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A cell-free assay implicates a role
of sphingomyelin and cholesterol
in STING phosphorylation

Kanoko Takahashi?, Takahiro Niki%*, Emari Ogawa?, Kiku Fumika?, Yu Nishioka3,
Masaaki Sawa?, Hiroyuki Arai?, Kojiro Mukai'** & Tomohiko Taguchi**

Stimulator of interferon genes (STING) is essential for the type | interferon response induced by
microbial DNA from virus or self-DNA from mitochondria/nuclei. In response to emergence of such
DNAs in the cytosol, STING translocates from the endoplasmic reticulum to the Golgi, and activates
TANK-binding kinase 1 (TBK1) at the trans-Golgi network (TGN). Activated TBK1 then phosphorylates
STING at Ser365, generating an interferon regulatory factor 3-docking site on STING. How this
reaction proceeds specifically at the TGN remains poorly understood. Here we report a cell-free
reaction in which endogenous STING is phosphorylated by TBK1. The reaction utilizes microsomal
membrane fraction prepared from TBK1-knockout cells and recombinant TBK1. We observed agonist-,
TBK1-, “ER-to-Golgi” traffic-, and palmitoylation-dependent phosphorylation of STING at Ser365,
mirroring the nature of STING phosphorylation in vivo. Treating the microsomal membrane fraction
with sphingomyelinase or methyl-B-cyclodextrin, an agent to extract cholesterol from membranes,
suppressed the phosphorylation of STING by TBK1. Given the enrichment of sphingomyelin and
cholesterol in the TGN, these results may provide the molecular basis underlying the specific
phosphorylation reaction of STING at the TGN.

The detection of microbial pathogens with nucleic acid sensors is a typical principle of innate immunity"?. DNA-
sensing or RNA-sensing proteins localize at various subcellular compartments and, upon binding to foreign
nucleic acids, trigger innate immune signalling for host defence®. The DNA-sensing nucleotidyl transferase
cGAS?, its product cyclic GMP-AMP (cGAMP)?, and the cGAMP sensor STING® (also known as MITA?, ERIS?,
MPYS’, or TMEM173) comprise a critical cytosolic DNA-sensing pathway in mammalian cells. STING is postu-
lated to act as a scaffold to activate the downstream protein kinase TBK15-#1%11_ Activated TBK1 phosphorylates
and activates interferon regulatory factor 3 (IRF3), the essential transcription factor that drives type I interferon
production'?. During this process, TBK1 also phosphorylates STING at Ser365, generating the IRF3-docking
site on STING". STING is also phosphorylated at Ser365 by ULK1, and this phosphorylation is required for the
termination of the STING signalling'*.

STING is an endoplasmic reticulum (ER)-localized transmembrane protein. Upon its binding to cGAMP,
STING translocates immediately to the Golgi with COP-1I vesicles'>!. We and others have shown that the COP-
II-mediated translocation of STING from the ER is required to activate the downstream signalling pathway'>-'8.
In two autoinflammatory diseases, STING-associated vasculopathy with onset in infancy (SAVI)'*? and the
COPA syndrome?!, STING is constitutively activated without DNA stimulation and localize not to the ER but
to the perinuclear compartments that include the Golgi'>**?*-*. The interaction between STING and the down-
stream kinase TBK1 requires the translocation of STING from the ER to the Golgi'>. Phosphorylated TBK1,
the active form of TBK1, is exclusively localized to a subdomain within the TGN*2. Together, these results dem-
onstrate that the Golgi is an organelle at which STING recruits and activates TBK1 for triggering the STING-
dependent innate immune response?.

As to the molecular mechanism underlying STING activation at the Golgi/TGN, we provide the evidence that
palmitoylation of STING at the Golgi is essential to activate the downstream signalling pathway?»**?°. Disturb-
ing Golgi lipid order by treating cells with D-ceramide-C6, which is converted to short-chain sphingomyelin,
suppresses the activation of STING pathway??. These results suggest that certain Golgi lipids are involved in the
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STING activation, besides STING palmitoylation. However, because of the technical difficulty to deplete these
lipids in cells, their involvement in the activation of STING signalling pathway has not been addressed.

In this work, we report a cell-free reaction in which endogenous STING is phosphorylated at Ser365 by
recombinant TBK1. With this reaction, we demonstrate that sphingomyelin and cholesterol in the Golgi mem-
brane are critical for STING activation.

Results

A cell-free reaction in which endogenous STING is phosphorylated by recombinant TBK1. To
directly assess the roles of Golgi lipids in STING activation, we sought to develop a cell-free assay in which
endogenous STING is phosphorylated by TBK1. To eliminate any contribution of cytosolic/endogenous TBK1
to STING phosphorylation, we decided to use microsomal membrane fraction prepared from TBK1-deficient
cells as a membrane source containing endogenous STING.

TBK1-knockout (KO) mouse embryonic fibroblasts (MEFs) were generated using the CRISPR-Cas9 tech-
nology (Fig. 1a and Supplementary Fig. S1). We then validated the phosphorylation and membrane traffic of
STING in these cells. TBK1-KO MEFs were stimulated with DMXAA, a membrane-permeable mouse-specific
STING agonist. We chose 60 min for DMXAA treatment, because STING localized exclusively to the Golgi and
activated TBKI1 at this time point* (Fig. 1b). As expected, 60 min after DMXAA stimulation, we observed the
phosphorylation of STING at Ser365 in parental wild-type (WT) MEFs (Fig. 1a). In contrast, the phosphoryla-
tion was mostly suppressed in TBK1-KO MEFs.

DMXAA-stimulated TBK1-KO MEFs were harvested in isotonic buffer and homogenized. The homogenates
were then centrifuged at 3000 x g for 5 min and the resulting post-nuclear supernatants were further centrifuged
at 100,000 x g for 60 min. The membrane fraction that floated just above 2 M sucrose cushion was collected and
used as microsomal membrane fraction for the following in vitro reactions.

The microsomal membrane fraction was incubated with ATP and 100 ng of recombinant TBK1 at 37 °C for
the indicated time periods (Fig. 2a,b). In the conditions where microsomal membrane fraction prepared from
DMXAA-stimulated MEFs was used, the amount of phosphorylated STING at Ser365 increased gradually up to
60 min of incubation (Fig. 2b). The amount of STING was decreased after 120 min of incubation, suggesting the
proteolytic degradation of STING (Supplementary Fig. S2). When microsomal membrane fraction of unstimu-
lated cells was used for the reaction, the phosphorylated STING disappeared (Fig. 2b). These results suggested
that STING phosphorylation by TBK1 stringently requires the agonist (DMXAA) stimulation.

Titration of the amount of TBK1 in the reaction showed that 100 ng of recombinant TBK1 was sufficient to
detect the phosphorylated STING (Fig. 2c). Thus, we routinely used 100 ng of recombinant TBK1 at the fol-
lowing experiments. The phosphorylation reaction of STING by TBK1 was temperature-sensitive (Fig. 2d) and
required ATP (Fig. 2e). In sum, a cell-free assay to phosphorylate endogenous STING at Ser365 was developed
with the use of recombinant TBK1.

“ER-to-Golgi” traffic- and palmitoylation-dependent phosphorylation. The exocytic membrane
traffic from the ER to the Golgi is required for the activation of the STING signalling pathway'>*>?>*. The
treatment of cells with BFA (a fungal macrocyclic lactone that blocks “ER-to-Golgi” traffic’!) suppressed the
translocation of STING to the Golgi** (Supplementary Fig. S3), the emergence of p-TBK1/p-STING/p-IRF3',
and abolished the STING signalling®. Thus, we examined if the phosphorylation of STING in the cell-free assay
also required the translocation of STING to the Golgi. Microsomal membrane fraction was prepared from cells
treated with BFA and DMXAA. When the microsomal membrane fraction was subjected to the in vitro reaction,
we found no phosphorylated STING (Fig. 3a). Addition of STING agonist i.e., DMXAA or 2'3’-cGAMBP, to the
in vitro reaction with the microsomal membrane fraction prepared from unstimulated cells did not promote the
phosphorylation of STING (Fig. 3b and Supplementary Fig. S4). These results suggested that (1) the binding of
STING with its agonist alone was not sufficient to make STING the substrate for TBK1 and (2) STING translo-
cation from the ER to the Golgi, which subsequently occurred after the binding of STING with its agonist, was
required for the phosphorylation of STING.

STING undergoes palmitoylation at the Golgi and the inhibition of palmitoylation with 2-bromopalmitate
(2-BP) suppressed the STING-dependent downstream signalling??. Microsomal membrane fraction was pre-
pared from cells treated with 2-BP and DMXAA. When the microsomal membrane fraction was subjected to
the in vitro reaction, we found no phosphorylated STING (Fig. 3c), consistently with the in vivo observation®?.

A role of cholesterol and sphingomyelin in STING activation. We previously suggested the role of
sphingomyelin in STING activation by the experiment with D-ceramide-C6%, an agent to disrupt lipid domain
containing sphingomyelin®>. We sought to address directly the role of lipids constituting the lipid domain in
STING activation with the cell-free reaction. Microsomal membrane fraction prepared from DMXAA-stim-
ulated cells was digested with recombinant bacterial sphingomyelinase (bSMase), and then subjected to the
in vitro reaction. As shown in Fig. 4a, we found no phosphorylated STING with bSMase-digested membranes.
Pre-treatment of the microsomal membrane fraction with methyl-B-cyclodextrin, an agent to extract cholesterol
from membranes, also suppressed the phosphorylation of STING by TBK1 in dose-dependent fashion (Fig. 4b).
These results suggested the role of sphingomyelin and cholesterol in STING activation.

Discussion

In the present study, we developed a cell-free assay in which endogenous STING is phosphorylated by recom-
binant TBK1. The assay showed the dependency of STING phosphorylation on the STING agonist, TBK1,
“ER-to-Golgi” traffic, and palmitoylation, which mirrored the nature of STING phosphorylation in vivo. With
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Figure 1. Generation of TBK1-knockout MEFs. (a) Western blots of cell lysates of WT or TBK1-knockout
MEFs stimulated with DMXAA for 1 h. (b) Cells were stimulated with DMXAA for 1 h, fixed, permeabilized
and stained for endogenous STING, GM130 (a cis-Golgi protein) or TGN38 (a trans-Golgi network protein).
Nuclei were stained with DAPI (blue). Scale bars, 10 pm.

the assay, we provided an in vitro evidence that sphingomyelin and cholesterol in the Golgi membranes were
involved in the STING activation. The assay should provide a useful biochemical complement to cell biological
studies presently used to understand the molecular mechanism underlying the STING activation.

Protein palmitoylation has been implicated in the clustering of a number of proteins into a specific lipid
microdomain “raft” enriched in cholesterol and sphingomyelin®*. Cholesterol is suggested to be enriched at the
TGN, and cholesterol together with sphingomyelin generated by sphingomyelin synthase 1 are thought to form
lipid rafts at the TGN?2. Together with the present findings by the cell-free experiments, we hypothesize that
palmitoylated STING becomes clustered at the TGN with the aid of the raft, which facilitates the recruitment of
TBK1'%!! for phosphorylation of STING'?.

Scientific Reports|  (2021)11:11996 | https://doi.org/10.1038/s41598-021-91562-z nature portfolio



www.nature.com/scientificreports/

a
TBK1-KO MEFs
DMXAA 1 h
l homogenize
&l) 3,000 x g, 5 min
PNS
‘? 100,000x g,1 h
microsome membrane fraction
+ recombinant TBK1 (c)
+ ATP (e)
37 °C (d)
30 min (b)
western blot
Cc
recombinant
TBK1 (ng) 0 10 100 1,000
DMXAA H® 06060 6
kDa
IB : pSTING - B0 e psTinG
37
IB : STING ¢ PSTING
' 37—""~-—-—-~v<—STING
~ - weBll--
72
IB : calnexin ”4— calnexin
72 1 b4
e ATP (+) ATP (-)
DMXAA -) (+) (-) (+)
kDa
IB : pSTING | — |- pSTING
37
[~ pSTING
IB : STING 37— - - STING
IB : TBK1 =] ' . | TBK
72
IB : calnexin L s s s[4 calnexin
72 —

b

DMXAA (+) ()
time course
(min) 0 10 30 60 60
kDa
IB : pSTING —— o> [~ pSTING
37+
L — |4~ pSTING
IB : STING
37 . [~ STING
72
IB : calnexin — W s |€ calnexin
72
temperature 37 °C on ice
DMXAA 5 (+) (-) (+)
kDa
IB : pSTING — [~ pSTING
37

IB : STING

pSTING
37 | . B S e [ sTING

IB : TBK1

72

[¢ TBK1

IB : calnexin

72

o —— ..q<'calnexin

Figure 2. TBK1-dependent phosphorylation of STING in vitro. (a) A protocol for TBK1-dependent
phosphorylation of STING in vitro. (b-e) TBK1-knockout MEFs were stimulated with DMXAA (25 pg/mL)
for 0 or 1 h, homogenized in isotonic buffer, and centrifuged at 3,000 x g for 5 min. The resulting post-nuclear
supernatants were then centrifuged at 100,000 x g for 1 h, and the pellets were resuspended in isotonic buffer.
The resuspended membrane fractions were incubated with recombinant TBK1 (100 ng) and ATP (1 mM) at
37 °C for 0, 10, 30, or 60 min (b). The membrane fractions were incubated with ATP and the indicated amount
of recombinant TBK1 (0 ng, 10 ng, 100 ng or 1,000 ng) at 37 °C for 30 min (c). The membrane fractions were
incubated with ATP and recombinant TBK1 at 37 °C or on ice for 30 min (d). The membrane fractions were
incubated with recombinant TBKI1 in the presence or absence of ATP at 37 °C for 30 min (e). Phosphorylation
of STING at Ser365 was then analyzed by western blot (b-e).

Sphingomyelin at the TGN is demonstrated to be essential for transport carrier formation®?. Cholesterol at
the Golgi, the levels of which is regulated by oxysterol-binding protein, is essential for the Golgi localization of
intra-Golgi v-SNAREs by ensuring proper COP-I vesicle transport®. Caveolin-1, a protein to form caveolae at
the plasma membrane, accumulates in the Golgi when the cholesterol level in the Golgi is low™. The present
study demonstrates another role of sphingomyelin and cholesterol at the Golgi/TGN in cellular signalling. The
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Figure 3. Phosphorylation of STING by TBK1 in vitro requires “ER-to-Golgi” traffic and palmitoylation

of STING. (a) TBK1-knockout MEFs were treated with brefeldin A (3 pg/mL) for 30 min followed by the
stimulation with DMXAA for 1 h. The post-nuclear supernatants of cells were centrifuged at 100,000 x g. The
resulting membrane fraction was resuspended, incubated with recombinant TBK1 in the presence of ATP,
and analyzed by western blot. (b) Post-nuclear supernatants of unstimulated TBK1-knockout MEFs were
centrifuged at 100,000 x g. The resulting membrane fraction was resuspended and incubated with recombinant
TBK1 and ATP in the presence of DMXAA (25 pg/mL) or 2'3'-cGAMP (250 ng/mL) at 37 °C for 30 min.
Phosphorylation of STING at Ser365 was analyzed by western blot. (c) TBK1-knockout MEFs were treated
with 2-bromopalmitate (50 uM) for 30 min followed by the stimulation with DMXAA for 1 h. The membrane
fraction of the cells was resuspended, incubated with recombinant TBK1 in the presence of ATP, and analyzed
by western blot.
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Figure 4. A role of cholesterol and sphingomyelin in STING phosphorylation in vitro. (a,b) The

membrane fraction of TBK1-knockout MEFs that were stimulated with DMXAA for 1 h was collected by
ultracentrifugation as in Fig. 2. The resuspended membrane fraction was incubated with recombinant bacterial
sphingomyelinase (0.125 U/mL) (a) or methyl-p-cyclodextrin (MPCD) (1 mM, 5 mM, or 10 mM) at 37 °C for
30 min followed by incubation with recombinant TBK1 and ATP for 30 min. Phosphorylation of STING at
Ser365 was then analyzed by western blot.

implication of these lipids in innate immune response may lead to new treatments for cytosolic DNA-triggered
autoinflammatory diseases.

Methods

Antibodies. Antibodies used in this study were as follows: rabbit anti-TBK1 (ab40676, dilution 1:1000;
Abcam); rabbit anti-phospho-STING (D8F4W, dilution 1:1000) (Cell signaling); rabbit anti-calnexin (10427-2-
AP, dilution 1:1000), rabbit anti-STING antibody (19851-1-AP, dilution 1:1000 for western blot and immuno-
fluorescence) (Proteintech); mouse anti-GM130 (610823, dilution 1:1000) (BD Biosciences); sheep anti-TGN38
(AHR499G, dilution 1:1000) (Bio-Rad); Goat Anti-Rabbit IgG(H + L) Mouse/Human ads-HRP (4050-05, dilu-
tion 1:10,000) (Southern Biotech); Alexa 488-, 594-, or 647-conjugated secondary antibodies (A21203, A21206,
A21448, dilution 1:2000) (Thermo Fisher Scientific).
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Reagents. The following reagents were purchased from the manufacturers as noted: DMXAA (14617, Cay-
man), brefeldin A (11861, Cayman), methyl-p-cyclodextrin (332615, Sigma), recombinant bacterial sphingo-
myelinase (S7651, Sigma); 2-bromopalmitate (320-76562, Wako), recombinant TBK1 (Carna Biosciences, Inc.).
lentiCas9-Blast (Addgene plasmid # 52962) and lentiGuide-Puro (Addgene plasmid # 52963) were gifts from
Feng Zhang. psPAX2 (Addgene plasmid # 12260) and pMD2.G (Addgene plasmid # 12259) were gifts from
Didier Trono.

Tag-free recombinant TBK1. N-Terminal GST-fusion full length human TBK1 protein (#05-115, Carna
Biosciences) was treated with Turbo3C protease (Accelagen) at 4 °C overnight to cleave the GST-tag. The mix-
ture was applied to a Glutathione Sepharose 4 Fast Flow column (#17-5132-03, Cytiva) and the flow-through
fraction was collected.

Cell culture. MEFs?* were cultured in DMEM supplemented with 10% fetal bovine serum and penicillin/
streptomycin/glutamine in a 5% CO, incubator.

Generation of TBK1-KO cells by CRISPR-Cas9. MEFs that stably expressed Cas9 were established
using lentivirus. HEK293T cells were co-transfected with lentiCas9-blast, psPAX2, and pMD2.G. The medium
that contains the lentivirus was collected and filtered through 0.45 um PVDF filter. WT MEFs were incubated
with the medium for 6 h and then selected with blasticidin (5 ug/mL) for several days.

Single-guide RNAs (sgRNA) were designed to target mouse TBK1 genomic loci. The sgRNA (sense: 5'-cac-
cgCATAAGCTTCCTTCGCCCAG-3', antisense: 5-aaacCTGGGCGAAGGAAGCTTATGc-3') was cloned
into a lentiGuide-Puro vector. The lentiviral plasmids, psPAX2, and pMD2.G were then co-transfected into
HEK293T cells and the lentivirus-containing medium was collected. Cas9-expressing MEFs were incubated
with the medium for 6 h and selected with puromycin (2 pg/mL) for several days. Single colonies were then
isolated and the expression of TBK1 in each clone was analyzed by western blot. The genomic sequences of the
clones were confirmed by Sanger sequencing. Briefly, genomic DNA was first isolated, and PCR was performed
to amplify the targeted regions using the following primers: 5'-TGCCGGATCCCTGAGAGGGTACAGGTTG
CC-3' (sense primer, BamHI site is underlined) and 5'-CACCGAATTCCTAGCCTGAAAGGCCTGGTG-3'
(antisense primer, EcoRI site is underlined). The PCR products were subsequently cloned into a pMX vector for
sequencing analysis. For comparison, the same regions in the parental line were also sequenced. The sequencing
data for the control and the knockout cells were then analyzed using Benchling.

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde in PBS at room temperature for
15 min and permeabilized with digitonin (50 pug/mL) in 3% BSA-PBS at room temperature for 5 min. Cells were
then incubated with primary antibodies, then with secondary antibodies conjugated with Alexa fluorophore.

Confocal microscopy. Confocal microscopy was performed using a LSM880 with Airyscan (Zeiss) with a
63 x 1.4 Plan-Apochromat oil immersion lens. Images were analyzed with Zeiss ZEN 2.3 SP1 FP3 (black, 64 bit)
(ver. 14.0.21.201) and Fiji (ver. 2.0.0/1.52n).

In vitro assay of recombinant TBK1-dependent phosphorylation of STING. Cells were collected
in an ice-cold buffer (50 mM Tris-HCI pH 7.4, 100 mM NaCl, 1 mM EGTA, 2 mM DTT, 200 mM sucrose)
containing protease inhibitors (25955-11, nacalai tesque), and phosphatase inhibitors (8 mM NaF, 12 mM
B-glycerophosphate, 1 mM Na;VO,, 1.2 mM Na,MoO,, 5 uM cantharidin, and 2 mM imidazole), homoge-
nized with 2 passages through a 27-gauge needle after 6 passages through a 23-gauge needle, and centrifuged at
3,000 x g for 5 min at 4 °C. The post-nuclear supernatant was overlaid on 10 uL of 2 M sucrose and centrifuged
at 100,000 x g for 1 h at 4 °C. The membrane fractions were resuspended in a buffer (50 mM Tris-HCI pH 7.4,
100 mM NaCl, 1 mM EGTA, 2 mM DTT, 200 mM sucrose, 20 mM MgCl,, protease inhibitors, and phosphatase
inhibitors), and incubated with ATP (1 mM) and recombinant TBK1 (100 ng) at 37 °C for 30 min. The samples
were then subjected to SDS-PAGE and phosphorylation of STING was detected by western blot.

Western blot. Proteins were separated in polyacrylamide gel and then transferred to polyvinylidene dif-
luoride membranes (Millipore). These membranes were incubated with primary antibodies, followed by second-
ary antibodies conjugated to horseradish peroxidase. The proteins were visualized by enhanced chemilumines-
cence using a Fusion SOLO.7S.EDGE (Vilber-Lourmat).

qRT-PCR. Total RNA was extracted from cells using Isogen II (Nippongene), and reverse-transcribed using
ReverTraAce qPCR RT Master Mix with gDNA Remover (TOYOBO). Quantitative real-time PCR (qRT-PCR)
was performed using KOD SYBR qPCR (TOYOBO) and LightCycler 96 (Roche). The sequences of the prim-
ers were as follows. 5~-AGCCACCCTTTTCCTACCAG-3' (mouse Ulkl; sense primer) and 5'-TTCTTGGAG
AGTGCTCAGGC-3' (mouse Ulkl; antisense primer); 5-AGGTCGGTGTGAACGGATTTG-3' (mouse Gapdh;
sense primer) and 5-TGTAGACCATGTAGTTGAGGTCA-3' (mouse Gapdh; antisense primer). Target gene
expression was normalized on the basis of GAPDH content.
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