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Abstract
Fas-activated serine/threonine phosphoprotein (FAST) is the founding member of the FAST
kinase domain-containing protein (FASTKD) family that includes FASTKD1-5. FAST is a sensor
of mitochondrial stress that modulates protein translation to promote the survival of cells exposed
to adverse conditions. Mutations in FASTKD2 have been linked to a mitochondrial
encephalomyopathy that is associated with reduced cytochrome c oxidase activity, an essential
component of the mitochondrial electron transport chain. We have confirmed the mitochondrial
localization of FASTKD2 and shown that all FASTKD family members are found in
mitochondria. Although human and mouse FASTKD1-5 genes are expressed ubiquitously, some
of them are most abundantly expressed in mitochondria-enriched tissues. We have found that
RNA interference-mediated knockdown of FASTKD3 severely blunts basal and stress-induced
mitochondrial oxygen consumption without disrupting the assembly of respiratory chain
complexes. Tandem affinity purification reveals that FASTKD3 interacts with components of
mitochondrial respiratory and translation machineries. Our results introduce FASTKD3 as an
essential component of mitochondrial respiration that may modulate energy balance in cells
exposed to adverse conditions by functionally coupling mitochondrial protein synthesis to
respiration.
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INTRODUCTION
Fas-activated serine/threonine phosphoprotein (FAST) is a mitochondria-associated and
nuclear protein [1] that inhibits Fas- and UV-induced apoptosis [2]. The carboxyl terminus
of FAST interacts with BCL-XL and facilitates interactions with the outer mitochondrial
membrane [1,2]. The amino terminus of FAST encodes a putative mitochondrial-targeting
motif that may allow it to traverse the outer mitochondrial membrane. In cells subjected to
Fas ligation or UV irradiation, FAST is released from mitochondria, allowing it to bind to
cytoplasmic T-cell intracellular antigen-1 (TIA-1), a repressor of protein translation [2,3].
Inhibition of TIA-1 promotes increased expression of cIAP and XIAP to inhibit apoptosis
[2]. FAST and TIA-1 are also found in the nucleus where they promote the inclusion of
exons with weak splice site-recognition sequences [4,5,6]. Interactions between FAST and
TIA-1 also modulate the expression of inflammatory mediators. Mutant mice lacking TIA-1
develop spontaneous arthritis, a consequence of increased translation of selected
inflammatory mediators [7,8]. TIA-1−/− mice also exhibit increased susceptibility to house
dust mite (HDM) antigen-induced pulmonary inflammation (unpublished results). This is
accompanied by increased expression of Th2 cytokines and bronchial mucins that contribute
to the inflammatory process. In contrast, mutant mice lacking FAST are resistant to HDM
antigen-induced pulmonary inflammation [9]. This is accompanied by reduced expression of
inflammatory cytokines and chemokines in the pulmonary parenchyma [9]. Thus, FAST and
TIA-1 are functional antagonists whose relative expression modulates both cell survival and
the severity of immune-mediated inflammation.

FAST is the founding member of a family of proteins (including FASTKD 1–5) that share
an amino terminal mitochondrial targeting domain and three carboxy terminal domains
(FAST_1, FAST_2, and RAP) of unknown function. Homozygous nonsense mutations in
FASTKD2 have been linked to a mitochondrial encephalomyopathy that is associated with a
deficiency of cytochrome c oxidase activity (complex IV of the electron transport chain)
[10]. Like FAST, recombinant FASTKD2 is localized to mitochondria in transfected COS-7
and HeLa cells [10]. We have compared the subcellular localization and mitochondrial
function of members of the FASTKD family. Although FASTKD family members are
ubiquitously expressed, some are particularly abundant in tissues enriched for mitochondria
(e.g., heart, skeletal muscle, brown adipose tissue). We have confirmed the mitochondrial
localization of FASTKD2 and shown that all FASTKD family members are found in
mitochondria. Here we explore the role of FASTKD3 in mitochondrial function. Targeted
knockdown of FASTKD3 severely blunts mitochondrial oxygen consumption without
affecting the expression levels of respiratory chain complexes I-V. This was not associated
with mitochondrial DNA content changes or reduced cell survival. Affinity purification of
FASTKD3 from mitochondrial extracts defined an interactome comprised of proteins
involved in various aspects of mitochondrial respiration and translation. Our results support
the emerging concept that FASTKD family members are essential components of
mitochondrial respiration that may modulate the energy balance in cells exposed to adverse
conditions.

MATERIALS AND METHODS
Reagents

Rotenone, p-trifluoromethoxy carbonyl cyanide phenyl hydrazone and oligomycin were
from Sigma-Aldrich (St Louis, MO). Human anti-mitochondria autoantisera was from
ImmunoVision (Springdale, AR). Goat polyclonal antibody to VDAC1 and rabbit
polyclonal to GFP were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Total
OXPHOS human Western blot antibody cocktail (catalog MS601) was from Mitosciences
(Eugene OR).
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Plasmid construction
Procedures for plasmid construction are indicated in Table S1. The sequences of the primers
used are listed in Table S2. All final constructs were verified by DNA sequencing.

Database mining and phylogenetic tree
Data mining was performed using the NCBI database. Protein sequence alignments were
performed by using CLUSTALW 2.0. Phylogenetic trees were inferred from the protein
alignments by the neighbor-joining method and bootstrapped 1,000 times by using the
program using Seaview [11].

Immunofluorescence
Cells were stained and processed for fluorescence microscopy as described [12].

siRNA treatment
U2OS cells were transfected with siRNA (40 nM) for 40 h. Cells were reseeded and
transfected again for another 40-44 h before the start of the experiment. All tranfections
were performed with Lipofectamine 2000. Cell viability was evaluated by trypan blue
exclusion. Control siRNA#1 (D0), has been previously used by us [5]. Control siRNA#2
was purchased from Ambion (catalog AM4611). In each experiment, FASTKD3
knockdown was confirmed by quantitative real time polymerase chain reaction (qRT-PCR)
and a representative example is shown in Fig. S1. siRNA target sequences are listed in Table
S2.

Measurement of cellular oxygen consumption
Cellular oxygen consumption was measured using a Seahorse bioscience XF24 analyzer
(Billerica, MA) as previously described [13].

Generation of FASTKD3 stable cell lines and tandem affinity purification
HeLa S3 cells stably expressing FASTKD3-FLAG-HA were generated as previously
described [14]. Wild type strain was used as the negative control. FASTKD3 complexes
were affinity-purified from mitochondria-enriched extracts by sequential FLAG and HA
immunoprecipitations (IP) as previously described [14]. Mitochondria was isolated
according to the instructions of the mitochondria isolation kit (Pierce, Rockford, IL). The
final extracts were visualized on SDS-PAGE gels by Coomassie and/or silver staining. Two
independently purified protein complexes were analyzed by gel-free tandem mass
spectrometry (MS).

Sample preparation for MS analysis
Proteins were denatured at 56°C for 45 min in the presence of 0.1% RapiGest (Waters
Corporation, Milford, MA) and 5 mM DTT.. Proteins were digested at 37°C overnight using
0.4 μg or 2 μg of trypsin (for the control or FASTKD3 IP respectively). Tryptic peptides
were desalted by reverse phase chromatography in a batch format (Poros 10R2, Applied
Biosystems, Framingham, MA) following RapiGest removal. Excess HA peptide was
removed by incubation with 20 μl of thiol-activated sepharose (GE Healthcare, Pittsburgh,
PA). Peptides were fractionated by strong cation exchange (Poros 20HS, Applied
Biosystems). KCl-eluted fractions (50, 100, 150, 200, 250 and 300 mM) as well as the flow
through were analyzed by LC-MS/MS as previously described [15].
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Proteomic Data Analysis
Raw data files were processed as previously described [15]. Common laboratory
contaminants were filtered out from the protein list. Protein-level FDR was calculated based
on relative abundance between the control and the FASTKD3 IP: the average peak intensity
of the three most abundant unique peptides (sequence and variable modifications) was
calculated for each protein in the control and FASTKD3 IP. The two protein lists were
merged and sorted by decreasing relative abundance. Protein-level FDR corresponds to the
cumulative percentage of proteins found in the control IP, starting from the highest relative
abundance to the lowest. The high confidence interactor list consists of proteins found in
both biological replicates at a 1% FDR cut-off.

Western blot analysis
Proteins were separated on 4–20% polyacrylamide gradient Tris-glycine gels and Western
blots performed as described previously [16].

Northern blot and qRT-PCR analysis
Total RNA was extracted from cell lines and various tissues of adult C57BL/6 mice using
TRIzol (Invitrogen). Total RNA from 20 different normal human tissues were purchased
from Ambion (catalog number AM6000). Northern blots were prepared as previously
described [17]. Digoxigenin-labeled DNA probes were generated by PCR using the primer
pairs listed in Table S3. qRT PCR using SYBR Green was performed as previously
described [17]. The primer pairs used are listed in Table S3. Primer sets for human B2M
(catalog PPH01094E), human 18S (PPH05666E), murine B2M (PPM03562A) and murine
18S (catalog PPM57735E) were purchased from SuperArray Biosciences (Frederick, MD).
Primer Sequences are provided in Table S2. Data were analyzed using GeNorm software
[18].

Quantification of mtDNA
SYBR Green qRT-PCR was used for the quantification of mtDNA and nuclear DNA. The
primer sequences were reported by Kanki et al. previously [19]. The amount of mtDNA was
adjusted to the amount of genomic DNA.

RESULTS AND DISCUSSION
Structural analysis revealed that FAST is related to 5 FASTKD proteins (FASTKD1-5) that
share two FAST-like protein domains and a RAP domain (Fig. 1A). The ~60 amino acid
RAP domain (an acronym for RNA-binding domain abundant in Apicomplexans) has been
proposed to bind to RNA [20] during the trans-splicing reaction [21]. FASTK-like protein_1
(~70 amino acids) and _2 (~90 amino acids), domains that assume adjacent positions within
the carboxyl termini of all FAST family members, have no known function. Positions of the
amino acids flanking these protein domains are indicated in Table S4. FAST proteins share
low sequence similarity outside these protein domains (Fig. S2).

Database mining identified FASTKD orthologs in fish (Danio rerio), bird (Gallus gallus),
mouse (Mus musculus) and human (Homo sapiens) (Fig. S3). Phylogenetic analysis
indicates that these genes are found in the common ancestor of vertebrates (Fig. 1B).
Independent gene duplication in these species was not detected. Sequence homology
between orthologs is 5–10% higher in FAST_1, FAST_2 and RAP domains than that
observed in the N-termini. Structural features suggest that some orthologs may have evolved
independently: 1) chicken FASTKD1 has an extended N-terminus, 2) zebrafish FASTKD4
has an extended C-terminus, 3) zebrafish FASTKD4 has truncated FAST_1, FAST_2 and
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RAP domains. These unique features suggest that these genes may have non-redundant
functions in vertebrates.

We used TargetP [22], Wolf PSORT [23] and MitoProt [24] software to predict the sub-
cellular localization of FASTKD proteins. These algorithms predict that FASTKD1-
FASTKD5 posses mitochondrial leader sequences that will direct their import into
mitochondria. Predicted mitochondrial leader sequences for each of the FASTKD proteins is
indicated in Table S4 and depicted schematically in Fig. 1A. To confirm these predictions,
we transfected COS-7 cells with plasmids encoding each of the human FASTKD proteins
fused at their carboxyl termini to yellow fluorescent protein (FASTKD-YFP). The
intracellular localization of FASTKD1-YFP-FASKD5-YFP overlapped perfectly with
mitochondria labeled with human antibody against mitochondrial antigen (Fig. 2A).
Comparable immunofluorescence images were obtained with U2OS cell lines that stably
express FASTKD-YFP proteins (Fig. S4). These results support the finding that FASTKD2
has a mitochondrial targeting domain that is cleaved following import into mitochondria
[10].

The tissue distribution of FASTKD1-5 transcripts was analyzed by qRT-PCR in 13 human
tissues and 11 mouse tissues. FASTKD1-5 transcripts are detected in each of the tissues
tested (cycle threshold values in the 22–29 range). Selection of the most stable reference
genes was done using the software geNorm. For each of the transcripts analyzed, data are
given in arbitrary units relative to expression in lung (Fig. 2B). Our results reveal that
FASTKD1-5 transcripts are expressed ubiquitously, but some are more abundantly
expressed in mitochondria-enriched tissues such as skeletal muscle, heart, and brown
adipose tissue. These findings are consistent with the mitochondrial localization of these
proteins.

Ghezza et al. identified homozygous point mutations (1246C-T) in the coding region of
FASTKD2 in siblings with a mitochondrial encephalomyopathy associated with cytochrome
c oxidase deficiency [10]. In patient muscle, the activity of cytochrome c oxidase, a
component of the mitochondrial electron transport chain, was markedly reduced (21% of
control). Although this comparison involved a single sample, the marked reduction in
enzymatic activity suggests that FASTKD2 somehow supports mitochondrial respiration.
The restriction of FASTKD1-5 to relatively recent classes of animals, suggests that these
proteins may modulate the finely-tuned regulation of energy production by mitochondria.
Based on these findings, we hypothesized that FASTKD proteins play a role in regulating
cellular respiration.

We used an extracellular flux analyzer to compare the oxygen consumption rates (OCR) in
U2OS human osteosarcoma cells treated with control (Control siRNA#1, D0) or FASTKD3-
specific (FASTKD3 siRNA#1) siRNAs. U2OS cells express FASTKD3 as assessed by
Northern blot (Fig. S5). Knockdown efficiency was quantified using qRT-PCR (Fig. S1).
U2OS cells treated with FASTKD3 siRNA exhibited significantly lower OCR than cells
treated with control siRNA (41.12±1.59 pMoles O2/min vs 94.12±3.34 pMoles O2/min, P <
0.001) (Fig. 3A). The addition of the ATP synthase inhibitor oligomycin (1 μM) allowed
quantification of ATP-coupled respiration, a parameter that is significantly reduced in
FASTKD3 siRNA treated cells as compared with control siRNA treated cells (26.62±3.32
pMoles O2/min vs 66±2.86 pMoles O2/min, P < 0.001). The addition of a mitochondrial
uncoupler (FCCP; 0.4 μM) resulted in a dramatic increase in OCR, as expected, giving an
estimation of the maximal respiratory capacity of the mitochondria. In FASTKD3-siRNA
treated cells, both the direct measurement of OCR (51.25±3.18 pMoles O2/min) as well as
the percent increase over baseline (124.62±7.74%) in response to FCCP were significantly
lower as compared with control-siRNA treated cells (156±11.38 pMoles O2/min, P < 0.001
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and 165.73±12.09%, P < 0.05, respectively). These data suggest an impairment of the
reserve respiratory capacity in FASTKD3-siRNA treated cells that would potentiate
mitochondrial dysfunction in the face of increasing metabolic demands. The addition of the
complex I inhibitor rotenone resulted in a further reduction in OCR values to ~15% of
baseline in control-siRNA treated cells and ~20% of baseline in FASTKD3-siRNA treated
cells (Fig. 3A). The ~15% difference in OCR values between oligomycin and rotenone
exposure in both control and FASTKD3-siRNA treated U2OS cells indicates that both
groups had equivalent oxygen consumption because of proton leakage. The residual OCR
capacity in the presence of rotenone most likely represents cellular oxygen consumption by
non-mitochondrial pathways. Similar results were obtained with a non-overlapping set of
control (Control siRNA#2, Ambion) and FASTKD3 (FASTKD3 siRNA#2) siRNAs (Fig.
S6). The method used to calculate respiratory parameters is schematized in Fig. S6. Our
results reveal that FASTKD3 is required for normal mitochondrial respiration, possibly
through its interaction with proteins involved in cellular respiration.

We next explored if FASTKD3 is required for the assembly of mitochondrial respiratory
chain (MRC) complexes. Mitochondrial extracts from U2OS cells treated with either control
or FASTKD3 siRNA were separated by SDS-PAGE and immunoblotted with a mixture of
five monoclonal antibodies directed against one subunit of each of the MRC complexes
(Fig. 3B). NDUFB8 subunit of complex I, Ip subunit of complex II, Core protein II of
complex III, COX2 subunit of complex IV and ATP synthase subunit alpha of complex V
are labile when their corresponding complex is not assembled and hence are indicative of
the amount of assembled complex. VDAC1 is a mitochondrial protein used as a loading
control. The levels of MRC complexes I to V in control and FASTKD3 siRNA-treated
U2OS cells are similar indicating that FASTKD3 is not required for the assembly of MRC
complexes. Similarly, Ghezzi et al. have reported the absence of an assembly defect of the
MRC complexes in fibroblasts derived from patients with FASTKD2 mutations [10].
Reduced expression of FASTKD3 did not influence the proliferation rate of U2OS cells nor
their viability (Fig. S7). Mitochondrial DNA (mtDNA) content was also similar in both
control and FASTKD3-siRNA treated cells (Fig. S8). These data suggest that the drastic
effect of FASTKD3 knockdown on cellular respiration is not due to a disassembly of the
MRC complexes, a generic toxic effect or a decreased number of mitochondria but it is due
to a specific function of FASTKD3.

We next used high-sensitivity mass spectrometry to identify FASTKD3-interacting proteins.
Recombinant FASTKD3 engineered to encode FLAG and HA epitopes at its carboxyl
terminus was stably expressed in HeLa S3 cells. Immunofluorescence microscopy
confirmed that FASTKD3-Flag-HA is concentrated in mitochondria (data not shown).
Mitochondrial extracts from these cells were subjected to sequential immunoprecipitation
with anti-FLAG and anti-HA matrices. Mock purifications of mitochondrial extracts of
parental HeLa S3 cells were included as specificity controls. 10% of the final eluates were
resolved by SDS-PAGE and analyzed by silver staining (Fig. 4A). The remaining 90% were
processed following a gel-free procedure and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Two independent sample-sets consisting each of a control
and a FASTKD3 IP were analyzed. This analysis resulted in the identification of 66 proteins
with at least three peptides and a protein-level False Discovery Rate (FDR) of 1% (Table
S5). Fifty-four of these high-confidence FASTKD3 interactors were known mitochondrial
proteins. Our interactome analysis (Fig. 4B) places FASTKD3 in the middle of several
enzymatic pathways involved in mitochondrial respiration. Among these are components of:
1) the fatty acid beta oxidation pathway (ACADVL, ECHS1, the alpha (HADHA) and beta
(HADHB) subunits of the hydroxyacyl-Coenzyme A dehydrogenase complex and ACAA2)
and amino acid catabolic pathways (MCCC1, MCCC2, GLUD1, HIBADH and CPS1) that
result in the generation of TCA cycle intermediates, 2) the TCA cycle (IDH3A, IDH2,
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SUCLG2 and DLST) which produces NADH for the electron transport chain, and 3) the
respiratory chain (NDUFS1 from complex I, SDHA from complex II, ATP5A1 from
complex V and the alpha (ETFA) and beta (ETFB) subunits of the electron-transfer-
flavoprotein) that creates the proton gradient required to produce ATP. FASTKD3 also
interacts with several proteins involved in mitochondrial RNA processing (LRPPRC,
DHX30 and PNPT1) and translation (TUFM, GFM1, IARS2, MRPS22, TARS2, MRPS2,
PTCD1, MTO1 and MRPS31). The FASTKD3 interactome also includes several enzymes
involved in amino acid biosynthesis (PYCR1, PYCR2, ALDH18A1, SHMT2 and GLS).

As FAST has been reported to modulate both RNA processing and translation and
FASTKD3 interacts with proteins involved in RNA processing and translation, this family
of proteins is likely to be involved in these functions. FASTKD3 knockdown does not
reduce the expression of MRC complexes, indicating that it is not required for their
translation within mitochondria. FAST_1 and FAST_2 in FASTKD3 encode leucine-rich
domains that can promote protein-protein interactions. It is possible that FASTKD3 acts as a
scaffold protein linking the RNA processing/translation machinery to the respiration
machinery. This could be of particular importance in situations that require the fine-tuning
of energy production [25]. As FASTKD2 is included in the FASTKD3 interactome, these
proteins may be components of a functional complex. All told, our data support the
emerging concept that FASTKD family members are essential components of mitochondrial
respiration that may modulate the energy balance in cells exposed to adverse conditions. It is
clear that additional work is necessary to identify mitochondrial proteins that directly
interact with FASTKD3 and other FASTKD family members. These determinations may
provide clues as to why FASTKD family members are required for normal mitochondrial
respiration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

FAST Fas serine threonine phosphoprotein

FASTKD FAST kinase domain-containing protein

FAST_1 FASTK-like protein domain 1

FAST_2 FASTK-like protein domain 2

IP immunoprecipitation

MRC mitochondrial respiratory chain

MS mass spectrometry

MTS mitochondrial targeting sequence

qRT-PCR quantitative real time polymerase chain reaction

RAP RNA-binding domain abundant in Apicomplexans

TAP tandem affinity purification

TIA-1 T-cell intracellular antigen-1
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Fig. 1.
(A) Primary structural features of FAST and FASTKD1-5 proteins in humans. MTS,
mitochondrial targeting sequence; FAST_1, FASTK-like protein domain 1; FAST_2,
FASTK-like protein domain 2; RAP, RAP domain. (B) Unrooted circular neighbor-joining
tree of human (Has), mouse (Mmu), chicken (Gga) and zebrafish (Dre) FAST, FASTKD1-5
protein sequences. The scale bar indicates genetic distance and is equivalent to 0.2
substitutions per amino acid.
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Fig. 2.
(A) Cell localization of the FASTKD1-5 proteins. COS-7 cells were transiently transfected
with plasmids encoding fusion proteins consisting of each of the FASTKD members fused at
their carboxy terminus to yellow fluorescent protein (YFP). Cells were stained with human
anti-mitochondrial antigen M2 and analyzed by immunofluorescence. Individual and merge
images are shown. (B) Tissue distribution of the FASTKD1-5 genes in human (top panel)
and mouse (bottom panel). Results are given relative to the mRNA level of lung.
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Fig. 3.
Respiratory functions in FASTKD3 knockdown cells. (A) Oxygen consumption was
measured in U2OS cells treated with either control (Control siRNA#1, D0) or FASTKD3-
specific (FASTKD3 siRNA#1) siRNAs. Vertical lines indicate time of addition of the
indicated mitochondrial targeting drugs. Different respiratory parameters in siRNA-treated
U2OS cells are represented. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with
control; error bars, s.e.m. (B) Western blotting analysis of representative subunits of MRC
complexes in mitochondrial protein extracts from U2OS cells treated with either control
(Control siRNA#1, D0) or FASTKD3-specific (FASTKD3 siRNA#1) siRNAs: complex I
(NDUFB8, 20 kDa), complex II (Ip subunit, 30kDa), complex III (core protein II, 47 kDa),
complex IV (COX2, 24 kDa) and complex V (ATP synthase subunit alpha, 53 kDa). I–V,
Complex I–V; alpha, ATP synthase subunit alpha; core II, core protein II. VDAC,
mitochondrial loading control.
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Fig. 4.
Identification of the FASTKD3-binding protein complex by TAP purification. (A) Proteins
of the TAP eluates from parental HeLa S3 cells (1) and HeLa S3 cells stably expressing
FASTKD3-FLAG-HA (2) were resolved on a SDS-polyacrylamide gel and silver stained.
FASTKD3 (arrow) was identified by mass spectrometry from manually excised gel band.
(B) The table lists a selection of proteins identified in the FASTKD3-TAP eluate. Full list
and accession number for each protein is provided in Table S2.
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