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A B S T R A C T

Nuclear-lipid droplets (nLD)—a dynamic cellular organelle that stores neutral lipids, within the nucleus of
eukaryotic cells—consists of a hydrophobic triacylglycerol –cholesterol-ester core enriched in oleic acid (OA)
surrounded by a monolayer of polar lipids, cholesterol, and proteins. nLD are probably involved in nuclear-lipid
homeostasis serving as an endonuclear buffer that provides or incorporates lipids and proteins participating in
signaling pathways, as transcription factors and enzymes of lipid metabolism and nuclear processes. In the present
work, we analyzed the nLD proteome and hypothesized that nLD-monolayer proteins could be involved in pro-
cesses similar as the ones occurring in the cLD including lipid metabolism and other cellular functions. We
evaluated the rat-liver–nLD proteome under physiological and nonpathological conditions by GeLC-MS2. Since
isolated nLD are highly diluted, a protein-concentrating isolation protocol was designed. Thirty-five proteins were
identified within the functional categories: cytoskeleton and structural, transcription and translation, histones,
protein-folding and posttranslational modification, cellular proliferation and/or cancer, lipid metabolism, and
transport. Purified nLD contained an enzyme from the lipid-metabolism pathway, carboxylesterase 1d (Ces1d/
Ces3). Nuclear Carboxylesterase localization was confirmed by Western blotting. By in-silico analyses rat Ces1d/
Ces3 secondary and tertiary structure predicted would be equivalent to human CES1. These results—the first nLD
proteome—demonstrate that a tandem-GeLC-MS2-analysis protocol facilitates studies like these on rat-liver
nuclei. A diversity of cellular-protein function was identified indicating the direct or indirect nLD participation
and involving Ces1d/Ces3 in the LD-population homeostasis.
1. Introduction

Nuclear-lipid droplets (nLD) are a dynamic cellular organelle that
stores neutral lipids, within the nucleus of eukaryotic cells, as previ-
ously reported [1]. nLD are composed of a hydrophobic core of tri-
acylglycerol (TAG) and cholesteryl ester (CE) enriched in oleic acid
(OA) and surrounded by a monolayer of polar lipids, cholesterol (C),
and proteins [1]. nLD are likely to be involved in nuclear-lipid ho-
meostasis by serving as an endonuclear buffering system that provides
or incorporates lipids and proteins participating in signaling pathways,
such as transcription factors and enzymes of lipid metabolism and
nuclear processes.
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In liver cells, LDs are organized mainly within two intracellular
compartments—the cLD in the cytoplasm, constituting the principal
population at approximately 90%, and the nLD in the nucleus, corre-
sponding to the remaining 10% [2]—though extremely small LDs have
also been described in the lumen of the endoplasmic reticulum (ER)
under particular conditions [3]. Both of the twomajor LD populations are
reversibly altered by OA through a coordinated metabolism that de-
termines size changes in the LD populations resulting from the ongoing
biosynthesis of TAG, CE, C, and polar lipids (PLs), as already reported [2].

LDs are the cellular organelle that dynamically stores and compart-
mentalizes neutral lipids in eukaryotic and in at least certain prokaryotic
organisms such as the oleaginous bacteria [4]. In general, when an
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organism contains TAGs or neutral lipids, LDs should also be present
owing to their thermodynamically stable supramolecular structure. In
this regard, it has been proposed the possibility that LDs could have been
the earliest evolved organelle [4]. cLD coordinate cellular lipid meta-
bolism in bacteria by direct protein interactions with the bacterial
chromosome [4] and in eukaryotic organisms by association with almost
all the cytoplasmic organelles by means of specific contact sites [5].

Accordingly, considerable cLD-related literature is found which in-
dicates that monolayers proteins are involved in the LD structural orga-
nization and in the many cellular processes involving lipid metabolism
[6, 7, 8, 9, 10], though only scarce information is available on the nLD.
For example, under control conditions the cLD-associated proteins per-
ilipin1 (PLIN1) and acetyl-CoA acetyltransferase1 (ACAT1) could not be
identified in rat-liver nuclei [1], and only few proteins associated with
nLD under stimulated conditions and ER stress have been described [11,
12].

The aim of the present work was to analyze nLD proteome by one-
dimensional gel electrophoresis in combination with nanoliquid-
chromatography and sequential tandem mass spectrometry (i.e., GeLC-
MS2) in order to determine the structural organization and cellular
functions of nLD. Our hypothesis was that the proteins in the nLD
monolayer could be involved in processes similar to those of cLD—i.e.,
lipid metabolism including other functions.

Since nLD proteins correspond to a very low proportion of cellular
proteins (0.0004%), as already reported [1]; we designed and applied a
specific protocol to enrich the nLD sample in proteins and eliminate
different LD components that might interfere (i.e., interferers) with the
proteomic technique. Through this approach, a total of 35 different
proteins in nLD were identified by GeLC-MS2 and classified in categories
based on their tentatively assigned cellular function as follows: cyto-
skeleton and structural (31%), transcription and translation (23%), his-
tones (20%), protein folding and posttranslational modifications (8.5%),
cellular proliferation and cancer (8.5%), lipid metabolism (6%), and
transport (3%). An enzyme from the lipid-metabolism pathway, the
carboxylesterase 1d (Ces1d/Ces3), was identified in purified nLD and the
carboxylesterase localization further confirmed by Western Blotting.

2. Materials and methods

2.1. Materials

Mouse monoclonal antibody against Ces1d/Ces3 (CES3(B-8): sc-
374160); rabbit polyclonal antibody against ß-tubulin; horseradish-
peroxidase-conjugated (HRPc) goat anti(mouse IgG) antibody; and
HRPc goat anti(rabbit IgG) antibody were purchased from Santa Cruz,
Biotechnology, Inc. (Santa Cruz, CA, USA) and LAP2β from BD Bio-
sciences (San Jose, CA, USA). Alexafluor-594-labelled chicken anti(-
mouse IgG) and the boron-dipyrromethene dye BODIPY 493/503 were
obtained from Invitrogen (Buenos Aires, Argentina) and 40,6-diamidino-
2-phenylindole (DAPI) from Sigma-Aldrich (St. Louis, MO, USA). Oleic
acid sodium salt (�99% purity) and fatty acid-free bovine-serum albumin
(BSA) were acquired from Sigma-Aldrich (St. Louis, MO, USA); Amicon®
ultracentrifugation filters from Millipore-Merck, Darmstadt, Germany);
cOmplete™ EDTA-free protease-inhibitor cocktail from Roche
Diagnostics-Roche Applied Science, Indianapolis, IN, USA; 3-[N,N-
Dimethyl (3-myristoylaminopropyl)ammonium]propanesulfonate (ASB-
14) from Sigma-Aldrich, St. Louis, MO, USA; and mass-spectrometry-
grade trypsin from Promega Corporation, WI, USA. All the other re-
agents used in the assays were of standard laboratory grade.

2.2. Ethics statement

We conducted the study in strict accordance with standard proced-
ures and in agreement with the local guidelines for vertebrate-animal
welfare as well as with the United-States-Public-Health-Service and/or
European-Union policies on the humane treatment of experimental
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animals (National Research Council, National Academy Press, Washing-
ton DC, 2010 and/or European Union Directive for Animal Experiments
2010/63/EU). The project was approved by the Institutional Animal Care
and Use Committee (IACUC) of the Facultad de Ciencias M�edicas, Uni-
versidad Nacional de La Plata, Argentina, and Protocol Number: P1-01-
2017.

2.3. Animals

Experiments were performed on 180- to 200-g 60- to 70-day-old male
Wistar rats. The animals were housed in rooms with 12:12 h light–dark
diurnal cycle (midnight being the midpoint of the dark period), and the
experiments were performed in accordance with the Guide for Care and
Use of Laboratory Animals (1996, National Academy Press). The rats
were maintained on a commercial standard-pellet diet (ACAI mouse and
rat chow, San Nicol�as, Buenos Aires, Argentina) plus tap water ad libitum.
The diet contained (by weight) 20% proteins and 4% total lipids with a
fatty-acid (FA) composition of 15.6% 16:0; 1.1% 16:1; 6.3% 18:0; 26.9%
18:1 (n-9); 1.6% 18:1 (n-7); 42.7% 18:2 (n-6); 5.7% 18:3 (n-3); and trace
amounts of 14:0, 20:4 (n-6), and 22:6 (n-3).

2.4. Preparation of rat-liver homogenates and isolation of nuclei and nLD

Highly purified nuclei were isolated from rat-liver homogenates by
sucrose-gradient ultracentrifugation after the method of Blobel and
Potter [13], as modified initially by Kasper [14], and then slightly further
in the laboratory [1]. The procedure stated in brief: Rats were euthanized
by decapitation at 8 a.m. to standardize the effect of circadian rhythms
[15] and the pooled livers from 10–12 animals homogenized at a ratio of
1:2 (w/v) in 0.25 M sucrose in Buffer A (50 mM Tris-HCl, 2.5 mM KCl, 5
mM MgCl2; pH 7.5) [15]. All steps were carried out at 4 �C. Morpho-
logical and biochemical criteria were used to assess the purity of the
isolated nuclei [1].

nLD were isolated from fresh rat-liver nuclei (not previously frozen)
and corresponded to the upper band (the α band) recovered from the
sucrose gradient as previously reported [1]. Therefore, nuclei were first
isolated from fresh liver (10–12 rats), then nLD were isolated from the
nuclear fraction and finally, the newly isolated nLD fraction were frozen
at -70 �C and stored. The nLD-isolation procedure was repeated ten times,
thus involving a total of between 100 and 120 rats, in order to reach the
amount of protein required for proteomic analysis.

The concentration of all fractions was determined by the protein
content as measured by the method of Bradford [16] for the nLD and
Lowry [17] for the homogenate and isolated nuclei with crystalline BSA
as a standard. All fractions were stored at –70 �C until used.

2.5. Preparation of nLD-protein extracts

nLD proteins were extracted and concentrated from the α band of the
sucrose-density gradient as described (Figure 1). All steps were done at 4
�C. The nLD fraction (α band) was filtered by centrifugation through a
membrane of 3-kDa molecular-weight cutoff (Millipore Amicon® Ultra
0.5 ml 3K Centrifugal Filters). Then it was centrifuged in like manner
through either the same membrane to produce the Sample A of Protocol
A (Figure 1) containing the total proteins in the nLD fraction or a
membrane of 100-kDa molecular-weight cutoff (Millipore Amicon®
Ultra 0.5 ml 100K) to obtain Sample B in Protocol B constituting the total
nLD-associated proteins (Figure 1). The nLD Sample A was then washed
by centrifuging with Buffer B (50 mM Tris-HCl pH 8.3 with the protease-
inhibitor cocktail). In addition, one aliquot of nLD Sample B was washed
with Buffer B, whereas the other was washedwith 0.5MNaCl in the same
buffer (Sample C in Protocol C for the nLD salt-resistant proteins). Then
Buffer C—lysis Buffer-1 containing 7 M urea, 2 M thiourea, 4% [w/v]
dimethyl[3-propyl azaniumyl]propane-1-sulfonate (CHAPS), 2% [w/v]
of the zwitterionic-detergent ASB-14, and 30 mM Tris-HCl pH 8.3—was
added to every sample in order to continue with the lipid removal step.



Figure 1. Scheme of nLD protein purification and identification. A sche-
matic flowchart of nLD protein extraction, concentration, and identification is
illustrated as explained in the Materials and Method section. nLD were isolated
from rat-liver nuclei and corresponded to the sucrose-gradient upper band (α
band). Three different subsets of nLD proteins were obtained: Sample A (A), the
total proteins in the nLD fraction, comprising those from the nLD as well as the
floating buoyant nuclear proteins; Sample B (B), the nLD-associated proteins;
and Sample C (C), the nLD salt-resistant proteins. A total of 35 different proteins
were identified among the three nLD samples; with 17, 16, and 14 total proteins
comprising samples A, B, and C, respectively, as detailed in Supplementary
Tables S1–S3. A total of 12, 8, and 6 unique proteins were identified in A (Only
A), B (Only B), and C (Only C) samples, respectively; 1, 1, and 4 proteins were
present in both samples A and B, A and C, and B and C, respectively; while 3
proteins were identified in all three nLD samples (A, B, and C) as detailed in
Supplementary Table S4.
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The samples were left at 4 �C overnight and then kept on ice for soni-
cation in a Branson 450 Sonifier with a tip of 1/800 outer diameter
(Danbury, CT, USA), first at 20% amplitude with cycles (on/off) of 0.5/
0.5 s for 60 s and then at 35% with cycles of 0.5/0.5 s for 30 s. The
sonicated samples were concentrated by filtration through nitrocellulose
membranes of 10-kDa molecular-weight cutoff (Millipore Amicon® Ultra
0.5 ml 10K Centrifugal Filters).

After protein precipitation from samples A, B, and C by means of a 2-D
Clean-Up Kit (GE Healthcare Bio-Sciences Corp. NJ, USA); the pellet was
suspended in Buffer D (lysis buffer-2 containing 8 M Urea, 2.5% [w/v]
CHAPS, 2% [w/v] ASB-14, in Buffer E [30 mM Tris-HCl]; pH 8.3).
2.6. GeLC-MS2

2.6.1. Sodium-dodecyl-sulfate–polyacrylamide-gel electrophoresis (SDS-
PAGE) and in-gel digestion

nLD-protein samples (A–C) were diluted for electrophoresis in Buffer
F (0.35 M Tris-HCl, pH 6.8, 30% [w/v] glycerol, 10% [w/v] SDS, 0.012%
bromphenol blue and 0.6 M dithiothreitol) and then incubated at room
temperature for 30 min. The proteins were resolved by SDS-PAGE in 1-
mm-thick 10% (w/v) uniform slab gels (Bio-Rad, USA) at 120 V in (25
mM Tris base, 192 mM glycine, 3.5 mM SDS; pH 8.3).

After electrophoresis, proteins were stained by Coomassie Colloidal
stain (0.012% [w/v] Coomasie G-250, 10% [w/v] ammonium sulfate,
10% [w/v] phosphoric acid, 20% [v/v] methanol); [18]. Next, after
separating entire gel lanes into slices, an in-gel–digestion protocol was
carried out consisting of dithiothreitol reduction at room temperature
(10 mM, 20 min) followed by iodoacetamide alkylation (25 mM, 20 min
in the dark) and finally trypsin digestion (30 ng of trypsin in 25 mM
ammonium bicarbonate) overnight at 37 �C. After proteolysis, the
resulting peptides were extracted with 0.1% (v/v) formic acid in 25 mM
ammonium bicarbonate and concentrated for vacuum evaporation. The
peptide mixture was resuspended in 0.1% [v/v] formic acid.

2.6.2. Analysis by nanoliquid-chromatography–tandem-mass-spectrometry
(nLC-MS2)

The tryptic peptides were separated by an initial nLC followed by
tandem electrospray-MS analysis. The peptide separation was performed
on an EASY-nLC–II system (Proxeon Biosystems, Denmark) connected to
an amaZon-ETD ion-trap mass spectrometer (Bruker Daltonics, Bremen,
Germany). The samples were loaded onto an EASY C18-A1 trap column,
100 μm � 20 mm, 5 μm (Thermo Fisher Scientific). The trap column was
connected to an EASY C18-A2 analytical column, 75 μm� 100 mm, 3 μm
(Thermo Fisher Scientific), equilibrated with 2% (v/v) aqueous aceto-
nitrile with 0.1% (v/v) formic acid. The peptides were eluted at 250 nl/
min, by means of a 100-min linear gradient of 3–35% acetonitrile. The
mass spectrometer automatically switched between MS and the tandem
MS2 second acquisition in positive mode. The full MS-survey spectra (m/
z 100–3,000) were acquired in the amaZon-ETD ion trap in at an
ultrascan-mode resolution. The ion-charge control target was set at 2 �
105 with a maximum ion-accumulation time of 170 ms. In the collision-
induced dissociation–based procedures, the four most intense ions from
each survey scan were subjected to fragmentation. The ions were ob-
tained with an isolation window of 4 m/z units and provided in a
dynamic-exclusion list for 60 s after being selected for a second
sequential MS scan (MS2).
2.7. Electrophoresis and immunoblotting

Samples of liver homogenate and isolated whole nuclei were pre-
pared for electrophoresis by first adding Laemmli sample Buffer H (125
mMTris, 20% (v/v) glycerol, 4% (w/v) SDS, and 2% (v/v) 2-mercapthoe-
thanol plus bromphenol blue; pH 6.8) and then boiling at 100 �C for 6
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min. Samples (50–100 μg protein per well) were resolved by SDS-PAGE
in 0.75-mm-thick 10% (w/v) uniform slab gels at 120 V for 100 min in
Buffer G. The separated proteins were transferred to polyvinylidine-
difluoride (PVDF) membranes (BioRad, Hercules, CA, USA) in the
transfer Buffer I (25 mM Tris base, 192 mM glycine, 20% (v/v) methanol;
pH 8.3). Nonspecific-binding sites on the membranes were blocked by an
overnight incubation with 5% (v/v) nonfat milk in Buffer J (1.4 mM/l
NaH2PO4, 8 mM Na2HPO4, 150 mM NaCl plus 0.1% [v/v] Tween-20; pH
7.4). The membrane strips were then incubated with the primary anti-
body diluted in 1% (v/v) nonfat milk in Buffer J (at 1:1,000 for anti-
Ces1d/Ces3, 1:2000 for anti-LAP2β and 1:200 for anti-[ß-tubulin]) for
1 h at room temperature under gentle shaking. The immunoblots were
developed through the use of secondary horse-radish-perox-
idase–conjugated (HRPc) antibody. Themembranes were washed 6 times
for 5 min with Buffer J and then incubated for 1 h at room temperature
under gentle shaking with the secondary HRPc-antibodies anti(mouse
IgG) and anti(rabbit IgG) diluted 1:5,000 in Buffer J containing 1% (v/v)
nonfat milk. Membranes were finally washed 6 times with Buffer J for 5
min each. The peroxidase activity was revealed by means of the Pierce
enhanced-chemiluminescence (ECL) Western-blotting substrate (Pierce,
Rockford, IL, USA) followed by chemiluminescence-image acquisition
with an ImageQuant 350 digital-imaging system (GE Health Care, Buenos
Aires, Argentina). Protein loading control was analyzed in the poly-
acrylamide gels and membranes after the transferring process by staining
with Coomassie Blue and Ponceau S respectively [19].
2.8. MS-data analysis

Searches were performed by the Mascot search engine (Matrix Sci-
ence, London, U.K.) with ProteinScape 3.0 software (Bruker Daltonics).
Before the search, spectra were analyzed by means of the DataAnalysis
software (Bruker Daltonics) with the default parameters set by the soft-
ware developer. Carbamidomethyl (Cys) and oxidation (Met) were
selected as variable modifications. Peptide-mass tolerances of 0.3 Da and
0.6 Da for the fragment masses were adopted as search parameters.
Initially, it was considered each identified protein as an unambiguously
assigned unique peptide that passed the identity score (Cutoff>35) in the
Mascot searches; then a manual validation was performed on the MS2

spectra by fragment assignments on the b- and y-series ions.
2.9. In silico Ces1d/Ces3 analysis

The predicted model of the tertiary structure of rat Ces1d was ob-
tained using the online server Phyre2 (Protein Homology/Analogy
Recognition Engine) V 2.0 (http://www.sbg.bio.ic.ac.uk/phyre) [20].
Phyre2 uses different databases, such as Structural Classification of
Proteins (SCOP) and Protein Data Bank (PDB). Through different
sequential steps, such as profile construction, similarity analysis, and
analysis of structural properties, Phyre2 selects the most appropriate
template and, based on this, generates a protein model.

The sequences of rat Ces1d (ID: P16303) and human CES1 (ID:
P23141) were extracted from the UniProt database and aligned using the
ClustalW2 algorithm [21], with the following parameters: Gapopen 10.0;
gapextend 0.5; endopen 10.0; endextend 0.5; Matrix: EBLOSUM62; Gap
penalty: 10.0; Extend penalty: 0.5.

3. Results

3.1. nLD-protein samples

All biologic LDs contain a specific set of associated proteins that are
considered to be located in the LD monolayer as integral or peripheral
elements. Peripheral proteins, in particular, interact with themonolayer's
hydrophobic or amphipathic domains that are composed of polar lipids,
cholesterol, and/or proteins.
4

To determine the protein profile of the nLD, we employed proteomics.
The nLD isolated from rat-liver nuclei became localized in a single, thin,
whitish, practically translucent band (α band) recovered at the top of the
initial sucrose gradient used. Since the nLD sample (α band) was very
diluted in LDs [1], we designed a protocol specifically to enrich the nLD
sample in proteins and eliminate different proteomics-interfering com-
ponents (cf. the schematic flow chart Figure 1).

The proteins were obtained by three different extraction protocols in
the initial concentration step. Our objective was to achieve the isolation
of different subsets of the nLD proteins with restricted characteristics in
order to reveal highly minor components as follows: Sample A comprised
the total nLD-fraction proteins (A), consisting in the proteins collected at
the top of the sucrose gradient in the α band—which fraction included
the nLD proteins as well as the buoyant nuclear proteins. In contrast,
samples B and C were freed from the nuclear buoyant proteins upon
sequential filtering through Amicon® membranes of molecular-weight
cutoff 100 kDa. Hence, samples B and C corresponded to the total nLD
proteins (i. e., fraction B, the nLD-associated proteins) and nLD salt-
resistant proteins (C), respectively.

One of the interfering components in the nLD sample (α band) was the
sucrose carried over from the previous density gradients. This sucrose
was removed, however, by the washing steps performed during the first
sample concentration (Figure 1).

The lipids present in the nLD were also interfering components suc-
cessfully removed by the treatments with chaotropic agents such as urea
and thiourea and the nonionic detergents. Moreover, by a further soni-
cation step, the size of the soluble lipid-detergent micelles formed was
reduced, and finally removed from the protein sample by a filtration and
a concentration step (Figure 1).

3.2. GeLC-MS2

The proteomics was performed by GeLC-MS2 to analyze all of the
proteins present in each sample (i. e., A–C), with those first resolved by
SDS-PAGE (Supplementary Figure S1). Those gels were sectioned, and
each section was then digested with trypsin. The efficiency of the tryptic
digestion of each of the samples was verified by matrix-assisted laser-
desorption-ionization time-of-flight, i. e., MALDI-TOF MS (data not
shown).

The peptides resulting from each digestion were resolved and regis-
tered by nLC–ion-trap-MS (nLC-IT), and the resulting data were analyzed
by means of the MASCOT search tool in order to identify the greatest
possible number of proteins present in each sample. The initial lists were
then rigorously purged following the criteria set out in Materials and
Methods. Once we obtained the lists of proteins, a comprehensive anal-
ysis was performed based on prior knowledge and the nature of the
sample.

As a result of this study a total of 35 different proteins was identified
in all the nLD samples (Figure 1). A list of 17 proteins in Sample A (A), 16
in Sample B (B), and 14 in Sample C (C) was identified as components of
the nLD in each of the samples analyzed (Supplementary Tables S1–S3).
It is possible that fraction A does not contain all of B and C proteins since
those are very minor nLD components and/or were diminished during
the given conditions. Moreover, is entirely possible that owing to the
effect of signal suppression, the relatively abundant proteins in a sample
prevent an identification of those less abundant.

3.3. Identification of nLD-associated proteins

The list of proteins identified in the three samples (A – C) corresponds
to different protein subsets. It is interesting to point out that certain
proteins were either found in only one sample or present in more than
one (Supplementary Table S4).

We considered that the proteins only found in one type of sample
corresponded to those exclusive to that fraction. In Only A, the 12 pro-
teins would be buoyant nuclear species collected in the α band that would

http://www.sbg.bio.ic.ac.uk/phyre
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accordingly not correspond to the nLD monolayer proteins or be weakly
associated with the nLD. In Only B, the 8 proteins would be peripheral
species associated with the nLD through electrostatic forces that would
be eliminated by salt washing. Finally, the 6 proteins exclusive to C
would be nLD integral components that resisted salt washing.

The most common nLD proteins were those three found in all three
samples (ABC: H33_RAT, K2C1_RAT, and ROA2_RAT). These proteins did
not interact with the nLD by electrostatic forces, since those species were
still present in samples obtained with or without the salt-washing step in
the concentration protocol.

All the proteins identified in the three nLD samples (A - C) can be
classified in the following functional categories: Lipid metabolism,
Transcription and translation, Protein folding and posttranslational
modification, Histones, Cytoskeletal and structural, Cellular proliferation
and/or cancer, and Transport. On the basis of these tentatively assigned
cellular functions, a total of 2, 8, 3, 7, 11, 3, and 1 protein were present in
each of those respective categories (Figure 2).

Only two enzymes involved in the Lipid metabolism category were
identified in the nLD proteome. To the best of our knowledge, both en-
zymes have not been previously described in the nucleus: The ECHP_RAT
(peroxisomal bifunctional enzyme) involved in lipid peroxidation and
present in the Only-A fraction, would be a buoyant nuclear protein
without an authentic nLD location, whereas CES1D_RAT, located in the
Only-B fraction, participates in lipolysis and thus could be a peripheral
nLD protein interacting by electrostatic forces with the LD monolayer
(Supplementary Table S4). CES1D_RAT (name assigned by Mascot
database nomenclature) would correspond to Ces3, so in the text it would
be considered as Ces1d/Ces3 [3].

In the Cytoskeletal and structural category, several isoforms of keratin
were identified distributed among all three samples, B, and C, in
particular, 3 isoforms of K1(K1C10_RAT, K1C15_RAT, K1C19_RAT) and 7
isoforms of K2 (K22E_RAT, K2C1_RAT, K2C1B_RAT, K2C4_RAT,
K2C5_RAT, K2C6A_RAT, K2C8_RAT) (Figure 2); but only the actin
ACTB_RAT isoform was identified as a peripheral nLD protein, interact-
ing with the LD monolayer by electrostatic forces (Supplementary
Figure 2. Distribution of the nLD proteins identified into functional categories. T
indicated categories based on their tentatively assigned cellular function as follows:
transcription and translation of proteins, histones, transport, and protein folding and
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Table S4, Only-B fraction). In particular, cytoskeletal proteins such as
actin and myosin have already been described and characterized in the
cell nucleus in normal tissues and under physiological conditions [22,
23], whereas keratins [24] and tubulin [25] have been identified in the
nuclei of cancer and/or neoplastically transformed cells.

Nucleosomes contain an octameric core of the histones H2A, H2B,
H3, and H4 that, along with the linker histone H1, comprises eukaryotic
chromatin compacted into different domains. Histones were found in all
three samples (A - C), and thus would not have interacted with the nLD
monolayer simply by electrostatic forces (Supplementary Tables S1–S3).
Several variants of core-nucleosome-histone subspecies of H2A and H2B
were identified together with H33 (the canonical H3 variant) and H4 (the
canonical core histone) (Figure 2); and although histones are nuclear
proteins, these species have also been detected in the cLD of several cell
types ranging from C. elegans, fly embryos, and moth cLD to the
mammalian ß-cells of the islets of Langerhans and cells in mouse muscle
and liver [26, 27, 28, 29, 30].

In particular, the histone H3.3 variant that was identified in all the
nLD samples analyzed has been found to be enriched in the nucleosomes
of active genes [31]. Considerable research is still required in order to
clarify whether or not all histones (either canonical subspecies or specific
variants) have an nLD location. In the present work, H1 was not identi-
fied by the nLD proteomics, but H1 had been previously detected in cLD
[6].

The proteins involved in the Cellular proliferation and/or cancer cate-
gory would be bona-fide nLD-associated species (i. e., not identified in
Sample A). Namely, LAS2_RAT (Only B in Supplementary Table S4)
would be a peripheral protein interacting by electrostatic forces with the
nLD monolayer, whereas AKAP4_RAT and SNED1_RAT would be nLD
integral proteins (Only C in Supplementary Table S4).

The importin beta subunit (IMB1_RAT; Supplementary Table S4) was
identified in only Sample A and not in the purified nLD, probably because
that protein weakly interacted with the nLD surface or belonged to the
buoyant nuclear proteins. Moreover, Exportin 1 had been identified in
the cLD proteome, and the amount of the protein was found to increase in
he 35 proteins identified in the nLD and listed in the figure were classified in the
cytoskeletal and structural, cellular proliferation and cancer, lipid metabolism,
posttranslational modification.
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TAG-enriched cLD [6]. Further research will be needed in order to prove
whether or not LD trafficking truly occurs between the nucleus and the
cytoplasm through the nuclear-pore complex.

The three proteins identified that are involved in Protein folding and
posttranslational modification—GRP78, OGT1, and PDIA4—would either
exert weak interactions with the nLD or belong to the buoyant proteins
from the nucleus. These three are involved in processes such as protein
folding, O-linked-N-acetylglucosamine (O-GlcNAc) glycosylation, and
the rearrangement of disulfide bonds. O-GlcN acylation has already been
documented in the nucleus, in mitochondria, and in the cytoplasm; but to
the best of our knowledge not involving the cLD [32].

The eight proteins identified in nLD that were involved in transcrip-
tion and posttranslation, those comprising heat-shock proteins, ribonu-
cleoproteins, and transcription and splicing elements, would interact
with the monolayer by electrostatic forces. nLD could store these proteins
and/or interact with the specific chromatin domains where those pro-
cesses take place. The heat-shock proteins, for their part, have also been
identified in cLD [6].

3.4. Ces1d/Ces3

3.4.1. Carboxylesterase cellular topology
The approach undertaken in order to validate our hypothesis that

Ces1d/Ces3 was a bona-fide nLD protein, since the enzyme identified in
only Sample B, that is the peripheral proteins associated with the nLD
through electrostatic forces, was to confirm a nuclear localization of the
enzyme byWestern blotting. This technique demonstrated Ces1d/Ces3 to
be present in both the cell homogenates and the isolated nuclei from rat
liver (Figure 3). The Ces1d/Ces3 immunoreactive band of the nuclear
sample was much fainter than the corresponding band of the liver ho-
mogenate, these results would imply that Ces1d/Ces3 is present in a very
small proportion in the nucleus, since all the samples were loaded with
the same protein amount in each determination (Supplementary
Figure S2). Moreover, as expected [1] LAP2β was enriched in the nuclear
sample when compared with homogenate, and it can be considered as a
nuclear loading control due to its nuclear localization. For the purpose of
reference, ß-tubulin was used as a cellular-homogenate marker protein
because of its cytoplasmic localization.

3.4.2. In silico analysis of rat Ces1d/Ces3
Considering that up to now the available information on the rat

Ces1d/Ces3 enzyme is scarce, and that its three-dimensional structure is
not known since the protein has not been crystallized, the next objective
was to perform a homology modeling of its tertiary structure. The human
Figure 3. Nuclear location of Ces1d/Ces3. The proteins from rat-liver ho-
mogenate and isolated nuclei were analyzed by Western blotting with antibodies
against Ces1d/Ces3, LAP2β and ß-tubulin as described in Materials and
Methods. Non-adjusted images and protein loading controls of samples are
presented in Supplementary Figure S2.
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orthologue of rat Ces1d/Ces3 was used as the template, the enzyme
CES1, which is a protein that is widely studied [3, 33].

In Figure 4 we can see that the tertiary structure predicted for rat
Ces1d/Ces3 presents a great similarity with the tertiary structure of
human CES1. On the other hand, in Supplementary Figure S3 we can see
that the structure predicted for Ces1d/Ces3 correlates very well with the
structure of the proposed protein that was used as a template (CES1 of
human). 95% of the residues were modeled with more than 90% confi-
dence (Figure 5). The amino acid sequence of rat Ces1d/Ces3 contains
565 residues, whereas human CES1 contains 567 residues. The amino
acid sequences of both proteins share 80% identity. Previous studies in
human CES1 have identified key residues that contribute to catalytic
activity, subcellular localization, and enzyme structure. By modeling the
tertiary structure and sequence alignment with human CES1 (Figure 5),
we were able to predict such sites of interest in the rat Ces1d/Ces3
enzyme (Supplementary Figure S4).

In human CES1 it has already been identified three main ligand
binding sites: the catalytic triad (Ser221; Glu354; His468), the side door
(Val424; Met425; Phe426), and the Z-site (Gly356), where substrates,
fatty acids, and cholesterol analogs are bound, respectively; and the gate
site (Phe551), which facilitates the release of products after catalysis [3,
34, 35, 36]. By modeling the tertiary structure and sequence alignment
with human CES1 (Figure 5), we were able to predict such sites of interest
in the rat Ces1d/Ces3 enzyme, Supplementary Figure S4. The catalytic
triad is highly conserved among the family of carboxylesterases [3, 37,
38, 39, 40], and as shown in Supplementary Figure S4b in the predicted
model of rat Ces1d/Ces3, the residues constituting the catalytic triad
(Ser221; Glu353; His466) overlap almost perfectly with the corre-
sponding residues belonging to human CES1. In the predicted structure of
rat Ces1d/Ces3 the important domains: side door (Val422; Met423;
Phe424) and Z-site (Gly355) (Figure 5) (Supplementary Figure S4c-d)
overlap perfectly with that of the human CES1 protein that has been
determined by crystallography [34, 35]. Meanwhile the gate residue
corresponds to Phe551 in human CES1 [41] and according to Figure 5, in
that position of the rat Ces1d/Ces3 sequence is the residue Arg549
(Supplementary Figure S4e). It is interesting to note that Arg is a basic
and positively charged residue, while Phe is a non-polar residue. In
human CES1, a single glycosylation site was detected (Asn79) [34,35],
whereas in the rat Ces1d/Ces3 two potential sites (Asn79; Asn489) were
identified [42] (Figure 5 and Supplementary Figure S4f). In rat Ces1d/-
Ces3, two disulfide bond forming residues were also detected [42]
(Cys87/Cys-116 and Cys273/Cys284) (Figure 5 and Supplementary
Figure S4g) and overlap with that observed in the crystallized human
CES1 protein (Cys87/Cys116 and Cys274/Cys285) [35]. The N- and
C-terminal sequences of both proteins are different. The N-terminal end
possesses 18 residues [42, 43, 44], and the C-terminal has the retention
sequence in the ER HIEL and HVEL, in CES1 from human and Ces1d/Ces3
from rat, respectively [37] (Figure 5 and Supplementary Figure S4h).

4. Discussion

The proteome of rat-liver nLD under physiological and non-
pathological conditions was analyzed by GeLC-MS2. A specific protein-
isolation protocol (Figure 1) was designed in order to effect a concen-
tration of the proteins since nLD are isolated in a highly diluted sample
that floats in a sucrose gradient (i. e., the α band). The protocol involved
the isolation of the following three different subsets of nLD proteins, in
order to be able to identify extremely minor cellular proteins with
different physicochemical characteristics: the total proteins of the nLD
fraction (Sample A) plus two additionally fractionated nLD samples, the
nLD-associated proteins (Sample B) and the nLD salt-resistant proteins
(Sample C). Under these experimental conditions, 35 proteins were
identified in the three nLD samples (A–C) and classified into categories
based on their tentatively assigned cellular functions as follows
(Figure 2): cytoskeleton and structural (31%), transcription and trans-
lation (23%), histones (20%), protein folding and posttranslational



Figure 4. Modeling by homology of rat Ces1d/Ces3. Tertiary structure of human CES1 (right) and predicted model of the tertiary structure of rat Ces1d/Ces3 (left).
The structure of human CES1 was determined by Bencharit et al [34]. The predicted tertiary structure for rat Ces1d/Ces3 was obtained using the Phyre2 web site. The
rainbow color code describes the 3-D structures from the N-terminal (blue) to the C-terminal (red).
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modification (8.5%), cellular proliferation and/or cancer (8.5%), lipid
metabolism (6%), and transport (3%).

Ces1d/Ces3 was the only protein of lipid metabolism that was iden-
tified by proteomics in the purified nLD protein sample and also
confirmed by Western blotting. The enzyme presumably interacts with
the LD monolayer by electrostatic forces (Supplementary Table S4).
Under physiological conditions, Ces1d/Ces3 would be located mostly in
the cytoplasm and to a lesser extent in the cell nucleus. In agreement with
these results, as mentioned above, Ces1d/Ces3 has been described as
having a cytoplasmic localization, in particular in association with the ER
[3], the lumenal-ER LDs [3, 45], and cLD [43, 46, 47, 48] along with the
analogous carboxylases Ces2a and Ces1c in the cLD [7].

Ces1d/Ces3 belongs to the large, highly conserved carboxylesterase
multigene superfamily of the carboxyl-esterase hydrolases (EC 3.1.1.1)
that can be found in virtually all species and with a great specificity [3].
These enzymes fall into the class of serine hydrolases that efficiently
catalyze the hydrolysis of esters, thioesters, and amide bonds in a wide
variety of molecules. Nevertheless, when CES1 amount/expression is
genetically modify, the cellular derivations are complex and cannot be
explained only by a lipolytic effect [33, 49, 50].

Carboxylesterase nomenclature has been standardized [3] and
CES1D_RAT (name assigned by Mascot database nomenclature) would
correspond to Ces3, so in the text it would be considered as Ces1d/Ces3.
Ces1d/Ces3 has also been referred to under different aliases such as TGH
(triacylglycerol hydrolase) and CEH (cholesteryl-ester hydrolase) [3].
Ces1d/Ces3 would be the rat functional ortholog to the human CES1,
which protein has already been crystallized [3].

By in silico analyses, the three-dimensional structure predicted for rat
Ces1d/Ces3 shows a high similarity with the 3-D structure of the human
orthologous CES1, and we propose that the secondary and tertiary
structures of rat Ces1d/Ces3 would be similar to that previously reported
for human CES1. In this model of the tertiary structure of rat Ces1d/Ces3,
potential key residues that would contribute to the catalytic activity,
subcellular localization and structure of the protein were identified and
localized. In particular, the spatial orientation of those residues that
would participate in the catalytic activity (catalytic triad, side door and
Z-site) of rat Ces1d/Ces3 correlates almost perfectly with those previ-
ously identified in human CES1.

Carboxylesterases play a critical role in cellular-lipid metabolism,
energy homeostasis [51], and lipoprotein secretion as well as in drug and
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xenobiotic detoxification [3]. This enzyme family may also become
involved in metabolic diseases (e. g., obesity, diabetes, and fatty liver),
and Ces1d/Ces3 has been proposed as a possible preventive role in
cancer development [48]. Therefore, we consider it highly relevant the
development of a deeper understanding of the cellular role of the nuclear
Ces1d/Ces3 both in the control physiological state and under deregu-
lated or pathological conditions.

Carboxylesterase could be involved in nLD- and cLD-population ho-
meostasis. In this regard, we have already demonstrated in liver cells that
external OA induced an enhanced synthesis of TAGs, CEs, C, and polar
lipids—which products were stored in the nLD and cLD causing both LD
populations to increase markedly in size [2] and it would be important to
determine the roll of carboxylesterase under these conditions. Moreover,
previous studies in human macrophages demonstrated that under com-
parable conditions the carboxylesterase was found to translocate to the
cLD in response to lipid overloads [52]. So, we can speculate that, a
greater proportion of carboxylesterase close to the surfaces of LD, could
facilitate the hydrolysis of TAG and CE stored in the droplets, in order to
compensate for the synthesis of those lipids under the influence of high
levels of external lipid load. Whereas, carboxylesterase also hydrolyzes
MAGs to glycerol and FAs [53]. DAGs generated from TAG could be
hydrolyzed by diacylglyceride lipase, an enzyme previously described in
the cell nucleus that also is involved in phosphatidic-acid (PA) pathway
to MAG [54, 55], and would participate in signaling mechanisms in the
aging process [54].

The enzymatic activity of LD carboxylesterase could generate mole-
cules in situ that in addition to being oxidized could constitute lipidic
second messengers to regulate the nuclear- and/or cellular-lipid ho-
meostasis. Within the nucleus, FAs released by carboxylesterase catalysis
would be ligated to the nuclear liver fatty-acid–binding protein (L-FABP)
[56], since that protein has been reported to play an active role in
mobilizing FAs within the nuclear matrix [56]. These FAs could then bind
to transcription factors such as the peroxisome proliferator-activated
receptors (PPAR) [57], be activated to the corresponding CoA de-
rivatives by the nuclear acyl-CoA synthetase (ACSL) [58] and then be
reesterified to constitute nuclear-matrix lipids [56], and/or exit the nu-
cleus into the cytoplasm (Figure 6).

In cultured Drosophila S2 cells loaded with lipids, the cLD lipase
CG9186 was found to be elevated in comparison to the levels occurring
under starvation conditions [59]. Moreover, the strength of interaction



Figure 5. Amino acid sequence alignments for rat Ces1d/Ces3 and human CES1. The EMBOSS Needle (Protein Alignment) server was used with the default
parameters for the alignment. A sequence identity of 76.8% was obtained; with 2.4% of non-aligned regions (gaps). | shows identical residues between Ces1d/Ces3
and CES1;: shows residues with a high level of similarity; . shows residues with low level of similarity. Dashes indicate gaps. Red bold, the residues that make up the
active site catalytic triad (Ser, Glu and His) are shown. Side door (green), Z-site (fuchsia) and Gate residues (olive green) are also highlighted in color. Violet highlight
residues show potential N-glycosylation sites, and the yellow, the disulfide bond Cys residues. In red letters, N-terminal signal peptide and C-terminal residues
are shown.
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between proteins and the LD monolayer could determine their LD
localization where weakly bound proteins would be displaced from the
LD during lipolysis when the size of the LDs became reduced [59]. In this
regard, we have proposed that Ces1d/Ces3 would be a peripheral LD
protein interacting by electrostatic forces with the monolayer under
control conditions but we do not know whether the carboxylesterase
undergoes posttranslational modifications after external lipid load sup-
plementation that could determine a translocation close to the LDs. For
example, the LD-targeting mechanism of certain types of lipases and CTP:
phosphocholine cytidylyltransferase α (CCT α) was reported to be
mediated by phosphorylation [59, 60]. Moreover, in cLD, different
mechanisms have been described and/or proposed to explain the tar-
geting of proteins to the LD surface monolayer, among which models the
palmitoylation of proteins would be included [9].
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It would be of general interest the elucidation of the molecular
mechanism involved in carboxylesterase LD interactions/translocation
for its possible use as means of therapeutic targeting for the treatment of
hepatic lipid-metabolism diseases in which neutral lipids such as TAG
and/or CE become elevated along with a concomitant increase in the size
of the cLD population. A LD localization of carboxylesterases could
accordingly reduce the LD population size through the hydrolysis of
those respective neutral lipids so as to restore the normal LDmorphology.

The cLD marker proteins established previously were the classical
PAT family proteins [61]—i. e., perilipin (PLIN 1), adipophilin (PLIN 2),
TIP47: the tail-interacting protein of 47 kDa (PLIN 3), S3-12 (PLIN 4) and
OXPAT, the oxidative tissue–enriched PAT protein (PLIN 5)—that are
main cLD coat proteins, but none of those proteins were identified in nLD
in the present experiments either by the proteomic protocols developed



Figure 6. The involvement of nLD Ces1d/Ces3 in nuclear neutral-lipid catabolism.
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under physiological and nonpathological conditions or by Western
blotting [1]. Moreover, the PLIN3 that had been previously identified by
fluorescence microscopy in nLD from lipid-loaded Huh7 cells [11] was
likewise not identified in rat liver nLD in the control physiological state.
This difference could be due to the different cell type, experimental
conditions and/or the possibility that the proteins could be at very low
concentrations. Moreover, Huh7 cells have a different metabolic
response to OA when compared with HepG2 cells [11, 12].

Under the influence of OA, CCTα —which enzyme participates in the
synthesis of phosphatidyl choline— translocates to the surface of the
cLD once the cells have been loaded with FAs and cLD population has
increased in size as the result of an elevation in TAG synthesis [62]. It
has also been demonstrated that CCTα is located in the nucleus and
translocates between the inner nuclear membrane and the speckles
[63]. By different types of ER stress conditions in Huh7 cell and in a
high fat diet mouse model, it was observed that CCTα was located in
nLD monolayer, under that conditions nLD would be dispersedly
distributed within the nucleus and/or in association with the nucleo-
plamic reticulum [11, 12].

Considerable research has been reported on the proteomics of cLD in
stimulated systems generally consisting in cultured cells exposed to lipid
loading with mixtures of FAs (e. g., OA) or animals fed with high-fat diets
in order to increase the cLD population and thus produce an elevated
amount of LD proteins for the subsequent analyses. Moreover, many LD
proteins have been reported to actively translocate to and/or from the
LDs, and this possibility has to be considered when analyzing proteomics
data. In this regard, proteomics has identified ACAT1 in cLD only in the
livers of mice fed a high-fat diet and not in those livers under the control
conditions [4]. In contrast, ACAT1 was not present in the nLD under
control conditions in agreement with previous results since the enzyme
could not be identified byWestern blotting in isolated rat-liver nuclei [1].

On the basis of the cellular functions of the 35 proteins identified, we
can propose the following characteristics and functions for the nLD in the
cell, though further research is still needed:

� nLD is a nuclear hydrophobic storage site for both lipids and proteins
that would be delivered to specific locations within the nucleus, thus
becoming available for different intranuclear processes. Actin would
be involved in the nLD mobilization within the nucleus.
9

� The hydrophobic nature of the nLD would also enable a three-
dimensional space in the nucleus for the localization of nonspecific
hydrophobic molecules (e. g., xenobiotics) in addition to the 2
dimensional nuclear-membrane surface.

� nLD could be involved in epigenetic events (i. e., through the his-
tones), in posttranslational modifications and/or the storage and
release of specific transcription factors.

� Carboxylesterase could play an important role in the cellular LD-
population homeostasis.

5. Conclusions

In conclusion, the results reported here are the first describing the
nLD proteome and accordingly demonstrate that the protocol developed
that involves a tandem GeLC-MS2 analysis facilitates this type of study on
the nuclei of rat liver. The approach revealed a wide diversity in cellular
function of the proteins, what indicated that the nLD are directly or
indirectly participating in those cellular processes; with the carbox-
ylesterase Ces1d/Ces3 protein, for its part, being involved in cellular LD-
population homeostasis.
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