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LPS impairs oxygen utilization in epithelia by triggering
degradation of the mitochondrial enzyme Alcat1
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ABSTRACT
Cardiolipin (also known as PDL6) is an indispensable lipid required
for mitochondrial respiration that is generated through de novo
synthesis and remodeling. Here, the cardiolipin remodeling enzyme,
acyl-CoA:lysocardiolipin-acyltransferase-1 (Alcat1; SwissProt ID,
Q6UWP7) is destabilized in epithelia by lipopolysaccharide (LPS)
impairing mitochondrial function. Exposure to LPS selectively
decreased levels of carbon 20 (C20)-containing cardiolipin
molecular species, whereas the content of C18 or C16 species was
not significantly altered, consistent with decreased levels of Alcat1.
Alcat1 is a labile protein that is lysosomally degraded by the ubiquitin
E3 ligase Skp–Cullin–F-box containing the Fbxo28 subunit (SCF-
Fbxo28) that targets Alcat1 for monoubiquitylation at residue K183.
Interestingly, K183 is also an acetylation-acceptor site, and
acetylation conferred stability to the enzyme. Histone deacetylase 2
(HDAC2) interacted with Alcat1, and expression of a plasmid
encoding HDAC2 or treatment of cells with LPS deacetylated and
destabilized Alcat1, whereas treatment of cells with a pan-HDAC
inhibitor increased Alcat1 levels. Alcat1 degradation was partially
abrogated in LPS-treated cells that had been silenced for HDAC2 or
treated with MLN4924, an inhibitor of Cullin–RING E3 ubiquitin
ligases. Thus, LPS increases HDAC2-mediated Alcat1 deacetylation
and facilitates SCF-Fbxo28-mediated disposal of Alcat1, thus
impairing mitochondrial integrity.
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INTRODUCTION
Gram-negative bacterial infections are major causes of morbidity and
mortality in critically ill people, and many of the adverse effects of
these infections are related to the pro-inflammatory effects of
lipopolysaccharide (LPS) (Force et al., 2012). In the lung, highly
virulent pathogenic strains of LPS-containing bacteria trigger strong
pro-inflammatory responses leading to disruption of the alveolar
capillary barrier, neutrophil infiltration and cytokine secretion, which
results in severe ventilatory and gas-exchange abnormalities. At the

cellular level, systemic endotoxemia can impair cellular oxygen
consumption by adversely affectingmitochondrial function, a process
termed cytopathic dysoxia (Creery and Fraser, 2002; Loiacono and
Shapiro, 2010). Despite years of intensive study, the molecular
mechanisms underlying cytopathic dysoxia are not yet fully
understood (Chen et al., 2014a; Huang et al., 2014). Given the
mounting evidence that LPS adversely affects mitochondrial function
in several systems (Islamet al., 2012; Jeger et al., 2015;Nakahira et al.,
2011), we hypothesized that defects within pathways that are vital to
mitochondrial structure or function might lead to cytopathic dysoxia.

In eukaryotes, cardiolipin is a mitochondrial-specific
phospholipid found almost exclusively in the inner-mitochondrial
membrane. The unique dimeric structure of cardiolipin, which has
two phosphatidyl residues combining two negative charges with four
hydrophobic acyls, makes it indispensable for mitochondrial
architecture, and metabolic and signaling functions (Ren et al.,
2014). Deficiency of cardiolipin is lethal, resulting in apoptosis,
impaired proliferation and reduced energy stores (Kagan et al., 2009;
Kirkland et al., 2002; Martens et al., 2014; Sorice et al., 2004).
Extracellular cardiolipin levels, such as in lung fluid, are very low, but
release of cardiolipin from damaged mitochondria or bacterial
membranes into the lung can serve as a damage-associatedmolecular
pattern, causing host cell death under some pathophysiological
conditions (Ray et al., 2010). Therefore, tight maintenance of
cardiolipin homeostasis is crucial. Cardiolipin generation is governed
both by its de novo synthesis and remodeling of existing molecules.
The cardiolipin biosynthetic machinery displays limited specificity
with regards to its fatty acyl composition (Lu and Claypool, 2015),
yet different tissues exhibit characteristic molecular speciation of
cardiolipins (Kagan et al., 2014, 2015). This is achieved through
processes of its remodeling, during which the fatty acid residues of
the nascent cardiolipins are removed, yieldingmonolysocardiolipins,
and are replaced by the typical mature acyls forms, frequently
C18:2 (Ye et al., 2014). This reacylation of monolysocardiolipins
can be accomplished by one of three enzymes: tafazzin, a
phospholipid-lysophospholipid transacylase (Schlame, 2013);
monolysocardiolipin acyltransferase 1 (Mlclat1) or acyl-coenzyme
A (acyl-CoA):lysocardiolipin-acyltransferase-1 (Alcat1; SwissProt
ID, Q6UWP7) (Schlame, 2013; Lu and Claypool, 2015; Shen et al.,
2015). Alcat1 is a 414-amino-acidmembrane protein that is localized
to the endoplasmic reticulum (ER). Alcat1 specifically catalyzes the
acyl-CoA-dependent conversion of substrates and recognizes
both monolysocardiolipins and dilysocardiolipins as substrates.
Recent studies suggest that Alcat1 regulates cardiolipin remodeling
in response to oxidative stress and that it might also play a role
in pulmonary fibrosis; however, the molecular regulation of
Alcat1 remains largely unknown (Cao et al., 2004; Huang et al.,
2014). Thus, potentially, many processes that result in impaired
remodeling of cardiolipin through dysregulation of mitochondrialReceived 1 July 2015; Accepted 9 November 2015
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acyltransferases could result in decreased cardiolipin generation,
mitochondrial structural anomalies and impairment in cellular
bioenergetics. One such example is Barth syndrome, in which a
mutation causes decreased tafazzin function, leading to amultitude of
clinical effects, coupled with impaired cellular bioenergetics due to
reduced biologically active cardiolipin (Claypool et al., 2008, 2006,
2011; Whited et al., 2013).
Most cellular proteins are eliminated by ubiquitin-mediated

degradation in response to environmental cues, during native
cellular homeostatic control or in disease states (Chen et al., 2014a;
Popovic et al., 2014; Zou et al., 2011a). Protein ubiquitylation
involves an enzymatic cascade that covalently adds a ubiquitin to an
acceptor lysine residue within a substrate (Sadowski and Sarcevic,
2010). The terminal step of substrate ubiquitylation involves a large
family of enzymes – the ubiquitin E3 ligases that recognize a
substrate to ensure a relatively selective mode of removal (Chen and
Mallampalli, 2013; Jackson et al., 2000; Xu et al., 2007). Once
ubiquitylated, substrates are degraded through the lysosomal or
proteasomal degradation pathways. Two major families of E3
ubiquitin ligases are the homologous to the E6-AP C-terminus
(HECT)- and Cullin–RING ligase (CRL)-family complexes. One
subgroup of CRLs, termed Skp–Cullin–F-box proteins (SCF) has
emerged as an important group of E3 complexes that control several
fundamental processes, such as cell cycle progression, circadian
rhythm and inflammation (Cardozo and Pagano, 2004; Kipreos and
Pagano, 2000). Within SCF complexes, there resides a receptor
component, the F-box protein, that engages substrates to facilitate
their ubiquitylation. One F-box protein, Fbxo28 acts as an SCF
subunit to mediate ubiquitin proteasomal degradation of Myc
(Cepeda et al., 2013). Fbxo28might also regulate cognitive function
and impact the seizure phenotype observed in a rare microdeletion
syndrome (Au et al., 2014). The repertoire of Fbxo28 targets still
requires further investigation.
Protein ubiquitylation also can compete with other post-

translational modifications on proteins, such as acetylation or

methylation. Several families of acetyltransferases catalyze addition
of acetyl groups onto acceptor lysine residues within a protein
(Roth et al., 2001). Proteomic studies reveal that thousands of
cellular proteins are acetylated, particularly those functioning
in gene transcription and metabolism (Choudhary et al., 2009,
2014; Henriksen et al., 2012). Deacetylases, such as histone
deacetyltransferases (HDACs), enzymatically remove acetyl groups
from modified lysine residues, often resulting in gene transcriptional
repression (Aapola et al., 2002; Taunton et al., 1996; Wolffe, 1996).
Similar to ubiquitylation, reversible acetylation of proteins controls
diverse cellular processes, such as the cell cycle (Cai et al., 2000), cell
proliferation and tumorigenesis (Drummond et al., 2005).

In the present study we demonstrate that LPS reduces the cellular
abundance of Alcat1 protein through actions mediated by an SCF
complex comprising the Fbxo28 subunit, which then impairs
cardiolipin homeostasis, andmitochondrial structural and functional
integrity. Alcat1 is an acetylated enzyme, a modification that
enhances its stability. LPS decreases Alcat1 protein levels by
enhancing its HDAC2-mediated deacetylation, leading to
monoubiquitylation of the enzyme and degradation through the
lysosomal pathway.

RESULTS
LPS impairs mitochondrial function and depletes Alcat1
Exposure of MLE cells to LPS (2–10 μg/ml) results in a gradual,
modest and yet physiologically important decrease in oxygen
consumption, suggestive of a mitochondrial functional defect
(Fig. 1A). After 4 h exposure of cells or with >2 μg/ml of LPS, we
observed a decrease in the protein levels of Alcat1 (Fig. 1B, upper
panels and lower panels). Similar toMLE cells, we observed that LPS
reduced Alcat1 protein levels in primary mouse type 2 epithelial cells
(Fig. S1). Further, LPS-treated mice exhibited lower levels of
immunoreactive Alcat1 in lung tissues (Fig. 1C). Of note, in these
experiments we detected at times a doublet representing bands
migrating at approximately 50 kDa, perhaps representing the post-

Fig. 1. LPS triggers Alcat1 degradation. (A–C) MLE cells
were treated with LPS at varying concentrations (B, lower
panels) or times (B, upper panel; fixed LPS concentration of
4 µg/ml). The oxygen consumption rate of cells was analyzed
with a seahorse XF analyzer (A), or cell lysates were
immunoblotted for Alcat1 and β-actin (B). (C) C57BL6micewere
treated with LPS (5 mg/kg) intratracheally overnight, and whole-
lung tissue lysates were analyzed by immunoblotting for Alcat1
and β-actin. (D) Total cellular RNA was isolated from untreated
or LPS-treatedMLE cells in B (4 µg/ml for 16 h), and quantitative
PCR analysis was conducted to determine steady-state mRNA
levels using Alcat1-specific primers. Cox2 was used as a
positive control. *P<0.05, Cox2 mRNA changes in untreated
versus LPS-treated cells (Student’s t-test). Data in each panel
represents n=3 separate experiments. Means±s.e.m. are
shown.
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translationally modified enzyme. Alcat1 mRNA levels were not
significantly altered in MLE cells upon LPS treatment (Fig. 1D).
These results suggest that LPS might modulate Alcat1at the protein
level, which leads to decreased cellular oxygen consumption.

Alcat1 depletion impairs mitochondrial morphology and
function
A recent study has shown that Alcat1 affects mitochondrial
morphology, bioenergetics and biogenesis (Li et al., 2012).

Hence, we depleted Alcat1 to further assess the requirement for
the enzyme in lung epithelia. Small hairpin (sh)RNA constructs
targeting Alcat1 (Alcat1 shRNA) effectively reduced the levels of
immunoreactive Alcat1 compared to a scrambled control without
affecting the amount of cardiolipin synthase1 (Cls1), β-actin or
Fbxo28 (Fig. 2A, top panel and lower panels). Silencing of Alcat1
using these shRNA constructs in the cells was followed up with
analysis of mitochondrial morphology. Results from fluorescent
immunostaining showed that knockdown of Alcat1 substantially

Fig. 2. Alcat1 is required for maintenance ofmitochondrial function andmorphology. (A) Alcat1 was depleted using one of several (numbered 1–5) candidate
lentiviral shRNA constructs for 48 h in MLE cells. Cell lysates were analyzed by immunoblotting for Alcat1 or for one of several additional control proteins (Cls1,
cardiolipinsynthase1; Fbxo28, F-boxonlyprotein 28;β-actin). The lower panel showsplotsof thedensitometryanalysis of blots inA. Thedensitometryanalysis values
werenormalized to thoseofβ-actin.Scr, scrambled. (B) shRNAagainstAlcat1 (Alcat1shRNA,shRNAconstruct3shown inFig. 2A)orscrambledRNAconstructswere
introduced into cells for 48 h, and the cells were subjected to MitoTracker staining, or DAPI in order to visualize the nucleus. Scale bar: 10 μm. (C) JC-1 staining of
Alcat1-shRNA- and LPS-treatedMLE cells. Cellswere electroporatedwith scrambledRNAorAlcat1 shRNAplasmid for 48 hwith orwithout LPS.Aplasmid encoding
Alcat1wasalsooverexpressed incells (Alcat1express).Cellswere treatedwithLPS for 5 minbeforestainingwithJC-1 (2 µM) for20 min.Cellswerewashedwithwarm
PBS five times before analysis by using confocalmicroscopy. Scale bar: 10 μm. (D)Densitometry analysis of imagesdetailed inC. *P<0.05, green versus red staining
(Student’s t-test). (E) Cells were infected with lentiviral Alcat1 shRNA or scrambled RNAwith or without LPS treatment, and the oxygen consumption rate was
measured using a seahorse XF analyzer. Data in each panel represents n=3 separate experiments. Means±s.e.m. are shown.
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triggered mitochondrial fragmentation (Fig. 2B, lower panels)
compared to untreated or to scrambled shRNA groups (Fig. 2B,
upper and middle panels, respectively). To further link these LPS-
induced changes in Alcat1 with a physiological readout, we
measured the membrane potential (ΔΨ) in MLE cells using JC-1
staining. JC-1 dye displays potential-dependent accumulation in
mitochondria, indicated by a fluorescence-emission shift from green
to red. Thus, mitochondrial depolarization is indicated by a decrease
in the red:green fluorescence ratio. Either treatment of cells with
LPS or Alcat1 depletion using shRNAs resulted in impaired
membrane potential, indicative of bioenergetic changes compared
with control cells (Fig. 2C,D). In addition, overexpression of Alcat1
in MLE cells partially rescued the LPS-induced mitochondrial
dysfunction (Fig. 2C, bottom row, Fig. 2D). To determine the role of
Alcat1 in oxygen consumption, we depleted cells of the enzyme and
observed a >60% reduction in oxygen consumption versus LPS
alone, the latter producing more modest effects; LPS in combination
with Alcat1 depletion did not further reduce oxygen uptake in an
additive or synergistic manner (Fig. 2E). Overall, these data indicate
that Alcat1 availability in lung epithelial cells is crucial because its
depletion impairs mitochondrial morphology and function.

LPS modulates cardiolipin molecular species
Mammalian cells utilize three different proteins to catalyze the
remodeling reactions of cardiolipins: tafazzin, Alcat1 and Mlclat1
(Ren et al., 2014). Because the two latter enzymes require acyl-CoA
species as donors for remodeling of monolysocardiolipin, the entire
process might display specificity with regards to the reaction
substrates and products (Claypool and Koehler, 2012). Of the three
enzymes, Mlclat1 is the only one that is cardiolipin-specific,
whereas the two other proteins can catalyze the reacylation of
different lyso-phospholipids (Cao et al., 2009). Moreover, Mlclat1
seems to prefer C18:2 as the acyl-donor, whereas Alcat1 might utilize
longer, particularly C20- and C22-based polyunsaturated acyls
(Taylor and Hatch, 2003, 2009). Overall, the deficiency of Alcat1
could lead to the decreased content of cardiolipins and accumulation
of monolysocardiolipins (in the absence of alternative reacylation
reactions and catabolic degradation of monolysocardiolipin). With
this in mind, we performed comparative liquid chromatography and
mass spectrometry (LC-MS)-based analysis of cardiolipins and
monolysocardiolipins in control versus LPS-treated or Alcat1-
shRNA-transfected MLE cells (Fig. 3). We found that exposure to
LPS resulted in selectively decreased levels of C20-containing
cardiolipin molecular species (Fig. 3A–C), whereas the content of
C18- or C16-containing species was not significantly changed
(Fig. 3D). The total content of monolysocardiolipins was
significantly lower in LPS-treated cells as compared to that in
controls (data not shown), with a notable exception of
monolysocardiolipin with m/z 1165.7671, the content of which
increased from 33.9±9.8 to 67.9±11.4 pmol/mg of protein (P≤0.03,
n=3; mean±s.e.m.). Knockdown of Alcat1 with shRNAs caused
similar effects – a selective decrease of C20-containing molecular
species of cardiolipins (Fig. 3C, insert) without significantly
affecting the levels of C18- or C16-containing species (Fig. 3E),
and selective accumulation of one monolysocardiolipin species
withm/z 1165.7671, the content of which increased from 9.9±3.5 to
21.7±2.2 pmol/mg of protein (P≤0.02, n=3). This particular
monolysocardiolipin is the only one that can be definitively
associated with the parental C20-containing cardiolipin species
with m/z 1454.0084, containing different combinations of other
fatty acid residues (such as C16:1, C18:1, C18:1, C20:2). Because
genetic manipulations of Alcat1 expression have been associated

with the accumulation of oxidation-sensitive C20:4- and C22:6-
containing species of cardiolipins, we also assessed the content of
oxidation products in C20:4-containing cardiolipins (of note, C22:6-
containing cardiolipin species were essentially undetectable in
MLE cells). Very low levels of di-oxygenated derivatives of
cardiolipin species with m/z 1505.9704 and 1507.9861 originating
from the species containing C20:4 with m/z 1474.0136 and
1475.9915, respectively, were detectable in control and LPS-
treated MLE cells. These levels of cardiolipin oxidation products in
the cells were not different between the control and exposed samples
[1.5±0.3 and 0.02±0.01 pmol/mg protein in control samples (m/z
1505.9704 and 1507.9861, respectively); 2.3±0.6 and 1.1±0.3
pmol/mg protein in LPS-treated samples (m/z 1505.9704 and
1507.9861, respectively)].

To identify the intracellular compartment where cardiolipin
changes take place, we performed assessments of cardiolipins in
mitochondrial and ER fractions isolated fromwild-type (controls) and
Alcat1-knockdown MLE cells, and cells that had been exposed to
LPS. We found that, overall, cardiolipins, particularly the molecular
species containing fatty acidswith 20 carbon atoms (with signals atm/
z of 1454.0084, 1474.0136, 1475.9915 and 1478.0000), were
predominantly localized to mitochondria in control and treated
MLE cells. Only very low levels of these C20-containing cardiolipin
molecular species were detected in ER. Thus, mitochondrial
cardiolipins, rather than ER cardiolipins, are the major contributors
to the observed changes in the cardiolipin species that are affected by
manipulations of Alcat1 (Fig. S2). Overall, our data on LPS- and
shRNA-induced changes in cardiolipins are compatible with the
decreased levels of Alcat1 that we detected. They also indicate that
alternative pathways for cardiolipin reacylation, as well as catabolic
reactions of monolysocardiolipin degradation, might contribute the
overall changes in mitochondrial cardiolipins.

Alcat1 is labile and degraded within the lysosome
The observation that LPS reducesAlcat1 levels led us to investigate the
molecular regulation ofAlcat1, and specifically its turnover in cells, of
which little is known. To evaluate this, we first examined Alcat1
degradation in MLE cells. In the presence of the protein synthesis
inhibitor cycloheximide (CHX), we found that Alcat1 was unstable
with a t½ of approximately 3 h (Fig. 4A, upper panels). Themajorityof
the proteins are degraded through the proteasomal degradation
pathway, yet some proteins are also sorted to the lysosome for
elimination in cells. Hence, we treated cells with the proteasome
inhibitor MG132 or a lysosome inhibitor, leupeptin, along with CHX.
Unexpectedly, the addition of MG132 did not affect Alcat1
degradation, but leupeptin effectively abrogated degradation of
Alcat1, indicating that Alcat1 is degraded through a lysosomal
pathway (Fig. 4A,middle panel and lowerpanels,Fig. 4B). To confirm
this observation, we performed fluorescent immunostaining of cells to
identify localization of Alcat1 within these organelles. The results
showed that Alcat1 proteins are mainly compartmentalized in the
cytoplasm of untreated cells (Fig. 4C, upper panels). In the presence of
leupeptin, Alcat1 was sorted and colocalized with LysoTracker,
indicating the existence of Alcat1 trafficking within the lysosome
(Fig. 4C, middle panels). However, this phenomenon was not
observed in MG132-treated cells (Fig. 4C, lower panels). These data
indicate that Alcat1 is unstable and is degraded through a lysosomal
degradation pathway. Proteins that are destined for degradation in
general are ubiquitylated. To determine if ubiquitin is sufficient to
trigger Alcat1 degradation, we overexpressed a plasmid encoding
hemagglutinin (HA)-taggedubiquitin in cells andassayedendogenous
Alcat1 protein. Immunoblotting results showed that ubiquitin had
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been successfully expressed in the cells and that ectopically expressed
HA–ubiquitin promotes Alcat1 instability (Fig. 4D). We then
examined whether Alcat1 is ubiquitylated. HA–ubiquitin was
expressed in MLE cells, and the cell lysates were subjected to
immunoprecipitation of HA followed by immunoblotting of Alcat1.

As expected, results from immunoprecipitation studies showed a
slower migrating band on SDS-PAGE gels, the size of which was
approximately 8 kDa larger than that of the native Alcat1 band
detected in the input (Fig. 4E). Given themass of one ubiquitinmoiety
(∼8.5 kDa), these data strongly suggest that Alcat1 is

Fig. 3. Silencing of Alcat1 or treatment with LPS decreases C20-containing cardiolipin molecular species in MLE cells. (A) Typical mass spectrum of
cardiolipins obtained from MLE cells. Signals from C20-containing molecular species of cardiolipins are highlighted in blue. (B) Fragmentation patterns from
tandemmass spectrometry analyses of C20-containing molecular species of cardiolipin [m/z 1454.0084, 1474.0136, 1475.9915 and 1478.0000 (top to bottom)] in
MLE cells. Upper panel inset, a zoomed segment of a tandem spectrometry spectrum of cardiolipin molecular species withm/z 1454.0084 in them/z range 250 to
310 showing the signals from [C18:2-H]

− and [C18:1-H]
− [C16:1-H]

− and [C20:2-H]
− ions. (C) Quantitative assessments of C20-containing molecular species of

cardiolipin in MLE cells that had been treated with LPS (4 µg/ml, 16 h, 37°C) or shRNA (inset). Quantitative LC-MS analysis of the cardiolipin species with the
indicated m/z (x-axis) in MLE cells that had been treated with LPS (D) or Alcat1 shRNA (E). Data are mean±s.d., n=3.
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monoubiquitylated.Taken together, these data demonstrate thatAlcat1
is a short-lived protein that ismonoubiquitylated anddegraded through
the lysosomal degradation pathway.

Alcat1 is selectively targeted for degradation by SCF
containing Fbxo28
The final step of substrate ubiquitylation involves an E3 ubiquitin
ligase that specifically recognizes the protein substrate. In the
process of screening effects of ectopically expressed E3 ligase
plasmids in cells, we have previously observed that SCF subunits
modulate cardiolipin generation and mitochondrial function (Chen
et al., 2014a; data not shown). By screening using a biobank of
SCF E3 ubiquitin ligase F-box plasmids, we observed that
overexpression of the SCF F-box protein Fbxo28 efficiently
mediated Alcat1 degradation in MLE cells (Fig. 5A). Ectopic
expression of Fbxo28 generally triggered Alcat1 degradation in a
plasmid-dose-dependent manner (Fig. 5B). We next determined the

effects of Fbxo28 knockdown with shRNA on Alcat1 stability.
Immunoblotting analysis results showed that Fbxo28 was
successfully silenced at the protein level with shRNAs o28-1 and
o28-2, with a pronounced effect of o28-2 (Fig. 5C). Cellular
depletion of Fbxo28 with shRNA o28-2 showed that Alcat1 levels
exhibited prolonged stability in CHX half-life studies compared to
that upon transfection of cells with scrambled shRNA (Fig. 5D).
Further, co-immunoprecipitation studies demonstrated that Fbxo28
and Alcat1 interacted in lung epithelia (Fig. 5E,F). These data
demonstrate that Fbxo28 is an authentic component of the E3
ubiquitin ligase complex and that Alcat1 is selectively targeted by
this F-box protein in lung epithelial cells.

Identification of a ubiquitin acceptor within Alcat1
We next investigated the ubiquitin-acceptor site within Alcat1 that is
targeted by an SCF complex containing Fbxo28 (SCF-Fbxo28). To
map the ubiquitylation site, we constructed a series of truncation

Fig. 4. Alcat1 is monoubiquitylated and
degraded through a lysosomal pathway.
(A) MLE cells were treated with cycloheximide
(CHX), CHX with MG132, or CHX with
leupeptin, and cells were harvested at a
variety of time points; lysates were analyzed
by immunoblotting for Alcat1 and β-actin.
(B) The bands shown in Awere quantified, and
the densitometry results are shown
graphically. (C) Alcat1 colocalizes with
lysosomes. Cells were treated with leupeptin
or MG132 for 6 h and then immunostained for
Alcat1 or with LysoTracker. The nucleus was
visualized with DAPI staining. Untreated cells
were used as a control. Scale bar: 10 μm.
(D) Ectopically expressed HA–ubiquitin
stimulates Alcat1 degradation. Various
amounts of HA–ubiquitin (UB-HA) plasmids
were introduced into MLE cells for 48 h. Cell
lysates were processed for immunostaining of
HA, Alcat1 and β-actin. (E) Cell expressing
HA–ubiquitin were subjected to
immunoprecipitation of HA, followed by
immunoblotting for Alcat1 and β-actin. Data in
each panel represent n=3 separate
experiments. IP, immunoprecipitation;
monoUb-Alact1, monoubiquitylated Alcat1.
Means±s.e.m. are shown.
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deletion Alcat1 mutants (Fig. 6A). We expressed wild-type Alcat1
and the truncated mutants in MLE cells, and assessed their relative
accumulation in the presence of leupeptin, with the assumption
being that if a fragment harbors the lysine acceptor, the ubiquitylated
fragment would accumulate in the presence of lysosomal inhibition.
The results showed that the full-length protein and fragments
containing residues 100–376 and residues 150–376 accumulated
upon lysosomal blockade, but not a fragment containing residues
200–376, suggesting that a putative ubiquitin-acceptor site resides
between residues 150–200 of the primary sequence (Fig. 6B).
Analysis of the primary sequence of this fragment revealed that this
region contains one lysine residue at position 183. We conducted
site-directed mutagenesis by replacing K183 with an alanine residue
and ectopically expressed this plasmid (Alcat1K183A), the wild-
type protein or a control plasmid (Alcat1K232A) in MLE cells and
examined protein half-life (Fig. 6C). The degradation assays
indicated that the K183A mutation within Alcat1 conferred an
extended half-life (Fig. 6C, upper panels). As a control, the lifespan
of the K232A mutant was comparable to that of wild-type Alcat1
(Fig. 6C,middle and lower panels). To further support the notion that
K183 is a ubiquitin acceptor, we conducted an immunoprecipitation
study to assay the ubiquitylation of wild-type and K183A mutant
Alcat1. TheV5-taggedwild-type andK183Amutant Alcat1 proteins
were co-expressed with HA–ubiquitin, and the cell lysates were used
for immunoprecipitation of the V5 tag. Immunoblotting of the
precipitates for HA demonstrated that the K183A mutant showed
reduced monoubiquitylation as compared with that of the wild
type, suggesting that K183 is the major ubiquitylation site within
Alcat1 (Fig. 6D). In reciprocal co-immunoprecipitation studies,
immunoblotting the ubiquitin precipitates for V5 indicated that wild-
type Alcat1, but not the K183A mutant was monoubiquitylated

(Fig. 6E). Because Fbxo28 binds to Alcat1, we next assessed the
docking site of Fbxo28 within Alcat1. We synthesized the V5-
tagged recombinant deletion mutants in vitro using a rabbit
reticulocyte transcription and translation system. The synthesized
truncated mutants were successfully expressed. Endogenous Fbxo28
was immunoprecipitated using an antibody. Pull-down assays
indicated that the stretch of amino acids spanning 200–250 within
Alcat1 were crucial for binding of Fbxo28 (Fig. 6F,G). Taken
together, these data indicate that Fbxo28 docks within a central
domain of Alcat1 and catalyzes the monoubiquitylation of the
remodeling enzyme at K183 to promote lysosomal degradation.

HDAC2 deacetylates K183 within Alcat1 to enhance its
degradation
Lysine sites are highly prone to a variety of post-translational
modifications aside from ubiquitylation. Further, competition
occurs in some systems between ubiquitylation and acetylation
(Grönroos et al., 2002). Our data showed that monoubiquitylation at
residue K183 within Alcat1 contributes to its instability. This clue
prompted us to study Alcat1 acetylation status, which might also act
to modulate enzyme stability. V5-tagged wild-type Alcat1, and the
K183A and K232Amutants were expressed in cells, and cell lysates
were assayed by immunoprecipitating V5 and immunoblotting for
acetyl-lysine. Interestingly, the results showed that wild-type Alcat1
was highly acetylated under these culture conditions (Fig. 7A).
Alcat1 acetylation levels were drastically reduced when the K183A
mutant was assessed, indicating that residue K183 is a major
acetylation site within Alcat1. Because K183 is acetylated and is
also prone to Fbxo28-mediated monoubiquitylation, acetylation of
this residue must be reversed for subsequent ubiquitylation to occur.
Therefore, we hypothesized that Alcat1 undergoes deacetylation.

Fig. 5. Alcat1 is selectively targeted by the ubiquitin E3 ligase SCF-Fbxo28. (A) Overexpression of Fbxo28 degrades Alcat1. Various V5-tagged F-box-
encoding plasmids were expressed in MLE cells for 48 h (O48, Fbxo48; O42, Fbxo42; O41, Fbxo41; O39, Fbxo39; O28, Fbxo28; O23, Fbxo23). Cell lysates were
analyzed by immunoblotting for Alcat1, V5 or β-actin. LacZ was used as a negative control. (B) Fbxo28 mediates Alcat1 degradation. Different amounts of V5–
Fbxo28 expression plasmid were introduced into cells for 24 h. Cell lysates were analyzed by immunoblotting for Alcat1, V5 or β-actin. (C) Fbxo28 was knocked
down by using shRNA (Fbxo28 shRNA). Lentiviral shRNA constructs against Fbxo28 (O28-1 and O28-2) were introduced into cells for 48 h. Cell lysates were
analyzed by immunoblotting for Fbxo28 and β-actin. (D) Depletion of Fbxo28 by using shRNA stabilizes Alcat1 levels. An Fbxo28 shRNA construct (O28-2 in C)
was introduced into cells for 48 h. Cells were treated with CHX for various time points. Cell lysates were analyzed by immunoblotting for Alcat1, Fbxo28 or β-actin.
A scrambled lentiviral shRNA construct was used as a control. (E,F) Fbxo28 associates with Alcat1. MLE cell lysates were immunoprecipitated (IP) with
antibodies against Fbxo28 (E) or Alcat1 (F), and the precipitates were subjected to immunoblotting as indicated. Data in each panel represents n=3 separate
experiments.
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Indeed, treatment of the cells with an acetyltransferase inhibitor,
anacardic acid, modestly decreased steady-state Alcat1 protein
mass, but treatment with a deacetylase inhibitor, trichostatin A,
increased immunoreactive Alcat1 levels in the cells (Fig. 7B).
Hence, the acetylation–deacetylation state of Alcat1 is crucial for its
stability. Because inhibition of a deacetylase leads to accumulation
of Alcat1, we next investigated potential deacetylases that might
modulate Alcat1 cellular concentrations. Using a candidate plasmid
screen (data not shown), we identified that HDAC2 and Alcat1
interact in co-immunoprecipitation studies (Fig. 7C,D). These
results suggest that HDAC2-catalyzed deacetylation could
contribute to Alcat1 stability. Because LPS decreases Alcat1
levels, we next examined whether inhibition of the Cullin-1 E3
ubiquitin ligase complexes with the inhibitor MLN4924 could
restore acetylated Alcat1 levels in the presence of LPS. LPS reduced
acetylated Alcat1 levels, an effect that was partly rescued by
treatment with MLN4924 (Fig. 7E). We next tested whether LPS-
induced Alcat1 degradation was HDAC2 dependent. We treated
cells with LPS in the presence or absence of trichostatin
A. Immunoblotting results showed that LPS-mediated Alcat1
degradation was attenuated by the HDAC2 inhibitor (Fig. 7F) in
MLE cells. We next tested Alcat1 stability upon overexpression or
knockdown of HDAC2 in cells (Fig. 7G). Immunoblotting results
showed that HDAC2 protein was successfully overexpressed or
silenced inMLE cells (Fig. 7G). Compared to expression of a vector
control (Fig. 7G, left panel), overexpression of HDAC2 accelerated
Alcat1 degradation (Fig. 7G, middle panel), whereas knockdown of

HDAC2 stabilized Alcat1 levels (Fig. 7G, right panel). HDAC2
protein is believed to be a nuclear protein that might relocate into the
cytoplasm in order to deacetylate cytosolic proteins. To test this
possibility, we treated the MLE cells with LPS overnight and
monitored the levels of HDAC2 in subcellular fractions.
Interestingly, HDAC2 under native unstimulated conditions was
consistently detected in the nuclear fraction but was also present at
modest levels in the cytoplasmic (soluble) fraction (Fig. S3).
Unexpectedly, HDAC2 was upregulated at the protein level only in
the cytoplasmic fraction after LPS stimulation and not in the nuclear
fraction. In addition, LPS did not reduce total HDAC2 protein
levels in MLE cells (Fig. S3). Thus, deacetylation of Alcat1
contributes to its instability. Collectively, these data indicate that
LPS downregulates Alcat1 concentrations in cells through HDAC2-
mediated deacetylation of the cardiolipin remodeling enzyme.

DISCUSSION
There is limited data on the molecular regulation of Alcat1. The
primary findings in this study are: (i) Alcat1 is an unstable
lysosomally degraded enzyme, (ii) SCF-Fbxo28 mediates
degradation of Alcat1 through site-specific docking and
monoubiquitylation, (iii) Alcat1 is an acetylated enzyme and is
subject to HDAC2-mediated deacetylation that contributes to Alcat1
instability, and (iv) the adverse effects of LPS on cardiolipin
synthesis and mitochondrial cellular bioenergetics could be
mediated by coordinate actions of HDAC2 and SCF-Fbxo28 that
reduce Alcat1 lifespan in lung epithelia (Fig. 8). Interestingly,

Fig. 6. SCF-Fbxo28 selectively ubiquitylates Alcat1 at residue K183 and docks within the protein. (A) Schematic presentation of Alcat1 truncation mutants,
which were tagged with V5. Amino acid positions are numbered. (B) The wild type (WT) (residues 1–376) and Alcat1 truncated mutants were expressed in
MLE cells for 48 h. The cells were treated with leupeptin for 6 h. Cell lysates were analyzed by immunoblotting for V5 or β-actin. (C) WT V5–Alcat1, V5–K183A or
V5-K232A Alcat1 mutants were expressed in cells for 48 h, and cells were then treated with CHX for various times. Cell lysates were subjected to immunoblotting
for V5 and β-actin. (D) WT Alcat1 or the K183A mutant were co-expressed with HA–ubiquitin (Ub-HA) in cells for 48 h. Equal amounts of cell lysate (1 mg total
protein) were subjected to immunoprecipitation with an antibody against V5; the precipitates were analyzed by immunoblotting for ubiquitin (Ub). The input is 5%
of the total cell lysate. (E)WTV5–Alcat1 or a V5–K183Amutant was expressed in cells for 48 h. Equal amounts of cell lysate (1 mg total protein) were subjected to
immunoprecipitated with an antibody against ubiquitin; the precipitates were analyzed by immunoblotting for V5. (F,G) Pull-down assays were conducted with
truncated mutants to map the region within Alcat1 with which Fbxo28 interacts. Precipitates were then immunoblotted for V5 or Fbxo28 (O28).
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mitochondrial defects that result in an inability to utilize oxygen at
the cellular level (cytopathic dysoxia) is a hallmark of fulminant
systemic infection (e.g. septic shock), the molecular basis of which
remains unclear. There is ample evidence that LPS incites
abnormalities in mitochondrial function (Jeger et al., 2015), and
that in hepatocytes LPS interacts with cell membranes and disperses
within the cytoplasm where it can modulate organelle activity
(Díaz-Laviada et al., 1991). The results here support a unique model
whereby LPS directly or indirectly depletes levels of a crucial
lipogenic remodeling enzyme by regulating the deacetylation and
ubiquitylation of the enzyme, which ultimately modifies cardiolipin
molecular species, mitochondrial structure and energetics. The
demonstration that LPS-induced impairment of mitochondrial
function can be protected through mitochondrial transfer using
bone-marrow-derived stromal cells provides an intriguing
translational opportunity to reconstitute Alcat1, especially given

that cell-based therapies are currently under investigation for
disorders that are linked to severe pulmonary cell injury (Islam
et al., 2012; Liu et al., 2014).

Alcat1 is one of the enzymes involved in the regulation of
mitochondrial cardiolipins and functions by controlling the
remodeling of existing cardiolipins (Lu and Claypool, 2015). The
Alcat1-driven reacylation of monolysocardiolipin, as a part of the
cardiolipin remodeling process, occurs in a specialized compartment
of the ER, the mitochondrial associated membrane (MAM) (Cao
et al., 2004; Cao et al., 2009; Li et al., 2010). Alcat1-mediated
reacylation preferentially incorporates coenzyme A that is loaded
with long-chain polyunsaturated fatty acids (Cao et al., 2004). The
remodeling process is initiated in mitochondria, by a Ca2+-
independent phospholipase PLA2 (iPLA2), which removes an acyl
chain from cardiolipin, thus generating the remodeling substrate
monolysocardiolipin. By contrast, the product of Alcat1-mediated

Fig. 7. HDAC2 promotes Alcat1 degradation. (A) V5-tagged WTAlcat1, or the K183A or K232A mutants were separately expressed in MLE cells for 48 h. Cell
lysates were subjected to immunoprecipitation of V5 followed by immunoblotting for acetyl-lysine, V5 or Alcat1. (B) Cells were treated with an acetylation inhibitor,
anacardic acid (AA), or a deacetylation inhibitor, trichostatin A (TSA), overnight. Cell lysates were immunoblotted for Alcat1 and β-actin. (C,D) Alcat1 interacts with
HDAC2. Cell lysates were subjected to immunoprecipitation of HDAC2 (C) or Alcat1 (D), and precipitates were immunoblotted for the indicated proteins. (E) MLE
cells or Alcat1-silenced cells (Alcat1 sh) were treated with LPS (4 μg/ml) in the presence of the Cullin-1 inhibitor MLN. Cell lysates were subjected to
immunoprecipitation with an antibody against Alcat1; the precipitates were analyzed by immunoblotting for acetyl lysine or Alcat1. (F) Cells were treated with
different concentrations of LPS with or without the deacetylase inhibitor TSA. Cell lysates were analyzed by immunoblotting for Alcat1 and β-actin. (G) A plasmid
encoding HDAC2 was expressed (HDAC2 express), or HDAC2 was silenced by using retroviral shRNA constructs (HDAC2 shRNA) (48 h). Alcat1 degradation
was assayed by using CHX, and lysates were immunoblotted for Alcat1, HDAC2 and β-actin. Vector-only-transfected cells were used as control. Data in each
panel represent n=2 separate experiments.
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remodeling, mature cardiolipin, is generated in the ER, albeit in
close proximity to mitochondria. Given that the preponderance of
mature cardiolipin is found in mitochondria, more specifically in the
inner mitochondrial membrane, transmembrane redistribution of
both the substrates and the products between mitochondria and ER
membranes seems to be required for the effective completion of the
entire remodeling process (Claypool and Koehler, 2012). However,
the details of this complex multi-stage process are just beginning to
emerge. Externalization of cardiolipin to the mitochondrial surface,
including to locales in the proximity of MAMs, has been
documented (Chu et al., 2013; Kagan et al., 2015). Speculatively,
at least two translocases – nucleoside diphosphate kinase isoform D
(NDPKD) (Schlattner et al., 2013) and phospholipid scramblase
3 (PLS3) (Zhou et al., 1998) are candidate proteins that could
be involved in cardiolipin redistribution and Alcat1-based
cardiolipin remodeling. In accordance with these concepts on
Alcat1 involvement in cardiolipin remodeling, we found that
mitochondrial cardiolipins, rather than ER cardiolipins, are
predominantly affected by manipulations of Alcat1 and are the
major contributors to the observed changes in the cardiolipin species.
A substantial body of the published data in the literature indicates

that the absence of taffazin, rather than the loss of Alcat1 or Mlclat1,
causes alterations in cardiolipins and their molecular speciation
(Vreken et al., 2000; Baile et al., 2014; Bissler et al., 2002; Acehan
et al., 2011, 2009; Dudek et al., 2013; Gonzalvez et al., 2013; Gu
et al., 2004; Houtkooper et al., 2009a,b; Valianpour et al., 2005,
2002; Schlame et al., 2003, 2005; Xu et al., 2006a,b, 2005, 2009;
Wang et al., 2014); there are also indications that Alcat1 is involved
in ‘pathological’ remodeling of cardiolipins, leading to
mitochondrial dysfunction and oxidative stress (Li et al., 2010;
Liu et al., 2012). It has been demonstrated that targeted deletion of
Alcat1 restores effective mitophagy and removal of damaged
mitochondria, thus contributing to the maintenance of functional
mitochondrial architecture, mitochondrial DNA (mtDNA) fidelity
and oxidative phosphorylation (Wang et al., 2015).
These conclusions, however, are based on experiments with

limited lipidomics analysis. Our LC-MS data included detailed
characterization of >35 individual molecular species of
cardiolipin. These data indicate that both treatment with LPS
and shRNA induces Alcat1 deficiency that is associated with the
uniform and selective loss of predominantly mitochondrial C20-
polyunsaturated fatty acid (PUFA) species of cardiolipins in MLE
cells and that such deficiency impairs mitochondrial function in
these cells. These data are in sharp contrast to those reported by
others (Li et al., 2010; Liu et al., 2012) in which expression, rather
than depletion, of Alcat1 is associated with the production of
‘pathological’ highly oxidizable PUFA-containing (mostly C22:6)

cardiolipin species, leading to mitochondrial dysfunction. A
thorough lipidomics analysis did not reveal any significant
changes in cardiolipin oxidation that is related to LPS treatment
or Alcat1 deficiency (shRNA).

Cardiolipin deficiency is lethal and results in decreased cell
growth, apoptosis and reduced energy stores (Choi et al., 2007;
Kagan et al., 2009; Kirkland et al., 2002). In eukaryotic cells,
cardiolipin is synthesized by two pathways (de novo synthesis
and remodeling of the pre-existing protein) that involve enzymatic
activities that, under certain scenarios, are indispensable for
cell viability. For example, mitochondrial dysfunction ensues in
Barth syndrome – where tafazzin is mutated (Claypool et al., 2008,
2006, 2011) – and when Cls1 is defective (Pineau et al., 2013).
In our related studies, bacterial infection with Staphylococcus
aureas downregulates Cls1 levels through activation of another
E3 ubiquitin ligase, SCF-Fbxo15, which decreases cardiolipin
availability and disrupts mitochondrial function in lung epithelial
cells (Chen et al., 2014a). Here, endotoxin treatment triggered E3-
ligase-dependent degradation of Alcat1, which produced a similar
mitochondrion phenotype. Interestingly, Alcat1-knockout mice
are not prone to embryonic lethality but have variable alterations
in fatty acyl composition of phospholipids depending on
the nature of the diet (Imae et al., 2012; Li et al., 2010).
The vulnerability of these mice to endotoxin challenge awaits
further study, but the lack of an overt phenotype in Alcat1-
knockout mice suggests the presence of compensatory activities of
other pathways. Of note, forced expression of Alcat1 triggers
mitochondrial fragmentation through oxidative stress and impairs
processes important for mitochondrial fusion (Li et al., 2012).
Thus, these observations collectively suggest a tight physiological
margin of Alcat1 concentration in cells whereby the enzyme
maintains the mitochondrial balance of cardiolipins. Our results
suggest that these concentrations are diametrically governed
by post-translational processing through ubiquitylation and
deacetylation.

The stability of key proteins has emerged as an interesting area of
study in disease. Recent studies report that the stability of many
molecules at the protein level in the lung are dysregulated during
tissue injury. In the pathogenesis of bacterial infection, functional
proteins are impaired by pathogens that might directly or indirectly
modulate protein stability, or through mRNA transcriptional
repression. The ability of pathogens to impair host protein
stability could represent a more energy-efficient mechanism,
whereby these microbial factors undermine key pathways instead
of silencing enzyme de novo synthesis. Our observations here are
consistent with the ability of pathogens to modulate the stability of
key biomolecules at the protein level, such as that of the surfactant

Fig. 8. LPS impacts mitochondrial morphology and
function by destabilizing Alcat1. Treatment with LPS
activates the HDAC2 deacetylase, which targets Alcat1 at
K183. SCF-Fbxo28 docks with deacetylated Alcat1 (in the
region of Alcat1 comprising residues 200–250) and
catalyzes monoubiquitylation of K183 within Alcat1.
Monoubiquitylated Alcat1 is degraded through a lysosomal
pathway. Reduction in the cellular concentration of Alcat1
leads to altered cardiolipin content, and impaired
mitochondrial structure and bioenergetics. Ac, acetylation;
U, ubiquitin.
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biosynthetic enzymes CCT (Chen et al., 2011) and Lpcat1 (Zou
et al., 2011a).
Post-translational modification appears to be a prerequisite for

SCF E3 ligases to be recruited to substrates. A well-studied
paradigm is the ability of phosphorylated targets (through
phosphodegrons) to recruit F-box proteins that regulate ubiquitin–
proteasomal degradation or sorting of proteins. However, increasing
evidence indicates that the prototypical post-translational
modification acetylation also plays an important role in regulation
of ubiquitin–proteasomal or lysosomal degradation. For example,
site-specific acetylation of the multifunctional enzyme nucleoside
diphosphate kinase A impairs its interaction with an SCF containing
the Fbxo24 subunit, and the stability of the protein Ras association
domain family member 5 is enhanced through reduced binding to
the HECT-family E3 ligase Itch in cells after treatment with a
deacetylation inhibitor (Chen et al., 2015b; Suryaraja et al., 2013).
Further, p300 acetylates Skp2 to increase its stability through
impairment of Cdh1-mediated proteolysis in cancer cells (Inuzuka
et al., 2012). In addition to these proteins, mitochondrial enzymes
are highly modified by acetylation. For example, ATP synthase,
enzymes within the tricarboxylic acid cycle and those involved in
mitochondrial β-oxidation exhibit high levels of acetylation, raising
the possibility of roles for this modification in regulating the half-
lives of these proteins (Kerner et al., 2015). At times, the processes
of ubiquitylation and acetylation can compete for access to a
common molecular site. Our data suggest intermolecular
competition at a single residue, K183, between acetylation –
which stabilizes Alcat1 – and destabilizing monoubiquitylation that
is mediated by SCF-Fbxo28, although confirmation of this would
require additional studies. Whether acetylation serves other roles in
addition to stabilizing protein levels, such as preserving catalytic
activity or modulating other aspects of enzymatic behavior (protein
sorting), is unclear.
There is mounting evidence that deacetylases mediate responses

to endotoxin. For example, inhibition of the deacetylase sirtuin 2
lessens the severity of inflammation in response to LPS in microglia
(Chen et al., 2015a). Further, inhibition of histone deacetylases
improves survival in a murine model of LPS-induced shock and
hepatotoxicity (Zhao et al., 2015). Other studies show that
inhibition of histone deacetylase 8 reduces synthesis of pro-
inflammatory cytokines (Li et al., 2015). Here, endotoxin increased
soluble HDAC2 content in lung epithelia, HDAC2 associated with
Alcat1 and deacetylase inhibition attenuated SCF-Fbxo28-mediated
degradation of Alcat1 after exposure to LPS. Thus, acetylation and
deacetylation might regulate protein stability by facilitating or
impairing the E3 ubiquitin ligase recognition of this substrate,
thereby modulating mitochondrial function in sepsis.

MATERIALS AND METHODS
Cell line and reagents
Murine lung epithelial (MLE) cells were cultured in HITES medium
(500 ml of DMEM/F12, 2.5 mg of insulin, transferrin, sodium selenite,
2.5 mg of transferrin, 10 μM hydrocortisone, 10 μM β-estradiol, 10 mM
Hepes, and 2 mM L-glutamine) and supplemented with 10% fetal bovine
serum, as described previously (Zou et al., 2011b). MG132 (20 µM final
concentration), leupeptin (20 µM final) and cycloheximide (10 µM) were
purchased from Calbiochem. The antibody against Alcat1 (1:1000, catalog
number MFG40984, lot number QC14266) was purchased from Aviva
Systems Biology. Antibodies against HA (1:1000, catalog number 3724S,
lot number 5), HDAC2 (1:1000, catalog number 5113P, lot number 1),
laminin A/C (1:1000, catalog number 4777S, lot number 1), ubiquitin
(1:1000, catalog number 3933S, lot number 4) and acetyl lysine (1:1000,
catalog number 9441L, lot number 11) were purchased from Cell Signaling

Technology. Lentiviral shRNA plasmids against Alcat1 (LCLAT1) were
purchased from ThermoScientific. shRNA constructs against Fbxo28 and
HDAC2 were purchased from Origene. Immobilized protein A/G beads
were purchased from Pierce. In vitro TnT kits were purchased from
Promega. Trypan Blue and a cell viability counter were purchased from Bio-
Rad. Complete protease inhibitor cocktail was from Roche. LPS was
purchased from Sigma. The antibody against Fbxo28 (1:1000, catalog
number SC-134723, lot number C0120) was from Santa Cruz
Biotechnology. The antibody against V5 (1:5000, catalog number
46-1157, lot number 1653719) and the pcDNA3.1D-V5-His plasmid
were purchased from Invitrogen.

Immunostaining
Fluorescent immunostaining was conducted as previously described (Zou
et al., 2011b). Briefly, cells (2×105) were plated at 70% confluence onto 35-
mm MatTek glass-bottomed culture dishes. Immunofluorescent cell
imaging was performed with a Nikon A1 confocal microscope. Cells were
washed with PBS and fixed with 4% paraformaldehyde for 20 min, then
exposed to 15% BSA, 1:500 dilutions of primary antibodies, and 1:1000
dilutions of Alexa-488- or Alexa-647-labeled goat anti-mouse or anti-rabbit
secondary antibodies sequentially for immunostaining.

Construction of plasmids and cell transfection
The series truncation mutations of Alcat1 were constructed by performing
PCR-based mutagenesis, with Alcat1 cDNA (Origene) as the template and
the following primers: Alcat1 forward, 5′-ATGGTGTCATGGAAGGGG-
ATTTAC-3′; Alcat1 N50 forward, 5′-ATGCTCACACTTCCTGTGGCA-
TTG -3′; Alcat1 N100 forward, 5′-ATGTACAGCTACCTCAGGGTGG-
AG-3′; Alcat1 N150 forward, 5′-ATGTTTTGTGCCATCCATGAACCA-
CTACAG-3′; Alcat1 N200 forward, 5′-ATGACCTTTGTGGTGGACCG-
CCTAAGAG-3′; Alcat1 C200 reverse, 5′-AAAGCCAGTGGTTCTTGG-
GTG-3′; Alcat1 C250 reverse, 5′-AGTCAGCTGGATACCGCTGGACG-
TG-3′; Alcat1 C300 reverse, 5′-AGACTTGCAAGGTGGAACTGTACT-
CTG-3′; Alcat1 C345 reverse, 5′-CTGCAGCACACGAAGAACAATG-
CTG-3′; and Alcat1 reverse, 5′-CTCATTTTTCTTTGAATTTAAATGT-
GG-3′. The resulting PCR products were purified and cloned into a
pCDNA3.1D-V5-His plasmid. The accuracy of the cloned genes were
verified by DNA sequencing. Quickchange II XL site-directed mutagenesis
kits (Clontech) were used to introduce mutagenesis following the
manufacturer’s instructions. Primers used for mutagenesis were as
follows: Alcat1K183R forward, 5′-GTAATGATTTTGCTGAGAGGAA-
CGGACTTCAGAAATATG-3′; and Alcat1K183R reverse, 5′-CATATTT-
CTGAAGTCCGTTCCTCTCAGCAAAATCATTAC-3′. Plasmids were
introduced into MLE cells by using nucleofection as previously described
(Zou et al., 2013). Briefly, 1×106 MLE cells that had been suspended in
100 μl of nucleofection buffer (20 mM of Hepes in PBS buffer) were mixed
with 3 μg of plasmid DNA (including the expression and shRNA plasmids)
in an electroporation cuvette. Electroporation was conducted using the
Nucleofection™ II system (Amaxa Biosystems).

Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting analyses were conducted as
previously described (Chen et al., 2015b). Briefly, Alcat1 was
immunoprecipitated from 1 mg of MLE cell lysate through incubation
with the anti-Alcat1 antibody (2 μg) for 2 h; coupling to protein A/G beads
was performed by incubation for an additional hour in 1 ml of
immunoprecipitation buffer [150 mM NaCl, 50 mM Tris-HCl, 1 mM
EDTA, 2 mM DTT, 0.5% Triton X-100 (v/v)] at room temperature. After
washing, the precipitates were processed for immunoblotting of Alcat1. For
immunoblotting analysis, cell lysates were prepared by briefly sonicating
them in Buffer A (150 mM NaCl, 50 mM Tris, 1.0 mM EDTA, 2 mM
dithiothreitol, 0.025% sodium azide and 1 mM phenylmethylsulfonyl
fluoride. pH 7.4) at 4°C.

Pull-down assays
We performed in vitro pull-down assays to identify the Fbxo28-binding
domain within Alcat1, as described previously (Chen et al., 2014b). The
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Alcat1 truncated mutant proteins that had been tagged with V5 were
expressed in vitro using a TnT-coupled reticulocyte lysate system (Promega).
Endogenous Fbxo28 protein was obtained by immunoprecipitating it from
MLE cell lysate (1 mg protein) using an antibody against Fbxo28 and protein
A/G agarose beads (ThermoScientific). Fbxo28-bound precipitated beads
were incubated with various Alcat1 truncation mutants in 0.5 ml of binding
buffer [150 mM NaCl, 50 mM Tris-HCl, 0.3% Tween20 (v/v) and 1:1000
protease inhibitor mixture (pH 7.4)] for 2 h at room temperature. The beads
were subsequently washed with the binding buffer three times and analyzed
by V5 immunoblotting.

Isolation of mitochondria and ER
Cells were harvested by trypsinization and re-suspended in 4 ml PBS. Cells
were re-suspended in 500 µl of mitochondria isolation buffer, transferred to
a Dounce homogenizer and ruptured with 90 strokes at 1600 rpm on ice. The
homogenized cells were centrifuged at 700 g for 5 min at 4°C to pellet
unbroken cells, nuclei and chromatin. The resulting supernatants were then
centrifuged at 12,000 g for 15 min at 4°C. The pellets were collected as
mitochondrial fractions and the supernatants were collected as ER fractions.

Analysis of cardiolipin
Lipids were extracted from MLE cells by using the Folch procedure (Folch
et al., 1957). LC/MS analysis of cardiolipin molecular species was
performed in negative mode using a Dionex Ultimate™ 3000 RSLCnano
system coupled online with a Q-Exactive hybrid quadrupole-orbitrap mass
spectrometer (ThermoScientific) (Tyurina et al., 2014). Total lipids were
separated on a normal phase column [Silica Luna 3 µm, 100A, 150×2 mm,
(Phenomenex, Torrance, CA)] with a flow rate of 0.2 ml/min using gradient
solvents containing 5 mMCH3COONH4 [solvent A – n-hexane:2-propanol:
water, 43:57:1 (v/v/v) and solvent B – n-hexane:2-propanol:water, 43:57:10
(v/v/v)]. The resolution was set up at 140,000, which corresponds to 5 ppm
in m/z measurement error. Thus, m/z values for cardiolipins and their
oxidation species were presented to four decimal places. Tetra-myristoyl-
cardiolipin (Avanti polar lipids, Alabaster, AL) was used as an internal
standard for mass spectrometry.

Oxygen consumption rate
The oxygen consumption rate (OCR) was measured in MLE cells using a
XF24 Extracellular Flux Analyzer (Seahorse Bioscience). MLE cells
(2×105 cells/well) were plated and transfected in a XF24 cell culture
microplate (Seahorse Bioscience). Medium was changed to unbuffered
DMEM 48 h after transfection, and the plate was incubated in a non-CO2

incubator at 37°C for 60 min before the assay was performed. The OCR
measurements were taken every 2 min after a 2 min mixing period and a
3 min wait.

Isolation and culture of mouse lung type II cells
Lung alveolar type II cells were isolated as per the following protocol. Lungs
of C57BL/6 male mice (8–12 weeks old) were perfused with cold PBS.
Lungs were harvested after instillation of 2 ml of dispase (20 U/ml) into the
lungs through a catheter. Lungs were then removed quickly, rinsed in cold
PBS, placed in 3 ml PBS in Miltenyi GentleMACS C tubes containing
0.1 mg/ml collagenase-dispase and 0.1 mg/ml DNase I, and the tubes were
incubated at 37°C for 45 min with continuous rotation to allow digestion.
The digested tissue was carefully teased away from the airways, and then
cells from the tissue were dissociated using a Miltenyi GentleMACS
dissociator. Total cells were isolated after passing them through a 100-μm
cell strainer and washing twice with 2% FBS–PBS followed by red blood
cell lysis. The isolated cells were then stained with a biotin-labeled rat
antibody against mouse CD45 (1.5 μg/million cells) and a rat antibody
against mouse CD32 (0.65 μg/million cells), and incubated for 15 min at
4°C. Unbound antibodies were removed by centrifugation of the tubes at
159 g for 5 min at 4°C, and the supernatants were removed. The stained cells
were then incubated with anti-biotin microbeads (20 μl per 10 million cells)
for 10 min at 4°C in the dark and then centrifuged. The cell pellet was
resuspended in Automacs running buffer, and the negative fraction
containing epithelial cells was collected using an equilibrated LS column.

The cells were then centrifuged and resuspended in BEBM medium
supplemented with 5% FBS and 1% penicillin–streptomycin and
gentamycin and plated onto a collagen-coated 24-well plate at a density of
0.2×106–0.5×106 cells/well. After 24 h, three-quarters of the medium was
aspirated off gently, and the culture was replenished with fresh medium.

Animal studies
Ten-week-old male C57BL/6 mice from Jackson Laboratories were
acclimated and maintained at the Animal Care Facility at University of
Pittsburgh. Mice were anesthetized, and LPS at a dose of 5 mg/kg was
intratracheally administered. After 24 h, the animals were euthanized, and
the lung tissues were collected for immunoblotting analysis. All of the
procedures followed all federal and institutional animal guidelines and were
approved by the University of Pittsburgh Institutional Animal Care and Use
Committee.

Statistical analysis
Statistical comparisons were performed using the Prism program version
4.03 (GraphPad Software, San Diego, CA) using an ANOVA or an unpaired
two-sample t-test with P<0.05 indicative of significance.
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