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Inorganic polyphosphate

An unusual suspect of the mitochondrial permeability transition mystery
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Inorganic polyphosphate (polyP) is a
naturally occurring polyanion made
of ten to several hundred orthophos-
phates (P) linked together by phospho-
anhydride bonds. PolyP is ubiquitously
present in all organisms from bacteria
to humans. Specific physiological roles
of polyP vary dramatically depending
on its size, concentration, tissue and
subcellular localization. Recently we
reported that mitochondria of ventricu-
lar myocytes contain significant amounts
(280 £ 60 pmol/mg of protein) of polyP
with an average length of 25 orthophos-
phates, and that polyP is involved in
Ca**-dependent activation of the mito-
chondrial permeability transition pore
(mPTP). Here we extend our study to
demonstrate the involvement of mito-
chondrial polyP in cardiac cell death.
Furthermore, we show that polyP levels
depend on the activity of the respiratory
chain and are lower in myocytes from
failing hearts. We conclude that polyP is
a dynamically regulated macromolecule
that plays an important role in mPTDP-
dependent cell death pathway.

Introduction

Inorganic polyphosphate (polyP) is a
polyanionic polymer consisting of tens
to hundreds of orthophosphate molecules
linked together by phosphoanhydride
bonds like in ATP. PolyP is present in all
living organisms ranging from bacteria to
human. While the presence of polyP in
mammals has been documented several
decades ago, its physiological roles are still
poorly understood. It has been proposed

Channels

that in mammals (and generally in higher
eukaryotes) polyP is a versatile macro-
molecule which can play multiple roles.
Examples of the roles of polyP in mam-
malians include: skeletal mineralization,’
blood coagulation and inflammation,” cell
bioenergetics,® ion channel function* and
nuclear transcription.’

At present, very little is known about
the molecular details of polyP metabo-
lism. Recently it was demonstrated that a
number of enzymes possess polyP hydro-
lyzing activity. This includes metastasis
regulator protein H-prune, which is a
short-chain specific polyP hydrolase® and
a long-chain endopolyphosphatase that
was purified from rat and bovine brain.”
Finally, polyP can activate the protein
kinase mTOR.* However, it remains an
open question to whether polyP metabo-
lizing activity is the central functional role
of these enzymes. Furthermore, to date,
no mammalian polyP producing enzymes
have been identified.

One of the most intriguing and least
intuitive roles of polyP is its involvement in
membrane ion transport. In 1988, Reusch
and Sadoff, using bilayer techniques,
demonstrated that genetically competent
E. coli bacteria contain an ion channel
formed by a complex of polyP and poly-
B-hydroxybutyrate (PHB).” The channel
formed by polyP/Ca*/PHB interaction
was selective for cations with a preference
for Ca?*>!° Later a similar polyP/Ca®'/
PHB channel was isolated from rat liver
mitochondria.!’ Interestingly, in addition
to the cation selective conductance state,
this mitochondrial complex also dem-
onstrated a high-conductance, weakly
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selective, voltage-dependent state. These
properties, in many ways, reflected the
behavior of the mitochondrial perme-
ability transition pore (mPTP) as seen in
patch-clamp studies of native mitochon-
drial membranes.!*"® Interestingly, the
polyP/Ca*/PHB channel of bacterial ori-
gin also has this high-conductance state'
and the transition of the channel into a
high-conductance state would most likely
be deleterious for bacterial organisms,
raising the question whether most of the
time the bacterial channel is either closed
or is in the low-conductance cationic state.
The different bacterial conductance states
are reminiscent of conductance states
proposed for the mPTP."" The parallels
between bacteria and mitochondria also
suggest that similar cationic channels may
play a role in normal mitochondrial func-
tion. In support of such notion, the polyP/
Ca?*/PHB complex has been detected in
various eukaryotic organisms and cellu-
lar compartments suggesting a potential
physiological role."

Currently, the direct test whether a
polyP/Ca*/PHB complex indeed forms
the pore part of the mPTP in intact
mitochondria remains an experimental
challenge. Nonetheless, the idea that the
presence of polyP in intact mitochondria
is an essential condition for mPTP open-
ing remains an intriguing hypothesis.
Indeed, it was shown that mitochondria of
cultured cells with reduced levels of polyP
are more resistant toward mPTP opening
and Ca**-induced cell death.”

In our recent work, we have found that
in cardiac cells, polyP is a potent activator
of Ca?*-induced mPTP opening.?® In the
heart, mPTDP activity is directly linked to
tissue damage and cell death during stress
conditions including ischemia-reperfusion
injury. Inhibition of mPTP is considered
to be one of the central strategies for pro-
tective medical intervention. Thus, the
discovery of a novel critical regulator of
mPTP is expected to have a significant
impact on the development of specific
pharmacological approaches toward dis-
ease treatments.

Here we expand our study and inves-
tigate the link between endogenous levels
of polyP and cell bioenergetics in car-
diac tissue. Furthermore, we experimen-
tally demonstrate a relationship between
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mitochondrial polyP and stress-induced
cell death in the heart.

Results and Discussion

Effect of mitochondrial metabolic activ-
ity on polyP concentration. Earlier
studies in mammalian cultured cells
demonstrated rapid turnover of polyP.
Specifically, it was found that if radioac-
tive *’P, was added to cultured cells it was
incorporated into polyP within minutes
to hours.?! Furthermore, lysis of cells
resulted in a loss of polyP synthetic activ-
ity. The authors postulated that polyP
synthesis is an energy-dependent process
which requires participation of mitochon-
dria.?"??* More recently, dynamics of polyP
production and utilization were measured
in isolated rat liver mitochondria and in
intact cultured cells.> Here we investi-
gate the kinetics of mitochondrial polyP
metabolism in cardiac cells. The relative
changes in levels of polyP were measured
using the fluorescent probe DAPI, with a
protocol optimized for polyP detection.”
Experiments were performed in intact
cells. We found that addition of mem-
brane permeable methyl-succinate, the
substrate of the complex II of the mito-
chondrial respiratory chain, resulted in an
increase in DAPI fluorescence by 36 + 8%
(n = 8), indicating significant stimulation
of the production of mitochondrial polyP
(Fig. 1A and B). On the other hand,
uncoupling of respiration with FCCP
decreased DAPI fluorescence by 29 + 4%
(n = 8), presumably due to the stimulation
of polyP hydrolysis. This indicates that
polyP concentration in cardiac myocytes
is variable and depends on levels of energy
substrates and the degree of coupling
of the mitochondrial respiratory chain.
Interestingly, polyP metabolism was sig-
nificantly suppressed in mitochondria
of myocytes isolated from animals with
heart failure (HF). Addition of methyl-
succinate caused only a moderate increase
in DAPI fluorescence (16 + 2%, n = 10)
(Fig. 1A and B). This observation raises
the intriguing possibility that a reduction
of polyP levels and diminished polyP syn-
thesis reflect an important adaptive and
protective mechanism that results from
the complex remodeling processes during
cardiac hypertrophy and heart failure. In
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HF, the propensity for mPTP opening is
increased due to many different causes,
including altered mitochondrial Ca** han-
dling, compromised mitochondrial respi-
ration and enhanced ROS formation.?**
Furthermore, in patients suffering from
chronic heart failure, a 2-fold increase in
blood B-hydroxybutyrate, a precursor of
PHB, has been reported.** According to
the hypothesis that a polyP/Ca*/PHB
complex has channel properties and might
form the mitochondrial permeability pore,
increased B-hydroxybutyrate levels may
further favor mPTP formation and open-
ing in HF. On the other hand, the reduced
mitochondrial polyP levels found in HF in
this study can be interpreted as an adap-
tive and protective mechanism against
enhanced vulnerability to mPTP open-
ing in cardiac disease. Finally, respiratory
chain activity is significantly impaired in
HF? and, thus, can also contribute to
lower the sensitivity to mPTP opening by
a mechanism which is not directly linked
to polyP. Altogether, the data demonstrate
the existence of a link between mitochon-
drial activity and polyP metabolism, and
are in good agreement with previous find-
ings that reported a strong dependence of
polyP metabolism on cellular and mito-
chondrial energy metabolism.?

Effect of polyP depletion on cell con-
tractility and viability under working
conditions. Our recent data demonstrated
that depletion of polyP did not cause
detectable changes in Ca** signaling dur-
ing excitation-contraction coupling in
cardiac cells under normal physiological
conditions.”” However, mitochondria of
polyP depleted cells were resistant to Ca®*-
induced mPTP opening. Thus, we hypoth-
esized that cells with depleted polyP will be
protected against stress conditions related
to Ca?* overload. To test this hypothesis,
we compared normal and polyP-depleted
ventricular myocytes in respect to cell sur-
vival during extended working conditions.
To deplete endogenous polyP levels, rab-
bit ventricular myocytes were adenovirally
infected for 24 h in short-term culture to
overexpress an exopolyphosphatase (PPX).
Cells were subjected to an electrical pacing
protocol (1 Hz field stimulation at room
temperature) for 10 min. In addition, cells
were stained with Trypan blue to evaluate
whether continuous contractile activity
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lead to cell death. As shown in Figure 2,
only ~30% of control cells were beating
regularly at the end of the continuous stim-
ulation period with a significant portion
(~-50%) of examined cells (n = 77) chang-
ing their shape and undergoing hypercon-
tracture. In contrast, PPX-expressing cells
with depleted polyP levels demonstrated an
increased resistance to contractile dysfunc-
tion and cell death. From a total number
of 80 PPX-expressing cells examined, only
~30% of total hypercontracted, while 64%
remained regularly beating (Fig. 2B). The
trypan blue exclusion test revealed that at
the end of the stress test, only a small per-
centage of hypercontracted cells had a rup-
tured plasma membrane in both control
and PPX cells with an increased number
of dead cells observed in control (~15% of
total) vs. PPX (~5% of total) group.

In isolated cardiac myocytes, continu-
ous contractile work load can lead to cell
damage, presumably as a result of exces-
sive Ca®* overload. Furthermore, our
observations indicate that mitochondrial
polyP contributes toward the develop-
ment of cell damage. The exact mecha-
nism of polyP contribution remains to be
established, however, it is likely to involve
Ca?**-uptake
invoking a scenario where the formation
of polyP/Ca®/PHB complex is linked
to the activation of mPTP. Nonetheless,
other possibilities should be considered.
It is noteworthy, that during pathological
Ca* overload, mPTP activation does not
depend on the concentration of free mito-
chondrial Ca*, but likely depends on the
dynamics of formation of Ca?*-phosphate
precipitates inside the matrix.””?® This
raises the tantalizing possibility that the
formation of Ca%-polyP precipitates
rather than Ca?*-Pi precipitates is respon-
sible for the deleterious effect of Ca** over-

excessive  mitochondrial

load on mitochondrial function.?
Materials and Methods

Cell isolation and culture. Left ventricu-
lar myocytes were enzymatically isolated
from adult New Zealand white rabbits
(2.5 kg; 3—4 mo old; Myrtle’s Rabbitry)
by coronary cannulation and perfusion as
described previously.® Heart failure was
induced by combined left ventricular pres-
sure and volume overload.*!
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Figure 1. Mitochondrial polyP concentration is highly variable and depends on respiratory activ-
ity. (A) Original recordings of DAPI fluorescence changes in intact cardiac myocytes stimulated
with 5 mM methyl-succinate followed by 5 uM FCCP from control (black) and failing myocytes
(gray). DAPI fluorescence represents changes in polyP concentration. (B) Average values of maxi-
mal DAPI fluorescence after methyl-succinate (left) and minimal DAPI fluorescence during FCCP
(right) addition in control (black) and heart failure (gray) cells.

Isolated cells were kept in MEM solu-
tion with 50 pM Ca** at room tempera-
ture (22-24°C) until they were used for
experimentation or short-term (24 h) cell
culture (see below).

All  protocols were in accordance
with the Guide for the Care and Use
of Laboratory Animals published by
the National Institutes of Health and
approved by the institutional Animal Care
and Use Committee.

PolyP measurements. PolyP levels
were estimated in intact cells loaded with
5 mg/ml 4',6-diamidino-2-phenylindole,
dihydrochloride (DAPI) for 30 min at
37°C.? DAPI was excited with 408-nm

laser light, and emitted fluorescence was
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measured at 552—617 nm. Background
subtracted DAPI fluorescence intensity
(F) in each experiment was normalized to
the level of fluorescence recorded prior to
stimulation (F ). Changes in PolyP levels
are expressed as F/F .

PolyP depletion. To decrease polyP
concentration, cells were infected with
an exopolyphosphatase (PPX)-expressing
described  previously.?
Normal control cells were infected with

adenovirus as

an adenovirus expressing only GFP.
Myocytes were cultured on laminin-
covered glass coverslips in PC-1 medium.
Experiments were performed 24 h after
infection with GFP- or PPX-expressing

adenoviruses.
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Figure 2. Polyphosphate depletion increases cell resistance to continuous work load and prevents hypercontracture. (A) Typical images of control
GFP-expressing cells loaded with 10 nM tetramethylrhodamine methyl ester, a mitochondrial membrane potential sensitive dye, to point out the
morphological changes seen during the stress test. Cells on the right represent an example of cells undergoing hypercontracture, which was defined
as > 60% of shortening with respect to the initial cell length with concomitant morphological distortion of cell geometry (round-shaped morphology).
(B) Summary of percentage of control and PPX-expressing cells (from the total amount of cells investigated), which underwent hypercontracture (left),
remained normal function (regular beating cells, middle left), became arrhythmic (middle right) and died (right). Cells were stained with 0.01% Trypan

blue for 10 min at room temperature.

Conclusion

In conclusion, our data are consistent with
a key role for polyP in activation of the
mPTP and in regulation of stress-induced
cell death. We speculate that endogenous
levels of mitochondrial polyP reflect the
ability of the cell to survive stress condi-
tions. Mitochondrial polyP concentra-
tion is subject to remodeling processes in
heart failure and the decreased polyP lev-
els represent a protective measure against
enhanced mPTP activity in cardiac
disease.
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