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Toxoplasma gondii GRA8 induces ATP5A1-SIRT3-
mediated mitochondrial metabolic resuscitation: a
potential therapy for sepsis

1,2,4

Ye-Ram Kimb24, Jae-Sung Kim"~*, Jin-Seung Yun!, Sojin Kim!, Sun Young Kim!2, Kiseok ]ang3

and Chul-Su Yang!?

The intracellular parasite Toxoplasma gondii has unique dense granule antigens (GRAs) that are crucial for host infection.
Emerging evidence suggests that GRA8 of T. gondii is a promising serodiagnostic marker in toxoplasmosis. However, little is
known about the intracellular regulatory mechanisms involved in GRA8-induced host responses. We found that GRAS8 interacts
with host proteins involved in mitochondria activation and might be useful as a therapeutic strategy for sepsis. Here, we show
that protein kinase-Ca (PKCa)-mediated phosphorylation of T. gondii GRA8 (Thr220) is required for mitochondrial trafficking
and regulates the interaction of C terminal of GRA8 with nucleotide binding domain of ATP5A1. Furthermore, GRA8 interacts
with SIRT3 in mitochondria, facilitating ATP5A1 deacetylation (K506 and K531), adenosine triphosphate production and
subsequent anti-septic activity in vivo. Taken together, these results demonstrate a new anti-sepsis therapeutic strategy using
T. gondii GRA8-induced mitochondrial metabolic resuscitation. This strategy represents an urgently needed paradigm shift for

therapeutic intervention.
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INTRODUCTION
The protozoan parasite Toxoplasma gondii is the infectious
agent of one of the most common zoonoses worldwide and
causes toxoplasmosis. It causes development of parasitophor-
ous vacuoles after invading host cells, accompanied by the
release of 11 excretory—secretory T. gondii dense granule
proteins (GRAs).> GRAs have an N-terminal signal sequence,
and GRAs 5-8 have an internal hydrophobic domain that
presumably anchors these proteins in parasitophorous
vacuoles.! GRAS is an acute phase-specific antigen that allows
survival of the parasite within host cells, and it is a promising
vaccine candidate for toxoplasmosis.l> Studies using the yeast
two-hybrid technique have shown interactions between GRAS8
and various host cell proteins.* However, the exact role of
GRAS8 in regulating host immune responses remains unclear.
The maintenance and regulation of cellular metabolism are
important in cell fate-controlling diseases. Sepsis, defined as a
systemic inflammatory response syndrome to infection, has
significant health and economic effects associated with high
mortality and morbidity.> Mitochondrial dysfunction occurs

early in sepsis. The severity of systemic inflammatory response
syndrome and recovery of mitochondrial function are asso-
ciated with survival.>8 Therefore, understanding how specific
metabolism regulators are altered in sepsis would help develop
therapies. Mitochondria-targeted therapy is considered a pro-
mising strategy for preventing, mitigating or reversing systemic
inflammatory response syndrome and for reducing sepsis. This
intervention, known as ‘metabolic resuscitation,” can improve
mitochondrial activity via pharmacological or nutritional
agents.®10 However, the T. gondii GRA8-mediated mitochon-
drial and metabolic changes due to sepsis remain unexplained.

Mitochondria play a key role in the adaptive response by
modulating their adenosine triphosphate (ATP)-generating
capacity through oxidative phosphorylation (OXPHOS).!12
Mitochondrial diseases are mostly caused by impairment of
the OXPHOS system or other energy metabolism defects.®!!~1?
OXPHOS enzymes have two genetic origins; therefore, protein
synthesis is necessary in the cytoplasm and mitochondrion for
complete OXPHOS function and adaptation to metabolic
challenges.'? The role of sirtuins (SIRT1-7) in the pathogenesis
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of sepsis is a new area of mitochondria research.®>!1%1# SIRT3 is
a major mitochondrial NAD*-dependent deacetylase that targets
mitochondrial proteins for lysine deacetylation, thereby affecting
regulators of cytoplasmic protein synthesis as well as stoichio-
metry of nuclear- and mitochondrial-encoded OXPHOS pro-
teins to regulate cellular functions.>!? SIRT3 is a key regulator
of the mitochondrial adaptive response to stress, including
metabolic reprograming and antioxidant defense mechanisms.
The sequential actions of nuclear SIRT1 and RELB induce
SIRT3 expression and increase mitochondrial biogenesis during
sepsis adaptation.® Thus, the cellular mechanisms that control
mitochondrial OXPHOS gene expression could be exploited in
therapeutic approaches against sepsis.!>!® In this study, we
investigated the protective role of SIRT3 in septic shock to
facilitate therapeutic drug discovery. Targeting GRAS8 for
mitochondrial metabolic reprogramming could be a therapeutic
strategy for treating mitochondrial diseases.

We found that T. gondii GRAS8 interacts with ATP5A1-
SIRT3 signaling pathways to contribute to anti-septic activities
in vivo. Thus, T. gondii GRA8-induced mitochondrial meta-
bolic resuscitation may be exploited in therapeutic interven-
tions against sepsis.

MATERIALS AND METHODS

Ethics statement

All animal experimental procedures were reviewed and approved by
the institutional animal care and use committee of Hanyang University
(protocol 2017-0025). All animal experiments were performed in
accordance with Korean Food and Drug Administration guidelines.

Mouse model of sepsis

Cecal ligation and puncture (CLP)-induced sepsis mouse model was
prepared using 6-week-old C57BL/6 female mice (Samtako Bio,
Gyeonggi-do, Korea), as previously described.” Briefly, mice were
anesthetized with pentothal sodium (50 mgkg™!, intraperitoneally),
and a small abdominal midline incision was made to expose the
cecum. The cecum was then ligated below the ileocecal valve,
punctured twice through both surfaces, using a 22-gauge needle,
and the abdomen was closed. The survival rate was monitored daily
for 7 days. All animals were maintained in a pathogen-free
environment.

Mice and cell culture

Wild-type (WT) C57BL/6 mice were purchased from Orient Bio
(Gyeonggi-do, Korea). PKCa ™/~ (B6;129-Prkca™mk[] 009068) and
SIRT3™/~ (B6.129S6(Cg)-Sirt3™-1Fwary 027975) mice were obtained
from the Jackson Laboratory (Bar Harbor, MA, USA). All animals
were maintained in a specific pathogen-free environment.
HEK293T cells (ATCC-11268; American Type Culture Collection,
Manassas, VA, USA) and HCT116 (ATCC-CCL247) were maintained
in Dulbecco’s modified Eagle’s medium (Invitrogen, Waltham, MA,
USA) containing 10% fetal bovine serum (Invitrogen), sodium
pyruvate, nonessential amino acids, penicillin G (100 IU ml™!) and
streptomycin (100 pg ml~!). Human monocytic THP-1 (ATCC TIB-
-202) cells were grown in RPMI-1640/glutamax supplemented with
10% fetal bovine serum and treated with 20 nm phorbyl myristate
acetate (Sigma-Aldrich, St Louis, MO, USA) for 24 h to induce their
differentiation into macrophage-like cells, followed by washing three
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times with phosphate-buffered saline. Primary bone marrow-derived
macrophages (BMDMs) were isolated from C57BL/6 mice and
cultured in Dulbecco’s modified Eagle’s medium for 3-5 days in the
presence of macrophage colony-stimulating factor (R&D Systems,
Minneapolis, MN, USA), as described previously.? Transient transfec-
tions were performed using Lipofectamine 2000 (Invitrogen) or
calcium phosphate (Clontech, Mountain View, CA, USA), according
to the manufacturer’s instructions.

Recombinant GRAS8 protein

To obtain T. gondii ME49 strain purified GRA8 (GenBank accession
no. XP_002369526.1) protein, GRA8 amino acid residues WT (1 to
269), T220A and N (23 to 224) were cloned with an N-terminal 6XHis
tag into the pRSFDuet-1 Vector (Novagen, Madison, WI, USA) and
induced, harvested and purified from Escherichia coli expression strain
BL21(DE3)pLysS as described previously>!” in accordance with the
standard protocols recommended by Novagen. rGRA8 was dialyzed
with permeable cellulose membrane and tested for lipopolysaccharide
contamination with a Limulus amebocyte lysate assay (BioWhittaker,
Basel, Switzerland) and contained <20 pgml~! at the concentrations
of rGRA7 protein used in the experiments described here.

Protein purification and mass spectrometry

To identify GRA8-binding proteins, THP-1 cells expressing Flag-
GRAS or vector were harvested and lysed with NP-40 buffer (50 mm
HEPES, pH 7.4,150mm NaCl, 1mM EDTA, 1% (v/v) NP40)
supplemented with a complete protease inhibitor cocktail (Roche,
Basel, Switzerland). Postcentrifuged supernatants were precleared with
protein A/G beads at 4 °C for 2 h. Precleared lysates were mixed with
oFlag antibody-conjugated with agarose beads for 4h at 4°C.
Precipitates were washed extensively with lysis buffer. Proteins bound
to beads were eluted and separated on a Nupage 4-12% Bis-Tris
gradient gel (Invitrogen). After silver staining (Invitrogen), specific
protein bands were excised and analyzed by ion-trap mass spectro-
metry at the Korea Basic Science Institute (Daejeon, Korea) Mass
Spectrometry facility, and amino acid sequences were determined by
tandem mass spectrometry and database searches.

Reagents and antibodies

Cycloheximide (01810) and calf-intestinal alkaline phosphatase (CIP,
P4978) were purchased from Sigma. Dimethyl sulfoxide (D8418,
Sigma-Aldrich, St Louis, MO, USA) was added to the cultures at 0.1%
(v/v) as a solvent control. Specific antibodies against ATP5C1 (PA5-
29975) and NDUFA9 (459100) were purchased from Invitrogen.
Antibodies specific for ATP5A1 (51), SIRT3 (14.45), VDAC (B-6),
SDHA (B-1), UQCRC2 (G-10), COX IV (D-20), PGC-1a (H-300),
PGC-1p (E-9), NRF1 (H-285), NRF2 (C-20), Tfam (H-203), SIRT1
(H-300), PKCo (C-20), actin (I-19), V5 (H-9), Flag (D-8), His
(AD1.1.10) and GST (B-14) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA).

Plasmid construction

The plasmids encoding full length of the GRAS8 (glutathione S-
transferase (GST) or Flag-GRAS8) and ATP5A1 (V5 or Flag-ATP5A1)
plasmid have been previously described.>!3 Plasmids encoding differ-
ent regions and point mutants of GRA8 or ATP5A1 were generated by
PCR amplification from full-length GRA8 or ATP5A1 complementary
DNA and subcloning into a pEBG derivative encoding an N-terminal
GST epitope tag or pcDNA3 vector between the BamHI and Nof sites.
All constructs for transient and stable expression in mammalian cells



were derived from the pEBG-GST mammalian fusion vector and the
pcDNA3-Neo expression vector. All constructs were sequenced using
an ABI PRISM 377 automatic DNA sequencer (Foster City, CA, USA)
to verify 100% correspondence with the original sequence.

Complex V activity assay

The activity of complex V was determined using the MitoTox
Complex V. OXPHOS Activity Microplate Assay kit from Abcam
(ab109907, Cambridge, MA, USA), and the manufacturer’s instruc-
tions were followed. The activity of complex V was measured by
monitoring the change in absorbance at 340 nm over a period of 1 h at
30 °C. Oligomycin (Sigma, O4876) was used as a positive control for
the assay.

Statistical analysis

All data were analyzed using Student’s #-test with Bonferroni adjust-
ment or analysis of variance for multiple comparisons, and are
presented as mean=+s.d. Statistical analyses were conducted using
the SPSS (Version 12.0) statistical software program (SPSS, Chicago,
IL, USA). Differences were considered significant at P<0.05. For
survival, data were graphed and analyzed by the product limit method
of Kaplan and Meier, using the log-rank (Mantel-Cox) test for
comparisons using GraphPad Prism (version 5.0, La Jolla, CA, USA).

RESULTS

GRAS interacts with ATP5A1

To establish a role for T. gondii GRAS in treating mitochondrial
diseases in  macrophages, we investigated  whether
GRAS interacts with molecules involved with mitochondrial
metabolism. GRA8  complexes were subjected to
co-immunoprecipitation with THP-1 cells containing vector
or Flag-GRAS8. The purified GRA8 complexes were identified
by mass spectrometry analysis where they contained ATP
synthase subunit-o (ATP5A1, 60K), SIRT3 (37K) and ATP
synthase subunit y (ATP5CI, 32K) (Figure la).

To examine the role of GRA8 in macrophages, we generated
bacterially purified His-tagged rGRAS8, as described
previously.>!” The purified rGRA8 (30kDa) was confirmed
by SDS—polyacrylamide gel electrophoresis and immunoblot-
ting (Figure 1b). No significant differences compared with
vector controls were observed for rGRA8-induced cytotoxicity
in macrophages (data not shown). Endogenous co-
immunoprecipitation showed that GRAS8 interacted strongly
but temporarily (from 30 to 120min) with endogenous
ATP5A1, SIRT3 and ATP5C1 after stimulation with rGRAS8
in THP-1 cells, and vice versa (Figure lc). Remarkably,
ATP5A1, SIRT3 and ATP5C1 bound directly and specifically
to bacterially purified His-rGRA8 protein in  vitro
(Supplementary Figure S1). The exogenous expression of
rGRAS8 markedly increased the expression level of endogenous
ATP5A1 (Figure 1c). Cycloheximide treatment confirmed that
GRAS8 expression significantly stabilized the ATP5A1 level
(Figure 1d). A large-scale proteomics analysis of the human
kinome!? and computational sequence analysis?® predicted that
ATP5A1 S413 is a critical site for the activity and stability of the
ATP5A1 protein. Remarkably, GRA8 also bound and stabilized
the ATP5A1 S413A mutant (Figure 1d).
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GRAS contains a signal sequence, N-terminal domain (amino
acids (aa) 23-224), transmembrane domain and C-terminal
domain (aa 243-269) (Figure le).'” In 293T cells, detailed
mapping using various mammalian GST-GRA8 or ATP5A1
fusions and truncated mutants of V5-ATP5A1 or Flag-GRA8
indicated that the C-terminal domain of GRA8 had minimal
binding affinity with ATP5AIL, but ATP5A1 with the nucleotide-
binding domain (aa 195-415) bound GRAS8 as strongly as
ATP5A1 WT (Figure le). GST pull-down assays using truncated
mutants of 293T-expressed GST-ATP5A1 and His-rGRA8
showed that the nucleotide-binding domain of ATP5A1 bound
directly and specifically to His-rGRAS8 in vitro. Furthermore, a
GRA8 T220A mutant that interferes with protein kinase C (PKC)
phosphorylation!®2° did not affect the interaction between GRA8
and ATP5A1 (Figure le). Thus, GRAS8 effectively enhances the
stability of ATP5A1 in a binding-dependent manner.

Mitochondrial targeting of GRAS8 via PKCa phosphorylation
Given that GRAS8 associates with mitochondrial proteins, we
evaluated whether GRAS8 tended to localize in mitochondria.
We expressed GST-GRA8 in 293T cells via transient transfec-
tion and conducted subcellular fractionation of mitochondria.
The N-terminal domain of GRAS8 localized almost completely
with mitochondria (Figure 2a). To determine whether the
PSORT-predicted N-terminal mitochondrial presequence?"??
in GRAS is involved with recruitment to mitochondria, we
generated N-terminal deletion mutants of GRA8 (Figure 2b).
The N-terminal domain (aa 23-182) of GRAS8 localized
primarily to the cytosol. A A183—-222 mutant and GRA8 point
mutant (T220A) exhibited diminished mitochondrial localiza-
tion and ATP5A1 stabilization, but both functions increased
markedly in a phosphomimetic mutant (T220D and T220E)
(Figures 2b and c). These results indicate that residues 183—222
constitute the minimum N-terminal sequence necessary for
both GRA8 mitochondrial association and ATP5A1 stabiliza-
tion. GRAS is also likely to be T220 phosphorylation depen-
dent. Consistent with these biochemical data, imaging of the
GRAS8 A183-222 mutant and T220A point mutant confirmed
their diminished mitochondrial localization and ATP5Al
stabilization (Figure 2d and Supplementary Figure S2A).
Several strategies were used to confirm that GRA8 was
phosphorylated by a PKC isoform. An in vitro phosphorylation
assay was performed using purified recombinant PKCa and a
nonbiased overlapping peptide array covering the entire GRA8
sequence.” The GRAS N-terminal peptide
2IBTTTTRNVLLRTAILAA?** had a phosphorylation signal
>200 PSLmm ™2, unlike the C terminus (Figure 2e). We
performed Phos-tag gel electrophoresis using a Phos-tag
biomolecule that specifically binds phosphorylated proteins
and retards their migration in gels.”> GRA8 migrated more
slowly and produced an ‘up-shifted’ band when co-expressed
with PKCa, but not when co-expressed with PKCp, PKCS or
PKCE (Figure 2f). Interestingly, the GRA8 point mutation
(T220A) markedly decreased phosphorylation in Phos-tag gel
electrophoresis, but not the phosphomimetic mutant (T220D
and T220E) (data not shown). Thus, PKCa can specifically
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Figure 1 GRAS8 interacts with ATP5A1 and SIRT3. (a) Identification of ATP5A1, SIRT3 and ATP5C1 by mass spectrometry analysis in
THP-1 cell lysates expressed with GRA8 or vector. (b) Bacterially purified 6xHis-GRA8 were analyzed by Coomassie blue staining (left) or

immunoblotting (IB) with aHis (right). (c) THP-1 cells were stim

ulated with rGRA8 (5 ugml-1) for the indicated times, followed by

immunoprecipitation (IP) with aHis-agarose bead or «ATP5A1 and IB with aATP5A1, oSIRT3, aATP5C1, aHis and aActin. (d) GRA8-
mediated increases of ATP5A1 stability. At 24 h after transfection with V5-ATP5Aland/or Flag-GRA8, 293T cells were treated with solvent
control (SC) or cyclohexamide (CHX, 1 pgml~1) for indicated times and cell lysates were used for IB with aV5 and «Actin. (e) Binding
mapping. Schematic diagrams of the structures of GRA8 and ATP5A1 (upper). At 48 h after transfection with mammalian glutathione
S-transferase (GST) or GST-GRA8 and truncated mutant constructs together with V5-ATP5A1, or GST-ATP5A1 constructs together with
Flag or His-GRA8, 293T cells were used for GST pull down, followed by IB with aV5, aFlag or aHis. Whole cell lysates (WCLs) were used
for IB with aGST, aV5, aFlag, aHis or wActin. The data are representative of four independent experiments with similar results (a—e).

phosphorylate T220 in GRA8, and hence GRAS is a substrate of
PKCo. Consistent with the results in Figures 2a—f, the
mitochondrial localization of GRA8 and interaction with
ATP5A1 decreased markedly in BMDMSs from PKCo™~ mice
(Figure 2g and Supplementary Figure S2B), and in THP-1 cells
subjected to knockdown with small hairpin RNA specific to
PKCo and stimulated with rGRA8 (data not shown). There-
fore, the PKCa-mediated phosphorylation of GRA8 at Thr220
(N terminus) is essential for the mitochondrial targeting of
GRAS, and the ATP5AL1 interactions (C terminus) are geneti-
cally separable.

rGRAS induces mitochondrial activity and biogenesis in a
PKCoa-dependent manner

To examine the role of the GRA8 N terminus in mitochondrial
metabolism,'>?* we generated bacterially purified His-tagged
rGRA8 mutant proteins and confirmed them using SDS—
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polyacrylamide gel electrophoresis and immunoblotting
(Figure 3a). No significant differences compared with the
vector controls were observed for rGRA8 mutant-induced
cytotoxicity in macrophages (Supplementary Figure S3A).
Mitochondrial oxidative metabolism modulates the energetic
demands of cells via OXPHOS.*!%2% To determine the role of
rGRAS in mitochondria, we examined the mRNA and protein
expression levels for macrophage mitochondrial respiratory
chain complexes I-V. Complex V genes (ATP5A1 and ATP5E)
and proteins, and the OXPHOS activity were upregulated
significantly by rGRA8 N-terminus treatment (compared with
other mutants) in a PKCa-dependent manner (Figures 3b—d
and Supplementary Figure S3B). The mitochondrial ATP levels
were also increased significantly by rGRA8 N-terminus treat-
ment (Figure 3e and Supplementary Figure S3C). We next
investigated whether rGRAS8 treatment of BMDMs led to the
induction of genes and proteins regulating mitochondrial
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fractionation of 293T cells stably expressing either GST-GRA8 WT, A23-62, A63-102, A103-142, A143-182, A183-222, A242-269,
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400 -

T2TR Bead

Phosphorylation (PSL/mm?)

0 50 100 150 200 250
Starting amino acid position

biogenesis and mass. Indeed, rGRAS8 treatment of BMDMs (Supplementary Figure S3F). Thus, rGRAS8 treatment enhanced
robustly upregulated the expression of mRNA and proteins mitochondrial OXPHOS, biogenesis, mass and ATP synthesis
involved with mitochondrial biogenesis (PGC-1f and Tfam) via PKCa in macrophages.

and fusion (MFN1, MFN2 and OPA1) via PKCa (Figures 3f

and g and Supplementary Figures S3DE). Similarly, we rGRAS induces the deacetylation of ATP5A1 (K506 and
observed marked increases in the mitochondrial mass and K531) by SIRT3

DNA content of rGRA8-treated macrophages, but significant GRAS8 associates with mitochondrial SIRT3 (Figure 1) that
decrease in the mitochondrial mass and DNA content of regulates homeostasis and numerous metabolic processes (for
rGRAS8-treated PKCo ™/~ BMDMs (Figures 3h and i), but the example, fatty acid oxidation, OXPHOS and the tricarboxylic
rGRA8-induced mitochondrial function, activity and biogenesis  acid cycle), and hence new targets and substrates for SIRT3-
were independent of mitochondrial ROS generation dependent lysine deacetylation have been identified.'??%2*
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Figure 3 The rGRA8 treatment increases the induction of mitochondrial activity and biogenesis via protein kinase-Ca (PKCa). (a)
Bacterially purified 6xHis-GRA8-WT and its mutants were analyzed by Coomassie blue staining (left) or immunoblotting (IB) with aHis
(right). (b-d) Bone marrow-derived macrophages (BMDMSs) from PKCa*'* and PKCoa~/~ (b, ¢) or THP-1 cells were transduced with
lentivirus-shRNA-NS or lentivirus-shRNA-PKCa (multiplicity of infection (MOI)=100) with polybrene (8 pg mI=1) (right) for 2 days (d), the
cells were stimulated with rGRA8 (1 pg mi~1) and its mutants for 6 h (b) and 24 h (¢, d) and subjected to quantitative real-time PCR (b),
IB (c) or enzymatic activity (d) of oxidative phosphorylation (OXPHOS) genes. (e-g) BMDMs from PKCo*'* and PKCa~/~ were stimulated
with rGRA8 for the indicated times and subjected to cellular adenosine triphosphate (ATP) production (e), IB analysis with aPGC-1,
aNRF1, aNRF2, aTfam and oActin (f) or quantitative real-time PCR of fusion genes (g). (h) Mitotracker fluorescence signals assessed by a
flow cytometric analysis. (Left) Representative histograms from seven independent replicates. (Right) Bar graph indicates the mitochondrial
mass mean fluorescence intensities (MFIs). Results are expressed as means+s.d. of seven experiments. (i) Mitochondrial DNA (mtDNA)
content in BMDMs measured by quantitative real-time PCR. The mtDNA content was normalized to nuclear DNA. Significant differences
(**P<0.01; ***P<0.001) compared with PKCa** or shRNA-NS (Non-specific) (b, d, e and g-i).The data are representative of five
independent experiments with similar results (a-g and i).

SIRT3 interacts with ATP5A1 and regulates its acetylation ATP5A1 acetylation level compared with WT rGRAS

status and activity.?

We examined the acetylation levels of OXPHOS V proteins
under rGRAS treatment. First, we confirmed the acetylation of
ATP5A1 and ATP5C1 in BMDMs using an anti-acetyl-lysine
antibody to immunoprecipitate endogenous ATP5A1 and
ATP5CI. The acetylation level of ATP5A1 was reduced in a
time-dependent manner by WT rGRAS8 but not ATP5C1, and
the acetylation status of ATP5A1 was regulated by mitochon-
drial SIRT3 but not by cytosolic SIRT1 (Figure 4a). The T220A
(mitochondria non-targeting) mutant and rGRA8 N terminus
(ATP5A1 binding deficient) failed to significantly change the
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(Figure 4b).

To determine how specific residues affected ATP5A1 acet-
ylation, we created substitution mutations at positions pre-
dicted to mimic acetylated lysine (K—Q) or nonacetylated
lysine (K- R).?®%” Figures 4c and d show that the acetylation
levels of the K506R and K531R mutants were similar to that of
WT ATP5A1, and the acetyl-mimetic mutants (K506Q and
K531Q) exhibited markedly increased deacetylation compared
with WT ATP5A1. Thus, GRAS interacts with SIRT3 in the
mitochondria to induce the acetylation of ATP5A1 (K506
and K531).
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Figure 4 The rGRA8 treatment increases the induction of deacetylation of ATP5A1 via SIRT3. Bone marrow-derived macrophages
(BMDMs) were transduced with lentivirus-shRNA-NS (Non-specific) or lentivirus-shRNA-SIRT1 or SIRT3 (multiplicity of infection
(MOI)=100) with polybrene (8 ug ml=1) (right) for 2 days (a), BMDMs (b) or THP-1 cells stably expressing either ATP5A1 or its mutants
(c, d), the cells were stimulated with rGRA8 (1 pg ml~1) and its mutants for the indicated times and subjected to immunoprecipitation (IP)
with alLys-AC and immunoblotting (IB) with aATP5A1, «ATP5C1, oSIRT1, «SIRT3, oFlag and «Actin. Schematic diagrams of the
structures of ATP5A1 (d, upper).The data are representative of five independent experiments with similar results.

rGRAS protects mice from systemic sepsis

We aimed to determine whether rGRAS8 protects mice from
septic shock due to polymicrobial peritonitis using a murine
CLP model of polymicrobial infection that triggers systemic
inflammatory response syndrome and is typically fatal in
humans.’ As shown in Figure 5, rGRA8 proteins are uptaken
by cells of the reticuloendothelial system in the spleen, lung
and liver (Figures 5a—c). The pharmacokinetics of rGRA7
proteins localized in mitochondria was maintained for up to
36 h and gradually cleared until 60-66 h (Figure 5d). However,
no significant difference was observed for inflammation in
blood (Figure 5e). First, we tested the preventative (pretreat-
ment) and protective (after treatment) efficacy of rtGRA8 and
its mutants against CLP-induced mortality in mice. WT rGRA8
prevented and protected against CLP-induced death in 30%
and 20% of mice, respectively (Supplementary Figures S4A
and B). Pre- and posttreatment of CLP mice with WT rGRA8
obtained dose-dependent protection, where 60% of the mice
were protected from CLP-induced death when treated with
WT rGRAS8 at 1 mgkg ! per mouse (Figure 6a), and this
protection depended on SIRT3 and PKCa (Figures 6b and c).
The serum concentrations of the proinflammatory cytokines
tumor necrosis factor-a, interleukin (IL)-6, IL-1p and IL-12p40
were attenuated significantly in WT rGRA8-treated mice, but
the IL-10 and IL-4 concentrations did not change significantly
(Figure 6d and Supplementary Figure S4C). These changes
were accompanied by reduced infiltration of immune cells and
decreased damage to the lung, liver and spleen according to
hematoxylin and eosin staining (Figure 6e).

We tested whether rGRA8 was pharmacologically active
in vivo. The in vivo detection of mitochondria-related target
protein binding profiles and OXPHOS activity might be
important for evaluating new compounds when searching for
therapeutic drugs to treat lethal inflammatory disease. Con-
sistent with the in vitro data (Figures 1c, 3f and 4), treatment
with WT rGRAS8 markedly increased the binding of rGRAS to
ATP5AL1, SIRT3 and ATP5C1. The ATP5A1 deacetylation level
and mitochondrial biogenesis protein levels were also increased
in splenocytes (Figure 6f). We investigated whether WT rGRAS8
enhances bacterial clearance because CLP-induced lethality is
positively correlated with bacterial colony counts in peripheral
blood and peritoneal fluid,> and WT rGRAS8 enhances mito-
chondrial activity in macrophages. Treating CLP mice with WT
rGRA8 dramatically decreased the bacterial colony counts in
peritoneal fluid and blood (Figure 6g). Furthermore, the
survival rates increased and the bacterial loads decreased after
infection with Escherichia coli, Staphylococcus aureus or Pseu-
domonas aeruginosa, but there were no significant differences in
these bacteria when grown in BHI broth with or without
rGRA8 (Supplementary Figure S5). Therefore, rGRAS-
mediated mitochondrial metabolic resuscitation has therapeutic
potential to ameliorate CLP-induced sepsis.

DISCUSSION

This study identified a new anti-sepsis therapeutic strategy
based on T. gondii GRA8-induced mitochondrial metabolic
resuscitation that represents a potential paradigm shift as an
urgently needed therapeutic intervention (Figure 7). We found

Experimental & Molecular Medicine
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immunoblotting (IB) with aHis and oActin. The data are representative of three independent experiments with similar results.
Fluorescence-activated cell sorting (FACS) analysis in spleen (c), tissue subcellular fractionation in spleen (d), and (e) serum cytokine
levels were evaluated 24 h after being injected with rGRA8 (10 mice per group). Significant differences compared with rVector-

treated mice.

that: (1) the C terminus of T. gondii GRAS8 interacts directly
with the S413 residue of ATP5A1 to achieve stabilization; (2)
GRA8 has a mitochondria-targeting sequence (aa 183-222),
and PKCoa-mediated phosphorylation of T. gondii GRAS
(Thr220) is required for mitochondrial targeting and interac-
tion with ATP5A1 and SIRT3 in mitochondria; (3) the
mitochondrial-targeting action and ATP5A1 binding action of
GRAS8 are functionally and genetically separable; (4) GRAS8
interacts with SIRT?3 to facilitate the ATP5A1 (K506 and K531)
deacetylation-mediated mitochondrial biogenesis and activity
via PKCa; (5) rGRA8 protects mice from sepsis caused by
polymicrobial infection via metabolic resuscitation; and (6)
rGRA8 enhances bacterial clearance and it could be a new
therapy for septic shock and other microbe-mediated diseases.
Collectively, these observations suggested that rtGRA8-mediated
mitochondrial metabolic resuscitation can provide a unique
opportunity to urgently treat life-threatening septic shock.
Evidence suggests that host—pathogen interactions facilitate
the coevolution of the toxoplasmosis-causing pathogen T.
gondii with its host.>*»!7 According to a yeast two-hybrid
analysis using GRAS8 as the bait in a HeLa cell complementary
DNA library, GRAS8 binds to the following metabolism-related
proteins: nuclear gene encoding mitochondrial protein, tran-
script variant 1 (NM_004493, NM_005175); ATP synthase;
H*-transporting mitochondrial FO complex subunit CI

Experimental & Molecular Medicine

(subunit 9) (ATP5GI1); phosphoglycerate dehydrogenase
(PHGDH); pyruvate kinase, muscle transcript variant 3
(PKM2); and cytochrome b5 reductase 3, transcript variant M
(CYB5R3).* Our results agreed with previous studies and we
also showed that GRA8 binds to mitochondrial proteins
ATP5A1, ATP5C1 and SIRT3. Furthermore, GRA8-induced
mitochondrial metabolic activation and biogenesis are crucial
for modulating mitochondrial diseases in vitro and in vivo. We
found that GRAS8 interacted with a number of host cell
proteins, including OXPHOS proteins and mitochondrial
enzymes, thereby indicating a new role for GRA8 in the
regulation of mitochondria.

Sepsis is associated with the aerobic glycolysis of glucose
(Warburg effect) and ATP consumption promotes sepsis
metabolism.®!4"1628 Thus, inhibiting glycolysis and activating
the OXPHOS capacity may contribute to the anti-sepsis effect
in macrophages. Understanding the role of GRAS8 in these
mechanisms might provide a new basis for sepsis treatment,
thereby helping to overcome resistance to chemotherapy or
radiotherapy.

Some clinical trials and many experimental studies have
reported improved mitochondrial activity and positive effects
on outcomes driven by pharmacological and nutritional
management strategies, thereby suggesting the need for further
research. Micronutrients can regulate sepsis processes as



GRA8 interacts with ATP5A1 and SIRT3

Y-R Kim et al
9
a Protein i.p b Protein i.p c Protein i.p d O rvector
1mg/kg 1mgl/kg 1mgl/kg @ rGRA8 WT
@ rGRAS T220A
5061218 ~ 100(h) 5061218 ~ 100 (h) 5061218 ~ 100(h) @ rGRAEN
CLP O rVector CLP: — O rvector CLP: " O rvector TNF-a = - IL-6 <115
@ rGRAS WT f Si3™| @ rerAs WT ] gKEY [-.- rGRA8 WT 09 ... 1 —
100 ¢ <~ rGRAS T220A 100 [ <~ rvector 100 [ < rVector £ o (2]
s ® - IGRAS N ) Smd[-o- rGRAS WT 8 PKCGJ[Q- rGRA8 WT —_E~ 0.6 .g !. B @ ,i, 10
& = =
< =0.0035* £ = =
I w £ s ® p=0.0014** s ® p=0.0035** 2 03 l® l ‘ ‘ B l '_ 05
: E E Elos . :
E R R @ (o] .
= = » £ |00 8 o 0.0
) < | 0. !
04 04 > S|18F IL-18 - IL-12p40 J12
0 20 40 ] 80 100 0 20 40 60 80 100 0 20 40 60 80 100 (6] e ns -
Tire () Time (h) Time (n) € . & 1
=
g (121 g @ 0.8
e (2] : (o]
rVector rGRA8WT rGRA8™2A [GRASN 8 ()
: p : ey 6 = 0.6 [ LIS do04
wox Spleen "’
o 8
g g 4+ T B 0.0 —@ 0.0
- [
r S
o 2 - o
%] ) >
bl Nl (C’?‘P& (G@ ©
m E LA T T 1) 1) 1
o S0
s 2 & R ATP5A1
-l o Lung
[ iy IP:His - - SIRT3
% 41 9 O rvector
c [ rGRA8 WT - ATP5C1
d o F | mrcRrA8 T220A b
& W rGRAS N IP:Lys-AC " . mweab®ee| ATP5A1
0 = | ATPSA1
9 _ e - ===----..[SIRT3
-]
» 2 - = = «=®e- -~ =~ |ATP5C1
g8 8 _!_'_— T 100 -_B_ ® _l- wcL
S>3 55 o = === = = PGC-1B
Sa 1w} -” ‘- 5§ 10 }-© :- O rvector
g ° Et o @ rGRAS WT .-..--.--. Tfam
2l ] = 402 | | | @ reras T220a .
10 2 10 @ rGRAS N Actin
At 18 h after CLP At 18 h after CLP Spleen

Figure 6 The rGRA8 protects mice from cecal ligation and puncture (CLP)-induced polymicrobial sepsis. (a-¢) Schematic of the CLP
model treated with rGRA8 or its mutants (upper). The survival of mice was monitored for 7 days; mortality was measured for n=25 mice
per group (lower). Statistical differences compared with the rVector-treated mice are indicated (log-rank test). The data are representative
of two independent experiments with similar results. (d) Serum cytokine levels and (e) representative hematoxylin and eosin (H&E) staining
of the lung, liver and spleen (left) from 10 mice per group. Histopathology scores were obtained from H&E stained as described in
Methods (right) were determined at 30 h in CLP mice were treated with rGRA8 or its mutants. Scale bar, 200 um. (f) Splenocytes were
used for immunoprecipitation (IP) with aHis or aLys-AC, followed by immunoblotting (IB) with aATP5A1, aATP5C1 or aSIRT3. Whole cell
lysates (WCLs) were used for IB with «ATP5A1, aATP5C1, oSIRT3, oaPGC-1, aTfam or «Actin. The data are representative of three
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metabolic resuscitators. Thus, thiamin (vitamin B1) is a water-
soluble vitamin with an essential role in cellular energy
metabolism and as a cofactor in the multi-enzyme pyruvate
dehydrogenase complex, and it is essential for converting
pyruvate from glucose into acetyl-CoA before entering the
tricarboxylic acid cycle, with subsequent OXPHOS activity and
ATP generation.?>*? Experimental studies indicate that ascor-
bic acid (vitamin C), tocopherol (vitamin E), selenium and zinc
can act as mitochondrial antioxidants.>!=* Potential interven-
tions exist to restore mitochondrial function during sepsis but
their clinical benefits are unproven;*"3 for example, coenzyme
Q10 is a component of the mitochondrial electron transport
chain,3® 1-carnitine is essential for mitochondrial fatty acid
B-oxidation.?” Cytochrome oxidase is the terminal oxidase of

the electron transport chain,*® and melatonin and its metabo-
lites with potent antioxidant properties accumulate in
mitochondria.®® SIRT3 can regulate certain cancer-related
processes and hence it is a potential therapeutic target in cancer
treatment.*? Class III histone deacetylase activators of SIRT3
(such as resveratrol) are in the early stages of clinical trials and
under testing for safety in the treatment of various cancers.*"2
The Chinese medicinal plant Scutellaria baicalensis Georgi is a
potential anticancer drug because it contains oroxylin A that
inhibits glycolysis and the binding of HK II to mitochondria
(which depends on SIRT3) in human breast carcinoma cells.*?
A novel SIRT3 inhibitor called 5-amino-2-phenyl-benzoxazole
is a good starting point for the future development of SIRT3
inhibitors with novel structural scaffolds.** Understanding the

Experimental & Molecular Medicine
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Figure 7 Schematic model for the roles of GRA8 and GRA8-mediated regulatory pathways against sepsis. Please see the Discussion for

detail.

anti-sepsis of SIRT3 will help to develop novel therapeutic
strategies.

The rGRAS protein has potential therapeutic uses but it does
not satisfy the direct requirements for anti-sepsis agents as
feasible alternatives to conventional chemotherapy. Concerns
regarding GRAS8 include its uncertain specificity and selectivity,
inherent limitations of the animal models used for its study,
unknown off-target effects, incomplete pharmacokinetics, lim-
ited safety data and the unclear feasibility of in vivo proof-of-
concept studies. Further analyses are required to determine the
suitability of rGRAS for in vivo use in patients with sepsis and
colon cancer.

We provided evidence of a critical role for PKCa in
mediating the phosphorylation of T. gondii GRA8 that facil-
itates interactions between GRA8 and ATP5A1 or SIRTS3,
thereby contributing to metabolic resuscitation against sepsis
and cancer (Figure 7). The N and C termini of GRAS8 induce
metabolic protective effects against sepsis in vivo. Thus, GRA8
has a new role in regulating mitochondrial activity to achieve
protective immunity in the host. We provided a proof of
concept for host-directed therapeutic strategies that manipulate
GRA8-mediated host metabolic networks. Further research is
needed to develop effective GRA8-based therapeutic targets and
to understand how GRAS8 regulates host defense strategies
against sepsis, cancer and other mitochondria-related infectious
diseases.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIP), the
Ministry of Science, ICT & Future Planning (NRF-2011-0030049 and

Experimental & Molecular Medicine

2016R1D1A1A02937312) and by a grant of the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry of Health &
Welfare, Republic of Korea (HI16C1653 and HI17C0888). Finally, we
thank all members of Yang’s lab for their discussions.

Author contributions: Y-RK, JS-K, J-SY, SK and S-YK performed
molecular and animal experiments and also analyzed data. KJ analyzed
the histological data of tissue sections. C-SY designed and
conceptualized the research, supervised the experimental work,
analyzed data and wrote the manuscript.

PUBLISHER'’S NOTE

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

1 Koethe M, Pott S, Ludewig M, Bangoura B, Zoller B, Daugschies A et al.
Prevalence of specific 1gG-antibodies against Toxoplasma gondii in domes-
tic turkeys determined by kinetic ELISA based on recombinant GRA7
and GRA8. Vet Parasitol 2011; 180: 179-190.

2 Koh HJ, Kim YR, Kim JS, Yun JS, Jang K, Yang CS. Toxoplasma gondii
GRA7-targeted ASC and PLD1 promote antibacterial host defense via
PKCalpha. PLoS Pathog 2017; 13: e1006126.

3 Costa JG, Dure AB. Immunochemical evaluation of two Toxoplasma gondii
GRA8 sequences to detect acute toxoplasmosis infection. Microb Pathog
2016; 100: 229-236.

4 Ahn HJ, Kim S, Kim HE, Nam HW. Interactions between secreted GRA
proteins and host cell proteins across the paratitophorous vacuolar
membrane in the parasitism of Toxoplasma gondii. Korean J Parasitol
2006; 44: 303-312.

5 Kim YR, Hwang J, Koh HJ, Jang K, Lee JD, Choi J et al. The targeted
delivery of the c-Src peptide complexed with schizophyllan to macrophages
inhibits polymicrobial sepsis and ulcerative colitis in mice. Biomaterials
2016; 89: 1-13.

6 Liu TF, Vachharajani V, Millet P, Bharadwaj MS, Molina AJ, McCall CE.
Sequential actions of SIRT1-RELB-SIRT3 coordinate nuclear-mitochondrial
communication during immunometabolic adaptation to acute inflammation
and sepsis. J Biol Chem 2015; 290: 396-408.

7 Doerrier C, Garcia JA, Volt H, Diaz-Casado ME, Luna-Sanchez M,
Fernandez-Gil B et al. Permeabilized myocardial fibers as model to detect



mitochondrial dysfunction during sepsis and melatonin effects without
disruption of mitochondrial network. Mitochondrion 2016; 27: 56-63.

8 Leite HP, de Lima LF. Metabolic resuscitation in sepsis: a necessary step
beyond the hemodynamic? J Thorac Dis 2016; 8: E552-557.

9 Alhazzazi TY, Kamarajan P, Verdin E, Kapila YL. SIRT3 and cancer: tumor
promoter or suppressor? Biochim Biophys Acta 2011; 1816: 80-88.

10 Chen Y, Fu LL, Wen X, Wang XY, Liu J, Cheng Y et al. Sirtuin-3 (SIRT3), a
therapeutic target with oncogenic and tumor-suppressive function
in cancer. Cell Death Dis 2014; 5: e1047.

11 Scarpulla RC, Vega RB, Kelly DP. Transcriptional integration of mitochon-
drial biogenesis. Trends Endocrinol Metab 2012; 23: 459-466.

12 Di Domenico A, Hofer A, Tundo F, Wenz T. Mitochondrial protein
acetylation mediates nutrient sensing of mitochondrial protein synthesis
and mitonuclear protein balance. /UBMB Life 2014; 66: 793-802.

13 Wu YT, Wu SB, Wei YH. Metabolic reprogramming of human cells in
response to oxidative stress: implications in the pathophysiology and
therapy of mitochondrial diseases. Curr Pharm Des 2014; 20:
5510-5526.

14 Xu S, Gao Y, Zhang Q, Wei S, Chen Z, Dai X et al. SIRT1/3 activation by
resveratrol attenuates acute kidney injury in a septic rat model. Oxid Med
Cell Longev 2016; 2016: 7296092.

15 Israelsen WJ, Vander Heiden MG. ATP consumption promotes cancer
metabolism. Cell 2010; 143: 669-671.

16 Jiang JX, Riquelme MA, Zhou JZ. ATP, a double-edged sword in cancer.
Oncoscience 2015; 2: 673-674.

17 Yang CS, Yuk JM, Lee YH, Jo EK. Toxoplasma gondii GRA7-Induced
TRAF6 activation contributes to host protective immunity. /nfect Immun
2015; 84: 339-350.

18 Yang CS, Lee JS, Rodgers M, Min CK, Lee JY, Kim HJ et al. Autophagy
protein Rubicon mediates phagocytic NADPH oxidase activation in
response to microbial infection or TLR stimulation. Cell Host Microbe
2012; 11: 264-276.

19 Oppermann FS, Gnad F, Olsen JV, Hornberger R, Greff Z, Keri G et al.
Large-scale proteomics analysis of the human kinome. Mol Cell Proteomics
2009; 8: 1751-1764.

20 Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL et al. The
Pfam protein families database: towards a more sustainable future. Nucleic
Acids Res 2016; 44: D279-285.

21 Gavel Y, von Heijne G. Cleavage-site motifs in mitochondrial targeting
peptides. Protein Eng 1990; 4: 33-37.

22 Nakai K, Kanehisa M. A knowledge base for predicting protein localization
sites in eukaryotic cells. Genomics 1992; 14: 897-911.

23 Reinecke F, Smeitink JA, van der Westhuizen FH. OXPHOS gene expression
and control in mitochondrial disorders. Biochim Biophys Acta 2009; 1792:
1113-1121.

24 Finley LW, Haigis MC. Metabolic regulation by SIRT3: implications for
tumorigenesis. Trends Mol Med 2012; 18: 516-523.

25 Law IK, Liu L, Xu A, Lam KS, Vanhoutte PM, Che CM et al. ldentification
and characterization of proteins interacting with SIRT1 and SIRT3:
implications in the anti-aging and metabolic effects of sirtuins. Proteomics
2009; 9: 2444-2456.

26 Dang W, Steffen KK, Perry R, Dorsey JA, Johnson FB, Shilatifard A et al.
Histone H4 lysine 16 acetylation regulates cellular lifespan. Nature 2009;
459: 802-807.

27 Gnad F, Ren S, Choudhary C, Cox J, Mann M. Predicting post-translational
lysine acetylation using support vector machines. Bioinformatics 2010; 26:
1666-1668.

28 Jang M, Kim SS, Lee J. Cancer cell metabolism: implications for
therapeutic targets. Exp Mol Med 2013; 45: e45.

29 Shah S, Wald E. Type B lactic acidosis secondary to thiamine deficiency in
a child with malignancy. Pediatrics 2015; 135: e221-224.

30 Donnino MW, Andersen LW, Chase M, Berg KM, Tidswell M, Giberson T
et al. Randomized, double-blind, placebo-controlled trial of thiamine as a

GRAS8 interacts with ATP5A1 and SIRT3
Y-R Kim et al

metabolic resuscitator in septic shock: a pilot study. Crit Care Med 2016;
44: 360-367.

31 Galley HF. Bench-to-bedside review: targeting antioxidants to mitochondria
in sepsis. Crit Care 2010; 14: 230.

32 Lowes DA, Webster NR, Galley HF. Dehydroascorbic acid as pre-condi-
tioner: protection from lipopolysaccharide induced mitochondrial damage.
Free Radic Res 2010; 44: 283-292.

33 Rayman MP. Selenium and human health.
1256-1268.

34 Terrin G, Berni Canani R, Passariello A, Messina F, Conti MG, Caoci S et al.
Zinc supplementation reduces morbidity and mortality in very-low-birth-
weight preterm neonates: a hospital-based randomized, placebo-
controlled trial in an industrialized country. Am J Clin Nutr 2013; 98:
1468-1474.

35 Zheng G, Lyu J, Huang J, Xiang D, Xie M, Zeng Q. Experimental treatments
for mitochondrial dysfunction in sepsis: a narrative review. J Res Med Sci
2015; 20: 185-195.

36 Donnino MW, Mortensen SJ, Andersen LW, Chase M, Berg KM, Balkema J
et al. Ubiquinol (reduced Coenzyme Q10) in patients with severe sepsis or
septic shock: a randomized, double-blind, placebo-controlled, pilot trial.
Crit Care 2015; 19: 275.

37 Puskarich MA, Finkel MA, Karnovsky A, Jones AE, Trexel J, Harris BN et al.
Pharmacometabolomics of I|-carnitine treatment response phenotypes in
patients with septic shock. Ann Am Thorac Soc 2015; 12: 46-56.

38 Verma R, Huang Z, Deutschman CS, Levy RJ. Caffeine restores myocardial
cytochrome oxidase activity and improves cardiac function during sepsis.
Crit Care Med 2009; 37: 1397-1402.

39 Galley HF, Lowes DA, Allen L, Cameron G, Aucott LS, Webster NR.
Melatonin as a potential therapy for sepsis: a phase | dose escalation study
and an ex vivo whole blood model under conditions of sepsis. J Pineal Res
2014; 56: 427-438.

40 Liu B, Wen X, Cheng Y. Survival or death: disequilibrating the oncogenic
and tumor suppressive autophagy in cancer. Cell Death Dis 2013; 4: e892.

41 Signorelli P, Ghidoni R. Resveratrol as an anticancer nutrient:
molecular basis, open questions and promises. J Nutr Biochem 2005; 16:
449-466.

42 Rayalam S, Yang JY, Ambati S, Della-Fera MA, Baile CA. Resveratrol
induces apoptosis and inhibits adipogenesis in 3T3-L1 adipocytes. Phyt-
other Res 2008; 22: 1367-1371.

43 Wei L, Zhou Y, Dai Q, Qiao C, Zhao L, Hui H et al. Oroxylin A induces
dissociation of hexokinase Il from the mitochondria and inhibits glycolysis
by SIRT3-mediated deacetylation of cyclophilin D in breast carcinoma. Cell
Death Dis 2013; 4: e601.

44 Salo HS, Laitinen T, Poso A, Jarho E, Lahtela-Kakkonen M. Identification of
novel SIRT3 inhibitor scaffolds by virtual screening. Bioorg Med Chem Lett
2013; 23: 2990-2995.

Lancet 2012; 379:

This work is licensed under a Creative Commons
= Attribution 4.0 International License. The images
or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain
permission from the license holder to reproduce the
material. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/

© The Author(s) 2018

Supplementary Information accompanies the paper on Experimental & Molecular Medicine website (http://www.nature.com/emm)

11

Experimental & Molecular Medicine


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Toxoplasma gondii GRA8 induces ATP5A1&#x02013;SIRT3-mediated mitochondrial metabolic resuscitation: a potential therapy for�sepsis
	Introduction
	Materials and methods
	Ethics statement
	Mouse model of sepsis
	Mice and cell culture
	Recombinant GRA8 protein
	Protein purification and mass spectrometry
	Reagents and antibodies
	Plasmid construction
	Complex V activity assay
	Statistical analysis

	Results
	GRA8 interacts with ATP5A1
	Mitochondrial targeting of GRA8 via PKC&#x003B1; phosphorylation
	rGRA8 induces mitochondrial activity and biogenesis in a PKC&#x003B1;-dependent manner

	Figure 1 GRA8 interacts with ATP5A1 and SIRT3.
	rGRA8 induces the deacetylation of ATP5A1 (K506 and K531) by SIRT3

	Figure 2 Protein kinase-C&#x003B1; (PKC&#x003B1;)-dependent phosphorylation of GRA8 was essential for mitochondrial localization.
	Figure 3 The rGRA8 treatment increases the induction of mitochondrial activity and biogenesis via protein kinase-C&#x003B1; (PKC&#x003B1;).
	rGRA8 protects mice from systemic sepsis

	Discussion
	Figure 4 The rGRA8 treatment increases the induction of deacetylation of ATP5A1 via SIRT3.
	Figure 5 Therapeutic rGRA8 proteins are uptaken by cells of the reticuloendothelial system in mice.
	Figure 6 The rGRA8 protects mice from cecal ligation and puncture (CLP)-induced polymicrobial sepsis.
	This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIP), the Ministry of Science, ICT & Future Planning (NRF�-�2011-0030049 and 2016R1D1A1A02937312) and by a grant of the Korea Health Technolo
	ACKNOWLEDGEMENTS
	Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.Koethe M, Pott S, Ludewig M, Bangoura B, Zoller B, Daugschies A  Prevalence of specific IgG-antibodies against Toxoplasma gondii in domes
	Figure 7 Schematic model for the roles of GRA8 and GRA8-mediated regulatory pathways against sepsis.




