DMSO, not shown]); trace b, DOL; trace ¢, DDC; trace
d, SAG; trace e, DOG; trace f, HDAG. (B): PKC inhibitors potentiate
the OAG-induced mitochondrial Ca* release: Mitochondria are loaded
with three pulses of 400 nmol CaCl, (350, 500 and 600s) and prior to
addition of 100 uM OAG (850 s) the following PKC inhibitor is added at
800 s: trace a, vehicle (2 ul 96% ethanol); trace b, Ro-32-0432 (200 nM);
trace ¢, GO 6976 (100nM); trace d, myristoylated PKC Inhibitor 20—
28 (10 microM); trace e, chelerythrine chloride (1 microM) trace f,
Bisindolylmaleimide I (30 nM). (C): Inhibition of OAG catabolism does
not mitigate OAG-induced Ca** release: Mitochondria are loaded with
three pulses of 400 nmol CaCl, (350, 500, and 600 s) and prior to addition
of 100 uM OAG (850 s), inhibitors of DAG lipase and DAG lipase are
added at 800 s. In trace g, no inhibitor is present, in trace b the DAG lipase
inhibitor RHC 80267 (10 uM) is present; in trace ¢, the DAG kinase
inhibitor “DAG kinase inhibitor II” (1 uM) was added at 800s. (D):
Addition of OAG to mitochondria that have not been loaded with Ca*
does not abolish subsequent Ca?* uptake. OAG (100 M) was added at
different time points at 50 s (trace @), 200 s (trace b), 300 s (trace ¢), 325 s
(trace d), prior to challenging mitochondria with three pulses of CaCl, (at
350, 500, and 700 s, 400 nmol each). (E): Effect of phospholipids on the
OAG-induced Ca* release: Mitochondria are loaded with two pulses of
CaCl, (400 nmol each at 350 and 500 s) followed by addition of 25 uM
OAG at 600 and 700 s in the presence of PS (10 pg/mg mitochondrial
protein, trace b) or PE (10 ug/mg mitochondrial protein, trace c). In
trace a, ethanol was added instead of a phospholipid. (F): OAG releases
sequestered Ca>* from rat brain mitoplasts: In all traces, mitoplasts are
loaded with a single pulse of 400 nmol CaCl, (100 s), and OAG (100 uM
unless otherwise indicated) is added at 400s. In trace a, no further
additions were made. In trace b, RHC 80267 (10 ©M) was added at 320 s;
in trace ¢, | mM LaCl; was added at 240 s; in trace d, 200 uM OAG was
added at 400 s; in trace e, 165 nM Ru360 was added at 320 s, followed
by 200 uM OAG at 400s. “R/R” signifies RHC 80267 or Ru360.
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Fig. 6. Di- and Monoacylglycerol induced mitochondrial Ca>* release:
Effects of permeability transition inhibition and La>*. (A): Mitochon-
dria are loaded with two pulses of CaCl, (400nmol each at 350 and
500s) followed by addition of the following DAG or MG at 600 and
750 (100 uM each pulse): trace a, 2-Monooleoylglycerol (C18:1, [cis]-
9); trace b, 1,3-Di-([cis]-9-octadecenoyl)-rac-glycerol; trace c, vehicle;
trace d, 1-Monooleoyl-rac-glycerol (C18:1, [cis]-9). (B): Mitochondria
are pretreated with a PTP inhibitor (at 50s) and challenged with two
pulses of CaCl, (400 nmol each at 350 and 500 s) followed by addition of
2-Monooleoylglycerol at 600 and 750 s (50 «M each pulse); trace a, no
PTP inhibitor; trace b, 2 uM Cys A; trace ¢, 20 uM BKA. (C): LaCl;3 in-
hibits the 2-MG induced Ca2* efflux: Mitochondria are loaded with two
pulses of CaCl, (400 nmol each at 100 and 200 s) followed by addition
of 1 mM LaCls at 300 s; subsequently, 100 M 2-Monooleoylglycerol
is added at 500s. (D): LaCl3 inhibits the palmitic acid- induced Ca2*
efflux: In trace a, mitochondria are loaded with two pulses of CaCl,
(400 nmol each at 100 and 200 s); subsequently, 10 M palmitic acid is
added at 400 and 600 s; in trace b, mitochondria are loaded with two
pulses of CaCl, (400 nmol each at 100 and 200 s) followed by addition
of 1 mM LaCls at 300s; subsequently, 10 uM palmitic acid is added at
400 and 600s.

before the addition of OAG to the point of Ca®* chal-
lenge influenced the maximal Ca®* uptake capacity of
mitochondria (Fig. 5(D), traces a—d). Various PLC in-
hibitors (U-73122, Edelfosine, D609, neomycin) were
tested for their effects on maximal Ca®* uptake capacity
with the exception of neomycin with these drugs inhib-
ited uptake due to the finding that they are potent respira-
tory uncouplers (not shown). Inclusion of phospholipids
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(phosphatidylethanolamine [PE] vs. phosphatidylserine
[PS]) in the medium enhanced the potency of the sec-
ond pulse of OAG-induced Ca* efflux from Ca?*-loaded
mitochondria (Fig. 5(E)). Addition of OAG to mitoplasts
caused release of sequestered CaZt (Fig. 5(F), trace a).
The presence of RHC 80267 did not alter the initial OAG-
induced Ca®* efflux. The effect of OAG was further po-
tentiated in the presence of Ru360 (Fig. 5(F), trace e).
Pretreatment of Ca’*-loaded mitoplasts with 1 mM LaCls
prior to addition of OAG blocked the effect of the diacyl-
glycerol on releasing stored Ca>* (Fig. 5(F), trace c).

Additional Characteristics of DAG-Induced
Release of Mitochondrial Ca2*

We compared the effect of OAG to 1,3-diolein (1,3-
Di-([cis]-9-octadecenoyl)-rac-glycerol, (Fig. 6(A), trace
b), 2-MG (2-Monooleoylglycerol (C18:1, [cis]-9) (trace
a) and 1-MG (1-Monooleoyl-rac-glycerol (C18:1, [cis]-
9), (trace d). Only 2-MG induced an initial Ca?* efflux
from Ca?t-loaded rat brain mitochondria, followed by a
robust delayed Ca" rise (Fig. 6(A), trace a). Neither the
initial 2-MG-induced Ca’* release nor the delayed Ca®*
efflux was sensitive to PTP inhibitors (Fig. 6(B), traces
b and ¢). The 2-MG-induced Ca** release was, however,
completely abolished by 1 mM LaCl; (Fig. 6(C)). 1 mM
LaCl; also inhibited release of sequestered Ca>* from rat
brain mitochondria induced by palmitic acid (Fig. 6(D)).
Moreover, LaCl; mitigated the uncoupling effect of this
fatty acid (not shown). 2-MG exhibited both significant
uncoupling and inhibition of state 3 respiration (Table I).
Among the DAGs, DOG exhibited significant uncoupling.

The other tested DAGs, including OAG, exhibited little or
no inhibition of state 3 respiration.

DISCUSSION

The novel observations of the current study point
to a potential mode of Ca’>* release in mitochondria that
can be synchronized with physiological events inducing
elevation of cytosolic [Ca*] either throughout the cell
or in microdomains. Our primary finding is that OAG
releases Ca’* sequestered by mitochondria isolated from
rodent tissues but not from sweet potato. Plants do possess
multiple pathways that ultimately result in DAGs produc-
tion (Wang, 2004). The importance of the lack of effect
of OAG on sweet potato mitochondria is twofold: (i) it
demonstrates biological diversity and (ii) it weakens the
possibility of an artifact of OAG on lipid membranes, im-
plicated previously (Allan et al., 1978; Leikin et al., 1996;
Szule et al., 2002).

Additional lines of evidence argue against a Ca?*-
ionophoretic activity of the diacylglycerol or an unspecific
effect on bilayers leading to ion permeability: (i) follow-
ing Ca’* release upon exposure to OAG in mammalian
mitochondria, extramitochondrial [Ca2*] returns to base-
line values; an ionophore would lead to the establishment
of a new steady-state [Ca>*]; (ii) OAG does not cause
any swelling during the initial Ca’* release, excluding
the possibility of an unspecific hole-forming effect or ac-
tivation of the PTP; (iii) several effective 1,2-DAGs do
not exhibit any uncoupling properties that would be obvi-
ous if they nonselectively permeabilize the mitochondrial
inner membrane; (iv) application of OAG to the patches

Table 1. Effects of Di- and Monoacylglycerols and Farnesyl Thiotriazole (FTT) on Rat Brain
Mitochondrial Oxygen Consumption

State 4 (effector added State 4 (effector added
State 3 before oligomycin) after oligomycin)

Vehicle, (n = 12) 131 +£3 16 £1 16+1

OAG (n=106) 102 £ 4* 16 £ 1™ 16 £ 1™
2-MG (n=5) 110 £ 9* 29 £ 2% 151
DDC (n =3) 125 £+ 6™ 15£1™ 14 £ 1™
DOL (n = 3) 113 £ 6* 151 14 £ 1"
DOG (n =3) 130 £ 9™ 21 £2* 17£1™
FTT (n=3) 48 £ 4* 34 £ 2% 29 £ 2*
HDAG (n = 3) 96 + 5* 14+£1™ I5£1™
SAG (n=3) 126 £ 75 151 14 £ 1"

Note. All di- and monoacylglycerols and FTT were tested at 100 ©M concentration. n: number of
independent experiments. Statistics: Mann-Whitney rank sum test; *: significant compared to con-
trol (vehicle), p < 0.001, ns: not significant compared to control. Values are given as nmol/min/mg
protein and expressed as standard errors of the mean, rounded to the nearest integer.
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does not always result in channel activity, arguing against
a nonspecific membrane stressing effect; (v) no currents
are observed with patched liposomes upon exposure to
the diacylglycerol.

To test the hypothesis that OAG induces Ca>* ef-
flux through previously described mitochondrial flux
pathways, we blocked independently the uniporter, the
Na*/Ca’* exchanger, and the PTP. Blocking the uniporter
with Ru360 preventing bidirectional Ca?* transport by
this pathway (Matlib et al., 1998) does not inhibit and,
as expected, actually potentiates the OAG-induced Ca’*
release from mitochondria or mitoplasts; the amplitude
of the release is greater in the presence of Ru360 due to
the inability of the uniporter to reaccumulate Ca>*, hence
also the lack of post-OAG extramitochondrial [Ca>*] de-
cay. This observation also argues against an uncoupling
mode of action of OAG since uncoupler-induced calcium
efflux occurs via reversal of the mitochondrial uniporter
(Bernardi et al., 1984). In addition, the uniporter is rela-
tively impermeable to K™ while our electrophysiological
recordings were made using symmetrical KCl solutions.
Moreover, single uniporter channels have multiple sub-
conductance states between 2.6 pS and 5.2 pS at —160 mV,
but the OAG-induced conductances are ~200 pS. There-
fore, it is clear that the OAG-induced channel is not the
uniporter characterized recently (Kirichok et al., 2004).
La’* inhibits completely the OAG response, while in our
hands, La’t (1 mM) does not eliminate the release of Ca**
from mitochondria induced by respiratory inhibition or
uncoupling. Blockade of the Na*/Ca?* exchanger with
CGP-37157 does not antagonize the OAG effect; more-
over, the fast kinetics of the initial OAG-induced Ca2*
efflux argue against the involvement of a slow exchanger.
In addition, the absence of Na* in the medium eliminates
the Nat/Ca?* exchanger as the mechanism.

We furthermore conclude that the initial rapid Ca>*
efflux induced by OAG is not due to PTP opening because:
(1) it is insensitive to any PTP inhibitor tested; (ii) OAG-
induced channel activity exhibits conductances ~6 times
lower than those characteristics of PTP (Loupatatzis et al.,
2002); (iii) OAG induces Sr’* release from Sr>*-loaded
mitochondria, whereas Sr>* does not promote PTP forma-
tion (Hunter et al., 1976); (iv) OAG does not induce any
large-amplitude swelling during the initial Ca>* release
and, in accordance with our observations, DAGs were
shown earlier not to induce swelling of liver mitochon-
dria (Pastorino et al., 1999). In contrast, the delayed Ca?t
rise exhibits robust evidence of PTP, including sensitiv-
ity to PTP inhibitors and large-amplitude mitochondrial
swelling. At least one component leading to the delayed
formation of PTP is the intense Ca>* cycling substantiated
by the OAG-induced Ca%* channel(s) and the uniporter;
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however, in rat liver mitochondria, the presence of Cys A
did not extend significantly the threshold for PTP induc-
tion in the presence of OAG, in spite of the immensely
protecting effect of the immunophilin against high-Ca>*
mitochondrial loading in the absence of the diacylglyc-
erol. Since DAGs activate PLA, which is also found in
mitochondria (Nachbaur and Vignais, 1968), the OAG in-
duced secondary phase of Ca’* release could be due to
activation of this enzyme, which is known to contribute to
induction and/or maintenance of PTP (Broekemeier and
Pfeiffer, 1989; Rustenbeck et al., 1996); however, neither
aristolochic acid, nor bromoenol lactone (both inhibitors
of PLA,) inhibited mitochondrial Ca?*-induced Ca2™ re-
lease (mCICR) under the exact conditions in the absence
of OAG (Chinopoulos et al., 2003).

Phorbol esters can substitute for diacylglycerol in
activating both protein kinase C (Nishizuka, 1995) and
non-PKCs (Brose et al., 2004). Substitution of OAG for
PMA fails to induce Ca%* efflux. Moreover, inclusion
of five different PKC inhibitors does not ameliorate the
OAG effect and even potentiates it. Such a scenario has
been reported for DAG-sensitive TRP channels on the
plasma membrane (Venkatachalam et al., 2003). How-
ever, the possibility of TRP channels being present in
mitochondria has been previously excluded (Chinopoulos
et al., 2003). A caveat here is that contemporary phar-
macological PKC antagonists targeting the C1 domain
bind with similar affinities to non-PKCs possessing the
same domain activated by DAG/phorbol esters (Yang and
Kazanietz, 2003). The question arises, as to why would
there be PKC in our isolated mitochondria preparations,
since it translocates to the organelles as a reaction to cell
stress; probably, the mitochondrial isolation procedure is
damaging enough (decapitation of the animal, transient
hypoxia of the tissue) to cause PKC translocation.

To characterize further the mode of action of DAGs
on mitochondria, we tested di- and monoacylglycerols by
varying the position of the acyl groups. Only 1,2-sn-DAGs
induce release of Ca?t, while 1,3-sn-DAGs are inactive.
Among monoacylglycerols, 1-MG is not effective, as op-
posed to 2-MG that releases Ca’* vigorously. As a com-
parison, PKC is not activated by 1,3-DAGs nor monoa-
cylglycerols, but is activated by 1,2-DAGs (Nishizuka,
1995). 2-MG induces powerful uncoupling in addition to
causing Ca?* efflux that is insensitive to PTP inhibitors.
At this juncture, it is not known if 2-MGs and 1,2-DAGs
share the same target(s) on mitochondria or if 2-MG has
an alternative mode of action. La’* inhibits the 2-MG-
induced Ca®t release completely; however, La’t also in-
hibits palmitic acid-induced PTP (Sultan and Sokolove,
2001) and Ca* flux through the uniporter. The universal
ability of La** to block all forms of mitochondrial Ca>*
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release therefore limits its usefulness in delineating the
individual mechanism involved in OAG-induced release.

In addition to regulation by diacylglycerol or phorbol
esters, DAG targets require Ca’>" and PS (Bell and Burns,
1991). Inclusion of PS to the suspension does not have an
effect on the OAG-induced Ca*t efflux; however, PE po-
tentiates the OAG response. At this juncture, we cannot at-
tribute the PE potentiating effect on a biologically relevant
mechanism or on the possibility that PE is a better vehicle
for OAG in solution. Concerning the requirement of ma-
trix CaZt, our experiments demonstrate that OAG causes
release of Ca>* from Ca’*-loaded mitochondria but does
not allow Ca* influx in mitochondria treated with Ru360.
It is therefore possible that the target molecule(s) of OAG
on the inner mitochondrial membrane possess binding
site(s) for Ca?* located at the inner leaflet of the mem-
brane. This is a very similar scenario to the one involving
PKC: Ca?* increases the affinity of conventional PKCs for
negatively charged lipids and this increase varies linearly
with Ca?* concentration in the low uM to submillimolar
range (Mosior and Epand, 1994). OAG also releases se-
questered strontium; however, due to the almost identical
molecular radius of Sr’>* to Ca®*, Sr’* may substitute
for Ca>* for whatever means. The requirement for accu-
mulated intramitochondrial Ca?>* for DAGs-induced Ca>*
release can be envisioned as a mechanism preventing mi-
tochondria from buffering all the Ca’* coming from other
sources during PIP, hydrolysis. The necessity of an oblig-
atory metabolite (DAG) sets the mechanism in synchrony.

It is clear that mitochondria host DAG targets
(see Introduction), though the two major DAG clear-
ance pathways, DAG kinase and DAG lipase, have not
been unequivocally identified these organelles (Bothmer
et al., 1992); nevertheless, 1,2-diacyl-sn-glycerol is a
reactant or product in 23 reactions, spanning among
four different biochemical pathways (for a complete
description of the involvement of DAGs in biochem-
ical pathways, see: http://www.genome.jp/dbget-bin/
www_bget?compound+C00641), leaving multiple candi-
dates for DAG clearance; parts from the overall reactions
in all four pathways are hosted by mitochondrial mem-
branes or take place in the matrix (Murray, 2003).

In summary, DAGs release sequestered Ca>* from
isolated mitochondria, most likely mediated through novel
channels located on the inner mitochondrial membrane,
or a single channel with multiple substates. It remains to
be determined if DAGs are the physiological inducers for
this channel activity during signal transduction in cells
associated with activation of phospholipase C. This is an
exciting possibility linking the triad of signal transduc-
tion, intracellular Ca2T homeostasis, and mitochondrial
bioenergetics.
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