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The cyclic-oligonucleotide-based anti-phage signalling system (CBASS) is
atype of innate prokaryoticimmune system. Composed of a cyclic GMP-
AMP synthase (cGAS) and CBASS-associated proteins, CBASS uses cyclic
oligonucleotides to activate antiviral immunity. One major class of CBASS
contains a homologue of eukaryotic ubiquitin-conjugating enzymes, which
iseither an E1-E2 fusion or asingle E2. However, the functions of single E2s
in CBASS remain elusive. Here, using biochemical, genetic, cryo-electron
microscopy and mass spectrometry investigations, we discover that

the E2 enzyme from Serratia marcescens regulates cGAS by imitating the
ubiquitination cascade. Thisincludes the processing of the cGAS
Cterminus, conjugation of cGAS to a cysteine residue, ligation of cGAS to
alysineresidue, cleavage of the isopeptide bond and poly-cGASylation.
The poly-cGASylation activates cGAS to produce cGAMP, which acts as an
antiviral signal and leads to cell death. Thus, our findings reveal a unique
regulatory role of E2in CBASS.

Cyclic GMP-AMP synthase (cGAS) has a key role in mammalian
c¢GAS-STING innate immunity"? Coincidentally, cGAS shares a
conserved catalytic domain with the Vibrio cholerae enzyme dinu-
cleotide cyclase (DncV)?; thus, this family of enzymes has been clas-
sified as cGAS/DncV-like nucleotidyltransferases (CD-NTases)*". The
prokaryotic CD-NTases and ancillary proteins, which are encoded by
operons and involved in bacterial anti-phage defence, constitute the
cyclic-oligonucleotide-based anti-phage signalling system (CBASS)°.

Interestingly, certain CBASSs share evolutionary origins with the
eukaryotic cGAS-STING innate immunity pathway® %, indicating similar
underlying principles between bacterial anti-phage defence and mam-
malian innate immunity.

Over 5,000 distinct CBASSs have been identified in more than10%
of bacteria with known genome sequences®”'°. Furthermore, about
half of all CBASS operons encode a CD-NTase that can generate sig-
nal molecules in response to phage infection, and an effector that is
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Fig.1|Cryo-EM sstructure of a cGAS-E2 complex. a, Domain organization of the
CBASS operons from S. marcescens, E. coli®, V. cholerae and E. cloacae*.

b, Left, schematic diagram showing the constructs for co-expression of cGAS

and E2in different forms (1-3). Right, SDS-PAGE analysis of the purified proteins
fromvarious constructs as shown on the left. Data are representative of three
independent experiments. ¢, Overlay of cryo-EM density and the atomic model of
the cGAS-E2 complex. d,e, Ribbon diagram of the cGAS-E2 complex highlighting
the C-terminal tail of cGAS (green) thatisinserted into the E2 domain (orange),
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with the potential interaction region (boxed) enlarged (e). f, Superimposed
structures of E2 used in this study (orange) and human E2 (grey, PDB identifier
(ID) 4AUQ). CT, C terminus. g, Ribbon diagram of the cGAS-E2 complex
highlighting the interface between cGAS and E2. h, Superimposed structures

of cGAS used in this study (green) and human cGAS (grey, PDBID 6EDC).

i, Superimposed structures of cGAS used in this study from E2-CBASS (green) and
EcCdnD" from E1E2/JAB-CBASS (grey, PDBID 7T03). CTD, C-terminal domain.

activated by the cyclic oligonucleotides and induces programmed
cell death; the remaining CBASS operons encode ancillary genes®™.
Some of these ancillary components have beenreported to function as
athreat sensor or aregulator of bacterial defences”®"; however, most
of their functions and mechanisms are unclear.

Among the over 5,000 predicted CBASSs, 2,199 CBASSs encode
homologues of ubiquitin systems, which are typical protein post-
translational modification systems in eukaryotes that use an acti-
vation, transfer and ligation cascade'’. The ubiquitin system is
highly conserved in eukaryotes and has a critical role in a variety of
cellular processes, including protein degradation, DNA repair and
signal transduction'", The ubiquitination cascade consists of the
ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2 and
ubiquitin-ligating enzyme E3 to covalently link ubiquitin to asubstrate;
conversely, the deubiquitinating enzyme can remove ubiquitin from
a substrate'. CBASS systems encoding domains homologous to the

eukaryotic ubiquitinmachinery can be divided into two main classes.
Thefirstisatype Il CBASS consisting 0f 1,583 systems and containing an
E1-E2fusionprotein and aJAB deubiquitinating peptidase, withno E3
ligase'" (hereafter referred to as E1IE2/JAB-CBASS; Fig.1a). The second
isashorttype Il CBASS consisting of 616 systems and containing only an
E2 protein®® (hereafter referred to as E2-CBASS; Fig. 1a), the function
of whichiis elusive. In this work, we reveal that E2-CBASS uses a more
concise and specific mechanism, witha distinct protein chemistry, to
regulate anti-phage signalling, compared with the reported mechanism
of E1IE2/JAB-CBASS™".

Results

Structure of the E2-cGAS complex reveals unique interactions
To elucidate the role of the CBASS-related E2 protein, we focused on
anE2-CBASS operon from Serratia marcescens (Fig.1a). The E2-CBASS
operon encodes a cGAS (CD-NTase047; Extended Data Fig. 1), an E2
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(Cap2),apredicted 3’5’ exonuclease (Capl8) and a nucleotide sensor
domain fused to two transmembrane helices’ (2TM-SAVED, Capl4;
Fig. 1a). Reversed-phase liquid chromatography with ultraviolet
detection and mass spectrometry revealed that the product of cGAS
is3’,2’-cGAMP (Extended DataFig.1). Interestingly, when cGAS and E2
were co-expressed and co-purified, anadditional band with amolecu-
lar weight of 64 kDa appears on the SDS-PAGE gel, suggesting that
cGAS (46 kDa) and E2 (18 kDa) were fused (Fig. 1b). When separately
purified cGAS and E2 were mixed at a 1:1 molar ratio, the linkage still
formed without cofactors in the storage buffer (50 mM Tris-HCI (pH
7.5),100 mM NaCl, 0.1 mM EDTA, 0.1% Triton X-100 and 50% glycerol)
(Extended DataFig. 2a). This fusion of E2 and cGAS could not be sepa-
rated by SDS, confirming a covalent linkage between the two.

To elucidate the structural basis of the cGAS-E2 complex, the
complex was purified and structural studies were performed using
cryo-electron microscopy (cryo-EM) (Extended Data Fig. 2b-d). Two
cryo-EM datasets of the cGAS-E2 complex were collected and pro-
cessed (Extended Data Fig. 3a,b and Supplementary Table 1), and the
three-dimensional (3D) reconstruction was refined to 3.3 Aand 3.1A,
respectively. An initial model of the cGAS-E2 complex was gener-
ated using AlphaFold and ColabFold'*" and rigid-body fitted into the
electron density map (Extended DataFig. 2e,f). Although the cryo-EM
density map of cGAS-E2 was anisotropicas aresult of preferred orienta-
tions, it was of sufficient quality to perform model refinement guided
by theinitial model (Extended Data Fig. 3c-e).

The refined cryo-EM structure of cGAS-E2 is consistent with
the AlphaFold prediction (Extended Data Fig. 3f), with E2 binding
to the C-terminal region of cGAS (Fig. 1c,d). The C terminus of cGAS
is threaded into a pocket of E2 (Fig. 1e) and sits in close proximity
with the side chains of one Cys and two Lys residues (C101, K151 and
K159). We performed a structure similarity search of S. marcescens
E2 against published structures in the Protein Data Bank (PDB) using
the Dali server'. One of the top hits was a human E2 (UBE2D2)" with
aroot mean square deviation of 2.5 (Fig. 1f). Interestingly, C101 of
S.marcescensE2islocatedin close proximity to the active site of human
E2,indicating thatitis the active-site cysteine. Notably, S. marcescens
E2 has a C-terminalloop (residue 150-160) that covers the active site,
unlike the C-terminal a-helices (a3 and a4) found in human E2. Fur-
thermore, in contrast to the EIE2/JAB-CBASS system from Enterobacter
cloacae™, where cGAS interacts with dimerized E1-E2 fusion, cGAS of
E2-CBASS forms extensive interactions with E2 at three interfaces in
addition to the C terminus (Fig. 1g). Thus, although the core region of
cGAS from E2-CBASS resembles human cGAS and cGAS from the EIE2/
JAB-CBASS system, the C-terminal region that mediates E2 interactions
iscompletely unique (Fig. 1h,i).

Covalent linkage between E2 and cGAS

Ineukaryotes, ubiquitin forms a thioester bond between its C-terminal
GlyandaCysinEl,E2and E3, or forms anisopeptide bond betweenits
C-terminal Gly and aLysinatarget protein or another ubiquitin. Simi-
larly, the C-terminal tail of S. marcescens cGAS (residues 400-407) is
insertedinto the catalytic pocket of E2 (Fig.1e), as previously discussed.
The C-terminal residue of cGAS in the complex is probably either G406
or Y405 based ondensities of the cryo-EM structure. Interestingly, the
C-terminal residue of cGAS s in close proximity to C101, K151 and K159
of E2, suggesting that the covalentbond between cGAS and E2 is either
athioester bond between cGAS and C101 of E2, or anisopeptide bond
between cGAS and K151 or K159 of E2.

Alignment of the C-terminal sequences of cGAS (CD-NTase) homo-
logues associated with E2 in various CBASSs showed a conserved gly-
cine near their C termini (Extended Data Fig. 4a and Supplementary
Fig. 1). Deletion of the C-terminal eight residues (AP400-E407) or
two residues (AG406-E407) of cGAS abolished the covalent linkage
between cGAS and E2, while AE407 had no effect. These results indi-
cate that G406 participates in the covalent linkage with E2 (Fig. 2a).

Consistently, mutation of G406 to Val or Leu also abolished the covalent
linkage, while mutation of G406 to Ala, which has ashorter side chain,
stillallowed the linkage (Fig. 2a). Inaddition, we mutated two residues
inthe C terminus of cGAS with potential for covalentinteractions, find-
ing that both K401A and Y405A mutations showed no effect (Fig. 2a).

Aspreviously mentioned, C101is the active-site cysteine (Fig. 1f) and
is conserved among prokaryotic E2homologues (Extended DataFig. 4b
and Supplementary Fig.2). To confirmitsimportance, we made aC101A
mutant, which, unsurprisingly, failed to formthe covalent complex with
cGAS (Fig. 2a), in contrast to C69A that showed no effect. These results
indicate a thioester bond may form between cGAS G406 and E2 C101.

Tovalidate the thioester bond, weincubated cGAS-E2 fusion with
10 mMdithiothreitol (DTT), as thioester bonds are unstable in the pres-
ence of DTT?. Interestingly, the cGAS-E2 complexes are mostly resist-
antto DTT treatmentand only asmall portion was separated by 10 mM
DTT (Fig. 2b). Therefore, the majority of cGAS-E2 complexes are prob-
ably not linked by a thioester bond, but rather by anisopeptide bond.

To test whether cGAS and E2 are linked by an isopeptide bond,
we mutated K151 and K159 of E2, which are close to the C terminus of
cGAS (Fig. 1e). Mutation of K159A but not K151A significantly reduced
the cGAS-E2 complexinthe presence of DTT (Fig. 2b), indicating that
the DTT-insensitive bond between cGAS and E2isanisopeptide bond,
which mirrors the isopeptide bond formation between ubiquitin and
itstarget protein. Interestingly, E2(K159A) mutation not only reduced
the DTT-insensitive isopeptide bond, butalsoincreased the sensitivity
ofthe cGAS-E2 complex to DTT (Fig. 2b), indicating that both types of
covalent bonds exist and the E2 studied could catalyse the formation
of both thioester andisopeptide bonds.

Consistently, cryo-EM structures of cGAS-E2 exhibit heterogene-
ity of E2, resultinginits relatively low resolution (Extended DataFig. 3e).
Nevertheless, continuous density was observed connecting Y405 and
K159 in the 3.1 A dataset (Extended Data Fig. 5a). Therefore, bacte-
rial E2 mimics the function of both eukaryotic E2 and E3. To directly
show the isopeptide bond between cGAS and E2, we performed mass
spectrometry analysis of the cGAS-E2 complex. Interestingly, the
results showed that an NTFY peptide of cGAS attached to the peptide
HPRPSEVKNER of E2 at K159, indicating the formation of anisopeptide
bond between cGAS Y405 and E2 K159 (Fig. 2c and Extended Data
Fig. 5b). Therefore, G406 of cGAS is recognized but removed during
protein ligation, partially resembling the sortase-mediated protein
ligation in which a C-terminal glycine of the donor peptide is recog-
nized but cleaved off***, This distinguishes the E2-CBASS from E1E2/
JAB-CBASS, inwhich a C-terminal glycine of cGAS directly participates
in the covalentbonding'*". Consistently, shown by the sequence align-
ments of cGAS from E1E2/JAB-CBASSs and E2-CBASSs, cGAS from E1E2/
JAB-CBASSs possesses a very conserved C-terminal glycine or alanine
residue, while cGAS from E2-CBASSs usually has a glycine near their
C termini (Extended Data Fig. 6a and Supplementary Figs.1and 3).

The formation of either the Y405-C101 thioester or the Y405-K159
isopeptide bond requires the removal of the last two C-terminal residues
G406 and E407 of cGAS. In eukaryotes, the removal of C-terminal resi-
dues of ubiquitinis carried out by specific proteases'. As the G406-E407
peptideistoosmalltoobserve, we constructed acGAS-maltose-binding
protein (MBP) by attaching an MBP to the C terminus of cGAS to monitor
the cleavage. When cGAS-MBP was mixed with E2 in vitro, SDS-PAGE
revealed the presence of a protein with the same molecular weight as
cGAS-E2 (64 kDa), suggesting that the covalent linkage between cGAS-
MBP and E2 was formed and the C terminus of cGAS-MBP was removed
(Fig.2d). The presence of a protein with the same molecular weight as
MBP further confirmed that the C terminus of cGAS wasindeed removed
during the covalent bonding (Fig. 2d). Furthermore, Edman sequencing
of the cleaved C-terminal fragment revealed an N-terminal sequence
of GESSSS (Fig. 2e), confirming that G406 is removed during the liga-
tion of cGAS and E2. In addition, we constructed the mutant G406A of
cGAS-MBP, which could also form a covalent linkage with E2 (Fig. 2a).
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Fig.2| Covalent linkage between E2 and cGAS. a, SDS-PAGE analysis of cGAS
mutants co-purified with E2, or E2 mutants co-purified with cGAS. The G406
residue of cGAS and the C101residue of E2 were identified as critical residues for
the covalent linkage. Data are representative of three independent experiments.
WT, wild type. b, SDS-PAGE analysis of the co-purified proteins consisting

of cGAS with E2 or E2 mutants in the presence (+DTT) or absence (-DTT) of

10 mM DTT (10 mM DTT was used in all succeeding analyses). The K159 residue
of E2was identified as the key residue for the isopeptide bonding. Dataare
representative of three independent experiments. ¢, Top, MS/MS analysis of
peptide HPRPSEVKNER derived from E2. Bottom, MS/MS analysis of the same
peptide bearing an NTFY remnant at K159 from the cGAS-E2 complex. The
fragmentions 3-b9, B-b10, B-y5 and B-y8-B-y10 from the 3-chain (E2) have a mass
increase of 525 Da corresponding to the addition of NTFY, whereas the fragment
ions 3-b3, B-b6, B-b7, B-y2 and B-y3 do not exhibit this mass shift, confirming the

formation of anisopeptide bond between cGAS Y405 (orange) and E2 K159 (red).
Data are representative of three independent experiments. d, SDS-PAGE analysis
showing theinvitro processing and bonding of cGAS-MBP by E2. cGAS-MBP or
cGAS and E2 were mixed at a molar ratio of 1:1overnight. Data are representative
of threeindependent experiments. e, Cartoon diagram showing the C-terminal
processing of cGAS-MBP or cGAS(G406A)-MBP by E2. The N-terminal sequences
(underlined) of the released MBP-containing fragments indicate that either G406
or A406 is removed from cGAS. f, Left, SDS-PAGE analysis showing the in vitro
formation of the cGAS-E2 complexin the presence (+DTT) or absence (-DTT)
of 10 mM DTT. Right, rate of the total bond (thioester + isopeptide, -DTT) and
isopeptide bond (+DTT) formation between cGAS and E2, as calculated based on
the gelsin the left panel. Data are the mean £ s.d. of n =3 independent replicates
and are representative of three independent experiments.

Consequently, the N-terminal sequence of the released MBP-containing
fragment was found to be AESSSS (Fig. 2e). These results confirmed
that the cleavage occurs between Y405 and G406 of cGAS, and G406
is removed to form the Y405-K159 isopeptide bond. Thus, there is a
distinguishing chemistry of the cGAS-E2 protein ligation to those in
the ubiquitin'and E1E2/JAB-CBASS systems'>",

As evident from the ubiquitin cascade, it is likely that the unsta-
ble thioester bond between cGAS and E2 is transient and will be
converted to a more stable isopeptide bond. The rates of total bond

(thioester +isopeptide,—-DTT, 0.63 = 0.17 min™) and isopeptide bond
(+DTT, 0.50 + 0.14 min™) formation in vitro were measured and are
shownin Fig. 2f.

Cysteine protease activity of E2

The eukaryotic ubiquitin system' and the E1IE2/JAB-CBASS system'**
both rely on deubiquitinating enzymes such as DUBs or JAB, respec-
tively, which are mostly cysteine proteases. However, the processing
of cGAS requires only E2, suggesting that E2 itself may function as a
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Fig.3|The function of E2 as a cysteine protease. a, SDS-PAGE analysis showing
the low-pH-induced autocleavage of the covalent cGAS-E2 complex. Data are
representative of three independent experiments. b, MS/MS analysis shows that
the C terminus of released cGAS after DTT and low-pH treatment is terminated by
Y405. Data are representative of three independent experiments. ¢, SDS-PAGE
analysis of the low-pH-induced bond conversion in cGAS-E2 or cGAS-E2(K159A)
or cGAS-E2(AK151-R162) in the presence (+DTT) or absence of DTT (-DTT). Data
arerepresentative of three independent experiments. d, Mass spectrometry
analysis of the ligation site in cGAS-E2(K159A); the same spectrum was also
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B-chain (E2) have a mass increase of 525 Da corresponding to the addition of
NTFY, whereas the fragmentions 3-y2, B-y3, B-y4 and 3-y5 do not exhibit this mass
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and E2 C101 (red). Data are representative of three independent experiments.

e, Rate of the thioester bond formation in cGAS-E2 at pH 5.0 (right) calculated
based on gel analysis (left). Data are the mean + s.d. of n = 3 independent
replicates and are representative of three independent experiments. f, Magnified
view of E2 showing C101, H87 and H152 and other key residues in the active site.
E2-CT, the C terminus of E2. g, SDS-PAGE analysis of cGAS co-purified with E2

or E2 mutants (as indicated on the above gel) in the presence (+DTT) or absence
(-DTT) of DTT. The H87 residue of E2 was identified to be crucial for the covalent
linkage. Data are representative of three independent experiments. h, SDS-PAGE
analysis of the low-pH-induced autocleavage of the covalent cGAS-E2 complex in
the presence (+DTT) or absence (-DTT) of DTT. The H152 residue of E2 is crucial
to mediate the low-pH-induced cleavage of the isopeptide bond between cGAS
and E2. Dataare representative of three independent experiments. i, Schematic
showing the sortase-mediated (left) and E2-mediated (right) protein ligation and
the low-pH-induced bond transition in the cGAS-E2 complex.

cysteine protease. Coincidentally, the presence of C101 provides a
structural basis for an active-site cysteine. As low-pH-induced auto-
cleavage is well known for classical cysteine proteases such as aspar-
aginyl endopeptidase and cathepsin L****, we examined the effect of
low pH on the cGAS-E2 complex. Interestingly, pH 5.0 induced the
cleavage of the isopeptide bond between cGAS and E2, as shown by the
reduction of the cGAS-E2 complexinthe presence of DTT (Fig. 3a). This
was also confirmed by mass spectrometry datashowing that the cGAS
C terminus ends at Y405 after treatment by low pH and DTT (Fig. 3b).
However, in the absence of DTT, we found that, like the K159A muta-
tion, pH 5.0 alsoincreased the thioester bond; pH 5.0 had no effect on
E2(K159A) or E2(AK151-R162) mutants (Fig. 3c). With KI59A mutation
in E2 or pH 5.0, we were able to capture the thioester bond between
cGAS Y405 and E2 C101 by mass spectrometry (Fig. 3d and Extended
Data Fig. 7a). When the pH was adjusted from 5.0 to 8.0, the thioester
bond (-DTT) between cGAS and E2 was converted back to anisopeptide

bond (+DTT; Extended Data Fig. 7b). Our results confirm that the two
typesof covalentbond areinterconvertible. The rate of thioester bond
formation at pH 5.0 (0.50 + 0.07 min™) is shown in Fig. 3e.

Another typical feature of cysteine proteasesis a His residue near
the catalytic Cys for proton transfer during proteolytic catalysis™?*°.
Interestingly, our structure of the cGAS-E2 complex reveals two His
(H87 and H152) residues that are in close proximity to C101 (Fig. 3f).
The E2(H87A) mutation, such as C101A (Fig. 2a), abolished the covalent
linkage between cGAS and E2 (Fig. 3g). Both mutants failed to cleave
the MBP of cGAS-MBP (Extended Data Fig. 7¢), confirming the catalytic
roles of C101and H87 in E2 protease-like activity. The E2(H152A) muta-
tion showed no effect on the complex formation (Fig. 3g); however,
it significantly reduced the conversion from the isopeptide bond to
the thioester bond at pH 5.0 (Fig. 3h). These results suggest that H152
is a pH sensor at the protease active site, similar to those reported
previously*?,
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Fig. 4 |E2 catalyses poly-cGASylation of cGAS. a, Top, SDS-PAGE analysis
showing the in vivo and in vitro formation of the covalent cGAS-E2(K159A)
protein. Thein vivo formation of the covalently linked cGAS-E2(K159A) protein
was achieved by the co-purification of His-tagged cGAS and non-tagged E2(K159A)
mutant. For the in vitro assembly, two proteins were mixed at a molar ratio of 1:1
overnight. Bottom, mass spectrometry showing the score of proteins contained
inthe potential cGAS-cGAS extracted from the gel (marked by the green arrow).
Mass spectrometry signals corresponding to E. coli protein contaminants in the
cGAS-cGAS dimer are detailed in Supplementary Table 2. Data are representative
oftwo independent experiments. ECBD, Escherichia coli (strain B/BL21-DE3); tuf,
elongation factor Tu. b, SDS-PAGE showing the in vivo formation of poly-cGAS.
GFP-tagged cGAS was co-expressed and co-purified with E2(K159A). Data are
representative of three independent experiments. ¢, Mass spectrometry analysis
of theligation sitesin cGAS-cGAS. Top, tandem mass spectrum of the cGAS

peptide EQGSLHLDKK bearing an NTFY remnant at K381 (red). The fragment

ion 3-b10 and all 3-y ions from the -chain (cGAS) have a mass increase of 525 Da
corresponding to the addition of NTFY, whereas the fragmentions 3-b3, 3-b6,
B-b8 and B-b9 do not exhibit this mass shift, confirming the formation of an
isopeptide bond between cGAS Y405 (orange) and K381 of another cGAS. Bottom,
tandem mass spectrum of the cGAS peptide TGGLIATGLAGTAAQAGVPKNTFYGE
bearingan NTFY remnant at K401 (red). The fragmentions 3-b20, 3-b21, 3-y8,
B-y10, B-y13, B-y21and B-y22 from the 3-chain (cGAS) have a mass increase of

525 Dacorresponding to the addition of NTFY, whereas the fragmentions 3-b5,
B-b7,B-b9, B-y10, B-b13, B-bl4, B-bl7, -bl8 and B-y3 do not exhibit this mass shift,
confirming the formation of anisopeptide bond between cGAS Y405 (orange) and
K401 of another cGAS. Data are representative of three independent experiments.
d, Schematic diagrams showing the eukaryotic ubiquitin pathway (top) and E2-
mediated cGAS regulation (bottom).

Thus, we have found that E2 possesses both the catalytic***® and
regulatory elements of proteases. The protease activity of E2 appears
unique, with sequence alignments of E2 from E2-CBASSs and the E2
domain from E1E2/JAB-CBASSs showing that the histidine residues
corresponding to H87 and H152 are conserved only in E2 from the

E2-CBASSs, but not in E2 from the E1E2/JAB-CBASSs (Extended Data
Fig. 6b,c and Supplementary Figs. 2, 4 and 5). In addition, no similar
histidine residue was observedin eukaryotic E2 (Extended Data Fig. 6d).
Together, the E2-mediated protein ligation is comparable to that by a
sortase and depicted in Fig. 3i.

Nature Microbiology | Volume 9 | June 2024 | 1566-1578

1571


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-024-01684-z

Poly-cGASylation of cGAS by E2

Notably, the disruption of the Y405-K159 isopeptide bond by
E2(K159A) mutation not only increased the Y405-C101 thioester bond
but also generated larger species insensitive to DTT (Fig. 2b). The
molecular weight of these proteins indicates that they are polymers
containing various numbers of cGAS. Either co-expressed with cGAS
or mixed with cGAS invitro, the E2(K159A) mutant generated the cGAS
polymers (Fig. 4a). We excised the gel bands corresponding to the
cGAS-cGAS dimer from both co-expressed and in-vitro-assembled
cGAS-E2(K159A) and analysed them by mass spectrometry. The results
showed that the majority of detected peptides were from cGAS, with
minimal signals from E2 and Escherichia coli protein contaminants
(Fig. 4aand Supplementary Table 2), supporting the formation of the
cGAS-cGAS dimer. The poly-cGASylation was also directly visualized
by tagging cGAS with GFP (Fig. 4b). These cGAS polymers are insensi-
tive to DTT, suggesting that they are linked by isopeptide bonds similar
to poly-ubiquitin.

Itis noteworthy that the high molecular weight protein conjugates
that were formed in vivo and in vitro were not identical (Fig. 4a, top).
In addition, more peptide signals corresponding to E. coli proteins
were detected from the in vivo conjugations by mass spectrometry
(Fig.4a, bottom). Although E2 may have a strong preference to catalyse
poly-cGAS formation, it may also conjugate cGAS to other proteins,
as reported for the EIE2/JAB-CBASS™", Tandem mass spectrometry
(MS/MS) revealed that K381 or K401, both near the C terminus of cGAS,
are the conjugation sites between cGASs (Fig. 4c and Extended Data
Fig.8a,b). Like thosein the ubiquitin system'"and E1E2/JAB-CBASS™",
itislikely that theisopeptide linkages between cGASs are heterogene-
ous.Inadditiontothe K381and K401 that were revealed by mass spec-
trometry as linkage sites (Fig. 4c), we mutated all 16 individual lysines
incGAStoidentify the ‘preferred’ target lysine. We found that none of
the alanine mutants prevented or significantly affected the poly-cGAS
formation (Extended Data Fig. 8c), confirming that the linking sites
between cGASs are heterogeneous. Deletion of the C terminus of E2,
including K151 and K159 (AK151-R162), resulted in more significant
poly-cGASylation and less thioester bond formation (Fig. 2b). Alto-
gether, the E2 functionally resembles the eukaryotic ubiquitination
system (Fig. 4d).

cGASisactivated by E2-mediated poly-cGASylation
Human cGAS is activated through oligomerization®*2. The poly-cGAS
observedinthisstudyis probably the active form of cGAS. We compared
the cGAMP synthesis activities of free cGAS, cGAS-E2, cGAS-E2(K159A)
and cGAS-E2(AK151-R162). The concentrations of cGAS in the four
samples were kept the same (800 nM); nevertheless, the latter two
samples contained more poly-cGAS (Fig. 5a). Interestingly, although the
cGAS-E2linkage inhibited the activity of cGAS, cGAS-E2(K159A) and
cGAS-E2(AK151-R162) significantly increased the synthesis activity of
cGAS when poly-cGAS was formed (Fig. 5a and Extended Data Fig. 9a).
Furthermore, when the concentration of ATP substrate was lowered
by half, there was a more significant increase of synthesis activity by
poly-cGAS (Fig. 5b and Extended Data Fig. 9b), suggesting that the
poly-cGASylation increased the affinity of cGAS to ATP.
Immunoblotting using a cGAS-specific antibody detected the
poly-cGAS in the CBASS-expressing E. coli upon T4 phage infection
(Fig.5c), confirming that the phage-induced poly-cGASylation occurs
invivo.Inaddition, recent work has shown that CD-NTase + 2TM-SAVED
operons use antiviral nucleotide signals to activate CBASS TM effec-
tors, which in turninduce inner-membrane disruption and cause cell
deathto limit phage replication®. With this effector, the antiviral signal
producer cGAS, and a regulatory E2, the E2-CBASS operon confers
strong immunity on E. coli against bacteriophage T4, as judged by
plaque formation (Fig. 5d). Thisimmunity was abolished upon (1) dele-
tion of either cGAS, E2 or the effector 2TM-SAVED gene; (2) disruption
ofthe second messenger synthesis by the cGAS D84A/D86A mutation;

(3) disruption of the covalent linkage by the cGAS(G406R), E2(C101A)
or E2(H87A) mutation; and (4) disruption of the low-pH-dependent
bond conversion by E2(H152A) (Fig. 5d). Although K159 is the preferred
residue for stable isopeptide bond formation, its mutation did not
show significant effect on the antiviral immunity (Fig. 5d), indicating
that the partial releasing of poly-cGAS by K159A does not impede the
antiviralimmunity.

Discussion

The ubiquitin machinery consists of at least five proteins: a protease,
anEl, an E2,an E3 and a target protein. We show that the bacterial E2
in our study regulates cGAS by imitating the ubiquitination cascade,
functioninglike aprotease,anEland E2,and an E3 and atarget protein.
This is evident in the ability of E2 to cleave the C terminus of cGAS or
theisopeptide bond, conjugate cGAS to acysteine residue, and ligate
cGAS to alysine residue (Fig. 4d). This multifunctional E2 provides
compelling evidence for the central role of E2 in ubiquitin systems>**,

Although the E2 family was considered evolutionarily diverse®, the
E2 reported in this work is unique in its catalytic mechanism. Despite
the E2-CBASS and the E1E2/JAB-CBASS'*" both belonging to the type
CBASS, the E2 from E1E2/JAB-CBASS functions more similarly to the E2
fromthe eukaryotic ubiquitin system, bothdependent on E1to activate
cGAS or ubiquitininthe presence of ATP*'*5, Conversely, the E2 from
E2-CBASS processes the cGAS directly without any cofactors. Further-
more, the E2 from E1E2/JAB-CBASS and the E2 from the eukaryotic
ubiquitin system both specifically link to a glycine at the C terminus
of cGAS or ubiquitin, respectively, while the E2 from E2-CBASS recog-
nizes a glycine in the cGAS but removes it for ligation. Moreover, the
protein chemistry of the latter is more closely related to the reactions
catalysed by a sortase’*’. However, the most interesting features of
the E2 from E2-CBASS areits cysteine protease activity and therelated
structural elements, such as the regulatory histidine (Extended Data
Fig.6b,cand Supplementary Fig.5), which appear tobe unique among
allknown E2s to date*®. Dop and PafA that catalyse ubiquitination-like
proteinmodification had been found in Mycobacterium tuberculosis™>®.
However, these prokaryotic enzymes are structurally similar to the
carboxylate-amine/ammonia ligase superfamily of glutamine syn-
thetases, which are evolutionarily distinct from E2 (refs. 38,39). The
evolutionary relationship of the eukaryotic ubiquitin system, the EIE2/
JAB-CBASS, the E2-CBASS and the cysteine protease family, needs to
be further explored.

Oneinteresting question that remains unsolved ishow asingle E2
transfers a cGAS that is covalently attached to itself to another cGAS.
Although our current results are not adequate to fully address the
complex mechanism, we identified a small population of dimerized
cGAS-E2in the two-dimensional (2D) class averages of the cGAS-E2
complex at pH 5.0 (Extended Data Fig. 10a). The cGAS-E2 dimer sug-
gests that, in addition to the covalent cis-interactions, non-covalent
trans-interactions can be formed between E2 and cGAS, providing
clues to how E2 conjugates two cGASs.

The poly-cGASylation for cGAS activation revealed in this study
isunique. However, it shares similarity with human cGAS and cGAS in
the E1IE2/JAB-CBASS system. Such similaritiesinclude the human cGAS
dependence on oligomerization for activation®**and bacterial cGAS,
inthe EIE2/JAB-CBASS system, activation by conjugation to other pro-
teins'*®, Furthermore, activation throughinter-proteininteractionis
probably acommon feature of cGAS. However, the poly-cGASylationin
this study was triggered by mutations of the E2 C terminus. Inaddition,
although the poly-cGASylation was also observed in vivo upon phage
infection (Fig. 5c), the exact signalling from phages to E2 remains to be
determined. To this end, we have tested the effect of phage infection
on bacterial cellular pH and found that the cellular pH is decreased
during phage infection (Extended Data Fig. 10b). Thus, the cellular
pH of bacteria may serve as part of the E2 activation signal. Finally,
upon the phage signal disrupting the C terminus of E2, the sequential
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Fig. 5| Poly-cGASylation stimulates cGAMP production and anti-phage
immunity. a, Left, SDS-PAGE analysis of cGAS and the co-purified proteins
consisting of cGAS with E2 or E2 mutants (indicated on the gel). Right,
quantification of 3/,2’-cGAMP (based on HPLC analysis shown in Extended
DataFig. 9a) synthesized by cGAS and variants. Data are the mean + s.d. of
n=3independentreplicates and are representative of three independent
experiments. b, Quantification of 3’,2’-cGAMP (based on the HPLC analysis
shownin Extended Data Fig. 9b) synthesized by cGAS and variants, with the
concentration of ATP, GTP or Mn*'in the reaction reduced by half compared
withthoseina. Dataare the mean +s.d. of n =3 independent replicates and are

Membrane disruption

and abortive infection
representative of three independent experiments. ¢, Western blot analysis with
cGAS-specific antibody showing the poly-cGAS in £. coli BL21 expressing the
E2-CBASS operon during T4 phage infection. Phage T4 was applied at an MOI
of 5. Dataare the mean + s.d. of n = 3 biological replicates. EV, empty vector.
d, Phage T4 infection of cells expressing the empty vector, the full native
E2-CBASS operon (wild-type system), the wild-type system with deletion or
mutations of cGAS, the wild-type system with deletion or mutations of E2,
or the wild-type system with deletion of the effector 2TM-SAVED. Data are
representative of three independent experiments. e, Model for the E2-CBASS
antiviral mechanism.

poly-cGASylationand cGAMP production trigger membrane disruption
and abortive infection (Fig. 5e).

Methods

Plasmid construction

Allexperiments were performed with the CBASS system from S. marc-
escens (NCBI RefSeq NZ_KE560335.1). For the expression and purifi-
cation of cGAS (NCBI RefSeq WP_016928966.1) and E2 (NCBI RefSeq
WP_016928967.1), their coding sequences were codon optimized and
commercially synthesized by Genscript. For the co-expression of

cGAS and E2, an N-terminal 6xHis-tag sequence was constructed in the
pET28avector. Non-tagged expression vectors were constructed from
the pQE82L vector, with the T5 promoter replaced by aT7 promoter for
E2. Three forms of co-expression present in Fig. 1b were assessed for
cGAS and E2: (1) the gene encoding cGAS with an N-terminal 6xHis-tag
clonedintothe pET28avector, the gene encoding E2 without tag cloned
intothe pQE82L vectorand the T5 promoterin pQE82L replaced witha
T7 promoter; (2) the gene encoding cGAS without tag cloned into the
pPQES82L vector and the gene encoding E2 with an N-terminal 6xHis-tag
cloned into the pET28a vector; and (3) the native coding sequence of
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cGAS and E2 in a polycistronic form derived from S. marcescens was
cloned into the pET28a vector. To monitor the C-terminal cleavage of
cGAS, DNA encoding a C-terminal MBP-tagged cGAS was constructed
in the pET28a vector by attaching the synthetic construct MBP gene
(NCBIGenBank MN433888.1) to the 3’ of the cGAS viaalinker sequence
(5-AGCAGCAGCAGCCTGGTGCCGCGCAGCCAT-3'). For phage infec-
tions, the four-gene CBASS system operon from S. marcescens spanning
anucleotide range of 26,427-29,783 was cloned into plasmid pQE82L.
Details onthe cloning of cGAS and E2 mutants are listed in Supplemen-
tary Tables3and 4, respectively. Plasmids generated in this study were
constructed by Gibson from synthesized genes with =18 base pairs of
homologies flanking the insert sequence using a ClonExpress Il One
Step Cloning Kit (Vazyme Biotech). Plasmids were transformed into
E. coliDH5a cells and confirmed by Sanger sequencing.

Protein expression, co-expression and purification
Plasmids for protein expression were transformed into E. coli
BL21(DE3). To determine the interaction between cGAS and E2, both
were co-transformed into E. coli BL21(DE3) and selected with their
respective antibiotic marker. Bacterial cells were cultivated as a4 ml
starter culture in LB overnight at 37 °C with shaking at 220 rpm. The cul-
tures were thentransferred into 200 ml LB and cultivated for approxi-
mately 3 huntil the optical density at 600 nm (ODy,,) reached 0.8-1.0.
After cooling down toroom temperature, 0.25 mMIPTG was added to
the cultures, and cultivation was continued overnight at 16 °C.
Cultures were collected and lysed by sonication in lysis buffer
(20 mM Tris-HCI (pH 8.0), 300 mM NacCl, 20 mM imidazole), and the
lysates were clarified by centrifugation at 21,000 x g, 4 °C for1h, and
filtered through a 0.45 um filter. Proteins were purified by affinity chro-
matography using Ni-NTA resin (Qiagen) and agravity column (Biorad).
Ni-NTA resin was pre-equilibrated with lysis buffer, bound to target
proteins, washed with wash buffer (20 mM Tris-HCI (pH 8.0), 300 mM
NaCland 50 mMimidazole for cGAS and its mutants; 20 mM Tris-HCl
(pH 8.0), 300 mM NaCl, and 50, 80 or 100 mM imidazole for E2, its
mutants and the co-expressed proteins, respectively) and eluted with
elution buffer (20 mM Tris-HCI (pH 8.0), 300 mM NaCl and 100 mM
imidazole for cGAS, its mutants and the co-expressed proteins; 20 mM
Tris-HCI (pH 8.0),300 mM NaCland 200 mMimidazole for E2 and its
mutants). Proteins were filter concentrated using centrifugation and
a10 kDa or 30 kDa cut-off column (Millipore Sigma) and dialysed at
4 °Cfor~24 hagainstdialysis buffer (50 mM Tris-HCI (pH 7.5),100 mM
NaCl,0.1mMEDTA, 0.1% Triton X-100 and 50% glycerol). Proteins were
analysed by SDS-PAGE with Coomassie blue (Bio-Rad) staining.

Structure prediction

ColabFold was used to predict the structure of the cGAS-E2 complex.
Multiple sequence alignment was performed using MMseqs2 (UniRef +
Environmental). Structural prediction was performed using AlphaFold
onavirtual cluster node with aNvidia Tesla P100 GPU.

Cryo-EM sample preparation and data collection
The cGAS-E2 complex was further purified by size-exclusion chromato-
graphy on a HiLoad 16/600 Superdex 200 pg column (Cytiva) in TBS
buffer (20 mM Tris—HCI (pH 8.0),100 mM NaCl). Proteins were concen-
trated to3-7 mg ml™, flash-frozeninliquid nitrogen and stored at 80 °C.
A 3 pl drop of cGAS-E2 sample at 0.7 mg ml™ was applied to
glow-discharged copper Quantifoil R1.2/R1.3 grids, blotted for 3 s in
100% humidity at 8 °C and then plunged into liquid ethane using a Vit-
robot Mark IV. All grids were screened using a Glacios microscope. The
datawere collected ona300 keV Titan Krios G4 microscope equipped
withaGatanK3 direct electron detector and a Gatan Quantum energy
filter at the Cryo-EM Unit of the Core Facility of Wuhan University.
For the initial dataset, 5,883 videos were collected in super-
resolution mode, with 40 frames per video, 1.61 s exposure time,
50 e” A2accumulated dose and 0.335 A pixel size. For the final dataset,

the cGAS-E2 sample concentration was increased to 3.2 mg ml™ and
UltrAuFoil grids were used instead for plunging. A total of 4,752 videos
were collected in super-resolution mode, with 40 frames per video,
2.16 sexposure time, 70 e” A2accumulated dose and 0.335 A pixel size.

Cryo-EM data processing and model building

For dataset 1, videos were binned 2x (pixel size, 0.67 A) and motion
corrected using patch motion correction in CryoSPARC***, followed
by patch contrast transfer function estimation performed in the same
software. Particles were picked using a blob picker, binned 2x (pixel
size, 1.34 A) and subjected to two rounds of 2D classifications in Cry-
oSPARC with the number of online-EM iterations set to 40 and batch
size per class set to 400. A total of 869,610 particles representing the
binary complex were selected and were used for ab initio 3D recon-
structionand heterogeneousrefinements (Extended Data Fig. 3a). One
class out of four was selected for 3D refinement using homogeneous
refinement in C1 symmetry, resulting in a 3.8 A cryo-EM density map
of cGAS-E2. After global contrast transfer function refinement, a soft
mask excluding the flexible terminal loops of the cGAS-E2 complex was
generated and used for local refinementin CryoSPARC. Particles were
unbinned and used for another round of local refinement, and the final
map resolution of the cGAS-E2 complex was 3.35 A.

The dataprocessing procedures of dataset 2 were similar to those
of dataset1, with afew differences (Extended DataFig.3b). (1) Ageneral
Topaz* * model was trained with the particles from the initial dataset
and used for particle picking. A blob picker was also used for picking,
and after the first round of 2D classification, particles picked fromthe
two pickers were merged and duplicate particles were removed. (2) Het-
erogeneousrefinement (3D classification) was performed on 512,003
particles from 2D classification using the low-passed 3.35 A map as
the initial model. (3) The final cryo-EM map of the cGAS-E2 complex
reached aresolution of 3.0 A. Some degree of preferred orientation was
presentinboth of the datasets, resulting inanisotropic maps (Extended
Data Fig. 3¢,d). DeepEMhancer*® was used for post-processing to
improve the anisotropic map, which helped with the interpretation
of the map. The initial model of cGAS-E2 was generated by rigid body
fitting of the predicted cGAS-E2 structure into the cryo-EM maps using
Chimera*’. Regions with no electron densities were removed from the
model, including residues 1-4,191-210 and 389-396 from cGAS and
1-3 from E2. Linkage between cGAS Y405 and E2 K159 was modelled
based on the densities with local adjustments. Initial B factors for all
atoms of the model were set to 94.7 based on the Guinier plot from
the finallocal refinement job. Inspection, model building and manual
adjustments were performed in Coot*®, and real-space refinements
were carried out in Phenix***°. Representations of cryo-EM densities
and structural models were generated using ChimeraX* and PyMOL*.

Invitrobonding assay

To reconstitute the covalent attachment of cGAS to E2 in vitro, cGAS
and E2 or their mutants were mixed in 50 mM Tris—-HCI (pH 7.0), unless
otherwise noted. The mixture was incubated at 4 °C for the indicated
periods. Thereactionwas quenched by adding SDS sample buffer with
DTT (Solarbio Life Sciences) or without DTT (Biosharp Life Sciences) and
heating at 95 °C for 5 min. Proteins in the solutions were separated by
SDS-PAGE inthe absence of reducing agent and stained with Coomassie
blue. Therate of the thioester bond formationin cGAS-E2 at pH 5.0 was
calculated based on gel analysis. At each time interval, the amount of
thioester bonds was calculated by subtracting the amount of isopep-
tidebonds (as quantified by cGAS-E2in the presence of DTT) fromthe
amountof total bonds (thioester +isopeptide, as quantified by cGAS-E2
inthe absence of DTT). GraphPad Prism was used for data analysis.

Invitro cleavage assay
To examine the effect of low pH on the cGAS-E2 complex, the cGAS-E2
complex or its mutant was incubated in citrate buffer with a different
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pH (Shyuanye) at 4 °C for the indicated periods. The reaction was
quenched by adding SDS sample buffer with DTT or without DTT and
heating at 95 °C for 5 min. Proteins in the solutions were separated by
SDS-PAGE inthe absence of areducing agent and stained with Coomas-
sie blue. GraphPad Prism was used for data analysis.

LC-MS/MS analysis
For liquid chromatography (LC)-MS/MS identification of the modified
proteins, samples were separated on SDS-PAGE and protein bands
of interest were excised and subjected to in-gel trypsin digestion as
previously described®”. Peptide identification was conducted using
a hybrid ion trap-Orbitrap mass spectrometer (LTQ Orbitrap Velos,
Thermo Fisher Scientific) coupled with nanoflow reversed-phase lig-
uid chromatography (EASY-nLC 1200, Thermo Scientific). A capillary
column (75 pm x 150 mm) packed with 4 pm, 100 Assilica-based Magic
C18AQssilica particles (Michrom BioResources) was prepared with a
laser-pulled electrospray tip (model P-2000, Sutter Instrument). The
column operated at a flow rate of 300 nl min™ with the mobile phases
consisting of solvent A (97% water, 3% acetonitrile and 0.1% formic
acid) and solvent B (20% water, 80% acetonitrile and 0.1% formic acid).
TheLCgradientstarted at 7% solvent B for 3 min and linearly increased
to 40% solvent B in 40 min. Within 2 min, the gradient was ramped
up to 90% solvent B and maintained for 10 min. In a data-dependent
acquisition mode, the eluted peptides from the capillary column were
electrosprayed directly into the mass spectrometer. A full MS scan
(m/zrange 400-1,500, resolution 60,000) was performed using the
Orbitrap mass analyser, and the 10 most intense ions were selected
for fragmentation under collision-induced dissociation. Dynamic
exclusion was applied with arepeat duration of 30 s and an exclusion
duration of 12's. MS/MS spectra were searched against cGAS and E2
protein sequences using Mascot software (version 2.3.02, Matrix Sci-
ence). Key search parameters included mass tolerance of 20 ppm for
precursor ions and 0.8 Da for MS/MS ions, a maximum of two missed
cleavages, carbamidomethylation of cysteine (+57.02146 Da) as static
modification and oxidation (+15.99492 Da) of methionine as dynamic
modification. Identified peptides were filtered to achieve a false dis-
covery rate <1%. The corresponding peptide peaks were obtained from
Thermo Xcalibur 2.2 (Thermo Fisher Scientific).

Proteomic analysis of the cGAS-cGAS bands was performed using
a commercial company vendor (Genecreate). The protein samples
were mixed with NuPAGE LDS sample buffer (Invitrogen) and sepa-
rated using NuPAGE 4 to 12% Bis-Tris gel. The corresponding gel bands
were then cut and washed with 40% H,0, 60% acetonitrile and 50 mM
NH,HCO; (pH 8.0), and the protein bands to be identified were reduced
and alkylated using TCEP and chloroacetamide, respectively. The gel
pieces were digested with trypsin (20 ng ml™)in 50 mM NH,HCO, (pH
8.0) at 37 °C overnight. The digested peptides were extracted with
40% H,0, 60% acetonitrile and 1% formic acid, dried and reconsti-
tuted with 1% formic acid for LC-MS/MS analysis. The tryptic peptides
(100 ng) were analysed onan UltiMate 3000 RSLCnano coupledtoaQ
Exactive HF mass spectrometer (Thermo Fisher Scientific). The pep-
tides were firstloaded ontoa 75 um x 2 cmtrap column and separated
ona75pum x25cm Pepmap C18 analytical column (Thermo Fisher
Scientific) with a binary buffer system. Buffer A was 0.1% formic acid
and 3% DMSO in 100% H,0, and buffer B was 0.1% formic acid and 3%
DMSOQin80% acetonitrile with20% H,0. The Eclipse mass spectrometer
was operated in data-dependent acquisition mode with one full MS
scan followed by MS/MS scans with higher-energy collision-induced
dissociation fragmentation. The typical MS settings were spray voltage
of 2.2 kV, heated capillary temperature of 320 °C and higher-energy
collision-induced dissociation energy of 27. The LC-MS/MS raw data
were processed with Maxquant for protein identification using a tai-
lored database containing the sequences of E2 and cGAS and the £. coli
strain B/BL21(DE3) proteome database in Uniprot. The typical search
parameters were enzymatic specificity of Trypsin/P with a maximum

of two missed cleavages and variable modifications of oxidation on
methionine. Carbamidomethyl (Cys) was set as the fixed modification.
Allresults were screened at 1% protein and peptide level false discovery
rate. Only peptides identified with high confidence were chosen for
downstream protein identification analysis.

To characterize the product of cGAS, we performed LC-MS/MS on
aThermo Scientific UltiMate 3000 system coupled to a Thermo Scien-
tific Orbitrap LC/MS (Q Exactive), using a Thermo Hypersil GOLD C18
column (100 mm x 2.1 mm, 3 pum) maintained at 25 °C with a flow rate of
0.25 ml min™. The mobile phase consisted of methanol (A) and 20 mM
ammonium acetate (B). The high-performance liquid chromatography
(HPLC) gradient was as follows: 0-7 min, 2% A; 7-12 min, 2-30%A. The
columnwasre-equilibrated for 7 minat 2% A. Detection was performed
in positive ionization mode using an electrospray ionization source
under the following parameters: spray voltage, 3.2 kV; sheath and aux-
iliary gas flow rates, 40 and 15 arbitrary units, respectively; maximum
spray current,100.00 pA; S-lens RF level, 50%; capillary temperature,
300 °C; and probe heater temperature, 350 °C. Profile MS1 spectra
were acquired with the following settings: mass resolution, 70,000;
AGCvolume, 3 x 10 maximuminjection time, 100 ms; and scan range,
300-1,000 m/z. Acquisition of data-dependent MS/MS spectra was
performed using collision-induced dissociation with the following set-
tings: mass resolution,17,500; AGC volume, 1 x 10%; maximum IT, 50 ms;
loop count, 10; isolation window, 4.0 m/z; and normalized collision
energy, 20 eV,40 eV and 60 eV. Data are reported for the z=1acquisi-
tion for eachindicated cyclic nucleotide. The chemical structures were
drawn using ChemDraw version19.0.

Peptide N-terminal sequencing

N-terminal sequencing of the MBP-containing peptides based on the
Edman degradation method was performed by Beijing Bio-Tech Pack
Technology. Peptide samples were separated by SDS-PAGE, trans-
ferred to a PVDF membrane (GE), identified by staining and cut out.
A PPSQ-33A Edman sequencer (SHIMADZU) was used to analyse the
proteinsamples onthe PVDF membrane. Amino acids were identified
one by one starting from the N terminus of the peptides by a cyclic
reactionto determine the N-terminal sequences. The original dataand
spectra generated by PPSQ-33A were identified using PPSQ-30 data
processing software, and the corresponding spectra were derived.

Fluorescence analysis

For the fluorescence imaging, we constructed an N-terminal
GFP-tagged cGAS by attaching asynthetic construct GFP+gene (NCBI
GenBank KF410615.1) to the coding sequence of cGAS to visualize
the poly-cGAS. GFP-cGAS was co-expressed and co-purified with the
E2(K159A) mutant, and proteins eluted were analysed by SDS-PAGE
and detected with the Fluorescence/Chemiluminescence imaging
system (ChemiScope 6000 Touch).

HPLC analysis of enzymaticreactions

CD-NTase reactions were performed essentially as previously
described®. In brief, 20 pl reactions contained 2 uM enzyme and
250 uM all four ribonucleotides (New England BioLabs) in reaction
buffer with 50 mM Tris-HCI(pH7.5),100 mM NaCl, 2.5 mM MnCl,/MgCl,
and 1mM DTT, unless otherwise noted. Reactions were incubated at
37 °Cfortheindicated periods,inactivated at 80 °Cfor 10 minand cen-
trifuged for 15 minat 21,000 x gto remove precipitated protein. Reac-
tion products were analysed by HPLC with aZORBAX Eclipse XDB-C18
(4.6 x 250 mm) column and an Agilent 1260 Infinity Il Series LC system.
Next, 10 pl of the reaction product was injected into the column and
eluted with solvent A (methanol, Sigma) and solvent B (20 mM ammo-
nium acetate, Sigma) ata flow rate of 1 ml min™ using the following linear
gradient: 0-5min, 5% A; 5-15 min, 5-100% A; and 15-20 min, 100% A. The
column was re-equilibrated for 5 min at 5% A. To analyse the reaction
products treated with CIP or nuclease P1,20 pl of the reaction product
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was treated with 1l of calf intestinal alkaline phosphatase (CIP) or
nuclease P1 (New England BioLabs) at 37 °C for 1 h and inactivated at
80 °C for 10 min before centrifugation and analysis by HPLC.

Western blots

Rabbit cGAS polyclonal antibody was generated with a commercial
vendor (AtaGenix) using a purified cGAS antigen. Serum was used at
1:1,000 for cGASimmunoblot detection. GAPDH antibody (ab125247,
Abcam)was used at 1:1,000 as a loading control.

For whole-cell lysate analysis, £. coli BL21 carrying the indicated
plasmid were grown to mid-logarithmic phase and protein expres-
sionwasinduced using 0.2 mM IPTG. Cells were infected with phage
T4 for the indicated periods at a multiplicity of infection (MOI) of 5.
Cells were lysed using FastBreak cell lysis reagent (Promega) at room
temperature for 15 min, followed by centrifugation at 4 °C to remove
cellular debris. Subsequently, 80 pl soluble lysates were mixed with
20 pl 5% SDS sample buffer with DTT, heated and concentrated at
100 °C for 30 min followed by a 5 min centrifugation at 21,000g.
Proteins in the solutions were separated by SDS-PAGE, then trans-
ferred to PVDF membranes (Millipore Sigma) charged in methanol.
Membranes were blocked in nonfat dry milk for1 hat24 °C, followed
by incubation with primary antibodies diluted in antibody dilution
bufferat1:1,000 overnight at 4 °C. PVDF membranes were thenincu-
bated with the HRP-conjugated goat anti-rabbit IgG (SA00001-2,
Proteintech) or HRP-conjugated goat anti-mouse IgG (SA0O0001-1,
Proteintech) at1:5,000 dilutionin TBST for 1 h at 24 °C and detected
with an ECL Chemiluminescent Substrate Kit (YEASEN) and Amersham
Imager 680 (GE Health).

Plaque assays

Phages were propagated by infecting exponentially growing E. coli
B culture in LB medium at an MOI of 1:100-1:1,000, incubated at
37 °C with shaking (200 rpm) until clearing of the culture. The lysate
was centrifuged and the supernatant was filter sterilized through a
0.45 pm filter.

Bacteriophage infection assay was determined using the small
drop plaque assay method*>’. The E2-CBASS operon and its mutants, as
indicated, were cloned into the pQE82L vector and transformed into
E. coli BL21. Cells containing an empty vector (pQE82L) were used as
control. A single bacterial colony was picked and grownin LB at 37 °C
to an OD,, of ~0.2. E2-CBASS operon expression was induced using
50 uMIPTG, followed by further growth for 1 hto an OD,, 0f 0.6-0.7.
Cellsatavolume of 800 pl were mixed with 25 ml of LB with 0.75% agar
containing the appropriate antibiotic selectionand IPTG (50 pM), and
the entire sample was poured onto plates. The phage stock was tenfold
serially diluted, and 4 pl drops of diluted phage lysate were placed on
thesolidified agar. The plates were thenincubated at 37 °C for16-18 h
before imaging.

Steady-state kinetic measurement

For steady-state kinetic measurements of cGAS, the standard 20 pl
reaction mixture included 50 mM Tris-HCI (pH 7.5), 2.5 mM MnCl,,
100 mM NaCl, 1 mM DTT, 1 uM cGAS, 1 mM ATP (or GTP) and various
concentrations (15.6 pM, 31.3 pM, 62.5 uM, 125 pM, 250 pM, 500 uM
and 1,000 puM) of GTP (or ATP). For each nucleotide concentration,
samples were incubated at 37 °C for 15 min. Reactions were imme-
diately heat inactivated at 80 °C for 10 min, and the samples were
centrifuged for 15 min at 17,000 x g to remove precipitated protein.
Of each sample, 10 pl was injected and reactions were analysed by
HPLC, as detailed above. Absorbance units were converted to pmol I
by comparing withastandard curve from 7.8 uMto1 mM of chemically
synthesized 3’,2’-cGAMP (Biolog Life Sciences). Data were fitted by
linear regression, and nonlinear curve fitting Michaelis—-Menten kinet-
ics and allosteric sigmoidal curves were calculated using GraphPad
Prismversion 8.0.2.

Bioinformatic analyses

Bioinformatic analysis of E2s and CD-NTases (cGASs) was performed by
acommercial company vendor (Abiostar). The alignmentsin Extended
Data Fig. 6a,c and Supplementary Figs. 1-5 were adapted from pre-
viously published datasets". More than 2,200 CD-NTase and Cap2
protein sequences from different strains were downloaded from the
Intergrated Microbial Genomes & Microbiomes database. These pro-
tein sequences were analysed using Clustal Omega (version 1.2.4) for
multiple sequence alignment, with default parameters selected. For
eachsubset of CD-NTasesindicated in Extended DataFig. 6a, tenamino
acidsat the C terminus were extracted and aligned to create asequence
logo using the R language ggseqlogo (version 0.1). For each subset of
E2s indicated in Extended Data Fig. 6¢, 20 amino acids upstream and
downstream of the active site cysteine were extracted and aligned to
create a sequence logo. In addition, five amino acids upstream and
downstream of the H152 residue of E2 in this study were also extracted
and aligned to create asequence logo using the R language ggseqlogo.

Measurement of intracellular pH during phage T4 infection

For theintracellular pH measurement during phage T4 infection using
the intracellular pH probe BCECF-AM**, E. coli BL21 were grown until
0Dy, reached1.0,and 10 pM BCECF-AM was added to the cultures for
60 min at 37 °C in the dark. Then, the medium containing the probe
was eliminated, and the cells were washed twice and resuspended
with the elution buffer (20 mM HEPES (pH 7.4), 153 mM NacCl, 5 mM
KCland 5 mMglucose). Cells were then infected by phage T4 atan MOI
of 5, and uninfected cells were used as controls. Fluorescence intensi-
ties were measured at excitation wavelengths of 490 nm and 430 nm,
and the emission wavelength was recorded at 530 nmin a Synergy H1
microplatereader (BioTek) at various postinfection times. A standard
curvewas determined using the free acid form of BCECF suspendedin
elution buffer ranging from pH 4.0 topH10.0. The intracellular pHwas
calculated from the ratios of emission fluorescence intensities upon
excitations at 490 nm and 430 nm using the standard curve.

For the intracellular pH measurement using the fluorescence
resonance energy transfer (FRET)-based protein sensor>, a plasmid
of pH-Lemon was transformed into chemically competent E. coli BL21,
and cellswere grown until OD4,, reached1.0. Then, the culture medium
was eliminated, and the cells were washed twice and resuspended
with the elution buffer. Cells were infected by phage T4 at an MOI of
5, and uninfected cells were used as controls. Fluorescence intensi-
ties were measured at excitation wavelengths of 435 nm and emis-
sion wavelengths of 480 nm and 530 nm in the microplate reader at
various postinfection times. A standard curve was determined using
purified pH-Lemon at different pH values (elution buffer as above)
in vitro. The intracellular pH was calculated from the ratios of emis-
sion fluorescence intensities upon excitations at 480 nmand 530 nm
using the standard curve.

Statistics and reproducibility

All statistical analyses were performed using Microsoft Excel 2019,
OriginProversion 9.1and GraphPad Prism version 8.0.2. Graph plotting
and statistical analysis were performed using GraphPad Prism version
8.0.2.Errorbars and the number of replicates for each experiment are
definedinthe figure legends. No statistical methods were used to pre-
determine sample sizes used for experiments, but sample sizes are in
line with field standards. No datawere excluded from the analyses. Ran-
domization was used for sampleinjection order in high-performance
liquid chromatography mass spectrometry measurements, and other
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Data supporting the findings of this study are available in this Article
and its Supplementary Information. Genomes of S. marcescens were
sequenced previously, and sequences are publicly available. GenBank
accessions for the CBASS operons usedin thisstudy are found in Meth-
ods. Primersused in this study are provided in Supplementary Tables 3
and 4. The E. coli strain B/BL21-DE3 proteome database that was used
in this study can be accessed at Uniprot (UPO00002032). The mass
spectrometry proteomics datahave been deposited to the ProteomeX-
change Consortium (https://proteomecentral.proteomexchange.
org) via the iProX partner repository**” with the dataset identifier
PXD050178. For the cGAS-E2 complex, coordinates are available at
the RCSB PDB (http://www.rcsb.org) under accession codes S8HSB
and 8YJY, and electron microscopy maps are available at the Electron
Microscopy Data Bank (EMDB; https://www.ebi.ac.uk/emdb/) under
accession codes EMD-34992 and EMD-39353. Source data are provided
with this paper.

Code availability

No custom code was used for data analyses.
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Extended Data Fig. 1| Invitro characterization of the enzymatic activity

of cGAS. a, HPLC analysis of nucleotide second messenger synthesis by cGAS
using various nucleotide substrates. cGAS synthesizes a product only in the
presence of both ATP and GTP. b, cGAS synthesis activity is dependent on Mn?".
¢, Optimal Mn?* concentration for cGAS. The products synthesized at various
Mn? concentrations were quantified by HPLC. Dataare mean +s.d.forn =3
independent replicates. d, Comparison of the activities of cGAS and its D84A/
D86A mutant. e, cGAS product was degraded by nuclease P1but not CIP, as
analyzed by HPLC. f, Comparison of the retention time of possible cGAMP

variants (3,3’-cGAMP, 2,3’-cGAMP, and 3’,2’-cGAMP) and the cGAS product.

g, MS/MS fragmentation spectra of the cGAS product (top) and the standard
37,2’-cGAMP (bottom), and the chemical structure of 3’,2’-cGAMP. h, Michaelis-
Menten kinetics plot of ATP and GTP for cGAS. Km, kcat and kcat/Km for ATP are
393.0 £15.3 uM, 2.4 + 0.3 min"and 5.9 x 103, respectively. For GTP, Km, kcat and
kcat/Kmare 94.2 +11.1 uM, 2.6 + 0.2 min"and 2.8 x 10?, respectively. Data are
mean +s.d. for n=3independent replicates. All data are representative of three
independent experiments.
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Extended DataFig. 2| Predicted structure of the cGAS-E2 complex. a, SDS-
PAGE analysis of the in vitro assembly of the covalent cGAS-E2 protein. Two
proteins were mixed at amolar ratio of 1:1and incubated at 4 °C for the indicated
periods (cGAS+E2). Since both cGAS and E2 were His-tagged during the in vitro
reconstruction, the molecular weight of cGAS-E2 protein was slightly higher
than that obtained in vivo from His-tagged cGAS and non-tagged E2. Data are
representative of three independent experiments. b,c, Chromatography traces

and SDS-PAGE analysis of purified cGAS-E2 complex. Data are representative
ofthreeindependent experiments. d, Representative cryo-EM micrograph of
cGAS-E2 complex. Data are representative of three independent experiments.
e, Ribbon diagram of the top ranked structure prediction of cGAS-E2 complex
colored by the per-residue LDDT scores. f, Ribbon diagram of the top ranked
structure prediction of cGAS-E2 complex with cGAS and E2 colored in green and
orange, respectively.
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Extended DataFig. 4| Sequence alignment of cGAS and E2 homologs. a,
Sequence alignment of the C-terminal residues of cGAS and CD-NTase homologs
from other E2-CBASSs. A conserved C-terminal glycine is marked by ared
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triangle. See also Supplementary Fig.1. b, Sequence alignment of E2 and its
orthologs shows two conserved cysteine residues (marked by red triangles). See
also Supplementary Fig. 2.
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Extended DataFig. 5| Characterization of the bond formed between cGAS HPRPSEVKNER bearing an NTFY remnant at K159 (red). MS signals of the control
Y405 and E2K159. a, Magnified view of the E2 active site in cGAS-E2 complex peptide were only detected in E2 but not cGAS or cGAS-E2 samples. In contrast,
showing continuous density between Y405 of cGAS and K159 of E2. b, Extracted MS signals of the modified peptide were only detected in cGAS-E2 but not E2 or
ion chromatograms (left panel) and corresponding mass spectra of precursor cGAS samples. All data are representative of three independent experiments.
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Extended Data Fig. 6 | Comparison of CD-NTase and E2 homologs. a, Sequence
logos for CD-NTase (cGAS) from type Il CBASSs. Left and right show sequence
logos for the C-terminal 10 residues of CD-NTase from E1E2/JAB-CBASSs and
E2-CBASSs, respectively. Data are depicted as bits and signified by the height
of eachresidue. Different colors indicate the chemical properties of amino
acids. See also Supplementary Fig.1,3.b, Sequence alignment of E2 homologs
from E2-CBASSs and E1E2/JAB-CBASSs show that they share low homology. The
two crucial histidine residues (marked by red triangles) are conservative in E2
from E2-CBASSs but not EIE2/JAB-CBASSs. See also Supplementary Fig. 2,4, 5.
¢, Sequence logos for the active site sequences of Cap2 (E2) from E2-CBASSs.
Top left and right show 20 amino acids upstream and downstream of the active

site cysteine, and 5 amino acids upstream and downstream of the residues
corresponding to H152, respectively. The positions corresponding to H87, C101,
and H152 are marked by red triangles. Bottom, Sequence logo for the active site
sequences of E2 domain of Cap2 (E1E2) from E1IE2/JAB-CBASSs. 20 amino acids
upstream and downstream of the active site cysteine are shown. The active site
cysteine is marked by ared triangle. Data are depicted as bits and signified by
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of different amino acids. See also Supplementary Figs. 2, 4. d, Superimposed
structures of E2 (orange) and human E2 (gray, PDB ID 4AUQ) show that no similar
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Extended Data Fig. 7 | Characterization of the thioester bond in cGAS-E2.
a, Extracted ion chromatograms (upper panel) and corresponding mass spectra
of precursor ions (lower panel) of the modified peptide LCLFLPR bearing an

NTFY remnant at C101 (red). MS signals of the modified peptide were only

detected in cGAS-E2 samples without DTT treatment but not samples of E2, cGAS

or cGAS-E2 treated with DTT. b, SDS-PAGE analysis showed that the thioester
bond (-DTT) and isopeptide bond (+DTT) in cGAS-E2 are interconvertible at
various pH. ¢, SDS-PAGE analysis of the in vitro processing of cGAS-MBP by

E2,E2 (C101A), or E2 (H87A). All data are representative of three independent

experiments.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Characterization of the isopeptide bond in poly-
cGAS. a, Extracted ion chromatograms (left panel) and corresponding
mass spectra of precursor ions (right panel) of the control peptide
EQGSLHLDKK and the modified peptide EQGSLHLDKK bearingan NTFY
remnant at K381 (red). b, Extracted ion chromatograms (left panel) and
corresponding mass spectra of precursor ions (right panel) of the control

peptide TGGLIATGLAGTAAQAGVPKNTFYGE and the modified peptide
TGGLIATGLAGTAAQAGVPKNTFYGE bearing an NTFY remnant at K401 (red). In
both cases, MS signals of the modified peptides were only detected in cGAS-cGAS
samples but not cGAS alone. ¢, SDS-PAGE analysis of cGAS mutants (indicated

on above gel) co-purified with E2K159A. All data are representative of three
independent experiments.
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Extended Data Fig. 9 | Regulation of cGAS activity by E2-mediated poly-

cGASylation. a, HPLC analysis and quantification of the 3’,2’-cGAMP synthesized

by cGAS and variants as shown in Fig. 5a, with concentrations of ATP, GPT,
and Mn being 250 uM, 250 uM, and 2.5 mM, respectively. b, HPLC analysis and

quantification of the 3,2’-cGAMP synthesized by cGAS and variants as shown

in Fig. 5b, with the concentration of ATP, GTP, or Mn*" in the reaction reduced

by half compared to those ina. All data are representative of three independent

experiments.
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Extended Data Fig.10 | Mechanisms underlying poly-cGAS formation. a, 2D infection. pH was determined using the intracellular pH probe BCECF-AM (red) or
class averages of cGAS-E2 dimer (left) and the modeled structure based on the the FRET-based protein sensor (blue), respectively. Dataare mean +s.d.forn=3
2D averages (right). b, Intracellular pH change of £. coli BL21 during T4 phage biological replicates.
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Data supporting the findings of this study are available in this article and its Supplementary Information files. Genomes of Serratia marcescens were sequenced
previously, and sequences are publicly available. GenBank accessions for the CBASS operons used in this study are found in the Methods. Primers used in this study
are provided in Supplementary Table 3 and 4. The E. coli strain B/BL21-DE3 proteome database that was used in this study can be accessed at Uniprot
(UP000002032). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (https://
proteomecentral.proteomexchange.org) via the iProX partner repository with the dataset identifier PXDO50178. For the cGAS-E2 complex, coordinates are available
at the RCSB Protein Data Bank (PDB) (http://www.rcsb.org) under accession code 8HSB and 8YJY, and electron microscopy maps are available at the Electron
Microscopy Data Bank (EMDB) (https://www.ebi.ac.uk/emdb/) under accession code EMDB-34992 and EMD-39353. Minimum datasets that are necessary to
interpret, verify, and extend the research in the article are provided as source data with this paper.
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Data exclusions | No data were excluded from analyses.

Replication Experiments were performed with multiple biological replicates as detailed in the Figure Legends or Methods, no failed replications occurred.

Randomization  Randomization was used for sample injection order in high performance liquid chromatography mass spectrometry measurements.
Randomization is not standard for the other experiments performed, which contained multiple steps requiring distinct and skillful operations,
typical in a large number of samples. The need for accuracy, precisions, and data logging in these biochemical and microbiological
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Blinding The Investigators were not blinded to allocation during experiments and outcome assessment as, after each experimental setup, all
measurements and analyses were performed identically across all conditions.

Reporting for specific materials, systems and methods

>
Q
=)
e
(D
O
@)
=4
o
=
—
(D
O
@)
=
)
(@]
wv
C
=
=
)
<




We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Antibodies

Antibodies used Anti-GAPDH antibody produced in mouse (ab125247, Abcam), Custom rabbit anti-cGAS antibody generated by AtaGenix, HRP-
conjugated goat anti-rabbit IgG (SA00001-2, Proteintech), and HRP-conjugated goat anti-mouse IgG (SAO0001-1, Proteintech).

Validation Anti-GAPDH was validated by the manufacturer and validation information can be found at the manufacturers' website (https://
www.abcam.cn/products/primary-antibodies/gapdh-antibody-galr-loading-control-ab125247.html); Custom rabbit anti-cGAS
antibody was validated in Figure 5c using cells not expressing cGAS; HRP-conjugated goat anti-rabbit 1gG (https://www.ptgen.com/
products/HRP-conjugated-Affinipure-Goat-Anti-Rabbit-lgG-H-L-secondary-antibody.htm) and HRP-conjugated goat anti-mouse 1gG
(https://www.ptgcn.com/products/HRP-conjugated-Affinipure-Goat-Anti-Mouse-IgG-H-L-secondary-antibody.htm) were validated by
the manufacturer and validation information can be found at the manufacturers' website.
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Seed stocks No plants were used.

Novel plant genotypes  No plants were used.

Authentication No plants were used.
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