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Stomatin-like protein 2 (SLP-2) is a mainly mitochondrial protein that is widely expressed and is highly conserved across evolu-
tion. We have previously shown that SLP-2 binds the mitochondrial lipid cardiolipin and interacts with prohibitin-1 and -2 to
form specialized membrane microdomains in the mitochondrial inner membrane, which are associated with optimal mitochon-
drial respiration. To determine how SLP-2 functions, we performed bioenergetic analysis of primary T cells from T cell-selective
Slp-2 knockout mice under conditions that forced energy production to come almost exclusively from oxidative phosphoryla-
tion. These cells had a phenotype characterized by increased uncoupled mitochondrial respiration and decreased mitochondrial
membrane potential. Since formation of mitochondrial respiratory chain supercomplexes (RCS) may correlate with more effi-
cient electron transfer during oxidative phosphorylation, we hypothesized that the defect in mitochondrial respiration in SLP-2-
deficient T cells was due to deficient RCS formation. We found that in the absence of SLP-2, T cells had decreased levels and ac-
tivities of complex I-III2 and I-III2-IV1-3 RCS but no defects in assembly of individual respiratory complexes. Impaired RCS
formation in SLP-2-deficient T cells correlated with significantly delayed T cell proliferation in response to activation under con-
ditions of limiting glycolysis. Altogether, our findings identify SLP-2 as a key regulator of the formation of RCS in vivo and show
that these supercomplexes are required for optimal cell function.

Stomatin-like protein 2 (SLP-2) is a mainly mitochondrial pro-
tein that is widely expressed and is highly conserved across

evolution (1–4). We have previously shown that SLP-2 binds the
mitochondrial phospholipid cardiolipin and interacts with pro-
hibitin-1 (PHB1) and PHB2, which are proposed to form special-
ized cardiolipin-enriched microdomains in the mitochondrial in-
ner membrane important for optimal respiratory function (5, 6).
Indeed, we showed that deletion of Slp-2 results in decreased car-
diolipin microdomains and increased mitochondrial respiration
uncoupled from ATP synthase activity, a defect overcome by an
increased reliance on glycolysis (5).

Recently, it has been shown that mitochondrial respiratory
complexes are not randomly dispersed throughout the mitochon-
drial inner membrane but instead have supramolecular interac-
tions allowing them to form respiratory chain supercomplexes
(RCS) (7–10). RCS are commonly isolated from mitochondrial
membranes with mild detergents, usually digitonin, followed by
blue native (BN) polyacrylamide gel electrophoresis (PAGE), and
their existence has been confirmed by electron microscopy and
single-particle image processing (11, 12). RCS occur mainly
among complexes I, III, and IV (NADH-coenzyme Q reductase,
ubiquinol-cytochrome c reductase, and cytochrome c oxidase, re-
spectively) with various stoichiometries, whereas complex V (ATP
synthase) can form dimers and oligomers (10, 13) and complex II
(succinate-coenzyme Q reductase) is thought to remain fluid (8,
14). Coenzyme Q and cytochrome c have also been shown to as-
sociate with RCS (15), and recent evidence indicates that there are
two distinct pools of coenzyme Q that are dedicated to reducing
equivalents from NADH or reduced flavin adenine dinucleotide
(16). RCS assemble to facilitate more-efficient electron transfer
and to allow the utilization of different electron transport path-

ways and substrates during oxidative phosphorylation, to stabilize
complex I and other complexes, and to limit the production of
reactive oxygen species (ROS) generated from electron transport
during oxidative phosphorylation (8, 14, 16–19). Altogether,
these effects support the importance of RCS for optimal mito-
chondrial function.

The molecular machinery involved in the formation, mainte-
nance, and regulation of RCS is not well characterized. The defects
in RCS assembly/stability observed in some human genetic dis-
eases have provided clues regarding the requirements of RCS for-
mation and maintenance. For example, Barth syndrome, charac-
terized by cardiomyopathy, skeletal myopathy, and neutropenia,
is caused by a mutation in the tafazzin gene that impairs cardioli-
pin remodeling and destabilizes RCS (20), a feature of cardiolipin
present in other systems (21, 22). Cardiolipin has been shown to
physically bind to complexes I, III, IV, and V (23–25) and to be
required for the activities of these complexes (26–28). It has also
been suggested that cardiolipin may fill the spaces between com-
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plexes organized into RCS. Thus, cardiolipin is an important fac-
tor for proper RCS formation.

Several proteins have also been identified to be important for
RCS formation. Two related Saccharomyces cerevisiae proteins,
Rcf-1 and Rcf-2, and a mammalian homolog, hypoxia-induced
gene 2A (HIG2A), are necessary for assembly of mature complex
IV and affect complex III-IV RCS formation (29–31). Further-
more, supercomplex assembly factor I (SCAFI) has been shown to
act as an RCS chaperone by specifically allowing the assembly of
complex III-IV supercomplexes (16, 32). The identification of ad-
ditional factors required to assemble and maintain RCS is neces-
sary to define the mechanisms governing this process and may be
important for the modulation of mitochondrial function.

Given our previous findings that SLP-2 forms cardiolipin-en-
riched microdomains in the mitochondrial inner membrane and
that deletion of Slp-2 results in decreased levels and activities of
certain mitochondrial respiratory chain components and in-
creased uncoupled respiration (5), we sought to examine whether
SLP-2 is required for the formation of RCS. Here, we show that the
efficiency of mitochondrial respiration in primary T cells lacking
SLP-2 expression is impaired when the cell must rely almost ex-
clusively on oxidative phosphorylation for energy production and
that this effect is associated with decreased amounts of (I-III2)1-2

and I-III2-IV1-3 RCS. Functionally, this defect results in decreased
T cell proliferation when glycolysis, but not oxidative phosphor-
ylation, is restricted. These data identify SLP-2 as a key regulator of
mitochondrial respiratory function by linking the formation
of cardiolipin-enriched microdomains with optimal assembly of
RCS and point to a functional role for RCS in T cells in vivo.

MATERIALS AND METHODS
Mice. T cell-specific Slp-2 knockout mice in the C57BL/6N Tac back-
ground were generated as described previously (5). Briefly, Slp-2lox/wt

mice were crossed with CD4-Cre mice (Taconic Farms, Hudson, NY) to
generate Slp-2lox/lox/Cre� (SLP-2 T-K/O) or Slp-2lox/lox/Cre� (wild-type
[WT]) mice. Breeding colonies were derived from the same Slp-2lox/lox

breeders and kept in parallel. Mice were maintained in the animal facility
at McGill University with the approval of the Comparative Medicine and
Animal Resources Centre in accordance with Canadian Council on Ani-
mal Care guidelines.

MEFs. Primary WT and Slp-2�/� mouse embryonic fibroblasts
(MEFs) were isolated from embryonic day 13.5 Slp-2lox/lox conditional
embryos (5) and immortalized with a plasmid expressing simian virus 40
large T antigen (33). Immortalized WT and Slp-2�/� MEFs were then
generated in vitro as previously described (34). Slp-2�/� clones were con-
firmed by PCR and immunoblot analyses.

Cell culture. T cells were isolated from WT and SLP-2 T-K/O mouse
spleens by negative selection with the EasySep mouse T cell isolation kit
(Stemcell Technologies, Vancouver, Canada). Cells were stimulated with
5 �g/ml anti-CD3ε and 2 �g/ml anti-CD28 plate-bound antibodies
(eBioscience, San Diego, CA) and cultured in 25 mM glucose- or galac-
tose-containing medium with or without the addition of 1 nM oligomy-
cin. Glucose- and galactose-containing media were prepared from glu-
cose-free RPMI medium supplemented with 25 mM glucose or galactose,
10% dialyzed fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-glu-
tamine, 0.1% �-mercaptoethanol, and penicillin-streptomycin. Immor-
talized WT and Slp-2�/� MEFs were cultured in glucose-free Dulbecco’s
modified Eagle’s medium plus GlutaMAX (Gibco, Carlsbad, CA) supple-
mented with 25 mM glucose or galactose, 10% dialyzed fetal calf serum
(Gibco), 1 mM sodium pyruvate, and nonessential amino acids. Galac-
tose-containing media contained little or no glucose. For cell growth ex-
periments, WT and Slp-2�/� MEFs were seeded at 50,000 cells per plate
and harvested every 24 h to assess viable cell numbers by trypan blue

exclusion. Cells were incubated at 37°C in a humidified atmosphere of 5%
CO2.

Bioenergetic analysis. The oxygen consumption rate (OCR) and ex-
tracellular acidification rate (ECAR) were measured with an XF-24 ana-
lyzer (Seahorse Bioscience, North Billerica, MA) as described previously
(5). Briefly, following stimulation for 48 h, WT and SLP-2 T-K/O T cells
were suspended in Seahorse XF assay medium supplemented with 2 mM
L-glutamine, 2 mM sodium pyruvate, and 25 mM glucose or galactose and
seeded onto XF24 V7 24-well cell culture plates coated with 50 �g/ml
poly-D-lysine at 500,000 cells/well. OCR and ECAR (a measure of lactic
acid formed during glycolysis) were measured prior to and following the
sequential additions of 10 �M oligomycin, 100 nM rotenone, and 1 �M
antimycin A. Basal OCR refers to the respiration rate measured prior to
the addition of mitochondrial drugs. Mitochondrial OCR was calculated
by subtracting the OCR in the presence of rotenone/antimycin A from the
basal OCR. Uncoupled OCR refers to oligomycin-insensitive mitochon-
drial respiration. The percentage of coupled OCR was calculated relative
to the total mitochondrial OCR.

BN gel electrophoresis. BN gel electrophoresis was performed on the
basis of the method introduced by Schägger and von Jagow, with some
modifications (9, 35–37). Briefly, mitochondria of WT and SLP-2 T-K/O
T cells stimulated for 48 h were isolated with a Dounce homogenizer and
differential centrifugation as described previously (36). Mitochondria
were lysed with digitonin (4 g/g of protein) or n-dodecyl �-D-maltoside
(1.6 g/g of protein) for 5 min and 20 �g of protein was loaded per lane in
Novex 3 to 12% Bis-Tris gels (Life Technologies, Grand Island, NY) and
run on ice. Crude mitochondria (100 �g) from WT and Slp-2�/� MEFs
were solubilized in 6 g/g of digitonin and electrophoresed in 3 to 9% gels.
First-dimension gels were either denatured with sodium dodecyl sulfate
(SDS)-containing buffer for two-dimensional (2D) BN SDS-PAGE,
transferred to polyvinylidene difluoride (PVDF) membranes for im-
munoblotting, stained with silver (Silver Stain Plus kit; Bio-Rad, Her-
cules, CA), or assayed for in-gel complex I activity (0.1 M Tris-HCl,
0.14 mM NADH, and 1.0 mg/ml Nitro Blue Tetrazolium with gentle
agitation [38]). For 2D BN SDS-PAGE, 1D gel slices were cut in half
and high- and low-molecular-weight portions of WT and SLP-2 T-
K/O slices were loaded onto the same 2D SDS–10% polyacrylamide
gel. 2D gels were either transferred to PVDF membranes for immuno-
blotting or stained with silver.

Immunoblotting. PVDF membranes containing protein transferred
from 1D BN PAGE or 2D BN SDS-PAGE gels were blotted with antibodies
against subunits of mouse complex I (NDUFA9, NDUFB6, and
NDUFS3), complex II (SDHA), complex III (UQCRC2, core 1), complex
IV (MTCO1), and complex V (ATP5A) or total OXPHOS antibody cock-
tail (Mitosciences, Eugene, OR), anti-PHB1 (Santa Cruz Biotechnology,
Santa Cruz, CA), and anti-SLP-2 (Protein Tech Group Inc., Chicago, IL).
For phospho-��� detection, WT or SLP-2 T-K/O T cells were stimulated
with mouse T activator Dynabeads (Life Technologies) for the times in-
dicated and then washed with ice-cold phosphate-buffered saline contain-
ing 400 �M sodium orthovanadate and resuspended in lysis buffer con-
taining 1% Triton X-100 with phosphatase and protease inhibitors for 30
min on ice as described previously (5). Lysates were separated by 10%
SDS-PAGE, transferred to a PVDF membrane, and then immunoblotted
with anti-phospho-��� (Ser32), anti-��� (Cell Signaling, Danvers, MA),
anti-SLP-2, and anti-glyceraldehyde 3-phosphate dehydrogenase (anti-
GAPDH; Chemicon International, Temecula, CA) antibodies.

ELISA. WT and SLP-2 T-K/O T cells were stimulated for 24 h in
glucose- or galactose-containing medium, and interleukin-2 (IL-2) levels
were quantified with the mouse IL-2 enzyme-linked immunosorbent as-
say (ELISA) Ready-SET-Go! kit (eBioscience).

Flow cytometry. To assess T cell proliferation, WT and SLP-2 T-K/O
T cells were loaded with 1 �M carboxyfluorescein diacetate succinimidyl
ester (CFSE) and then stimulated (1 �g/ml anti-CD3ε, 2 �g/ml anti-
CD28, plate bound) in glucose- or galactose-containing medium with or
without oligomycin for 0, 2, 3, 4, and 5 days. To measure CD25 and

SLP-2 and Respiratory Supercomplexes

May 2015 Volume 35 Number 10 mcb.asm.org 1839Molecular and Cellular Biology

http://mcb.asm.org


CD62L expression, cells were blocked with 10 �g/ml Mouse Fc Block (BD
Pharmingen, Franklin Lakes, NJ) and then stained with 2 �g/ml mouse
BV421 anti-CD62L (BD Horizon), allophycocyanin (APC)–anti-CD25,
and APC eFluor 780 –anti-CD3 antibodies (eBioscience). For IL-2 supple-
mentation studies, 50 ng/ml mouse recombinant IL-2 (mrIL-2; eBiosci-
ence) was added to the culture medium at the start of the experiment. For
intracellular IL-2 determination, T cells were treated with BD GolgiPlug
(BD Biosciences) containing brefeldin A at the time of anti-CD3/CD28
stimulation, fixed 24 h later with BD Cytofix/Cytoperm (BD Biosciences),
and then stained with APC–anti-IL-2 antibody (eBioscience). Viability
was assessed with the Zombie Aqua fixable viability kit (BioLegend, San
Diego, CA). To assess mitochondrial membrane potential, stimulated WT
and SLP-2 T-K/O T cells were stained in nonquench mode with 20 �M
tetramethylrhodamine methyl ester (TMRM) for 1 h with no washing
(39). ROS levels were assessed by measuring the fluorescence of cells
stained with 5-(and 6)-chloromethyl-2=,7=-dichlorodihydrofluorescein
diacetate, acetyl ester (Life Technologies). Cell cycle entry was measured
with APC-conjugated anti-Ki67 antibody (BioLegend). For calcium re-
lease assay, cells were stained with Fluo-3-AM (4 �g/ml) and Fura Red (10
�g/ml; Invitrogen) for 30 min. Following baseline measurement, iono-
mycin (2 �g/ml), carbonyl cyanide-p-triflouromethoxyphenylhydrazone
(FCCP; 50 nM), or EDTA (5 mM) was added and fluorescence was mea-
sured for 5 min. Flow cytometry was performed with an LSRFortessa flow
cytometer (BD), and data were analyzed with FlowJo software (TreeStar
Inc., Ashland, OR).

Quantitative reverse transcriptase PCR. WT and SLP-2 T-K/O T cells
were cultured for 4, 12, and 24 h with or without anti-CD3/CD28 anti-
body stimulation in glucose- or galactose-containing medium. Cellular
RNA was isolated with the RNeasy Plus minikit (Qiagen, Mississauga,
ON, Canada) and quantified with NanoDrop (Thermo Scientific, Wil-
mington, DE). cDNA was synthesized from 220.08 ng of total RNA with
the Omniscript reverse transcription kit (Qiagen), and transcript levels
were quantified on the CFX96 real-time system (Bio-Rad) with iTaq Uni-
versal SYBR green Supermix (Bio-Rad). The sequences of the primers
used were as follows: IL-2, forward primer 5=-CCTGGAGCAGCTGTTG
ATGG-3= and reverse primer 5=-CAGAACATGCCGCAGAGGTC-3=;
RPL19, forward primer 5=-AACTCCCGTCAGCAGATCAG-3= and re-
verse primer 5=-CATTGGCAGTACCCTTCCTC-3=; hypoxanthine phos-
phoribosyltransferase (HPRT), forward primer 5=-AGTCCCAGCGTCG
TGATTAG-3= and reverse primer 5=-CAGAGGGCCACAATGTGATG-
3=. Relative IL-2 transcript levels were determined by comparing IL-2
threshold cycle (CT) values for WT or SLP-2 T-K/O T cells stimulated for
4, 12, and 24 h in glucose- or galactose-containing medium to that for
nonstimulated T cells and then normalizing them to RPL19 and HPRT
expression.

ATP quantification. WT or SLP-2 T-K/O T cells were stimulated with
plate-bound anti-CD3/CD28 antibody for 2 days in complete medium
and then incubated for 1 h in glucose- or galactose-containing medium
prior to measurement of ATP with the ATP determination kit (Molecular
Probes, Eugene, OR) as described previously (5).

RESULTS
SLP-2-deficient T cells have increased uncoupled respiration
and decreased mitochondrial membrane potential, both exacer-
bated under conditions of limiting glycolysis. We have previ-
ously generated T cell-specific Slp-2 knockout (SLP-2 T-K/O)
mice and shown that deletion of Slp-2 in T cells in vivo negatively
impacts the function of the mitochondrial respiratory chain, re-
sulting in decreased levels of some complex I and II subunits, and
decreased activities of complexes I and II�III (5). In addition,
using extracellular flux technology to assess cellular respiration,
we have shown that when glucose is available, SLP-2-deficient T
cells from these mice exhibit increased mitochondrial respiration
uncoupled from ATP synthase activity. In these T cells, inefficient

mitochondrial respiration was compensated for by an increased
reliance on glycolysis to preserve function (5). To test the meta-
bolic function of SLP-2 T-K/O T cells under conditions of almost
exclusive reliance upon oxidative phosphorylation, we incubated
primary WT and SLP-2 T-K/O T cells in medium containing ga-
lactose but lacking glucose, thereby severely limiting the glycolytic
rate since this sugar enters the glycolytic pathway at a much lower
rate than glucose, as it is a much poorer substrate for hexokinase
(40). We found that although the basal cellular and mitochondrial
OCRs were unchanged between WT and SLP-2-deficient T cells
(Fig. 1A and B), there was a trend toward decreased percentage of
mitochondrial respiration coupled to ATP synthase activity in
SLP-2-deficient T cells cultured in both glucose- and galactose-
containing medium relative to WT T cells (Fig. 1C). Though this
did not reach statistical significance, analysis of uncoupled mito-
chondrial respiration rates revealed a significant increase in this
parameter in SLP-2-deficient T cells that was significantly greater
when glycolysis was limiting (Fig. 1D). This increase in uncoupled
mitochondrial respiration is comparable to the increase observed
in hearts of a mouse model of diabetes and obesity (41). We also
confirmed that cells were respiring normally by using FCCP as a
positive control (data not shown). Although total cellular ATP
levels were not changed (Fig. 1E), SLP-2-deficient T cells exhibited
a decrease in mitochondrial membrane potential when cultured in
galactose-containing medium (Fig. 1F), pointing to impaired
function of the mitochondrial respiratory chain. This correlated
with an increased reliance of SLP-2 T-K/O T cells on glycolysis
when cultured in both glucose- and galactose-containing media,
as noted by the significantly greater basal ECARs (Fig. 1G). Finally,
SLP-2-deficient T cells exhibited increased levels of ROS (Fig. 1H),
a characteristic of mitochondrial respiratory chain impairment.
Taken together, these data show an impaired mitochondrial respi-
ratory profile in the absence of SLP-2 that was worsened by exper-
imentally limiting the cellular glycolytic rate.

SLP-2 deficiency results in defective RCS formation in cell
lines. The makeup of RCS can vary between tissues and species,
but RCS are commonly thought to occur as I-III2-IV1-4 or as I-III2.
In the current study, we have estimated RCS stoichiometries based
on previous literature (10, 42, 43) and approximate molecular
weights. The previous data showing impaired mitochondrial respi-
ratory function in the absence of SLP-2, and our findings that SLP-2
is important for the formation of cardiolipin-enriched membrane
microdomains necessary for optimal mitochondrial respiratory
function (5, 6), suggested that there might be impaired RCS forma-
tion in the absence of SLP-2. To test this, we first generated Slp-2
knockout MEFs (Slp-2�/� MEFs) in vitro and performed BN PAGE
of WT and Slp-2�/� MEF mitochondrial lysates. Immunoblot anal-
yses following BN PAGE showed a dramatic reduction of respiratory
complex I (NDUFA9 and NDUFB6), III (UQCRC2), and IV
(MTCO1) subunits in RCS, specifically of (I-III2)1-2, I-III2-IV3, I-III2-
IV2, I-III2-IV, I-III2, and III2-IV arrangements (Fig. 2A). The signifi-
cant reductions in the levels of RCS correlated with a lower growth
rate of Slp-2�/� MEFs than that of WT controls when cultured in
either glucose- or galactose-containing medium (Fig. 2B). Interest-
ingly, Slp-2�/� MEFs failed to proliferate when glycolysis was limiting
(Fig. 2B, bottom), consistent with our previous findings that SLP-2-
deficient cells had impaired mitochondrial respiratory function. To-
gether, these data showed defective RCS formation in MEFs in the
absence of SLP-2, which correlated with decreased cell cycling.

Primary SLP-2-deficient T cells have defective RCS forma-
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tion in vivo. Next we assessed RCS formation in vivo from mito-
chondria of primary T cells lacking SLP-2. To do this, we immuno-
blotted 1D BN PAGE gels of digitonin-solubilized mitochondrial
lysates from WT or SLP-2-deficient T cells with antibodies against
subunits of respiratory complexes I (NDUFA9 and NDUFS3), III
(UQCRC2 and core 1), IV (MTCO1), and V (ATP5A) (Fig. 3A). We

found decreased or undetectable amounts of RCS containing com-
plex I and III subunits, specifically of I-III2-IV3, I-III2-IV2, I-III2-IV,
and I-III2 arrangements (Fig. 3A). Immunodetection of PHB1 and
SLP-2 revealed that these proteins exhibit electrophoretic mobilities
conspicuously overlapping those of larger RCS (Fig. 3A). The comi-
gration of PHBs and SLP-2 observed here is in line with previous
reports from our group and others that show that SLP-2 associates
with PHBs (6, 44).

To further document the decreased complex I association with
RCS and its functional significance, we performed a complex I
in-gel activity assay on a nondenatured first-dimension gel to vi-
sualize enzymatically active complex I (Fig. 3B). Complex I activ-
ity, as indicated by the development of purple formazan, was de-
creased in high-molecular-weight regions corresponding to RCS,
including I-III2-IV2 and I-III2 (Fig. 3B).

To corroborate our findings obtained by first-dimension BN
PAGE, we cut nondenatured 1D BN PAGE gels of the same afore-
mentioned WT and SLP-2 T-K/O T cell mitochondrial lysates in
half and loaded high-molecular-weight (Fig. 3C) and low-molec-
ular-weight (Fig. 3D) portions onto second-dimension SDS-poly-
acrylamide gels and then immunoblotted them with antibodies
directed against subunits of complexes I, II, III, IV, and V. Con-
sistent with the 1D BN PAGE results, we observed lower levels of
complex I, III, and IV subunits associated with RCS in mitochon-
dria of SLP-2-deficient T cells than in WT controls, including
I-III2-IV3, I-III2-IV2, I-III2-IV, and I-III2 arrangements (Fig. 3C).
The migration of MTCO1 with RCS, faintly detectable by 1D BN
PAGE analysis (Fig. 3A), can be better visualized by 2D BN SDS-
PAGE analysis (Fig. 3C). Complex V has been reported to associ-
ate with RCS under certain circumstances (15) but has also been
commonly found to associate into dimers and multimers (10, 13).
We found that this technique was sufficiently sensitive to show
migration of complex V at various regions of high molecular
weight that correspond to the migration patterns of RCS, suggest-
ing that these may be multimers of complex V or perhaps associ-
ations with certain RCS (Fig. 3C). However, the multimers of
complex V were decreased or absent upon Slp-2 deletion (Fig. 3C).
The levels of non-RCS-associated complexes did not appear dif-
ferent between WT and SLP-2 T-K/O T cells, as shown in Fig. 3C
(complexes I, III2, and V) and D (complexes II and IV). Further-
more, 2D BN SDS-PAGE analysis revealed that PHBs and SLP-2
are associated in high-molecular-weight protein complexes, as
observed in both first-dimension (Fig. 3A) and second-dimension
(Fig. 3C) gels. Taken together, these results show that lack of
SLP-2 expression is associated with deficient RCS formation in
vivo.

Formation of individual respiratory complexes is not af-
fected by SLP-2 deficiency. To determine whether the defect in
supercomplex formation in SLP-2-deficient cells was a result of
defective formation of individual respiratory complexes, we solu-
bilized mitochondrial membranes with the detergent dodecyl
maltoside, which has been shown to disrupt RCS formation while
maintaining individual respiratory complex interactions (15).
Immunoblotting of membranes from first-dimension BN PAGE
gels showed no differences between the levels of individual com-
plex I, II, III, IV, or V in SLP-2 T-K/O T cells and those in WT
controls (Fig. 4A). Subsequent immunoblotting for PHB1 and
SLP-2 (Fig. 4B and C, respectively) showed that these proteins
maintain their migration pattern at high molecular weight when
membranes are solubilized with dodecyl maltoside rather than

FIG 1 SLP-2-deficient T cells have an impaired mitochondrial respiration
profile characterized by increased uncoupled respiration and reliance on gly-
colysis. T cells from WT (filled symbols or bars) or SLP-2 T-K/O (empty
symbols or bars) mice were stimulated for 48 h and then incubated for 1 h in
glucose (circles)- or galactose (triangles)-containing medium. Following mea-
surement of the basal OCR (A), the mitochondrial drugs oligomycin, rote-
none, and antimycin A were sequentially added to determine the total mito-
chondrial OCR (B), as well as mitochondrial OCR coupled to (C) or
uncoupled from (D) ATP synthase activity. (E) ATP levels were quantified in
whole-cell lysates of WT or SLP-2 T-K/O T cells treated as previously indicated
(n 	 3). (F) Mitochondrial membrane potential was measured by flow cytom-
etry in T cells stimulated for 48 h prior to 24 h of incubation under glucose- or
galactose-only conditions with TMRM in nonquench mode (FCCP, positive
control) (n 	 4). (G) Basal ECAR, a measure of the glycolytic rate, was mea-
sured in T cells concurrently with OCR from panel A. (H) ROS levels were
determined in cells treated as described for panel F, by measuring DCFDA
geometric mean fluorescence intensity (Geo. MFI) (n 	 4). (A to D, G) Dot
plots depict the mean OCR or ECAR of 106 cells of six mice per genotype
performed at least in duplicate and analyzed in pairs. (F, H) Each dot repre-
sents one mouse, and the mean was calculated for four mice per genotype and
analyzed in pairs. *, P 
 0.05; **, P 
 0.01 (relative to the WT control in
glucose- or galactose-containing medium, as indicated).
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digitonin (Fig. 3A). These results indicated that the defect ob-
served in the formation of RCS in the absence of SLP-2 was not a
result of a deficiency in individual respiratory complex formation.

SLP-2 deficiency results in delayed T cell proliferation under
conditions of limited glycolysis. We next studied the functional
consequences of impaired formation of RCS in SLP-2-deficient T
cells. This system provided us with the opportunity to assess the
activation and proliferation of WT and SLP-2 T-K/O T cells in
response to anti-CD3/CD28 stimulation under conditions of ei-
ther unlimited or limited glycolysis. First we assessed early activa-
tion events by determining the upregulation of CD25 and the
downregulation of CD62L by flow cytometry. CD25 was signifi-
cantly upregulated following activation of WT and SLP-2 T-K/O T
cells (Fig. 5A, left side). Such upregulation was significantly de-
creased in T cells activated under conditions of restricted glycoly-
sis (i.e., galactose-containing medium) or restricted oxidative
phosphorylation (i.e., oligomycin-containing medium), yet nei-
ther depended upon SLP-2. CD62L expression was decreased un-
der all activation conditions, and this downregulation was also
unaffected by SLP-2 deficiency (Fig. 5A, middle). The viability of
T cells was unaffected under all activation conditions, except when
T cells were restricted in the ability to use both glycolysis and
oxidative phosphorylation, under which condition almost all T
cells died (Fig. 5A, right side). These results indicated that defi-
ciency of SLP-2 in T cells did not affect early activation events.

Next, we studied the effect of SLP-2 deficiency on T cell cycling.
We found that SLP-2-deficient T cells proliferated similarly to WT
T cells under conditions of maximal activation with anti-CD3/
CD28 and an unlimited supply of glucose (Fig. 5B). However,

under conditions of limited glycolysis, SLP-2-deficient T cells dis-
played a significantly delayed proliferation profile (Fig. 5B). On a
population level and after 3 days of stimulation, only 18% of SLP-
2-deficient T cells had gone into high cycling, compared to 37% of
WT T cells, whereas 47% of SLP-2-deficient T cells remained in
low cycling, compared to only 24% of WT T cells (Fig. 5C). By day
3 after stimulation, SLP-2-deficient T cells were, on average, de-
layed by at least one cycle (Fig. 5D) and this could not be attrib-
uted to decreased cell viability (Fig. 5E). Furthermore, we found
that SLP-2-deficient T cells cultured under glucose-restricted con-
ditions were delayed in entry into the cell cycle 37 h following
stimulation, as determined by the delayed increase in Ki67 expres-
sion (Fig. 5F). Nonstimulated cells cultured in glucose and stim-
ulated cells cultured with neither glucose nor galactose exhibited
poor viability after 24 h and failed to proliferate after up to 5 days
(data not shown).

To examine the cause of the delayed proliferation of SLP-2-
deficient T cells, we determined the IL-2 response of these T cells
to anti-CD3/CD28 stimulation under conditions of unlimiting
and limiting glycolysis. As shown in Fig. 6A, SLP-2-deficient T
cells had decreased production of IL-2. Such a defect was apparent
both in cultures containing glucose and in cultures containing
galactose but not glucose. Furthermore, as we had previously
shown, the defective IL-2 response in SLP-2-deficient T cells was a
result of a posttranscriptional mechanism as the production of
IL-2 mRNA was similar in WT and SLP-2-deficient T cells cul-
tured in glucose-containing (Fig. 6B) or galactose-containing
(Fig. 6C) medium. To further elucidate the mechanism responsi-
ble for the impairment in IL-2 production, we performed intra-

FIG 2 Reduced RCS detection and cell growth in Slp-2�/� mutant MEFs. (A) BN PAGE immunoblot analysis of mitochondria isolated from WT and Slp-2�/�

mutant immortalized fibroblasts. To visualize individual complexes and RCS, membranes were blotted with antibodies directed against complexes IV (MTCO1)
and I (NDUFA9) (left side) or complexes III (UQCRC2) and I (NDUFB6) (right side). Membranes were subsequently blotted for complexes II (SDHA) and V
(ATP5A). (B) Counts of viable WT and Slp-2�/� mutant fibroblasts cultured in 25 mM glucose- or galactose-containing medium were determined every 24 h for
5 days by trypan blue exclusion from an initial seeding of 50,000 cells. Data are the means � the standard deviations from three independent experiments.
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cellular IL-2 staining of anti-CD3/CD28-stimulated WT and
SLP-2 T-K/O T cells treated with brefeldin A at the time of stim-
ulation to prevent cytokine secretion. We found that the percent-
age of IL-2� SLP-2 T-K/O T cells was reduced relative to that of
WT T cells when cultured in glucose-containing (16.2 versus
22.5%) or galactose-containing (18.1 versus 28.3%) medium.
These data indicate that the posttranscriptional impairment of
IL-2 production in SLP-2 T-K/O T cells is likely due to a defect in
protein translation and not secretion. Although the IL-2 levels
were decreased, we found no difference in I�B phosphorylation
(Fig. 6D) or mitochondrial calcium release (Fig. 6E) following
stimulation, suggesting normal T cell signaling. To determine
whether the lower IL-2 levels were responsible for the delayed
proliferation of glucose-restricted SLP-2-deficient T cells, we sup-
plemented the cultures with 50 ng/ml mrIL-2 at the time of stim-
ulation. However, this did not restore the delay in proliferation of

FIG 4 Formation of individual respiratory chain complexes is not altered by
Slp-2 deletion. Dodecyl maltoside-solubilized mitochondrial lysates from WT
or SLP-2 T-K/O T cells were separated by BN PAGE under nondenaturing
conditions. Membranes were immunoblotted with a cocktail of antibodies
against respiratory chain subunits (I, complex I subunit NDUFB8; II, complex
II subunit 30 kDa; III, complex III subunit core 2; IV, complex IV subunit I; V,
ATP synthase subunit alpha) (A) and then PHB1 (B) and SLP-2 (C).

FIG 3 SLP-2-deficient T cells have defective RCS expression. Digitonin-solubilized mitochondrial lysates from WT or SLP-2 T-K/O T cells were separated by BN
PAGE under nondenaturing conditions. (A) Membranes of 1D gels were immunoblotted a maximum of two times with antibodies against subunits of each
respiratory complex as follows: NDUFA9, NDUFS3; UQCRC2, complex III core 1; MTCO1 (complex IV subunit I); ATP synthase subunit alpha (ATP5A);
PHB1; and SLP-2. The stoichiometries of each RCS band are indicated, and arrows point to the most apparent defects. (B) In-gel complex I activity was
determined on a 1D BN PAGE gel. Purple color indicates areas of complex I activity. Arrowheads indicate RCS containing decreased levels of complex I subunits
(A) or activity (B; filled) or complex III subunits (A; open) when Slp-2 is deleted. First-dimension gel slices were cut and loaded onto second-dimension
denaturing gels to compare high-molecular-weight (C) and low-molecular-weight (D) complexes. Membranes were immunoblotted with antibodies against
respiratory chain subunits (CI, complex I subunit NDUFB8; CII, complex II subunit 30 kDa; CIII, complex III subunit core 2; CIV, complex IV subunit I; CV,
ATP synthase subunit alpha) and then PHB1 and SLP-2. Red boxes indicate RCS containing decreased levels of complex I, III, IV, and V subunits. Data are
representative of three (A, C, D) or two (B) independent experiments.
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glucose-restricted SLP-2-deficient T cells (Fig. 6F), indicating an
alternate mechanism. Altogether, these results documented a
functional defect associated with the impaired formation of RCS
in the absence of SLP-2.

DISCUSSION

The molecular machinery that supports the optimal assembly and
function of respiratory complexes in the mitochondrial inner
membrane is not fully defined. Recent evidence suggests that dif-
ferent proteins may be involved in the assembly of individual
components of the respiratory chain into RCS, i.e., assemblies of
respiratory chain complexes with defined stoichiometries. In the

context of this model, our findings identify SLP-2 as a critical
player in the formation of these RCS, specifically, (I-III2)1-2, I-III2-
IV3, I-III2-IV2, I-III2-IV, I-III2, and III2-IV arrangements, and po-
tentially complex V-containing dimers and multimers. The pre-
cise mechanism by which SLP-2 affects RCS formation, whether it
is important primarily for RCS assembly or stability or rather for
regulating the expression of individual respiratory complex sub-
units, is unknown and is beyond the scope of this study. However,
our data indicate that the mechanism responsible for defective
RCS formation in the absence of SLP-2 does not relate to the
improper formation of individual respiratory complexes. Using T
cells from a genetically engineered mouse strain in which the Slp-2

FIG 5 Deletion of Slp-2 results in delayed T cell proliferation when glycolysis is restricted. WT (black bars) and SLP-2 T-K/O T (white bars) cells were resting or
stimulated in glucose (Glc)- or galactose (Gal)-containing medium with or without oligomycin (Oligo) for the times indicated. (A) Expression of CD25 and
CD62L was measured after 0 and 24 h by flow cytometry (n 	 3), and data are represented as fold changes in the geometric mean fluorescence intensity (MFI)
relative to that of resting T cells at 0 h. Viability was concurrently measured and was normalized to the glucose-only condition. N.D., not detected. a, P 
 0.001
relative to WT T cells in glucose-containing medium; b, P 
 0.001 relative to SLP-2 T-K/O T cells in glucose-containing medium. (B) T cell proliferation was
assessed by measurement of CFSE dilution on days 0, 2, 3, 4, and 5 poststimulation by flow cytometry. Plots depict representative WT and SLP-2 T-K/O T cell
distributions (n 	 3). (C) CFSE distribution of WT and SLP-2 T-K/O T cells on day 3 of growth in galactose-containing medium is expanded from panel B, and
three proliferative subsets (hi, mid, and lo) are indicated. (D) The number of proliferation cycles of T cells stimulated in galactose-containing medium was
calculated by taking the log1/2 of the relative CFSE geometric MFI normalized to day 0. (E) Cell viability of CFSE-stained cells was measured at day 3 by flow
cytometry. (F) Stimulated cells cultured in glucose- or galactose-containing medium were analyzed for cellular Ki67 expression by flow cytometry. Data are
reported as the mean � the standard error of the mean. *, P 
 0.05. N.S., not significant.
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gene is specifically deleted in T cell progenitors, we have shown
here that the defect in RCS formation is linked with an impaired
respiratory profile, more apparent under conditions of limited
glycolysis, and this translates into a defective functional T cell
response.

There is evidence to suggest that the lipid composition of the
mitochondrial inner membrane is key for proper RCS formation,
particularly since the interactions between complexes occur
within the lipid bilayer of the membrane while the matrix portions
do not strongly interact (14). The mitochondrial signature phos-
pholipid cardiolipin is a critical component of this environment
and has been shown to be essential for proper RCS formation (8,
14, 22), with defective cardiolipin remodeling and RCS instability
associated with Barth syndrome (7, 20). We have previously
shown that SLP-2 binds cardiolipin and interacts with PHB1 and
-2, and that in SLP-2-deficient T cells, the levels of cardiolipin and
PHBs in mitochondrial detergent-insoluble membranes are sig-
nificantly decreased (5, 6). As a consequence, a deficiency in SLP-2
expression would impair the proper compartmentalization of the
mitochondrial membrane and result in defective RCS formation.
This would be consistent with the evidence that SLP-2 can
dimerize (1) and may form homooligomeric complexes similar to
PHBs (45). Indeed, SLP-2 was found to migrate in a high-molec-
ular-weight complex by BN PAGE in rat liver, potentially as a
homooligomeric complex (42), and a recent report has claimed
that a plant homologue of Slp-2 in Arabidopsis thaliana may also
be linked to RCS organization in plants (46). These reports cor-
roborate our findings and, together with our data showing im-
paired RCS formation in both Slp-2�/� MEFs and SLP-2-deficient
T cells, point to a critical role for SLP-2 in RCS formation, one that
is potentially conserved across different tissues and species.

The abnormal compartmentalization of cardiolipin in the ab-
sence of SLP-2 may explain the defective RCS formation, partic-
ularly of (I-III2)1-2 and I-III2-IV1-3 arrangements. The formation
of cardiolipin-enriched membrane microdomains facilitated by
SLP-2 (5, 6) may provide a platform for optimal RCS assembly
and/or stability in the inner membrane of the mitochondria. For-
mation of these microdomains likely involves PHBs in addition to
SLP-2, and PHBs have been previously proposed to be involved in
the assembly of respiratory complexes (35). PHBs comigrate with
RCS by 2D BN SDS-PAGE in this study and in reference 15, while
SLP-2 also migrated with RCS, though at a slightly lower rate than
PHBs. The interaction between SLP-2 and PHBs (5, 6, 44) may
have structural and functional implications in the regulation of
mitochondrial function (47), though PHB oligomerization is not
affected by Slp-2 deletion in our model. As we previously reported,
our data show that the levels of PHBs present in the detergent (i.e.,
Triton X-100, digitonin, or dodecyl maltoside)-soluble fraction of
mitochondrial lysates in the absence of SLP-2 are not different
from control levels (5). Furthermore, SLP-2 does not seem to
interact directly with RCS because experiments with plant mito-
chondria using complex I mutants lacking proper RCS associa-
tions showed that the migration pattern of a plant Slp-2 homolog
is largely unchanged (46). It has also recently been reported that
the Cox7a2l gene in several strains of mice, including C57BL/6J,
carries a mutation that prevents the formation of complex IV-
containing RCS. The mouse strains used in this study have a
C57BL/6N Tac background, and our data demonstrate that these
mice retain the ability to form complex IV-containing RCS.

The defective formation of RCS was associated with an im-
paired respiratory profile. This profile is characterized by in-
creased uncoupled respiration, decreased mitochondrial mem-

FIG 6 Deletion of Slp-2 results in defective posttranscriptional IL-2 production when glycolysis is restricted. WT and SLP-2 T-K/O T cells were stimulated in
glucose- or galactose-containing medium for the times indicated. (A) IL-2 protein levels were measured in supernatants by ELISA at 24 h following stimulation
of WT (black bars) or SLP-2 T-K/O T (white bars) cells in glucose- or galactose-containing medium. IL-2 mRNA levels were assessed by quantitative reverse
transcriptase PCR at 4, 12, and 24 h poststimulation in glucose (B)- or galactose (C)-containing medium (WT, closed circles; SLP-2 T-K/O, open circles). (D) WT
or SLP-2 T-K/O T cells were stimulated with anti-CD3/CD28 antibody-coated beads for the times indicated, and whole-cell lysates were blotted with anti-
phospho-I�B, anti-I�B, anti-SLP-2, and anti-GAPDH antibodies. The values on the left axis are molecular masses in kilodaltons. (E) Calcium release was
determined by flow cytometry in WT (left side) or SLP-2 T-K/O (right side) T cells by measuring the Fluo-3-AM/Fura Red ratio. Samples were analyzed for
baseline fluorescence and then analyzed immediately following the addition of 2 �g/ml ionomycin, 50 nM FCCP (positive control), or 5 mM EDTA (negative
control). (F) Proliferation profiles of stimulated CFSE-stained cells supplemented with or without mrIL-2 (50 ng/ml) at t 	 0 h. Pie charts indicate the
percentages of cells in low, medium, and high proliferative states after 72 h. Data are reported as the mean � the standard error of the mean. ***, P 
 0.001.

SLP-2 and Respiratory Supercomplexes

May 2015 Volume 35 Number 10 mcb.asm.org 1845Molecular and Cellular Biology

http://mcb.asm.org


brane potential, and an increased reliance on glycolysis. In
addition, we observed a slight but significant increase in ROS pro-
duced upon stimulation of SLP-2-deficient T cells. ROS are pro-
duced by the respiratory chain under normal circumstances (48),
and defective RCS formation, particularly of I-III-containing
RCS, leads to increased ROS production (14). This supports our
findings of defective (I-III2)1-2 and I-III2-IV1-3 RCS formation in
the absence of SLP-2.

It has recently been reported that either glycolysis or oxidative
phosphorylation alone is sufficient to sustain normal T cell pro-
liferation in response to activation (49). SLP-2 plays a role in T cell
activation (50), and its deficiency is associated with impaired T cell
responses (5). We show here that proliferation of SLP-2 T-K/O T
cells is not significantly affected compared to that of WT T cells
when oxidative phosphorylation is restricted if glycolysis is not
limiting but is significantly delayed when glycolysis is restricted.
Furthermore, this delay in proliferation is due in part to delayed
entry into the cell cycle. These findings would be expected in light
of the bioenergetic profile of these T cells and suggest that the
metabolic output of the respiratory chain in SLP-2 T-K/O T cells is
insufficient to meet the requirements of optimal T cell prolifera-
tion. Such a defect may be secondary to impaired RCS assembly
and/or stability and results in delayed proliferation. However, this
delayed cycling cannot be rescued by restoration of IL-2 levels,
indicating the involvement of other factors.

Chang and colleagues have recently reported that the expres-
sion of several cytokines, including IL-2 and gamma interferon
(IFN-�), is decreased when glycolysis is restricted (49). This de-
crease in cytokine expression is mediated by a posttranscriptional
mechanism involving an increased ability for GAPDH to bind to
AU-rich elements within the 3= untranslated region of these re-
spective mRNAs, effectively reducing their translation in response
to decreased glycolysis (49). We had already shown that SLP-2-
deficient T cells have a posttranscriptional defect in IL-2 produc-
tion in response to stimulation through the antigen receptor (5).
However, contrary to the observation by Chang et al. with limited
glycolysis in WT cells, the defect observed in SLP-2-deficient T
cells is selective for IL-2 and does not occur for other cytokines
such as IFN-� or IL-17. Furthermore, the posttranscriptional IL-2
defect in SLP-2-deficient T cells is present to the same extent un-
der conditions of limiting or unlimiting glycolysis and is likely a
result of impaired protein translation and not secretion. Alto-
gether, these results suggest that the mechanism responsible for
the posttranscriptional defect in IL-2 production in SLP-2 T-K/O
T cells is independent of GAPDH and may involve a novel path-
way linked to impaired mitochondrial respiration.

In summary, our data show that SLP-2 is required for optimal
RCS formation in the mitochondrial inner membrane. In the ab-
sence of SLP-2, there is significant loss of (I-III2)1-2 and I-III2-
IV1-3 RCS, which may be due to a defect in the assembly or a lack
of stability of these supercomplexes. More importantly, abnormal
RCS expression correlates with impaired mitochondrial respira-
tion and results in decreased effector cell function. Further studies
are required to determine the mechanism whereby SLP-2 func-
tions to allow optimal RCS formation: whether it is a direct func-
tion of SLP-2 or rather if it is indirect, perhaps through the gen-
eration of specialized cardiolipin-enriched microdomains in the
mitochondrial inner membrane. Together, these findings provide
evidence that RCS are a relevant functional entity and identify

SLP-2 as a key player in the assembly and/or stability of these
supercomplexes.
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