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SUMMARY

The presence of DNA in the cytosol of mammalian cells is an unusual event that is often
associated with genotoxic stress or viral infection. The enzyme cGAS is a sensor of cytosolic
DNA that induces interferon and inflammatory responses that can be protective or pathologic,
depending on the context. Along with other cytosolic innate immune receptors, cGAS is thought to
diffuse throughout the cytosol in search of its DNA ligand. Herein, we report that cGAS is not a
cytosolic protein but rather localizes to the plasma membrane via the actions of an N-terminal
phosphoinositide-binding domain. This domain interacts selectively with P1(4,5)P,, and cGAS
mutants defective for lipid binding are mislocalized to the cytosolic and nuclear compartments.
Mislocalized cGAS induces potent interferon responses to genotoxic stress, but weaker responses
to viral infection. These data establish the subcellular positioning of a cytosolic innate immune
receptor as a mechanism that governs self-nonself discrimination.
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In Brief

The innate immune receptor cGAS interacts with PI(4,5)P2 in order to localize to the plasma
membrane, which is critical to prevent aberrant interferon responses to self-DNA under conditions
of genotoxic stress, as well as to properly sense viral infections.

INTRODUCTION

The ability to discriminate between self and nonself is critical for recognition and response
to pathogens. In mammals, numerous proteins serve as sensors of foreign motifs, or
pathogen-associated molecular patterns (PAMPs) (Takeuchi and Akira, 2010). Some
PAMPs, such as bacterial lipopolysaccharide, are exclusively nonself, in which no cognate
molecule exists in the host organism (Takeuchi and Akira, 2010). However, other PAMPs,
such as viral nucleic acids, bear strong similarities to molecules found in the host cell. In the
case of RNA, structural differences between host and viral RNA allow for discrimination
between self and nonself (Goubau et al., 2014; Hornung et al., 2006; Kato et al., 2006). Yet
with DNA, the distinction between host-derived and pathogen-derived molecules is less
clear. Despite this, several DNA sensors are essential for clearance of infections, including
Toll-like Receptor 9 (TLR9), the AIM2-like receptors (ALRs), and cyclic GMP-AMP
Synthase (cGAS) (Bhat and Fitzgerald, 2014).
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Of these receptors, cGAS has emerged as a pattern recognition receptor (PRR) that is
implicated in the detection of self-and nonself-DNA. cGAS surveys the intracellular space
for DNA and generates interferon (IFN) and inflammatory responses upon detection (Sun et
al., 2013). cGAS recognizes double-stranded, B-form DNA independent of its sequence
through contact with the sugar-phosphate backbone (Kranzusch et al., 2013). Upon DNA
binding, cGAS dimerizes, assembles into large liquid droplets, and produces the secondary
messenger 2"3’-cyclic GMP-AMP (CGAMP) (Ablasser et al., 2013; Du and Chen, 2018;
Zhang et al., 2013). This molecule binds to the endoplasmic reticulum (ER) resident protein
STING, leading to its activation and the subsequent expression of IFNs and other
inflammatory mediators (Ishikawa et al., 2009; Sun et al., 2013). Because cGAS does not
recognize specific DNA sequences, it is essential for the detection and control of many
pathogenic infections (Chen et al., 2016). Notably, cGAS also regulates immune responses
in the absence of infection through the detection of endogenous (self) DNA. For instance,
cGAS promotes IFN responses to genotoxic stress induced by DNA damaging agents,
micronuclei formation, and cellular senescence (Dou et al., 2017; Glick et al., 2017;
Harding et al., 2017; Hartlova et al., 2017; Mackenzie et al., 2017; Pépin et al., 2017; Yang
etal., 2017). cGAS is therefore not only a sensor of pathogens but also a sensor of cellular
stress and genomic integrity.

While the ability of cGAS to detect pathogen DNA promotes beneficial responses during
infection, its ability to detect self-DNA is associated with immunopathology. Indeed, the
cGAS-STING signaling pathway is a driver of pathologies associated with
autoinflammatory diseases (Gao et al., 2015; Gray et al., 2015). Genetic analysis of human
patients suffering from various interferonopathies revealed loss of function mutations in
cytosolic nucleases that hydrolyze DNA or RNA-DNA hybrids, both of which are cGAS
ligands (Bartsch et al., 2017; Crow et al., 2015; Mankan et al., 2014). These observations
support the view that the maintenance of low cytosolic DNA concentrations is critical to
prevent inappropriate cCGAS activation. Whether additional mechanisms exist to prevent
inappropriate activation of cGAS remains unknown.

Though some have noted nuclear localization (Orzalli et al., 2015; Yang et al., 2017), the
subcellular positioning of cGAS at steady state is loosely defined as within the cytosol,
where it encounters its ligands through diffusion (Sun et al., 2013). Since cGAS lacks a
transmembrane domain, the possibility of its specific positioning within the cytoplasm is
unexplored. However, work over the last decade identified several innate immune regulators
that were first considered cytosolic but are now recognized to associate with membranes
through electrostatic interactions. These proteins include the mammalian proteins TIR
domain containing adaptor protein (TIRAP) and TRIF-related adaptor molecule (TRAM),
and the Drosophila protein dMyD88, which regulate TLR and Toll pathway signaling,
respectively (Kagan and Medzhitov, 2006; Kagan et al., 2008; Marek and Kagan, 2012).
Each of these proteins contain a phosphoinositide phosphate (PIP)-binding domain, enabling
their positioning at the cell surface. Mutant alleles lacking these domains are mislocalized
and are consequently defective for TLR or Toll signaling. To date, the use of PIP binding
proteins to regulate receptor-proximal innate immune responses is a feature unique to the
TLR family; whether this aspect of regulation extends to other pathways is unknown.
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In this study, we report that cGAS is not a cytosolic protein but is rather a peripheral
membrane protein that primarily resides on the plasma membrane of human and mouse
macrophages. Membrane association is mediated by an N-terminal phosphoinositide-binding
domain that interacts selectively with phosphatidylinositol 4,5-bisphosphate (P1(4,5)P>), a
plasma membrane resident lipid. A mutant allele of cGAS lacking this domain is
mislocalized to the cytosol and nucleus and is hyper-responsive to genotoxic stress.
However, mislocalized cGAS does not generate a similarly potent response to viral
infection. These findings identify a strategy of self-nonself discrimination, whereby
positioning of cGAS at the plasma membrane prevents the recognition of self-DNA. These
findings also establish subcellular positioning through PIP binding as a common feature of
the TLR and cGAS signaling pathways to optimize signaling potential.

CGAS Is Located at the Plasma Membrane of Human and Mouse Phagocytes

We sought to identify the site of cGAS residence in unstimulated macrophages, a cell type
critical for immune responses to infection and tissue injury. We examined the distribution of
cGAS in human THP1 monocytes through subcellular fractionation by differential
ultracentrifugation. Fractionation fidelity was verified by detection of the cytosolic protein
caspase-3 in the soluble fraction (S100), the ER-localized transmembrane protein calnexin in
the insoluble, membrane fraction (P100), and Lamins A and C in the nuclear fraction (P25).
We utilized a cGAS antibody, validated on cGAS knockout (KO) cells, to ensure accuracy
(Figures S1A and S1B). The nuclease benzonase was included in all buffers to minimize
post-lysis DNA binding by cGAS. This possibility was important to consider, as cCGAS
forms liquid droplets upon DNA binding that co-sediment with nuclei (Du and Chen, 2018).
The bulk of endogenous cGAS was detected in the membranous P100 fraction along with a
small amount present in the nuclear P25 fraction (Figure 1A). No cGAS was detected in the
S100 cytosolic fractions (Figure 1A). These data suggest that cGAS is not a cytosolic
protein, but rather associates with membranes and nuclei.

Whereas the presence of cGAS in the nucleus is consistent with established literature
(Orzalli et al., 2015; Yang et al., 2017), its predominant distribution in the membrane
fraction warranted further investigation. Membrane-bound organelles should not only
sediment after ultracentrifugation, but also migrate from dense to light fractions of a bottom-
loaded density gradient, known as a membrane flotation assay. We therefore performed
membrane flotation assays on Optiprep gradients bottom-loaded with post-nuclear
supernatants of THP1 cells. As expected, the membrane protein calnexin floated from the
site of gradient loading (fractions 21-24) into several contiguous fractions throughout the
gradient (Figure 1B). Similar observations were made with cGAS, with nearly the entire
population of this protein migrating into lighter membrane fractions (Figure 1B). These
complementary procedures indicate that cGAS is present on a membrane-bound organelle.

If we eliminated benzonase from our buffers, cGAS fractionation patterns were distinct from
those described above. In sedimentation assays, the absence of benzonase resulted in a
greater amount of cGAS fractionating with nuclei (Figure 1A). Based on the knowledge that
cGAS forms liquid droplets that approach the size of nuclei upon DNA binding, it is
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reasonable to suggest that post-lysis DNA binding causes cGAS to appear as a
predominantly nuclear protein in biochemical assays. Consistent with this idea, elimination
of benzonase from our flotation-based assays resulted in virtually all cGAS remaining in the
heaviest fractions 21-24, where the gradient was loaded (Figure 1B). These findings support
the conclusion that in the absence of DNA exposure, cGAS is predominantly a membrane
protein and highlight the importance of considering post-lysis DNA binding in any assay for
cGAS function.

To complete our biochemical analysis, we determined whether the flotation of cGAS into
light membrane fractions was sensitive to the detergent Triton X-100. Whereas treatment of
cell lysates with Triton X-100 prevented calnexin flotation, cGAS retained the ability to float
into low-density fractions (Figure 1C). cGAS is therefore present on a membrane insensitive
to solvation by Triton X-100. Triton X-100-resistant membranes include lipid rafts, which
are subdomains of the plasma membrane (Brown and Rose, 1992; Lingwood and Simons,
2010). These subdomains are rich in several lipids, including PI(4,5) P, which will be
discussed later.

Confocal microscopy was used to complement these analyses and identify the precise
subcellular residency of cGAS. Staining of wild-type (WT) or cGAS KO THP1 monocytes
was performed to identify conditions suitable for endogenous protein detection, using two
different cGAS antibodies. Neither antibody generated a staining pattern that is present in
resting WT cells but absent in KO cells (Figures S1C and S1D). However, a short treatment
(4 h) of cells with IFN-B increased the abundance of cGAS and permitted detection of the
endogenous protein. The staining observed was concentrated at the plasma membrane
(Figure 1D). Cross-section confocal slices revealed a circumferential staining pattern that
coincided with filamentous actin (F-actin), whereas confocal slices of the ventral side of the
cell (the site of attachment to the coverslip) revealed cGAS concentration in multiple foci
scattered throughout the plasma membrane (Figure 1D). Quantification revealed that over
90% of cells displayed cGAS staining at the site of coverslip contact (Figure S1E). cGAS
KO cells completely lacked staining with this antibody (Figure 1D). We reasoned that if the
cGAS antibody used (from Cell Signaling Technology [CST]) truly detected cGAS at the
plasma membrane, then cells expressing a C-terminally hemagglutinin (HA)-tagged cGAS
(cGAS-HA) allele should display extensive colocalization when stained with antibodies
specific for cGAS and HA. This possibility was tested by generating THP1 cells that stably
express CGAS-HA (Figures S1F and S1G). Consistent with our studies of endogenous
cGAS, cGASHA fractionated primarily with membranes in the presence of benzonase and
localized to the plasma membrane (Figures 1E and 1F).

Also consistent with our microscopic studies of endogenous cGAS, the CST and HA
antibodies displayed extensive plasma membrane co-distribution (Figure S1G). In contrast,
the cGAS antibody from Sigma was unable to detect endogenous cGAS or cGAS-HA
(Figure S1G). The abundance of cGAS-HA in our stable lines was modestly greater than the
endogenous protein (Figure S1F), but these cells exhibited no evidence of cGAS activation,
as basal IFN-B expression was comparable to what was observed in WT THP1 cells, as
discussed below. These data, combined with our biochemical analysis, support the
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conclusion that, in its inactive state, CGAS is a membrane protein that resides primarily at
the surface of THP1 cells.

To determine whether our findings extended to other cell populations, we examined the
staining of cGAS-HA in primary murine bone marrow-derived macrophages (BMDMs),
where the transgene was expressed at levels that were lower than the endogenous protein.
Consistent with this statement, total cGAS abundance in WT BMDMSs expressing CGAS-HA
was no greater than cGAS abundance in cells containing no transgene (Figure S1F). Staining
for HA in these cells revealed a clear localization of cGAS to the plasma membrane, with a
concentration in actin-rich membrane ruffles (Figure 1F). Additionally, immortal BMDMs
(iBMDMs) stably expressing cGAS-HA displayed similar staining patterns, with prominent
CGAS staining detected at the cell surface in actin-rich ruffles (Figure 1F).

Several studies have examined the localization of cGAS in non-phagocytes and have not
observed plasma membrane localization (Liang et al., 2014; Orzalli et al., 2015; Sun et al.,
2013; Zhang et al., 2014). To standardize our studies with those of others, we introduced the
same cGAS-HA cDNA into THP1 cells, iBMDMs, HelLa cells, and L929 cells, the latter two
of which were examined previously (Liang et al., 2014; Sun et al., 2013; Zhang et al., 2014).
Whereas cGAS was almost singularly located at the plasma membrane of THP1 cells and
iBMDMs, a heterogeneous distribution of cGAS was observed in HeLa and L929 cells
(Figures S1H and S11). While cGAS localization was predominantly nuclear in L929 cells
and highly varied in HeLa cells, all cell types displayed some proportion of plasma
membrane localized cGAS (Figures S1H and S1I). Therefore, cell-type-specific factors
influence cGAS localization.

Others have observed cGAS to be concentrated in cytosolic spots following DNA
transfection (Sun et al., 2013). Similarly, we found that within 30 min of DNA transfection,
cGAS was no longer concentrated at the cell surface but was rather detected in various
cytoplasmic puncta (Figure S1J). These puncta are thought to be sites of cGAS-DNA
interaction, in which cGAS oligomerizes and synthesizes cGAMP (Du and Chen, 2018).
Collectively, these findings indicate that, within resting phagocytic cells, cGAS primarily
resides on the plasma membrane.

The N-Terminal Domain of cGAS Is Necessary and Sufficient for cGAS Localization to the
Plasma Membrane

Human cGAS is a 522-amino-acid protein with an unstructured N terminus of 159 amino
acids (Kranzusch et al., 2013). The structurally defined C terminus (residues 160-522) is
sufficient to recognize DNA and produce cGAMP in vitro (Civril et al., 2013; Kranzusch et
al., 2013) and induce IFN-B upon overexpression within cells (Sun et al., 2013). The N
terminus of cGAS is poorly characterized but contributes to DNA binding and to efficient
DNA-induced assembly of lipid droplets (Du and Chen, 2018; Sun et al., 2013). To identify
regions of cGAS that mediate plasma membrane localization, deletion analysis was
performed. We separated cGAS into its N-terminal domain (residues 1-159 human; residues
1-147 murine) and its C-terminal domain (residues 160-522 human; residues 148-507
murine) (Figure 2A). The human alleles were stably expressed as C-terminally HA-tagged
proteins in THP1 cells. Western analysis verified production of each cGAS protein (Figure
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2B). The allele lacking its N terminus (cGASAN) was expressed at lower levels than the WT
protein or N terminus alone (cGAS N) (Figure 2B).

cGAS N phenocopied the behavior of the WT protein, localizing to the cell surface (Figure
2C). In contrast, cGASAN was not located at the plasma membrane but was rather found
throughout the cytoplasm and nucleus (Figure 2C). Similar to human cGAS, murine
cGASAN was expressed at lower levels than WT cGAS and cGAS N (Figure 2D).
Furthermore, murine cGAS N localized to the plasma membrane, while cGASAN did not
associate with the plasma membrane (Figure 2E). Quantification revealed that all cells
expressing the cGAS N terminus displayed plasma membrane localization, while none of the
cells expressing cGASAN showed such localization (Figure S2A). Pseudo-3D renderings of
WT cGAS and these mutants further illustrated the conclusions obtained from confocal
slices, as WT and cGAS N proteins were concentrated at the plasma membrane and absent
from the interior of the cell (Figure S2B). cGASAN, in contrast, was concentrated in the
cytosol and nucleus (Figure S2B).

As described above, cGAS localization varies by cell type. However, this heterogeneity of
CGAS localization was not observed when we examined the distribution of the N-terminal
domain. This domain was uniformly localized at the plasma membrane of all cell types
examined (Figure 2F). These findings indicate the N terminus of cGAS is necessary and
sufficient for positioning at the cell surface, acting as a bona fide localization domain.

Alignment of the domains within cGAS from ten vertebrate animals revealed strong
conservation of the catalytic domain, and while all species examined contained an N-
terminal domain, this region of the protein was less conserved. Despite this weak degree of
conservation, the N-termini of all species examined were highly charged, as compared to the
catalytic domain, with an isoelectric point (pl) that was at least 2 pH units higher than the
catalytic domain (Figure 2G). Thus, while the specific amino acids that comprise the cGAS
N terminus are not well conserved, the pl of this localization domain is conserved.

The cGAS N Terminus Binds PI(4,5)P, to Mediate Plasma Membrane Localization

The pl of the cGAS N terminus was comparable to that of the localization domains from
TIRAP and TRAM, with a pl of 11.07 in the human cGAS N terminus (Figure 2G). The
high net positive charge of these domains mediates subcellular positioning through
electrostatic interactions with negatively charged PIPs and is a common feature of PIP-
binding localization domains (Balla, 2013). Considering the features of the cGAS N
terminus, we hypothesized that cGAS localizes to the plasma membrane through
interactions with a PIP.

We examined the ability of recombinant cGAS to bind a panel of lipids immobilized on
hydrophobic membranes (PIP strips). Far western analysis revealed interactions between
cGAS and several PIPs, but not the unphosphorylated lipid phosphatidylinositol (Figure 3A).
No interactions were observed between cGAS and other membrane lipids (Figure 3A). To
corroborate these findings, we examined the ability of recombinant cGAS to bind PIPs
within lipid bilayers, the physiological context for protein-PIP interactions. We constructed
liposomes consisting of phosphatidylcholine (PC) and phosphatidylethanolamine (PE),
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abundant lipids present naturally in the plasma membrane, and select PIPs. Recombinant
cGAS interacted with liposomes containing 18% of various PIPs, but not with liposomes
lacking PIPs (Figure 3B). These experiments indicate that cGAS promiscuously interacts
with PIPs but does not associate with other membrane lipids.

Quantitative analysis was performed using fluorescently labeled liposomes to determine
whether cGAS displays preference for individual PIPs. For these studies, we reduced the
concentration of PIPs present in each liposome to a physiological 2%. Given the localization
of cGAS, we focused on PIPs found at the plasma membrane at steady state: PI(4)P and
P1(4,5)P, (Balla, 2013), and another di-phosphorylated PIP found only on the plasma
membrane in an inducible manner: P1(3,4)P, (Hawkins and Stephens, 2016). This
quantitative analysis demonstrated that cGAS preferentially binds P1(4,5)P, (Figure 3C).

Using the deletion mutants described above, we determined which domain within cGAS
interacts with P1(4,5)P». We found that the N-terminal localization domain phenocopied WT
cGAS, as both proteins interacted with liposomes containing P1(4,5)P,, but not with
liposomes containing only PC:PE (Figure 3D). In contrast, cGASAN interacted weakly with
PC:PE liposomes and displayed no preference for P1(4,5)P, (Figure 3D). The cGAS N
terminus also displayed preferential co-localization with P1(4,5)P, within cells. We observed
extensive colocalization in primary BMDMs expressing the cGAS N terminus and the
P1(4,5)P,-specific PH domain of PLC&1 (Figure 3E) (Marek and Kagan, 2012). These
experimental conditions resulted in partial mislocalization of both proteins as a result of
competition for P1(4,5)P,, which is observed when two PI(4,5)P,-binding proteins are co-
expressed (Jost et al., 1998). In contrast, cGAS did not colocalize with the PI(3)P-binding
phox (PX) domain from gp91phox (Marek and Kagan, 2012) (Figure 3F). Furthermore, the
cGAS N terminus displays a canonical behavior of P1(4,5)P, distribution on forming
phagosomes (Botelho, et al. 2000). cGAS was detected on phagocytic protrusions, but was
absent from the base of the phagocytic cup (Figure 3G). These independent assays
demonstrate that interactions with P1(4,5)P5 direct cGAS to the plasma membrane.

Plasma Membrane Localization of cGAS Is Important to Prevent Recognition of Self-DNA

cGAS has dual functions in innate immunity; it must minimize detection of self-DNA while
simultaneously being capable of pathogenic DNA detection. To determine whether either of
these tasks are influenced by cGAS membrane localization, functional analysis was
performed. For these studies, we aimed to utilize a cellular system that closely matched
physiological contexts. Tonic signaling via the cGAS pathway sets the expression level of
IFNs and IFN-stimulated genes (ISGs), and cGAS-deficient cells express low levels of these
genes (Schoggins et al., 2014). Expression of WT cGAS in THP1 cells did not influence
basal IFN and ISG levels (Figures 4A and 4B), allowing us to perform functional studies in
this genetic background. In addition to WT cGAS, we engineered THP1 cell lines stably
expressing the N-terminal localization domain (CGAS N) or the mislocalized cGASAN.
Additional THP1 lines were generated that expressed GFP, a mutant cGAS allele defective
for DNA-binding (C396/397A) (Civril et al., 2013) or a cGASAN allele defective for DNA
binding (C396/397A). Western analysis verified the presence of each protein, with cGASAN
produced at lower levels than other proteins (Figure S3A). The expression of WT cGAS did
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not influence the basal expression of /FNBI or the ISG RSADZ (Figures 4A and 4B). Thus,
the transgenic cells generated by this approach behave similarly to WT cells in their resting
state and are suitable for functional analysis.

Although the cGASAN allele was expressed at lower levels than its WT counterpart (Figure
S3A), cells producing this protein displayed high expression of /FNBZ and RSADZ (Figures
4A and 4B). Cells producing the DNA-binding-deficient cGASAN (C396/397A) allele did
not display a similar phenotype (Figures 4A and 4B), indicating that high basal IFN
expression was due to detection of self-DNA. These data suggest that localization of cGAS
is important to avoid detection of self-DNA.

If this prediction was correct, then cells expressing cGASAN should be more sensitive to
genotoxic stress. Indeed, the cGAS pathway is activated in several experimental settings of
chronic DNA damage (Dou et al., 2017; Gluck et al., 2017; Harding et al., 2017; Hartlova et
al., 2017; Mackenzie et al., 2017; Pépin et al., 2017; Yang et al., 2017). This idea was tested
by treating cells with the DNA damaging agent hydrogen peroxide (H,0,). Treatment with
H»0, for 6 h induced minimal /FN1 expression in most of the transgenic THP1 lines
examined (Figure 4C). In contrast, cells expressing cGASAN induced substantial increases
in /FNB1 expression in response to H,O, (Figure 4C). This HoO»-induced IFN response was
not observed in cells expressing the DNA-binding-deficient cGASAN C396/397A (Figure
4C). Western analysis demonstrated that cells expressing cGASAN responded to H,0, by
inducing the phosphorylation of STAT1 (Figure 4D), a hallmark of an IFN response. No
other transgene induced potent STAT1 phosphorylation in response to H,O,, suggesting that
loss of localization leads to heightened sensitivity to genotoxic stress.

We performed similar analyses with two additional DNA-damage inducing agents:
doxorubicin and phorbol myristate acetate (PMA) (Emerit and Cerutti, 1981; Tewey et al.,
1984). Treatment with doxorubicin induced /FN1 expression in THP1 cells expressing
CGASAN but not cGASAN C396/7A or WT cGAS (Figure 4E). Notably, this upregulation
was accompanied by the death of cGASAN-expressing cells. At 14 h post-treatment with
doxorubicin, only 22.2% of cGASAN-expressing cells remained viable, as compared to
untreated controls (Figure 4F). This phenotype was not observed in cells expressing WT
CGAS or cGASAN C396/7A (Figure 4F).

Treatments with PMA also demonstrated a stark contrast between cells expressing WT
CGAS and cGASAN. PMA stimulations for as little as 3 h induced a 2-3 log increase in
IFNpB1 expression in cells expressing cGASAN (Figure 4G). Expression of the ISG RSADZ2
correlated with IFN-P expression, although with delayed kinetics (Figure 4G). This increase
in IFN and 1SG expression was not observed in cells expressing cGASAN C396/397A
(Figure 4G), an observation that further implicates DNA detection as the cause of this
response. Cells expressing WT cGAS also induced an IFN and ISG response to PMA
treatment, but this response was not evident for several hours and the extent of IFN and ISG
induction was lower than observed in cells expressing cGASAN (Figure 4G).

As observed with doxorubicin treatment, overnight stimulation demonstrated specific
toxicity of PMA to cells expressing cGASAN (Figures 4H and S3B). Whereas all other
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transgenic cell populations attached to the tissue culture plate upon PMA treatment, cells
expressing cCGASAN remained unattached and only 10.82% of cells remained viable
(Figures 4H and S3B). Cells expressing WT cGAS or cGASAN C396/397A did not display
these phenotypes (Figures 4H and S3B). These data support the idea that mislocalized cGAS
cannot avoid detection of self-DNA and triggers unusually high IFN responses that correlate
with loss of viability upon genotoxic stress.

Plasma Membrane Localization of cGAS Is Important to Efficiently Detect Viral Infection

The above findings suggest that cGAS localization to the plasma membrane is necessary to
prevent self-DNA detection. However, these findings could also be explained if the N-
terminal domain of cGAS operated as an intrinsic inhibitor of catalytic activity. If this
alternative explanation were correct, then any DNA stimulus should induce a more robust
response from cells expressing cGASAN than those expressing WT cGAS. This possibility
was examined by infecting cells with Modified Vaccinia Ankara (MVVA), a DNA virus that
stimulates cGAS-dependent IFN responses (Dai et al., 2014).

We infected THP1 cells with an MVA strain expressing an Ovalbumin (Ova) transgene,
which we utilized as a reporter for the establishment of infection (Albrecht et al., 2008).
Upon MVA infection, cells expressing GFP or WT cGAS upregulated /FNB1 expression
(Figure 41). This increase in /FNB1 expression correlated with increases in the intracellular
abundance of phospho-STAT1 (Figure 4J). However, cGASAN-expressing cells were less
responsive to MVA infection. Whereas MVA induced a multi-log increase in IFNB1
transcripts in cells expressing GFP or WT cGAS, minimal and delayed changes in IFNB1
transcript abundance were observed in cells expressing cGASAN (Figure 41). Additionally,
STAT1 phosphorylation was less robust in cGASAN-expressing cells, as compared to cells
expressing WT cGAS (Figure 4J). Expression of the virus-encoded Ova transgene was
observed across all cells examined (Figure 4J).

The mislocalized cGASAN allele is therefore potently responsive to cell intrinsic DNA
ligands, as compared to the WT allele, yet a similar hyper-responsiveness is not observed
with stimulation by foreign DNA through MVA infection. The differential sensitivity of
mislocalized cGASAN to genotoxic stresses and viral infections rules out the possibility that
the N terminus serves as an intrinsic catalytic inhibitor. Rather, these findings demonstrate
the importance of plasma membrane localization via PI(4,5)P, for cGAS activities.

Molecular Basis for cGAS Interactions with P1(4,5)P-

As P1(4,5)P5 is the first lipid identified to interact with cGAS, additional mechanistic insight
into this interaction was of interest. As P1(4,5)P, binding correlates with membrane
localization, deletion analysis was performed within the cGAS N terminus to identify a
minimal region necessary for plasma membrane association (Figure 5A). This analysis
identified amino acids 64 to 75 as important for plasma membrane localization (Figure 5A).
Within this region are two arginine residues that are conserved or charge-conserved between
humans, mice, and several other mammalian species (Figure 5A). As phosphoinositide
interactions are often electrostatic, these residues were of interest. We mutated both arginine
residues to glutamic acid in the context of the full-length human cGAS protein (cGAS
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R71/75E) and examined its ability to localize in cells, induce IFN responses, and bind
PI(4,5)P>.

We found that recombinant cGAS R71/75E protein was completely defective for P1(4,5)P,
interactions /n vitro, thus indicating an essential role of the mutated amino acids in protein-
lipid interactions (Figure 5B). Notably, this protein was difficult to produce in 293T cells, as
compared to its WT counterpart (Figure 5C). Despite the low abundance of cGAS R71/75E,
expression of this gene drove IFN stimulatory response element (ISRE) reporter activation to
levels comparable to WT cGAS (Figure 5D). The high signaling activity of low amounts of
cGAS R71/75E is consistent with the idea that P1(4,5)P, interactions prevent access of
cGAS to cytosolic DNA. Direct evidence in support of this model was provided when we
generated a point mutant deficient for plasma membrane association and DNA binding
(cGAS R71/75E C396/7A). This mutant was unable to induce ISRE responses upon
expression in 293T cells and was produced at high abundance (Figures 5C and 5D). Similar
protein stability trends were observed in primary cells, as transduction of murine marrow
with cGAS R71/75E did not yield any detectable protein after a week of macrophage
differentiation, but parallel transductions demonstrated the robust expression of the DNA-
binding-deficient cGAS R71/75E C396/7A allele (Figure 5C). This mutant did not associate
with the plasma membrane upon stable expression in primary BMDMs, THP1 cells, and

L 929 cells and upon transient transfection of HelL a cells (Figure 5E). Thus, amino acids 71
and 75 are critical for cGAS interactions with P1(4,5)P, and are consequently critical for
plasma membrane localization within cells. Interfering with these interactions, either by
deletion or amino acid substitution, renders cGAS responsive to cytosolic DNA, even when
produced at very low levels.

Thus far, all experiments indicate that cGAS interactions with PI(4,5)P, are necessary for
localization and function. To determine whether these interactions are sufficient for plasma
membrane localization and prevention of self-DNA recognition, we replaced the N terminus
of cGAS with a heterologous PIP-binding domain from the TLR adaptor TIRAP (TIRAP-
AN; Figure 6A). Like the cGAS N terminus, this domain directs TIRAP to the plasma
membrane via interactions with P1(4,5)P,. We generated stable THP1 lines expressing this
cDNA as well as WT cGAS, cGASAN, or cGASAN C396/7A (Figure 6B). The TIRAP
localization domain was sufficient to direct cGASAN to the plasma membrane (Figure 6C).
Functionally, the TIRAP localization domain reversed the basal IFN expression and lethal
PMA-induced IFN responses associated with cCGASAN in THP1 cells. Resting cells
expressing CGASAN displayed high basal IFN-B and 1SG expression, as compared to cells
expressing TIRAP-AN or WT cGAS (Figure 6D). Moreover, whereas cGASAN responded
to PMA by producing copious amounts of IFN-p transcripts and subsequently dying, cells
expressing TIRAP-AN or WT cGAS did not induce such responses (Figures 6D and 6E).

To determine whether any mechanism of plasma membrane localization was sufficient to
ensure WT-like functions to cGASAN, we generated a second cGASAN fusion protein, Fyn-
AN, which replaced the natural N terminus with the dual acylation SH4 domain from the
kinase Fyn (Figure 6F). This lipidation motif differs from a PIP-binding domain in that the
lipid anchor should prevent protein release into the cytosol. Like TIRAP-AN, Fyn-AN
localized to the plasma membrane of THP1 cells (Figure 6G). Once this activity was
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confirmed, we transfected 293T cells with either of these mutants, along with plasmids
encoding STING and the ISRE reporter (Figures 6H and 61). While TIRAP-AN stimulated
ISRE reporter activity to similar levels as WT cGAS, reporter activity in cells expressing
Fyn-AN was nearly absent (Figure 6H). Despite these differences in activation, these
constructs were expressed at comparable levels (Figure 61). These results support the idea
that cGAS must not only localize to the plasma membrane to prevent aberrant activation, but
it must be released from the cell surface in order to signal. Combined with the loss-function
analysis performed with cGAS R71/75E and cGAS R71/75E C396/7A, these data establish
that P1(4,5)P, binding is an activity within the N-terminal domain that is necessary and
sufficient for cGAS self-nonself discrimination.

DISCUSSION

The importance of localization for proteins lacking transmembrane domains is often
overlooked, and it is generally assumed that innate immune regulators lacking such domains
must operate as cytosolic proteins. In this study, we tested the predictions of this model
through a detailed analysis of the subcellular positioning and functions of cGAS. Several
lines of evidence support the conclusion that cGAS is not a cytosolic protein but is rather a
plasma membrane protein whose localization is mediated by P1(4,5)P,. First, subcellular
fractionation of endogenous cGAS reveals that a majority of cGAS cofractionates with
membranes through both sedimentation and floatation, while being present at low levels in
the nucleus and absent from the cytosol. Second, confocal microscopy of endogenous and
tagged cGAS show that it is concentrated at the plasma membrane of human and murine
monocytes and macrophages. Third, using multiple independent assays for protein-lipid
interactions, cGAS interacts with acidic PIPs and selectively binds P1(4,5)P,. Finally,
subcellular localization and the P1(4,5)P,-binding activity of cGAS map to the same amino
acids in the N terminus of this protein, providing a mechanism to explain how cGAS can be
positioned at the plasma membrane of resting cells. cGAS can therefore be considered
primarily a plasma membrane protein, whose localization is dictated by protein-lipid
interactions.

Although we have found cGAS to be located at the plasma membrane, we also observed a
pool of nuclear cGAS biochemically and microscopically. While the mechanisms of nuclear
localization (or function) are unclear, some technical considerations must be made. First, our
use of benzonase in fractionations was critical to prevent post-lysis DNA binding, which
could drive cGAS oligomerization into nucleus-sized aggregates (Du and Chen, 2018).
Second, microscopic detection of lipid-binding proteins is sensitive to methods of cell
fixation. For example, paraformaldehydes immobilize lipid-binding proteins within cells,
whereas methanol fixatives extract lipids and their associated proteins. These latter
conditions may exaggerate the appearance of selective pools of intracellular cGAS. With
these statements made, we do not consider cGAS to be absent from the nucleus, but rather
consider the plasma membrane to be the most common site of its residence in phagocytes.
While we found that the frequency of nuclear- or plasma membrane-localized cGAS varied
among cell types, the cGAS N terminus localizes to the plasma membrane regardless of cell
type. These findings suggest this association is a fundamental feature of the N terminus that
is actively modulated by cells and is dependent on cGAS activity. We suggest that cGAS
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localization may emerge as a mechanism of regulation that varies in a context-dependent
manner.

While our analysis identified the N terminus of cGAS as the domain responsible for lipid
binding and localization, this domain also facilitates DNA binding and assembly of cGAS
into liquid droplets (Du and Chen, 2018). DNA binding and liquid droplet formation are
cornerstone features of active cGAS, whereas P1(4,5) Po-binding and plasma membrane
localization are activities consistent with inactive cGAS. Based on this collection of data, we
propose a unifying model whereby the cGAS N terminus serves distinct functions in its
resting and active states. In resting cells, the N terminus positions cGAS at the cell surface,
where it is least likely to detect self-DNA and prevent aberrant activation. Upon DNA
detection, the N terminus may release from P1(4,5) P, and facilitate liquid droplet formation
and signaling in the cytosol. Consistent with this idea is our finding that DNA transfection
results in the movement of cGAS from the cell surface to cytosolic foci and that restricting
cGAS release from the plasma membrane prevents signal transduction.

Our phylogenetic analysis revealed that the high pl of the cGAS N terminus relative to its C
terminus is conserved across several species. Electrostatic interactions with PIPs may
therefore be conserved as well. In further support of this concept, we determined that the
two residues essential for cGAS interaction with P1(4,5)P, and membrane localization (R71/
R75) were conserved or charge-conserved across these species. We therefore suggest plasma
membrane localization of cGAS is a fundamental and evolutionarily conserved feature of
this PRR.

To date, access to DNA ligands has been the focal point of discussions surrounding the
ability of cGAS to maintain the balance of self-nonself discrimination (Ablasser et al., 2014;
Stetson et al., 2008). The cytosol of mammalian cells should be DNA-free, with genomic
DNA and mitochondria DNA confined to distinct subcellular sites. Any DNA released into
the cytosol is hydrolyzed by well-defined nucleases, and genetic defects in these nucleases
lead to cGAS-dependent pathologies (Chen et al., 2016). Thus, current models predict that
the sole mechanism of preventing inappropriate cGAS activation is by restricting access of
DNA to the cytosol. It is with this model in mind that our findings may be most notable, as
we can now propose that DNA is not only hidden from cGAS, but cGAS via membrane
localization is also hidden from mislocalized DNA that escapes nuclease-mediated
hydrolysis.

By positioning cGAS at the cell periphery, the most distal site from the nucleus in the cell,
this PRR may be localized to a site that is free of DNA entirely. Under such a model, we
speculate that mislocalized cGAS is no longer geographically restricted from DNA that
leaks from the nucleus. Thus, mislocalized cGAS is prone to induce IFN responses in the
absence of infection or major genomic damage. Why mislocalized cGAS did not induce
similarly potent IFN responses to viral DNA is also worth considering. Positioning at the
plasma membrane places cGAS near portals of pathogen entry, which may enable it to sense
foreign DNA as it enters the cell. Alternatively, the defect in virus detection by cGASAN
may not be linked directly with its inability to localize properly but instead may be related to
its inefficient ability to assemble into liquid droplets upon DNA binding. Indeed, cGASAN
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is defective for signaling in response to DNA transfection (Du and Chen, 2018). While
future work is necessary to dissect the relative activities present in the cGAS N terminus, our
functional studies with TIRAP-AN and Fyn-AN suggest that P1(4,5)P, binding is an activity
necessary for cGAS function.

Finally, it has not escaped our attention that the similarities in subcellular positioning of
TLR adaptors and cGAS suggest an evolutionary theme may have been uncovered by our
study. The use of PIP-binding domains to position a sensor of viral infection (cGAS) and
sensors of activated TLRs (TIRAP, TRAM, and dMyD88) raises the possibility that other
innate immune pathways may use similar strategies to ensure signaling fidelity. This study
provides a mandate to explore this possibility, as well as the localization of other seemingly
cytosolic PRRs that may operate by principles similar to those described for cGAS.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Contact for Reagent and Resource Sharing—Further information and requests for
resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Jonathan C. Kagan (Jonathan.Kagan@childrens.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture and Recombinant Cell Lines—Immortalized bone marrow derived
macrophages (iBMDMs), Hela cells, HEK293Ts, and L929 fibroblasts were cultured in
DMEM supplemented with 10% FBS, Penicillin and Streptomycin (Pen+Strep), L-
glutamine, and sodium pyruvate, referred to as complete DMEM, at 37°C in 5% CO,. For
passage, iBMDMs were lifted using PBS supplemented with 2.5mM EDTA and plated at
dilution 1:10. HEK293T, L929, and HeLa cells were grown under the same conditions as
iBMDMs but were passaged by washing with PBS and lifting with 0.25% trypsin with a
1:10 dilution factor. THP1 cells were grown in suspension culture using RPMI-1640 media
supplemented with 10% FBS, Pen+Strep, L-glutamine, and sodium pyruvate, referred to as
complete RPMI-1640, at 37°C in 5% CO,. For passage, cells were washed in PBS and
plated at a dilution of 1:4. For experiments examining the effects of PMA-induced
differentiation of THP1 cell lines, cells were treated for the indicated times with PMA at a
concentration of 50ng/mL. For intracellular DNA stimulation, iBMDMs were transfected
with 1:1 Lipofectamine 2000: CT-DNA at the specified concentrations.

To generate lentiviral particles for the stable expression of transgenes, HEK293T cells were
transfected with the packaging plasmids psPAX2 and pCMV-VSV-G along with the
transgene in pLenti-CMV-GFP-Puro. All genes of interest were subcloned into the GFP site,
and all mutant variants of cCGAS were generated by overlap-extension PCR. For the
production of TIRAP-GFP retroviral particles for stable expression, the packaging plasmids
pCL-Eco and pCMV-VSV-G were used in addition to the target construct pMSCV2.2-
TIRAP-GFP-IRES-hCD2tm. Plasmids were transfected into 10cm? dishes of HEK293Ts at
50%-80% confluency using polyethylenimine (PEI) at a ratio of 3:1 PEI:DNA. Media was
changed on transfected 293Ts 16 hours after transfection, and virus-containing supernatants
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were harvested 24 hours following the media change. Viral supernatants were passed
through a 0.45 mm filter to remove any cellular debris. Filtered viral supernatants were
placed directly onto target cells for 24 hours and then replaced with the appropriate complete
media. Transgene expression was assessed by western analysis and confocal microscopy.

Primary Macrophage Culture and Manipulation—For the production of primary
bone marrow derived macrophages, the leg bones of dead, female C57BL/6 mice were
cleaned, cut with scissors, and flushed with sterile PBS through a syringe. The resultant
isolated marrow was passed through a 70 um cell strainer to remove any debris. Cells were
plated into non-cell culture treated dishes in macrophage differentiation media, complete
DMEM containing 30% L929 M-CSF conditioned media. Three days after isolation, cells
were fed additional macrophage differentiation media. On day 7, cells were lifted using PBS
containing 2.5mM EDTA and plated for further experiments. Primary mouse macrophages
were transfected using the Amaxa Nucleofector Il in coordination with the Mouse
Macrophage Nucleofector Kit and were used according to the manufacturer’s instructions.

For the production of immortalized Cgas —/- cells, primary macrophages were differentiated
from isolated bone marrow, as described above, and immortalized using J2 retrovirus from
supernatants collected from CREJ2 cell lines. Cgas—/—- C57BL/6 leg bones were kindly
provided by Dr. D. Stetson. Following differentiation, Cgas —/- primary macrophages were
incubated with macro-phage differentiation media containing 50% CREJ2 supernatant for
seven days with a media replacement after the first three days of culture. Following viral
transduction, cells were cultured until confluent in complete DMEM containing 30% L929
supernatant, split 1:2 into complete DMEM containing 25% L929 supernatant, and then
slowly weaned from L929 supernatant with each passage into fresh complete DMEM with
5% less L929 supernatant than the previous. Once cells were able to grow in complete
DMEM lacking any L929 supernatant, the immortalization process was complete.

For the production of CRISPR/Cas9 mediated generation of THP1 cGAS —/- cells, a cGAS-
specific guide RNA was cloned into the previously described the pRRL-Cas9-Puro vector,
kindly provided by Dr. D. Stetson, and transduced into THP1 cells, as described above. Cells
were then single cell cloned, tested for cGAS expression by western blot, and tested for loss
of intracellular DNA sensing by transfection of 1 ug/mL CT-DNA.

METHOD DETAILS

Viral Infection—The MVA-Ova strain was generously provided Dr. N. Chevrier. For
infection, viral stocks were diluted to a MOI of 3 in serum-free medium and incubated with
cells for 1 hour at 37°C in 5% CO with frequent agitation. After the period of infection,
viral media was aspirated and replaced with complete DMEM and incubated at 37°C in 5%
CO». At the indicated time points, cells were lysed with 1x Laemmli Buffer for western
analysis or lysed for RNA isolation for RT-qPCR analysis.

H,0,, Doxorubicin, and PMA Treatments—THP1 monocytic cells were incubated
with either 500 UMH,0, or 50ng/mL PMA or 500nM Doxorubicin in complete DMEM and
incubated at 37°C in 5% CO,. At the indicated time points, cells were lysed with 1x
Laemmli Buffer for western analysis or lysed for RNA isolation for RT-qPCR analysis. With
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PMA and Doxorubicin treatments, cells were incubated with 50ng/mL PMA for 24 hours
and then analyzed using the cell viability assay described below.

Subcellular Fractionation—Benzonase (10U/mL) was used in all subcellular
fractionation experiments to prevent post-lysis DNA-CGAS interactions unless otherwise
stated. To separate cell membranes from the soluble cellular components, cells were washed
once in hypotonic buffer (10mM Tris-HCI pH 7.4; 10mM KCI; 1.5mM MgCl) supplemented
with a protease inhibitor cocktail (Roche), incubated on ice in hypotonic buffer, and lysed by
dounce homogenization. Lysates were centrifuged at 4°C for 5 minutes at 2,500xg to remove
nuclei and cellular debris. This nuclear pellet was then washed 3X in hypotonic buffer
supplemented with 0.3% NP40 to remove any contaminating organelles and fully isolate
nuclei, resulting in the nuclear fraction (P25). Supernatants were centrifuged at 100,000xg
for 1 hour at 4°C. The resultant pellets (P100) were resuspended in lysis buffer volumes
equal to those of the supernatants (S100), stored with the addition of 6x Laemmli Buffer,
and analyzed by western blot.

For membrane floatation assays, post nuclear supernatants were collected and described
above, mixed with Optiprep™-supplemented hypotonic buffer to yield a final concentration
of 45% optiprep at laid at the bottom of an Optiprep™ step gradient ranging from 10% (top)
to 45% (bottom), and spun at 52,000xg for 90 minutes. Gradient was then fractionated into
24 fractions and analyzed by western blot. For gradients run in the presence of Triton X-100,
post nuclear supernatants were mixed with a 10% Triton X-100 solution to achieve a final
concentration of 1%.

Confocal Microscopy—Cells were plated onto glass coverslips, treated as described, and
fixed for 1.5 hours in a periodate-lysine-paraformaldehyde fixation buffer (20mM MES;
70mM NaCl; 5mM KCI; 70mM Lysine-HCI; 5mM MgCly; 2mM EGTA; 10mM NalOyg4; 2%
Paraformaldehyde; 4.5% sucrose). Following fixation, cells were blocked and permeabilized
in blocking buffer (0.1% saponin; 25mM Tris-HCI pH 7.5; 150mM NacCl; 4.5% sucrose; 2%
goat serum; 50mM NH4CI), incubated overnight at 4°C with the indicated primary antibody,
and incubated for 1 hour at RT with secondary antibodies and stains. Cells were mounted
onto glass slides with Prolong Gold Antifade (Thermo) and imaged using a 63x oil
immersion objective on the LSM 880 with Airyscan (Zeiss). Images were processed using
ZEN software (Zeiss) and ImageJ (NIH).

For imaging THP-1 cells, cells were attached to coverslips coated with Alcian Blue by
incubation in serum free media for 20 minutes at 37°C in 5% CO,. For imaging of zymosan
phagocytosis, cells were incubated for 10 minutes at 37°C in 5% CO, in media containing
zymosan at a MOI of 5. For quantification of cGAS localization, at least 200 cells per
replicate were counted of three replicates in total. Plasma membrane localization was
characterized as co-localization with Phalloidin, while nuclear localization was
characterized as co-localization with DAPI.

Real-Time Quantitative PCR—RNA was isolated from cells using Qiashredder
(QIAGEN) homogenizers and the PureLink Mini RNA Kit (Life Technologies) and
subsequently DNase | (Thermo) treated to remove genomic DNA. Relative mRNA
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expression was analyzed using the TagMan RNA-to-Ct 1-Step Kit (Applied Biosystems)
with indicated probes on a CFX384 Real-Time Cycler (BioRad).

Cell Viability Assay—Cell viability was measured using CellTiter-Glo (Promega), a
luminescent assay for ATP in living cells. Assays were performed as described by the
manufacturer and untreated or untransduced cells were used as a positive control for cell
viability, considered as the 100% viable benchmark compared to treated or transduced cells.
Luminescent outputs were read on a Tecan plate reader.

Phylogenetic Analysis—Ten vertebrate animals’ cGAS sequences were analyzed by
Clustal w software (https://www.ebi.ac.uk/Tools/msa/clustalo/). The N- and C-termini were
defined according to their alignments with human cGAS, and the PI of each domain was
calculated using the EXPASy Compute pl/MW tool (https://web.expasy.org/compute_pi/).
Percent identity was calculated as the ratio of conserved residues to the total number of
residues in the protein, using human cGAS as the reference.

Recombinant Protein Purification—Recombinant cGAS protein and corresponding
variants were purified as previous described (Zhou et al., 2018). Briefly, human cGAS and
cGAS R71/75E variants were cloned into a custom pET vector for expression as an N-
terminal 6 x His-SUMO2-fusion protein using PCR amplification and standard cloning
techniques. The pET-cGAS plasmids were transformed into £. co/iBL21 DE3 (Aglient)
bacteria harboring a pPRARE2 tRNA plasmid. £. coliwere grown in M9ZB media at 37°C
and protein expression was induced by IPTG for ~ 16 h at 16°C. Bacterial pellets expressing
cGAS were re-suspended in lysis buffer and then lysed by sonication. After centrifugation,
the supernatants were collected and recombinant protein was isolated using Ni-NTA
(QIAGEN) chromatography. The His-SUMO?2 tag was then removed by digestion with
human SENP2 protease except when used as His-tagged proteins for the Pl-binding
pulldown assay. Recombinant cGAS proteins were further purified by Heparin HP ion-
exchange (GE Healthcare) and 16/600 S75 size-exclusion chromatography (GE Healthcare).
Final cGAS proteins were concentrated in storage buffer (20 mM HEPES-KOH pH 7.5, 250
mM KCI, 1 mM TCEP), flash-frozen in liquid nitrogen, and stored at —80°C.

Recombinant human cGASAN and cGAS N were expressed using the pET50b vector
containing an N-terminal 6xHis-NusA tag (gift from Dr. Sun Hur) in BL21 (DE3) £. coli at
16°C for 20 hours after induction with 5mM IPTG. Cells were lysed using an Emulsiflex-C5
(Avestin), and protein was batch purified using Ni-NTA affinity chromatography. Proteins
were dialyzed overnight into a storage buffer (20mM HEPES pH 7.5; 150mM KCI; 10%
Glycerol; ImM TCEP) (Kranzusch et al., 2013) and snap frozen in liquid nitrogen for use in
biochemical assays. Preparation efficacy and purity was assessed by SDS-PAGE and
SimplyBlue SafeStain (Thermo).

PIP Strip Lipid Binding Assay—L.ipid binding assays were performed as described
(Kagan and Medzhitov, 2006). Briefly, PIP strips (Echelon) were blocked in (10mM Tris pH
8; 150mM NaCl; 0.1% Tween-20; 0.1% ovalbumin) for 1 hour, then incubated for 2 hours
with purified hcGAS (500ng/mL) in the presence of an anti-hcGAS antibody (Sigma),
washed 3 times with blocking buffer, and then probed with an HRP-conjugated secondary
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antibody in blocking buffer for 30 minutes. Lipid bound protein was detected using
enhanced chemiluminescence.

Liposome Preparation and Assays—Liposome preparation and subsequent binding
assays were performed described (Kagan and Medzhitov, 2006). In brief, PC:PE were mixed
ata 3:1 ratio in a solution of 2:1 chloroform:methanol in borosilicate glass tubes and gently
dried into a lipid film using inert nitrogen gas. For liposomes containing PIPs, the 3:1 PC:PE
ratio was maintained with the addition of the specified percentage of PIP. Dried lipids were
resuspended in 300mM sucrose and vortexed aggressively to yield liposomes at a final
concentration of 1mg/mL.

For sedimentation assays, 2 g of liposomes were incubated with 5 mg of recombinant
cGAS in a cytosol buffer (25mM HEPES pH7.2; 25mM KCI; 2.5mM Magnesium Acetate;
150mM Potassium Glutamate) for 15 minutes at RT. Following incubation, samples were
centrifuged at 100,000xg, and the pellets were analyzed by western blot for cGAS binding.

For fluorescent liposome pulldown assays, liposomes were prepared as described above,
except fluorescently tagged PC (NBDPC) was used in place of PC. 25 ug of liposomes were
mixed with 25 pg of recombinant protein in cytosol buffer in the presence of Ni-NTA resin
and incubated with gentle mixing for 30 minutes at RT. Ni-NTA resin was pelleted and
washed two times before elution of liposomes with 10% SDS. Resultant fluorescence
recovered was quantified by spectrofluorimetry using a Tecan plate reader. Interactions
between the beads and liposomes alone were subtracted from all samples to account for
nonspecific binding.

Luciferase Reporter Assays—293T cells were transiently transfected with the indicated
plasmids using PEI. After 24h, cells were lysed and incubated with Bright-Glo reagent
(Promega) according to manufactuer’s instructions, and luminescence was read on a Tecan
plate reader.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using Graphpad Prism7 software. All experiments
were performed in triplicate as three independent biological replicates. For comparison in
which multiple variables were tested with multiple time points, two-way ANOVA analysis
was performed. For comparison of two data points, the student’s two-tailed t test was used.
Asterisk coding is as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Data
with error bars depict the average with the SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Biochemical and microscopic evidence indicates cGAS is a plasma membrane
protein

The cGAS N terminus interacts with P1(4,5)P, to mediate membrane
localization

Mislocalized cGAS mutants drive lethal interferon responses to genotoxic
stress

Mislocalized cGAS mutants are poorly responsive to DNA virus infection
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Figure 1. cGAS Associates with the Plasma Membrane
(A) Subcellular fractionation of THP1 cells in the presence or absence of benzonase.

Western blot analysis was used to probe the cytosolic fraction (S100), membrane fraction

(P100), and nuclear (P25) fractions for

the indicated proteins.

(B) Membrane floatation assays of THP1 post-nuclear lysates on a 10%—-45% Optiprep
gradient in the presence or absence of benzonase. Fractions 1-24 were taken from the top to

the bottom of the gradient, and western
the indicated proteins.

blot analysis was used to probe these fractions for

(C) Membrane floatation assays of THP1 post-nuclear lysates on a 10%—-45% Optiprep
gradient in the presence of benzonase in the presence or absence of 1% Triton X-100.

Cell. Author manuscript; available in PMC 2020 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Barnett et al.

Page 24

(D) Confocal micrographs cGAS in WT and cGAS™~ THP1 cells treated with 1,000 U/mL
recombinant IFN-B1 for 4 h. In diagrams to the left of micrographs, red dashed lines indicate
the plane in view (not to scale).

(E) Subcellular fractionation of THP1-expressing cGAS-HA cells in the presence of
benzonase.

(F) Confocal micrographs of various cell lines expressing cGAS-HA. Experiments shown
are representative of n = 3 biological replicates.

See also Figure S1.
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Figure 2. The N Terminus of cGAS Is Necessary and Sufficient for Plasma Membrane
Association

(A) Schematic of human cGAS domain architecture and truncation mutants.

(B) Western blot analysis of mutant cGAS expression in THP1 cells.

(C) Confocal micrograph of THP1 cells expressing human cGAS N or cGASAN.

(D) Western blot analysis of murine mutant cGAS expression in iBMDMSs.

(E) Confocal micrographs of iBMDMSs expressing murine cGAS N or cGASAN.

(F) Confocal micrographs of L929 and HelLa cells expressing cGAS N.

(G) Heatmap showing the relative pl of the N- and C-terminal domains of cGAS from
various species (n = 10) alongside innate immune adaptors TIR-domain-containing adaptor

Cell. Author manuscript; available in PMC 2020 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Barnett et al.

Page 26

protein (TIRAP) and TRIF-related adaptor molecule (TRAM) with N-terminal PIP-binding
domains. Experiments shown are representative of n = 3 biological replicates.
See also Figure S2.
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Figure 3. cGAS Binds PI1(4,5)P2 via Its N Terminus
(A) PIP strip analysis of recombinant cGAS. Recombinant cGAS was incubated with a

membrane spotted with the indicated lipids and analyzed by far western.

(B) Cosedimentation assay for cGAS interactions with liposomes containing 18% of the
specified PIPs on a 3:1 PC:PE backbone. Recombinant cGAS was incubated with liposomes,
after which the liposomes were isolated by ultracentrifugation and probed by western blot
for cGAS association.

(C) Fluorescent liposome pull-down assay. 6xHis-tagged cGAS was incubated with
fluorescent liposomes containing the specified PIPs. cGAS was isolated by nickel affinity
resin, and cGAS-lipid interaction was measured by the amount of fluorescence pulled down
with the resin..
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(D) Same as (C), but 6x-His-tagged cGAS, cGASAN, and cGAS N were probed for binding
to P1(4,5)Ps.

(E) Confocal micrographs of electroporated primary BMDMs expressing cGAS N-HA with
PLC&81-PH-YFP.

(F) Confocal micrographs of electroporated primary BMDMs expressing gp91PNo%-PX-YFP.
(G) Confocal micrograph of an iBMDM expressing cGAS N phagocytosing a fluorescent
zymosan particle.

Experiments shown are representative of or averages of n = 3 biological replicates. Data are
represented as a mean + SEM, and statistical analysis was performed using a Student’s t test
with asterisk coding as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 4. Loss of the cGAS N Terminus Leads to Heightened Basal IFN Signaling and Increased
Responses to Genotoxic Stress

(A) qPCR analysis of /FNB1 expression in THP1 cell lines at steady state.

(B) gPCR analysis of RSADZ2expression in THP1 cell lines at steady state.

(C) qPCR analysis of /FNB1 expression following a 6-h treatment with 500 uM H,0 in the
indicated THP1 cell lines.

(D) Western blot analysis for the indicated proteins before and after 6-h treatment with 500
UM H>0o.

(E) gPCR analysis of /FNB1 expression following a 14-h treatment with 500 nM
Doxorubicin in the indicated THP1 cell lines.

(F) Viability of THP1 cell lines following a 14-h treatment with 500 nM Doxorubicin,
shown as a percentage of untreated controls, as measured by intracellular ATP content.
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(G) qPCR analysis of /FNBIand RSADZ expression at the indicated time points following
treatment with 50 ng/mL PMA in the indicated THP1 cell lines.

(H) Viability of THP1 cell lines following overnight treatment with 50 ng/mL PMA, as
described in (F).

(1) gPCR analysis of /FNB1 expression at the indicated time points following infection with
MVA-Ova (MOI 3) in the indicated THP1 cell lines.

(J) Western blot analysis of the indicated proteins before and after infection with MVA-Ova
(MOI 3) in the indicated cell lines.

H.P.1., hours post-infection. Experiments shown are representative of or averages of n = 3
biological replicates. Data are shown as a mean + SEM. Statistical analysis comparing two
data points was performed using a Student’s t test, and statistical analysis of time-course
experiment trends in (G) and (I) were performed using two-way ANOVA with asterisk
coding as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

See also Figure S3.
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Figure 5. The cGAS R71/75E Mutant Does Not Bind P1(4,5)P, and Does Not Associate with the
Plasma Membrane

(A) Left: schematic of truncation mutants screened in the cGAS N terminus in HelLa cells
and their ability to associate with the plasma membrane. Bottom center: residues identified
as essential for cGAS membrane association with mutated residues indicated in red and the
indicated point mutations. Right: alignment of mutated residues in several species (same as
Figure 2G) with R71 and R75 boxed.

(B) Fluorescent liposome pull-down assay with the indicated mutants, as described in Figure

3C.
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(C) Western blot analysis of expression of indicated cGAS mutants in transiently transfected
293T cells and BMDMs stably expressing mutants via lentiviral transduction.

(D) ISRE luciferase assay of 293Ts expressing the indicated constructs 24 h post-
transfection. — indicates cells transfected with the ISRE reporter construct alone. All cGAS
constructs were co-transfected with STING to enable pathway signaling.

(E) Confocal micrographs of indicated cell lines expressing cGAS R71/75E C396/7A.
Experiments shown are representative of or averages of n = 3 biological replicates. Data are
shown as a mean + SEM, and statistical analysis was performed using a Student’s t test with
asterisk coding as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 6. Artificial Localization of cGASAN to the Plasma Membrane through the TIRAP
P1(4,5)P» Binding Domain Rescues Localization and Prevents Hyperresponsiveness to Genotoxic
Stress

(A) Schematic of the synthetic TIR domain containing adaptor protein (TIRAP) PI(4,5)P5-
binding domain fused to cGASAN.

(B) Western blot analysis of THP1 cells stably expressing the indicated mutants.

(C) Confocal micrograph of THP1 cells stably expressing TIRAP-AN-HA.

(D) qPCR analysis of /FNB1 expression 3 h post-treatment with 50 ng/mL PMA in the
indicated THP1 cell lines.

(E) Viability of THP1 cell lines following overnight treatment with 50 ng/mL PMA, shown
as a percentage of untreated controls, as measured by intracellular ATP content.

(F) Schematic of the synthetic Fyn dual-acylation motif fused to cCGASAN.

(G) Confocal micrograph of THP1 cells stably expressing Fyn-AN-HA.

Cell. Author manuscript; available in PMC 2020 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Barnett et al.

Page 34

(H) ISRE luciferase assay of 293Ts expressing the indicated constructs 24 h post-
transfection, as described in Figure 5D.

(I) Western blot analysis of 293T cells expressing indicated constructs.

Experiments shown are representative of or averages of n = 3 biological replicates. Data are
shown as a mean + SEM, and statistical analysis was performed using a Student’s t test with
asterisk coding as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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