UCP1-deficiency causes brown fat respiratory chain depletion and sensitizes mitochondria to calcium overload-induced dysfunction
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ABSTRACT
Brown adipose tissue (BAT) mitochondria exhibit high oxidative capacity and abundant expression of both electron transport chain components and uncoupling protein 1 (UCP1). UCP1 dissipates the mitochondrial proton motive force (Δp) generated by the respiratory chain and increases thermogenesis. Here we find that in mice genetically lacking UCP1, cold-induced activation of metabolism triggers innate immune signaling, and markers of cell death in BAT.  Moreover, global proteomic analysis reveals that this cascade induced by UCP1 deletion is associated with a dramatic reduction of electron transport chain abundance. UCP1-deficient BAT mitochondria exhibit reduced mitochondrial calcium buffering capacity and are highly sensitive to mitochondrial permeability transition induced by ROS and calcium overload. This dysfunction depends on ROS production by reverse electron transport (RET) through mitochondrial complex I, and can be rescued by inhibition of electron transfer through complex I or pharmacological depletion of ROS levels. Our findings indicate that interscapular BAT of Ucp1 knockout mice exhibits mitochondrial disruptions that extend well beyond the deletion of UCP1 itself. This should be carefully considered when using this mouse model to examine the role of UCP1 in physiology.
INTRODUCTION
Uncoupling protein 1 (UCP1) plays a role in acute adaptive thermogenesis in interscapular brown adipose tissue (BAT). UCP1 dissipates the mitochondrial protonmotive force (Δp) generated by the electron transport chain (ETC), and is important for thermal homeostasis in rodents and human infants 
 ADDIN EN.CITE 

(1, 2)
. Ucp1 orthologs are not limited to mammals, as they are expressed in ectothermic vertebrates 
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(3)
 and protoendothermic mammals 
 ADDIN EN.CITE 

(4)
, suggesting that UCP1 may have an important role in biology beyond thermal control. For example, it is increasingly evident that in particular respiratory states UCP1 can reduce reactive oxygen species (ROS) levels in vitro 
 ADDIN EN.CITE 

(4-9)
. The mitochondrial ETC is a major source of ROS production in the cell, and ROS play an important role in physiology and pathophysiology 
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(10-12)
. Reverse electron transport (RET) through mitochondrial complex I is a key mechanism by which ROS are generated in vivo 
 ADDIN EN.CITE 

(11, 13)
. Interestingly, RET relies critically on high Δp, while dissipation of Δp by UCP1 can lower ROS levels in isolated mitochondria 
 ADDIN EN.CITE 

(5-7)
. 
Thermogenic respiration in BAT is triggered by external stimuli that activate adrenergic signaling 14()
. Most notably, environmental cold induces the capacity for adrenergic-mediated BAT respiration in wild type (WT) animals but minimally in UCP1-KO BAT 
 ADDIN EN.CITE 

(15, 16)
. It is understood that the respiratory response of BAT under these conditions is indicative of UCP1-mediated respiration. However, the rate of maximal chemically uncoupled oxygen consumption is also lower in UCP1-KO adipocytes compared to WT 
 ADDIN EN.CITE 

(15, 16)
, a parameter that is UCP1-independent. Moreover, basal respiratory rate of UCP1-KO BAT mitochondria is reduced following cold exposure, whereas it is increased in WT BAT mitochondria 
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(7)
. These data strongly suggest broader functional changes to brown adipocyte mitochondrial function upon increased adrenergic tone following Ucp1 deletion. 

Here we demonstrate that extensive down-regulation of ETC abundance and concomitant triggering of host defense signaling occurs in BAT of UCP1-KO mice following cold-acclimation. Remarkably, UCP1-KO BAT mitochondria are highly sensitive to calcium overload-induced mitochondrial dysfunction, which can be inhibited by reducing ROS levels. These findings suggest a critical physiological role of UCP1 in maintaining a mitochondrial environment that can mitigate ROS-dependent dysfunction in vivo. Additionally, these data demonstrate that the absence of UCP1 in BAT results in widespread mitochondrial proteomic alterations that should be considered when using this mouse model to examine the role of UCP1 in physiology.
RESULTS 
Aberrant cristae morphology and reduced ETC abundance in UCP1-KO BAT
Environmental cold increases state 4 respiration in mitochondria isolated from BAT of WT mice, while it is substantially reduced in BAT mitochondria from UCP1-KO animals 
 ADDIN EN.CITE 

(7, 17)
. These previous studies suggest that ETC expression is impaired following adrenergic stimulation of BAT in the absence of UCP1. To investigate the role of UCP1 on BAT mitochondria upon adrenergic stimulation, we gradually acclimated WT and UCP1–KO mice to cold (4°C), and assessed gross mitochondrial morphology by electron microscopy. Remarkably, this analysis revealed highly disorganized, and in some instances, absent cristae from UCP1-KO organelles relative to WT mice (Figure 1A). This aberrant morphology prompted us to examine the molecular components of BAT mitochondria that might be affected by absence of UCP1 under conditions of adrenergic stimulation. 
To begin to determine the mitochondrial molecular response between WT and UCP1–KO BAT following cold exposure, we measured the mRNA abundance of nuclear-encoded subunits of the oxidative phosphorylation complexes. A subset of transcripts was significantly reduced in response to environmental cold in a UCP1-dependent manner, however, the extent of reduction was modest (Figure S1). In contrast, differences in mRNA abundance in BAT were not detected between UCP1-KO and WT mice under thermoneutral (30°C) housing (Figure S1). This was a general feature for nuclear-encoded genes of all the oxidative phosphorylation complexes. 
The mild diminution of nuclear-encoded oxidative phosphorylation complexes (Figure S1) prompted us to investigate their abundance at the protein level. Therefore, global quantitative proteomics from BAT of cold-acclimated WT and UCP1–KO mice was performed using isobaric tagging 
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(18)
; providing quantitation of 6,354 proteins (Table S1). Unsupervised k-means clustering of the proteomic data revealed a total of six clusters (Tables S2-S7), two of which (clusters 4 and 5) were robustly distinct between WT and UCP1-KO BAT (Figure 1B). The top KEGG pathway of Cluster 5 was annotated as “Oxidative Phosphorylation”, consisting primarily of ETC proteins (Table S6). The protein abundance in this cluster was substantially reduced in UCP1–KO relative to WT BAT (Figure 1B and Table S1). The percentage reduction (> 80%) at the protein level (Table S1) was discordant with the relatively mild decrease in corresponding transcript abundance (Figure S1). Most subunits of Complexes I and IV, were downregulated (up to 95%) compared to BAT from WT mice (Table S1). We next examined protein abundance by Western blot in a separate cohort of animals that were housed at 4°C or 30°C. Like the mass spectrometry analysis, ETC subunits were considerably reduced in UCP1–KO BAT tissue lysates, primarily upon 4°C exposure. Interestingly, these reductions in ETC abundance were not nearly as drastic in adult animals housed at 30°C (Figure 1C). Notably, there were no differences in ETC protein expression in young (postnatal day 4) pups (Figure 1D), suggesting that the impaired ETC expression seen at older ages was primarily a response to environmental cold specifically, and not due to aberrant BAT development. We next examined the expression of these proteins following mitochondrial purification. Strikingly, the depletion in ETC proteins was also observed in isolated organelles (Figure 1E), demonstrating that the decrease in protein expression was not due solely to a reduction in mitochondrial mass. Interestingly, the SDHB subunit of complex II showed minimal differences when we controlled for total mitochondrial abundance (Figure 1E). Because SDH is the only ETC complex that is entirely nuclear-encoded, these data suggested a specific effect on ETC complexes containing gene products encoded by mitochondrial DNA (mtDNA) due to absence of UCP1.  
Environmental cold triggers a loss of mtDNA transcripts in UCP1-KO BAT 

MtDNA is physically associated with the mitochondrial inner membrane, in DNA-protein complexes termed nucleoids 
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(19, 20)
, and a disturbance in this association is understood to disrupt mtDNA-encoded gene expression. Thus, given the aberrant cristae morphology of UCP1-KO BAT mitochondria following 4°C exposure (Figure 1A), and the specific reduction in ETC complexes containing mtDNA-encoded gene products (Figure 1E), we examined the expression level of mtDNA-encoded transcripts. Strikingly, all mtDNA-encoded transcripts, as well as the two mitochondrial rRNA transcripts, were significantly reduced in BAT of UCP1-KO mice following exposure to environmental cold (Figure 1F). In contrast, when mice were housed at 30°C, no change in mRNA abundance was detected between the genotypes (Figure 1G). 
Environmental cold triggers host defense in UCP1-KO BAT
In contrast to the large reduction in ETC subunits, quantitative proteomic profiling of BAT from WT and UCP1–KO mice revealed an additional cluster (cluster 4), which highlighted an increased level of proteins involved in host defense (Figure 1B and Table S5). Among this cluster was an increase in Interferon-stimulated genes (ISGs) and antiviral factors encoding DNA and RNA sensors, such as Ifi204, Ifi205, Ifih1, Ddx58, as well as the transcription factors Stat1, Stat2 and Irf3 (Table S1). These factors function to reinforce the innate and adaptive immune response 21


( ADDIN EN.CITE )
, so we next examined the control of ISG expression by ambient temperature. ISGs (Ifit1, Ifit2, Ifit3, Oas3, and RNase L) were significantly elevated at the mRNA level in BAT of 4°C-exposed UCP1–KO mice, relative to WT controls (Figure 2A). However, these changes were largely abolished when mice were housed at 30°C (Figure 2B). We observed elevated levels of the nucleic acid sensing factor RIG-I and the antiviral transcription factor IRF3 in UCP1-KO mice compared to WT animals at 4°C housing, while housing at 30°C abrogated the difference between genotypes (Figure 2C and Table S1). IRF3 represses thermogenic gene expression 22()
. Interestingly, the thermogenic transcription factor, Prdm16, suppresses ISG expression 23


( ADDIN EN.CITE )
. Our data extend these findings by demonstrating that the capacity for thermogenic respiration itself may regulate ISG abundance. This highlights the interconnected relationship between the thermogenic and host defense transcriptional machinery, and the effectors of thermogenic respiration. Furthermore, in line with the higher levels of ISG expression, cleaved caspase-3 levels were elevated in UCP1–KO BAT following 4°C exposure, but not when mice were housed at 30°C (Figure 2C). Caspase activation dampens the immune response and triggers mitochondrial-mediated programmed cell death 
 ADDIN EN.CITE 
(24)
. 
To determine if the activation of the immune response was regulated by ambient temperature, we examined a panel of inflammatory genes by RT-qPCR from BAT of WT and UCP1-KO mice housed under cold or thermoneutral conditions. We detected robust elevation of inflammatory genes including those associated with innate immunity, IFN-γ signaling, and macrophage infiltration in UCP1-KO mice housed at 4°C (Figure 2D). Remarkably, housing mice at 30°C largely abolished this inflammatory response (Figure 2E). Together, these data demonstrate that environmental cold triggers mitochondrial dysfunction and antiviral signaling in UCP1-deficient BAT. The data suggest that upon cold stimulation, absence of Ucp1 results in aberrant BAT mitochondrial function, leading to mitochondrial-mediated triggering of immune activation. 
Calcium overload induces mitochondrial dysfunction in UCP1-KO BAT 

Cold stimulation drove activation of innate immune pathways linked to cell death.  Since mitochondrial permeability transition is a well established regulator of this process 25()
 we examined whether UCP1-KO BAT mitochondria were inherently sensitive to permeability transition by challenging organelles with calcium. We simultaneously measured the mitochondrial membrane potential (Δψ) and calcium buffering capacity in isolated BAT mitochondria from WT and UCP1-KO mice. WT BAT mitochondria respiring on pyruvate and malate exhibited a modest Δψ, indicated by the downward inflection in TMRM signal upon addition of the organelles. This was increased following GDP administration, demonstrating inhibition of UCP1-dependent leak (Figure 3A, bottom). Next, mitochondria were treated with sequential additions of calcium 
 ADDIN EN.CITE 
(26)
. Each calcium addition could be observed as an increase in calcium green fluorescence in the buffer, while uptake into the organelles was monitored as a reduction in buffer calcium (Figure 3A, top). Mitochondrial membrane depolarization was observed concomitantly with each calcium addition (60 nmol calcium/mg mitochondrial protein), which was followed by rapid repolarization (Figure 3A, bottom). 300 nmol calcium/mg mitochondrial protein could be buffered by WT BAT mitochondria, while calcium release occurred thereafter (Figure 3A, top). Depolarization of Δψ occurred concomitantly with calcium release. UCP1-KO BAT mitochondria exhibited a similar baseline Δψ to GDP-treated WT mitochondria (Figure 3B, bottom). However, calcium addition to UCP1-KO organelles resulted in a large depolarization of Δψ (Figure 3B, bottom). Furthermore, a single calcium addition (60 nmol calcium/mg mitochondrial protein) was poorly buffered by UCP1-KO mitochondria, and was sufficient to result in concomitant calcium release and depolarization (Figure 3B). These data indicate that UCP1-KO BAT mitochondria have substantially reduced calcium buffering capacity compared to WT organelles.  Permeability transition can be inhibited by the drug cyclosporin A 27()
, and we detected a modest protective effect of this compound on UCP1-KO mitochondrial calcium buffering capacity (Figure S2), which is consistent with previous findings 
 ADDIN EN.CITE 
(28)
. Together, these data demonstrate that UCP1-KO BAT mitochondria are sensitized to calcium overload-induced mitochondrial dysfunction, a component of which is partly inhibited by cyclosporin A. 
Next, we examined calcium kinetics and Δψ during succinate-dependent respiration. WT BAT mitochondria respiring on succinate responded similarly as when pyruvate and malate were used to drive respiration through complex I. A total of 300 nmol calcium/mg mitochondrial protein was efficiently buffered by WT BAT mitochondria (Figure 3C). In contrast, UCP1-deficient BAT mitochondria could only buffer 60 nmol calcium/mg mitochondrial protein (Figure 3D). Therefore, UCP1-deficiency results in profound sensitization to calcium-overload induced dysfunction in mitochondria respiring on succinate.
ROS triggers calcium overload-induced mitochondrial dysfunction in UCP1-KO BAT

Succinate oxidation can drive RET, and so it can be utilized to investigate Complex I-dependent ROS 
 ADDIN EN.CITE 
(11, 29-31)
. Complex I is the dominant site of superoxide production when mitochondria respire on succinate 
 ADDIN EN.CITE 
(29, 32)
. Under conditions of high membrane potential, succinate reduces ubiquinone (Q) to ubiquinol (QH2) resulting in reverse electron flow through complex I 
 ADDIN EN.CITE 
(11, 30)
. Under these circumstances, single electron reduction of oxygen can generate substantial levels of superoxide, and this has been proposed to occur at the FMN site of complex I 
 ADDIN EN.CITE 
(32, 33)
, or alternatively the Iq site 30()
. The complex I Q-site inhibitor, rotenone, inhibits RET-driven superoxide production during succinate oxidation 
 ADDIN EN.CITE 
(29, 34-37)
. Critically, mitochondrial ROS has been demonstrated to potentiate calcium dependent permeability transition 
 ADDIN EN.CITE 
(25, 38)
. Moreover, succinate has been demonstrated to generate significant amounts of ROS in BAT, which is exacerbated in the absence of UCP1 
 ADDIN EN.CITE 

(7, 8)
. Thus, we evaluated the contribution of ROS to the observed calcium-sensitivity of UCP1-KO BAT mitochondria. Inhibition of RET with rotenone had no effect on the calcium buffering properties of WT BAT mitochondria (Figure 4A). However, inhibition of RET rescued the calcium-induced dysfunction of UCP1-KO BAT mitochondria (Figure 4B, top). While each calcium addition still caused a large transient depolarization and slow repolarization (Figure 4B, bottom), the amount of calcium required to drive complete membrane depolarization was completely normalized (Figure 4B). Therefore, inhibiting RET through Complex I essentially restored the calcium retention time and buffering capacity of UCP1-KO BAT mitochondria to WT levels. 
To further explore whether elevated ROS levels were responsible for the calcium-induced dysfunction, we treated UCP1-KO BAT mitochondria with the mitochondria-targeted antioxidant, MitoQ 
 ADDIN EN.CITE 
(39)
, just prior to the calcium challenge. Like rotenone, MitoQ rescued the calcium buffering capacity of UCP1-KO organelles (Figure 4C). The large depolarization and slow repolarization of Δψ (Figure 4C, bottom) is consistent with abrogated ETC expression. Collectively, these results suggest that UCP1-KO BAT mitochondria are extraordinarily sensitive to ROS-dependent permeability transition. Interestingly, we did not observe large differences between genotypes when G3P was used as a respiratory substrate (Figures 4D and 4E). 
Finally, to examine whether the calcium-induced sensitivity of UCP1-KO BAT mitochondria is a feature of these organelles specifically, or a feature of UCP1-deficiency generally, we examined the calcium buffering capacity and Δψ in mitochondria from BAT-specific IRF4 KO mice (BATI4KO) that have a reduction in UCP1 levels in BAT 
 ADDIN EN.CITE 
(40)
.  Similar, to what we observed with UCP1-KO BAT mitochondria, organelles from BATI4KO mice demonstrated increased sensitivity to calcium overload induced PTP, when respiring on pyruvate/malate (Figure 5A) or succinate (Figure 5B). While the sensitivity to calcium overload of BAT14KO was not as striking as UCP1-KO BAT mitochondria, it could still be rescued partially with rotenone treatment (Figure 5C). Because BAT mitochondria from BATI4KO mice contain lower levels of UCP1 and complex I protein expression 
 ADDIN EN.CITE 
(40)
, these results suggest that calcium overload-induced mitochondrial dysfunction may be a general phenomenon of BAT mitochondria under conditions with reduced UCP1 expression.

DISCUSSION
UCP1 is a key feature of thermogenic fat cells, both brown and beige. We have demonstrated here that upon cold exposure interscapular BAT of UCP1-KO mice has global mitochondrial disruptions, which extend well beyond the deletion of UCP1 itself. These data reveal physiological interactions between UCP1 and ROS. The role of UCP1 itself in the regulation of ROS production is not fully understood. Evidence in support of a robust role for UCP1-mediated uncoupling in the regulation ROS production in vitro has been provided 
 ADDIN EN.CITE 
(6, 7, 41)
, while findings suggesting a limited role for UCP1 activity in controlling ROS in vitro has also been presented 
 ADDIN EN.CITE 
(8, 42-44)
. Importantly, UCP1 does seem to play a role in regulating BAT redox tone in vivo 
 ADDIN EN.CITE 

(9)
, and acute adrenergic stimulation in vivo drives ROS production to support UCP1-dependent thermogenesis 
 ADDIN EN.CITE 

(10)
. 
Our findings demonstrate that UCP1-deficient BAT mitochondria are poorly equipped at buffering calcium in a ROS-dependent manner. Most importantly, we show that the acquired molecular and functional differences between BAT mitochondria from WT and UCP1-KO animals are more widespread than the deletion of UCP1 itself. Considering the striking alterations to the BAT mitochondrial proteome (substantial reduction of ETC abundance) of UCP1-KO mice, caution must be taken when attributing a BAT phenotype solely to UCP1 deletion in these animals. In addition, reduced ETC expression may be commonly associated with decreased UCP1 levels more generally, and should be kept in mind when studying genetic models with reduced BAT UCP1 expression. Notably, our findings here suggest that the reduced capacity of UCP1-KO BAT to activate oxidative metabolism following adrenergic administration (cold or chemical) is at least partly due to reduced expression of the ETC, and not solely due to lack of UCP1-mediated uncoupling. 
Examination of calcium sensitivity of BAT mitochondria with and without UCP1 adds further evidence to the relevance of mechanisms of ROS production in BAT. Previous studies have compared ROS production between WT and UCP1-KO BAT mitochondria when using G3P as a respiratory substrate, indicating either comparable 
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(8)
, or enhanced  6


( ADDIN EN.CITE , 7)
 levels. Importantly, G3P-mediated mitochondrial energization can drive ROS production by RET or from mitochondrial G3P dehydrogenase (GPD2) itself 
 ADDIN EN.CITE 
(7, 30)
.  Moreover, GPD2 appears to have the capacity to produce ROS in the mitochondrial IMS 30


( ADDIN EN.CITE , 41, 45)
, as opposed to Complex I that produces superoxide in the mitochondrial matrix 12()
.  This compartmentalization of ROS production is a plausible explanation for the sensitivity of UCP1-KO mitochondria to succinate mediated ROS production, which drives superoxide production principally through complex I 12()
. Since G3P-mediated ROS production can drive ROS independently of Complex 1 (i.e. at GPD2 itself) 
 ADDIN EN.CITE 
(7, 30, 41)
, our data in sum suggest that Complex I-mediated ROS production by RET is a major contributor to mitochondrial dysfunction in UCP1-KO BAT.  This interpretation is in line with the recognized importance of ROS originating in the mitochondrial matrix supporting permeability transition 
 ADDIN EN.CITE 
(46, 47)
. Interestingly, GPD2 abundance was unaltered in UCP1-KO BAT (Table S1) suggesting that in the absence of UCP1, G3P-mediated electron flux to coenzyme Q (CoQ) is maintained. Previous investigations have noted quantitatively different effects of G3P-driven ROS production in BAT mitochondria between WT and UCP1-KO animals 6-8


( ADDIN EN.CITE )
. In light of our findings, these discrepancies may be predictive of differential mitochondrial adaptation in different UCP1-KO mice colonies to mitigate ROS-sensitivity due to genetic absence of UCP1. Such differences might be expected to arise on congenic (i.e. C57BL/6J and 129/SvImJ) backgrounds, which are particularly sensitive to ablation of UCP1 48()
, and may therefore be prone to selection against enhanced ROS production depending on breeding strategy.  More generally, the functional effects that arise from distinct ROS sites in BAT upon thermogenesis is an interesting avenue of research to pursue in the future. 
The data presented here indicate that mice genetically lacking UCP1 exhibit a plethora of acquired features that extend substantially beyond the deletion of UCP1 itself. These defects, such as the striking reduction of mitochondrial ETC components should be considered when using this mouse model to study UCP1 function. However, this model may have utility for examination of general features of mitochondrial dysfunction. For example, the molecular processes regulating the discordance between ETC protein and mRNA abundance in cold-exposed UCP1-KO animals may be an appropriate model for studying fundamental mechanisms of mitochondrial proteostasis.
METHODS
Animals

Mice were housed at 23°C under a 12 hr light/dark cycle with free access to food and water. All experiments used matched littermates. Ucp1-KO mice and littermate Ucp1-WT controls were generated by breeding heterozygous male and female (B6.129-Ucp1tm1Kz/J) mice as described previously 
 ADDIN EN.CITE 
(49)
. Animal experiments were performed according to procedures approved by the Institutional Animal Care and Use Committee (IACUC) of the Beth Israel Deaconess Medical Center.

Gene Expression Analysis (qRT-PCR)

Total RNA was extracted from frozen tissue using TRIzol (Invitrogen), purified with RNeasy Mini spin columns (QIAGEN) and reverse transcribed using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). The resultant cDNA was analyzed by qRT–PCR. Briefly, 20 ng cDNA and 150 nmol of each primer were mixed with SYBR GreenERTM qPCR SuperMix (Applied Biosystems). Reactions were performed in a 384-well format using an ABI PRISM 7900HT real time PCR system (Applied Biosystems). Relative mRNA levels were calculated using the comparative CT method and normalized to Eef2 mRNA. A complete list of primers and sequences can be found in Table S8.
Western Blotting 

Samples were prepared in Lysis Buffer (50 mM Tris, pH 7.4, 500 mM NaCl, 1% NP40, 20% glycerol, 5 mM EDTA and 1 mM phenylmethylsulphonyl fluoride (PMSF), supplemented with a cocktail of Roche protease inhibitors). The homogenates were centrifuged at 16,000 g x 10 minutes at 4°C, and the supernatants were used for subsequent analyses. Protein concentration was determined using the bicinchoninic acid assay (Pierce). Quantity of protein lysate to use for each antibody was determined empirically. Protein lysates were denatured in Laemmli buffer (60 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.05 % bromophenol blue, 0.7 M β-mercaptoethanol), resolved by 4-12% NuPAGE Bis-Tris SDS–PAGE (Invitrogen) and transferred to a polyvinylidene difluoride (PVDF) membrane. Primary antibodies were diluted in TBS containing 0.05% Tween (TBS-T), 5% BSA and 0.02% NaN3. Membranes were incubated overnight with primary antibodies at 4°C. For secondary antibody incubation, anti-rabbit or anti-mouse HRP (Promega) was diluted in TBS-T containing 5% milk. Results were visualized with enhanced chemiluminescence (ECL) Western blotting substrates (Pierce).

Antibodies

The following commercially available antibodies were used for Western blotting. NDUFA10 (Santa Cruz; sc-376357), NDUFS3 (Abcam; ab110246), Total OXPHOS (Abcam; ab110413), UCP1 (Abcam; ab10983), ACO2 (Abcam; ab110321), VDAC (Abcam; ab34726), VCL (Cell Signaling; 13901), UQCRC1 (Abcam; ab110252), COX5B (Abcam; ab110263), TFAM (Abcam; ab131607), IRF3 (Cell Signaling; 4302), RIG-I (Cell Signaling; 3743), Cleaved Caspase-3 (Cell Signaling; 9661), p62/SQSTM1 (Abcam; ab56416).
Mitochondrial purification
BAT mitochondria were isolated as previously reported 
 ADDIN EN.CITE 

(17)
. 
Measurement of mitochondrial Ca2+ uptake capacity and membrane potential
The measurement of these parameters was performed simultaneously on a multichannel dye fluorimeter (C&L Instruments, Inc.). The mitochondrial membrane potential ((() was estimated by measuring changes in the fluorescence intensity of TMRM (60 nM) (Molecular Probes) at excitation and emission wavelengths of 543 and 590 nm, respectively. Mitochondrial Ca2+ fluxes were measured as changes in extra-mitochondrial [Ca2+], which were followed by monitoring the fluorescence intensity of Calcium green-5N (125 nM) (Molecular Probes) at excitation and emission wavelenths of 482 and 535 nm, respectively. Mitochondria were challenged with single or multiple Ca2+ additions. Mitochondrial calcium retention capacity (CRC) was determined as the amount of Ca2+ sequestered by mitochondria without incurring depolarization. Fluorimeter-based data were analyzed using Origin 8.0 (OriginLab) software.
Succinate + MitoQ 
Mitochondria were added to buffer containing succinate (5 mM), then MitoQ (100 nM) was added, followed by GDP (1 mM). Next, mitochondria were challenged with calcium (15 µM) every two minutes until depolarization occurred. DNP (40 µM) was added to determine maximal depolarization and calcium release.   

Brown fat mitochondrial calcium uptake and membrane potential 
Mitochondrial calcium uptake and membrane potential were monitored using a fluorescent spectrophotometer (C&L Instruments Inc, Hummlestown, PA). Brown fat mitochondria were added to buffer (62.5 mM KCl, 5 mM Hepes, [pH 7.4], 0.1 % BSA, 6 µM EDTA, 2 mM KH2PO4, 60 nM Calcium green, 1 µM TMRM). Mitochondrial were respired off pyruvate and malate (5 mM each), succinate (5 mM) +/- rotenone (1 µM), or Glycerol phosphate disodium salt hydrate (containing 50% β-isomer and 50% α-isomer) was used at 5 mM +/- rotenone. Next, GDP (1 mM) was added and then mitochondria were challenged with calcium (60 nmol calcium/mg mitochondrial protein) every two minutes until depolarization occurred. 
Mass Spectrometry: Protein Extraction and Proteolytic Digestion

Mitochondria enriched fractions were lysed with a dounce homogenizer with SDS lysis buffer [2% SDS w/v, 250 mM NaCl, EDTA free protease inhibitor cocktail (Promega, Madison, WI) and 50 mM HEPES, pH 8.5 at a 1:1 ratio. Fractions were reduced with 5 mM DTT for 30 minutes at 57°C, cooled for 15 min at RT and cysteine residues were alkylated with 14 mM iodoacetamide in the dark. Protein content was extracted by methanol-chloroform precipitation followed by two subsequent cold acetone washes. Protein pellets were air-dried and dissolved with 500 μl 8 M Urea containing 50 mM HEPES, pH 8.5. Protein concentrations were measured by BCA assay (Thermo Scientific, Rockford, IL) prior to protease digestion. Mitochondrial proteins were diluted to 4 M urea and digested with LysC (Wako, Japan) in a 1/200 enzyme/protein ratio overnight. Mitochondrial proteins were diluted further with 25 mM HEPES, pH 8.5 to a 1 M urea concentration and trypsin (Promega, Madison, WI) was added to a final 1/250 enzyme/protein ratio for 6 hr at 37°C. Digests were acidified with 250 μl of 20% formic acid (FA) to a pH ~ 2 and concentrated using C18 SPE on Sep-Pak cartridges (50 mg) (Sep-Pak, Waters, Milford, MA).

Tandem Mass Tagging and Labeling

Isobaric labeling of the enriched peptides was performed using 8-plex tandem mass tag (TMT) reagents (Thermo Fisher Scientific, Rockford, IL). TMT reagents (1 mg) were dissolved in 50 μl dry acetonitrile (I) and 10 μl was added to 100 μg of peptides dissolved in 100 μl of 200 mM HEPES, pH 8.5. After 1 hr at RT, the reaction was quenched by adding 4 μl of 5% hydroxylamine. TMT-labeled peptides were combined, acidified with 20 μl of FA and diluted to a final ~5% acetonitrile concentration prior to C18 SPE on Sep-Pak cartridge (50 mg). 
Mass Spectrometry Data Processing and Spectra Assignment

A compilation of in-house software was used to convert mass spectrometric data (Raw file) to a mzXML format, as well as to correct monoisotopic m/z measurements and erroneous peptide charge state assignments. Assignment of MS/MS spectra was performed using the Sequest algorithm by searching the data against a protein sequence database including all entries in the Mouse Uniprot database (download date June, 2014) containing known contaminants such as human keratins and its reverse decoy components (Elias and Gygi, 2007). Sequest searches were performed using a 10 ppm precursor ion tolerance and requiring each peptide’s N-/C- termini to have trypsin protease specificity, while allowing up to three missed cleavages. TMT tags on peptide N

termini/lysine residues (+229.162932 Da) and carbamidomethylation of cysteine residues (+57.02146 Da) were set as static modifications while methionine oxidation (+15.99492 Da) was set as variable modification. A MS2 spectra assignment false discovery rate (FDR) of less than 1% was achieved by applying the target-decoy database search strategy (Elias and Gygi, 2007). Filtering was performed using an in-house linear discrimination analysis algorithm to create one combined filter parameter from the following peptide ion and MS2 spectra metrics: Sequest parameters XCorr and ΔCn, peptide ion mass accuracy and charge state, peptide length and missed-cleavages. Linear discrimination scores were used to assign probabilities to each MS2 spectrum for being assigned correctly and these probabilities were further used to filter the dataset to a 1%

protein-level FDR (Huttlin et al., 2010). 

Determination of TMT Reporter Ion Intensities and Quantitative Data Analysis

For quantification, a 0.003 m/z window centered on the theoretical m/z value each of the eight reporter ions and the most intense signal intensity from the theoretical m/z value was recorded. Reporter ion intensities were further denormalized based on their ion accumulation time for each MS3 spectrum and adjusted based on the overlap of isotopic envelopes of all reporter ions as per manufacturer specifications. Total signal to noise values for all peptides were summed for each TMT channel, and all values were adjusted to account for variance in sample handling. For each peptide, a total minimum signal to noise value of 200 was required (McAlister et al., 2012; Ting et al., 2011).
Statistical Analysis

Results are presented as mean ±SEM. Unpaired two-tailed Student’s t test and two-way ANOVA were used to determine statistical differences. Significance was considered as p < 0.05.
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FIGURE LEGENDS

Figure 1. Mitochondrial morphology and protein expression in BAT of WT and UCP1-KO animals.

(A) Electron microscopy images of WT and UCP1-KO BAT following 3 weeks cold exposure of mice.

(B) Heatmap of BAT proteomics data (from Table S1).

(C) Western blot of mitochondrial proteins from WT and UCP1-KO BAT after housing adult animals at 4°C or 30°C.

(D) Western blot of mitochondrial proteins from WT and UCP1-KO BAT from postnatal day 4 pups.

(E) Western blot of mitochondrial proteins from WT and UCP1-KO BAT mitochondria.

(F) Quantitative RT-PCR (qRT-PCR) of mtDNA-encoded transcripts in BAT from WT and UCP1-KO mice housed at 4°C, n=5 mice per genotype.

(G) qRT-PCR of mtDNA-encoded transcripts in BAT from WT and UCP1-KO mice housed at 30°C, n=5 mice per genotype.

Data are presented as mean ± SEM. *p < 0.05, ***p < 0.01.

Figure 2. Expression of genes and proteins involved in host defense in BAT of WT and UCP1-KO animals.

(A) qRT-PCR of ISG expression in BAT from WT and UCP1-KO mice housed at 4°C, n=5 mice per genotype.

(B) qRT-PCR of ISG expression in BAT from WT and UCP1-KO mice housed at 30°C, n=5 mice per genotype.

(C) Western blot of antiviral and cell death proteins in BAT from WT and UCP1-KO animals after 4°C or 30°C exposure.

(D) qRT-PCR of inflammatory gene expression in BAT from WT and UCP1-KO mice housed at 4°C, n=5 mice per genotype.

(E) qRT-PCR of inflammatory gene expression in BAT from WT and UCP1-KO mice housed at 30°C, n=5 mice per genotype.

Data are presented as mean ± SEM. *p < 0.05, ***p < 0.01.

Figure 3. Simultaneous monitoring of mitochondrial calcium buffering capacity and membrane potential. 

(A) Calcium (Ca2+) and TMRM monitoring of WT BAT mitochondria respiring on pyruvate/malate.

(B) Ca2+ and TMRM monitoring of UCP1-KO BAT mitochondria respiring on pyruvate/malate without GDP.

(C) Ca2+ and TMRM monitoring of UCP1-KO BAT mitochondria respiring on pyruvate/malate with GDP.

(D) Ca2+ and TMRM monitoring of WT BAT mitochondria respiring on succinate.

(E) Ca2+ and TMRM monitoring of UCP1-KO BAT mitochondria respiring on succinate.

Images shown are representative of at least three independent mitochondrial preparations for each substrate used. Arrows indicate addition of mitochondria (red), GDP (blue), calcium (green) or FCCP (black) to the reaction.

Figure 4. The role of ROS in mitochondrial calcium buffering capacity and membrane potential. 

(A) Ca2+ and TMRM monitoring of WT BAT mitochondria respiring on succinate/rotenone.

(B) Ca2+ and TMRM monitoring of UCP1-KO BAT mitochondria respiring on succinate/rotenone.

(C) Ca2+ and TMRM monitoring of UCP-KO BAT mitochondria respiring on succinate in the presence of 100nM MitoQ.

(D) Ca2+ and TMRM monitoring of WT BAT mitochondria respiring on G3P.

(E) Ca2+ and TMRM monitoring of UCP1-KO BAT mitochondria respiring on G3P.

Images shown are representative of at least three independent mitochondrial preparations for each substrate used. Arrows indicate addition of mitochondria (red), GDP (blue), calcium (green), MitoQ (yellow) or FCCP or DNP (black) to the reaction.

Figure 5. The role of ROS in mitochondrial calcium buffering capacity and membrane potential in BAT of BATI4KO mice. 

(A) Ca2+ and TMRM monitoring of WT and BATI4KO BAT mitochondria respiring on pyruvate/malate.

(B) Ca2+ and TMRM monitoring of WT and BATI4KO BAT mitochondria respiring on succinate.

(C) Ca2+ and TMRM monitoring of WT and BATI4KO BAT mitochondria respiring on succinate/rotenone.

