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Although the p46Shc isoform has been known to be mito-
chondrially localized for 11 years, its function in mitochondria
has been a mystery. We confirmed p46Shc to be mitochondrially
localized and showed that the major mitochondrial partner of
p46Shc is the lipid oxidation enzyme 3-ketoacylCoA thiolase
ACAA2, to which p46Shc binds directly and with a strong affin-
ity. Increasing p46Shc expression inhibits, and decreasing
p46Shc stimulates enzymatic activity of thiolase in vitro. Thus,
we suggest p46Shc to be a negative mitochondrial thiolase activ-
ity regulator, and reduction of p46Shc expression activates thio-
lase. This is the first demonstration of a protein that directly
binds and controls thiolase activity. Thiolase was thought pre-
viously only to be regulated by metabolite balance and steady-
state flux control. Thiolase is the last enzyme of the mitochon-
drial fatty acid beta-oxidation spiral, and thus is important for
energy metabolism. Mice with reduction of p46Shc are lean,
resist obesity, have higher lipid oxidation capacity, and
increased thiolase activity. The thiolase-p46Shc connection
shown here in vitro and in organello may be an important under-
lying mechanism explaining the metabolic phenotype of Shc-
depleted mice in vivo.

Shc proteins have three isoforms: p46, p52, and p66, and have
major effects on metabolism (1-4). p52Shc contacts the insulin
receptor and regulates the signaling between the IRS1 and Ras
pathway (5). In 2004, it was demonstrated that the major mito-
chondrial Shc isoform is p46Shc (6), but since that time the
mitochondrial partner and physiological function of p46Shc
has been a mystery. Here we show the mitochondrial partner
and function of p46Shc, and suggest how this could contribute
to the obesity-resistance observed in ShcKO mice.

There are three isoforms at the mammalian Shc locus, the
highly expressed isoforms p46Shc and p52Shc, and the minor
p66Shc. All three Shc isoforms are derived from a single DNA
locus. First, two mRNA are produced: p66Shc and p52/46Shc
by means of trans-splicing. The p66Shc mRNA has start codons
for all three Shc isoforms. The p52/46Shc-mRNA does not have
a start codon for p66Shc and only produces p52Shc and p46Shc
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(7). For this reason, knockdowns of either p66Shc, or all three
Shc isoforms together have been achieved to date. There are
two mouse models of Shc depletion produced to date: ShcL,
also known as p66ShcKO developed by the Tom Prolla group
(ShcProlla, Ref. 4), and Shc mice developed by the Pelicci group
(ShcP or ShcPelicci, also known as p66Shc(—/—, Refs. 3,4, 8,9).
Names in literature for these two models can be described by
these definitions: ShcL, ShcProlla; ShcKO, ShcP = ShcPelicci =
p66Shc(—/—).

Briefly, ShcL or ShcProlla mice have a deletion of only the
minor p66Shc isoform and have no health benefits: ShcL mice
are not lean, do not resist weight gain on high fat diets (HFD),?
and are not longer-lived on HFD, and do not have improved
insulin sensitivity (4). Thus p66Shc deletion by itself does not
result in health benefits.

By contrast, ShcKO have in addition to the deletion of minor
p66Shc isoform, a major reduction of p46Shc and p52Shc
expression in main energy-expending tissues: muscles (cardiac
and skeletal), brown fat, and liver (3, 4). ShcKO have several
health benefits, including a lean phenotype (10), resistance to
genetic obesity (11), resistance to high fat diets (HFD) (4) and
higher capacity for mitochondria to oxidize lipid iv vitro and iv
vivo (2—4), and a metabolic shift toward increasing mitochon-
drial lipid oxidation (1, 2). Enzymatic activity of mitochondrial
thiolase is significantly increased in these ShcKO tissues, which
have reduced expression of mitochondrial p46Shc isoform (2).

We carried out mass spectrometry, two-dimensional gel
electrophoresis, and bio-layer interferometry (BLI) (12-14)
assays to identify the major mitochondrial partner of p46Shc.
These assays identified mitochondrial 3-ketoacylCoA thiolase
(ACAAZ2) as the p46Shc major partner. Furthermore, p46Shc
modulation iv vitro and iv vivo modulates ACAA?2 activity.

Mitochondrial lipid oxidation is a stepwise pathway resulting
in the production of acetoacetylCoA and acetylCoA, which
enters the TCA cycle to form citrate. ACAAZ2 thiolase catalyzes
the last step of the spiral, to form acetylCoA. Specific small
molecule regulators of ACAA2 activity have been shown to
regulate flux through the pathway (15-17). Data suggest
p46Shc to be an inhibitor of mitochondrial thiolase activity, and
that p46Shc depletion activates mitochondrial thiolase and
increased lipid oxidation.

2 The abbreviations used are: HFD, high fat diet; BLI, bio-layer interferometry;
OCR, oxygen consumption rate; BN, blue native; ACAA2, 3-ketoacyCoA
thiolase.
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Experimental Procedures

Animals—ShcKO mice were originally characterized by Refs.
8, 4; these mice were denoted “ShcP” in Ref. 4. ShcL mice were
previously described in Ref. 4. Both strains, ShcKO and ShcL
were re-derived using IVF into C57BL6 background. Mice were
kept pathogen-free throughout the study in a barrier facility at
UC Davis. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) and
were performed in compliance with local, state, and federal
regulations. Diet was LM-485 (Teklad 7012) with nutrient com-
position: protein, 19.9%; carbohydrates, 53.7%; fat, 5.7%. The
high fat diet was: protein, 17.7%; carbohydrates, 7.3%; fat,
60.0%. The source of lipid was soybean oil, protein (soybean
meal), energy source (ground oats).

Materials—Antibodies were from Cell Signaling Inc. (Dan-
vers, MA) except for rabbit anti-Shc, mouse anti-Shc, and anti-
cytochrome ¢; these antibodies were from BD Biosciences (San
Diego, CA). Rabbit anti-PCX and mouse anti-ACADVL anti-
body were from Novus Biologicals (Littletown, CO), mouse
anti-tubulin, and mouse anti-ACAA?2 antibody were from Sig-
ma; mouse anti-ACAA1 was from Mito Science Inc. (Eugene,
OR). Rabbit anti-CPT2 was from Epitomics Inc. (Burlingame,
CA), goat anti-ETFA antibodies were from Everest Biotech
(San Diego, CA). The infrared dye 700 and 800 labeled streptavi-
din and secondary antibody were from Li-Cor Biosciences (Lin-
coln, NE). The transfection reagent TransIT-LT1 was purchased
from Mirus Bio LLC (Madison, WI). Plasmids were purchased
from GeneCopoeia (Rockville, MD): EX-H9090-M62 for expres-
sion of human C-terminally biotinylated p46Shc, EX-C0702-M48
and EX-T3030-M48 for expression of mouse and human N-ter-
minally biotinylated ACAA2, respectively, EX-EGFP-M48 for
expression of N-terminally biotinylated GFP, and EX-T3030-M48
for expression of N-terminally biotinylated p52Shc. Shc6PTB and
ShcdSH2 plasmids were constructed based on EX-T3030-M48
and EX-H9090-M62, respectively, using the following primers:
5'-gagttgcgcttcaaacaataccte-3, 5'-gtegttgggatgcagecagee-3' to cre-
ate EX-T3030-M48-p562Shcd(44—198)PTB, and 5’'-gagcggaaact-
gtacctcgagt-3', 5'-gagctgctcagecatggacac-3' to create EX-H9090-
M62-p46Shcd(329 —425)SH2, using Phusion Site-Directed
Mutagenesis Kit (Thermo Fisher Scientific, Inc., Rockford, IL).

Preparation and Polarographic Analysis of Subcellular Frac-
tions from Mouse Liver—Livers were extracted from 3 m/o
C57Bl6 male mice and homogenized in ice-cold fractionation
buffer: 250 mm sucrose, 10 mm Tris-HCl, 1 mm EGTA, pH 7.4.
Cell debris (P1) was separated from homogenates (Tot) for 5
min at 400 X g, and the supernatant (S1) centrifuged for 10 min
at 700 X g for the separation of nuclei or intact unbroken cells
(P2) and the supernatant (S2) centrifuged at 7000 X g for 15 min
for the isolation of mitochondria (P3) and cytosolic fraction
(S3). The pellet containing the mitochondria was washed twice
and finally resuspended in 0.2 M mannitol, 50 mMm sucrose, 1 mm
EDTA, 10 mm HEPES-NaOH, pH 7.4 for the further separation
of the heavy mitochondrial fraction (He), the light mitochon-
drial (Li), and the microsomal (MS) fractions by sequential cen-
trifugation 10 min each at 3000 X g, 15,000 X g, and 100,000 X
g respectively. Polarographic analysis were performed by using
Clark type Hansatech Oxygraph in 125 mm KCI, 10 mm MOPS-

12576 JOURNAL OF BIOLOGICAL CHEMISTRY

Tris, 1 mm inorganic phosphate, 100 um EGTA, pH 7.4 with the
addition of 5 mm glutamate/malate, 400 um ADP or 1-10 mMm
dinitrophenol to induce, respectively, state 3 or the uncoupled
state.

Cell Retroviral Infection—For stable transfection of FL83B
cells we used lentiviral vectors pLKO.1 empty, PLKO.1 scram-
ble, pLKO.1 RMM 3981-97976309 (shShc-1), pLKO.1 RMM
3981-9622377 (shShc-2), pLKO.1 RMM 3981-9622378 (shShc-
3), pLKO.1 RMM 3981-9622379 (shShc-4), pLKO.1 RMM
3981-9622381 (shShc-5), and pLKO.1 RMM 3981-97076308
(shShe-6) from Open Biosystems, GE Healthcare Dharmacon
Inc. (Piscataway, NJ).

Isolation of Mouse Mitochondria—Mitochondria were iso-
lated according to Ref. 18. Briefly, livers from fasted mice were
placed into ice-cold isolation medium (220 mM mannitol, 70
mM sucrose, 1 mm EDTA, 20 mm Tris, 0.1% FA-free BSA, pH
7.4), chopped, rinsed from blood, placed in 10% (w/v) isolation
medium, and homogenized with six strokes at 1000 rpm. The
homogenate was centrifuged at 500 X g for 10 min at 4 °C, and
the resulting supernatant was decanted into clean centrifuge
tubes and centrifuged at 10,000 X g for 10 min (4 °C). The
supernatant was discarded, and the pellet was resuspended and
washed in isolation medium with and without BSA, followed by
centrifugation at 10,000 X g. The mitochondrial pellet was sus-
pended in isolation medium without BSA (220 mm mannitol, 70
mM sucrose, 1 mm EGTA, 20 mm Tris, pH 7.4).

Bioenergetic Profiling of Mitochondria and Cells with Sea-
horse XF24—Mitochondria were plated (10 ug/50 ul protein
per well), spun at 4 °C for 20 min at 3000 X g, and covered with
450 uM MAS-3 Seahorse assay medium (115 mm KCl, 10 mm
KH,PO,, 2 mm MgCl,, 3mm HEPES, 1 mM EGTA, 0.2% FA-free
BSA), supplemented with either 10 mMm succinate+2 um rote-
none, 10 mm pyruvate+5 mM malate, or 20 uM palmitoyl-L-
carnitine+10 mM malonate to measure fluxes through respec-
tive oxidative processes. Oxygen consumption rates (OCR)
were measured starting from basal respiration followed by
sequential regimens of 2 mm ADP, 1 uM oligomycin, 50 um
FCCP, and 4 uM antimycin A/2 uMm rotenone. Basal respiration
was assayed in 2 cycles of mix (50 s) and measuring (2 min),
ADP in one cycle of mix (50 s) and measuring (8 min), oligomy-
cin in 1 cycle of mix (50 s) and measuring (4 min), FCCP in 1
cycle of mix (50 s) and measuring (4 min), antimycin A/rote-
none in 1 cycle of mix (50 s), and measuring (4 min).

Unbuffered DMEM was used for glucose-driven OCR mea-
surements, and KHB (111 mm NaCl, 4.7 mm KCl, 2 mm MgSO,,,
1.2 mm Na,HPO,, 0.5 mM carnitine, 0.6% fat-free BSA, pH 7.4)
was used to measure palmitate-driven OCR of cultured cells.
FL83B cells (200 wl) of DMEM, 25 mwm glucose, 10% FBS
(50.000/well) onto Seahorse plates and let attach overnight;
medium was changed to 2.5 mm glucose DMEM for 24 h and
then changed to KHB. Regimens: BSA/sodium palmitate
0.25%/800 um complex (palmitate), oligomycin, 1 um; FCCP, 5
uM; rotenone, 0.1 uM; antimycin A, 1 um. Total protein in each
well was used for normalization.

HeLa cells were transfected with p66Shc specific or Total-
She-specific si-RNA as described in Ref. 7, and 150,000 cells
were seeded in 200 ul of DMEM, 10% FBS, 25 mm glucose
medium, and left to attach overnight. Medium was changed to
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KHB; cells were equilibrated for 1 h, and OCR was assayed with
following regiments concentrations: BSA/sodium palmitate
0.6%/200 uM complex, oligomycin, 1 um; FCCP, 5 um; rote-
none, 0.1 uM; antimycin A, 1 uMm. Total protein in each well was
used for normalization.

Co-immunoprecipitation—Mouse liver mitochondria were
tested for quality as described, lysed with 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) lysis buffer (pH 7.5)
containing 20 mM HEPES, 150 mm KCl, 0.5% CHAPS, 10% (v/v)
glycerol, 1 mm phenylmethylsulfonyl fluoride, and EDTA-free
complete protease inhibitor mixture (Roche). 5 mg of lysates
were incubated in 600 ul of lysis buffer with 10 ug of rabbit IgG
or rabbit polyclonal anti-Shc antibody and 50 ul of Dynabeads
Protein G (Invitrogen Inc., Grand Island, NY) at 4 °C for 2 h.
Precipitates were analyzed by Western blot with the indicated
antibody. Precipitates were separated on 4-12% Bis-Tris
PAGE, stained with colloid Coomassie Blue; bands were
excised, and sent for mass spectrometry analysis.

Western Blotting Analysis—Proteins were isolated with cell
lysis buffer (Cell Signaling Technologies), and Westerns were
analyzed with the indicated antibody.

BN gel electrophoresis and second dimension SDS-PAGE
followed by Western blotting were performed according to the
protocol described by Wittig and Schagger (19). Mitochondria
were solubilized with digitonin for 15 min on ice; buffer: 2 mm
6-aminohexanoic acid, 50 mm Bis-Tris, and 0.5 mm EDTA, pH
7.0. A digitonin/protein ratio was 6:1, as empirically deter-
mined. Samples were centrifuged 30 min at 20,000 X gat 4 °C,
Coomassie Blue G-250 was added to the supernatant with ratio
8:1 (w/w). 100 ug of proteins per line were separated on Native-
PAGE Novus 4-16% Bis-Tris gradient gel (Invitrogen). To
verify intact protein complexes, in-gel activity of OXPHOS
complexes and supercomplexes was performed as described
(19-22). For the second dimension, strips of BN gels were
denatured in 50 mm TrisHCI (pH 7.0), 10% glycerol, 200 mm
DTT, 2% SDS, 0.1% bromphenol blue; Western blots were
performed.

Analysis of Real-time Protein-Protein Interaction using BLI—
Proteins we expressed in HEK T293 cells: terminally biotiny-
lated p46Shc protein, p46Shc version lacking the PTB domain
(p46ShcoPTB), p46Shclacking the SH2 domain (p46ShcdSH2),
GFP, and ACAA2 were produced using the described plasmids.
Expression, purity, and biotinylation levels of proteins were
verified by Western blotting. Proteins were purified with avidin
agarose, and p46Shc or p46Shc6SH2 were loaded onto sets of
Octet RED 384 SA biosensors (Pall ForteBio LLC., Menlo Park,
CA) to a density of 7 nm followed by blocking of non-occupied
streptavidin residues of biosensors with 200 um biotin. Sensors
were tested against titration series of concentrations of purified
ACAA2 or GFP as follows: 3.5 um, 1.7 um, 0.9 um, 433.7 nu,
216.9 nMm, 108.4 nMm, 54.2 nM, and 27.1 nm for both ACAA2 and
GEFP. Series dilutions were prepared in BLI Kinetic Buffer (Pall
ForteBio LLC., Menlo Park, CA) containing 1% BSA.

We tested the full size p46Shc in parallel with p46ShcéPTB,
p46Shc6SH2, and GFP against indicated concentrations of
ACAA2. GFP sensors were used to compensate for possible
signal drifting due to buffer changes or nonspecific bindings of
ACAA2 to the sensors. A typical binding sensorgram is pre-
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sented in Fig. 4a. After a stable baseline was achieved, biosen-
sors were moved into solution that contain ACAA2 or GFP (the
association step) for 900 s, then biosensors were moved into a
buffer without ACAA2 or GFP (the dissociation step); log plots
of responses [nm] were created against log C [nm] of thiolase,
and EC,, and Hill slopes were measured.

Activities of Acyl-CoA Dehydrogenase [EC 1.3.99.13], 3-Hy-
droxyacyl-CoA Dehydrogenase [EC 1.1.1.35], and 3-Oxoacyl-
CoA Thiolase [EC 2.3.1.16] Were Measured in Skeletal Muscle
and Liver—AcylCoA dehydrogenase activity, using palmitoyl-
CoA as substrate, was determined at 600 nm (e = 21 mm~*
cm™ ") by measuring the decrease in absorbance due to
acylCoA-dependent reduction of 2,6-dichlorophenolindophe-
nol (DCPIP) in the presence of phenazine methosulfate (PMS).
The activity of 3-hydroxyacylCoA dehydrogenase, using aceto-
acetylCoA as substrate, was determined at 340 nm (e = 6.22
mm ™' cm™ ') by measuring the oxidation of NADH. The activ-
ity of 3-oxoacylCoA thiolase, using acetoacetylCoA as sub-
strate, was determined at 303 nm (e = 16.9 mm ' cm ™) by
measuring the breakdown of the thioester bond.

Statistical analysis was performed with SAS 9.4 and Excel
Statistical Data Analysis Tool package 2007. Unless indicated
otherwise, p values were determined with one-way ANOVA
followed by Scheffe’s post hoc planed comparison test; *, p <
0.1; **, p < 0.05. Survival curves were analyzed with Logrank
Test using Prizm 4 for Windows Version 4.02 Software.

Results

p46Shc Is the Only Mitochondrial Shc Isoform under Physio-
logical Conditions—p46Shc was previously reported to have
cryptic N-terminal mitochondrial signal sequence and to be
targeted to the mitochondria (6). p46Shc was fused with RFP
and cotransfected with mito-GFP into NIH3T3 cells (Fig. 1a);
Mito-GFP and p46Shc::RFP fluorescence overlapped. This is
consistent with mitochondrial localization of p46Shc. More-
over, p46Shc::GFP fusion was transfected into NIH3T3 cells. As
previously observed (6) p46Shc showed a clear mitochondrial
pattern of distribution iv vitro (Fig. 1a). Livers from C57BL6
mice were fractionated: the highest-respiring fractions had
more of the p46Shc isoform (Fig. 1), and only p46Shc, but not
p52Shc was very abundant in the purified mitochondrial frac-
tion (He). These results are consistent with mitochondrial
localization of p46Shc. This is also consistent with data pub-
lished earlier by others where p46Shc was noted to be mito-
chondrially localized (6, 23).

We isolated mitochondria from wild type C57Bl6 mouse
liver, and tested samples for purity in an effort to isolate only
physiologically active mitochondria. Samples were analyzed to
be free from cytosolic contamination; Western blot analysis for
mitochondrial markers MnSOD, CytC, VDAC, and cytosolic
markers such as tubulin is shown (Fig. 1c, Input and Flow
through). We additionally confirmed mitochondrial activity by
testing for complex and supercomplex integrity and activity
(Fig. 2a) and respiratory activity (RCR>4.5) on succinate and
pyruvate/malate substrates in the presence/absence of ADP,
oligomycin, and FCCP using the Seahorse XF24 extracellular
flux analyzer, and only well-coupled, actively respiring mito-
chondria preparations were used for future analysis. Mitochon-
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dria were mildly disrupted, and lysates were immunoprecipi-
tated with rabbit anti-Shc antibody. These precipitates were
analyzed via Western blotting with a mouse monoclonal anti-
Shc antibody, which is different from the antibody used for IP.
The results indicate that p46Shc is the only isoform present in
physiologically active mitochondria (Fig. 1¢); no other Shc iso-
forms were observed in the (active) liver mitochondrial
fraction.

Palmitate Oxidation Increases in Cells with Shc Knock-
down—Six lentiviral constructs for stable silencing of Shc; all of
them efficiently reduced levels of p46Shc, p66Shc, and p52Shc
expression (Fig. 1d), non-silencing controls (Fig. 1d, NS) did not
change Shc expression compared to “empty plasmid” transfec-
tion or un-transfected cells (Fig. 1d, Emp). Palmitate oxidation

a

was compared in knockdowns versus controls. Cells with
reduced Shc expression consumed significantly more oxygen in
response to palmitate (p = 3.9E-2) (Fig. 1, e and f). This is con-
sistent with previous findings thatlipid oxidation is increased in
livers of ShcP = ShcKO mice (2), where She expression is sig-
nificantly decreased, and p46Shc is decreased to 20% of wild-
type level (3, 4). Thus, the increase in palmitate oxidation is a
consequence of Shc reduction.

Specific Knockdown of p66Shc Does Not Affect Palmitate
Oxidation—In contrast to p46Shc and p52Shc isoforms that are
on the same transcript, p66Shc can be specifically knocked
down (7). When p66Shc is knocked down, there is no effect on
palmitate oxidation (Fig 1, g, /1, and i). The p66Shc silencing did
not change the ability of cells to oxidize palmitate, p value =
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0.43. By contrast, when the p46 and p52 were knocked down by
the si-ShcTot siRNA, palmitate oxidation increased, p = 5.4E-3
(Fig 1, g, h, and i).

Reduction of p46Shc Expression Increases Mitochondrial
Palmitate Oxidation IV Organello—ShcKO mice have reduced
levels of p46Shc and p52Shc in tissues. However, p46Shc is the
only mitochondrial Shc isoform. Thus we compared the capac-
ity of liver mitochondria with WT levels of p46Shc versus 20%
residual p46Shc (ShcKO) to oxidize palmitate. We observed
that these purified mitochondria from ShcKO mice had a sig-
nificant increase (~30%) in palmitate oxidation capacity over
controls (Ref. 2 and Fig. 2b). Consistent with this, reduction of
p46Shc in brown fat cells caused an increased capacity for
palmitate oxidation (3, 4).

Mitochondrial Thiolase Co-immunoprecipitates with p46Shc
from Mitochondrial Protein Extracts—Because p46Shc appears
to regulate beta-oxidation in mitochondria, we attempted to
identify its mitochondrial partner. Shc was immunoprecipi-
tated from mitochondrial protein extracts, and mass spectrom-
etry (MS) analysis was performed. Bands present on Shc-IP
lanes but not present in control IGG lanes (Fig. 3a) were
excised. Mass spectrometry results were filtered by molecular
weight and mitochondrial origin (Fig. 3b). Potential protein
partners as identified by MS included: CPS1, PCX, CPT2,
VLCAD, ETFA, and ACAA2. All were tested by coimmunopre-
cipitation with p46Shc from mitochondrial protein extracts,
and only ACAA2, or thiolase, immunoprecipitated with
p46Shc (Fig. 3¢c). Mouse thiolase has a band of ~38 kDa.

Mitochondrial Thiolase Co-migrates with p46Shc under
Native Conditions—We took a second approach to identify
partners by examining co-migration of p46Shc and other pro-
teins under native conditions, because signal from co-immuno-
precipitation might result from the nonspecific reaction of Shc
antibody with another protein. Mitochondria were lightly lysed
with digitonin in such a way that mitochondrial complexes and
supercomplexes were intact and enzymatically active; again,

p46Shc Inhibits Mitochondrial Thiolase

activity was confirmed by in-gel activity staining for all five
mitochondrial complexes (Fig. 2a). Mitochondrial extracts
were then separated on blue native (BN) gels and transferred in
the second dimension SDS-PAGE. Blots were developed with
IR800 dye using rabbit anti-Shc antibody and with IR700 dye
for ETFA, PCX, VLCAD (not shown), cytC (not shown),
MnSOD (not shown), ACAA2, ACAA1 (not shown). VDAC
was used as a control (Fig. 3d). Only ACAA2 co-migrated with
p46Shc, at approximate molecular mass of 120 —140 kDa on the
BN gel. The co-migratory patterns of p46Shc and ACAA2 on
BN gels suggested a possible interaction between the two
proteins.

Mitochondrial Thiolase Directly Interacts with p46Shc with
55 nm K,—We determined that p46Shc and thiolase directly
interact in vitro using BLI to detect real-time protein-protein
interactions (12—14). We expressed in HEK cells and purified
biotinylated ACAA?2, p46Shc, p46Shc6SH2 (p46Shc lacking the
SH2 domain), and GFP as a non-binding control (Fig. 4). Con-
tact of p46Shc-loaded biosensors with thiolase solutions
resulted in classical association and dissociation dose-depen-
dent sensorgrams, whereas p46Shc6SH2 did not interact with
thiolase (Fig. 44). The mean K}, obtained from analysis of each
binding sensogram was 5.1 X 10~ ® m; thus, binding of p46Shc
to ACAA2 and thiolase might be in the middle nanomolar
range. We also tested p46ShcdPTB (Shc with removed PTB
domain) for direct binding to thiolase and found the same bind-
ing kinetics as with full size p46Shc (data not shown). Thus, the
SH2 domain is important for direct interaction of ACAA2 with
p46Shc, and the PTB domain is not. Analysis of both kinetic
traces and dose responses (Fig. 4d) revealed the ratio of binding
ACAAZ2 to p46Shc to be 2:1 and Hill slope to be ~2, indicating
that two molecules of thiolase bind to one molecule of p46Shc,
or ACAA?2 forms a dimer after first interacting with p46Shc.
This is consistent with the approximate molecular mass of the
p46Shc-ACAA2 complex on the BN electrophoresis gel (Fig.
3d): estimated to be 120 —140 kDa. If the MW of p46SHc is 46

FIGURE 1. p46Shc is localized in mitochondria; stable and transient p46Shc inhibition, but not p66Shc inhibition, increases rates of beta-oxidation in
vitro. a, HEK cells were transfected with constructs harboring mito-GFP and p46Shc::RFP. Confocal images (Leica Sp-2 confocal microscope 800X) are
presented. p46Shc was co-localized with mito-GFP. Also, p46Shc:GFP fusion was transfected into NIH3T3 cells; p46Shc and p52Shc fluorescent images are
presented (Olympus [X-81 100X). p46Shc had mitochondrial pattern of distribution. b, livers of C57BL6 mice were fractionated, and respiration of fractions was
recorded and shown. Then, fractions were Western blot analyzed with mouse monoclonal anti-Shc antibody. Shc isoforms p52Shc and p46Shc are indicated,
cell fractions: cell debris (P7), homogenates (Tot), supernatant 1 (S7), nuclei or intact unbroken cells (P2), supernatant 2 (52), crude mitochondria (P3), cytosolic
fraction (53), purified mitochondrial fraction (He), microsomes and cell membrane fragments (MS) are indicated and obtained as described under “Experimen-
tal Procedures.” p46Shc was more abundant in fractions with higher oxygen consumption, and especially in purified mitochondrial fraction. ¢, mitochondria
were isolated from liver of C57BL6 mice and lysed with CHAPS containing buffer as described under “Experimental Procedures.” IP was performed with rabbit
polyclonal anti-Shc antibody; rabbit IGG fraction was used for control IP, as indicated. 10 ug of total protein from C57BL6 MEFS and p66Shc(—/—)MEFS (Shcl)
was used as a control; lines are indicated. Membranes were probed with the following antibodies: mouse monoclonal anti-Shc, MnSOD, cytochrome ¢, and
tubulin. MnSOD and cytochrome ¢ were present in MEF cell extracts and in mitochondrial extracts but not in IP, indicating good quality of IP; the tubulin signal
was present only in MEFs extracts, but not in mitochondrial extracts, norin IPs, indicating good purity of mitochondria. Only p46Shc, but not p66Shc or p52Shc,
were present in Shc-IP, indicating p46Shc localization in mitochondria. d, mouse liver cell line FL83B was transduced with lentiviruses harboring the following
shRNAs: shEMPTY, shnon-silencing (NS) shShc1, shShc2, shShc3, shShc4, shShc5, and shShc6; a puromycin marker was utilized to select for stably transformed
cells. Western blots for Shc isoforms are shown; shRNAs are indicated, tubulin was used as loading control. e, graph represents bioenergetic profiles of
palmitate oxidation by shRNA-transduced FL83B cells shown in d. Cells were first starved in glucose-free medium, and baseline OCR was recorded for 4 cycles
using Seahorse FX-24 extracellular flux analyzer. Palmitate was then supplemented to the medium, and OCR recording was continued for five cycles, followed
by oligomycin regimen. Rates were normalized to total protein in each well, basal respiration was subtracted, and data were expressed as (pmol of oxygen)/
(min X ng); error bars are standard errors of two control cell lines (shEMPTY and shNS) and six shShc cell lines in technical triplicate. Oligomycin inhibited
oxygen consumption indicating that cells were using palmitate for mitochondrial ATP production. f, bars represent means of areas under the curves of
palmitate oxidation OCR after palmitate supplement and before oligomycin regimen; indicated p value was generated by AUC-ANOVA analysis of rates shown
in e. h, representative Western blot for isoform-specific Shc silencing is shown for p66Shc-specific (si-p66Shc), total Shc (si-ShcTot), and nonspecific (si-AllStar)
siRNA-transfected Hela cells. Shcisoforms and tubulin used as loading control are indicated. i, HeLa cells shown on h were tested for palmitate oxidation using
the Seahorse XF-24; points are OCR % of change over basal, error bars are standard errors, regimens are indicated. g, bars represent means of OCR AUC for
palmitate oxidation, after palmitate supplement and before oligomycin regimen for traces shown on i. p values of AUC-ANOVA analysis and Tukey post-test are
indicated. Error bars are standard errors of the means. Four similar independent experiments were performed; each transfection in each experiment was
performed in biological triplicate.
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FIGURE 2. Used in all experiments, mitochondria resemble active com-
plexes and supercomplexes. Mitochondria with reduced p46Shc level oxi-
dize palmitate faster. a, mitochondria were isolated as described under
“Experimental Procedures” and tested for quality; proteins were subject to BN
gel electrophoresis. Gels were stained for activity of all mitochondrial com-
plexes as described under “Experimental Procedures” (19). Abbreviations for
complexes and supercomplexes are as follows: S0, respiratory supercomplex
containing monomeric complex | and dimeric complex ll; S7, supercom-
plexes comprising the SO core complex and one copy of complex IV; S2, super-
complexes comprising the SO core complex and two copies of complex IV; D,
dimeric complex V; I/1V, association of complexes | and IV; T, tetrameric state
of complex V; F1, subcomplex of complex V; CI SC, complex | supercomplexes.
b, freshly isolated liver mitochondria were diluted and plated in amount of 10
19/50 ul of mitochondrial protein per well. Palmitoylcarnitine was used as a
substrate. Rates are OCR measured with Seahorse XF24 analyzer. Regimens
are indicated. ShcKO mitochondria and control mitochondria (wild type) are
indicated and were isolated from age/sex-matched mice as described under
“Experimental Procedures.” p value was determined by one-way ANOVA fol-
lowed by Scheffe’s post hoc planed comparison test (*), p < 0.05.

kDa and mouse thiolase ACAA2 MW is 38 kDa, than 46
kDaP*o%he + 2 X 38 kDa"“*4? = 122 kDa.

Moreover, it was reported by others that enzymatically active
thiolase is a dimer or tetramer (24). Thus, p46Shc can directly
bind to ACAA2 in mitochondria with K, = 54.62 = 34.87 nm
(Fig. 4d). Similar results were obtained with commercially avail-
able p46Shc and ACAA?2 (not shown).
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Co-immunoprecipitation in Both Directions Confirms a Thio-
lase-p46Shc Interaction—A traditional co-immunoprecipita-
tion approach confirmed the interaction of thiolase and
p46Shc, and the necessity of the SH2 domain of p46Shc for the
interaction (Fig. 4, e, f, and g). Full-size p46Shc with Avi-tag
have a MW =~ 48 kDa + biotin, MW of human ACAA2 with
Avi-tag have MW =~ 43 kDa + biotin. Only full-size p46Shc
co-immunoprecipitated with ACAA2 from whole cell lysates
(Fig. 4e, lane 2, white arrow); whereas no Shc was immunopre-
cipitated when the SH2 domain of p46Shc was deleted
(p46Shc6SH2, MW ~ 39 kDa + biotin) and co-transfected with
thiolase (Fig. 4f, lane 5). We then loaded 2X samples on the gel
(Fig. 4g) to determine if we could detect any interaction of
p46Shc6SH2 with thiolase when we increased the sample size.
There was still no Shc band detected in the IP samples (Fig. 4g,
lane 8). Thus, the SH2 domain of Shc is required for this
interaction.

The appearance of a p46Shc (full size MW ~ 48 kDa + bio-
tin) band in Fig. 4e, lane 2 (indicated by a white arrow) has no
corresponding Shc band (p46ShcdSH2, MW ~ 39 kDa + bio-
tin) in fand g; just thiolase alone in lanes 5 and 8, suggesting that
the p46Shc-SH2 domain is the interaction motif with thiolase.

p46Shc Inhibits Enzymatic Activity of Mitochondrial
Thiolase—We hypothesized that p46Shc might affect thiolase
enzymatic activity, because p46Shc directly interacts with
ACAA2 (Figs. 3 and 4), and both proteins are localized in the
mitochondria (Fig. 1). ACAA2 was co-expressed with or with-
out p46Shc (Fig. 5a) in HEK cells, proteins were extracted, and
thiolase enzymatic activity was measured. The presence of
p46Shc significantly (p = 2.7E-5) reduced ACAA2 enzymatic
activity (Fig. 5b). Interestingly, this regulatory activity was mit-
igated by detergent 1% Triton X-100 (data not shown). Perhaps,
there was no difference in ACAA2 specific activity when pro-
teins were purified in the presence of detergent because deter-
gent disrupts many protein-protein interactions.

When ACAA?2 was co-expressed with p46ShcdSH2, no sig-
nificant decrease in activity of thiolase was observed, p = 7.1E-1
(Fig. 5b). Only p46Shc can inhibit enzymatic activity of thiolase
and not the p46ShcéSH2 version of p46Shc, which cannot
interact with ACAA2. Thus, interaction of p46Shc with thiolase
is inhibitory to enzymatic activity of the enzyme.

These data combined with the evidence for physical interac-
tion between p46Shc and ACAA2 (Figs. 3 and 4), suggests that
p46Shc contacts thiolase and regulates its activity through this
interaction.

p46Shc Reduction Increases Enzymatic Activity of Mitochon-
drial Thiolase—If the presence of p46Shc inhibits thiolase, then
silencing Shc expression should increase thiolase activity. In
accordance with this, silencing of Shcs in mouse liver cell lines
as shown on Fig. 1d increased mitochondrial thiolase activity
but not other beta-oxidative enzymes (Fig. 5¢). Thus, reduction
in p46Shc abundance is stimulatory to the enzymatic activity of
mitochondrial thiolase. Activities of other fatty-acid oxidation
enzymes were not affected by p46Shc. Combined with results
from Fig. 5, a and b, these data suggest p46Shc is a negative
regulator of mitochondrial thiolase activity, and the SH2
domain is important for this inhibitory effect.
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FIGURE 3. p46Shcis interacting with mitochondrial thiolase ACAA2. g, IP of mitochondrial protein extracts were performed as described earlier; Shcand IGG
IP were separated on bis-Tris 4-12% polyacrylamide SDS gel, and stained with Coomassie Blue. Image is shown; markers of molecular weight are indicated.
Bands shown different staining pattern between Shc and control IP were excited from the gel as indicated by arrows. b, mass spectrometry analysis results
filtered by molecular weight of identified proteins to be approximately matching molecular weight of exited band and to be mitochondrially localized is
shown; numbers are MS hits for each identified protein. ¢, Shc and IGG control IP of mitochondrial extracts were separated on 4-12% bis-Tris SDS-polyacryl-
amide gels; lines are indicated. Membranes were probed with antibody for all proteins shown on b, images for ACAA2, PCX, ETFA, ACDVL, and CPT2 are shown;
tubulin, VDAC, MnSOD, and cytochrome ¢ were used for quality control of mitochondrial isolation and purity of IP. IP was performed three times giving similar
results; Western images for ACAA2 are presented for two independent experiments with different loading patterns. d, BN PAGE was carried out on purified
mitochondrial protein extracted with digitonin to preserve protein complexes and active mitochondrial super-complexes, as described under “Experimental
Procedures” and presented on Fig. 2a; Coomassie Blue staining is presented on the top panel, and approximate molecular weights are indicated according to
native protein mass standards. BN gels lines were transferred on top of 4-12% bis-Tris SDS-polyacrylamide gel; Western blots with anti-Shc on IR-800 channel
of Licor odyssey infrared imager, and anti-ACAA2, ETFA, PCX, and VDAC on IR-700 channel are shown. Analysis of p46Shc and a protein of interest are
performed on the same Western blot membrane, but different channels of Licor imager to facilitate identification of proteins, which are co-migrating on BN gel.
All of the proteins shown on b were analyzed; only ACAA2 was co-migrating with p46Shc on BN gel; approximate molecular weight of that complex was
120-130 kDa.

Mice with p46Shc Depletion Show a Trend Toward Increased
Life Span on HFDs—As described previously (3, 4, 10, 11),
ShcKO mice are lean and resist obesity on chow and HFD, their
mitochondria oxidize more fat, and they have increased longev-
ity on Ob/Ob background (2—4, 11). Thus, we performed a
small pilot study to measure the longevity of ShcKO and ShcL
mice on HED. The life span was measured in wild type (n = 14),
ShcKO mice (n = 13), and ShcL mice (z = 14). Only ShcP
(ShcKO) mice had a trend for extended longevity on HFD (p =
0.066), whereas ShcL mice, with only the p66Shc isoform, did
not (p > 0.9) (Fig. 5, eand f). On the Western blots presented on
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the figure, it is clear ShcKO mice have a significant reduction in
major p52Shc and p46Shc expression, whereas ShcL had a dele-
tion of only the minor p66Shc isoform.

Discussion

Because p46Shc function was unknown, we studied the activ-
ity of the only mitochondrial Shc isoform, p46Shc. Up to now
the function of p46Shc has been completely unknown (6, 23).

p46Shc Binds to and Inhibits Mitochondrial Thiolase—We
confirmed that under physiological conditions, p46Shc is only
present in mitochondria (Fig. 1). Mitochondria with reduced
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p46Shc expression oxidized palmitate faster (Fig. 2). We dem-
onstrated through co-immunoprecipitation, mass spectrome-
try, and two-dimensional electrophoresis that the major
p46Shc interactor is thiolase (Fig. 3). Using BLI with purified
proteins, we demonstrated that interaction of p46Shc with
thiolase is direct and occurred with a low, specific K, (55 nm)

without the mediation of other proteins, and the SH2 domain of
p46Shc is important for this interaction (Fig. 4). We demon-
strated that this specific interaction has consequences, in that
p46Shc specifically inhibits enzymatic activity of mitochondrial
thiolase and not other lipid oxidases, and that p46Shc knock-
down specifically activates mitochondrial thiolase (Fig. 5).
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FIGURE 5. p46Shc inhibits enzymatic activity of mitochondrial thiolase. a, HEK cells were transfected with ACAA2 and with or without p46Shc or
p46ShcdSH2 as co-transfection; Western blot showing expression of ACAA2, p46Shc, and p46ShcdSH2 is presented. Thiolase expression was not different in
samples transfected with or without p46Shc constructs. b, bars are specific thiolase enzymatic activity iv vitro expressed as [mol/mg protein X min], and are
means and standard error of three biological replicates; p value was determined by one-way ANOVA followed by Scheffe’s post-analysis, indicated, n = 3,
technical replication was 5. ¢, FL83B cells were stably transduced to silence Shc isoforms, as shown on Fig. 1d. Specific enzymatic activities of important
enzymes of beta-oxidation cascade: ketoacyl-CoA thiolase, hydroxyacyl-CoA dehydrogenase, and acyl-CoA dehydrogenase were measured, in ShEMPTY, shNS,
shShc1, shShc2, shShc3, shShc4, and shShc5 cells. Bars are activities of indicated enzymes [umol/mg protein X min] expressed as fold change relative to
control; error bars are standard errors; p value was determined with one-way ANOVA followed by Scheffe’s post-analysis, indicated, n = 2 for control cells, and
n = 5for Shc-silenced cells. d, diagram shows simplified fat-oxidation process in mitochondria: fatty acids as of palmitoyl-carnitine enter the mitochondria, and
enter beta-oxidation pathway, which supplies H" to complex|and complex ll, then ACAA2 in “spiral” process generates AcCoA, which, in turn, enters the Krebs
Cycle. p46Shcinhibits enzymatic activity of thiolase, and thus, regulates beta-oxidation. e and f, life span was measured in wild type (n = 14), ShcKO mice (n =
13) (e) and ShcL mice (n = 14) (f). p values were determined using log-rank test. Only ShcKO mice had a trend for extended longevity on HFD (p = 0.066),
whereas Shcl mice, with only knock-out of the p66Shc isoform, did not (p > 0.9); Western blots show expression of Shc isoforms in livers of ShcKO and in ShcL
mice, respectively.

FIGURE 4. p46Shc can directly interact with mitochondrial thiolase, and SH2 domain of p46Shc is required for this interaction. g, human p46Shc,
p46ShcéSH2, human ACAA2, and GFP were expressed in HEKT293 cells with AVI-tag and terminally biotinylated; p46Shc and p46Shc6SH2 had C-terminal
AVl-tag, ACAA2, and GFP had N-terminal AVI-tag. Western blot analysis with IR-800 dye-labeled streptavidin of protein extracts are presented on c. Proteins
were purified, p46Shc or p46ShcdSH2 were loaded onto sets of Octet RED 384 SA biosensors. Sensors were tested against titration series of concentrations of
purified ACAA2 or GFP as follows: 3.5 um, 1.7 um, 0.9 um, 433.7 nm, 216.9 nm, 108.4 nm, 54.2 nm, and 27.1 nm for both ACAA2 and GFP. Traces for 434 nm ACAA2
association and dissociation with p46Shc and with p46ShcdSH2 are shown; moment of ACAA2 regimen is indicated by arrow, dissociation starts after dashed
vertical line. GFP did not interact with p46Shc. Red lines on the traces are fitting curves. The best fitting results are shown, and were obtained using 2:1 model,
R? = 0.997991, p < 0.001. Mean K, obtained from analysis of each binding sensogram was 5.1 X 10~ ° m. b, bars are Octet RED 384 sensogram responses [nm]
of indicated concentration of thiolase binding to p46Shc or p46ShcdSH2; responses for 434 nm and 220 nm concentrations of thiolase are shown. d, Octet RED
384 sensogram responses were plotted against log of thiolase concentration. Dose-dependent binding sigmoidal fitting analysis with variable slope reveals
Ko = 5.46 (+3.49) X 1078 [m], Hill-slope coefficient: h = 2.041, and R* = 0.9367, p < 0.001, n = 8. e, HEK cells were co-transfected with Avi-tagged p46Shc,
ACAA2, p46ShcdSH2 as indicated; immunoprecipitation was performed with mouse monoclonal anti-ACAA2 antibody (Sigma); gels were Western-analyzed
with IR-800 streptavidin (Li-Cor Biosciences). Lanes 1,4, and 7 are protein extracts before immunoprecipitation; transfection mixtures are indicated. Lanes 2, 5,
and 8 are immunoprecipitates with ACAA2 antibody; 3, 6, 9 are immunoprecipitates with control IGG. Bands for biotinylated p46Shc, ACAA2, and p46Shc8SH2
are indicated. The appearance of a p46Shc band in e lane 2 (indicated by a white arrow) has no corresponding Shc band in f, and g, just thiolase alone in lanes
5 and 8, supporting that p46SH2domain is the interaction motif with thiolase. Samples of experiments with p46ShcdSH2 were analyzed twice: on gel f, and
loaded 2X as much on gel g.
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Thiolase Regulates Lipid Oxidation Flux—3-KetoacyCoA
thiolase (ACAA2) is the terminal step of mitochondrial
palmitate oxidation. One question that arises from the obser-
vation that p46Shc regulates thiolase, and that mice with
p46Shc reduction have increased thiolase activity and reduced
adiposity (3, 4, 10, 11), is whether thiolase activity matters;
whether it could regulate palmitate oxidation and lipid flux. To
this point, thiolase inhibitor 2-bromo-octanoate is a specific
inhibitor of ACAA2, and is a very potent inhibitor of beta-oxi-
dation in perfused rat liver (15) and isolated rat liver mitochon-
dria (16, 17). Thus, a specific inhibitor of thiolase inhibits and
regulates beta-oxidation. The mitochondrial oxidative metab-
olism action of this inhibitor appears markedly restricted to
beta-oxidation. Another inhibitor of mitochondrial thiolase,
trimetazidine also inhibits flux through the beta-oxidation
pathway. Thus, p46Shc can effectively inhibit mitochondrial
beta-oxidation through inhibition of thiolase, and reduction in
p46Shc stimulates mitochondrial beta-oxidation.

A direct mechanism for regulation of thiolase activity by
nuclear-encoded proteins has not been previously described.
Beta-oxidation regulation was previously thought to be limited
to metabolite balance and steady-state flux control (25), i.e. the
balance of substrates and ratios of [acetyl-CoA]/[CoASH] (26,
27), long-chain fatty acid availability (28), and redox state (29).
Thus, here we demonstrated the first mechanism of mitochon-
drial thiolase regulation by direct binding by a nuclear-encoded
protein, p46Shc and established a role of p46Shc, a mitochon-
drial Shc isoform, to be a negative regulator of beta-oxidation.

Attribution of p46Shc to Regulation of Beta-oxidation—We
suggest that p46Shc regulates beta-oxidation in mitochondria
for the following reasons: 1) palmitate is oxidized completely
within mitochondria, and the only mitochondrial Shc isoform
is p46Shc; 2) palmitate oxidation is limited by thiolase activity,
as shown by experiments with thiolase inhibitors (15-17); 3)
mitochondrial p46Shc directly binds (55 nm) and inhibits thio-
lase, whose activity regulates beta-oxidation, and when the
p46Shc interaction region SH2 is removed it fails to bind and
inhibit thiolase (Figs. 3, 4, and 5); 4) in isolated mitochondria
from ShcKO mice, the reduction of the only mitochondrial Shc
isoform was sufficient to increase beta-oxidation rates (Fig. 2);
5) knockdown of Shc in cells causes an increase in specific enzy-
matic activity of thiolase only, not other beta-oxidation
enzymes, and increases beta-oxidation rates (Fig. 1). Thus, we
suggest p46Shc regulates beta-oxidation via specific inhibitory
interaction with thiolase.

It is technically difficult to knockdown only p46Shc and not
the other Shc isoforms because they share the same transcript,
and so we cannot formally exclude the possibility that p52Shc
somehow indirectly regulates beta-oxidation in addition to
p46Shc. However, p52Shc is not localized in the mitochondria,
and it is less likely to regulate mitochondrial palmitate oxida-
tion, and it cannot interact with mitochondrially localized thio-
lase because p52Shc and ACAA2 proteins are in different cell
compartments. Thus, in vivo, in ShcKO mice, it is much more
likely that it is solely the decreased mitochondrial p46Shc that is
altering palmitate oxidation and thiolase activity.
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p46Shc Regulation of Thiolase May Contribute to Obesity
Resistance in ShcKO Mice—Previous studies indicate that
ShcKO mice have multiple health benefits, including lean body
mass, resistance to obesity on HFD, and in the context of the
Ob/Ob mutation, more longevity on Ob/Ob genotype (4, 11),
and a trend toward extended longevity on HFD, and signifi-
cantly increased mitochondrial lipid oxidation activity (1, 2),
and a global metabolic shift, in which the mitochondrial oxida-
tion of lipids is activated. Data presented here are consistent
with a contribution of p46Shc depletion to increased mito-
chondrial lipid oxidation, and a contribution to the ShcKO
mice lean phenotype and healthy aging.
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