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SUMMARY

Sensing of human immunodeficiency virus type 1 (HIV-1) DNA is mediated by the cyclic GMP-AMP synthase-
stimulator of interferongenes (cGAS-STING) signaling axis. Signal transductionand regulationof this cascade
is achieved by post-translational modifications. Here we show that cGAS-STING-dependent HIV-1 sensing
requires interferon-stimulated gene 15 (ISG15). ISG15 deficiency inhibits STING-dependent sensing of
HIV-1 and STING agonist-induced antiviral response. Upon external stimuli, STING undergoes ISGylation at
residues K224, K236, K289, K347, K338, and K370. Inhibition of STING ISGylation at K289 suppresses
STING-mediated type I interferon induction by inhibiting its oligomerization. Of note, removal of STING
ISGylation alleviates gain-of-function phenotype in STING-associated vasculopathy with onset in infancy
(SAVI). Molecular modeling suggests that ISGylation of K289 is an important regulator of oligomerization.
Taken together, our data demonstrate that ISGylation at K289 is crucial for STING activation and represents
an important regulatory step in DNA sensing of viruses and autoimmune responses.

INTRODUCTION

The innate immune system is the first line of defense against

invading pathogens.1 It relies on conserved germline-encoded

pattern-recognition receptors (PRRs) that detect defined path-

ogen-associated molecular patterns (PAMPs) generated during

microbial infection.2 A major component of PAMP is viral nucleic

acid intermediates generated during virus replication.3 Several

classes of PRRs, including Toll-like receptors (TLRs), RIG-I-like

receptors, and cytosolic DNA sensor molecules have been

described.3,4 For example, cytosolic DNA is sensed by a variety

of cytosolic DNA sensors, themost prominent among them is the

cyclic GMP-AMP synthase (cGAS).3,5 The recognition of viral nu-

cleic acids by PRRs recruits adaptor molecules or kinases to

activate transcription factors that regulate the production of

proinflammatory cytokines and type I interferons (IFNs).3,4

cGAS binds to cytosolic DNA and produces cyclic GMP-AMP

(cGAMP), which binds to the adaptor protein stimulator of inter-

feron genes (STING) residing in its inactive form at the endo-

plasmic reticulum (ER).5–10 Subsequently, STING undergoes a

conformational change and enhanced oligomerization to initiate

signaling.7,10,11 Activated STING is transported to the Golgi to

promote binding to TANK-binding kinase 1 (TBK1), which phos-

phorylates interferon regulatory factor 3 (IRF3) and nuclear factor

of kappa light polypeptide gene enhancer in B cells inhibitor

alpha (IkBa) to release nuclear factor kappa B (NF-kB).12–15

The transcription factors then induce type I IFN and proinflam-

matory cytokines to counteract infection.14 Consistently,

Cell Reports 42, 113277, November 28, 2023 ª 2023 The Authors. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS

mailto:carsten.muenk@med.uni-duesseldorf.de
https://doi.org/10.1016/j.celrep.2023.113277
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.113277&domain=pdf
http://creativecommons.org/licenses/by/4.0/


STING deficiency abrogates cytosolic DNA-sensing-mediated

IFNB1 mRNA expression.16 STING-deficient mice present dec-

reased IFN responses and impaired T cell immunity upon viral

infection.17,18 Vice versa, gain-of-function heterozygous muta-

tions in the human STING gene have been linked to autoinflam-

matory diseases such as STING-associated vasculopathy with

onset in infancy (SAVI) and familial chilblain lupus.19 For

example, the mutation V155M in human STING activates

STING independently of its ligand cGAMP, leading to chronic

IFN release and induction of interferon-stimulating genes

(ISGs).20,21

Post-translational modification (PTM) including phosphoryla-

tion, ubiquitination, palmitoylation, and SUMOylation have been

reported to play an essential role in regulating STING function.22

For example, the E3 ligases tripartite motif containing 56

(TRIM56), TRIM32, TRIM10, and autocrine motility factor receptor

(AMFR) have beenproposed to catalyzeK63-, K27-, or K29-linked

polyubiquitination to boost STING signaling.23–26 SUMOylation of

STING promotes its stability to enhance the immune response to

DNA virus early infection.27 Palmitoylated STING at the Golgi is

important for its activation and recruitment of TBK1 and IRF3.28

Whether other types of PTMs are associated with the regulation

of STING is currently unclear.

ISG15 is a ubiquitin-like molecule that is highly induced by

type I IFN during the infection of human cells by viral and bacte-

rial pathogens.29,30 During ISG15 modification (also termed

ISGylation), the carboxy-terminal LRLRGG motif of ISG15 is

covalently conjugated to the lysine residues of intracellular pro-

teins.30 Similar to ubiquitin ligation, the process of ISGylation

occurs through a three-step enzymatic cascade, involving ubiq-

uitin-activating enzyme E1-like protein (UBE1L), conjugating E2

enzyme ubiquitin-conjugating human enzyme 8 (UBCH8), and

one of three E3 ligases, HERC domain and RCC1-like domain-

containing protein 5 (HERC5), tripartite motif containing 25

(TRIM25, also known as EFP), or human homolog of Drosophila

ariadne (ARIH1).31–38 Mice lacking UBE1L or ISG15 are more

susceptible to viral infection, indicating that ISGylation is

involved in modulating antiviral immunity.39,40 Several studies

have found that ISG15 exhibits antiviral activity by conjugating

to both viral and host proteins.41 The capsid protein L1 of human

papillomavirus can be ISGylated and then incorporated into viral

particles, which reduces the rate of viral budding.42 ISGylation of

host tumor susceptibility gene 101 protein (TSG101) disrupts the

HIV-1 Gag-TSG101 interaction and consequently decreases

HIV-1 release.43 The ISGylation of IRF3 enhances cellular anti-

viral responses, whereas ISGylation of retinoic acid-inducible

gene I (RIG-I) reduced levels of both basal and virus-induced

IFN promoter activity.44,45 ISG15 conjugation is vital for antiviral

IFN responses mediated by the viral RNA sensor melanoma

differentiation-associated protein 5 (MDA5), which promotes

its oligomerization and thereby triggers antiviral immunity.46

ISGylation of cGAS inhibits its optimal activation and DNA-

induced oligomerization.47 Thus, ISGylation has varying impacts

on innate immunity depending on the targeted protein and

context. Conjugated ISG15 can be reversed by the ubiquitin-

specific peptidase 18 (USP18) that cleaves ISG15-peptide link-

ages.48 In addition, the papain-like protease (PLpro, the prote-

ase domain of Nsp3) of SARS-CoV-2, cleaves ISG15 from IRF3

and MDA5, thereby attenuating the type I IFN response in the

setting of infection.46,49

Here, we identified that the DNA sensing adaptor STING is

modified by ISG15 in response to viral infection or cytosolic

DNA simulation and that this modification promotes STING-trig-

gered innate immune response. Knockout of ISG15 impairs the

sensing of HIV-1 and attenuates cellular antiviral responses.

Removal of ISG15 from STING reverses chronic inflammation

in STING-dependent autoimmune disorder.

RESULTS

ISG15 deficiency enhances HIV-1 infection by impairing
sensing of HIV-1
To address the functional impact of ISG15 in HIV-1 infection and

sensing, we generated ISG15-deficient THP-1 cells using the

CRISPR-Cas9 system (Figure 1A).50 Consistent with our previ-

ous observations,50 our data showed that the infection of

HIV-1 was enhanced in both undifferentiated and phorbol-12-

myristat-13-acetat (PMA)-differentiated ISG15-deficient THP-1

cells comparedwith vector control THP-1 cells (pLentiCRISPRv2

empty vector [pLV2]) (Figure 1B). To investigate whether ISG15

modulates the antiviral immune response against HIV-1, we eval-

uated the presence of IFN in the supernatant of ISG15-deficient

and vector control THP-1 cells upon infection. Compared with

the vector control THP-1 cells, ISG15 deficiency abrogated

HIV-1-triggered type I IFN induction (Figure 1C). Furthermore,

we found that knockout of ISG15 significantly impaired HIV-1-

induced robust expression of IRF3-dependent target gene

ISG54,51 indicating that ISG15 is essential for HIV-1-triggered

innate responses (Figure 1D). These data suggest that ISG15

deficiency impairs the sensing of HIV-1 and thus enhances

HIV-1 infection.

ISG15 deficiency suppresses STING-dependent DNA
sensing
Sensing of HIV-1 cDNA by cGAS-STING signaling has emerged

as a major sensing pathway in mounting the antiviral immune

response toward the infection.52,53 Consistent with the observa-

tions using HIV-1, ISG15 deficiency inhibited the induction of

type I IFN triggered by other DNA viruses such as modified

vaccinia virus Ankara (MVA) or transfected herring sperm (HS)-

DNA (Figure 2A). In addition, knockout of ISG15 substantially in-

hibited the expression of IFNB1, ISG54, and TNF-a after trans-

fection of HS-DNA (Figure 2B). Previous reports identified

STING agonists that bypass cGAS to activate innate immune re-

sponses.54,55 We next tested whether ISG15 is involved in

STING agonists-triggered activation of the innate immune

response. Using the potent STING agonists SR-717,54 the induc-

tion of type I IFN and IFNB1, ISG54, and TNF-a mRNAs was

almost completely abolished in ISG15 knockout THP-1 cells

compared with vector control cells (Figures 2C and 2D). Subse-

quently, we examined the antiviral function of the STING agonist

SR-717 treatment in ISG15 knockout THP-1 cells. The absence

of ISG15 abrogated the SR-717-induced inhibition of HIV-1

infection due to the impaired induction of IFNs (Figures 2E and

2F). Together, these data suggest that ISG15 is required for

STING-dependent induction of innate immune responses.
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STING is modified by ISG15
Current studies have identified a role of ISG15 in the enhance-

ment of antiviral response through ISGylation of cGAS, MDA5,

and IRF3.44,46,47 However, whether STING is ISGylated is

currently unknown. To test STING ISGylation, we co-expressed

STING-HA (STING with an HA tag), ISG15, UBE1L (E1), and

UBCH8 (E2), in the presence of either USP18 or its catalytic

mutants (C64A and C64S). After immunoprecipitation of

STING-HA, robust ISGylation of STING was detectable by

anti-ISG15 and anti-STING antibodies (Figure 3A). Importantly,

the ISGylation of STING was abolished by USP18 co-expres-

sion, but not by co-expression of the inactive variants

USP18-C64A or USP18-C64S (Figure 3A). In the IPs, in com-

parison with the wild-type USP18 or USP18-C64A, the levels

of unconjugated ISG15 in co-expression with STING and

ISG15 are higher in the presence of USP18-C64S, which corre-

lated with increased binding of USP18-C64S to both STING

and free ISG15 (Figure 3A).56 In addition to USP18, SARS-

CoV-2-Nsp3 PLpro protease removed the ISGylation of

STING (Figure 3B), which is consistent with its suppressive de-

ISGylation activity on MDA5 and IRF3.46,49 STING knockout

THP-1 cells were reconstituted with wild-type STING-HA or

empty vector (pEV) control to further validate this finding. These

cells were stimulated with IFN-b and STING-HA was purified.

Of note, we observed high-molecular-weight species reactive

to anti-ISG15 and anti-STING antibodies in STING-HA-ex-

pressing THP-1 cells, which were absent in the empty vector

control THP-1 cells (pEV) (Figure 3C). This indicated that stably

expressed STING is ISGylated. Additionally, our cell models

demonstrated expression of the endogenous E3 ligases

HERC5, ARIH1, and TRIM25 (Figures 3A and 3C). To determine

whether STING ISGylation is induced in response to other

external stimuli, we transfected STING-expressing THP-1 cells

with HS-DNA, treated with IFN-b, or infected with HIV-1. Inter-

estingly, STING is ISGylated in response to all the external

stimuli tested, but with various amounts (Figure 3D). Further-

more, we tested whether also endogenous STING is modified

by ISG15. Anti-ISG15 and anti-STING immunoblots of immuno-

precipitated endogenous ISG15 or STING from wild-type

THP-1 cells that were stimulated with IFN-b or transfected

with the HS-DNA showed ISGylation of STING (Figures 3E

and 3F). Taken together, our results suggest that STING is IS-

Gylated in response to cytosolic DNA stimulation and viral

infection.

STING residues K224, K236, K289, K338, K347, and
K370 are modified by ISG15
ISG15 uses its C-terminal glycine to covalently bind a lysine (K) of

the target protein.30 To identify the ISG15 conjugation sites of

STING, we constructed plasmids expressing lysine-free STING

(STING-K0 with all K to A mutated). STING ISGylation was

completely abolished in STING-K0 (Figure 4A). Next, individual

lysines were reintroduced back into the K0 mutant. ISGylation

reappeared in STING K0 mutants in which A224, A236, A289,

A338, A347, or A370 was restored to K, and these ISG15 modi-

fications were abrogated in the presence of USP18 (Figure 4A).

To rule out structural alterations in STING due to the K to A

mutations, single or multiple lysine to arginine (R) mutations

were generated in STING. The STING ISGylation was almost

completely abolished when the six lysines together (K224,

A B

C D

Figure 1. ISG15 deficiency impairs sensing

of HIV-1

(A) Immunoblot analysis of ISG15 and GAPDH

in THP-1.pLV2 (pLentiCRISPRv2 empty vector

[pLV2]) and THP-1.ISG15KO-E1/E2 cells (pLenti-

CRISPRv2 with sgRNAs targeting exons 1/2 of the

ISG15 gene).

(B and C) Undifferentiated or phorbol-12-myr-

istate-13-acetate (PMA)-differentiated THP-

1.ISG15KO-E1/E2 and THP-1.pLV2 cells were

transduced with HIV-1 luciferase reporter virus

with or without the copackaged lentiviral acces-

sory protein VPX for 72 h, followed by luciferase

activity analysis (B) and type I interferon production

analysis (C).

(D) RT-qPCR analysis of ISG54 mRNA in undiffer-

entiated or PMA-differentiated THP-1.ISG15KO-

E1/E2 and THP-1.pLV2 cells that were trans-

duced with HIV-1 luciferase reporter virus with or

without the copackaged VPX for 24 h. GAPDH

served as housekeeping gene. Significance was

determined using one-way analysis of variance (-

ANOVA) (*p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001). Data are representative of three

independent experiments (graphs show mean ±

SD in Figures 1B–1D).
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A C

B D

E F

Figure 2. ISG15 deficiency suppresses DNA sensing

(A) Undifferentiated or PMA-differentiated THP-1.ISG15KO-E1/E2 and THP-1.pLV2 cells were infected with MVA or transfected with 4 mg/mL HS-DNA for 48 h

followed by type I interferon production analysis.

(B) RT-qPCR analysis of IFNB1, ISG54, and TNF-a mRNA in undifferentiated or PMA-differentiated THP-1.ISG15KO-E1/E2 and THP-1.pLV2 cells that were

transfected with 4 mg/mL HS-DNA for 24 h. GAPDH served as housekeeping gene.

(C) Undifferentiated or PMA-differentiated THP-1.ISG15KO-E1/E2 and THP-1.pLV2 were stimulated with 3.6 mM SR-717 for 48 h followed by type I interferon

production analysis.

(D) RT-qPCR analysis of IFNB1, ISG54, and TNF-a mRNA in undifferentiated or PMA-differentiated THP-1.ISG15KO-E1/E2 and THP-1.pLV2 cells that were

stimulated with 3.6 mM SR-717 for 2 h. GAPDH served as housekeeping gene.

(E and F) Undifferentiated (E) or PMA-differentiated (F) THP-1.ISG15KO-E1/E2 and THP-1.pLV2 cells were treated with 3.6 mMSR-717 or DMSO for 12 h and then

were transduced with HIV-1 luciferase reporter virus with or without the copackaged VPX for 72 h followed by luciferase activity analysis and type I interferon

production analysis. Significance was determined using one-way ANOVA (Figures 2A–2D) or two-tailed Student’s t test (Figures 2E and 2F) (ns, not significant;

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). Data are representative of three independent experiments (graphs show mean ± SD).

4 Cell Reports 42, 113277, November 28, 2023

Article
ll

OPEN ACCESS



K236, K289, K338, K347, and K370) in STING were mutated to

arginine (STING-K6R-HA) (Figure 4B). In addition, ISGylation of

STING reappeared when single residues in STING-K6R were

restored to lysine (Figure 4B). Furthermore, comparing wild-

type STING-HAwith STING-K6R-HA expressing THP-1 cells, IS-

Gylation was only detectable in wild-type STING (Figure 4C). In

line with the HEK293A assay, STING ISGylation was detected

in reconstituted STING THP-1 cells upon reintroducing lysines

to STING-K6R-HA (Figure 4D). Overall, these data indicate that

lysines 224, 236, 289, 338, 347, and 370 are major sites of

STING modification by ISG15, and one lysine at these sites is

sufficient for robust ISGylation.

K289-linked ISGylation of STING is vital for STING
activity
To determinewhich ISGylation sites regulate STING-induced IFN

production, STINGor itsmutantswere co-expressedwith ISG15,

UBE1L, and UBCH8 in HEK293A cells. Mutation of K289R and

K6R of STING, as well as the STING phosphorylation site mutant

S366A abolished STING-mediated induction of type I IFN in

transfected HEK293A cells comparable to the level of the trans-

fection of wild-type STING (Figure 5A). As expected, this impair-

ment could be restored by replacing R289 to K289 in STING-K6R

(Figure 5B). In line with this, type I IFN induction was rescued in

STING reconstituted THP-1 cells with STING-K5R-R289K but

A B C

D

E F

Figure 3. STING is modified by ISG15

(A) Immunoprecipitation (with anti-HA) and immunoblot analysis of STING ISGylation and the expression level of STING-HA, ISG15, USP18, USP18-C64A,

USP18-C64S, endogenous HERC5, TRIM25, ARIH1, and tubulin in HEK293A cells that were transfected with indicated plasmids for 48 h.

(B) Immunoprecipitation (with anti-HA) and immunoblot analysis of STING ISGylation and the expression level of STING, ISG15, USP18, SARS-CoV2-Nsp3, and

tubulin in HEK293A cells that were transfected with indicated plasmids for 48 h.

(C) Immunoprecipitation (with anti-HA) and immunoblot analysis of STING ISGylation and the expression level of STING, ISG15, endogenous HERC5, TRIM25,

ARIH1, and GAPDH in PMA-differentiated reconstituted STING THP-1 cells and lentiviral pLOC empty vector (pEV) control THP-1 cells that were stimulated with

500 U/mL IFN-b for 48 h.

(D) Immunoprecipitation (with anti-HA) and immunoblot analysis of STING ISGylation in reconstituted STING THP-1 cells and pEV control THP-1 cells that were

mock treated, stimulated with 500 U/mL IFN-b, transfected with 4 mg/mL HS-DNA, or infected with HIV-1 for 48 h.

(E) Immunoprecipitation (with anti-STING [E] or anti-ISG15 [F]) and immunoblot analysis of STING ISGylation and the expression level of STING, ISG15, and

tubulin in PMA-differentiated THP-1 cells that were mock treated, stimulated with 1,000 U/mL IFN-b, or transfected with 4 mg/mL HS-DNA for 48 h. Data are

representative of three independent experiments.
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not with the repair of any other arginine residues in STING-K6R

after HS-DNA transfection (Figure 5C) and HIV-1 infection (Fig-

ure 5D). Furthermore, lower mRNA levels of IFNB1 and down-

stream ISGswere detected in STING-K6R and STING-K289R re-

constituted STING THP-1 cells (Figure 5E) and transfected

HEK293A cells (Figure 5F). To explore the effect of the mutation

of STING in response to external stimuli in a physiological genetic

and relevant cellular context, we introduced the point mutation

K289R into the genomic STING locus by CRISPR-Cas9-medi-

ated knockin (KI) in human induced pluripotent stem cells

(iPSCs). The iPS system allows differentiation of pluripotent cells

into relevant cell types harboring the potential to react upon stim-

ulation. Furthermore, endogenousKI has the advantage of avoid-

ing overexpression artifacts and dysregulated transcription.

Therefore, we generated STING-K289R mutated cell clones in

the apparently healthy human iPSC line PEIi003-A57 utilizing a

gene-editing strategy using CRISPR-Cas9 ribonucleoprotein

(RNP) and single-stranded DNA (ssDNA) oligonucleotide intro-

duction by nucleofection. We then identified isogenic cell clones

with K289R mutation by sequencing (Figure S1A) and further

confirmed the presence of both alleles by biallelic PCR (Fig-

ure S1B). The generated iPSC KI-clone PEIi003-A-1 demon-

strated a characteristic embryonic stem cell-like (ES-like) pheno-

type with distinctive cobblestone morphology (Figure S1C). The

A B

C D

Figure 4. K224, K236, K289, K338, K347, and K370 of STING are modified by ISG15
(A and B) Immunoprecipitation (with anti-HA) and immunoblot analysis of STING ISGylation and the expression level of wild-type or mutant STING-HA, ISG15,

USP18-V5, GAPDH, and tubulin in HEK293A cells that were transfected with indicated plasmids for 48 h.

(C) Immunoprecipitation (with anti-HA) and immunoblot analysis of STING ISGylation and the expression level of STING, STING-K6R, ISG15, and tubulin in PMA-

differentiated reconstituted STING THP-1 cells that were stimulated with 1,000 U/mL IFN-b for 48 h.

(D) Immunoprecipitation (with anti-HA) and immunoblot analysis of STING ISGylation and the expression level of wild-type or mutant STING, and ISG15 in re-

constituted STING THP-1 cells that were stimulated with 500 U/mL IFN-b for 48 h. Data are representative of three independent experiments.
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pluripotent statewas confirmedby immunofluorescence staining

of the stem cell markers OCT4 and SOX2 (Figure S1D) as well as

RT-qPCR demonstrating elevated expression of OCT4, SOX2,

and NANOG relative to human peripheral blood mononuclear

cells (PBMCs) (Figure S1E). Further, the generated STING-

K289R-clone PEIi003-A-1 was capable of differentiation into

thegermlayer ectoderm,mesoderm, andendoderm (FigureS1F).

Next,wedifferentiatedKI PEIi003-A-1 to iPS-derived hematopoi-

etic progenitor cells (HPCs) following the established protocol

from Sontag et al.58 Expression of STING has been verified in

HPCs (Figure S1G). Both the control cell line MHHi008-B derived

from healthy donor and the STING-K289R cell clone possess the

ability to differentiate into hematopoietic progenitors verified by

expression analysis demonstrating similar level of lineage

markers CD31 and CD34 (Figure 5G).59 Interestingly, STING

agonist SR-717-induced transcription of ISG54 was markedly

A C E

B D F

G H

Figure 5. K289 of STING is crucial for IFN induction

(A and B) HEK293A cells were transfected indicated plasmids for 30 h followed by immunoblot analysis and type I interferon production analysis.

(C and D) Undifferentiated reconstituted STING THP-1 cells were transfected with 4 mg/mL HS-DNA (C) or infected with HIV-1 (D) for 48 h followed by type I

interferon production analysis.

(E) RT-qPCR analysis of mRNA level of IFNB1 and ISG54 in reconstituted STING THP-1 cells that were stimulated with 3.6 mM SR-717 for 2 h. GAPDH serves as

housekeeping gene.

(F) RT-qPCR analysis of mRNA level of IFNB1, ISG15, and CXCL10 in HEK293A cells that were transfected with indicated plasmids for 24 h. GAPDH served as

housekeeping gene.

(G) RT-qPCR analysis of mRNA level ofCD31 andCD34 in iPSC-derived hematopoietic progenitor cells from STING-K289R cells PEIi003-A-1 (gray) compared to

healthy control cell lineMHHi008-B (black). As negative control the parental iPSCs (PEIi003-A) were used and THP-1 cells as a positive control.RPL13A served as

housekeeping gene.

(H) RT-qPCR analysis of mRNA level of ISG54 in iPSC-derived hematopoietic progenitor cells that were stimulated with 3.6 mM SR-717 for 24 h. STING-K289R

(PEIi003-A-1) cells are shown in gray compared with cells derived from control cell line MHHi008-B in black. RPL13A served as housekeeping gene. Significance

was determined using one-way ANOVA (Figures 5A–5F) (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). Data are representative of three

independent experiments (graphs show mean ± SD). See also Figure S1.
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decreased in STING-K289R cells compared to control cells (Fig-

ure 5H). Together, these results show that STING lysine 289 is an

important ISGylation site required for STING activation.

ISGylation of STING facilitates its dimerization and
oligomerization
To understand the consequences of ISGylation, we reconsti-

tuted STING knockout THP-1 cells with either STING-

K6R or STING-K289R and detected drastically reduced

STING agonist-induced phosphorylation of STING, TBK1,

and IRF3 compared with cells reconstituted with wild-

type STING (Figure 6A). Similarly, we found that transient expres-

sion of STING-K6R and STING-K289R in HEK293A cells

decreased the phosphorylation level of STING and IRF3

(Figure 6B). In line with our ISGylation data, phosphorylation

of STING, TBK1, and IRF3 was partially recovered in

A B C D

E F G H

Figure 6. ISGylation of STING facilitates its dimerization and oligomerization

(A–D) Immunoblot analysis of total and phosphorylated STING, TBK1, IRF3, and tubulin in reconstituted STING THP-1 cells that were treated with DMSO or

3.6 mM SR-717 for 2 h (A and C) or in HEK293A cells that were transfected with indicated plasmids for 24 h (B and D).

(E–H) Immunoblot analysis and native immunoblot analysis of STING oligomerization, STING dimerization, STING, and GAPDH in reconstituted STING THP-1

cells that were treated with DMSO or 3.6 mM SR-717 for 2 h (E and G) or in HEK293A cells that were transfected with indicated plasmids for 24 h (F and H).

The intensity of p-STING/STING, p-TBK1/TBK1, p-IRF3/IRF3, STING oligomerization, and dimerization were measured with the ImageJ program, and the results

are quantifications from multiple independent experiments. Data are representative of three independent experiments (graphs show mean). See also Figure S2.
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STING-K5R-R289K-expressing cells, but not in STING-K6R cells

(Figure 6C). Along these lines, expression of STING-K5R-R289K

in HEK293A cells led to robust IRF3 phosphorylation (Figure 6D).

This suggests that K289-linked ISGylation regulates STING-

mediated activation of the IRF3 pathway. To determine the

mechanisms of missing STING activation in the STING mutants,

we examined (1) activation of ubiquitination, and (2) dimerization

and oligomerization of STING. To test whether the ubiquitination

of STING was affected, we co-expressed wild-type or mutant

STING together with FLAG-tagged ubiquitin and analyzed

STING pull-downs in immunoblots for a ubiquitin signal. Our re-

sults show that STING-K6R, STING-K289R, and STING-K5R-

R289K had comparable ubiquitination levels to wild-type

STING (Figure S2A). This indicates that ubiquitination is not

affected by either ISGylation or mutation of ISGylated residues.

However, oligomerization of STING-K6R was abrogated in

STING agonist-stimulated reconstituted STING THP-1 cells or

transfected HEK293A cells (Figures 6E and 6F). In comparison

with wild-type STING, the oligomerization of STING-K289R

was reduced, whereas the dimerization was similar (Figures 6E

and 6F). Next, we examined whether ISGylation of STING-K6R

could restore STING oligomerization by mutating K back at res-

idue 289. Importantly, oligomerization of STING was substan-

tially restored in reconstituted STING-K5R-R289K THP-1 cells

and transfected HEK293A cells (Figures 6G and 6H). Similarly,

the dimerization of STING was partially restored upon intro-

ducing R289K in STING-K6R (Figures 6G and 6H). Collectively,

these results suggest that ISGylation at K289 promotes its

dimerization and facilitates its oligomerization.

STING mutant V155M requires ISGylation for
constitutive activity
Gain-of-function mutations in the STING gene lead to a

systemic autoinflammatory disease known as SAVI, with

STING-V155M being the most prevalent.60 SAVI patients

exhibit a strong transcriptional ISG signature in peripheral

whole-blood cells.20,21 We examined whether ISGylation

was required for the activity of the SAVI-STING. Transient

expression of wild-type or mutant STING in HEK293A showed

that STING-V155M expression induced high levels of type I

IFN, STING, and IRF3 phosphorylation, and downstream anti-

viral gene ISG15 (Figure 7A). In contrast, the activity of STING-

V155M was almost abrogated by mutating K289R or K6R

(Figure 7A). We next examined the impact of ISGylation on

SAVI-STING in THP-1 cells. We found that STING-V155M-re-

constituted THP-1 cells showed type I IFN responses and

phosphorylation of STING and IRF3, as well as the induction

of ISG15 protein synthesis under unstimulated conditions,

whereas SAVI-STING with K289R or K6R lost this activity

(Figure 7B). STING-V155M is located at the connector helix

loop and is assumed to promote the 180� rotation of the

ligand-binding domain, thus resulting in the STING activation

irrespective of the presence of cGAMP.9,61 We examined

the oligomerization of STING and showed that STING-

V155M with the K289R or K6R mutation significantly reduced

oligomerization (Figure 7C). Thus, prevention of STING ISGy-

lation suppressed signaling by constitutively active SAVI-

STING.

ISGylation of STING K289 structurally rigidifies the
homodimer and leads to additional interactions in
oligomers
To assess the structural impact of ISGylation of K289, we

created models of the ISGylated STING homodimer, which likely

is constitutively minimally ISGylated prior to cGAMP binding,

and a dimer of dimers and subjected these to all-atommolecular

dynamics (MD) simulations in a membrane environment.

Applying constraint network analysis63 (CNA) on the conforma-

tional ensemble of the homodimer revealed that ISGylation of

STING structurally rigidifies the STING region involved in the

rotation during activation as well as the orthosteric binding site

(Figure 7D). This suggests that ISGylation helps conserve a

respective STING state. The activated state might be favored

particularly as the STING protomers are intertwined in this state

making a monomerization less likely. ISGylation furthermore re-

duces the likelihood of cGAMP binding to the homodimer ac-

cording to a computed positive cooperative free energy for the

allosteric modulation by ISGylation toward cGAMP binding

(Equation 1),62 indicating a negative cooperative effect. The

MD simulations of the dimer of dimers reveal additional interac-

tions between two ISG15 linked to neighboring STING

(Figures 7E and S3A) in, on average, 71.1% ± 8.4% of the time

with an average number of 2.3 ± 0.4 hydrogen bonds (mean ±

SEM, n = 20 from 10 replicas and two neighboring moieties

per replica) (Figure S3B). Hence, ISGylation canmediate interac-

tions between neighboring STING dimers of dimers and thus

might facilitate oligomerization, as suggested by the moderate

structural changes within (Figure S3C) and between dimers (Fig-

ure S3D). Overall, ISGylation is suggested to stabilize active oli-

gomerized STING by impacting the transformation between

states, as cGAMP less likely binds to the ISGylated homodimer,

and by forming additional inter-dimer interactions.

DISCUSSION

The activity and stability of STING are regulated by various PTMs

to initiate rapid responses against pathogenic DNA while avoid-

ing harmful inflammatory diseases.22 In this study, we have iden-

tified an uncovered PTM of STING that is mediated by ISG15,

which promotes its oligomerization and activation under viral

infection and DNA challenge, thus enhancing upregulation of

downstream type I IFN and inflammatory cytokines. In support

of this, we show that (1) ISG15 deficiency inhibits STING-depen-

dent DNA sensing signaling and STING agonist-inducted activa-

tion of the antiviral response; (2) STING is ISGylated by ISG15 at

K224, K236, K289, K338, K347, and K370 upon viral infection or

cytoplasmic DNA challenge; (3) K289-linked ISGylation on

STING is essential for STING oligomerization and STING-medi-

ated IFN induction; and (4) repression of ISGylation on STING

K289 rescues from the autoimmune phenotypes in STING-

SAVI. Collectively, these findings reveal a PTM of STING that

promotes both the activation of STING-inducted antiviral immu-

nity and the progression of STING-driven autoimmune disease.

ISG15 is strongly induced by viral infection and type I IFN and

is a central player in the host antiviral response through its conju-

gation to target proteins via ISGylation.29,30,41 Mass spectrom-

etry-based proteomics studies have identified hundreds of
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host proteins that are ISGylated and only a few proteins have

been investigated.64–66 For example, the ISGylation of IRF3 pre-

vents the proteasomal degradation of IRF3 and enhances the

intracellular IFN response upon viral infection.44 ISGylation of

phosphorylated signal transducer and activator of transcription

1 (STAT1) inhibited its polyubiquitylation and subsequent degra-

dation.67 Recently, ISGylation of MDA5 and cGAS were des-

cribed to be essential for viral infection-induced innate immune

response.46,47 However, key ISGylated targets in the host remain

largely unknown. In this study, we demonstrated that STING

needs to be ISGylated upon cytosolic DNA stimulation and to

promote IFN-mediated defense in the context of HIV-1 infection.

However, it seems that only a small fraction of the total STING is

modified by ISG15, thus it is still a challenge to understand how

ISGylation affects the overall function of STING. It is possible that

ISGylation on STING is sufficient to promote larger assemblies of

A B C

D E

Figure 7. STING mutant V155M requires ISGylation for constitutive activity

(A) HEK293A cells were transfected with indicated plasmids for 30 h followed by immunoblot analysis and type I interferon production analysis.

(B) Reconstituted STING THP-1 cells were stimulated or unstimulated with 3.6 mM SR-717 for 24 h followed by immunoblot analysis and type I interferon pro-

duction analysis.

(C) Reconstituted STING THP-1 cells or HEK293A cells were transfected with indicated plasmids for 24 h, followed by immunoblot analysis and native immu-

noblot analysis. Significance was determined using one-way ANOVA and two-tailed Student’s t test (Figures 7A and 7B) (*p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001).

(D) Changes in the structural rigidity of STING (DGi,CNA) due to ISGylation (green) as predicted by CNA62 mapped (blue gradient) on a per-residue basis onto

the cGAMP-bound (red sticks) homodimer of STING. ISGylation rigidifies the region (yellow box) responsible for the rotation upon activation of STING and the

orthosteric binding site.

(E) Top view of the conformational space sampled by ISG15 (dark gray ribbons) attached to an STING dimer of dimers (gray cartoon) during an MD simulation in

relation to the initial conformation of ISG15 (green cartoon). ISG15 in neighboring STING pairs contact each other (see also Figures S3A and S3B). Data are

representative of three independent experiments (graphs show mean ± SD) or 10 independent replicas of MD simulations.
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STING protein polymers, similar to the situation for cGAS.47 We

observed that co-expression of STING and USP18-C64S re-

sulted in enhanced STING ISGylation and detectable free

ISG15 in the IP sample (Figure 3A), which is likely caused by

the increased stability of the STING-USP18-C64S complex (Fig-

ure 3A) and an enhanced binding of free ISG15 to USP18-C64S

compared with wild-type USP18.56

We have provided several lines of evidence that multiple lysine

residues of STING can be modified by ISG15 under cytosolic

DNA challenge. STING harbors six ISG15 attachment sites:

K224, K236, K289, K338, K347, and K370. Significantly, K289-

linked ISGylation of STING is essential for STING activity. In

contrast, replacing R289K in STING-K6R recovered the oligo-

merization and substantially enhanced the activity of STING in

cells after HIV-1 infection or in the presence of cytoplasmic

DNA. Furthermore, we validated the impact of the K289 site in

a physiological genetic and relevant cellular context by gener-

ating an endogenous mutation of STING at K289 by CRISPR-

Cas9 KI in human iPSCs and found that STING-K289R mutation

impaired STING agonist SR-717-induced transcription of the

ISG54 gene compared with control cells. These findings suggest

that ISGylation at K289 of STING is vital for STING-dependent

innate immune signaling.

STING signaling is dynamically regulated by polyubiquitination

and relies on different types of polyubiquitin chains at one or mul-

tiple lysine residues involving E3 ligases TRIM32, AMFR, and ring

finger protein 115 (RNF115).22 TRIM32 targets STING for K63-

linked polyubiquitination at residues K20, K150, K224, and K236,

while AMFR targets STING for K27-linked polyubiquitination at

K137, K150, K224, and K236 to facilitate TBK1 recruitment and

activation.24,25 In addition, STING can be ubiquitinated by K63-

linked polyubiquitination mediated by the E3 ligase RNF115 at

K20, K224, and K289, which enhances the aggregation of STING

andpromotes the recruitment of TBK1after viral infection.68Muta-

tionofSTINGatK20,K224,orK289 intoarginine residues impaired

RNF115-mediated ubiquitination and abolished its dimerization

and aggregation.68 In contrast, we demonstrated that mutation

of STING-K6R or STING-K289R inhibits oligomer formation but

not ubiquitination. These results suggest thatmultiple lysine-medi-

ated ubiquitination modifications collectively regulate the function

of STING, that STING is efficiently ubiquitylated at K20, K137, or

K150, which were not changed in STING-K6R. It will be a task

for the future to describe the dynamics of diverse modifications

at single lysines and their impact on STING function.

Liu et al. showed that endogenous STING can form oligomers

in both resting and active states, and cGAMP treatment en-

hances the levels of these higher-order oligomers.10 Based on

this model, autoinhibited STING forms oligomers with bilayer as-

sembly zippering two ER membranes, whereas the activated

STING forms a curved monolayer filament that deforms the

membrane to support its ER exit.10 We reconstituted STING-

depleted THP-1 cells with WT-STING or STING mutants and

found that STING-K289R and STING-K6R abrogated its oligo-

merization without cGAMP treatment, whereas STING-K5R-

R289K partially rescued the levels of oligomers, compared with

wild-type STING. Our data suggest that loss of ISGylation on

STING inhibits its oligomer formation and activation. The natural

mutation V155M in human STING can cause severe SAVI dis-

ease.20,21,69 Patients with SAVI, have constitutively activated

STING, leading to increased release of inflammatory cytokines

and IFNs.20,21,69 Mechanistically, STING-V155M localizes to

perinuclear compartments, not the ER, with a 180� rotation of

the ligand-binding domain along a connector helix loop of

STING in a cGAMP-independent manner.9,21,69 Our results

showed that transient STING-V155M expression in HEK293A

cells or unstimulated-STING-V155M reconstituted THP-1 cells

upregulated the activation of STING, IRF3, and the expression

of the downstream gene of ISG15. In contrast, the K289R or

K6Rmutation of STING-V155Mprevents the oligomer formation,

resulting in the inhibition of IRF3 activation and IFN induction,

suggesting that loss of ISGylation inhibits oligomerization and

activation of STING. Thus, suppression of ISGylation could

inhibit a gain-of-function phenotype in SAVI-STING. Under-

standing how ISGylation of STING at K289 regulates STING olig-

omerization and activation depends on a more detailed struc-

tural and functional analysis of full-length STING.

Ourmolecular modeling suggests that ISGylation of the homo-

dimer rigidifies the region responsible for the rotation upon acti-

vation and thus might foster the conservation of the activated

state as well as that cGAMP less likely binds to the ISGylated ho-

modimer. ISGylation furthermore leads to enhanced interactions

in STING dimers of dimers. Together, this suggests that ISGyla-

tion favors the activated oligomerized state of STING.

In summary, we propose a regulatory mechanism of STING by

ISGylation in innate immune activation and inflammatory dis-

eases. These findings open perspectives to uncover the enig-

matic aspects of activation of STING-mediated viral restriction

and to treat STING-mediated inflammatory diseases by sup-

pressing the ISGylation of STING.

Limitations of the study
Our study suggests that ISGylation of STINGat K289 is important

for its activation. Although we demonstrated that STING oligo-

merization is decreased if ISGylation is blocked, our experiments

do not allow conclusions regarding cGAMP binding, conforma-

tional changes in STING pre or post cGAMP binding, or a direct

regulation of subsequent STING oligomer formation or stability.

However, molecular modeling suggests that ISGylation of K289

is an important regulator of oligomerization. Furthermore, we

cannot exclude that ISGylation is important for the COPII vesicle

transport of activated STING or any subsequent steps.

To dissect the molecular mechanism of STING ISGylation in

regulating the production of type I interferon, we relied on diverse

in vitro human cell-based assays and human iPS cell models to

approach the physiological setting using an STING knockin

K289R. However, the impact of STING ISGylation on interferon

regulation and HIV-1 replication in vivo remains to be examined

in future studies. Moreover, ISG15 from humans and mice differ,

and thus ISGylation regulation may be different.70
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M., Kubarenko, A.V., Andreeva, L., Hopfner, K.P., and Hornung, V.

(2014). Cytosolic RNA:DNA hybrids activate the cGAS-STING axis.

EMBO J. 33, 2937–2946. https://doi.org/10.15252/embj.201488726.

17. Barnowski, C., Ciupka, G., Tao, R., Jin, L., Busch, D.H., Tao, S., and

Drexler, I. (2020). Efficient Induction of Cytotoxic T Cells by Viral Vector

Vaccination Requires STING-Dependent DC Functions. Front. Immunol.

11, 1458. https://doi.org/10.3389/fimmu.2020.01458.
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Whig, K., Kamalia, B., Dohnalová, L., et al. (2021). Pharmacological acti-

vation of STING blocks SARS-CoV-2 infection. Sci. Immunol. 6,

eabi9007. https://doi.org/10.1126/sciimmunol.abi9007.

56. Vuillier, F., Li, Z., Commere, P.H., Dynesen, L.T., and Pellegrini, S. (2019).

USP18 and ISG15 coordinately impact on SKP2 and cell cycle progres-

sion. Sci. Rep. 9, 4066. https://doi.org/10.1038/s41598-019-39343-7.

57. Fuchs, N.V., Schieck, M., Neuenkirch, M., Tondera, C., Schmitz, H., Stei-
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M€unk, C. (2018). USP18 (UBP43) Abrogates p21-Mediated Inhibition of

HIV-1. J. Virol. 92, 005922-e618. https://doi.org/10.1128/JVI.00592-18.

73. Ketscher, L., Basters,A., Prinz,M., andKnobeloch,K.P. (2012).mHERC6 is

the essential ISG15E3 ligase in themurine system.Biochem.Biophys.Res.

Commun. 417, 135–140. https://doi.org/10.1016/j.bbrc.2011.11.071.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-V5 Tag Sigma-Aldrich Cat# V8137; RRID: AB_261889

Rabbit polyclonal anti-FLAG Tag Sigma-Aldrich Cat# F7425; RRID: AB_439687

Rabbit monoclonal anti-HA Tag Proteintech Cat# 66006-2-Ig; RRID:AB_2881490

Mouse monoclonal anti-alpha-Tubulin Sigma-Aldrich Cat# T6074; RRID: AB_477582)

Goat polyclonal anti-GAPDH Everest Biotech Cat# EB06377; RRID: AB_2107455

Rabbit monoclonal anti-USP18 Cell Signaling Technology Cat# 4813; RRID: AB_10614342

Rabbit polyclonal anti-ISG15 Proteintech Cat# 15981-1-AP; RRID: AB_2126302

Mouse monoclonal anti-ISG15 Santa Cruz Biotechnology Cat# sc-166755; RRID: AB_2126308

Rabbit polyclonal anti-STING Proteintech Cat# 19851-1-AP; RRID: AB_10665370

Rabbit monoclonal anti-STING Cell Signaling Technology Cat# 13647; RRID: AB_2732796

Rabbit monoclonal anti-Phospho-STING

(Ser366)

Cell Signaling Technology Cat# 19781; RRID: AB_2737062

Rabbit monoclonal anti-TBK1 Cell Signaling Technology Cat# 3504; RRID: AB_2255663

Rabbit monoclonal anti-Phospho-TBK1

(Ser172)

Cell Signaling Technology Cat# 5483; RRID: AB_10693472

Rabbit monoclonal anti-IRF3 Cell Signaling Technology Cat# 4302; RRID: AB_1904036

Rabbit monoclonal anti-Phospho-IRF3

(Ser386)

Abcam Cat# ab76493; RRID: AB_1523836)

Rabbit polyclonal anti-SARS-CoV-2 Nsp3 Cell Signaling Technology Cat# 88086

Rabbit polyclonal anti-TRIM25 Proteintech Cat# 12573-1-AP, RRID:AB_2209732

Rabbit polyclonal anti-HERC5 Proteintech Cat# 22692-1-AP, RRID:AB_2879151

Mouse monoclonal anti-ARIH1 Santa Cruz Biotechnology Cat# sc-514551

Rabbit polyclonal anti-SOX2 Cell Signaling Technology Cat# 2748; RRID: AB_823640

Mouse monoclonal anti-OCT4 Santa Cruz Biotechnology Cat# sc-5279; RRID: AB_628051)

Mouse monoclonal anti-SOX17 R and D Systems Cat# MAB1924; RRID: AB_2195646

Mouse monoclonal anti-NESTIN R and D Systems Cat# MAB1195; RRID: AB_357520

Goat polyclonal anti FOXA2 R and D Systems Cat# AF2400; RRID: AB_2294104

Rabbit polyclonal anti-PAX6 Invitrogen Cat# 42–6600; RRID: AB_253354

Mouse monoclonal anti-NCAM(CD56) Novus Cat# NB110-59997; RRID: AB_905284

Sheep monoclonal anti-mouse IgG (H + L)

secondary antibody, HRP

Cytiva Cat# NA931; RRID: AB_772210

Donkey monoclonal anti-rabbit IgG (H + L)

secondary antibody, HRP

Cytiva Cat# NA9340; RRID: AB_772191

Mouse monoclonal anti-goat IgG (H + L)

secondary antibody, HRP

Santa Cruz Biotechnology Cat# sc-2354; RRID: AB_628490

Mouse monoclonal anti-rabbit IgG LCS

secondary antibody, HRP

Abbkine Cat# A25022; RRID: AB_2893334

Alexa Fluor 488 goat anti-mouse IgG (H + L) Invitrogen Cat# A11029; RRID: AB_138404

Alexa Flour 488 goat anti-rabbit IgG (H + L) Invitrogen Cat# A11008; RRID: AB_143165

Alexa Fluor 594 donkey anti-rabbit IgG (H +

L)

Invitrogen Cat# A21207, RRID: AB_141637

Alexa Fluor 594 donkey anti-goat IgG (H + L) Invitrogen Cat# A21468, RRID: AB_253587

Bacterial and virus strains

MVA Staib et al.71 N/A

HIV-1 luciferase reporter virus Osei Kuffour et al.72 N/A
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Chemicals, peptides, and recombinant proteins

PolyJetTM In Vitro DNA Transfection

Reagent

SignaGen Laboratories Cat# SL100688

Anti-HA Affinity Matrix Sigma-Aldrich Cat# 11815016001

Protein A/G Magnetic Beads MedchemExpress Cat# HY-K0202

Herring Sperm DNA Promega Cat# D1811

SR-717 Chin et al.54 N/A

Fetal Bovine Serum PAN-Biotech Cat# P30-3306

Glutamine PAN-Biotech Cat# P04-82100

penicillin-streptomycin PAN-Biotech Cat# P06-07100

Blasticidin S hydrochloride Sigma-Aldrich Cat# 3513-03-9

Zeocin� Invitrogen Cat# 11006-33-0

Protease Inhibitor Cocktail Merck Millipore Cat# 539134

Phosphatase Inhibitor Cocktail II MedchemExpress Cat# HY-K0022

NuPAGETM LDS Sample Buffer Thermo Fisher Scientific Cat# NP0007

Recombinant Human IFN-Beta PBL Assay Science Cat# 11415-1

Cas9-NLS Purified Protein QB3 Macrolab https://macrolab.qb3.berkeley.edu/

cas9-nls-purified-protein/

Phenylmethanesulfonyl fluoride Sigma-Aldrich Cat# 329-98-6

Paraformaldehyde Sigma-Aldrich Cat# 30525-89-4

HOECHST Thermo Fisher Scientific Cat# 62249

Alt-R HDR Enhancer V2 Integrated DNA Technologies Cat# 10007910

Y-27632 STEMCELL Technologies Cat# 72302

STEMdiffTM Trilineage Differentiation Kit STEMCELL Technologies Cat# 05230_C

Edit-R CRISPR-Cas9 Synthetic tracrRNA Dharmacon https://horizondiscovery.com/en/

resources/featured-articles/

dharmacon-editr-crispr-cas9-

gene-engineering-system

GoTaq polymerase Promega Cat# M3005

mTeSRTM Plus STEMCELL Technologies Cat# 100-0276

ReLeSRTM STEMCELL Technologies Cat# 100-0484

P3 primary cell line Kit Lonza Cat# V4XP-3032

Matrigel Corning Cat# 354277

Critical commercial assays

Steady-Glo� Luciferase Assay System Promega Cat# E2510

RNeasy mini kit Qiagen Cat# 74004

Revert Aid H-Minus First Strand cDNA

Synthesis kit

Thermo Fisher Scientific Cat# K1631

SYBR Green PCR Master Mix Thermo Fisher Scientific Cat# 4309155

QuantiTect SYBR Green RT-PCR Kit Qiagen Cat# 204243

Direct-zol RNA Kit ZYMO-Research Cat# R2050

QUANTI-BlueTM Solution InvivoGene Cat# rep-qbs

PrimeTimeTM One-Step RT-qPCR Master

Mix, 1 mL

Integrated DNA Technologies Cat# 10007065

Deposited data

MD simulation data researchdata.hhu.de https://doi.org/10.25838/d5p-50

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063

HEK293A Invitrogen Cat# R70507; RRID: CVCL_6910

(Continued on next page)

Cell Reports 42, 113277, November 28, 2023 17

Article
ll

OPEN ACCESS

https://macrolab.qb3.berkeley.edu/cas9-nls-purified-protein/
https://macrolab.qb3.berkeley.edu/cas9-nls-purified-protein/
https://horizondiscovery.com/en/resources/featured-articles/dharmacon-editr-crispr-cas9-gene-engineering-system
https://horizondiscovery.com/en/resources/featured-articles/dharmacon-editr-crispr-cas9-gene-engineering-system
https://horizondiscovery.com/en/resources/featured-articles/dharmacon-editr-crispr-cas9-gene-engineering-system
https://horizondiscovery.com/en/resources/featured-articles/dharmacon-editr-crispr-cas9-gene-engineering-system
https://doi.org/10.25838/d5p-50


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

THP-1 ATCC Cat# TIB-202; RRID: CVCL_0006

HEK-BlueTM IFN-a/b cells InvivoGene Cat# hkb-ifnab

THP-1.pLV2 (pLentiCRISPRv2 empty

vector (pLV2)) cells

Osei Kuffour et al.50 N/A

ISG15 knockout THP-1 cells Osei Kuffour et al.50 N/A

STING knockout THP-1 cells Mankan et al.16 N/A

Reconstituted STING THP-1 cells This paper N/A

STING-K289R PEIi003-A-1 This paper N/A

PBMCs German Red Cross Blood

Donor Service Baden-

W€urttemberg Hessen,

Germany

N/A

PEIi003-A Fuchs et al.57 RRID: CVCL_YC51

MHHi008-B Haase et al.59 RRID: CVCL_VS.39

Oligonucleotides

qRT-PCR primers Table S1 N/A

Edit-R Modified Synthetic crRNA targeting

STING: 50-ACTCTTCTGCCGGACACTTG

This paper N/A

Forward primer for amplification of STING

locus: 50-AGACCCCATTAGGGTGGCC-30
This paper N/A

Reserve primer for amplification of STING

locus: 50-AGACCCCATTAGGGTGGCC-30
This paper N/A

Forward primer for amplification of STING

alleles: 50-AGACCCCATTAGGGTGGCC-30
This paper N/A

Reserve primer for amplification of STING

alleles: 50-CTGCCCTCCAGCCTATCAAC-

30

This paper N/A

Probe for STING alleles:

50-TCTCAGAACAACTGCCGCCTCATT-3

This paper N/A

ssDNA homologous recombination

template:/Alt-R-HDR1/T*C*A AGC TGG

CTT TAG CCG GGA GGA TAG GCT TGA

GCA GGC CCG ACT CTT CTG CCG GAC

ATT GGA GGA CAT CCT GGC AGA TGC

CCC TGA GTC TCA GAA C*A*A/Alt-R-

HDR2

This paper N/A

Recombinant DNA

pLOC empty vector Thermo Fisher Scientific N/A

pLOC-USP18 Osei Kuffour et al.72 N/A

pLOC-USP18-C64A Osei Kuffour et al.72 N/A

pLOC-USP18-C64S Osei Kuffour et al.72 N/A

pLOC-USP18-V5 Osei Kuffour et al.72 N/A

pLOC-ISG15 Horizon Vector clone ID: PLOHS_100011506

pLOC-UBE1L (E1) Ketscher et al.73 N/A

pLOC-UBCH8 (E2) Ketscher et al.73 N/A

pSIN.PPT.CMV.Luc.IRES.GFP Bähr et al.74 N/A

pMDLg/pRRE Dull et al.75 RRID: Addgene_12251

pRSV-Rev Dull et al.75 RRID: Addgene_12253

pMD.G Dull et al.75 N/A

pcDNA6/myc-His-VPX Sunseri et al.76 N/A

pMDLx/pRRE Sunseri et al.76 N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

psPAX2 NIH, AIDS Reagent

Program repository

RRID: Addgene_12260

pcDNA3.1-FLAG-ubiquitin Klaus Harbers N/A

pLOC-STING-HA This paper N/A

pLOC-STING-K0-HA (A20, A137, A150,

A224, A236, A289, A338, A347, A370)

This paper N/A

pLOC-STING-K0-A20K-HA (replace A20 to

K20 at pLOC-STING-K0-HA)

This paper N/A

pLOC-STING-K0-A137K-HA This paper N/A

pLOC-STING-K0-A150K-HA This paper N/A

pLOC-STING-K0-A224K-HA This paper N/A

pLOC-STING-K0-A236K-HA This paper N/A

pLOC-STING-K0-A289K-HA This paper N/A

pLOC-STING-K0-A338K-HA This paper N/A

pLOC-STING-K0-A347K-HA This paper N/A

pLOC-STING-K0-A370K-HA This paper N/A

pLOC-STING-K224R-HA (replace K224 to

R224 at pLOC-STING-HA)

This paper N/A

pLOC-STING-K236R-HA This paper N/A

pLOC-STING-K289R-HA This paper N/A

pLOC-STING-K338R-HA This paper N/A

pLOC-STING-K347R-HA This paper N/A

pLOC-STING-K370R-HA This paper N/A

pLOC-STING-K6R-HA (R224, R236, R289,

R338, R347, R370)

This paper N/A

pLOC-STING-K5R-R224K-HA (replace

R224 to K224 at pLOC-STING-K6R-HA)

This paper N/A

pLOC-STING-K5R-R236K-HA This paper N/A

pLOC-STING-K5R-R289K-HA This paper N/A

pLOC-STING-K5R-R338K-HA This paper N/A

pLOC-STING-K5R-R347K-HA This paper N/A

pLOC-STING-K5R-R370K-HA This paper N/A

pLOC-STING-S366A-HA This paper N/A

pLOC-STING-V155M-HA This paper N/A

pLOC-STING-K6R-V155M-HA This paper N/A

pLOC-STING-K289R-V155M-HA This paper N/A

Software and algorithms

GraphPad Prism 8 GraphPad https://www.graphpad.com

ImageJ V 1.53 ImageJ https://imagej.nih.gov/ij

SP8 confocal microscope software Leica https://www.leica-microsystems.com/

products/confocal-microscopes/p/

leica-tcs-sp8/

Modeller, v. 9.19 Modeller https://salilab.org/modeller/

PROMALS3D PROMALS3D http://prodata.swmed.edu/promals3d

TopModel TopModel77 https://cpclab.uni-duesseldorf.de/topsuite/

topmodel.php

MOE2022.09 Chemical Computing Group https://www.chemcomp.com/

HADDOCK 2.4 Bijvoet Center for Biomolecular

Research

https://wenmr.science.uu.nl/haddock2.4/

Constraint Network Analysis software Constraint Network

Analysis software

https://cpclab.uni-duesseldorf.de/cna/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carsten

M€unk (carsten.muenk@med.uni-duesseldorf.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture conditions
HEK293T cells (American Type Culture Collection (ATCC)) and HEK293A cells (Invitrogen) were cultured in Dulbecco’s Modified

Eagle Medium (DMEM) (PAN-Biotech) supplemented with 10% fetal bovine serum (FBS) (PAN-Biotech), 2 mM L-glutamine (PAN-

Biotech), and 100 U/ml penicillin-streptomycin (PAN-Biotech). THP-1 cells were obtained from ATCC and maintained in Roswell

Park Memorial Institute (RPMI) 1640 (Gibco) containing 10% FBS, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin.

ISG15 knockout THP-1 cells (THP-1.ISG15KO-E1 and THP-1.ISG15KO-E2; made with pLentiCRISPRv2 containing the specific

ISG15 single-guide RNA (sgRNA) sequences targeting exon 1 (E1) and exon 1 (E2) of the ISG15 gene) and THP-1.pLV2 (pLenti-

CRISPRv2 empty vector (pLV2)) cells were described before.50 STING knockout THP-1 cells were obtained as a gift from Veit Hor-

nung.16 HEK-Blue IFN-a/b cells (Invivogene) were maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml

penicillin-streptomycin, 30 mg/mL of blasticidin S hydrochloride (Sigma-Aldrich), and 100 mg/mL of Zeocin (Invivogene). Induced

pluripotent stem cells were maintained on Matrigel (Corning) coated dishes in mTeSR Plus (STEMCELL Technologies) at 37�C
and 5% CO2, 21% O2 in a humidified atmosphere. Once per week cells have been splitted in ration of 1:4 -1:6 using ReLeSR

(STEMCELL Technologies). The differentiation of iPS cells to hematopoietic progenitor cells was performed according to the protocol

published by Sontag et al.58 The human peripheral blood mononuclear cells (PBMCs) were isolated from human buffy coats of anon-

ymous blood donors purchased from the German Red Cross Blood Donor Service Baden-W€urttemberg Hessen, Germany.

METHOD DETAILS

Constructs and transfection
pLOC-USP18, pLOC-USP18-C64A (active site mutant), pLOC-USP18-C64S (active site mutant), and pLOC-USP18-V5 plasmids

were described before.72 HA-tagged STING and its single/multiple-amino-acid mutants were cloned into pLOC vector (Thermo

Fisher Scientific) using SpeI and AscI restriction sites. pLOC-ISG15 plasmid were obtained from Horizon (Vector clone ID:

PLOHS_100011506). E1 (UBE1L) and E2 (UBCH8) plasmids were kind gifts from Klaus-Peter Knobeloch.73 FLAG-tagged ubiquitin

expression plasmid was kind gift from Klaus Harbers. pSIN.PPT.CMV.Luc.IRES.GFP,74,78 pMDLg/pRRE,75 pRSV-Rev,75 pMD.G,75

pcDNA6/myc-His-VPX,76 and pMDLx/pRRE76 plasmids have been described before.72 The HIV-1 construct psPAX2 was obtained

from the NIH, AIDS Reagent Program repository. For transfection, PolyJet in vitro DNA transfection reagent (SignaGen Laboratories)

was used according to the manufacturer’s protocol.

Virus production and transduction
Modified vaccinia virus Ankara (MVA) (cloned isolate F6) at 582nd passage on chicken embryo fibroblasts (CEF) were routinely prop-

agated, purified by two consecutive ultracentrifugation steps through a 36% (w/v) sucrose cushion and titrated following standard

methodology.71 HIV-1 luciferase reporter viruses were generated as described before.72 HIV-1 luciferase reporter viruses were pro-

duced by co-transfecting HEK293T cells with 600 ng of pMDLg/pRRE or pMDLx g/pRRE, 150 ng of pMD.G, 250 ng of pRSV-Rev, and

600 ng of pSIN.PPT.CMV.Luc.IRES.GFP with or without pcDNA6/myc-His-VPX. Viral supernatants were harvested 48 h post-trans-

fection, purified, concentrated over a 20% (w/v) sucrose cushion, resuspended in fresh RPMI medium, and stored in �80�C. THP-1
cells were transduced with HIV-1 luciferase reporter viruses for the indicated time and the efficiency of HIV-1 infection was analyzed

by a Steady-Glo Luciferase Assay System (Promega) according to the manufacturer’s instructions.

Generation of reconstituted STING THP-1 cells
Reconstituted STING THP-1 cells were generated by transduction of STING knockout THP-1 cells with lentiviral vectors that were

made by co-transfection of 600 ng of lentiviral pLOC empty vector (pEV) or pLOC-STING-HA (wild-type and mutant) together with
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600 ng of psPAX2, 250 ng pRSV-Rev, and 150 ng of pMD.G in HEK293T cells. Viral particles were concentrated by ultracentrifugation

at 14,0003 rpm for 2 h at 4�C and resuspended in RPMI. The cells were spinoculated at 12003 g for 2 h at 30�C and selected using

blasticidin S hydrochloride.

Generation of STING_K289R knock-in cells
Ribonucleoprotein complexes for the CRISPR/Cas9-mediated knock-in were generated as described previously.79 Briefly, 200 pmol

Edit-RModifiedSynthetic crRNA targetingSTING (target sequence: 50-ACTCTTCTGCCGGACACTTG-3’ (IntegratedDNATechnologies,

IDT), 200 pmol Edit-RCRISPR-Cas9Synthetic tracrRNA (Dharmacon), and 40pmolCas9-NLS (QB3Macrolab) were assembled in vitro.

The LONZA 4D-Nucleofector X Unit was used to deliver ribonucleoprotein complexes together with 100 pmol of ssDNA homologous

recombination template (with 5‘ homology arm length 36 and 3‘ homology arm length 40,/Alt-R-HDR1/T*C*A AGC TGG CTT TAG

CCG GGA GGA TAG GCT TGA GCA GGC CCG ACT CTT CTG CCG GAC ATT GGA GGA CAT CCT GGC AGA TGC CCC TGA GTC

TCAGAA C*A*A/Alt-R-HDR2) into 4 x 105 pluripotent stem cell line PEIi003-A,57 passage 20. Nucleofection was performed with P3 pri-

marycell lineKit (Lonza), applyingprogramCM-113 following themanufacturer’s instruction.To increaseKIefficiencyafter nucleofection

thecellswerekept for 24hat32�C inmediumcontaining1:200Alt-RHDREnhancerV2 (IDT) andY-27632at final concentrationof 10mM.

Single cell clones were analyzed by PCR amplification of STING locus utilizing GoTaq polymerase (Promega) and primer pair

FW_AGACCCCATTAGGGTGGCC, RV_ CTGCCCTCCAGCCTATCAAC. Sanger sequencing confirmed the KI. Presence of both alleles

wasconfirmedbyquantitativegenomicPCRasdescribedpreviously80applying theprimersgenomicFW_AGACCCCATTAGGGTGGCC

and genomic RV_CTGCCCTCCAGCCTATCAAC in combination with probe TCTCAGAACAACTGCCGCCTCATT in PrimeTime One-

Step RT-qPCR Master Mix. Cell mRNA was isolated with Direct-zol RNA Kit (ZYMO-Research). Quantitative reverse transcription

PCR (RT-qPCR) was performedwith QuantiTect SYBRGreen RT-PCRKit.RPL13A served as housekeeping gene. The PCR conditions

were as follows: one cycle of reverse transcription for 30min at 50�C. Followed by initial denaturation/heat activation for 15min at 95�C,
45 cycles of denaturation for 15 s at 95�C, annealing for 15 s at 56�C, elongation for 1 min at 72�C. Dissociation analysis was performed

subsequently for 15 s at 95�C, followed by 15 s at 60�C and 15 s at 95�C. The qPCR was performed on BIORAD CFX 384 Real-Time

System, C1000 Touch Thermal Cycler.

Immunocytochemistry
The immunofluorescence staining of pluripotency markers (OCT4 and SOX2) and expression of pluripotency markers OCT4, SOX2,

and NANOG were determined as described previously.57 STING-K289R PEIi003-A-1 iPSCs were differentiated using the STEMdiff

Trilineage Differentiation Kit (STEMCELL Technologies) and stained for expression of gene markers characterizing three germ layers

(ectoderm, mesoderm, and endoderm) as described previously.57 Briefly, cells were treated for 20 min at room temperature with 2%

paraformaldehyde and then for 15 min at room temperature with 0.5% Triton X-100 13 PBS. Cells were blocked for 60 min at room

temperature in 2% bovine serum albumin. followed by subsequent incubation with primary antibodies for 1 h at room temperature.

After washing s incubation with secondary antibodies for 1 h was performed. Nuclei were stained with HOECHST (1:5000) for 2 min

before mounting. All images were acquired with SP8 confocal microscope (Leica).

Immunoblot analysis
Cells were lysed in mild lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.8% NP-40, 10% glycerol, 1mM phenylmethanesulfonyl

fluoride solution [Sigma-Aldrich], a tablet of protease inhibitor cocktail (Merck Millipore) and 1% phosphatase inhibitor cocktail

(MedChemExpress)) or radioimmunoprecipitation assay buffer (RIPA buffer) (25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% NP-40,

1% sodium deoxycholate, 0.1% SDS, a tablet of protease inhibitor cocktail and 1% phosphatase inhibitor cocktail). Cell lysates

were subjected to SDS-PAGE followed by immunoblot analysis with the appropriate antibodies.

ISGylation and ubiquitination analysis
Foranalyzing ISGylationofSTING,HEK293Acellswere transfectedwith the indicatedplasmids,oreither reconstitutedSTINGTHP-1cells

or wildtype THP-1 cells that were stimulatedwith IFN-b (PBL Assay Science), 3.6 mMSTING agonist SR-717 (STING agonist SR-717was

synthesizedaccording to thedescribedmethod),54 transfectedwith 4mg/mLherringspermDNA (HS-DNA), or infectedwithHIV-1 for indi-

cated times. For analyzing theubiquitinationofSTING,HEK293Acellswere transfectedwithSTINGplasmidsandFLAG-ubiquitin expres-

sion plasmid for 30 h. Cells were harvested and lysed for 20 min on ice with 400 mL lysis buffer. Proteins were subsequently cleared by

centrifugation. Cell lysates (360 mL) were incubated with either 10 mL of anti-HA affinity matrix (Sigma-Aldrich), or with 25 mL protein

A/Gmagnetic beads (MedchemExpress) plus anti-STING antibody (1 mg) (Proteintech) or anti-ISG15 (1 mg) (Santa Cruz Biotechnology).

The immunoprecipitateswerewashedthree timesby1mL lysisbuffer.Boundproteinswereelutedbyboiling thebeads for5minat95�C in

reducing reagent. The rest of the lysates were subject to immunoblot analysis to detect the expression of target proteins and the immu-

noprecipitates were subsequently immunoblotted for respective antibodies. To avoid the noise of heavy chains, the IPKine HRP,Mouse

Anti-Rabbit IgG LCS (Insight Biotechnology, Abbkine Scientific) secondary antibody was used for the immunoprecipitation.

Analyses of STING oligomerization and dimerization
Analysis of STING oligomerization, HEK293A cells that were transfected with wild-type or mutant STING for 24 h or reconstituted

STING THP-1 cells were stimulated with 3.6 mM STING agonist SR-717 for 2 h. Cells were harvested and lysed for 20 min on ice
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with mild lysis buffer. The lysates were cleared by centrifugation. The supernatant in a sample buffer containing non-denaturing re-

agents was subject into native PAGE for oligomerization detection.12,81 Analysis of STING dimerization was performed as described

previously.82 The cell lysates were mixed with NuPAGE LDS sample buffer (Thermo Fisher Scientific) and directly analyzed by SDS-

PAGE. Immunoblotting was performed with antibody against STING.

Type I interferon production assay
HEK-Blue IFN-a/b cells were used to examine the release of interferon from mock-treated, HIV-1-infected, MVA-infected, HS-DNA-

transfected, STING agonist SR-717-stimulated THP-1 cells, or transfected HEK293A cells according to the manufacturer’s instruc-

tions. For the assay, 20 mL of the supernatant of mock-treated, infected, stimulated THP-1 cells, or transfected HEK293A cells were

added to a 96-well plate followed by 180 mL of HEK-Blue IFN-a/b cells suspension (5.03 104 cells per well) and incubated at 37�C in

5% CO2 for 24 h. 20 mL of supernatants from HEK-Blue IFN-a/b cells were added to 180 mL QUANTI-Blue Solution (InvivoGene) and

incubated at 37�C for 1 h. The colorimetric reaction was determined using a spectrophotometer at 630 nm.

Quantitative reverse transcription PCR (RT-qPCR)
Total RNA was extracted from cells using Qiagen RNeasy mini kit (Qiagen), and the first-strand cDNA was reversed-transcribed with

Revert Aid H-Minus First Strand cDNA Synthesis kit (Thermo Fisher Scientific Inc.). Gene expression of IFNB1, ISG54, ISG15,

CXCL10, TNF-a, and GAPDH was examined with the Applied Biosystems ViiA 7 Real-Time PCR System (Thermo Fisher Scientific

Inc.) by using 1 x SYBR Green PCR Master Mix (Thermo Fisher Scientific). The data were analyzed using the comparative threshold

cycle (CT) mean and normalized to GAPDH.

For assessment of the pluripotent state by OCT4, SOX2 and NANOG expression, RPL13A served as house-keeping gene. The

PCR conditions were as follows: one cycle of reverse transcription for 30min at 50�C. Followed by initial denaturation/heat activation

for 15 min at 95�C, 45 cycles of denaturation for 15 s at 95�C, annealing for 15 s at 56�C, elongation for 1 min at 72�C. Dissociation
analysis was performed subsequently for 15 s at 95�C, followed by 15 s at 60�C and 15 s at 95�C. The same protocol was applied for

amplification ofCD31,CD34, and ISG54mRNA levels from hematopoietic progenitor cells, with RPL13A as housekeeping gene. The

sequences of primers for RT-qPCR analysis were included in Table S1.

Homology modeling
A model of the human STING dimer was generated based on the cryo-EM structure of the full-length chicken STING in the cGAMP-

bound dimeric state (PDB-ID: 6NT7)9 using Modeller, v. 9.19.83 The alignment was generated using Modeller, v. 9.19,83 and further

verified using PROMALS3D.84Water molecules, ligands, and crystallization buffer components in the template were removed. A total

of 50 models were generated, and the best structure was chosen based on the DOPE potential85 and visual inspection. ISG15 was

modeled using TopModel.77 Here, the sequence up to the ligation site was considered. The best resulting model was used for further

experiments.

Docking
All proteins were protonated using MOE2022.09.86 Docking of ISG15 to STING was performed using the HADDOCK 2.4 webserver

(https://wenmr.science.uu.nl/haddock2.4/).87,88 One ISG15 was docked to STING using default parameters, with the exception that

K289 of STING and G157 of ISG15 were characterized as active residues and buried active residues were not removed from the se-

lection. The largest and second-best ranked cluster was selected. In comparison to the best-ranked cluster, the carboxy group of

G157 of ISG15 was placed closer to K289 of STING (Figure S4), favoring the construction of a covalent bond between both residues.

ISG15was then placed symmetrically at both subunits of the STING dimer. Dimers of dimers of ISG15-bound STING are based on the

human cryo-EM structure (PDB ID: 7SII),89 to which ISGylated STING dimers were aligned.

Molecular dynamics simulations of STING bound to ISG15
For MD simulations, the ligand cGAMP was placed within the orthosteric binding site of STING by aligning the cryo-EM structure of

the full-length chicken STING in the cGAMP-bound dimeric state (PDB-ID: 6NT7)9 to our model. The dimer of dimers of ISGylated

STING was treated similarly. The ISGylated STING was then placed in a rectangular box of TIP3P water90 and embedded in a mem-

brane of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) using Packmol-Memgen91 with the edge of the box at least 12 Å

away from solute atoms. KCl was added to a concentration of 150mM, and the systemwas neutralized using K+ ions. The AMBER22

package of molecular simulations software92,93 in combination with the ff14SB force field94 for the protein and the Lipid21 force

field95 for lipids were used. Electrostatic potentials of the ligand and the covalently connected lysine and glycine were generated us-

ing Gaussian1696 at the HF-6-31G* level of theory. For lysine and glycine, amines and carboxy groups were capped using ACE and

NME, respectively, during this procedure. Charges of the cGAMP ligand were calculated according to the RESP procedure97 using

default parameters, as implemented in antechamber.98 For lysine and glycine, parameters were created using residuegen, as imple-

mented in Amber2293 by applying predefined backbone charges for Amber noncharged residues to both residues.

ForMD simulations, initially, a combination of steepest descent and conjugate gradientminimization was performedwhile lowering

the positional harmonic restraints on protein and ligand atoms from 25 kcal mol�1 Å�2 to zero. The systemwas then heated stepwise

to 100 K during 5 ps of NVT-MD simulations, followed by 115 ps of NPT-MD simulations to heat the system to 300 K. During these
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steps, harmonic restraints with a force constant of 25 kcal mol�1 Å�2 were applied to protein and ligand atoms. Subsequently, the

restraints were gradually reduced to zero during NPT-MD simulations.

10 replicas of production runs of 750 ns length were performed. Conformations were extracted every 1 ns using CPPTRAJ.99

CPPTRAJ was also used to compute contact maps and minimum distances using the ‘‘nativecontacts’’ command. To quantify

average interaction percentages, a minimum distance <4 Å was considered. CPPTRAJ was also used to compute a 2D root-

mean-square deviation (2DRMSD) between STING conformations of the trajectories. Hydrogen bonds between two neighboring

ISG15s were computed via the ‘‘hbond’’ command using default parameters.

Constraint network analysis (CNA)
The Constraint Network Analysis (CNA) software package uses a graph theory-based approach to identify floppy and rigid substruc-

tures during constraint dilution simulations. This results in stability maps, which can be used to calculate the flow of rigidity perco-

lation through the protein, which in short can be used to quantify the strength of dynamic allostery effects.62 We performed pertur-

bation runs as implemented in CAN100 to investigate a potential coupling through the constraint network between ISG15 and the

ligand binding site. The perturbation approach62 performs constraint dilution simulations in the absence and presence of ISG15

and, thereby, calculates DGi,CNA, the per-residue decomposition of the free energy associated with the change in biomolecular sta-

bility due to the removal of ISG15 indicating the effect of ISG15 on a residue in terms of changes in structural rigidity. The cooperative

free energy DDGCNA was calculated via Equation 1.

DDGCNA = DGISG15+cGAMP � ðDGISG15 + DGcGAMPÞ (Equation 1)

where ISG15, cGAMP, or ISG15 + cGAMP were removed from the system after omitting the first 20% of conformations for each

replica resulting in three different perturbation runs.62 This resulted in mean DG energies of 22.29 kcal mol�1, 32.59 kcal mol�1,

and 146.59 kcal mol�1 for ISG15, cGAMP, and ISG15 + cGAMP, respectively, yielding a positive DDGCNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism version 8 (GraphPad Software, Inc., La Jolla, USA). The study groups were compared

using one-way analysis of variance (ANOVA) or two-tailed Student’s t-test, and a p value of ＜0.05 was considered statistically sig-

nificant. The data represent means ± the standard deviation (SD), as indicated in the figures. Statistical significance was represented

as: not significant (ns), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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