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Glycolysis and apoptosis are considered major but independent
pathways that are critical for cell survival'™. The activity of BAD,
a pro-apoptotic BCL-2 family member, is regulated by phos-
phorylation in response to growth/survival factors>®. Here we
undertook a proteomic analysis to assess whether BAD might
also participate in mitochondrial physiology. In liver mitochon-
dria, BAD resides in a functional holoenzyme complex together
with protein kinase A” and protein phosphatase 1 (PP1) catalytic
units’, Wiskott—Aldrich family member WAVE-1 as an A kinase
anchoring protein'’, and glucokinase (hexokinase IV)''. BAD is
required to assemble the complex in that Bad-deficient hepato-
cytes lack this complex, resulting in diminished mitochondria-
based glucokinase activity and blunted mitochondrial respir-
ation in response to glucose. Glucose deprivation results in
dephosphorylation of BAD, and BAD-dependent cell death.
Moreover, the phosphorylation status of BAD helps regulate
glucokinase activity. Mice deficient for BAD or bearing a non-
phosphorylatable BAD(3SA) mutant'? display abnormal glucose
homeostasis including profound defects in glucose tolerance.
This combination of proteomics, genetics and physiology indi-
cates an unanticipated role for BAD in integrating pathways of
glucose metabolism and apoptosis.

Multidomain pro-apoptotic BCL-2 members BAX and BAK
constitute a requisite gateway to the mitochondrial pathway of
apoptosis, and their allosteric activation results in permeabilization
of the outer mitochondrial membrane*'>. BH3-only molecules
including BAD, BID, NOXA and BIM are connected to proximal
death and survival signals, and can result in the activation of
BAX and BAK or can be sequestered by anti-apoptotic BCL-2 and
BCL-X; . Kinases that phosphorylate and inactivate BAD have
been shown to localize to mitochondrial membranes, and depend-
ing on cellular context include mitochondria-tethered protein
kinase A (PKA) for S112 and S155 sites in response to inter-
leukin-3 (IL-3), and a mitochondria-based component of p70S6
kinase for S136 after insulin-like growth factor (IGF)-I signalling
(refs 6-8).

To assess whether BAD and perhaps enzymes responsible for its
modification reside in higher-order protein complexes at the
mitochondria, we performed gel filtration chromatography. Con-
ditions for fractionation were established using mitochondria
purified from the haematopoietic cell line FL5.12 expressing BAD
and BCL-X;, (Supplementary Fig. 1). To examine the fractionation
profile of endogenous BAD within normal tissue, Percoll centrifu-
gation was used to separate mouse liver mitochondria from other
cellular membranes. Purified mitochondria were solubilized in
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CHAPS, a zwitterionic detergent that does not alter the confor-
mation of BCL-2 family proteins'®>. We initially used mild con-
ditions (1mM CHAPS) to keep peripheral protein complexes
intact, followed by Superose 6 gel filtration (Fig. 1a). Immunoblots
of gel-excluded fractions revealed that BAD; (28 kDa) and BADg
(23 kDa) isoforms were present within complexes of 25-669 kDa in
mouse liver mitochondria and that the BADg species predominated
(Fig. 1b). The fractionation properties of BAD remained the same
when mitochondria were solubilized in 1, 6 or 15 mM (1%) CHAPS
(critical micelle concentration about 6-10mM) (Supplementary
Fig. 2). In 1-15 mM CHAPS the fractionation properties of VDAC,
the outer mitochondrial membrane import receptor Tom20, the
import channel Tom40 and the mitochondrial chaperone Hsp60 are
distinct and consistent with published observations'®".

BAD-containing fractions from gel filtration were separated
under non-denaturing conditions, revealing multiple silver-stained
protein complexes (Fig. 1¢). Immunoblots of these second dimen-
sion native gels revealed BAD immunoreactivity within distinct
complexes in fractions C to E2 from liver mitochondria (Fig. 1d).
Gel-excluded proteins (first dimension), which were fractionated
into native complexes under non-denaturing conditions (second
dimension), were subsequently separated into their individual
components (third dimension) by placing a native gel slice hori-
zontal as a stack above an SDS—polyacrylamide gel electrophoresis
(PAGE) denaturing gel (Fig. 1a). Silver stains of third dimension
gels (Fig. le) revealed the individual protein constituents of each
native complex (Fig. 1¢). Third dimension gels were also transferred
and immunoblotted, confirming the presence of 23-kDa BADs, but
not BADy, in an approximately 232-kDa complex (Fig. 2a).
Five potential component proteins of a roughly 232-kDa BAD-
containing complex were consistently present in silver-stained third
dimension gels of fractions D to E2 (Fig. le, red arrows). Moreover,
immunoblots using an antibody specific for the phosphorylated
S112 site of BAD indicate that at least a portion of BADg present
within this complex is phosphorylated (data not shown). The
absence of an immunoreactive complex in Bad-deficient
liver mitochondria (Fig. 2a) confirmed the specificity of the BAD-
containing complex. In contrast, manganese SOD localized in
complex(es) ranging from about 158 to 232kDa in Bad '~ as
well as Bad™'* mitochondria, indicating that only BAD-specific
complexes were disrupted in the Bad knockout liver (Fig. 2a).

The approximately 232-kDa native protein complexes isolated
from second dimension gels (Fig. 1¢) and individual protein species
excised from third dimension gels (Fig. 1e) were sequenced by liquid
chromatography tandem mass spectrometry (LC-MS/MS), which
identified a peptide that is 94% identical to the catalytic subunit
of human PPla and rat PPla serine/threonine phosphatase. Its
precise identity as the 36-kDa catalytic subunit (PP1lc) was con-
firmed by immunoblot of a third dimension gel (Fig. 2a). The
correctly sized BADs, PPl and PKAc vertically align on third
dimension gels, supporting their presence together within a com-
plex of roughly 232 kDa (Fig. 2a).

A second approach to assess whether candidate proteins resided
together in a complex used immunoprecipitation of fractions from
FL5.12 mitochondria, revealing that BADg and PKA( precipitated
together with PP1¢ (Supplementary Fig. 1c). As a third assessment
of whether candidate proteins associate, we isolated PP1c-interact-
ing proteins by microcystin affinity chromatography, which effi-
ciently purifies PP1¢ owing to its high-capacity binding to this
phosphatase®. Microcystin-Sepharose affinity pull-downs revealed
multiple proteins, and immunoblots confirmed the purification of
PP1¢ (Fig. 2b). Another closely related phosphatase with micro-
cystin-binding capacity, namely PP2A, was not present (Sup-
plementary Fig. 3). PKAc and BADg also co-purified with the
captured PP1 from wild-type mitochondria (Fig. 2b), supporting
all other evidence showing their presence together in a mitochon-
drial complex.
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Confocal microscopy of mouse embryonic fibroblasts (MEFs)
demonstrated that PP1 localizes together with Tom20 (Fig. 2d).
Submitochondrial fractionation of mouse liver mitochondria con-
firmed that PP1 is detected in the mitochondrial outer membrane
fraction (data not shown). The presence of PP1 at mitochondria was
not expected'®. Our data indicate that a portion of phosphorylated
BAD is present at mitochondria, supporting opposing kinase and
phosphatase activities as part of the same BAD-containing multi-
enzyme complex.

To test the role of PP1 in BAD dephosphorylation we used a PP1-
blocking peptide known to inhibit subcellular targeting of PP1
and its dephosphorylation activity on substrates'’. Addition of the
R/K-X-V/I-X-F motif containing blocking peptide to mitochondria
of FL5.12 cells, prepared immediately after their withdrawal from
IL-3, prevented the dephosphorylation of BAD, but the mutant
F68A peptide did not (Fig. 2e; see also Supplementary Fig. 4). Of
note, the requirement for >10"°M okadaic acid to inhibit the
phosphatase activity for mitochondrial BAD indicates the partici-
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Figure 1 Characterization of mitochondrial complexes containing BAD. a, Schematics
depicting the first, second and third dimension separation of mitochondrial protein
complexes. Top panel, elution profile of mitochondrial proteins. Mitochondria isolated
from mouse liver were solubilized in 1 mM CHAPS, subjected to gel filtration on Superose
6, and 200-p.l fractions were collected. Protein concentration is plotted to identify elution
peaks. A og0, absorbance at 280 nm. b, Fifty micrograms of pooled fractions were loaded
onto an 8-16% gradient SDS-PAGE and immunoblotted with the indicated antibodies.
MnSOD, manganese SOD. ¢, e, Representative silver stain of second (c) and third (e)
dimension gel fractionation of mitochondrial complexes, that were subsequently
subjected to LC-MS/MS. Arrows in e indicate five components of an approximately
232-kDa complex consistently noted on third dimension analysis. d, Native BAD-
containing complexes of mouse liver mitochondria. One hundred and fifty micrograms of
gel-filtrated liver mitochondrial fractions were subjected to non-denaturing
electrophoresis (second dimension). Proteins were transferred and immunoblotted (WB)
with an anti-BAD antibody. Arrow indicates the most prominent BAD complex.
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pation of PP1, not PP2A (Supplementary Fig. 4). These approaches
support a model in which PP1 is specifically targeted to mitochon-
dria where it resides in an enzyme complex responsible for the
dynamic dephosphorylation of BAD.

The presence of PKA and PP1 suggested that the complex might
possess an A kinase anchoring protein (AKAP). Whereas D-AKAP1
had been noted at the mitochondria of FL5.12 cells’, LC-MS/MS of
the approximately 232-kDa native complexes from liver identified
WAVE-1, a member of Wiskott—Aldrich family proteins®®. In
addition to regulating actin polymerization, WAVE-1 functions as
an AKAP, binding the PKA regulatory subunit (RII)'°. An RII
overlay as well as immunoblots performed on a third dimension
gel recognized approximately 232, 134 and 67-kDa species, impli-
cating WAVE-1 as the AKAP within these mitochondrial complexes
(Fig. 2f). Moreover, WAVE-1 aligned vertically with BADg and PP1¢
on a third dimension gel, evidence indicating that they resided in a
BAD-containing complex (Fig. 2f). Further evidence that WAVE-1
resided within this holoenzyme complex was provided by its
presence in microcystin pull-downs of PPl (Fig. 2b; see also
Supplementary Fig. 3). Immunoprecipitation of mitochondrial
proteins solubilized in 15mM CHAPS revealed that WAVE-1
precipitated together with BAD, providing a third approach to
confirm their association (Fig. 2¢). Immunoelectron microscopy
using an antibody to WAVE-1 revealed prominent decoration of
the outer mitochondrial membrane (Fig. 2g). Immunolocaliza-
tion studies using confocal microscopy indicated a portion of
WAVE-1 localized with Tom20 at the mitochondria (Supplementary
Fig. 5).

To assess whether the BAD-containing complex at mitochondria
actually required BAD for its assemblage, we performed a similar
first, second and third dimension analysis on the mitochondria
from livers of Bad-deficient mice. Immunoblots of third dimension
gels from fractions D through to E2 failed to detect any PP1¢, PKAc,
WAVE-1 or BAD (Fig. 2a, f). An examination of multiple fractions
indicates that deletion of BAD results in disassembly of the entire
protein complex rather than a shift to a slightly smaller-sized
complex. This suggests that BAD also functions as a scaffold to
nucleate the proper architecture of this complex, as well as being a
substrate for the kinase—phosphatase pair localized to this
microenvironment.

The components BADg (23 kDa), PKA¢ (41 kDa), PP1¢ (36 kDa)
and WAVE-1 (85-kDa isoform) do not account for the approxi-
mately 50-kDa protein noted by silver stain on the third dimension
gel of the approximately 232-kDa core complex (Fig. le). LC-MS/
MS analysis of the PPl-associated proteins captured from liver
mitochondrial lysates identified glucokinase (Fig. 2b; see also
Supplementary Fig. 3), a 52-kDa protein whose expression pattern
is mainly restricted to liver and B-islet cells'"*'. An immunoblot of
the microcystin pull-down confirmed that glucokinase precipitated
together with PP1., BADs, PKA- and WAVE-1 (Fig. 2b, see also
Supplementary Fig. 3). Moreover, an immunoprecipitation of
glucokinase from 15mM CHAPS-solubilized mitochondria also
precipitated together with WAVE-1, BADg and PKA¢ (Fig. 2c¢).
Further evidence that glucokinase was a component of the approxi-
mately 232-kDa complex was provided by immunoblots of third
dimension gels where glucokinase aligned vertically with BADs,
PKA¢ and PP1c (Fig. 2a).

Absence of the approximately 232-kDa complex containing
glucokinase in Bad '~ cells prompted an assessment of the
physiological consequence of losing the mitochondria-tethered
component of this enzyme. The rate of organelle-based glucokinase
activity was severely blunted in Bad '~ compared with wild-type
liver mitochondria (Fig. 3a, P < 0.01), indicating that a localized
enzymatic defect resulted from the loss of a focused glucokinase
complex. An immunoblot comparing purified mitochondria and
cytosol from hepatocytes confirmed a decrease in glucokinase
protein in Bad '~ mitochondria (Fig. 3b).
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Although glucokinase activity at the surface of Bad '~ mito-
chondria was markedly diminished (Fig. 3a), most of the gluco-
kinase resides in the cytosol (Fig. 3b). This prompted us to ask
whether intact cells from these mice would exhibit a specific defect
in the use of glucose as a respiratory substrate. Addition of glucose
to wild-type hepatocytes increased the rate of oxygen consumption,
whereas respiration driven by glucose in Bad '~ hepatocytes was
significantly compromised, as depicted by the slope of the oxygen
consumption curve (Fig. 3c). Consistent with this, the percentage
increase in ATP after treatment with glucose was also decreased in
Bad ™'~ hepatocytes (data not shown). If the purpose of BAD-
dependent, mitochondrial-tethered glucokinase is to provide this
organelle directly with metabolic intermediates to drive mitochon-
drial processes including respiration, then the respiration of Bad '~
hepatocytes might be corrected by substituting pyruvate, a down-
stream product of glycolysis. Addition of exogenous pyruvate to
digitonin-permeabilized Bad ~'~ hepatocytes restored the oxygen
consumption rate to that of wild-type cells (Fig. 3¢, d). Moreover,
respiration in response to an alternative carbon source, fructose,
was also equivalent in Bad '~ cells (Fig. 3d). Thus, the respiratory
complexes in Bad '~ liver seem intact, strongly supporting the role
of a BAD-dependent multiprotein complex in the usage of glucose
at mitochondria.

As glucose metabolism is linked to cell survival®’, we assessed
BAD phosphorylation in the presence or absence of glucose. BAD
S112 was phosphorylated when glucose was present but not when it
was absent from the medium of a hepatocyte cell line (Fig. 3e).
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Figure 2 Components of a mitochondrial BAD complex. a, Immunoblot of third dimension
gel of a mitochondrial protein complex from the liver of Bad +/* and Bad '~ mice. GK,
glucokinase. b, Microcystin affinity purification of PP1-interacting proteins in mouse liver
mitochondria. Mitochondria solubilized in 15 mM CHAPS were incubated with
microcystin-coupled Sepharose (MC-Sepharose) beads and bound proteins were resolved
by SDS—-PAGE and immunoblotted (WB) with the indicated antibodies. Pretreatment of
mitochondrial lysates with microcystin serves as a control. ¢, Co-immunoprecipitation of
BADs, glucokinase, WAVE-1 and PKA. Mouse liver mitochondrial proteins solubilized in
15 mM CHAPS were immunoprecipitated (IP) with an antibody to BAD or glucokinase,
immunoprecipitates were resolved on 7.5% or 15% SDS—-PAGE gels and immunoblots
were developed with the indicated antibodies. 1gG HC, immunoglobulin-y heavy chain.
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Addition of glucose to purified liver mitochondria induced the
phosphorylation of BAD (Fig. 3e). Moreover, the absence of BAD
markedly protected liver cells from apoptosis when deprived of
glucose (Fig. 3f).

Mutations in glucokinase have been associated with maturity-
onset type 2 diabetes of the young''. Similar defects in glucose
regulation have been recapitulated in mice with genetic alterations
in the glucokinase gene*"”?, prompting us to examine whether
BAD has an effect on glucose homeostasis. Blood glucose measure-
ments in fed and fasted mice revealed a substantial fasting hyper-
glycaemia (28% increase, P < 0.05, Fig. 3g) as well as a fed
hyperinsulinaemia (not shown) in Bad '~ mice. After intraperito-
neal injection of glucose (1 g glucose per kg mouse), Bad '~ mice
showed a significant defect in the rate of blood glucose clearance
(Fig. 3h).

As glucose could regulate the phosphorylation of BAD in hepato-
cytes (Fig. 3e), we tested whether the phosphorylation status of BAD
affected the mitochondrial complex. We examined hepatocytes
from a ‘knockin’ mouse bearing a non-phosphorylatable
BAD(3SA) molecule in which the three regulatory serines (S112,
$136 and S155) were converted to alanine'®. Although BAD protein
is required to nucleate this mitochondrial complex (Fig. 2a), the
phosphorylation of BAD is not required as BAD(3SA) liver con-
tained the multiprotein complex, as demonstrated by third dimen-
sion analysis (Fig. 4a) and microcystin pull-down (Fig. 2b).
However, despite normal amounts of mitochondrial glucokinase
protein, the glucokinase activity was markedly blunted in
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d, Immunolocalization of PP1 to mitochondria by confocal microscopy of MEFs revealing
co-localization with Tom20. e, PP1 targeting inhibitor prevents BAD dephosphorylation.
Purified mitochondria from FL5.12 cells deprived of IL-3 were incubated with
10-1,000 nM wild-type (WT) or mutant (F68A) peptide'®, and BAD phosphorylation on
S112 was examined. OA, okadaic acid. f, Rll-binding activity within the BAD complex. A
third dimension gel of filtrated fraction D from wild-type liver mitochondria was analysed
by an Rl overlay assay'® or immunoblot. An immunoblot of the third dimension gel of
fraction D from Bad '~ liver mitochondria was also developed for WAVE-1.

g, Immunogold decoration of mitochondria by a WAVE-1 antibody (arrowhead) as
detected by immunoelectron microscopy of thin sections from purified liver mitochondria.
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BAD(3SA) mitochondria (Fig. 4b, P < 0.001). Moreover, mito-
chondrial glucokinase activity was substantially inhibited by a PKA
inhibitor (H-89) (Fig. 4c) or a PKA-specific inhibitory peptide
(PKI) (not shown), both of which blocked S112 phosphorylation’.
Finally, we examined Bad®***** mice in vivo, revealing a com-
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Figure 3 Aberrations in glucokinase activity, glucose homeostasis and glucose-
withdrawal-induced cell death in Bad ~'~ mice. a, Glucokinase activity in purified liver
mitochondria is plotted as glucose-6-phosphate dehydrogenase-driven increase in
NAD(P)H fluorescence. Representative trace of multiple independent experiments is
shown. b, Immunoblot of glucokinase levels in Bad ™'+ and Bad ~'~ mitochondria (M)
and cytosol (C) subfractions of liver. ¢, Representative respiratory traces of whole-cell 0o
consumption in response to glucose (glc) or pyruvate-driven respiration comparing
Bad™*'* with Bad ~/~ hepatocytes. Recordings were conducted using a Clark-type
oxygen electrode chamber. d, Respiratory rate ratios of experiments in ¢. There is a
significant difference of Bad '+ compared with Bad ~'~ hepatocytes; P = 0.002.

e, Glucose-regulated BAD phosphorylation on S112 (BADs.p) in whole-cell lysates of
hepatocyte line H4IIE incubated in the presence or absence of glucose (top panel) or in
isolated wild-type liver mitochondria treated with glucose in vitro (bottom panels).

f, Viability of cultured hepatocytes shifted from high (22 mM) to low (0.05 mM) glucose
medium. g, Fed and overnight fasted serum levels of glucose measured in male Bad '+
(n=5)and Bad '~ (n = 8) mice. h, Intraperitoneal glucose tolerance test® plots the
averaged values of three independent experiments performed on male Bad ™'+ (n = 5)
and Bad '~ (n = 8) mice. Asterisks in g, h indicate significant differences of Bad '~
compared with Bad ™'~ mice. Asterisk, P < 0.05; double asterisk, £ < 0.01; triple
asterisk, P < 0.001, unpaired two-tailed ttest.
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parable defect in glucose homeostasis to that in Bad '~ mice. This
includes significant fasting hyperglycaemia (Fig. 4d) as well as a
marked defect in blood glucose clearance (Fig. 4e). These findings
provide genetic evidence that BAD phosphorylation helps to
regulate glucose homeostasis.

Cells depend on the availability of growth/survival factors that
characteristically regulate both cellular metabolism and cell survi-
val. Insulin, IGF-I and multiple cytokines transduce signals via
phosphatidylinositol-3-OH kinase through AKT and related
kinases, which maintain glucose transport (Glut) and recruit
hexokinase to mitochondria, stimulating glycolysis and ATP pro-
duction®*’. Conversely, withdrawal of growth/survival factors
decreases the glycolytic rate and O, consumption, alters mitochon-
drial membrane potential, and results in VDAC closure and dimin-
ished ADP/ATP exchange™’. Overexpression of anti-apoptotic
BCL-2 and BCL-X; can block the death of cells deprived of
growth/survival factors, but does not directly counter the decline
in glycolysis®**. These observations suggested that BCL-2 family
proteins and glucose metabolism influence cell survival thr0u§h
independent mechanisms. However, our studies of Bad
and non-phosphorylatable BAD(3SA) cells reveal a unique role
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Figure 4 Requirement of BAD phosphorylation in the regulation of mitochondrial
glucokinase activity and glucose homeostasis. a, The assembly of the mitochondrial BAD
complex does not require BAD phosphorylation sites. Third dimension analysis of the BAD
complex in Bad *** liver mitochondria. b, Representative plot of mitochondrial
glucokinase activity in wild-type compared with Bad **5 liver mitochondria.

¢, Inhibition of mitochondria glucokinase activity by PKA inhibitor H-89. d, e, Glucose
homeostasis in Bad ***5* mice. d, Fed and overnight fasted serum levels of glucose.
e, Rate of glucose clearance after intraperitoneal glucose tolerance test measured in male
Bad*'* (n = 7) and Bad **°** (n = 7) mice. Asterisks indicate significant differences
of Bad™'* compared with Bad >3 mice. Asterisk, P < 0.05; double asterisk,

P < 0.01.
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for BAD in glucose homeostasis.

The hepatocyte defect and abnormalities in glucose metabolism
of Bad knockout mice are very similar to a liver-restricted con-
ditional knockout of glucokinase, which demonstrates fasting
hyperglycaemia and fed hyperinsulinaemia®'. This endorses the
profound effect of the mitochondria component of glucokinase as
essential for proper glucose metabolism. The Michaelis constant
(Km) of glucokinase is close to physiological glucose concen-
trations, making it an attractive candidate for sensing glucose in
this complex. The similarity of Bad knockout and knockin mice to
diabetic models warrants future, detailed, whole-animal physio-
logical studies, including hyperglycaemic clamps, to define the
complete spectrum of systemic changes and compensatory events.

BAD, independent of its phosphorylation status, nucleates a
glucokinase-containing complex at the mitochondrion. The
Bad”** allele provides evidence that phosphorylation of BAD is
necessary for maximal glucokinase activity, and endorses a kinase—
PTPase pair working together within this complex. Notably, the
presence of WAVE-1 that controls actin remodelling may relate to
the reported actin-dependent organization of glycolytic enzymes,
including glucokinase®, suggesting a rationale for the presence of
this particular AKAP in the complex. The striking requirement for
BAD in glucose-deprivation-induced death suggests that BAD also
serves as an apoptotic sentinel, responding to abnormalities in
glucose metabolism. Thus, BH3-only molecules can be integral
participants in the pathways that they monitor, ensuring that
glycolysis and apoptosis are coordinated. O

Methods

Third dimension analysis of mitochondrial complexes

Mouse liver mitochondria were isolated by standard differential centrifugation (see
Supplementary Methods). The procedure described by ref. 27 was adapted as follows.
Gel-filtrated mitochondrial proteins were resolved onto 4-12% pre-cast gels (BioRad).
Gel lanes were excised and soaked in 2% (w/v) SDS, 0.2 M dithiothreitol (DTT) for 20 min.
Each gel strip was layered on top of an 8-16% gradient resolving gel, and a 7% stacking gel
poured over and around the native gel slice.

Mass spectrometry

Non-denaturing gels (second dimension; Fig. 1c) or SDS-PAGE gels of microcystin-
Sepharose capture assays (Supplementary Fig. 3) were stained either with Coomassie blue
or silver stain, and divided horizontally into about ten slices. Resulting gel slices or protein
spots from third dimension analysis (Fig. le) were individually processed to yield in-gel
trypsin digestion products. The resulting peptide mixtures were separated and analysed in
an automated system by nanoscale LC-MS/MS on an LCQ-DECA ion trap mass
spectrometer (Thermo Finnigan) using the vented-column approach® (see
Supplementary Methods).

Mitochondrial glucokinase assay

Glucokinase activity was measured spectrophotometrically in a glucose-6-phosphate
dehydrogenase-driven NAD(P)H fluorescence assay at 340 nm (ref. 29) with the following
modifications. Mouse liver mitochondria (1 mg) were resuspended in 500 pl reaction
buffer containing 4 pgml ™" glucose-6-phosphate dehydrogenase, 20 mM MgCl,, 1 mM
DTT, 100 mM KCl, 50 mM triethanolamine hydrochloride and 0.1% BSA (see
Supplementary Methods).

Microscopy

For confocal microscopy, MEFs were fixed for 20 min at room temperature in PBS
containing 3% paraformaldehyde and permeabilized with 0.1% Triton-X100. Incubation
with primary and labelled secondary antibodies was performed (see Supplementary
Methods for details).

Hepatocyte viability assays

Isolated primary hepatocytes (see Supplementary Methods for details) were resuspended
at 6 X 10* cellsml™" in DMEM high glucose medium (22 mM) supplemented with
10ngml~ " HGF (R&D Systems) or shifted to medium containing HGF but low

(0.05 mM) glucose. Viability was assessed by flow cytometric analysis of Annexin-V and
propidium iodide staining (Bio Vision).

Mitochondrial respiration assay

Isolated hepatocytes were resuspended in PBS at 5 X 10° cells ml ™', transferred to a Clark-
type oxygen electrode chamber (Hansatech), and oxygen consumption recordings were
started (see Supplementary Methods for details).
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