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Abstract

The mitochondrial ATP dependent matrix protease, Lon, is involved in the maintenance of
mitochondrial DNA nucleoids and degradation of abnormal or misfolded proteins. The Lon
protease regulates mitochondrial Tfam (mitochondrial transcription factor A) level and thus
modulates mitochondrial DNA (mtDNA) content. We have previously shown that hypoxic stress
induces the PKA-dependent phosphorylation of cytochrome ¢ oxidase (CcO) subunits I, 1Vil, and
Vb and a time-dependent reduction of these subunits in RAW 264.7 murine macrophages
subjected to hypoxia and rabbit hearts subjected to ischemia/reperfusion. Here, we show that Lon
is involved in the preferential turnover of phosphorylated CcO subunits under hypoxic/ischemic
stress. Induction of Lon protease occurs at six to twelve hours of hypoxia and this increase
coincides with lower CcO subunit contents. Over-expression of flag-tagged wild type and
phosphorylation site mutant Vb and Vil subunits (S40A and T52A, respectively) caused marked
degradation of wild type protein under hypoxia while the mutant proteins were relatively resistant.
Furthermore, the recombinant purified Lon protease degraded the phosphorylated 1Vil and Vb
subunits, while the phosphorylation-site mutant proteins were resistant to degradation. 3D
structural modeling shows that the phosphorylation sites are exposed to the matrix compartment,
accessible to matrix PKA and Lon protease. Hypoxic stress did not alter CcO subunit levels in Lon
depleted cells, confirming its role in CcO turnover. Our results therefore suggest that Lon
preferentially degrades the phosphorylated subunits of CcO and plays a role in the regulation of
CcO activity in hypoxia and ischemia/reperfusion injury.
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Introduction

Cytochrome c oxidase (CcO) is a multi-subunit terminal oxidase of mitochondrial electron
transport chain complex (ETC) which plays a key role in the regulation of ATP production
(1-4). The CcO is a highly regulated enzyme whose activity is modulated by O, tension,
membrane lipid environment, hormonal regulation and also by protein modification
(1;2;4;5). Altogether, 18 putative phosphorylation sites have been identified on the 13
subunits of this bigenomic complex under different physiological and pathological
conditions (6). Lee et al. (7) showed that T304 phosphorylation of subunit I by a Tyr kinase
under normal physiological conditions inhibits CcO activity. Work from our laboratory
showed that subunits I, 1Vil and Vb of CcO complex (4;8;9) are reduced during hypoxia and
myocardial ischemia/reperfusion stress in rodents and rabbits and these subunits are
phosphorylated by a novel cAMP-independent mitochondrial matrix PKA (4). Using
nanoLC MS-MS analysis, the myocardial ischemia/reperfusion-induced phosphorylation
sites of CcO subunits were mapped to positions S115 and S116 of subunit I, S40 of mature
subunit Vb and T52 of mature subunit 1Vil (10). Manfredi’s group, on the other hand,
showed that phosphorylation of subunit 1Vil by a mitochondrial cCAMP-dependent PKA at
Ser58 modulated an increase in CcO activity under physiological conditions possibly
through modulation of ADP/ATP binding (11). Thus, reports from various groups suggest
both inhibition and activation of CcO activity by site- specific phosphorylation of different
subunits (12;13).

Altered CcO function is an important biomarker for a number of pathophysiological
conditions (12;14-16). As we and others have shown, CcO activity is disrupted under
myocardial ischemia/reperfusion injury due to selective reduction of some key subunits
involved in the assembly of the complex or its stability (4;9;17-19). Reduced subunit levels
have been shown in solid tumors (20) although a recent study showed that highly
proliferative drug resistant tumor cells contain a robust CcO activity (21). Furthermore,
reduced CcO activity is an important marker for a number of neurodegenerative diseases
such as Parkinson’s disease (22;23). Studies from our and other laboratories also imply that
CcO dysfunction may directly or indirectly contribute to increased ROS production (4;24—
26). More important, CcO disruption causes dissociation of ETC super-complexes consisting
of Complex I, Complex Il and complex IV which may be the source of ROS through
electron spillage and also reduced respiration coupled ATP synthesis. It is therefore
important to understand the precise mechanism of CcO subunit loss and loss of enzyme
activity under hypoxia and ischemia/reperfusion injury.

In this paper we show that mitochondrial Lon protease, which is induced under hypoxia and
ischemia/reperfusion plays a direct role in the degradation of nuclear encoded CcO subunits
IVil and Vb. Importantly, PKA mediated phosphorylation functions as a signal for Lon-
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mediated degradation of these subunits. Phosphorylation resistant mutant proteins S40A Vb
and T52A Vil showed resistance to Lon mediated degradation in /n vitro reactions
reconstituted with purified Lon and also in cells exposed to hypoxia. Additionally, cells
expressing T52A mutant 1Vil showed resistance to hypoxia-mediated loss of subunits as
well as enzyme activity. These results for the first time demonstrate a mechanism for Lon
mediated degradation of CcO under pathophysiological conditions.

Materials and Methods

Cell Types, Culture conditions and Hypoxia

RAW 264.7 mouse monocyte macrophages were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% (v/v) heat-inactivated fetal calf serum as described before
(10). Cells at 80-90% confluency were grown under hypoxic conditions (0.2% O,) or
normoxic conditions (21% O,) for 6—12h as described before (10).

In our previous studies we used myocardial ischemia and hypoxia in RAW264.7 cells
because they are highly sensitive to hypoxia (4;26;27). We also used C2C12 skeletal
myocytes which are relatively more resistant to hypoxia. Furthermore most of our CcO
knockdown studies were carried out with these cells. CcO KD by stable expression of
SshRNA induced extensive cell death. Furthermore, knock down of mitochondrial Lon
protease MRNA was generated by our collaborator (42) in HCT116 colon cancer cells. We
used these cells for testing the effects of Lon in CcO subunit degradation.

Ischemia and Perfusion Protocol

All animal procedures were carried out in conformance with the Guidelines for the Care and
Use of Laboratory Animals from the National Institutes of Health. Hearts from New Zealand
male white rabbits (2-2.5 kg) were removed after euthanasia and perfused using a
Langendorff perfusion apparatus as described before (4;28). The aorta was cannulated and
the heart suspended on a Langendorff perfusion apparatus in which the coronary arteries
were perfused from a reservoir with oxygenated temperature-controlled Tyrode’s solution at
a constant pressure of 80 mmHg. The heart was surrounded by a temperature — controlled 50
ml chamber with an overflow so that the heart was submerged in its effluence. Coronary
flow was measured by a timed drip count from the overflow. Bipolar electrocardiograms (X
and Y leads) were recorded by two pairs of 1cm diameter gold plated electrodes that were
affixed to the walls of the chamber. In order to monitor contractility, a water filled latex
balloon, connected to a pressure gauge was inserted into the left ventricular cavity.
Following normal perfusion at about 37—-40 ml/min for 20 min, Global ischemia was
induced without complete disruption of coronary circulation by reducing aortic perfusion to
2.5ml/min for 20 min as described before (4). Control hearts were perfused at normal flow
rates for 20 min. Following global ischemia, the hearts were perfused at normal rates for 1-
2h to inflict reperfusion injury.

Isolation of mitochondria and assay of CcO activity

Mitochondria were isolated from cells and myocardial tissue by differential centrifugation of
cell and tissue homogenates in mitochondria isolation buffer (70 mM sucrose, 220 mM
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mannitol, 10 mM HEPES, pH 7.4, and 2 mM EDTA) as described before (29). CcO activity
with isolated mitochondrial preparations was measured in cholate containing buffer at 550
nm in a final volume of 1 ml using a Cary-1E spectrophotometer (Varian Instruments,
Walnut Creek, CA). The assay medium consisted of 100 uM reduced cytochrome ¢, 10 mM
sodium phosphate buffer, pH 7.2 and 0.02% cholate. The decrease in absorbance at 550nm
reflects the rate of oxidation of reduced cytochrome C by CcO (8). The CcO activity
expressed as nMol cytochrome ¢ oxidized/mg protein/min varied nearly 10 folds in different
cell types studies with lowest activity in the range of 30nmol in HCT116 cells and highest
activity in macrophages (~350 nmol).

In Vitro import of proteins into mitochondria

Mitochondria were isolated from control and ischemic hearts and used for /n vitro import
using a system described before (30-32). The import buffer contains 15 mM glutamate and
10 mM malate as energy source. The import assays were carried out in a 100-pl final volume
and treated with 50 pg/ml trypsin for 15 min on ice, as described before (33). Trypsin-
treated samples were mixed with a 10-fold excess of trypsin inhibitor, and mitochondria
were recovered by sedimentation through 0.8M sucrose. Untreated mitochondrial suspension
was diluted with mitochondrial isolation buffer and passed through 1 M sucrose. Resulting
mitochondrial pellets were washed once with mitochondrial isolation buffer in the presence
of 0.1 mM PMSF, and mitochondrial proteins were solubilized in 2x Laemmli buffer for 5
min at 95 °C and analyzed by SDS-PAGE. The gels were imaged through a STORM
radiometric imager (Molecular Dynamics Inc).

Measuring PKA activity

Raw 264.7 mouse monocytes grown under hypoxia or normoxia were homogenized and
mitochondria were isolated as described above and lysed in a detergent containing buffer
provided in the kit. The lysate was clarified at 15,000 x g for 10 min and the supernatant was
used for measuring the activity. Protein kinase A (PKA) activity was measured using the
ELISA based PKA activity assay kit (Enzo Life Sciences, Villeubanne, France) according to
manufacturer’s instructions. Briefly, plates pre-coated with substrate were used. Each
reaction contained 10pg of mitochondrial extract or cytosolic protein fractions and the
reaction was initiated by adding ATP. The PKA activity was detected by using primary
antibody and HRP-conjugated secondary antibody specific to the coated substrate. Active
PKA provided in the kit was used as positive control and the assay buffer provided in the kit
was used as negative control. Final reaction was measured by adding TMB substrate and the
absorbance was measured at 450nm in a Chemeleon Multilabel detection platform. PKA
inhibitor H89 (5uM) was added at the start of the reaction.

Chase of in vitro imported proteins

After the /in vitroimport of 35S labeled WT and mutant CcO subunits, mitochondria were
treated with 50 pug/ml of trypsin on ice for 15 minutes. Trypsin was inhibited by 10-fold
excess of soybean trypsin inhibitor and mitochondria were passed through 0.8M sucrose
cushion. Mitochondrial pellet was washed, and resuspended in 20mM HEPES-KOH pH
7.2/250 mM sucrose, 10 mM MgCl, and 2 mM ATP and incubated at 370C for 60-90 min
for chasing the 35S label on CcO subunits. After the chase, samples were washed with the
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incubation buffer, repelleted and proteins were resolved by SDS-PAGE. The 3°S labeled
proteins were analyzed by imaging through the STORM (Molecular dynamics).

Transient transfection of Lon and flag-tagged CcO subunits in RAW 264.7 macrophages

Lon cDNA was cloned in mammalian expression vector PCDNA 3.1 and C-terminally
FLAG tagged with intact targeting signals of CcO IVil and Vb cDNAs were cloned in
pBABe Retroviral vector. Macrophages grown in Dulbecco's modified Eagle's medium to
40% confluence were co-transfected with Lon and flag-tagged CcO subunit cDNASs cloned
in pCDNA vector (5g DNA each/60mm plates) using Targefect, a non-liposomal
transfection reagent (Targeting systems, CA) as per manufacturer’s protocol. After 48h of
transfection, cells were subjected to hypoxia as described above. Total cell proteins were
extracted in 10 mM Tris-HCI pH 7.5 containing 1 mM EDTA and 1% SDS buffer and
analyzed by SDS-PAGE and western blot.

Purification of recombinant proteins from E. coli cells

The human mitochondrial Lon was expressed and purified from the Rosetta £. coli strain
(Novagen) as described previously (34). Briefly, bacteria producing an amino-terminal hexa
histidine-tagged to Lon lacking its predicted mitochondrial targeting sequence were
resuspended in Solution A (0.2 M NaCl, 25 mM Tris buffer, pH 7.5, 20% glycerol, 2 mM B-
mercaptoethanol) and sonicated on ice. The lysate was centrifuged, and the supernatant was
loaded onto a Ni2*-NTA column (Qiagen). The column was washed three times with NTA
buffer (0.5 M NaCl, 25 mM Tris, pH 7.5, 20% glycerol) and five times with Solution A
containing 40 uM Imidazole. Lon bound to the column was eluted in three steps with
Solution A containing 0.1, 0.2, or 0.3 M imidazole. Su9-DHFR DNA cloned in pET 28(a+)
vector (Invitrogen), was expressed in £. co/iBL21 (DE3) Codon Plus (RIL) cells and
purified to 95% homogeneity as described above. The cDNAs encoding the mature mouse
CcO subunits Vil and Vb (both WT, T40A Vb and T52A Vil mutants) were cloned into £.
coli expression vector pET28(a+) to generate a hexa histidine tag at the N-termini. The
cDNA constructs were expressed in £. co/iBL21 (DE3) Codon Plus (RIL) (Stratagene) at
37°C for 3 hours in the presence of 1 mM isopropyl-1-thio-p-D-galactopyranoside. Wild
type and mutant subunits were sequestered in insoluble inclusion bodies. The inclusion
bodies were solubilized in 50 mM Tris-HCI, pH 8.0 containing 8 M urea and purified using
a Ni 2*-NTA column (QIAGEN Inc.). The urea solubilized protein was refolded by dialyzing
the protein for 3 hours in each of 50mM Tris-HCI pH8.0, 1 mM B-mercaptoethanol buffer
containing 6M, 4M, 2M, 1M, 100 mM urea respectively with 0.075% deoxycholate. Finally,
the storage buffer (20mM Tris-HCI, pH 8.0, 1 mM B-mercaptoethanol, 10% glycerol,
0.075% deoxycholate) without urea was used for dialysis.

Generation of stable CcO subunit IVil knockdown cell lines

shRNA targeted to CcO subunit IVil was cloned into pSilencer 2.0 vector. A sequence with
no significant homology to any mouse transcript was also cloned and used as a control.
C2C12 mouse skeletal myoblasts were maintained in DMEM supplemented with 10% FBS
and 0.1% PenStrep. Cells were grown to 60% confluence in 6-well plates, and 2 pg of
pSilencer plasmid per well (containing either CcO Vil or control ShRNA) was transfected
using Fugene HD according to the manufacturer's instructions. About 48h post transfection,

Biochim Biophys Acta. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sepuri et al.

Page 6

the cells were switched to selection media containing 250 pug/ml G418, 48 h after
transfection and maintained for two weeks with media changes every three to four days.
Selected colonies were analyzed for CcO Vil levels by both real-time PCR and Western
blotting. For ectopic expression of CcO Vil subunit in the knockdown cells, wild type or
S52A mutant cDNA was cloned in PMXS lentiviral vector. Every third base in the codons
within the shRNA target sequence was replaced with degenerate bases by site directed
mutagenesis (Quikchange site directed mutagenesis, Agilent), which rendered the mRNA
resistant to stably expressing ShRNA in these cells.

Three dimensional modeling of CcO complex and Lon complex

Three dimensional structural models of CcO showing spatial organization of
phosphorylation sites of CcO Vil and Vb and models of Lon interaction with CcO subunits
were developed based on the X-ray crystal structures of bovine CcO complex (35) and E.
coli Lon protein (36;37) which shows close homology to mitochondrial Lon (38) using
Swiss-Model software (39). The accuracy of the model was verified by energy calculations
using Gramos 96 software. 3D visualization and rendering s were achieved by the Swiss
PDB viewer.

Statistical Analysis

Results

Data from cultured cells and isolated hearts are presented as means + S. D. Differences
between paired variables were determined using two-tailed Student’s t tests for paired data.
P values <0.05 were conside4red statistically significant.

Increased expression of Lon during hypoxia and myocardial ischemia

In all the experiments reported here, hypoxia (0.2% O,) for 6-12h and myocardial ischemia
for 20 min (2.5ml/min flow rate) following a normal perfusion (37-42ml/min) for 1-2h were
used. The immunaoblot in Fig. 1A shows that the level of mitochondrial Lon was markedly
increased in ischemic heart, while the level of mitochondrial TOM20, used as a loading
control remained unaffected. The mitochondrial Lon level was also induced in RAW 264.7
macrophages grown under hypoxic condition for 12h (Fig 1B) compared to cells grown
under normoxic condition. The level of CcO Vb and 1Vil were also reduced markedly when
cells were exposed to hypoxia, which was partly reversed by exposure to normoxic condition
(Fig. 1B). Figures 1C-E indicate the quantitation of band intensities for Lon, CcOIVil and
Vb proteins under normoxia and hypoxia. Consistent with increased Lon protease level, the
Lon mRNA was induced 2-3 fold in cells exposed 6h and 12h hypoxia. These results
provide evidence for the induction of Lon protease in myocardial ischemia and cells grown
under hypoxia. Results are also in line with a previous study showing increased expression
of mitochondrial Lon under hypoxic conditions (40).

With a view to further evaluate the role of Lon in the degradation of CcO subunits during
hypoxic stress, mitochondrial isolates from macrophages grown under different conditions
described in Fig. 1B were assayed for CcO activity. The CcO activity (Fig. 2A) essentially
reflected the subunit levels under hypoxic growth. It is seen that the CcO activity was
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progressively reduced by hypoxia for 6h and 12h. The activity in cells co-transfected with
Lon cDNA was markedly reduced in a time-dependent manner. The results suggest that Lon
has a direct role in reduced CcO activity under hypoxia. Fig. 2B shows the mitochondrial
and cytosolic PKA levels in macrophages grown under varying periods (zero to 12h) of
hypoxia. It is seen that mitochondrial PKA increased nearly two fold by hypoxia for 6-12h
while the cytosolic PKA levels reduced markedly in 3 to 9hr of hypoxia and returned to near
control levels by 12h of hypoxia. Thus, the PKA levels in the two cellular compartments
responded differently to hypoxic growth. Results (Fig. 2C) show that that the hypoxia
induced mitochondrial PKA activity was effectively inhibited by 5pM H89, confirming the
nature of PKA induced. Previous studies from our laboratory (4;26;27) showed increased
PKAa catalytic subunit in mitochondria from ischemic rabbit and mouse hearts. Consistent
with these results, Fig. 2D and E show that mitochondrial PKAa level is increased in RAW
264.7 macrophages grown under hypoxia for 6h and 12h. Notably, significant part of
mitochondrial protein was resistant to limited protease digestion under conditions when
cytosol exposed outermembrane protein TOM20 was degraded. These results confirm the
activation of mitochondrial PKA under hypoxic growth condition.

Altered turnover of in vitro imported CcO subunits by ischemic heart mitochondria

Both CcO IVil and Vb are nuclear encoded subunits imported into mitochondria post-
translationally from the cytoplasm. To determine whether the decreased subunit content
during ischemia is due to reduced import efficiency of pre-proteins, mitochondria from
control hearts and those subjected to ischemia were tested for protein import efficiency. We
used SU9-DHFR, a protein, N-terminally fused to Neurospora crassa ATPase 9 signal,
which is often used as a control for mitochondrial import of canonical signal containing
proteins (41). Fig. 3A shows the import of WT and phosphorylation site mutant (S40A)
subunit Vb. Following sedimentation through sucrose, mitochondria were digested with
trypsin with or without added triton X-100. As seen, both WT and S40A mutant Vb were
imported efficiently into isolated heart mitochondria. As expected, trypsin treatment
following Triton X-100 treatment completely degraded the subunits confirming that the
trypsin resistant protein is localized inside the mitochondrial inner membrane compartment.
Fig. 3B shows the relative levels of protein import into mitochondria from control heart and
hearts subjected to global ischemia for 20 min followed by 1h of reperfusion.

Results show that SU9-DHFR, and also both WT and S40A Vb subunits were imported at
about similar levels. Further, the level of import of all three proteins was only marginally
lower (~15%) in mitochondria from ischemic heart. These results suggest that impaired
mitochondrial import may not be the only reason for the reported low subunit levels in
ischemic mitochondria (4). Although not shown, WT and T52A CcO Vil subunits were
imported at the same levels.

Since there was only a minor difference in the level of import of CcO subunits between the
control and ischemic mitochondria, we determined the rates of turnover of imported WT Vb
and mutant Vb proteins. Following import, mitochondria were washed, suspended in import
buffer containing excess unlabeled Met, 15 mM each of malate and glutamate, and 50 mM
ATP for different time periods. The residual 3°S labeled protein was quantified by SDS gel
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electrophoresis of protein followed by radiographic imaging using the STORM system.
Fluorograms in Fig. 4A show the levels of 35S labeled WT and S40A mutant /b proteins at
various time periods of chase and the relative band intensities were plotted in Fig. 4B. It is
seen that both the WT and mutant proteins are turned over at about the same rate in control
mitochondria. However, in mitochondria from ischemic hearts, the WT protein was turned
over at a much faster rate while the S40A mutant protein turned over at a rate comparable to
the rates in control mitochondria. In Fig 4C, WT and T52A mutant CcO Vil proteins were
imported into control heart and ischemic heart mitochondria similar to that in Fig. 4A and
incubated up to 90 min to evaluate the turnover rates. The immunoblots show that the
intensity of the WT 1Vil band remained nearly constant in control heart mitochondria, but
steadily decreased in ischemic heart mitochondria. The intensity of T52A protein, on the
other hand remained nearly constant in both control and ischemic mitochondria. These
results suggest that phosphorylation of Vb at S40 and Vil at T52 positions render them
more vulnerable for degradation.

Phosphorylation site mutant Vb and Vil subunits show resistance to Lon mediated
degradation in vivo

The possible enhanced degradation of CcO subunits under hypoxia was further tested by
ectopic expression of C-terminal Flag-tagged WT or phosphorylation site mutated CcO
subunits Vb (S40A) and 1Vil (T52A) cDNA’s in RAW 264.7 macrophage cells. Following
transfection, cells were grown under normoxia or hypoxia for 12h and the protein levels
were measured by immunoblot analysis. As seen from Fig 4D, Flag-tagged WT Vb subunit
was degraded nearly completely (~80%) under hypoxia while a large part of the S40A
mutant protein resisted degradation. Similarly, the Flag tagged WT subunit IVil was
degraded markedly while the T52A mutant subunit 1Vil was not degraded under hypoxic
condition (Fig. 4E). These results show that mutations at the putative PKA target sites
markedly reduce hypoxia-induced degradation of both subunits IVil and Vb.

Degradation of CcO subunits by purified Lon in vitro

We next investigated if purified recombinant WT and S40A mutant CcO Vb proteins were
degraded by purified Lon and also if PKA mediated phosphorylation of WT and mutant
proteins affected their sensitivity to Lon mediated degradation under /n7 vitro conditions.
Both CcOlVil and CcOVb WT subunits are efficiently phosphorylated by PKA, though the
level of phosphorylation was significantly lower in mutant subunits (Fig. S1). We carried out
phosphorylation of Vb subunit formed in a wheat germ transcription-linked translation
system, which is known to lack PKA activity. Fig. S1A shows that His-tagged WT and S4A
subunits of Vb are translated at a comparable level in the wheat germ system. Fig. S1B and
C show that S40A subunit is phosphorylated at about 20-25% reduced level than the WT.
Both the WT and mutant proteins were phosphorylated even in the absence of added PKA
suggesting that the protein is phosphorylated by other wheat germ resident kinases.

To determine whether the phosphorylated subunits are substrates for Lon mediated
proteolysis, purified CcO subunits were incubated /n vitro with purified recombinant Lon
protein with or without added PKA and ATP. Figure 5A shows the gel profile of typical /n
vitro reaction mixtures with WT or S40A mutant Vb and recombinant Lon. The gel pattern
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at the top (Fig. 5A) represents the stained gel showing the relative purity of CcO Vb subunits
and the Lon protein used in the assay. The lower two profiles are immunoblots developed
with antibodies to Lon and CcOVb proteins, respectively. Results show no major
contaminating proteins in the proteins used for reconstitution. Figure 5B shows the time
course of degradation of WT and S40A proteins with or without phosphorylation. Reactions
were run as in Figure 5A for zero to 90 min and the relative band intensities of Vb protein
were determined by image analysis. It is seen that unphosphorylated WT as well as Mut Vb
proteins were not degraded to any significant level up to 90 min. The phosphorylated Vb
protein, on the other hand, was degraded in a time dependent manner. Interestingly, the
phosphorylation resistant S40A mutant protein was not degraded even after preincubation
with added PKA. These results provide direct evidence that phosphorylated Vb protein
serves as a more efficient substrate for Lon mediated degradation. As shown in Fig. 5C, WT
subunit 1Vil was degraded when PKA, ATP and purified Lon were added to the reaction
mixture, while the T52A mutant protein was resistant to degradation under these conditions.
Our results therefore confirm the role of Lon in the degradation of phosphorylated subunits
of CcO complex and also reveal the importance of phosphorylation sites S40 of Vb and T52
of 1Vil subunits in Lon mediated degradation.

CcO subunits are resistant to hypoxia in Lon depleted cells

To directly implicate the function of Lon in the turnover of CcO subunits, Lon mRNA was
silenced in human colon carcinoma cells by stable expression of antisense or non-specific
oligonucleotides (42). To ensure the generality of Lon mediated degradation of CcO
subunits, we used human colon carcinoma cell line LS174T in this experiment. Control and
Lon depleted cells were grown under normoxia or hypoxia for 12h and the levels of CcO
subunits were analyzed. It is seen from Fig 6A that there was no detectable Lon in siRNA
expressing cells; however, the immunoblot shows detectable Lon in non-specific SiRNA
expressing cells (control cells). Results also show no detectable reduction in subunit Vil
following hypoxia in Lon depleted cells. However, the level of 1Vil protein was markedly
reduced in control cells following hypoxia. These results suggest that Lon has an essential
function in the degradation of CcOVb and CcOIVil subunits during hypoxia and probably
plays a role in the turnover of these subunits during normoxic conditions as well.

Consistent with the decline in subunit levels, there was a significant reduction in the CcO
activity in hypoxic cells (Fig 6B). In contrast, there is heightened CcO activity in Lon
depleted control cells, both under normoxic and hypoxic growth conditions. Notably,
hypoxia mediated decline in CcO activity was not observed in Lon depleted cells. These
results provide direct evidence for the role of Lon protease in the modulation of CcO
subunits as well as activity under hypoxia.

Stable expression of S52A mutant subunit of CcO IVil restores the CcO activity under
hypoxic condition

To further assess the role of phosphorylation in the selective degradation of subunit 1Vil, we
first generated a cell line stably expressing ShRNA against CcO subunit 1Vil (C4KD). We
then ectopically expressed either wild type (WT-shR) or phosphorylation resistant subunit
Vil cDNA (S52A-shR) 1V in the C4KD cells. To prevent shRNA mediated degradation in
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C4KD cells, the shRNA target region of subunit 1VVil cDNA was modified with degenerate
codons. The effect of hypoxia on subunit Vil levels in these cells is shown in Fig 7A.
Hypoxia induced a reduction in subunit Vil level by more than 50% in control cells and
nearly 75% in C4KD cells reconstituted with wild type subunit 1Vil. SDHA, which is
unaffected by hypoxia was used as a loading control. Notably, in cells reconstituted with
S52A-mutant, hypoxia caused only about 25% loss of subunit 1Vil. We next tested the
effects of hypoxia on CcO activities in these cells. As shown in Fig. 7B, CcO activity was
reduced by about 50-60% in both control and WT-shR cells exposed to hypoxia, whereas
the activity was reduced by only about 20% in cells reconstituted phosphorylation resistant
S52A mutant following hypoxia (Fig 7B). These results confirm that the S52A mutant
subunit of 1Vil is relatively more resistant to hypoxia mediated damage and that
phosphorylation of subunits is responsible for hypoxia mediated loss of CcO activity

Localization of phosphorylation sites of CcO IVil and Vb and their accessibility to soluble
matrix proteins

We generated a 3D structural model based on the reported crystal structure of bovine CcO
complex (35) as described before (10). The model in Fig. 8A shows that both the S52 of
CcOlVil and S40 of Vb (shown with red arrows) are positioned in a loop out structure in the
aqueous environment of the matrix. These sites should be easily accessible to mitochondrial
PKA for phosphorylation. We also generated a 3D model of bacterial Lon to understand if
the complex can accommodate CcOVb and 1Vil subunits under energy minimization
conditions. The models in Fig. 8B and C show that both CcOVb and Vil structures can be
docked on to Lon complex under energy minimization conditions. The lateral views show
that both proteins protrude deep into Lon pocket gaining access to the Lon catalytic domain.
These results further suggest feasibility of Lon mediated degradation of CcO subunits.

Discussion

Hypoxia and ischemia injury often result in oxidative stress and mitochondrial impairment
(43). Impaired mitochondrial function and oxidative stress lead to brain dysfunction and
neuronal death during neonatal and adult stages of the human life cycle (44). Several studies
suggest that CcO, the terminal oxidase of the mitochondrial electron transfer chain is
damaged during ischemia (2;8;12;17;45). Mechanisms of functional impairment of CcO
under these pathophysiological conditions have been the subject of investigation by several
groups. Studies by Lesnefsky’s laboratory showed that altered cardiolipin composition of
innermembrane plays critical role in altered CcO activity (45). Studies from our laboratory
implicated PKA-mediated phosphorylation and degradation of subunits I, 1Vil and Vb
during hypoxia and ischemia as possible cause of altered CcO structure and function (4).
PKA inhibitors, H89 restored the activity as well as subunit content (4). In this report we
further evaluated the mechanisms by which the phosphorylated subunits of CcO Vil and Vb
are degraded. Our results show that Lon protease plays a major role in the turnover of CcO
subunits during hypoxia and myocardial ischemia.

Lon belongs to AAA protease family and is highly conserved from bacteria to humans. It
has been shown that mitochondrial matrix from liver and heart contains proteolytic activity
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that degrades oxidized, dysfunctional, and misfolded proteins including mitochondrial
aconitase (46). Later it was found that Lon mediates the degradation of oxidized and
misfolded proteins. Pim1, the Lon homologue in yeast, is involved in the maintenance of
mitochondrial DNA nucleoids and is required for intra-mitochondrial proteolysis (47;48).
Lon deletion often results in loss of mitochondrial DNA in yeast (48). The Lon protease
contains three domains: a) N-terminal domain that is required for interacting with protein
substrates, b) AAA+ module that consists of ATP binding and ATP hydrolysis domain, and
c) the C-terminal domain with serine and lysine active site residues that form the catalytic
dyad which is essential for proteolytic activity (48;49).

Several recent studies have implicated mitochondrial ATP dependent proteases in
pathological and stressful conditions. It has been shown that ATP dependent proteolytic
activity increases in cardiac ischemia--reperfusion (50). The Lon activity is increased in rats
bearing Zajdela hepatoma or in T3-treated hypothyroid animals (51). Some reports suggest
increased Lon promoter activity as well as Lon antigen levels during hypoxia and ischemia/
reperfusion stress (50;52). Our findings suggest that in both macrophages exposed to
hypoxia and rabbit hearts subjected to ischemia, mitochondrial Lon protein as well as
MRNA levels are increased in a time-dependent manner (Figure 1). Results also show
forcible overexpression of Lon induces CcO subunit degradation similar to that observed in
cells grown under hypoxia and hearts subjected to ischemia/reperfusion thus confirming the
role of Lon in this process. It is known that mitochondrial calpain activated under
pathological conditions is involved in protein degradation causing mitochondrial dysfunction
(53). While several factors may be involved in eliciting hypoxia and ischemic damage, our
results clearly show that increased mitochondrial PKA activity and increased Lon activity
are critically important for CcO disruption observed in hypoxia and myocardial ischemia/
reperfusion.

Studies suggest that Lon modulates the level of mitochondrial Tfam, which plays multiple
roles in mitochondrial transcription, replication, mtDNA maintenance and organization of
nucleoid structures (54-56). Initially Kaguni’s laboratory (55) showed that Lon protease
regulates mtDNA copy number possibly through degradation of Tfam (mitochondrial
transcription factor A). More recently Lu et al. (44) showed phosphorylation of Tfam not
only alters its DNA binding ability, but also its sensitivity to Lon mediated degradation (54)
under conditions when catalytic subunit of PKAa was forcibly expressed in mitochondria.
Studies from our laboratory showed that PKA mediated phosphorylation of CcO subunits I,
IVil and Vb during pathophysiological conditions of hypoxia and myocardial ischemia/
reperfusion renders them more sensitive to degradation (4, 8-10, 26-28). In support, Hori et
al. showed that ER stress transmitted to mitochondria also induce degradation of CcO Il,
IVil and Vb in a Lon dependent manner (52). The present study extends these observations
in multiple ways: First, we provide additional data on the increased mitochondrial PKAa
and increased PKA activity in RAW macrophages grown under hypoxia. Currently the
mechanism of import of PKA subunits into mitochondria or its activation/inactivation
remains unclear. Additional studies will be required to understand the mechanism.
Mitochondrial PKA activated under these pathophysiological conditions is not induced by
mitochondrial adenyl cyclase-cAMP, but by mitochondrial redox state (27). Second, in
continuation of previous studies, we now show that mitochondrial PKA induced under
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hypoxia and myocardial ischemia induces the degradation of CcO subunits Vil and Vb
resulting in marked inhibition of CcO activity. Third, similar to that of the role of
phosphorylation in ubiquitin mediated protein degradation, our results for the first time
suggest that phosphorylation CcO subunits may provide signal for their Lon mediated
degradation.

Results presented in this paper support the view that Lon is involved in the turnover of CcO
subunits: First, we observed a time dependent decrease in subunit content and CcO activity
in cells with increased Lon protein during hypoxic stress (Figure 1). Second, /n vitro
mitochondrial import studies and transient expression of flag-tagged CcO subunits show that
phosphorylated 1Vil and Vb proteins are preferentially degraded under hypoxia, and
myocardial ischemia. Additionally use of in vitro imported proteins in isolated heart
mitochondria show that WT subunits are more rapidly degraded in ischemic heart
mitochondria than phosphorylation site mutant proteins.

Lon protease requires several other factors in addition to ATP. It has been shown that in
E.coli, Lon protease activity and the substrate preference is modulated by inorganic
polyphosphate for the degradation of ribosomal S2 protein (57). Also, Lon has been shown
to degrade folded or misfolded proteins non-processively (50;58). Some reports suggest that
Lon selectively degrades the oxidized form of aconitase in human Wi-38 lung fibroblasts
(59). Nevertheless, ours is probably the first study showing that phosphorylated subunits of
CcO are the substrates for Lon protease during hypoxia and myocardial ischemia injury. To
further support our hypothesis, the murine S40A mutant of CcOVb and S52A mutant of CcO
IVil imported into ischemic mitochondria /n vitro are more stable compared to wild type
protein in a chase reaction (Fig. 4A and B). Our results further demonstrate that these
phosphorylation site mutants are protected from hypoxic stress even in the presence of over-
expressed Lon (Fig. 5). Our results in conjunction with the results of Lu et al. (44) confirm
that in addition to oxidized and unfolded proteins, several phosphorylated proteins also serve
as specific substrates of Lon. Consistent with this, our 3D model (Figure 8A) indeed shows
that the phosphorylation sites of both Vb and 1Vil are exposed to the matrix amenable for
interaction with soluble PKA enzyme.

Lon depletion in iWI1-38 VVA-13 human lung fibroblasts results in caspase 3 activation and
apoptotic death. The surviving cells show abnormal mitochondrial function and morphology
and eventually are lost by necrosis (60). Lon is known to have several mitochondrial targets;
it is likely that long term depletion of Lon results in altered function/activity of many
proteins and possible loss of mtDNA. We find that Lon depleted human HS 189 cells show
abnormal morphology and slow growth but not apoptotic death (unpublished results). Our
results may lead to the design of more selective inhibitors of mitochondrial Lon protease and
or PKA enzyme to minimize the hypoxic and ischemic damage to cells. It is not clear if
phosphorylated subunits are released from the complex before degradation or if Lon
protease is recruited by phosphorylated subunits while associated with the complex.
Currently experiments are underway to address these questions. It is nevertheless apparent
from 3D modeling (Figure 8C and D) that both of the CcO subunits under study can
associate with the Lon protease under energy minimization conditions. We therefore
describe a novel role of Lon protease in modulating mitochondrial function.
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Figure 1.

Reciprocal levels of mitochondrial Lon and CcO subunits under hypoxia and myocardial
ischemia: a) Mitochondrial proteins from control heart and rabbit hearts subjected to global
ischemia for 20 min/reperfusion for 1h were analyzed by immunoblot analysis using
antibody to Lon protein. Tom20 antibody was used to assess the loading levels. b)
mitochondrial proteins from macrophages grown under normoxia (Nor), hypoxia (Hyp) for
12h (0.2% O,) or reoxygenation for 6h following hypoxia for 12h were subjected to
immunoblot analysis using antibodies to Lon, CcO Vb and 1Vil proteins. Tom 20 antibody
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was used for assessing the protein loading level. 30ug protein was loaded in each well.
Relative band intensities for Lon, Vb and 1Vil proteins are presented in C, D, and E,
respectively. The values represent mean£SD (n=3). The band intensity of normoxia sample
was considered as 1. Fig. F shows the relative levels of Lon mRNA in cells grown under
normoxia for 12h and hypoxia for 6h and 12h as shown. The values represent Mean + SD
from 3 separate estimates.
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Figure 2.

Hypoxia mediated inhibition of CcO activity and induction of mitochondrial PKA in
RAW264.7 cells: A) Mitochondrial isolates from cells grown under normoxia (Nor) and
hypoxia for 6 or 12h were used for assaying CcO activity. B) PKA activity in the
mitochondrial and cytosolic fractions from control cells or following hypoxia for 3, 6, 9 and
12h was measured with 10 pg protein as described in the Materials and Methods. Relative
PKA activity was calculated by taking activity of Oh cytosolic fraction as 1. C) A control
experiment showing that 12h hypoxia induced mitochondrial PKA is sensitive to 5uM H89
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added at the start of the reaction. D and E) Mitochondria from cells grown under hypoxia for
zero, 6h and 12h were treated with trypsin (7.5 ug/100 mg protein for 10 min on ice) or
without trypsin as indicated in the Figure. In some cases, mitochondria were treated with
0.2% triton X-100 before treating with trypsin. Proteins were resolved on 12% SDS-PAGE
and subjected to immunoblot analysis with antibody to PKAa as described in the Materials
and Methods section. Antibody to TOM 20 was used as a control for outermembrane
protein. The relative band intensities presented in D show a time dependent increase in
trypsin resistant PKA protein. In all cases the results represent mean + SD from 3—4 separate
experiments.
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Figure 3.
Import efficiency of CcO subunits by mitochondria from control and ischemic hearts:

Mitochondrial isolates from control and ischemic hearts were used for the import of 35S
labeled WT and S40A Vb proteins. A) Mitochondrial import of WT and S40A mutant Vb
proteins. The fluorogram shows the positions of precursor (p) and mature (m) Vb proteins.
B) shows the relative levels of import of WT and S40A mutant Vb proteins in comparison to
SU9-DHFR protein used as a positive control by control heart and ischemic heart
mitochondria. The values in B represent mean +SD from three separate import assays.
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Figure 4.

Effects of ischemia/reperfusion injury and hypoxia on the turnover of CcO subunits. A)
Relative turnover rates of 35S labeled Vb proteins in mitochondria from control and ischemic
hearts. The labeled WT and S40A Vb proteins were imported into isolated mitochondria and
mitochondria were incubated in a chase medium for zero to 90 min as described in the
Materials and Methods section. Following chase, mitochondrial proteins were resolved by
SDS-polyacrylamide gel electrophoresis and subjected to fluorography. B) Relative levels of
Vb proteins from in vitro incubated mitochondria in A were plotted against time of chase for
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both WT and S40A mutant proteins. C) 35S labeled CcO 1Vil (WT and T52A mutant)
proteins were imported into mitochondria from control and ischemic hearts and subjected to
in vitro chase as in Fig. A. Labeled proteins were resolved on SDS polyacrylamide gel as in
A. D. Fluorograms in D show relative levels of Flag tagged WT Vb and S40A (Mut Vb) and
also WT and mutant 1Vil proteins under normoxic and hypoxic conditions. RAW264.7
macrophages were transfected with empty vectors, WT or Mut cDNA constructs and cells
were grown under normoxia or hypoxia for 12h. The mitochondrial proteins (30 ug each)
were subjected to immunoblot analysis either with Flag antibody or TOM20 antibody for
assessing loading levels. Values presented here represent mean of two independent
experiments which did not deviate more than 15%.
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Fig. 5.

Lon mediated degradation of phosphorylated CcO Vb and Vil subunits /in vitro: A)
Recombinant purified wild type or phosphomutant S40A Vb protein along with purified Lon
proteins were subjected to SDS-polyacrylamide gel electrophoresis. The upper panel
represents a stained gel. The two lower panels represent immunoblots of parallel gels
developed with Lon and Vb antibodies. B). Reactions with WT and mutant proteins
preincubated with or without (Vb phos, and Vb unp, respectively) along with added Lon
protein as in Fig. A were incubated for varying time points from zero to 90 min, resolved on
SDS-PAGE and stained with coommassie Blue as in Fig A. The band intensities were
determined and plotted against time as shown in B. The values represent mean of two
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separate experiments. C). Similar reactions were run with WT and T52A mutant 1Vil with
added Lon protein. The proteins were resolved on SDS-PAGE and subjected to immunoblot
analysis with antibodies to IVil and Lon.
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Figure 6.
Steady state levels of CcO subunit IVil in Lon depleted cells: Lon mRNA was silenced in

human colon carcinoma cells by stable expression of antisense or non-specific
oligonucleotides. Control and Lon depleted cells were grown for 6 days and subjected to
normoxia (N) or hypoxia (H) for 12h. Isolated mitochondrial extracts were separated on
SDS-PAGE and subjected to western blot analysis with indicated antibodies. B) Control or
Lon Depleted (Lon RNAI) human colon carcinoma cell lines were subjected to hypoxic
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Stress as above for 12h. Isolated mitochondrial fraction was used to measure the CcO
activity as described in the methods. The values shown mean = SD (n=3).

Biochim Biophys Acta. Author manuscript; available in PMC 2018 July 01.

Page 27



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sepuri et al. Page 28

A
Control C4KD Wt-shR S52A-shR
Nor Hyp Nor Hyp Nor Hyp  Nor Hyp
Vi1+>
SDHA~>|
200 =
=160 - .
< Normoxia
- m Hypoxia
2120 | e
w
: E
2 80 - |
£
2 404
1]
m
0 -
Con C4KD WTshRS52A shR
B
120 -
100 . — 1 * &
£ I 1
ig 80 .
£5 |
>
5 %
< £
(®) E 40
C 8
S 20
=
c
0 v

Control WTshR S52AshR

Figure 7.
Resistance of /n vivo expressed S52A mutant of subunit IVil to hypoxic degradation. A)

Stable cells lines expressing shRNA against CcO subunit IVil (C4KD) were transfected with
degenerated wild type (Wt-shR) or phosphomutant (S52A-shR) CcO subunits as described
in the methods. After 48h of transfection, ells were grown under normoxia or hypoxic (12
hrs at 0.2% oxygen) conditions and subjected to subcellular fractionation. Isolated
mitochondrial extracts were separated on SDS-PAGE and probed with antibodies to
CcOlVil and SDHA. Relative protein levels were shown in a histogram B) CcO activity was
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measured spectrophotometrically by following oxidation of reduced cytochrome ¢ with
permeabilized mitochondria. The values represent mean + SD (n=3).
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Fig 8.

M?)Iecular modeling of CcO subunit phosphorylation sites and interaction with Lon protease.
A) the 3D structure of CcO complex showing the phosphorylation sites S40 of Vb and T52
of 1Vil were based on the crystal structure coordinates reported before (35). B and C show
the docking of subunits VB and 1Vil, respectively on the hexameric structure of bacterial
Lon reported before (36, 37).
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