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Lipopolysaccharide (LPS) is a component of the outer
membrane of Gram-negative bacteria that induces strong
proinflammatory reactions of mammals. These processes
are triggered upon sequential binding of LPS to CD14,
a GPI-linked plasma membrane raft protein, and to the
TLR4/MD2 receptor complex. We have found earlier that
upon LPS binding, CD14 triggers generation of phospha-
tidylinositol 4,5-bisphosphate [PI(4,5)P2], a lipid control-
ling subsequent proinflammatory cytokine production.
Here we show that stimulation of RAW264 macrophage-
like cells with LPS induces global changes of the level of
fatty-acylated, most likely palmitoylated, proteins. Among
the acylated proteins that were up-regulated in those con-
ditions were several enzymes of the phosphatidylinositol
cycle. Global profiling of acylated proteins was performed
by metabolic labeling of RAW264 cells with 17ODYA, an
analogue of palmitic acid functionalized with an alkyne
group, followed by detection and enrichment of labeled
proteins using biotin-azide/streptavidin and their identifi-
cation with mass spectrometry. This proteomic approach
revealed that 154 fatty-acylated proteins were up-regu-
lated, 186 downregulated, and 306 not affected in cells
stimulated with 100 ng/ml LPS for 60 min. The acylated
proteins affected by LPS were involved in diverse
biological functions, as found by Ingenuity Pathway
Analysis. Detailed studies of 17ODYA-labeled and im-
munoprecipitated proteins revealed that LPS induces
S-palmitoylation, hence activation, of type II phospha-
tidylinositol 4-kinase (PI4KII) �, which phosphorylates
phosphatidylinositol to phosphatidylinositol 4-monophos-
phate, a PI(4,5)P2 precursor. Silencing of PI4KII� and

PI4KII� inhibited LPS-induced expression and production
of proinflammatory cytokines, especially in the TRIF-de-
pendent signaling pathway of TLR4. Reciprocally, this
LPS-induced signaling pathway was significantly en-
hanced after overexpression of PI4KII� or PI4KII�; this
was dependent on palmitoylation of the kinases. How-
ever, the S-palmitoylation of PI4KII�, hence its activity,
was constitutive in RAW264 cells. Taken together the data
indicate that LPS triggers S-palmitoylation and activa-
tion of PI4KII�, which generates PI(4)P involved in signal-
ing pathways controlling production of proinflammatory
cytokines. Molecular & Cellular Proteomics 17: 10.1074/
mcp.RA117.000050, 233–254, 2018.

Lipopolysaccharide (LPS) is a component of the outer
membrane of Gram-negative bacteria. Upon infection, LPS
induces strong proinflammatory responses that facilitate
eradication of bacteria. These proinflammatory reactions are
triggered upon recognition of LPS by Toll-like receptor 4
(TLR4) (1), which is expressed in cells of myeloid lineage, such
as monocytes, macrophages, and dendritic cells, and certain
nonimmune cells like endothelial and epithelial cells. TLR4
belongs to so-called pattern recognizing receptors special-
ized in identification of evolutionarily conserved constituents
of cell wall/membranes of microbes, their RNA, and unmethy-
lated CpG DNA motifs. These receptors trigger innate immune
responses constituting the first line of defense against patho-
gens and initiate appropriate adaptive immune responses (2).
The LPS-induced proinflammatory reaction, although initially
beneficial, when exaggerated can lead to a potentially fatal
systemic inflammation called sepsis, severe sepsis, and sep-
tic shock (3). In addition, a prolonged low-grade inflammation
caused by LPS derived from intestinal bacteria has been
recognized as a factor in the development of several chronic
diseases (4), which additionally drives interest in TLR4-in-
duced signaling.

TLR4 is a transmembrane protein that associates with an
extracellular protein MD2 crucial for LPS binding. Upon the
binding, up to five of the six acyl chains of LPS are buried
within a hydrophobic pocket of one MD2 protein while the
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remaining acyl chain interacts with TLR4 of a neighboring
TLR4/MD2 complex, inducing dimerization of the TLR4/MD2
complexes (5). This facilitates recruitment of two sets of adap-
tor proteins to the signaling Toll/interleukin-1 receptor (TIR)
homology domain of TLR4. First, a pair of adaptor proteins
consisting of TIR domain-containing adaptor protein (TIRAP)
and MyD88 binds to the receptor, and this interaction is
guided by simultaneous binding of TIRAP to both the TIR
domain of TLR4 and to a plasma membrane lipid, phospha-
tidylinositol 4,5-bisphosphate [PI(4,5)P2] (6). MyD88, in turn,
recruits interleukin-1 receptor-associated kinase (IRAK)4 and
IRAK1/2, forming a multimolecular complex called the myd-
dosome (7). The myddosome assembly initiates a signaling
cascade, eventually leading to activation of NF�B and activa-
tor protein-1 transcription factors, the latter acting down-
stream of MAP kinases. Expression of genes encoding pro-
inflammatory cytokines, like tumor necrosis factor � (TNF�),
follows (8). Subsequently, the TLR4/MD2 complexes are in-
ternalized, and at the endosomal membrane, the first set of
adaptor proteins is replaced by another one consisting of TIR
domain-containing adaptor inducing interferon-� (TRIF) and
TRIF-related adaptor molecule (TRAM) proteins (9–11). The
signaling pathway triggered thereby leads to activation of
IRF3/7 transcription factors and expression of type I interfer-
ons and some other cytokines exemplified by C-C motif
chemokine ligand 5/regulated upon activation, normal T cell
expressed and secreted (CCL5/RANTES) (8).

In cells of the myeloid lineage, the recognition of LPS by
TLR4 and LPS-induced signaling are assisted by CD14. The
protein contains the glycosylphosphatidylinositol (GPI) moiety
attached to its C terminus, which anchors CD14 in the outer
leaflet of the plasma membrane within nanodomains of the
membrane rich in cholesterol and lipids with saturated fatty
acids (mainly sphingolipids), called rafts (12, 13). Once in the
plasma membrane, CD14 binds an LPS molecule in a large
hydrophobic pocket located in the N-terminal part of the
protein and facilities transfer of the LPS onto the MD2 protein
of the TLR4/MD2 complex (14, 15). A growing body of evi-
dence indicates that the role of CD14 in LPS-induced signal-
ing goes beyond the binding of LPS. CD14 controls the inter-
nalization of LPS-activated TLR4/MD2, and with some
exceptions, this CD14-controlled uptake of TLR4 is required
for the initiation of the endosomal TRIF-dependent signaling
pathway of TLR4 (16–19). Our recent studies have shown a
direct link between CD14 and production of PI(4,5)P2 in LPS-
stimulated cells. Upon binding of LPS, CD14 induces biphasic
production and accumulation of PI(4,5)P2 in macrophages,
whereas TLR4 can fine tune the process (20, 21). The
PI(4,5)P2 is generated by phosphorylation of phosphatidylino-
sitol 4-monophosphate [PI(4)P] by type I phosphatidylinositol
4-phosphate 5-kinase (PIP5KI), isoforms I� and I� (20, 22). In
LPS-stimulated cells, PI(4,5)P2 serves as a binding site for
TIRAP in the MyD88-dependent pathway and undergoes hy-
drolysis to diacylglycerol and inositol 1,4,5-trisphosphate (IP3)

or, alternatively, phosphorylation to phosphatidylinositol
3,4,5-trisphosphate [PI(3,4,5)P3]. Both the hydrolysis and
phosphorylation of PI(4,5)P2 are required for internalization of
LPS-activated TLR4/MD2 and initiation of the TRIF-depend-
ent signaling (18, 23, 24). Additionally, PI(4,5)P2 can also
control TLR4-independent stimulation of cells by LPS that has
entered the cytosol (25, 26). These data point to phosphati-
dylinositols as crucial factors affecting all LPS-induced re-
sponses of cells. During the CD14- and TLR4/MD2-mediated
stimulation of cells, the newly formed PI(4,5)P2 accumulates in
the Triton X-100-resistant fraction of cells that is enriched in
membrane raft components, including CD14 itself (20). These
data corroborate the thesis on the location of the machinery
engaged in LPS-induced signaling in plasma membrane rafts
(13).

One of the key factors controlling the association of pro-
teins with rafts is their S-acylation, frequently referred to as
S-palmitoylation and defined as the attachment of a palmitic
acid (C16:0) residue to a cysteine residue of the protein
through a thioester bond (27). In general, S-palmitoylation or,
more broadly, S-acylation, affects a diversity of protein func-
tions, including their stability, cellular trafficking, membrane
localization, and protein–protein interactions (28, 29). These
functions are likely to be disturbed when, instead of the sat-
urated palmitic acid, dietary unsaturated fatty acids are at-
tached via the thioester linkage to proteins; however, biolog-
ical consequences of this type of S-acylation remain mostly
unknown (30, 31). Beside S-palmitoylation, several other
modifications consist in the attachment of fatty acid residues
to proteins. These are myristoylation, lysine side chain acyla-
tion, and rare O- and N-palmitoylation (32). Among all these
acylations, S-palmitoylation is the best characterized revers-
ible modification, and 24 palmitoyl acyltransferases (zinc fin-
ger DHHC (zDHHC) domain containing enzyme family) and
several depalmitoylating enzymes have been identified in
mammals (33–35). It has been shown that S-palmitoylation
controls the engagement of proteins in signaling pathways of
receptors other than TLR4 (36–38). We have found earlier that
LPS induces accumulation of S-palmitoylated Lyn kinase in
the raft-enriched fraction of RAW264 macrophage-like cells,
which determines negative regulation of TLR4 signaling by the
kinase (39). Taking into account the redistribution and activa-
tion of proteins involved in the MyD88- and TRIF-dependent
signaling pathways of TLR4, we assumed that changes of the
level of S-palmitoylated proteins could contribute substan-
tially to those complex cascades of events. In order to identify
acylated proteins affected by LPS, in this study we metabol-
ically labeled RAW264 cells with a palmitic acid analogue,
17-octadecynoic acid (17ODYA)1 and then tagged the 17ODYA-

1 The abbreviations used are: 17ODYA, 17-octadecynoic acid; AP-1,
adaptor protein-1; BPA, bromohexadecanoic acid; BSA, bovine se-
rum albumin; CCL5/RANTES, C-C motif chemokine ligand 5/regu-
lated upon activation, normal T cell expressed and secreted; DGK�,
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labeled proteins with biotin-azide in a click chemistry reaction
and analyzed them by mass spectrometry. Proteomic analysis
has recently been used to identify global protein acylation in
diverse cells, including RAW264 macrophage-like cells and
the dendritic cell line DC2.4 (31, 40, 41). It should be empha-
sized, however, that none of the earlier studies examined the
influence of cells stimulation with LPS on protein palmitoyla-
tion, and thus the contribution of palmitoylated proteins to
LPS-induced signaling remains largely unknown.

We identified 154 fatty-acylated proteins up-regulated and
186 downregulated ones in cells stimulated with 100 ng/ml
LPS for 60 min, which is a time window where the signaling
events related to both MyD88- and TRIF-dependent pathways
of TLR4 occur. Ingenuity Pathway Analysis (IPA) revealed
several functional networks involving the fatty-acylated pro-
teins affected by LPS. By adding an immunoprecipitation step
to the above procedure, we confirmed the proteomic data
pointing to LPS-induced S-palmitoylation, hence activation,
of type II phosphatidylinositol 4-kinase (PI4KII) �, which phos-
phorylates phosphatidylinositol to PI(4)P. S-palmitoylation of
the related isoform PI4KII� was constitutive in RAW264 cells.
Our data indicate that LPS induces production of PI(4,5)P2

and its PI(4)P precursor controlling downstream proinflamma-
tory signaling and that S-palmitoylation of PI4KII� is a crucial
step in this cascade of events.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—RAW264.7 and J774A.1 macrophage-
like cells, and HEK293 cells were cultured in DMEM containing 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and
100 �g/ml streptomycin. Metabolic labeling of RAW264 cells with
17ODYA (Sigma-Aldrich, Poznan, Poland) was performed in DMEM
containing 2% charcoal-stripped FBS (ThermoFisher Scientific, Wal-
tham, MA, USA), L-glutamine, and antibiotics as above and 30 mM

Hepes, pH 7.4. For stimulation, cells were exposed to 100 ng/ml LPS
(ultrapure smooth LPS from Escherichia. coli O111:B4, List Biological
Laboratories, Campbell, CA, USA). In some experiments, prior to
labeling with 17ODYA, cells were incubated with 125–250 �M bromo-
hexadecanoic acid (BPA) for 1 h (37 °C) in DMEM/2% charcoal-

stripped FBS, and the drug was present during subsequent labeling
of cells with 17ODYA, stimulation with LPS, and cytokine production.
BPA was precomplexed to fatty-acid-free bovine serum albumin
(BSA; Sigma-Aldrich) at a 4:1 molar ratio, essentially as described
earlier (42). When indicated, cells cultured overnight in DMEM/2%
FBS were incubated with 150–500 �M palmitic acid, prepared ac-
cording to (43), for 30 min (37 °C), and labeled with 17ODYA in its
presence.

Plasmids—pCMV5-Myc plasmid encoding rat PI4KII� or its dele-
tion mutant lacking the 173CCPCC177 motif, as well as pCMV5-Myc
plasmid encoding human PI4KII� were kindly provided by Professor
Helen L. Yin (University of Texas Southwestern Medical Center, Dal-
las, TX). Deletion mutant of PI4KII� lacking the S-palmitoylation motif

170CCPCC174 was generated by site directed mutagenesis using
primers 5�-GGACCAAATATGTCCATAAGGTCTTTGGCCGAGGC-
TGCCTGATTCCTAATC-3� and 5�-GATTAGGAATCAGGCAGCCTCG-
GCCAAA GACCTTATGGACATATTTGGTCC-3� as described earlier
(44).

Plasmid encoding murine CD14, pUNO-mCD14, was from Invivo-
Gen (Toulouse, France). The CD14-VSVG fusion protein was gener-
ated by replacing the C-terminal 21 amino acids of CD14, which
contain the GPI-anchor signal (45), with the transmembrane and
cytoplasmic domains of the G-protein of vesicular stomatitis virus
(VSVG) encompassing 49 C-terminal amino acids of the protein
(46). For this, CD14 cDNA was amplified by PCR using primers 5�-
GGTGAAGCTTACCATGGAGCGTGTGCTTGG-3� and 5�-GAATAT-
GGATCCTGGAGCTCCGGCGGTG-3� that contained HindIII and
BamHI restriction sites (italicized), respectively, and pUNO1-mCD14
plasmid as template. In a separate reaction, VSVG cDNA was
amplified using primers 5�-GCGCCGGATCCAGCTCTATTGCC-
TCTTTTTTC-3� and 5�-GTAAATTGCGGCCGCCTTTCCAAGTCG-
GTTCATC-3� that contained BamHI and NotI restriction sites (itali-
cized), respectively, and pCMV-VSVG plasmid (a gift from Dr. Robert
D. Weinberg, Whitehead Institute for Biomedical Research, Cam-
bridge, MA; Addgene plasmid #8454 described in (47)) as a template.
In order to obtain cDNA encoding CD14-VSVG with 3xHA tag, the two
PCR products isolated and digested with respective enzymes were
ligated consecutively with pcDNA3.1/Hygro(�)-3xHA plasmid (pre-
pared in our laboratory by addition of three repeats of a sequence
encoding HA tag to pcDNA3.1/Hygro(�) from Invitrogen) in two
separate reactions. The obtained CD14-VSVG-3xHA fusion cDNA
was amplified using above template and primers 5�-GATTATAC-
CGGTCACCATGGAGCGTGTGC-3� and 5�-GGTCGCTAGCTTAG-
GCATAGTCTGGCACATC-3� containing AgeI and NheI restriction
sites (italicized), respectively. The amplified and purified DNA frag-
ment was digested with respective enzymes and eventually ligated
with the pUNO1 vector yielding pUNO-CD14-VSVG used in experi-
ments. The plasmid encoding CD14-VSVG fusion protein mutated in
the S-palmitoylation site (Cys489Ala substitution, numbered as in full
length VSVG), pUNO-CD14-VSVGmut, was generated by site-di-
rected mutagenesis using pUNO-CD14-VSVG as template and prim-
ers 5�-CGAGTTGGTATCCATCTTGCCATTAAATTAAAGCACACC-3�
and 5�-GGTGTGCTTTAATTTAATGGCAAGATGGATACCAACTCG-3�.
Plasmid pDUO-3xFLAG-mTLR4/MD2 encoding murine FLAG-tagged
TLR4 and MD2 was obtained as described earlier (21). All constructs
were verified be sequencing. NF�B-firefly luciferase reporter plasmid
pNF�B-Luc was from Invitrogen, interferon-stimulated response ele-
ment (ISRE)-firefly luciferase reporter plasmid pISRE-Luc from
Stratagene, Renilla luciferase pRL-TK plasmid from Promega (War-
saw, Poland). Plasmids were introduced into E. coli DH5�, purified
using GenElute Endotoxin-free Plasmid HP Midiprep (Sigma-Al-
drich) and used for cell transfection.

Mass Spectrometry Analysis: Experimental Design and Statistical
Rationale

diacylglycerol kinase-�; eIF5A2, eukaryotic translation initiation factor
5A2; FBS, fetal bovine serum; GPI, glycosylphosphatidylinositol; IP3,
inositol 1,4,5-trisphosphate; IPA, Ingenuity Pathway Analysis; ISRE,
interferon-stimulated response element; LPS, lipopolysaccharide;
PBS, phosphate buffered saline; PI, phosphatidylinositol; PI(4)P,
phosphatidylinositol 4-monophosphate; PI, phosphatidylinositol;
PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate; PI(3,4,5)P3, phos-
phatidylinositol 3,4,5-trisphosphate; PI4KII, type II phosphatidylinosi-
tol 4-kinase; PIP5KI, type I phosphatidylinositol 4-phosphate 5-ki-
nase; TBTA, Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine; TCEP,
Tris(2-carboxyethyl)phosphine hydrochloride; TIR, Toll/interleukin-1
receptor; TLR4, Toll-like receptor 4; VSVG, vesicular stomatitis virus
G-protein; zDHHC, zinc finger DHHC; emPAI, exponentially modified
protein abundance index; FDR, false discovery rate; IRAK, interleu-
kin-1 receptor-associated kinase; IRF, interferon regulatory factor;
TIRAP, TIR domain-containing adaptor protein; TNF�, tumor necrosis
factor �; TRAM, TRIF-related adaptor molecule; TRIF, TIR domain-
containing adapter-inducing interferon-�; qPCR , quantitative polym-
erase chain reaction.
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A) Cell Labeling with 17ODYA—RAW264 cells (5 � 106/sample)
were transferred into DMEM containing 2% charcoal-stripped FBS
and 30 mM Hepes, pH 7.4, and supplemented with 50 �M 17ODYA in
DMSO or 0.05% DMSO carrier in control samples. After 4 h (37 °C),
cells were either left unstimulated or were supplemented with 100
ng/ml LPS for 60 min. Three independent experiments were per-
formed according to this protocol, each comprising four above-men-
tioned samples. Cells were collected and washed with ice-cold phos-
phate buffered saline (PBS) by centrifugation (5 min, 400 � g, 4 °C)
and lysed (15 min, 25 °C) in 1.5 ml of SDS buffer (4% SDS, 150 mM

NaCl, 50 mM triethanolamine, pH 7.4, 250 units Benzonase (Sigma-
Aldrich), EDTA-free protease inhibitor mixture (Roche, Warsaw, Po-
land), phosphatase inhibitors (10 mM p-nitrophenyl phosphate, 1 mM

Na3VO4, and 50 mM phenylarsine phosphate)). Then the lysates were
subjected to Cu(I)-catalyzed click reaction with biotin-azide and en-
riched on streptavidin beads (48). For this purpose, cell lysates (about
2.2 mg of total protein) were supplemented with 100 �M biotin-azide
(PEG4 carboxamide-6-azidohexanyl biotin, Life Technologies, War-
saw, Poland), 1 mM Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, Sigma-Aldrich), 100 �M Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)m-
ethyl]amine (TBTA, Sigma-Aldrich) and 1 mM CuSO4, vortexed, and
incubated for 1.5 h at 25 °C in the darkness. To remove unreacted
biotin, protein was precipitated by adding eight volumes of methanol
(�20 °C, 18 h). Protein pellets were centrifuged (30 min, 9000 � g,
4 °C), washed two times with methanol (�20 °C), and air dried for
5–10 min. Subsequently, the pellet was dissolved in 300 �l of the SDS
buffer containing 10 mM EDTA; for further steps, 2 mg of total protein
were taken. The solutions were diluted to 0.5% SDS with 2.1 ml of Brij
buffer (1% Brij 97 (Sigam-Aldrich), 150 mM NaCl, 50 mM triethanola-
mine, pH 7.4, protease inhibitors (10 �g/ml aprotinin, leupeptin, and
pepstatin each and 1 mM PMSF) and phosphatase inhibitors as
above) and supplemented with 60 �l of high-capacity streptavidin-
agarose beads (ThermoFisher Scientific) prewashed three times with
the Brij buffer. Samples were incubated for 1.5 h at 25 °C with
end-over-end rotation. The beads were washed extensively with 3 ml
of 8 M urea in 10 mM Hepes, pH 7.4 (five times for 1 min), 4 ml of 10%
acetonitrile (three times for 1 min), 4 ml of 1% SDS in PBS (five times
for 1 min), 4 ml of PBS (five times for 1 min), and 4 ml of 100 mM

ammonium bicarbonate (once for 1 min) and subjected to mass
spectrometry analysis.

B) Sample Preparation for Mass Spectrometry—Proteins bound to
streptavidin beads were subjected to a standard procedure of trypsin
digestion, during which proteins were reduced with TCEP (5 mM final
concentration from 0.5 M stock in 100 mM ammonium bicarbonate
buffer, pH 8.0) for 1 h at 60 °C, blocked with methyl methanethiosul-
fonate (10 mM final concentration from 200 mM stock in 100 mM

ammonium bicarbonate buffer, pH 8.0) for 10 min at 25 °C, and
digested overnight with 10 ng/�l trypsin. The resulting peptide mix-
tures were applied on an RP-18 precolumn (Waters, Milford, MA,
USA) using water containing 0.1% formic acid as a mobile phase and
then transferred to a nano-HPLC RP-18 column (internal diameter 75
�m, Waters) using acetonitrile gradient (0–35% acetonitrile in 160
min) in the presence of 0.1% formic acid at a flow rate of 250 nl/min.
The column outlet was coupled directly to the ion source of an
Orbitrap Velos mass spectrometer (Thermo Electron Corp., San Jose,
CA, USA) working in the regime of data-dependent MS to MS/MS
switch. A blank run ensuring absence of cross-contamination from
previous samples preceded each analysis.

C) Analysis of Mass Spectrometry Data—The acquired MS/MS data
were preprocessed with Mascot Distiller software (v. 2.5.1, Matrix-
Science, London, U.K.) and a search was performed with the Mascot
Search Engine (MatrixScience, Mascot Server 2.4.1) against Mus sp.
proteins from the SwissProt protein database (Swissprot 2017_02;
16,905 sequences). To reduce mass errors, the peptide and fragment

mass tolerance settings were established separately for individual
LC-MS/MS runs after a measured mass recalibration, as described
previously (49). After the recalibration, the mass tolerance for proteins
was in the range 5–10 ppm and for peptides 0.01–0.05 Da. The
Mascot search parameters were as follows: enzyme, Trypsin; missed
cleavages, 1; fixed modifications, Methylthio (C); variable modifica-
tions, Oxidation (M); instrument, HCD; Decoy option, active. False
discovery rate (FDR) was estimated with Mascot Decoy search, and
score threshold was adjusted for each sample to keep the FDR below
1%. Detailed protein/peptide identification data are supplemented to
this text (supplemental Table 1). Only proteins represented by at least
two unique peptides in at least two 17ODYA-labeled samples are
shown and were further considered. Subsequently, probable contam-
inants (keratin, albumin) were removed from the list, and redundantly
identified proteins were curated manually. For evaluation of the rela-
tive protein abundance in each sample, spectral count values deter-
mined using exponentially modified protein abundance index (emPAI)
scores (50) were used. Only proteins that met the acceptance criteria:
FDR�1%, at least two unique peptides, Mascot score over 25, nonre-
dundant proteins, were taken for further analysis. Spectral count
approach was used to reveal which acylated proteins were signifi-
cantly enriched in 17ODYA-treated samples in comparison to DMSO-
treated ones (48, 51). For this, missing values were imputed as 0, and
the spectral counts of significantly identified peptides of a given
protein were summed up over three samples of unstimulated cells
labeled with 17ODYA (data set A), three samples of LPS-stimulated
cells labeled with 17ODYA (data set C), three samples of unstimulated
control cells exposed to DMSO without 17ODYA (data set B), and
three samples of stimulated control cells exposed to DMSO without
17ODYA (data set D). At this point, all zeros were replaced by 1.
Subsequently, for each protein, a ratio of the sum of spectral counts
of A versus B and C versus D, and next, natural logarithms (ln) of the
ratios were calculated. Proteins with a negative ln value, i.e. those
with more spectral counts in DMSO-treated than in 17ODYA-treated
samples (a total of 84), were removed from further considerations. It
was assumed that an ln A/B and/or ln C/D � 2.5 reflected tentative
identification of a given 17ODYA-labeled acylated protein. Then,
statistical significance of the difference between spectral counts
summed in the A and B or C and D data sets for each protein was
estimated with the unequal variance one-tailed, heteroschedastic t
test. It was assumed that a fatty-acylated protein was identified with
high confidence when the p value of the difference between 17ODYA-
and DMSO-treated samples was 	 0.05 and with medium confidence
when 0.05 � p 	 0.275 (51). All proteins identified with an ln of the
ratio of 17ODYA- to DMSO-treated samples (A/B and/or C/D) � 2.5
had to meet at least the medium confidence criterion both in unstimu-
lated and LPS-stimulated cells to be considered further. The obtained
list of fatty-acylated proteins served as a basis to reveal proteins
up-regulated or downregulated in LPS-treated cells. For each protein
on this list, the ratio of spectral counts, named RL, was obtained by
dividing the C/D ratio by the A/B ratio. Proteins with RL value � 1.5
were considered as up-regulated while those with an RL 	 0.5 as
downregulated in LPS-stimulated cells. The statistical significance of
the difference between the A/B and C/D ratios in a given group of
proteins (up-regulated, downregulated, and not affected ones) was
calculated using the unequal variance two-tailed heteroschedastic t
test. Eventually from the list of up-regulated proteins extracted were
those which were found in two or three experiments in LPS-stimu-
lated cells and no more than once in unstimulated cells to form a final
short list of LPS-up-regulated proteins. Analogous approach yielded
a short list of downregulated proteins.

Pathway Analysis of Proteomics Data—IPA (Qiagen, Hilden, Ger-
many), version from June 2017, was used to identify the molecular
interaction networks involving the acylated proteins detected with
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mass spectrometry. The IPA library contains experimentally con-
firmed interactions, and its content is curated manually. Information
on the up- or downregulation of the acylated proteins was incorpo-
rated into the uploaded data set. The molecular networks were cre-
ated automatically using default settings of the IPA Network algo-
rithm, taking into account direct and indirect interactions in all cells
and tissues. The networks were visualized using IPA Path Designer.

Immunoprecipitation and Analysis of S-palmitoylation of PI4KII�
and PI4KII�—RAW264 cells (8 � 105 in 60-mm dish) were transfected
with 4 �g of pCMV5-Myc plasmid encoding wild-type PI4KII� or its
mutant form lacking the S-palmitoylation site, and 8 �l of TurboFect
(ThermoFisher Scientific) according to manufacturer’s instructions.
For expression of PI4KII�, the cells were transfected with 6 �g of
pCMV5-Myc plasmid encoding wild-type PI4KII� or its non-palmitoy-
latable mutant, and 12 �l TurboFect. After 24 h, cells were treated or
not with 250 �M BPA (1 h, 37 °C), labeled with 50 �M 17ODYA or
exposed to 0.05% DMSO in DMEM/2% charcoal-stripped FBS (4 h,
37 °C), and were either left unstimulated or were stimulated with 100
ng/ml LPS for 15–60 min. Subsequently, the cells were collected,
washed with ice-cold PBS by centrifugation (3 min, 400 � g, 4 °C),
frozen in liquid nitrogen, and stored at �80 °C. The cell pellets were
resuspended at 4 °C in 200 �l of lysis buffer containing 0.5% Nonidet
P-40, 100 mM NaCl, 50 mM phosphate buffer, pH 7.4, protease and
phosphatase inhibitors described above, and protein thioesterase
inhibitors (10 �M palmostatin; Merck, Warsaw, Poland, and 0.2 mM

1-hexadecanesulfonyl fluoride, Cayman Chemicals, Tallinn, Estonia).
After 30 min, lysates were clarified by centrifugation (10 min, 16,000 �
g, 4 °C), and supernatants were diluted with two volumes of the lysis
buffer without the detergent, supplemented with 20 �l of EZView Red
agarose affinity gel bearing rabbit anti-c-Myc IgG (Sigma-Aldrich),
and incubated for 3 h at 4 °C with end-over-end rotation. Subse-
quently, samples were washed three times with ice-cold wash buffer
containing 0.05% Nonidet P-40, 100 mM NaCl, 50 mM phosphate
buffer, pH 7.4, protease, phosphatase, and protein thioesterase in-
hibitors as above, and once with the wash buffer devoid of the
detergent. Finally, the agarose beads were pelleted (400 � g, 4 °C)
and suspended in 45 �l of ice-cold PBS containing EDTA-free pro-
tease inhibitor mixture and 1 mM PMSF. For the click reaction, the
mixture was supplemented with 1 mM TCEP, 100 �M TBTA, 1 mM

CuSO4, and 10 �M IRDye 800CW-azide (LI-COR, Lincoln, NE). The
final volume of the reaction mixture was 50 �l. The reaction was
carried out in the darkness with gentle rotation. Subsequently, the
samples were washed as after immunoprecipitation then washed
once in PBS, suspended in 30 �l of SDS-sample buffer, and heated
for 5 min at 95 °C. Some samples were treated with 2.5% hydroxyl-
amine, pH 7.5 (30 min, 25 °C) before heating. Proteins were separated
by 10% SDS-PAGE, transferred onto nitrocellulose (1 h, 400 mA), and
analyzed in an Odyssey CLx Imager (LI-COR) or subjected to immu-
noblotting with mouse anti-Myc IgG, as described below.

Analysis of Fatty Acylation of Proteins Isolated by Affinity Enrich-
ment—To analyze lipidation of CD14, HEK293 cells (5 � 105 in
60-mm dish) were transfected with 6 �g of total DNA containing 1 �g
pUNO-mCD14 and 5 �g of empty pcDNA3.1/Hygro(�) plasmid or 6
�g of pUNO-CD14-VSVG or pUNO-CD14-VSVGmut using FuGENE
(Promega) according to manufacturer’s instruction. After 24 h, cells
were labeled with 50 �M 17ODYA or exposed to 0.05% DMSO in
DMEM/2% charcoal-stripped FBS (4 h, 37 °C), lysed, treated with
biotin-azide (500 �M biotin-PEG3-azide; Sigma-Aldrich), and biotin-
tagged proteins were affinity enriched on streptavidin-coupled beads,
essentially as described for sample preparation for mass spectrom-
etry. To elute proteins, the beads were incubated with the following
solutions: twice with 150 �l H2O with heating to 70 °C at �1 °C per
10 s followed by 5 min at 70 °C with shaking (52), once with 100 �l 2X
SDS-sample buffer (5 min at 95 °C), once with 100 �l 2X SDS-sample

buffer supplemented according to (53) with 14% �-mercaptoethanol
and 5 mM EDTA (5 min at 95 °C), and finally once with 100 �l H2O (5
min at 95 °C). All eluted fractions were combined, and proteins were
precipitated overnight with 20% TCA (4 °C), pelleted (30 min,
16,000 � g, 25 °C), washed twice with acetone, air dried and dis-
solved in 33 �l of 2X SDS-sample buffer (5 min, 95 °C), resolved by
10% SDS-PAGE, transferred to nitrocellulose as above, and analyzed
for the presence of CD14 or flotillin-2.

In a series of experiments, samples were subjected to delipidation
(54, 55). For this purpose, proteins precipitated with methanol after
the click reaction were resuspended in 200 �l of 0.73% NaCl, soni-
cated, supplemented with 0.8 ml of chloroform:methanol (2:1, v:v),
and vortexed for 5 min. Then 9 ml of cold methanol were added to
precipitate proteins (1 h, �20 °C). Proteins were pelleted (50 min,
4000 � g, 4 °C), pellets air dried, dissolved in 140 �l of the SDS
buffer/10 mM EDTA, and processed for affinity enrichment on strepta-
vidin beads as above.

Fatty acylation of endogenous proteins of RAW264 cells was val-
idated by performing an analogous procedure as for CD14 using 2 �
106 untransfected cells per sample, which were lysed in 640 �l of 4%
SDS buffer. Proteins were tagged with 500 �M biotin-PEG3-azide,
subjected to chloroform:methanol precipitation, and tagged proteins
were bound to streptavidin-agarose beads and after elution pro-
cessed for immunoblotting. Parallel nitrocellulose membranes from
one experiment were blotted with a set of antibodies or subjected to
stripping of antibodies followed by subsequent immunoblotting to
verify changes in the amounts of palmitoylated proteins.

Gene Reporter Assay—HEK293 cells (2.5 � 104 in 48-well dish)
were transfected using FuGENE (Promega), essentially as described
earlier (22) with a mixture of DNA containing 50 ng pUNO-mCD14, 20
ng pDUO-3xFLAG-mMD2/TLR4, 12.5–50 ng pCMV5-Myc plasmid
encoding wild-type PI4KII� or PI4KII� or their non-palmitoylatable
mutants, 20 ng Renilla luciferase pRL-TK plasmid, 100 ng pNF�B-Luc
or 100 ng pISRE-Luc luciferase reporter plasmid, and appropriate
amounts of empty pcDNA3.1/Hygro(�) plasmid to bring the amount
of DNA in all samples to 345 ng. After 24 h, cells were stimulated with
100 ng/ml LPS, lysed 24 h later in passive lysis buffer (Promega), and
analyzed for reporter protein luminescence using dual luciferase as-
say reagent (21), or the lysates were subjected to SDS-PAGE and
immunoblotting analysis for the presence of indicated proteins.

Cell Fractionation—HEK293 cells were transfected with CD14,
TLR4/MD2 and PI4KII� or PI4KII� variants as for the gene reporter
assay; to equalize the amount of overexpressed kinases, two and four
times more DNA encoding wild type than mutant kinases were used
for PI4KII� and PI4KII�, respectively. After 24 h, 1 � 106 cells were
solubilized in 220 �l of 0.5% Brij 98 in 100 mM NaCl, 2 mM EDTA, 2
mM EGTA, 30 mM Hepes, pH 7.4, with proteases and phosphatase
inhibitors (10 min, 25 °C) and fractionated in a 0–40% Optiprep
density gradient containing the detergent (170,000 � g, 3.5 h, 4 °C),
essentially as described earlier (56). Seven fractions were collected
from the top of the gradient and analyzed for the presence of selected
proteins by immunoblotting.

Immunoblotting—Proteins were separated by 10% or 4–20%
SDS-PAGE and transferred on nitrocellulose by electroblotting. Nitro-
cellulose strips were probed with the following antibodies: mouse
anti-FLAG (Sigma-Aldrich), mouse anti-Myc (ThermoFisher Scien-
tific), mouse anti-� actin, rat anti-CD14 (both BD Biosciences, War-
saw, Poland), rabbit anti-flotillin-1 or flotillin-2, anti-JAK1, anti-Lyn A,
anti-TNF� (all from Cell Signaling, Leiden, The Netherlands), rabbit
anti-PAG (Exbio, Prague, Czech Republic), rabbit anti-eukaryotic
translation initiation factor 5A2 (eIF5A2; Sigma-Aldrich). They were
followed by goat anti-mouse IgG-HRP (Jackson ImmunoResearch,
West Grove, PA, USA), goat anti-rat IgG-HRP (Sigma-Aldrich), or
anti-rabbit-HRP (Millipore, Burlington, MA). Immunoreactive bands
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were visualized with chemiluminescence using SuperSignal WestPico
substrate (ThermoFisher Scientific) and analyzed densitometrically
using the ImageJ program. Prestained molecular mass standards
were from BioRad (Puchheim, Germany).

Gene Silencing—Silencing of Pi4k2a and Pi4k2b was performed
essentially as described earlier (57). Cell suspension (8 � 105 in 1 ml
RPMI containing 5% FBS) was mixed with 1 ml of RPMI containing
200 pmol of Pi4k2a or Pi4k2b siRNA or scrambled siRNA (Qiagen) and
20 �l of TrueFect Lipo (United Biosystems, Herndon, VA). Cells were
seeded in 96-well (0.8 � 105/well) or 48-well (1.6 � 105/well) plates,
and after 6 h the medium was exchanged for DMEM/10% FBS. Cells
were cultured for 18 h and used for ELISA tests or quantitative
polymarase chain reaction (qPCR) analysis.

TNF� and CCL5/RANTES Assays—Cells were plated at 0.8 �
105/well in 96-well plates and stimulated as described above. After
4 h of stimulation, levels of TNF� and CCL5/RANTES in culture
supernatants were determined using murine ELISA kits (R&D Sys-
tems, Abingdon, U.K.; BioLegend, Katowice, Poland). The product
absorbance was measured using a Sunrise plate reader (Tecan
Group, Zurich, Switzerland).

qPCR Analysis—Total RNA was isolated from cells with TRI rea-
gent (Sigma-Aldrich) and precipitated with ethanol. cDNA was syn-
thetized using High-Capacity cDNA Reverse Transcription Kit (Ther-
moFisher Scientific) according to the manufacturer’s protocol. qPCR
analysis was performed on a StepOnePlus instrument using fast
SYBR Green Master Mix (ThermoFisher Scientific). The primer se-
quences for Pip5k1a, Pip5k1b, Pip5k1c, and Hprt genes were de-
scribed by us earlier (20); those for Tnfa were according to (58).
The following primers were used for Pi4k2a: 5�-GCGAAAGTC-
CCGTTCTCTCA-3� and 5�-CGAAGCCAGGATCTCTCTTGAA-3�; for
Pi4k2b: 5�-CAGGAACACAGACAGGGGAAA-3� and 5�-TATGCTCGC-
CATTCATCAGG-3�; and for Ccl5 (encoding CCL5/RANTES): 5�-
GCTCCAATCTTGCAGTCGTGT-3� and 5�-CCATTTTCCCAGGAC-
CGAGT-3�. Relative mRNA levels for the investigated genes were
calculated using the ��CT method using Hprt gene expression as an
internal reference for all determinations.

Data Analysis—The significance of observed differences, except
for proteomic data analysis described above, was calculated using
Student’s t test or by two-way or one-way analysis of variance
(ANOVA) with Tukey’s post hoc test when indicated. ANOVA was
performed with the aov function from the stats package in the

R software environment. Significance levels are provided in figure
legends.

RESULTS

LPS-Induced Changes in Protein Acylation Revealed with
Click Chemistry in RAW264 Cells—Taking into account that
S-acylation (S-palmitoylation) of proteins controls their in-
volvement in the signaling cascades of several plasma mem-
brane receptors (28), we examined whether protein acylation
is affected during stimulation of RAW264 macrophage-like
cells with LPS. To identify fatty-acylated proteins, cells were
metabolically labeled with 17ODYA, an analogue of palmitic
acid functionalized with an alkyne group (59–61), and the
labeled proteins were tagged with biotin-azide, captured on
streptavidin-coupled beads, and analyzed by mass spec-
trometry (Fig. 1A). In all experiments, unstimulated cells and
cells stimulated with 100 ng/ml LPS for 60 min were analyzed.
Additionally, to control the reliability of the identification of
fatty-acylated proteins with 17ODYA, both unstimulated and
stimulated cells were in parallel incubated with the DMSO
carrier without 17ODYA. Three independent experiments
were performed, eventually giving three lists of 17ODYA-
labeled proteins in unstimulated cells, three lists in LPS-stim-
ulated cells, and corresponding lists of proteins found in
DMSO-treated unstimulated and LPS-stimulated cells (two
sets combining three lists each). After removal of contami-
nants and redundant proteins, 950 proteins remained; they
are presented in supplemental Table 2 together with their
spectral counts in each sample.

Subsequent statistical analysis aimed at: (i) establishing
which fatty-acylated proteins were identified with high and
medium confidence by 17ODYA labeling and (ii) revealing
which of those proteins were affected by the LPS stimulation.
For this purpose, spectral counts were summed up over three

FIG. 1. Stimulation of RAW264 cells with LPS up-regulates and downregulates fatty-acylated proteins identified by metabolic
labeling with 17ODYA and proteomic analysis. (A) Scheme of experimental procedure comprising metabolic labeling of cells with 50 �M

17ODYA or exposed to 0.05% DMSO carrier for 4 h, stimulation with 100 ng/ml LPS for 60 min, cell lysis, click chemistry reaction with
biotin-azide, and capture of tagged proteins on streptavidin-coupled beads followed by mass spectrometry. Three experiments were
performed. The abundance of proteins was estimated using a semiquantitative spectral counting approach described under “Experimental
Procedures.” A total of 646 fatty-acylated proteins that were eventually identified with high and medium confidence are listed in supplemental
Table 3. (B) Acylated proteins up- or downregulated or not affected by LPS treatment of cells revealed by calculating the RL ratio and listed
in supplemental Table 4. Up-regulated and downregulated proteins include those (34 and 32 proteins listed in Table I) selected basing on the
number of experiments they were detected in.
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samples of each experimental variant yielding data sets A and
B for unstimulated cells labeled with 17ODYA and treated with
DMSO, respectively, and corresponding data sets C and D for
LPS-stimulated cells. Subsequently, the ratios of the A/B pair
and the C/D pair were calculated for each protein and ex-
pressed as ln. We assumed that a given protein was tenta-
tively identified as fatty-acylated by 17ODYA labeling if the ln
value (ln(A/B) and/or ln(C/D)) for that protein was � 2.5, cor-
responding to about 12-fold excess of the sum of spectral
counts in the 17ODYA-labeled sample over that in the corre-
sponding DMSO-treated sample. Furthermore, the statistical
significance of the difference between spectral counts
summed for each protein in A and B as well as in C and D had
to reach p 	 0.275. A total of 646 fatty-acylated proteins
fulfilling those criteria were identified in unstimulated and/or
stimulated cells (of which 167, common to these two sets,
were with high confidence, p 	 0.05). These proteins are
listed in supplemental Table 3.

Of the 646 acylated proteins found here, 149 met the cri-
teria of confident identification in unstimulated cells only (sup-
plemental Table 3, green and blue rows) and 78 exclusively
following LPS stimulation (supplemental Table 3, orange and
red rows). Thus, these proteins can be considered to be
downregulated and up-regulated, respectively, in cells ex-
posed to LPS. We reasoned, however, that the definition of
LPS-affected acylated proteins should also take into account
the different intensity of the labeling of a given protein with
17ODYA in unstimulated versus stimulated cells. Therefore,
for all the 646 acylated proteins, the parameter named RL was
calculated. RL was equal to the ratio of the value reflecting
protein labeling in LPS-stimulated cells (C/D ratio) to that in
unstimulated cells (A/B ratio). Arbitrary thresholds were set to
consider a protein as up-regulated (RL � 1.5) or downregu-
lated (RL 	 0.5) in LPS-stimulated cells. Using these criteria,
154 acylated proteins were up-regulated (Fig. 1B; supplemen-
tal Table 4, red rows) and, as could be expected, this number
included the vast majority (73 of 78) of the proteins identified
with high or medium confidence in stimulated cells only. On
the other hand, 186 proteins were downregulated in LPS-
stimulated cells (Fig. 1B; supplemental Table 4, green rows),
including 138 of the 149 proteins identified with high or me-
dium confidence exclusively in unstimulated cell. Finally, 306
acylated proteins were unaffected by LPS (Fig. 1B; supple-
mental Table 4, yellow rows).

To characterize the fatty acylated proteins, especially those
affected by LPS, their putative cellular functions were inferred
using IPA. Taking into account all 646 proteins labeled with
17ODYA, IPA generated 25 networks of proteins/molecules
that were involved in various biological processes. Those
included amino acid and lipid metabolism, transcription and
translation, cellular assembly and organization, cell-to-cell
signaling, infectious diseases, and others (supplemental Table
5). Several such networks were composed nearly exclusively
of the fatty-acylated proteins identified in this study, which

suggests that acylation is a modification widely utilized to
regulate the biological activity of interrelated proteins. This
was the case for network 2 of proteins involved in RNA
posttranscriptional modification, infectious diseases, and der-
matological diseases. Moreover, more than half of the fatty
acylated proteins from this network were affected by stimu-
lation of cells with LPS (supplemental Fig. 1).

To strengthen the identification of LPS-regulated fatty acy-
lated proteins, from the 154 up-regulated and 186 downregu-
lated proteins, we selected those found in two or three ex-
periments in stimulated cells and absent or found only once in
unstimulated cells and vice versa. In this manner, a short list of
34 proteins up-regulated and of 32 downregulated proteins in
LPS-stimulated cells was obtained (Table I, Fig. 1B). Next, we
validated the identification of protein fatty acylation by mass
spectrometry using immunoblotting. For this purpose,
17ODYA-labeled proteins present in lysates of unstimulated
or LPS-stimulated cells were tagged with biotin and captured
on streptavidin-coupled beads, as for the mass spectrometry
analysis. These proteins were subsequently eluted from the
beads, and the eluates analyzed by immunoblotting for the
presence of selected proteins from Table I (Fig. 2A). As shown
in Fig. 2B, the amount of fatty acylated tyrosine kinase Jak1
recovered from LPS-stimulated cells was strongly reduced in
comparison to that in unstimulated cells. In contrast, the
amounts of fatty acylated flotillin-1, transmembrane TNF�

precursor, and eIF5A2 were markedly higher in LPS-stimu-
lated than unstimulated cells. For comparison, no significant
differences in the level of fatty-acylated PAG adaptor protein
and Lyn tyrosine kinase were detected between unstimulated
and stimulated cells (Fig. 2B). These results are in full agree-
ment with the above results of the proteomic mass spectrom-
etry analysis (compare Fig. 2B with Table I and supplemental
Table 3). No proteins were recovered from lysates of cells
exposed to DMSO instead of 17ODYA, confirming the spec-
ificity of the method (Fig. 2B).

We then used immunoblotting of affinity-enriched 17ODYA-
labeled proteins to examine whether the LPS-affected fatty
acylation of proteins is sensitive to BPA, a drug with pleiotro-
pic effects, including inhibition of protein palmitoylation (62).
BPA variably affected the labeling of proteins with 17ODYA. It
markedly reduced it for Jak1, flotillin-1, and TNF� but not for
PAG or Lyn (Fig. 2C). Among the proteins tested, the amount
of TNF� precursor detected in input cell lysates was also
reduced by BPA (Fig. 2C). Furthermore, in the presence of
BPA, the LPS-induced release of TNF� and CCL5/RANTES
cytokines from cells was inhibited by about 53 and 61%,
respectively (Fig. 2D). These data suggest that protein palmi-
toylation can control the LPS-induced proinflammatory sig-
naling pathways leading to cytokine production and release.

From this point of view, it was of major interest that PI4KII�
was one of the fatty acylated proteins up-regulated in LPS-
stimulated cells (Table I). PI4KII� is one of the four kinases
phosphorylating phosphatidylinositol to PI(4)P (63). In turn,
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PI(4)P is a substrate for the production of PI(4,5)P2 required
for maximal release of proinflammatory cytokines (20, 21) and
possibly also for motility of LPS-stimulated cells (64). The only
other S-palmitoylated kinase involved in PI(4)P generation,
PI4KII�, was labeled relatively strongly with 17ODYA in both
unstimulated and stimulated cells (supplemental Tables 2–4).
S-palmitoylation is required for the activity of both PI4KII� and
PI4KII� (44, 65, 66). Thus, the proteomic data suggested that
LPS stimulates the activity of PI4KII�. Because of the impor-
tance of phosphatidylinositols in LPS-induced signaling, we
analyzed in detail the palmitoylation of PI4KII� and PI4KII� in
the course of cell stimulation with LPS and its role in triggered
signaling.

Palmitoylation of PI4KII� and PI4KII� in LPS-Stimulated
Cells—In order to follow their palmitoylation, Myc-tagged
PI4KII� and PI4KII� were expressed separately in RAW264
cells that were labeled metabolically with 17ODYA and stim-
ulated with 100 ng/ml LPS for up to 1 h. The palmitoylation
status of immunoprecipitated kinases was analyzed with the
use of azide-functionalized fluorescent IRDye 800CW (Fig.
3A). Relatively high labeling of PI4KII� was detected in resting
cells, and its level did not change markedly upon stimulation
of the cells with LPS (Figs. 3B and 3C). The labeling was
sensitive to 2.5% hydroxylamine, abrogated by deletion of the
palmitoylation site of PI4KII�, and also absent when 17ODYA
was omitted (Figs. 3B and 3C).

In contrast to PI4KII�, palmitoylation of PI4KII� was clearly
induced by LPS. Incorporation of 17ODYA into PI4KII� in-
creased about twofold after 30 min of cell stimulation with
LPS and remained at that level during the next 30 min of LPS
action (Figs. 3D and 3E). As for PI4KII�, the labeling of PI4KII�
was abolished by deletion of the S-palmitoylation site of the
kinase or by an exposure of the 17ODYA-labeled wild-type
kinase to 2.5% hydroxylamine and was absent in DMSO-
treated cells (Figs. 3D and 3E). As S-palmitoylation closely
correlates with the kinase activity (44), these data indicate that
PI4KII� is activated during stimulation of cells with LPS. We
also examined whether BPA affected the S-palmitoylation of
PI4KII� and PI4KII� in LPS-stimulated cells. This was indeed
the case: The S-palmitoylation of PI4KII� was inhibited by
nearly 50% and of PI4KII� by about 70% by the drug
(Figs. 3B–3E). Taken together, the data confirm constitutive
S-palmitoylation, hence activity, of endogenous PI4KII�, and
LPS-induced S-palmitoylation/activation of PI4KII� revealed
in RAW264 cells by mass spectrometry.

Participation of PI4KII� and PI4KII� in LPS-Induced Cyto-
kine Expression—Having established the profile of S-palmi-
toylation of PI4KII� and PI4KII� in LPS-stimulated RAW264
cells, we analyzed their contribution to the mechanisms con-
trolling production of cytokines by the cells. An estimation of
the relative abundance of the two kinases with qPCR revealed
that the level of mRNA encoding PI4KII� in unstimulated
RAW264 cells was about seven times higher than that of
PI4KII� (Fig. 4A). Following stimulation with LPS, the expres-
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sion of PI4KII� nearly doubled, but only after 4 h, while the
expression of PI4KII� remained fairly constant (Figs. 4B and
4C). Silencing of PI4KII� or PI4KII� significantly reduced LPS-
induced production of TNF� and CCL5/RANTES, the latter
produced exclusively in the TRIF-dependent pathway of TLR4
(67). The inhibition of cytokine production was correlated with
a significant reduction of TNF� and CCL5/RANTES mRNA
levels (Figs. 4D–4G). The production of CCL5/RANTES was

more sensitive to the depletion of either kinase, and it was
reduced by 47% after PI4KII� and by 70% after PI4KII�
silencing in comparison with a reduction by only about 27% of
the TNF� release in response to the depletion of one or the
other kinase (Figs. 4E and 4G).

We confirmed that transfection of cells with siRNA targeting
PI4KII� or PI4KII� led to a profound depletion of the respec-
tive kinase at the mRNA level (Figs. 4H and 4I). On the other

FIG. 2. Immunoblotting analysis confirms changes of fatty acylation of proteins induced by stimulation of RAW264 cells with LPS.
BPA affects LPS-induced signaling. (A) Scheme of experimental procedure mirroring that in Fig. 1 but finalized by elution of 17ODYA-labeled
and biotin-tagged proteins from streptavidin beads and their separation by SDS-PAGE. In a series of experiments, cells were pretreated with
250 �M BPA (1h, 37 °C), labeled with 17ODYA and stimulated with LPS in the presence of the drug. (B, C) Immunoblotting analysis of indicated
proteins in cells unstimulated and stimulated with 100 ng/ml LPS for 60 min (B) and cells untreated or treated with BPA and stimulated with
LPS (C). For comparison, 2% or 0.5% (eIF5A2 detection) of total cell lysate was also run. Relative protein levels were quantified by densitometry
and are presented as mean from three experiments. Positions of transmembrane TNF� precursor are indicated by arrows. Molecular weight
markers are shown on the left. (D) Production of TNF� and CCL5/RANTES by cells exposed to 250 �M BPA. Data shown are mean � s.d. from
four experiments. ***, Significantly different at p � 0.001 from cells stimulated with LPS.
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hand, the level of mRNA encoding PI4KII� was unaffected by
the silencing of PI4KII� and vice versa (Figs. 4H and 4I). It has
been reported that cells can compensate for a loss of PI4KIII�
by increasing the level of PIP5KI� and PIP5KI�, both kinases
phosphorylating PI(4)P to PI(4,5)P2 (68). However, this was
not the case for PI4KII silencing in RAW264 cells, as depletion
of either PI4KII� or PI4KII� did not affect the mRNA level of
any PIP5KI isoform, including the most abundant PIP5KI�
(Fig. 4J).

Taking into account the LPS-induced S-palmitoylation/ac-
tivation of PI4KII� and its role in LPS-induced cytokine pro-
duction observed in RAW264 cells, we examined its contri-
bution to this event in another macrophage-like line, J774. In
unstimulated J774 cells, the PI4KII� mRNA level was about
fivefold lower than that of PI4KII�, similarly as in RAW264
cells. Effective silencing of PI4KII� was achieved using RNA

interference, and it did not affect expression of PI4KII� (Figs.
5A–5C). The depletion of J774 cells of PI4KII� substantially
(by over 55%) inhibited the expression and production of
CCL5/RANTES following cell stimulation with LPS but had no
significant effect on TNF� expression or production (Figs.
5D–5G). Taking into account the relatively strong inhibitory
effect of PI4KII� depletion on CCL5/RANTES production
found in RAW264 cells, it can be suggested that activity of
PI4KII� is crucial for the TRIF-dependent production of cyto-
kines in LPS-stimulated cells.

Effect of S-Palmitoylation on PI4KII� and PI4KII� Involve-
ment in LPS-Induced Signaling—In order to examine whether
the engagement of PI4KII� and PI4KII� in LPS-induced sig-
naling depends on their S-palmitoylation, we analyzed the
influence of overexpression of wild-type kinases and their
mutant forms lacking the palmitoylation sites on the LPS-

FIG. 3. Stimulation of RAW264 cells with LPS induces S-palmitoylation of PI4KII�. (A) Scheme of experimental procedure. RAW264 cells
were transfected with plasmids encoding Myc-tagged PI4KII� or PI4KII� kinase wild type (wt) or their deletion mutants lacking the
S-palmitoylation site (mut). After 24 h, cells were treated or not with 250 �M BPA (1 h, 37 °C), subjected to metabolic labeling with 50 �M

17ODYA or exposed to 0.05% DMSO carrier as control (- 17ODYA) for 4 h, and stimulated with 100 ng/ml LPS for 15, 30 and 60 min or left
unstimulated. After lysis, the kinases were immunoprecipitated with anti-Myc rabbit IgG-agarose and subjected to click chemistry reaction with
IRDye 800CW-azide. (B) 17ODYA labeling of PI4KII� and (D) PI4KII�. (B, D, upper panels) In-gel fluorescence showing labeling with 17ODYA
followed by IRDye-azide. (B, D, lower panels) Efficiency of immunoprecipitation of kinases determined by blotting with anti-Myc antibody. HXA,
samples treated with 2.5% hydroxylamine prior to SDS-PAGE. Molecular weight markers are shown on the right. (C, E) Labeling of PI4KII� (C)
and PI4KII� (E) normalized against content of respective Myc-tagged kinase and expressed relative to that in unstimulated cells or cells
stimulated with LPS for 60 min (for BPA-treated cells). Data shown are mean � s.d. from three experiments. *, ***, Significantly different at p �
0.05 and p � 0.001 from unstimulated cells expressing wild-type kinases. ##, Significantly different from LPS-stimulated cells at p � 0.01.
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FIG. 4. PI4KII� and PI4KII� contribute to cytokine production in LPS-stimulated RAW264 cells. (A) Relative expression of genes
encoding PI4KII� and PI4KII� in unstimulated cells. (B, C) Expression of PI4KII� (B) and PI4KII� (C) in cells prior to and after stimulation of cells
with 100 ng/ml LPS for 1–4 h. (D–G) Expression and production of TNF� (D, E) and CCL5/RANTES (F, G) in cells transfected with scrambled
siRNA (scr) or siRNA targeting PI4KII� or PI4KII�. NS, unstimulated cells, LPS, cells stimulated with 100 ng/ml LPS for 4 h. Expression of genes
was analyzed with qPCR (D, F) while concentration of TNF� (E) and CCL5/RANTES (G) in culture supernatants was measured with ELISA. (H,
I) Expression of PI4KII� (H) and PI4KII� (I) in cells exposed to scrambled siRNA or siRNA targeting PI4KII� or PI4KII�. (J) Expression of PIP5KI�,
I� and I� in cells exposed to scrambled siRNA or siRNA targeting PI4KII� or PI4KII�. Data are mean � s.d. from three (A–D, F, J) or five (H,
I) experiments run in duplicates, or of three experiments run in triplicates (E, G). ###, Significantly different from unstimulated cells at p � 0.001.
***, Significantly different at p � 0.001 from cells transfected with scrambled siRNA and left unstimulated (H, I) or stimulated with LPS (D-G).
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induced activation of NF�B and IRF(s). Among those tran-
scription factors, IRF3/7 are activated by LPS exclusively in
the TRIF-dependent signaling pathway of TLR4 (8). Thus,
PI4KII� or PI4KII� was co-expressed in HEK293 cells with
CD14 and TLR4/MD2, which sensitize the cell to LPS, as
revealed by expression of firefly luciferase controlled by pro-
moters containing NF�B or ISRE transcription factor-binding
sites (Fig. 6). Immunoblotting analysis showed that the cellular
level of ectopically expressed wild-type PI4KII� or PI4KII�
was in these transfection conditions lower than that of respec-
tive nonpalmitoylated form, and this disproportion was stron-
ger for PI4KII� (Figs. 6A and 6E). No differences in the level of

CD14 or TLR4 proteins were detected between the transfec-
tants tested (Figs. 6A and 6E). Neither wild-type nor nonpalmi-
toylated PI4KII� or PI4KII� affected significantly the LPS-
induced NF�B-luciferase reporter activity (Figs. 6B and 6F).
Only in cells producing relatively high amounts of the mutant
nonpalmitoylated PI4KII� was a moderate inhibition of the
activity found (Fig. 6F). In contrast, the ISRE-dependent in-
duction of luciferase was increased by wild-type PI4KII� or
PI4KII� depending on their overproduction level, reaching
2.0-fold and 1.4- to 1.6-fold, respectively, in comparison to
cells nontransfected with either kinase. The nonpalmitoylated
forms of PI4KII� and PI4KII� did not have the ability to en-

FIG. 5. PI4KII� controls production
of CCL5/RANTES in J774 cells. (A) Ex-
pression of genes encoding PI4KII� and
PI4KII� in unstimulated cells. (B, C) Ex-
pression of PI4KII� (B) and PI4KII� (C) in
cells exposed to scrambled siRNA or
siRNA targeting PI4KII�. (D–G) Expres-
sion and production of TNF� (D, E) and
CCL5/RANTES (F, G) in cells transfected
with scrambled siRNA (scr) or siRNA tar-
geting PI4KII�. Expression of genes was
analyzed with qPCR (D, F) while concen-
tration of TNF� (E) and CCL5/RANTES
(G) in culture supernatants was meas-
ured with ELISA. NS, unstimulated cells,
LPS, cells stimulated with 100 ng/ml
LPS for 4 h. Data are mean � s.d. from
three experiments run in duplicates
(A–D, F) or in triplicates (E, G). ***, Sig-
nificantly different at p � 0.001 from
cells transfected with scrambled siRNA
and left unstimulated (C) or stimulated
with LPS (F, G).
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FIG. 6. PI4KII� and PI4KII� up-regulate activity of IRF(s) in palmitoylation-dependent manner. Palmitoylation affects subcellular
distribution of kinases. HEK293 cells were co-transfected with plasmids encoding CD14 and FLAG-tagged TLR4/MD2 and indicated
amounts of plasmids encoding Myc-tagged PI4KII� (A–D) or PI4KII� (E–H) kinases wild type (wt) or their deletion mutants lacking the
S-palmitoylation site (mut). In control cells, PI4KII-bearing plasmids were omitted (“0”). In (A–C) and (E–G) the DNA mixture used for cell
transfection also contained plasmid encoding Renilla luciferase and firefly luciferase controlled by either NF�B-dependent or ISRE-dependent
promoter. Cells were either left unstimulated (NS) or were stimulated with 100 ng/ml LPS for 24 h. (A, E) Immunoblotting analysis of ectopically
expressed PI4KII�, PI4KII�, CD14, and TLR4 using anti-Myc, anti-CD14 or anti-FLAG antibodies. Equal protein loading was verified by probing
membranes with anti-actin antibody. Numbers below upper panels indicate relative mean level of PI4KII� or PI4KII� quantified by densitometry
in four experiments. (B, F) NF�B activity and (C, G) ISRE activity assessed by corresponding firefly luciferase activity measured in cell lysates.
The firefly luciferase activity was normalized against constitutive Renilla luciferase activity in the same sample. The relative luciferase activity
(RLA) is expressed as a fold increase over the RLA value found in LPS-stimulated cells lacking the ectopically expressed PI4KII� or PI4KII�
(“0”). Data are mean � s.d. from four experiments. &, &&&, Significant differences at p � 0.05 and p � 0.001 between LPS-stimulated samples
established with two-way ANOVA with interactions. *, **, ***, Significantly different at p � 0.05, p � 0.01, and p � 0.001 from RLA in
LPS-stimulated cells lacking the ectopically expressed PI4KII� or PI4KII� (“0”), as estimated using 1-way ANOVA with Tukey’s post hoc test.
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hance the ISRE-driven induction of luciferase (Figs. 6C and
6G). These data indicate that S-palmitoylation, hence activity
of PI4KII� and PI4KII�, affects especially strongly the TRIF-
dependent signaling pathway of TLR4 leading to IRF(s)
activation.

Taking into account the observed palmitoylation-depend-
ent influence of both PI4KII� and PI4KII� on LPS-induced
signaling, we examined whether S-palmitoylation affects their
subcellular distribution. For this purpose, HEK293 transfec-
tants were solubilized in Brij 98 and subjected to OptiPrep
density gradient centrifugation to separate the buoyant deter-
gent-resistant membrane fraction expected to accommodate
PI4KII� (65). About 20.3 � 7% of wild-type PI4KII� and 17.6 �

5% of PI4KII� (n � 3) floated to fractions 1–3 of the gradient.
However, they only partially overlapped with CD14, a typical
raft protein, which was recovered nearly exclusively in fraction
1 of the lowest density (Figs. 6D and 6H). The major fraction
of both kinases was found in the high density fractions 5–7 of
the gradient that contained detergent-soluble proteins, in-
cluding TLR4 receptor (Figs. 6D and 6H). Deletion of the
palmitoylation site substantially (by over 70%) reduced the
amounts of PI4KII� and PI4KII� found in the low-density

fractions of the gradient (Figs. 6D and 6H). On the other hand,
the distribution of PI4KII� and PI4KII� in the gradient was not
affected by stimulation of cells with LPS (not shown).

Lipidation of CD14—Among the proteins labeled with
17ODYA in RAW264 cells, we detected CD14 (supplemental
Tables 2–4), which was of interest in view of its essential role
in PI(4,5)P2 generation in LPS-stimulated cells (20, 21). CD14
bears a GPI moiety that incorporates palmitic acid, as de-
scribed, e.g. for the GPI anchor of placental alkaline phos-
phatase (69). To check whether the labeling with 17ODYA
reflects true acylation or whether the 17ODYA simply incor-
porates into GPI, we removed the C-terminal 21 amino acids
of CD14 containing the GPI-anchor attachment signal, devoid
of any cysteine residue (70, 71), and fused the truncated
protein with a 49-amino acid long VSVG protein fragment
containing its transmembrane and cytoplasmic parts. This
VSVG fragment includes a juxtamembrane cysteine residue
(amino acid 489 of full-length VSVG) that undergoes S-palmi-
toylation (72). We also created a CD14-VSVG fusion protein in
which the cysteine 489 residue was mutated to alanine (Fig.
7). We overexpressed wild-type CD14 (CD14 WT), CD14-
VSVG, or CD14-VSVGmut in HEK293 cells lacking endoge-

(D, H) Distribution of PI4KII� (D) and PI4KII� (H) in density gradient fractions. HEK293 transfectants were lysed in 0.5% Brij 98 and the lysates
were fractionated over 0–40% OptiPrep density gradient. Seven fractions with increasing density were collected and analyzed for the presence
of indicated proteins. Molecular weight markers are shown on the right.

FIG. 7. Labeling of CD14 with 17ODYA is confined to its GPI anchor. (A) Scheme of experimental procedure. CD14 wild type (WT),
CD14-VSVG, or CD14-VSVGmut were expressed in HEK293 cells. Cells were labeled with 50 �M 17ODYA or exposed to 0.05% DMSO carrier
for 4 h, lysed, and cell lysates were subjected to click chemistry reaction with biotin-azide. Biotin-tagged proteins were captured on
streptavidin-coupled beads, and, after elution, separated by SDS-PAGE. A parallel set of samples was subjected to delipidation after the click
chemistry reaction (DeLip). (B) The presence of CD14 or flotillin-2 in eluates from streptavidin beads and in lysates (10% of total cell lysate).
As CD14 WT did not contain the HA tag, all CD14 variants were detected with anti-CD14 antibody. Molecular weight markers are shown on
the right. (C) Structure of CD14 constructs. TM, CP, transmembrane and cytoplasmic fragments of VSVG, respectively. HA, HA tag. Results
of one representative experiment of three are shown.
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nous expression of CD14, labeled the cells with 17ODYA,
performed the click reaction with biotin-azide, and analyzed
the amounts of CD14 captured on streptavidin-coupled
beads by immunoblotting for CD14 (Fig. 7A), in an approach
analogous to that used to analyze palmitoylation of endoge-
nous proteins in RAW264 cells. This analysis confirmed incor-
poration of 17ODYA into CD14 WT; however, the labeled
protein constituted a small fraction of the whole pool of CD14
(Fig. 7B, left panel). As CD14 contains a large hydrophobic
pocket located in the N-terminal part that binds LPS, we
reasoned that 17ODYA could not only be incorporated into
the GPI anchor of the protein but could also be trapped in the
pocket. To examine this possibility, samples after the click
reaction were subjected to delipidation according to Folch et
al. (54). Following the delipidation, the labeling of CD14 with
17ODYA was still detectable at a similar level, pointing to its
covalent attachment to the protein (Fig. 7B, left panel). In
contrast, no 17ODYA labeling of CD14-VSVGmut was de-
tected (Fig. 7B, right panel) while high amounts of CD14-
VSVG fusion protein were recovered via the biotin-streptavi-
din interaction, reflecting a high level of its fatty acylation
regardless of delipidation (Fig. 7B, middle panel). In all the
17ODYA-treated samples, flotillin-2 was detected serving as a
positive control for the recovery of labeled proteins (Fig. 7B).
Taken together, the data indicate that during metabolic label-
ing of cells with 17ODYA it incorporates into the GPI anchor of
CD14. By analogy, for the seven more GPI-anchored proteins

and GPI-anchor transamidase found among the 17ODYA-
labeled proteins (supplemental Table 3, Table I) incorporation
of 17ODYA into their GPI moieties rather than direct S-palmi-
toylation seems plausible.

17ODYA as an Indicator of Protein Palmitoylation—In view
of the ability of 17ODYA to incorporate into the GPI anchor of
proteins, its utility as an indicator of protein palmiotylation in
our system had to be verified. For this, unstimulated RAW264
cells were labeled with 17ODYA alone, with 17ODYA in the
presence of palmitic acid as a competitor, or with 17ODYA
and BPA. Alternatively, after labeling, samples were treated
with hydroxylamine cleaving thioester linkages. Global pro-
files of 17ODYA-labeled proteins tagged with IRDye 800CW-
azide proteins were then analyzed by in-gel fluorescence (Fig.
8A). Compared with the 17ODYA-alone labeling all the addi-
tional treatments reduced the fluorescence to various extents.
Thus, the labeling was most strongly reduced by the hydrox-
ylamine treatment, diminished by 50.4 � 14% (n � 3) in the
presence of 500 �M palmitic acid and by 32.1 � 5% (n � 3) in
the presence of 250 �M BPA (Fig. 8B and 8C). Taken together,
these data show that the metabolic labeling of proteins by
17ODYA reflects preferentially their S-palmitoylation.

DISCUSSION

Stimulation of cells with LPS triggers redistribution and
activation of numerous proteins involved in the formation of
MyD88- and TRIF-dependent signaling complexes of TLR4 (7,

FIG. 8. In-gel profiling reveals acylated proteins in RAW264 cells. (A) Scheme of experimental procedure comprising preincubation of
cells with 150 �M or 500 �M palmitic acid (30 min, 37 °C; PA) or 125 �M or 250 �M BPA (1 h, 37 °C) or with 30 �M BSA in controls followed
by metabolic labeling of cells with 50 �M 17ODYA or exposed to 0.05% DMSO carrier (- 17ODYA) for 4 h. After lysis, click chemistry reaction
was performed with IRDye 800CW-azide and proteins were separated by SDS-PAGE. A set of samples was exposed to 2.5% hydroxylamine
(HXA, 30 min, 25 °C) before SDS-PAGE. (B, C) Profile of 17ODYA-labeled proteins in cells exposed to PA (B) or BPA (C) revealed by in-gel
fluorescence (left panels) and stained with Coomassie Blue to verify equal loading (right panels). Molecular weight markers are shown on the
right.
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10). As S-palmitoylation is known to affect localization and
activity of proteins (28), we asked whether stimulation of cells
with LPS affects protein palmitoylation in RAW264 macro-
phage-like cells. To identify fatty-acylated proteins, we
treated living cells with the labeling agent 17ODYA, which
mimics palmitic acid (59–61), and stimulated them with 100
ng/ml LPS for 60 min. Our earlier studies indicated that in
such conditions both signaling pathways of TLR4 are trig-
gered, judging from the activation of NF�B and IRF3 tran-
scription factors (20, 39). In addition, full development of the
events related to the phosphatidylinositol cycle, crucial to
TLR4 signaling, could be expected at this duration of treat-
ment since 100 ng/ml LPS induces biphasic accumulation of
PI(4,5)P2 in cells with peaks at 5–10 and 60 min of stimulation
(20, 21). A proteomic analysis of the 17ODYA-labeled proteins
revealed that the stimulation of cells with LPS induced pro-
found global changes of the level of palmitoylated proteins. As
many as 154 acylated proteins were markedly up-regulated
and even more—186 proteins—were downregulated in com-
parison with 306 proteins not affected by LPS. One should
note here that the approach used to quantify palmitoylated
(i.e. labeled with 17ODYA) proteins did not allow distinguish-
ing between a changed amount of a protein (due to its de
novo synthesis and/or degradation) and a changed degree of
its palmitoylation. A combination of both factors likely af-
fected individual proteins to varying extent, as exemplified by
the following two cases. One of the acylated proteins up-
regulated by LPS was TNF�, whose rapid synthesis is a
hallmark of LPS-induced inflammation. TNF� is synthesized
as a transmembrane protein S-palmitoylated at cysteine 30
adjacent to the plasma membrane, which modification facili-
tates incorporation of TNF� into membrane rafts (73, 74). The
other end of the spectrum is represented by PI4KII�, whose
expression was unaffected by LPS treatment, as shown by a
constant mRNA level for up to 4 h of cell stimulation, but the
level of S-palmitoylation doubled after 30 min of LPS action.
An even faster S-palmitoylation was recently found with ap-
plication of 17ODYA for the Lck tyrosine kinase in Fas-ex-
posed T cells (38).

We aimed at revealing changes of the level of S-acylated
proteins related to LPS-induced signaling. According to the
SwissPalm database (http://swisspalm.epfl.ch), 422 of the
proteins from our list of 646 have been reported previously as
palmitoylated in murine cells and as many as 570 (88%)
proteins as palmitoylated in the mouse or other species. Thus,
these data provided a good basis for an analysis of the regu-
lation of protein palmitoylation in LPS-stimulated cells. To our
knowledge, no earlier studies have addressed this subject. S-
palmitoylated proteins were identified with application of the
acyl-biotin exchange technique in unstimulated RAW264 cells
only (40). That analysis yielded 101 S-acylated proteins, 72 of
which were also found in our study (supplemental Table 3). The
same group showed LPS-induced accumulation of proteins in
Triton X-100-insoluble (raft) fraction of these cells, but contri-

bution of protein S-palmitoylation to their redistribution has
not been analyzed in detail (75). In yet another study RAW64
cells were used to examine heterogeneous S-acylation of
proteins with application of click chemistry. The cells were
first stimulated with the high dose of 0.5 �g/ml LPS together
with 100 U/ml INF� for as long as 12 h and subsequently were
labeled for 8 h with alkyne-containing analogues of saturated
and unsaturated fatty acids, alk-16, alk-16:1, alk-17:1, or
alk-18:1, in concentrations reaching 200 �M (31). The ob-
served protein acylation was related to formation of lipid
droplets in the lipid-loaded cells, and no comparison of pro-
tein acylation in LPS/INF�-treated cells with that in resting
cells was made. After the prolonged lipid loading, over 680
proteins acylated with various lipids were revealed, 361 of
which are also found in our list (supplemental Table 3). Due to
the substantially different conditions of cell treatment, label-
ing, and analysis between those and our studies, such dis-
crepancies could be expected.

We confirmed our mass spectrometry results showing
changes of the level of palmitoylated protein in LPS-stimu-
lated RAW264 cells by performing immunoblotting for se-
lected 17ODYA-labeled proteins recovered from cell lysates
by affinity enrichment on streptavidin beads and also by im-
munoprecipitation of PI4KII� and PI4KII�. Interestingly, the
17ODYA labeling of those proteins was to various extents
reduced by BPA, which is often considered an inhibitor of
protein S-palmitoylation. However, BPA is highly reactive to-
ward thiols, and for this reason, it is a promiscuous inhibitor
that, besides inhibiting zDHHC palmitoyl acyltransferases,
also affects several other enzymes (62). Among others, BPA
has been found to inhibit acyl protein thioesterases (APT1 and
APT2), most likely by their direct alkylation (76). The nonuni-
form influence of BPA on the labeling of proteins with
17ODYA found in our study can account for its moderate
inhibition of the overall extent of protein labeling demon-
strated by in-gel fluorescence. On the other hand, the strong
reduction of the 17ODYA labeling by an excess of palmitic
acid and its high sensitivity to hydroxylamine confirm that the
labeling mostly represents S-palmitoylation. Notably, during
metabolic labeling, 17ODYA can also be incorporated at sites
of O- and N-acylation of proteins, but these modification are
rare (32). We did find that 17ODYA also incorporates into the
GPI anchor of proteins. In addition to CD14, for which we
showed such incorporation experimentally, only a few (eight)
other proteins from among the 646 labeled ones were pre-
dicted to be labeled in the GPI moiety instead of being S-pal-
mitoylated. Hence, this type of labeling does not affect sub-
stantially the final list of acylated proteins revealed by the click
chemistry reaction.

Prediction of the functions of the 17ODYA-labeled proteins
using the IPA algorithm showed their involvement in a variety
of cellular processes, with a strong representation of proteins
engaged in transcription and translation. In addition, a manual
comparison of the protein palmitoylation patterns in resting
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and LPS-stimulated cells has revealed that the stimulation
affects several enzymes involved in phosphatidylinositol syn-
thesis and turnover (Fig. 9). This is of interest in view of earlier
studies that have revealed that LPS induces accumulation of
PI(4,5)P2 in cells, and that PI(4,5)P2 and its derivatives control
several aspects of LPS-induced signaling (6, 20, 21, 23–26).
Here we established that LPS triggers S-palmitoylation of
PI4KII�, one of the four mammalian enzymes catalyzing phos-
phorylation of phosphatidylinositol to PI(4)P. PI4Ks are clas-
sified as kinases of type II or III based on their structure and
sensitivity to inhibitors such as wortmannin (63). Among them,
PI4KII� and PI4KII� contain a conserved catalytic domain
comprising a common CCPCC motif that is S-palmitoylated.
Once S-palmitoylated, these enzymes behave as integral
membrane proteins, and the S-palmitoylation is also required
for their enzymatic activity (44, 65, 66). Both PI4KII� and
PI4KII� contribute to the signaling pathways triggered
by LPS since depletion of either kinase inhibited the LPS-
induced production of cytokines, especially the TRIF-depend-
ent CCL5/RANTES chemokine. In agreement, overexpression
of PI4KII� and PI4KII� enhanced the TRIF-dependent signal-
ing of TLR4. This enhancement was dependent on the S-
palmitoylation of either kinase. We have also found earlier that
overexpressed PI4KII� enhances production of PI(4)P and
PI(4,5)P2 in LPS-stimulated cells in a palmitoylation-depend-
ent manner (21). However, PI4KII� is S-palmitoylated, hence
active, constitutively, as found here and in previous studies
(77), while the S-palmitoylation of PI4KII� is induced by LPS.
Thus, LPS triggers PI(4)P synthesis by inducing S-palmitoy-
lation and thereby activation of PI4KII�.

In unstimulated cells, PI4KII� is distributed almost evenly
between the cytosol where it is sequestered by Hsp90, and

membranes of the trans-Golgi apparatus, a subset of endo-
somes and the plasma membrane. In the membrane-bound
fraction, only half of the kinase seems to be S-palmitoylated,
hence in unstimulated cells only about 25–30% of PI4KII� is
palmitoylated/active (78–80). This estimate agrees with the
relatively weak labeling of PI4KII� with 17ODYA in unstimu-
lated RAW264 cells that, however, increased markedly in cells
exposed to LPS. Upon stimulation with LPS, the cytosolic
pool of the enzyme can shift toward the membranes, where it
is S-palmitoylated and activated. Thus far, PDGF and a down-
stream effector of PDGF receptor, Rac GTPase, have been
identified as activators of PI4KII� inducing its association with
the plasma membrane (78). Also cross-linking of T cell recep-
tor CD3
 chains induces PI4KII� activation (81). No further
details of the mechanisms governing the S-palmitoylation/
activation of PI4KII� are known yet, but those deciphered for
PI4KII� can provide a clue. PI4KII� is associated with trans-
Golgi membranes and endosomes (78, 82, 83). At the Golgi,
PI4KII� can be docked in cholesterol-enriched domains
(rafts?) by palmitoyl acyltransferases zDHHC3 and zDHHC7
that subsequently palmitoylate the enzyme, endowing it with
an anchor for firm “integral” membrane association (65, 77,
84). It is tempting to speculate that zDHHC(s) could serve as
docking molecules also for PI4KII� at its target membranes.
The list of acylated proteins found in our analysis includes as
many as ten zDHHCs, in agreement with the earlier data
showing that autopalmitoylation is the first catalytic step in the
reaction carried out by zDHHC (85). Among the zDHHCs
found in our analysis, zDHHC5, 6, 7, 9, and 17 were up-
regulated in LPS-stimulated cells, suggesting that they can be
involved in the palmitoylation of the proteins of the TLR4
signaling pathways, possibly including PI4KII�. Also, tetras-
panins, transmembrane S-palmitoylated adaptor proteins that
form domains separated from rafts containing GPI-anchored
proteins, could serve as anchors of PI4KII� and PI4KII�. The
tetraspanins CD9, CD63, and CD81 have been found to as-
sociate with PI4KII, although the isoform was not determined
(86, 87). During density gradient centrifugation of Brij 99 ly-
sates of cells, a fraction of the CD63-PI4KII complexes has
been found in low-density fractions, but the majority has
shifted to high-density fractions of the gradients (86). In our
hands, the distribution of PI4KII� and PI4KII� in Brij 98 gra-
dient factions resembled that of PI4KII/II� and CD63 from
earlier studies (65, 77, 86), suggesting an interaction of
PI4KII� and PI4KII� with tetraspanin(s) that indeed were iden-
tified among the fatty acylated proteins in RAW264 cells (sup-
plemental Tables 1–4). This type of interaction could explain
the lack of redistribution of PI4KII� in the gradient after stim-
ulation of cells with LPS despite its induced S-palmitoylation
and thus membrane binding.

PI4KII� and PI4KII� control various aspects of vesicular
trafficking between trans-Golgi and endosomes and between
sorting and recycling endosomes. The PI(4)P produced by
these enzymes is either an intermediate in the chain of phos-

FIG. 9. Essential steps of phosphatidylinositol synthesis and
turnover are mediated by palmitoylated proteins. Scheme shows
major steps of the phosphatidylinositol cycle. Red, acylated proteins
up-regulated in LPS-stimulated cells; green, acylated protein down-
regulated in LPS-stimulated cells. Yellow, proteins whose acylation is
not affected by LPS. Nonacylated proteins are shown in black. CDP-
DAG, cytidine diphosphate-diacylglycerol; extrIno, extracellular myo-
inositol; G-6-P, D-glucose 6-phosphate; IP, myo-inositol 3-phos-
phate; IP3, inositol 1,4,5-trisphosphate; MIPS, inositol-3-phosphate
synthase 1; PA, phosphatidic acid; PI, phosphatidylinositol; PLC,
phospholipase C; SMIT1, acylated sodium/myo-inositol transporter 1;
Tmem55a and Tmem55b, type 2 and type 1 phosphatidylinositol
4,5-bisphosphate 4-phosphatase, respectively; 5�-Ptases, inositol
polyphosphate 5-phosphatases; PIP5KI, type I phosphatidylinositol
4-phosphate 5-kinase.
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phoinositide conversions required for that trafficking or itself
facilitates the binding of adaptor proteins involved in these
processes (80, 82, 83). Cumulative evidence indicates that
PI4KII� and PI4KII� have nonredundant functions, suggesting
that also in LPS-treated cells the enzymes produce different
pools of PI(4)P. For instance, PIKII� produces PI(4)P that is
required for the functioning of adaptor protein-1 (AP-1), a
key adaptor protein complex controlling the assembly of
clathrin-coated vesicles involved in bidirectional trans-Golgi–
endosomes trafficking (80). AP-1 binds to the trans-Golgi and
endosomal membranes via cooperative interactions with
PI(4)P, Arf1, and cargo proteins. It is of interest that the �

subunit of AP-1, the same that binds PI(4)P (88), was among
the acylated proteins up-regulated in LPS-stimulated cells.
Although the role of palmitoylation in the regulation of AP-1
activity has not been studied, it is possible that the increased
palmitoylation of PIK4II� and AP-1� can facilitate their in-
teraction with Golgi/endosome membranes and the assem-
bly of the clathrin coat at the membrane. By controlling
AP-1, PI4KII� contributes to the recycling of Fz receptors in
canonical Wnt signaling, thereby preventing degradation of
the receptor (80). In a similar manner, PI4KII� can support
TLR4 proinflammatory signaling. Proper trafficking of TLR4
and CD14 can be of special importance for the endosomal
TRIF-dependent signaling of TLR4, which we found to be
particularly sensitive to PI4KII� or PI4KII� activity. Of these
two enzymes, PI4KII� is also likely to produce PI(4)P at the
plasma membrane, as it has been found to be recruited
there in response to some stimuli (78, 81). Thus, its recruit-
ment to the plasma membrane in response to CD14 and/or
TLR4 ligation with LPS and local production of PI(4)P cannot
be ruled out even though PIKIII� is considered as the main
kinase producing the plasma membrane PI(4)P (89).

In addition to PI4KII� and PI4KII�, the palmitoylated pro-
teins of the phosphatidylinositol cycle also include phosphati-
dylinositide phosphatase Sac1 (Fig. 9), which dephosphory-
lates PI(4)P (90). Our proteomic analysis indicates that
palmitoylated Sac1 is up-regulated in LPS-stimulated cells
similarly to PI4KII�, suggesting that PI(4)P level is strictly
regulated in these conditions. Diacylglycerol kinase-� (DGK�)
also deserves attention (Fig. 9) because it has a strict sub-
strate specificity for one type of diacylglycerol only, 1-stear-
oyl-2-arachidonoyl glycerol, which is released from PI(4,5)P2

upon hydrolysis. The phosphatidic acid produced by DGK� is
in turn an intermediate in the synthesis of phosphatidylinositol
(91, 92). DGK� simultaneously exhibits properties of an inte-
gral and a peripheral membrane protein (91). Our data sug-
gest that palmitoylation could contribute to the membrane
binding of DGK�, similarly as for PI4KII�. In contrast to
PI4KII�, type 1 and 2 phosphatidylinositol 4,5-bisphosphate
4-phosphatases (Tmem55b and Tmem55a, respectively),
which dephosphorylate PI(4,5)P2 to PI(5)P, and also inositol-
3-phosphate synthase 1, which is the rate-limiting enzyme in
de novo synthesis of myo-inositol, were found to be acylated

constitutively (Fig. 9). Finally, acylated sodium/myo-inositol
transporter 1, was downregulated under the influence of LPS.
This transporter mediates the uptake of extracellular myo-
inositol, which also originates from the de novo synthesis and
recycling of phosphatidylinositol (Fig. 9).

Taken together, our studies have revealed that stimulation
of cells with LPS induces profound changes in the levels of
numerous fatty-acylated, most likely S-palmitoylated, pro-
teins paving the way for further studies on the role of this
protein modification in LPS-triggered signaling cascades. In
particular, S-palmitoylation of enzymes catalyzing phospha-
tidylinositol synthesis and turnover deserves attention as a
likely factor regulating the LPS-induced pro-inflammatory
responses.
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Mössinger, J., Schu, P., Abdelilah-Seyfried, S., Krau�, M., and Haucke,
V. (2013) PI4K2�/AP-1-based TGN-endosomal sorting regulates Wnt
signaling. Curr. Biol. 23, 2185–2190

81. Srivastava, R., Sinha, R. K., and Subrahmanyam, G. (2006) Type II phos-
phatidylinositol 4-kinase � associates with TCR-CD3 
 chain in Jurkat
cells. Mol. Immunol. 43, 454–463

82. Henmi, Y., Morikawa, Y., Oe, N., Ikeda, N., Fujita, A., Takei, K., Minogue, S.,
and Tanabe, K. (2016) PtdIns4KII� generates endosomal PtdIns(4)P and is
required for receptor sorting at early endosomes. Mol. Biol. Cell. 27,
990–1001

83. Ketel, K., Krauss, M., Nicot, A. S., Puchkov, D., Wieffer, M., Müller, R.,
Subramanian, D., Schultz, C., Laporte, J., and Haucke, V. (2016) A
phosphoinositide conversion mechanism for exit from endosomes. Na-
ture 529, 408–412

84. Minogue, S., Chu, K. M., Westover, E. J., Covey, D. F., Hsuan, J. J., and
Waugh, M. G. (2010) Relationship between phosphatidylinositol 4-phos-
phate synthesis, membrane organization, and lateral diffusion of PI4KII�
at the trans-Golgi network. J. Lipid Res. 51, 2314–2324

85. Jennings, B. C., and Linder, M. E. (2012) DHHC protein S-acyltransferases
use similar ping-pong kinetic mechanisms but display different acyl-CoA
specificities. J. Biol. Chem. 287, 7236–7245

Lipopolysaccharide upregulates palmitoylated enzymes of the PI cycle

Molecular & Cellular Proteomics 17.2 253



86. Claas, C., Stipp, C. S., and Hemler, M. E. (2001) Evaluation of prototype
transmembrane 4 superfamily protein complexes and their relation to
lipid rafts. J. Biol. Chem. 276, 7974–7984

87. Yauch, R. L., and Hemler, M. E. (2000) Specific interactions among trans-
membrane superfamily (TM4SF) proteins and phosphoinositide 4-kinase.
Biochem. J. 351, 629–637

88. Ren, X., Farías, G. G., Canagarajah, B. J., Bonifacino, J. S., and Hurley, J. H.
(2013) Structural basis for recruitment and activation of the AP-1 clathrin
adaptor complex by Arf1. Cell 152, 755–567

89. Chung, J., Nakatsu, F., Baskin, J. M., and De Camilli, P. (2015) Plasticity
of PI4KIII� interactions at the plasma membrane. EMBO Rep. 16,
312–320

90. Hsu, F., and Mao, Y. (2015) The structure of phosphoinositide phospha-
tases: Insights into substrate specificity and catalysis. Biochim. Biophys.
Acta 1851, 698–710

91. Epand, R. M. (2016) Features of the phosphatidylinositol cycle and its role
in signal transduction. J. Membr. Biol., in press

92. Epand, R. M., So, V., Jennings, W., Khadka, B., Gupta, R. S., and Lemaire,
M. (2016) Diacylglycerol kinase-�: properties and biological roles. Front.
Cell. Dev. Biol. 4, 112

93. Vizcaíno, J. A., Csordas, A., del-Toro, N., Dianes, J. A., Griss, J., Lavidas,
I., Mayer, G., Perez-Riverol, Y., Resiniger, F., Ternent, T., Xu, Q. W.,
Wang, R., and Hermjakob, H. (2016) 2016 update of the PRIDE database
and related tools. Nucleic Acids Res. 44, D447–D456

Lipopolysaccharide upregulates palmitoylated enzymes of the PI cycle

254 Molecular & Cellular Proteomics 17.2


