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ABSTRACT: Deleterious mutations in the serine lipase DDHD2 are
a causative basis of complex hereditary spastic paraplegia (HSP,
subtype SPG54) in humans. We recently found that DDHD2 is a
principal triglyceride hydrolase in the central nervous system (CNS)
and that genetic deletion of this enzyme in mice leads to ectopic lipid
droplet (LD) accumulation in neurons throughout the brain.
Nonetheless, how HSP-related mutations in DDHD2 relate to
triglyceride metabolism and LD formation remains poorly understood.
Here, we have characterized a set of HSP-related mutations in
DDHD2 and found that they disrupt triglyceride hydrolase activity in
vitro and impair the capacity of DDHD2 to protect cells from LD
accumulation following exposure to free fatty acid, an outcome that was also observed with a DDHD2-selective inhibitor. We
furthermore isolated and characterized LDs from brain tissue of DDHD2−/− mice, revealing that they contain both established
LD-associated proteins identified previously in other organs and CNS-enriched proteins, including several proteins with genetic
links to human neurological disease. These data, taken together, indicate that the genetic inactivation of DDHD2, as caused by
HSP-associated mutations, substantially perturbs lipid homeostasis and the formation and content of LDs, underscoring the
importance of triglyceride metabolism for normal CNS function and the key role that DDHD2 plays in this process.

Exome sequencing has identified recessive, deleterious
mutations in the DDHD2 gene as a causative basis for

complex hereditary spastic paraplegia (HSP).1 HSP describes a
set of genetically heterogeneous diseases related by common
neurological phenotypes that include lower limb spasticity and
weakness due to neurodegeneration of motor neurons, with
complex forms of HSP also producing additional neurological
symptoms.2 The complex HSP subtype caused by DDHD2
mutations is termed SPG54 and manifests as early-onset disease
with spastic gait, intellectual disability, thin corpus callosum,
and a lipid peak that can be detected in the brain by magnetic
resonance spectroscopy.1 Multiple DDHD2 mutations have
been linked to SPG54 that, despite representing different
genetic variants (missense and frameshift) and being

distributed throughout the protein-coding sequence of the
gene, converge to produce similar neuropathologies.3 One
exception is a report of sisters with a homozygous V220F
mutation in the DDHD2 protein that results in a distinct late-
onset spastic ataxia syndrome.4

DDHD2 is part of a subgroup of serine hydrolases that
includes the sequence-related proteins DDHD1 and
SEC23IP.5,6 Initial biochemical studies provided evidence that
DDHD1 and DDHD2 can function as lipases,6,7 hydrolyzing a
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range of (phospho)lipid substrates in vitro; nonetheless, the
endogenous substrates and functions of these enzymes have
remained poorly understood. We recently generated
DDHD2−/− mice and found that these animals exhibited
substantial elevations in the levels of triacylglycerols (TAGs) in
the central nervous system (CNS), which correlated with lipid
droplet (LD) accumulation in neurons and cognitive and motor
abnormalities that resemble complex HSP.8 We confirmed that
DDHD2 hydrolyzes TAGs and represents a substantial portion
of the bulk TAG hydrolase activity of the mouse brain. This
function appears to be primarily restricted to the CNS, as, in
most peripheral tissues, PNPLA2 (or ATGL) serves as the
principal TAG hydrolase.9

Having established that DDHD2 regulates TAG and LD
content in the CNS, several important questions emerge. First,
how do the HSP-associated mutations in DDHD2 affect the
TAG hydrolase activity of this enzyme? Do these mutations
also alter LD formation in cells that express DDHD2? Finally,
do the LDs that accumulate in brain tissue from DDHD2−/−

mice have unique protein and/or lipid content that might help
to explain the biochemical basis for the neuropathologies
caused by DDHD2 loss? Here, we address these questions
using a combination of biochemical, cell biological, and
proteomic methods. Specifically, we developed an in situ
assay to measure the effect of DDHD2 and its HSP-related
mutations on the accumulation of cellular TAGs and LDs,
revealing that wild-type (WT) DDHD2, but not HSP mutant
or chemically inhibited forms of this enzyme, suppresses LD
formation in cells. We further purified LDs from brain tissue of
DDHD2−/− mice and assessed their protein content by mass
spectrometry-based proteomics, furnishing an inventory of
proteins enriched in this subcellular compartment. The LD-
enriched brain proteome included several proteins with
established LD associations in peripheral tissues, as well as
CNS-restricted proteins and proteins that are genetically linked
to human neurological disease. Our proteomic analyses thus
point to proteins and pathways that may be relevant to both
HSP and a broader range of CNS disorders.

■ MATERIALS AND METHODS

Generation of DDHD2 Mutants. DDHD2 was amplified
via polymerase chain reaction from human cDNA using the
primers 5′-AAGCTTGCGGCCGCGATGTCATCAGTGC-
AGTCACAACAGG-3′ and 5′-ATCGATGGTACCGGTTAC-
TGTAAAGGCTGATCAAGGAA-3′ and cloned into the NotI/
KpnI site of pFLAG-CMV-6a (Sigma-Aldrich). HSP-associated
DDHD2 mutations and an active-site S351A DDHD2 were
generated by site-directed mutagenesis using mismatch-
containing primers (Table S1). Mutagenesis was validated by
Sanger sequencing. pFLAG-CMV-6a was modified to incorpo-
rate an N-terminal mCherry tag by amplifying mCherry using
primers 5′-CGCGCGAAGCTTGTGAGCAAGGGCGAGG-
AGGA-3′ and 5′-AAGCAAGCGGCCGCCTTGTACAGCTC-
GTCCATGCC-3′ and cloned between HindIII/NotI sites to
generate vector pFLAG-mCherry-CMV-6a. DDHD2 was
subcloned from pFLAG-CMV-6a into pFLAG-mCherry-
CMV-6a using NotI/KpnI sites.
Biochemical Studies. Recombinant expression of

DDHD2, substrate assays, targeted lipid analysis, and activity-
based protein profiling (ABPP) were performed using
previously described methods8 and are described in detail in
the Supporting Information.

Oleic Acid-Induced Lipid Droplet Formation. Flag-
tagged or mCherry-tagged constructs were transiently trans-
fected in COS-7 cells and incubated for 24 h. For studies
involving inhibitors, 2 μM KLH40 or KLH45 or dimethyl
sulfoxide (DMSO) was added 1 h prior to oleic acid
supplementation. Cells were supplemented with 10% (v/v) 2
mM oleic acid in 5% fatty acid free bovine serum albumin
overnight without changing media. After 16 h in oleic acid-
containing medium, cells were washed three times in PBS and
either prepared for microscopy of lipidomic analysis.

Sample Preparation for Confocal Microscopy. Oleic
acid-loaded cells were stained for fluorescence microscopy
using previously published protocols.10 Staining procedures
were performed with cells adhered to glass coverslips in six-well
tissue culture plates. Wash steps consisting of two washes with
cold PBS were included between each step. Cells were fixed in
4% paraformaldehyde (Wako) for 20 min at room temperature
and permeabilized with saponin (0.1 mg/mL) for 15 min at
room temperature. BODIPY 493/503 (1 μg/mL) staining of
lipid droplets was performed for 10 min at room temperature,
followed by Hoechst 33342 (0.1 μg/mL) staining of nuclei for
30 min at room temperature. Slides were sealed with aqueous
mounting medium (ProLong Gold, Life Technologies) and
stored at 4 °C.

Confocal Microscopy and Analysis. Samples on slides
were prepared as described above and then imaged using a
Zeiss 780 laser scanning confocal microscope. Three-dimen-
sional eight-bit image stacks of the various fluorescent signals
were acquired sequentially using a 63× (1.4 na) objective using
a step size of 0.3 μm between images. These stacks of images
were then projected into single stacks for two-dimensional
analysis by using a maximum intensity projection macro in the
Zeiss Zen software (Zeiss Inc., Thornwood, NY) or a similar
macro in ImageJ (National Institutes of Health, Bethesda,
MD). For further analysis of the fluorescent signals per cell, the
images were imported into Image-Pro Premier software (Media
Cybernetics, Rockville, MD). Here all labeled cells were
autotraced using a region of interest module in the software
based on their mCherry signal. These outlines were used to
extract and/or score the total area and fluorescence signal of
the BODIPY 493/503 signal within the autotraced cell
outlines.11 A defined threshold above background and
autofluorescence was used for all BODIPY 493/503 relevant
signal in the cells, and this range was 75−256 for the eight-bit
images. These values of total BODIPY 493/503 signal per cell
above background were then imported into Excel for further
processing where we obtained integrated density values per cell
(area × mean fluorescence intensity).

Sequential Fractionation of Mouse Brain Proteins.
Brains from four DDHD2−/− mice were pooled and
homogenized in 6 mL of homogenization buffer [200 mM
sucrose, 20 mM Tris-HCl (pH 7.4), 1 mM EDTA, and Roche
protease inhibitor] with 10 strokes of a dounce homogenizer.
The homogenate was centrifuged (100000g for 1 h) in a SW 41
Ti swinging bucket rotor (Beckman) to pellet membranes. The
supernatant was transferred to a clean 14 mL Thinwall
Ultraclear tube (Beckman) for sucrose gradient fractionation.
The pellet was probe sonicated in 3 mL of homogenization
buffer to resuspend, and a 1 mL aliquot was transferred to crush
proof tubes. A series of differential centrifugation steps yielded
insoluble fractions 7−9. Low-speed centrifugation (3000g for
30 min) generated a pellet that was saved as fraction 9.
Moderate centrifugation (20000g for 30 min) generated a pellet
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that was saved as fraction 8. Ultracentrifugation (100000g for 1
h) pelleted microsomes that were saved as fraction 7.
The sucrose gradient was prepared by adjusting the density

of the first 100000g supernatant with 1.5 volumes of 2 M
sucrose in TBS. The supernatant was layered with 2 mL of 0.75
M sucrose in TBS, 0.5 M sucrose in TBS, and 0.25 M sucrose
in TBS. The sucrose gradient was centrifuged (242000g for 3 h
at 4 °C) to separate lipid droplets from cytosolic proteins. The
top fraction (0.5 mL) was collected with a tube slicer and saved
as fraction 1. Subsequent 2 mL fractions were collected with a
pipet and saved as fractions 2−6. Wessel−Flügge12 protein
precipitation was performed on all fractions, and proteins were
solubilized in 4% sodium dodecyl sulfate. Protein concen-
trations were measured with the Pierce BCA assay kit.
Proteomic Sample Preparation. Mouse brain fractions

were prepared for unenriched proteomics as described
previously.13 Protein from each fraction was denatured by
adding 10 μM dithiothreitol and heating (30 min, 65 °C), and

then an aliquot equal to 5 μg of protein per fraction was diluted
with 8 M urea and loaded onto a Microcon YM-30 filter unit.
Tryptic peptides were collected in LoBind microcentrifuge
tubes (Eppendorf) and acidified with formic acid [5% (v/v)].

Proteomics and Data Analysis. Mass spectrometry was
performed with a Thermo Fisher LTQ Orbitrap Velos mass
spectrometer coupled to an Agilent 1200 series quaternary
pump following a previously published protocol.14 Peptides
were identified by the Integrated Proteomics Pipeline (IP2,
Integrated Proteomics Applications, Inc. San Diego, CA.
http://www.integratedproteomics.com) and grouped by Uni-
Prot protein ID. Spectral counts for each protein were
compiled across 36 mass spectrometry runs and grouped by
sucrose gradient fraction. Those proteins with at least 3 times
as many spectral counts in fraction 1 versus the next most
abundant fraction were designated LD-associated. Addition
filtering criteria included detection in three of four fraction 1
replicates and having at least 15 spectral counts across all

Figure 1. HSP-associated mutations affect the expression and catalytic activity of DDHD2. (A) Domain diagram of human DDHD2 protein with
locations of HSP-associated and catalytic (S351A) mutations indicated above the domain map bar. (B) Representative anti-FLAG immunoblots of
lysates from HEK293T cells transfected with the indicated N-terminal FLAG-DDHD2 constructs. Note that frameshift and nonsense mutants result
in bands of lower molecular weight that generally match the predicted sizes of truncated products from the DDHD2 sequence. (C) Quantification of
anti-FLAG immunoblotting signals in panel B. Data represent average values ± the standard error of the mean (SEM) (N = 4 biological replicates).
(D) ABPP of lysates from HEK293T cells transfected with the indicated N-terminal FLAG-DDHD2 constructs using the DDHD2-directed probe
HT-01 (1 μM, 30 min). HT-01-treated samples were analyzed by sodium dodecyl sulfate−polyacrylamide gel electrophoresis and in-gel fluorescence
scanning (fluorescent gel shown in grayscale). (E) Quantification of HT-01 labeling from panel D. Data represent average values ± SEM (N = 4
biological replicates). (F) TAG hydrolysis activity of soluble lysates from HEK293T cells transfected with the indicated N-terminal FLAG-DDHD2
constructs. C18:1/C18:1/C18:1 TAG (167 μM) was used as a substrate, and the production of C18:1 FFA was measured by liquid chromatography-
mass spectrometry. Data represent average values ± SEM (N = 4 biological replicates). For panels A−F, WT corresponds to wild type DDHD2, and
DDHD2 mutants are represented using the single-letter amino acid abbreviation of the affected position. Mutations that result in a stop codon are
denoted by *. The number following fs* represents the number of amino acids after a frameshift mutation until the first stop codon.
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experiments. Additional details regarding chromatography, data
searching, and clustering of proteomic experiments are included
in the Supporting Information.

■ RESULTS

Functional Characterization of HSP-Associated Mu-
tant Forms of DDHD2. DDHD2 is an ∼80 kDa, multidomain
serine hydrolase. Disease-causing mutations in DDHD2 occur
throughout the protein sequence and are a mixture of missense,
nonsense, and frameshift mutations.1,3,4,15 Of these mutations,
we generated nine DDHD2 mutants associated with HSP and
one variant (V220F) associated with late-onset spastic ataxia
(Figure 1A and Table S1). We also generated a catalytically
inactive mutant of DDHD2 in which the conserved serine
nucleophile was mutated to alanine (S351A). Wild type (WT)
and mutant forms of DDHD2 were expressed in HEK293T
cells as N-terminal FLAG epitope-tagged proteins by transient
transfection, and protein expression was assessed by anti-FLAG
Western blotting (Figure 1B,C). Missense mutants (W103R,
V220F, S351A, and D660H) displayed immunoreactivity at the
expected parental molecular weight but showed some variation
in intensity, with the D660H mutant, in particular, displaying a
lower level of expression. As expected, most of the frameshift
mutations and nonsense mutations generated DDHD2 variants

of a smaller size that matched the predicted molecular weights
of the truncated protein products. The expression level of these
truncated proteins was also reduced compared to that of WT
DDHD2, with four cases (R287*, I463H fs*6, R516*, and
T602I fs*18) producing very small amounts of protein.
We next used the previously described activity-based protein

profiling (ABPP) probe HT-0116 to assess the activity of
DDHD2 mutants. Among the 10 mutants, only two (W103R
and V220F) displayed HT-01 reactivity (Figure 1D,E), with the
former variant showing large reductions in the level of HT-01
labeling compared to that of WT DDHD2 [even when adjusted
for protein quantity (Figure S1)]. The D660H, E686G fs35*,
and Y661C fs*8 mutants, despite showing substantial
expression in HEK293T cells, did not react with HT-01. We
also performed TAG substrate hydrolysis assays with trans-
fected HEK293T lysates8 and found that only WT DDHD2
exhibited TAG hydrolysis activity greater than that observed in
mock-transfected control cell lysates (Figure 1F). Finally, as
expected, the S351A catalytic mutant did not show reactivity
with HT-01 (Figure 1D,E) or TAG hydrolysis activity (Figure
1F), even though this variant displayed expression similar to
that of WT DDHD2 (Figure 1B,C).
These results, taken together, indicate that HSP-associated

mutations have a variable effect on the expression of DDHD2
but uniformly impair the catalytic activity of this enzyme.

Figure 2. DDHD2 expression suppresses the lipid droplet (LD) content of fatty acid-supplemented COS-7 cells. (A) COS-7 cells transfected with
mCherry-DDHD2 variants or the mCherry control were loaded with C18:1 FFA overnight, and lipid droplets were imaged with the lipophilic dye
BODIPY 493/503. Nuclei were stained with Hoechst. White outlines denote representative transfected cells as determined by mCherry signals. The
scale bar is 50 μm. (B) Quantification of LD surface area per cell in COS-7 cells transfected with the indicated mCherry-DDHD2 constructs. (C)
BODIPY 493/503 signal intensity per cell in COS-7 cells transfected with the indicated mCherry-DDHD2 constructs. Data represent average values
± SEM of 58−155 cells per group, and results are combined from at least two independent experiments. ****P < 0.0001 for DDHD2 variant- versus
mCherry-transfected cells.
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WT DDHD2 Regulates TAG Storage in COS-7 Cells,
but HSP-Associated Mutants Do Not. Genetic disruption of

DDHD2 in mice leads to accumulation of intracellular lipid
droplets (LDs) in neurons throughout the brain,8 suggesting

Figure 3. WT DDHD2 alters TAG metabolism in fatty acid-supplemented COS-7 cells, but HSP-associated DDHD2 mutants do not. (A) The level
of 18:1/36:2 TAG, the most abundant detected TAG species after oleic acid supplementation, is decreased in COS-7 cells relative to that in cells
expressing mCherry and DDHD2 mutants. (B−D) Levels of 18:1/18:1 DAG, 18:1 MAG, and 18:1 FFA, respectively, are elevated in oleic acid-
supplemented COS-7 cells expressing WT DDHD2 relative to cells expressing mCherry and DDHD2 mutants. Data represent means ± SEM (N = 6
biological replicates). *P < 0.05 and **P < 0.01 for DDHD2- vs mCherry-transfected cells.

Figure 4. DDHD2 inhibitor KLH45 restores LD formation in fatty acid-supplemented DDHD2-expressing cells. (A) COS-7 cells transfected with
mCherry-DDHD2 were pretreated with KLH45 (2 μM), KLH40 (2 μM), or DMSO for 1 h before being supplemented with C18:1 fatty acid for 16
h. Cells were stained with BODIPY 493/503, and nuclei were labeled with Hoechst. White outlines denote transfected cells as determined by the
mCherry signal. The scale bar is 50 μm. (B) Quantification of the LD surface area per transfected cell in each treatment group. (C) Quantification of
the BODIPY 493/503 signal intensity per transfected cell in each treatment group. Data represent average values ± SEM of 22−50 cells per group,
and results are representative of two independent experiments. *P < 0.05, ***P < 0.001, and ****P < 0.0001 for DDHD2+DMSO or
DDHD2+KLH40 vs mCherry control cells. ####P < 0.0001 for DDHD2+KLH45 vs DDHD2+DMSO cells.
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that DDHD2, presumably by acting as a TAG hydrolase,
regulates LD formation and content. To test this hypothesis, we
established a cell-based assay to monitor LD accumulation in
COS-7 cells, which have served as a useful cell model for
imaging LDs and LD-associated proteins.17,18 COS-7 cells were
transfected with mCherry fusion proteins of DDHD2 variants
or the mCherry protein alone as a control. Cells were then
treated with oleic acid [C18:1 free fatty acid (FFA), 200 μM]
to promote the formation of LDs, and the BODIPY 493/503
dye19 was used to image the LD content of cells expressing
DDHD2 variants (Figure 2A).
Previous studies have suggested that DDHD2 localizes to the

cis-Golgi and endoplasmic reticulum (ER)−Golgi intermediate
compartment.20 However, we found that WT DDHD2 showed
a perinuclear subcellular distribution that was proximal to but
largely nonoverlapping with the cis-Golgi apparatus (Figure
S2). In reviewing past findings, we noted that original reports of
DDHD2 subcellular localization also described a perinuclear
distribution that only partially overlapped with cis-Golgi
markers.7 These data, taken together, indicate that WT
DDHD2 localizes to a subcellular membrane compartment
that is proximal to but distinct from classical ER or cis-Golgi
compartments. In contrast to the punctate, perinuclear
localization of WT DDHD2, HSP-associated DDHD2 mutants
(W103R, V220F, and Y661C fs*8) tended to display a more
diffuse cellular profile (Figure 2A). WT DDHD2-transfected
cells also exhibited decreased LD content compared to cells
expressing HSP-associated DDHD2 mutants, the S351A
mutant, or mCherry (Figure 2A and Figure S3), as quantified
by measuring the LD surface area (Figure 2B) or BODIPY
493/503 dye intensity (Figure 2C) in transfected cells. In
contrast, none of the HSP-associated DDHD2 mutants
decreased the LD content of COS-7 cells compared to that
of mCherry control cells (Figure 2A−C).
We also found that oleic acid-loaded COS-7 cells expressing

WT DDHD2, but not HSP-associated mutant forms of this
protein (or the S351A mutant), displayed a lower TAG content
and a correspondingly elevated diacylglycerol (DAG), mono-
acylglycerol (MAG), and free fatty acid (FFA) (Figure 3A−D
and Figure S4) content compared to those of mCherry-
expressing control cells. These data, combined with the LD
measurements noted above, indicate that WT DDHD2
suppresses LD accumulation in fatty acid-loaded cells by
hydrolyzing TAG, a key component of LDs, to generate the
corresponding DAG, MAG, and FFA products. In contrast, the
impaired TAG hydrolysis activity displayed by HSP-associated
mutant forms of DDHD2 results in an inability to perturb LD
formation in fatty acid-loaded cells.
We previously described a selective and in vivo-active

inhibitor of DDHD2, KLH45, and a structurally related
DDHD2-inactive control compound, KLH40.8 We first
confirmed inhibition of WT DDHD2 by treating transfected
COS-7 cells with a concentration range of KLH45 (or KLH40)
for 16 h, followed by ABPP with the DDHD2 probe HT-01 or
the general serine hydrolase probe fluorophosphonate rhod-
amine (FP-Rh). This experiment revealed that KLH45, but not
KLH40, selectively blocked DDHD2 activity, with complete
inhibition being observed with 2 μM KLH45 (Figure S5).
Treatment of WT DDHD2-transfected COS-7 cells with
KLH45 (2 μM) prior to loading these cells with oleic acid
(200 μM, 16 h) reversed the inhibitory effect of DDHD2
expression on LD accumulation (Figure 4A−C). In contrast,
treatment of WT DDHD2-transfected COS-7 cells with the

control compound KLH40 did not rectify the suppressed LD
content of these cells. Consistent with these LD imaging
results, we found that WT DDHD2-transfected COS-7 cells
treated with DMSO or KLH40 showed lower TAG content and
elevated quantities of the TAG hydrolysis products DAG,
MAG, and FFA compared to those of WT DDHD2-transfected
COS-7 cells treated with KLH45, which did not differ in their
lipid profile from mCherry-transfected control cells (Figure
5A−D and Figure S6A−C).

These results, taken together, provide strong evidence that
WT DDHD2, by acting as a TAG hydrolase, can regulate the
LD content of mammalian cells, and this function is impaired
by HSP-associated mutations or active-site-directed inhibitors
of the enzyme.

Assessing the Protein Composition of LDs from
DDHD2−/− Brain Tissue. LDs are cytoplasmic organelles
composed of a neutral lipid core surrounded by a monolayer of
phospholipids and can be enriched from tissues and cells based
on their buoyant properties in a sucrose gradient.21 Proteins are
targeted to LDs by multiple mechanisms, including structural
motifs, migration from the endoplasmic reticulum through LD
bridges, and/or lipid post-translational modifications.22−24 The
protein composition of LDs has been reported for a number of
mammalian tissues and cells25 but not, to the best of our
knowledge, from brain tissue, where LDs are rare organelles,

Figure 5. DDHD2 inhibition blocks TAG metabolism in fatty acid-
supplemented DDHD2-expressing cells. (A−D) The DDHD2
inhibitor KLH45 (2 μM, 17 h), but not the control inhibitor
KLH40 (2 μM, 17 h), blocks C18:1/C36:2 TAG decreases in
DDHD2-transfected COS-7 cells supplemented with C18:1 fatty acid
(A), as well as elevations in C18:1/C18:1 DAG (B), C18:1 MAG (C),
and C18:1 FFA (D). Data represent average values ± SEM (N = 4
biological replicates). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P
< 0.0001 for DDHD2+DMSO or DDHD2+KLH40 vs mCherry
control cells. #P < 0.05, ##P < 0.01, and ###P < 0.001 for
DDHD2+KLH45 vs DDHD2+DMSO cells.
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despite having several perceived functions in nervous system
physiology and disease.26,27

Protein correlation profiling, a technique in which the
relative quantities of proteins are estimated across fractionated
proteomic samples, has proven to be a useful method for
identifying proteins that are enriched in the LD fraction of cells
and tissues.28,29 We applied this method to DDHD2−/− brains,
which were homogenized and sequentially fractionated by
differential centrifugation and density gradient centrifugation,
after which proteins in each fraction were precipitated and
analyzed by liquid chromatography and tandem mass
spectrometry on a Thermo Fisher LTQ Orbitrap Velos
instrument, where the relative quantity of proteins across the
fractions was estimated by spectral counting (Figure 6A and
Table S2). In this experimental setup, LD-associated proteins
should be enriched in the most buoyant fraction (fraction 1).
We performed four biological replicates, and spectral count
measurements were highly reproducible for proteins across
replicate samples (Figure 6B; Pearson correlation coefficients R
of >0.8; also see Figure S7). Similar experiments were
attempted in DDHD2+/+ brains, but fraction 1 from these
samples contained only 10% of the total protein quantity found

in fraction 1 from DDHD2−/− brains, consistent with the much
more limited LD content of wild-type brain tissue.
A search of the normalized proteomic data revealed that

marker proteins of the plasma membrane (ATP1A1), nucleus
(HIST1H2B), mitochondria (VDAC2), and endoplasmic
reticulum (ER) (CALR) were enriched in the heavier insoluble
fractions 7−9, while the soluble cytosolic protein GAPDH was
enriched in fractions 3−6 (Figure 6C and Table S2). ER-
associated proteins also often had a second peak in fraction 2,
which could correspond to the smooth ER component of brain
tissue. Importantly, established LD proteins, such as PLIN2,
were enriched in fraction 1 (Figure 6C and Table S2). We
accordingly designated proteins as LD-associated if they
showed their highest relative spectral count value in fraction
1 that was also at least 3 times greater in magnitude than that of
the next highest fraction. We further required that, for a protein
to be designated as LD-associated, it be observed in fraction 1
in at least three of the four biological replicates and assigned at
least 15 total spectral counts across all experiments. Thirty-nine
proteins satisfied the aforementioned criteria (Table 1), and a
representative subset of correlation profiles for these proteins is
shown in Figure 6D. Analysis of GO terms enriched in the LD-
associated proteins returned lipid droplet (GO:0005811) as the

Figure 6. Protein correlation profiling identifies LD-enriched proteins from brain tissue of DDHD2−/− mice. (A) Schematic representation of the
protein correlation profiling experiment. DDHD2−/− mouse brains were homogenized and sequentially fractionated by differential centrifugation and
a sucrose density gradient centrifugation. Proteins from all fractions were precipitated and processed in parallel for mass spectrometric analysis.
Spectral counts were normalized for each quantified protein across fractions to generate the correlation profiles. (B) Reproducibility of spectral count
values for proteins in each fraction from biological replicate experiments. The numbers of spectral counts observed for each protein in experiments 1
and 2 are plotted on the X- and Y-axes, respectively. Pearson correlation coefficients between all pairwise groups of fractions are reported in Figure
S7. Protein correlation profiles for representative organellar marker proteins: PLIN2, lipid droplets (LDs); CALR, endoplasmic reticulum (ER);
GAPDH, cytosol; VDAC2, mitochondria; ATP1A1, plasma membrane; HIST1H2B, nucleus. Data represent average values ± SEM (N = 4 biological
replicates). (D) Representative LD-enriched proteins in brain tissue from DDHD2−/− mice, defined as proteins with ≥3-fold spectral counts in
fraction 1 vs the fraction with the next highest spectral counts that also met the following filtering criteria: ≥15 total spectral counts and detection in
fraction 1 in at least three of the four biological replicates. Data represent average values ± SEM (N = 4 biological replicates). (E) Hierarchical
clustering of proteins based on relatedness of correlation profiles across fractions. Average spectral count values for each protein in each fraction were
normalized to the fraction with the most spectral counts for that protein. The horizontal brace highlights the lipid droplet (LD)-enriched cluster that
contains 49 members.
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most significantly overrepresented term (Figure S8), and
several of these proteins (19 of 39) have also been linked to
LDs in previous proteomic experiments with other mammalian
cells and tissues (Table 1). A literature review of additional LD-
associated proteins identified in DDHD2−/− brain tissue
revealed that AGPAT6 and RDH10 have also been found to
localize to LDs.17,43 Sixteen remaining proteins represented

novel candidate LD-associated proteins (Table 1), and a subset
of these proteins were restricted in expression to the CNS
(CBLN1, EPHX4, and VPS13C) (Figure S9). Detection of
APOB as a LD-associated protein likely results from blood
contamination in the preparation of the brain LD fraction.
Several of the LD-associated proteins are associated with
human neurological diseases, including GRN (frontotemporal

Table 1. Lipid Droplet (LD)-Associated Proteins Identified in Brain Tissue from DDHD2−/− Mice

UniProt
accession
number gene name

lipid droplet
GO:0005811

identified as LD-associated in
previous proteomic

experiments
proteomic
references

other references
for LD

association human disease (OMIM number)

Q9DBL9 Abhd5 true yes (5a) 30−34 Chanarin-Dorfman syndrome (275630)
Q5SWU9 Acaca yes (4) 30, 32, 33,

35
acetyl-CoA carboxylase 1 deficiency (613933)

Q9CZW4 Acsl3 true yes (6) 30−33, 36,
37

Q8K2C8 Agpat6 0 17
E9Q414 Apob 0 hypercholesterolemia (144010),

hypobetalipoproteinemia (615558)
Q9WV54 Asah1 0 spinal muscular atrophy with progressive myoclonic

epilepsy (159950), Farber lipogranulomatosis
(228000)

Q6P4T0 Atg2a true 0 38
P70295 Aup1 yes (2) 30−32
Q9R171 Cbln1 0
P61022 Chp1 0
P18242 Ctsd yes (1) 31 neuronal ceroid lipofuscinosis (610127)
Q9R013 Ctsf 0 neuronal ceroid lipofuscinosis (615362)
Q99L04 Dhrs1 yes (3) 30, 31, 39
O88876 Dhrs3 yes (1) 32
Q6IE26 Ephx4 0
P70213 Fv1 0
O70325 Gpx4 0 spondylometaphyseal dysplasia (250220)
P28798 Grn 0 frontotemporal dementia (607485), neuronal ceroid

lipofuscinosis (614706)
Q91WA3 Hdac11 0
Q9EQ06 Hsd17b11 true yes (5) 30, 33, 37,

39, 40
O88736 Hsd17b7 yes (5) 30−33, 39
Q9DCE9 Igtp yes (1) 31 Crohn’s disease (612278)
Q9JHS3 Lamtor2 0 immunodeficiency (610798)
Q8BVA5 Ldah true yes (2) 31, 40
Q8BLN5 Lss true yes (6) 31−34, 37,

39, 40
cataract (616509)

Q8C6B0 Mettl7a1 true yes (4) 30, 31, 36,
40

41

Q9D7V9 Naaa 0
Q8BHF7 Pgs1 yes (1) 31
P43883 Plin2 true yes (6) 30, 32, 33,

36, 37,
39

Q9DBG5 Plin3 true yes (5) 32−34, 37,
40

O88492 Plin4 true 0 42
Q8VCH7 Rdh10 0 43
Q6PDS3 Sarm1 0
Q8R127 Sccpdh true yes (4) 30−32, 37
O89023 Tpp1 yes (1) 30 neuronal ceroid lipofuscinosis (204500),

spinocerebellar ataxia (609270)
Q9DBS2 Tprg1l 0
Q8R5K2 Usp33 yes (2) 30, 35
Q8BX70 Vps13c 0 Parkinson’s disease (616840)
Q91VM3 Wdr45 0 neurodegeneration with brain iron accumulation

(300894)
aNumber of proteomic studies in which protein has been identified as LD-associated.
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dementia and neuronal ceroid lipofuscinosis), VPS13C
(Parkinson’s disease), and WDR45 (neurodegeneration with
brain iron accumulation) (Table 1).
As a complement to the aforementioned filtering criteria for

identifying LD-associated proteins, we analyzed the proteomic
spectral count data using hierarchical means clustering, as
described previously,29 to group proteins that showed similar
protein correlation profiles (Figure 6E). This analysis furnished
a cluster of proteins primarily present in fraction 1 that
contained all 39 proteins described above and an additional 10
proteins, including proteins involved in lipid metabolism, such
as NSDHL and ACLS4 (Table S3). The clustering output also
uncovered proteins with dual representation in fraction 1
(LDs) and other fractions (Figure S10 and Table S3). For
instance, several proteins were found in both fractions 1 and 8
that corresponded to endosomal/lysosomal proteins (Figure
S10), such as MAPK and MTOR activator 1 (LAMTOR1),
cathepsin D (CTSD), and protein palmitoyl transferase 1
(PPT1). These results could indicate that, in DDHD2−/− brain
tissue, a subset of LDs are fused to lysosomes, possibly to
undergo degradation by a form of autophagy known as
lipophagy.44 Potentially consistent with this hypothesis, we also
found proteins involved in autophagy processes, such as
ATG2A, ATG2B, WDR45, and VPS13C, in the LD fraction
(fraction 1). It is worth noting that ATG2A and ATG2B have
been found to localize to LDs and influence their size and
cellular distribution, suggesting a direct functional relationship
between a subset of the autophagy network and LD structure
and distribution.38

Finally, we also analyzed the lipid composition of LDs from
brain tissue of DDHD2−/− mice. The hydrophobic core of LDs
typically contains a mixture of TAGs and cholesterol esters that
can vary in relative quantity depending on tissue type.45 TLC
analysis of lipid extracts from DDHD2−/− brain LDs revealed
that they are primarily composed of TAGs and phospholipids
with smaller quantities of cholesterol esters (Figure 7A,B).
These data, taken together, indicate that LDs originating

from brain tissue of DDHD2−/− mice contain both shared and
unique sets of proteins compared to LDs from other
mammalian tissues and are enriched with TAGs, a principal
substrate class of DDHD2.

■ DISCUSSION
Lipid droplets (LDs) in adipose tissue, liver, and muscle are
used as storage depots for excess energy that can be liberated in
response to energy demands.47 In these tissues, the TAG
hydrolase PNPLA2 plays a central role in regulating LD
content.9,48 The healthy brain, in contrast, has very few LDs,
and the TAG composition of neurons is generally unaffected by
genetic disruption of PNPLA2, which is not robustly expressed
in brain tissue (Figure S11).49 Recent studies indicate that
DDHD2 serves as a principal TAG hydrolase in the nervous
system, where the genetic disruption of this enzyme leads to
ectopic deposition of LDs in neurons throughout the brain.8

That deleterious mutations in the human DDHD2 gene also
produce the neurological disorder complex hereditary spastic
paraplegia (HSP) points to the regulation of LD content as a
key factor in preserving neuronal physiology and function.
Here, we sought to understand how HSP-associated mutations
affected DDHD2 function using a combination of biochemical,
chemical biology, and cell biology assays.
Our findings collectively support a model in which HSP-

associated mutations impair the TAG hydrolase activity of

DDHD2, which in turn disrupts the capacity of this enzyme to
limit LD formation in cells. Among the DDHD2 mutations, the
V220F variant is atypical in that it causes a later onset disease
termed hereditary spastic ataxia. We found that the protein
expression and HT-01 reactivity of V220F DDHD2 were
unperturbed, but the TAG hydrolase activity of this variant was
markedly reduced compared to that of WT DDHD2. These
data are consistent with reports that the V220F DDHD2
protein displays less activity with a phosphatidic acid (PA)
substrate,4 although some residual activity against this
phospholipid substrate was observed. It is possible that the
apparent disparity in activity displayed by V220F DDHD2 in
experiments measuring HT-01 reactivity and TAG versus
phospholipid turnover reflects differences in the dynamic range
of these assays; however, V220F DDHD2 also showed
impairments on par with other HSP-associated mutants in
cellular assays of TAG and LD content. Thus, it is alternatively
possible that the V220F DDHD2 mutant exhibits selective
deficiency in TAG substrate recognition, although how this
profile produces a less severe neurological disease outcome
remains unknown. We also note that pathogenic mutations,
including V220F, appear to alter the subcellular distribution of
DDHD2 in transfected cells (Figure 2A), suggesting that
mislocalization of these mutant proteins may also contribute to
lipid droplet accumulation.
We took advantage of the selective inhibitor KLH45 to

confirm that acute pharmacological blockade of DDHD2 leads
to TAG and LD accumulation in fatty acid-loaded cells. These
experiments also provided a means of exploring whether WT
DDHD2 localizes to LDs, a question that could not be
addressed with the active enzyme because of its ability to
prevent LD formation in fatty acid-loaded cells. In KLH45-
treated cells, DDHD2 did not appear to bind directly to LDs

Figure 7. LDs from brain tissue of DDHD2−/− mice are primarily
composed of TAGs. (A) Lipids isolated from the LD fraction of brain
tissue of DDHD2−/− mice by a mixture of 4:1:4 (v/v) CHCl3/
CH3OH/H2O. Lipid classes were separated by thin layer chromatog-
raphy (TLC) using an established solvent system46 and visualized by I2
staining. Abbreviations: CE, cholesterol ester; TAG, triacylglycerol;
FFA, free fatty acids; DAG, diacylglycerol; Chol, cholesterol; MAG,
monoacylglycerol; PL, phospholipid. (B) Estimation of relative lipid
quantities in the LD fraction as visualized by I2 staining in panel A.
Data represent average values ± SEM (N = 5). (C) Model to explain
how DDHD2 regulates the LD content of neurons. DDHD2 functions
as a principal TAG hydrolase in neurons, thereby preventing excessive
accumulation of TAGs. Loss of DDHD2, through genetic mutation or
chemical inhibition, blocks the metabolism of TAGs, leading to
accumulation of TAG-enriched LDs in neurons throughout the CNS.
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but rather remained associated, at least in part, with perinuclear
membranes (Figure 4A). In future studies, it would be
interesting to examine how DDHD2 regulates LD content in
cells without directly associating with this organelle. One
possibility is that DDHD2 acts on nascent LDs (<200 nm
diameter) that cannot readily be visualized by BODIPY 493/
503 staining,50 or perhaps DDHD2 consumes TAGs in other
membrane organelles to limit the availability of these lipids for
the formation of LDs.
Brain LDs, while rare in healthy individuals, are observed in a

variety of neurodegenerative diseases, including Huntington’s
disease and Alzheimer’s disease,51,52 and SPG54 patients
display a characteristic magnetic resonance spectroscopic peak
reflecting lipid accumulation in the brain.1,3 These findings
point to a potential pathogenic role for LDs in the CNS,
although our mechanistic understanding of this relationship
remains limited. Determining the protein content of brain LDs
represents an important first step toward elucidating LD
functions in CNS physiology and disease. We accordingly took
advantage of DDHD2−/− mice to characterize the proteome of
LDs that accumulate in the brains of these animals. These
studies confirmed the presence of several proteins that have
been previously found to associate with LDs in other tissue and
cell types, indicating a common set of proteins that bind to LDs
from different origins. More interesting, however, was a subset
of LD-associated proteins in DDHD2−/− brains that represent
CNS-enriched proteins and proteins with direct genetic links to
human neurological disease (Table 1). The distribution of these
CNS-related proteins to LDs could alter their function,
providing a potential mechanism by which LD accumulation
in neurons promotes HSP and other neurological disorders.
The identification and characterization of proteins that promote
LD formation in the CNS could accordingly reveal therapeutic
targets for the treatment of neurological disease.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.bio-
chem.7b01028.

Supporting figures (Figures S1−S11), supplemental table
(Table S1), and supplemental methods (PDF)
Spectral counts from four replicates of DDHD2−/− brain
protein correlation profiling experiments (Table S2)
(XLSX)
Lipid droplet-associated proteins and proteins with dual
localization between the lipid droplet and other fractions
derived by hierarchical clustering (Table S3) (XLSX)
Peptide level data from four replicates of DDHD2−/−

brain protein correlation profiling (Table S4) (XLSX)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: cravatt@scripps.edu.
ORCID
Benjamin F. Cravatt: 0000-0001-5330-3492
Author Contributions
J.M.I. and B.F.C. designed experiments, interpreted results, and
wrote the paper. J.M.I. cloned DDHD2 mutants and performed
lipid droplet accumulation experiments and lipid droplet
proteomics. W.B.K. performed confocal microscopy data

acquisition and analysis. H.W., T.C.W., and R.V.F. provided
technical assistance with brain lipid droplet isolation.

Funding
This work was supported by a Spastic Paraplegia Foundation
grant (J.M.I.) and National Institutes of Health Grants R01
DA033760 (B.F.C.) and R01 GM097194 (T.C.W.).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful to B. Kok, A. Galmozzi, and E. Saez
[Saez laboratory, The Scripps Research Institute (TSRI)] for
helpful discussions. The authors also thank L. Bar-Peled for
confocal microscopy assistance (Cravatt laboratory, TSRI) and
K. Lum and R. Suciu (Cravatt laboratory, TSRI) for helpful
discussions and assistance with proteomic analysis. The animal
experiments in this study were approved by the Scripps
Research Institute Institutional Animal Care and Use
Committee (IACUC 09-0041-03).

■ REFERENCES
(1) Schuurs-Hoeijmakers, J. H. M., Geraghty, M. T., Kamsteeg, E.-J.,
Ben-Salem, S., de Bot, S. T., Nijhof, B., van de Vondervoort, I. I. G. M.,
van der Graaf, M., Nobau, A. C., Otte-Höller, I., Vermeer, S., Smith, A.
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