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SUMMARY

Animal and bacterial cells sense and defend against viral infections using evolutionarily conserved antiviral
signaling pathways. Here, we show that viruses overcome host signaling using mechanisms of immune
evasion that are directly shared across the eukaryotic and prokaryotic kingdoms of life. Structures of animal
poxvirus proteins that inhibit host cGAS-STING signaling demonstrate architectural and catalytic active-site
homology shared with bacteriophage Acb1 proteins, which inactivate CBASS anti-phage defense. In bacteria,
phage Acb1 proteins are viral enzymes that degrade host cyclic nucleotide immune signals. Structural com-
parisons of poxvirus protein-2'3'-cGAMP and phage Acb1-3'3'-cGAMP complexes reveal a universal mecha-
nism of host nucleotide immune signal degradation and explain kingdom-specific additions that enable viral
adaptation. Chimeric bacteriophages confirm that animal poxvirus proteins are sufficient to evade immune
signaling in bacteria. Our findings identify a mechanism of immune evasion conserved between animal and
bacterial viruses and define shared rules that explain host-virus interactions across multiple kingdoms of life.

INTRODUCTION

Animal, plant, and bacterial cells each require the ability to recog-
nize viral infection and defend against viral replication. Key protein
components of antiviral immunity are directly conserved between
animal cells and bacteria, demonstrating that the origins of cellular
defenses against viral infection are ancient."® As a founding
example, the human cyclic GMP-AMP synthase, stimulator of
interferon genes (cCGAS-STING) pathway responsible for recogni-
tion of viral DNA, originated first in bacteria as an ancient mecha-
nism of anti-phage defense.”® Human cGAS and animal cGAS-
like receptors (CGLRs) sense viral nucleic acid and enzymatically
synthesize nucleotide immune signals, including 2'-5', 3'-5' cyclic
GMP-AMP (2'3'-cGAMP), to induce downstream innate immune
activation via the receptor STING.”"" In bacteria, evolutionarily
related cGAS-like enzymes named cGAS/DncV-like nucleotidyl-
transferases (CD-NTases) sense phage infection and synthesize
nucleotide immune signals, including 3'3'-cGAMP, to activate
STING-like proteins and other antiviral effectors that induce cell
dormancy or cell death to prevent phage propagation.*®'%'3
Ancient prokaryotic conservation of proteins in the human inter-
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feron response and inflammasome signaling further demonstrate
the evolutionary connections that link animal antiviral immunity
and bacterial anti-phage defense.’*'®

Viruses use diverse mechanisms of immune evasion to over-
come host antiviral responses. To limit immune recognition, viral
replication rapidly selects genome mutations and protein amino
acid substitutions that prevent interaction with immune proteins
and shield escape viruses from detection.'®? In addition to
escape mutations, viruses that infect animal and bacterial cells
acquire proteins dedicated to inhibition of host immune
signaling. Major themes of active immune evasion include
viral proteins that directly bind and inhibit host immune recep-
tors,?*® viral proteins that degrade host components and
signaling molecules,?”~° and viral replication factors that repro-
gram cell signaling and metabolism to subvert immune re-
sponses.”*°°*2 Comparative analyses of viral replication stra-
tegies have revealed disparate mechanisms used to inhibit
host immunity, but no evolutionary links were thought to directly
unite animal and bacterial viral immune evasion.

Here, we show that animal and bacterial viruses share
conserved mechanisms of host immune evasion. We find that
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animal poxvirus proteins inhibit host cGAS-STING signaling in a
manner that is structurally and mechanistically similar to bacte-
riophage immune evasion proteins that inactivate evolutionarily
related cyclic oligonucleotide-based antiviral signaling system
(CBASS) defense pathways in bacteria. X-ray crystal structures
of poxvirus proteins and phage anti-CBASS (Acb) immune
evasion proteins demonstrate that animal and bacterial viral in-
hibitors share a universal mechanism of host immune signal
degradation that prevents animal 2'3'-cGAMP and bacterial
3'3'-cGAMP immune activation. We define kingdom-specific
protein additions that repurpose ubiquitous host enzymes
for viral immune evasion and demonstrate that evolutionarily
related eukaryotic viral immune evasion proteins are
sufficient to disrupt immune signaling in bacteria. Our results
extend the cross-kingdom conservation of antiviral immunity
to include mechanisms of viral immune evasion and define
shared rules that explain host-virus interactions across king-
doms of life.

RESULTS

Animal poxvirus proteins are structural and functional
homologs of bacteriophage Acb1 immune evasion
enzymes

A recent database of protein structure predictions encompassing
4,000 eukaryotic viral species identified uncharacterized proteins
in viruses of the family Poxviridae as potential homologs of the
phage protein Acb1.%® In bacteria, Acb1 is a phage immune
evasion protein that enzymatically degrades nucleotide immune
signals to inhibit host CBASS anti-phage defense.”® To define
the relationship between animal poxvirus proteins and
phage Acb1, we determined an X-ray crystal structure of a candi-
date homolog gp029 encoded by penguinpox virus
(YP_009046028.1, renamed here “cGAMP phosphodiesterase
[PDE]”) (Table $1).** The structure of poxvirus cGAMP PDE re-
veals remarkable similarity with phage Acb1 proteins, demon-
strating near exact placement of all major structural elements
including strands B1-35 that form a cup-shaped enzymatic core
and helices a4, a7, and a8 that brace the outside of the viral
enzyme (Figure 1A). Further supporting direct structural similarity,
poxvirus cGAMP PDE and phage Acb1 share an identical active-
site tetrad comprised of two HXT motifs located on adjacent
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strands 2 and B4, and each enzyme coordinates a superimpos-
able configuration of four water molecules known to be required
for nucleotide substrate coordination (Figure 1B).?%*° Structural
alignment with all experimental structures in the Protein Data
Bank (PDB) demonstrates that the catalytic cores of poxvirus
cGAMP PDE and phage Acb1 are most similar to 2H phosphoes-
terase enzymes from their respective host domains, suggesting
these viral proteins likely do not share a common origin
(Figure 1C).%°

To define the poxvirus cGAMP PDE reaction mechanism, we
crystallized the wild-type (WT) poxvirus cGAMP PDE protein in
complex with a hydrolysis-resistant analog of the metazoan
nucleotide immune signal 2'3'-cGAMP and a catalytically inac-
tive poxvirus cGAMP PDE mutant (H72A) in complex with
2'3'-cGAMP (Figures 1A and S1A-S1E; Table S1). The poxvirus
cGAMP PDE crystallographic asymmetric unit contains two
copies of the protein in complex with a partially degraded nucle-
otide immune signal and two copies of the protein in an unli-
ganded apo state (Figure S1A). Strong electron density in the
WT poxvirus cGAMP PDE active site allowed unambiguous
modeling of the reaction products adenosine monophosphate
(8’-AMP) and a guanine nucleobase consistent with 2'3'-cGAMP
cleavage (Figures S1B and S1C). In the H72A mutant structure,
strong electron density was observed for G[3'-5']pA in the
binding pocket but poor density for the opposing phospho-
diester linkage, suggesting flexibility in the A[2’-5'1pG bond
(Figures S1D and S1E). The organization of the poxvirus cGAMP
PDE catalytic center and positioning of the reaction products are
nearly identical (root-mean-square deviation [RMSD] = 0.231) to
previous structures of phage Acb1 in complex with the bacterial
nucleotide immune signal 3'3'-cGAMP (Figure 1D). We analyzed
the impact of mutations to conserved poxvirus cGAMP PDE cat-
alytic residues using thin-layer chromatography and observed
loss of 2'3'-cGAMP cleavage activity, except for T169A, which
resulted in the formation of an intermediate cleavage product
(Figure 1E). These results mirror the effect of mutating equivalent
residues in phage Acb1?® and suggest a conserved catalytic
mechanism used to degrade nucleotide immune signals. We
next incubated purified poxvirus cGAMP PDE and phage Acb1
proteins with 2’3'-cGAMP and 3'3’-cGAMP and monitored a
time course of degradation using high-performance liquid chro-
matography (HPLC). Poxvirus cGAMP PDE and phage Acb1

Figure 1. Animal poxvirus cGAMP PDE proteins are structural and functional homologs of bacteriophage Acb1 immune evasion enzymes
(A) Overview of the crystal structure of penguinpox cGAMP PDE in complex with 2'3’-cGAMP degradation products 3'-AMP and guanine (left). Overview of the
crystal structure of bacteriophage FBB1 Acb1 in complex with the 3'3’-cGAMP degradation product GpAp (right).

(B) Detailed view of the aligned catalytic residues of either animal poxvirus cGAMP PDE (purple) or phage Acb1 (green). Spheres represent water molecules
coordinated between catalytic residues.

(C) DALI Z scores of poxvirus cGAMP PDE and phage Acb1 when searched against all structures in the PDB. Hits from eukaryotic organisms are colored purple;
hits from prokaryotic organisms are colored green; and hits to rotavirus VP3 proteins are colored gray.

(D) Detailed view of the active site of poxvirus cGAMP PDE bound to the reaction product 3'-AMP (left) or the active site of phage Acb1 bound to the reaction
product GpAp (right).

(E) Thin-layer chromatography of radiolabeled 2'3'-cGAMP treated with poxvirus cGAMP PDE with the indicated mutations.

(F) Detailed mechanism of the first step of 2'3'-cGAMP cleavage by poxvirus cGAMP PDE.

(G) Detailed mechanism of the first step of 3'3'-cGAMP cleavage by phage Acb1.

(H) Proposed mechanism of the second step of poxvirus cGAMP PDE cleavage of GpA>p to form the cyclic mononucleotide products 2'3'-cGMP and 2'3'-cAMP.
(I) Proposed mechanism of the second step of phage Acb1 cleavage of Gp[3'-5']A>p to form the linear dinucleotide product Gp[3'-5']A[3']p (right). Note that the
nucleophilic water molecule is not one of the highly conserved four active-site water molecules.

See also Figure S1.
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rapidly hydrolyze cGAMP species to produce a linear intermedi-
ate product with a terminal 2’3’ cyclic phosphate (G[2'-5'1pA[2'-
3']>p and G[3'-5']pA[2’-3']>p) consistent with attack of the scis-
sile phosphate by the 2’ hydroxyl group of adenosine (Figures 1F,
1G, S1F, and S1G). Following the formation of this intermediate,
poxvirus cGAMP PDE further cleaves the product to form cyclic
mononucleotides species 2'3'-cAMP and 2'3'-cGMP, whereas
phage Acb1 hydrolyzes the terminal 2'-3' cyclic phosphate to
form the linear dinucleotide product G[3'-5']pA[3']p, suggesting
differences in enzyme nucleobase preference (see below)
(Figures 1H, 11, S1F, and S1G). Together, these results demon-
strate that eukaryotic viral poxvirus cGAMP PDE and prokaryotic
viral phage Acb1 enzymes are members of a single family of im-
mune evasion proteins that target host nucleotide immune sig-
nals across domains of life.

Poxvirus cGAMP PDE and phage Acb1 proteins require a
lid domain to target host nucleotide immune signals
Animal and bacterial nucleotide immune signals, including
2'3'-cGAMP and 3'3’-cGAMP, are normally highly refractory to
enzymatic degradation. Due to the small size and restrained
cyclic phosphodiester backbone, these molecules are resistant
to degradation by cellular nucleases that process normal
cellular nucleic acid.?” In phage immune evasion, inhibition of
3'3'-cGAMP signaling is enabled by an Acbi1 C-terminal lid
domain that closes over the active site and allows capture and
degradation of host CBASS nucleotide immune signals.?® In
poxvirus cGAMP PDE, the lid domain is absent from the protein
C terminus and is instead formed by a large structural addition of
a 20-residue alpha helix (221’) at the N terminus of the animal viral
protein (Figure 2A). Deletion mutants confirm that the lid regions
of poxvirus cGAMP PDE and phage Acb1 are each required for
degradation of 2'3'-cGAMP and 3'3’-cGAMP (Figure 2B). Upon
2'3'-cGAMP binding, the poxvirus cGAMP PDE N-terminal lid ro-
tates sideways ~25° over the active site and positions residue
F155 within an intervening loop to form pi-stacking interactions
with the guanine nucleobase of the captured substrate (Fig-
ure 2C). Poxvirus cGAMP PDE residue Y63 forms an additional
pi-stacking interaction with the adenine nucleobase over a hy-
drophobic platform containing residues 177 and L25 (Figure 2C).
The resulting interactions twist the bound nucleotide immune
signal into a highly strained conformation in which the target nu-
cleobase is rotated ~50° relative to in-solution and receptor-
bound nucleotide immune signal conformations, enabling attack
of the 2’ OH group on the scissile phosphate (Figure 2D).%”*® The
mechanism of poxvirus cGAMP PDE 2'3'-cGAMP capture re-
sults in a near identical substrate configuration observed in pre-
vious structures of phage Acb1 (Figure 2E). An aromatic residue
W147 in the C-terminal lid of phage Acb1 similarly forms stacking
interactions with the adenine nucleobase of 3'3'-cGAMP, high-
lighting a shared molecular strategy to target and degrade eu-
karyotic and bacterial host nucleotide immune signals.

Poxvirus cGAMP PDE proteins target diverse nucleotide
immune signals and enable cross-kingdom evasion of
host immunity

Animal cGLR and bacterial CD-NTase enzymes synthesize a
wide array of nucleotide immune signals that control host anti-
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viral immune responses. Distinct cGLR and CD-NTase products
include the formation of cyclic di- and trinucleotide compounds,
incorporation of purine and pyrimidine nucleobases, and use of
3'-5' and 2’-5' phosphodiester bonds.”"'"' To define the ability
of viruses to inhibit diverse host immune signaling pathways, we
measured the activity of poxvirus cGAMP PDE and phage Acb1
enzymes against a panel of nucleotide immune signals, including
common examples in animal innate immunity (2'3'-cGAMP,
3'2'-cGAMP, 2'3'-cGG, 3'3'-cAA), bacterial anti-phage defense
(8'3'-cGAMP, 3'3'-cGG, 3'3'3'-cAAA), and bacterial signaling
(3'3'-cGG, 3'3'-cAA) (Figure 3A).*51011:39792 Poxyirus cGAMP
PDE and phage Acb1 are capable of degrading nearly all tested
nucleotide immune signals (Figure 3B). Notably, poxvirus
cGAMP PDE most efficiently degraded animal nucleotide im-
mune signals (2'3'-cGAMP, 3'2’-cGAMP, 2'3'-cGG) and phage
Acb1 most efficiently degraded bacterial nucleotide immune sig-
nals (3'3'-cGAMP and 3'3'3'-cAAA), supporting enzyme special-
ization for evasion of kingdom-specific host antiviral pathways
(Figure 3B). In further support of kingdom-specific adaptation,
poxvirus cGAMP PDE efficiently degrades 3'3'-cGG, but phage
Acb1 specifically avoids degradation of 3'3'-cGG as this cyclic
dinucleotide is rarely used in anti-phage defense and is instead
required for normal bacterial cell function (Figure 3B).*®

In animal immunity, the fruit fly Drosophila melanogaster has
emerged as a key model for studying the function of animal
cGLR enzymes in host-virus interactions.***' We therefore
analyzed the database of predicted eukaryotic viral protein
structures for cGAMP PDE representatives from Drosophila vi-
ruses and identified a candidate protein 127L from the
Drosophila DNA virus invertebrate iridescent virus 6 (lIV-6)
(NP_149590.1, renamed here cGAMP PDE) (Figure 3A).>**
IIV-6 cGAMP PDE encodes an intact HXT catalytic tetrad and
contains an ~18 residue N-terminal extension lid domain similar
to poxvirus cGAMP PDE. We purified 1IV-6 cGAMP PDE and
observed that this enzyme degrades the Drosophila nucleotide
immune signals 2'3'-cGAMP and 3'2'-cGAMP but fails to cleave
prokaryotic nucleotide immune signals, including 3'3'-cGAMP
(Figure 3B). Phage Acb1 and poxvirus cGAMP PDE both largely
depend on non-specific base-stacking interactions to bind
3'3-cGAMP and 2'3-cGAMP. Based on the predicted
AlphaFold structure, 1IV-6 cGAMP PDE similarly encodes aro-
matic residues in equivalent positions, suggesting that non-spe-
cific stacking interactions are a universal feature of viral cGAMP
PDEs that enable targeting of multiple cyclic nucleotide sub-
strates (Figure S2A). Some insect DNA and RNA viruses encode
poxin (poxvirus immune nuclease) proteins that degrade
2'3'-cGAMP.?"*®* The Drosophila nucleotide immune signal
3'2'-cGAMP s resistant to poxin enzymes, suggesting nucleo-
tide variation is a counter-defense mechanism host animals
use to restore antiviral signaling.*® As animal hosts diversify
signaling pathways beyond 2'3'-cGAMP, the broader ability of
poxvirus cGAMP PDE and IIV-6 cGAMP PDE enzymes to target
3'2'-cGAMP and related nucleotide immune signals may there-
fore provide an evolutionary advantage to resisting host antiviral
immunity.

To identify additional candidate eukaryotic viral cGAMP PDE
enzymes that may target cyclic nucleotide immune signals, we
performed structural alignments of a panel of predicted and
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Figure 2. Poxvirus cGAMP PDE and phage Acb1 lid domains enable targeting of host nucleotide immune signals

(A) Overview of the domain structure and apo and 2’'3'-cGAMP-bound structures of poxvirus cGAMP PDE (left). Overview of the domain structure and apo and
2'3'-cGAMP-bound structures of poxvirus cGAMP PDE (right). Lid domains are highlighted in both structures.

(B) Thin-layer chromatography of radiolabeled 2'3'-cGAMP or 3'3'-cGAMP treated with WT or lid domain deletion mutants of poxvirus cGAMP PDE or phage

Acb1.

(C) Detailed view of the N-terminal lid movement and residues involved ligand binding in poxvirus cGAMP PDE.
(D) Thin-layer chromatography of radiolabeled 2'3'-cGAMP treated with poxvirus cGAMP PDE with the indicated mutations.
(E) Comparison of the conformation of 3'3'-cGAMP bound to the receptor STING (PDB: 5CFM), cleaved 2'3'-cGAMP from poxvirus cGAMP PDE structure, and

cleaved 3'3'-cGAMP from phage Acb1 (PDB: 7727).
See also Figure S2.

experimental structures of eukaryotic viral and phage 2H phos-
phoesterase enzymes. A hypothetical protein from Marseillevi-
rus (ORF259, GenBank: YP_003406995.1) exhibits significant
structural similarity to 1IV-6 cGAMP PDE and encodes an analo-
gous N-terminal lid domain (Figure S2B), suggesting that
cGAMP PDE enzymes may be relatively conserved in the order
Pimascovirales. Middle East Respiratory Syncitial virus (MERS)
protein NS4B (GenBank: YP_009047207.1) and porcine torovi-
rus polyprotein 1a are more distantly related to Penguinpox
and 1IV-6 cGAMP PDE enzymes but encode either an N-terminal
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extension or are part of a polyprotein that could potentially func-
tion as a lid (Figure S2B).

We next asked whether the ability of viral enzymes to target
diverse nucleotide immune signals is sufficient to allow cross-
kingdom evasion of host immunity. To test cross-kingdom im-
mune evasion, we sought to engineer a recombinant phage T4 vi-
rus where the acb1 gene is replaced with the animal viral poxvirus
cGAMP PDE. In addition to Acb1, T4 also encodes another Acb
protein Acb2 that functions as a sponge to sequester 3'3'-cGAMP
and prevent CBASS immune activation.?>*® We therefore first
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cGAMP PDE from the Drosophila virus invertebrate iridescent virus 6 (I1V-6) identified by the presence of an N-terminal lid over the 2H phosphoesterase active site

in the AlphaFold2 prediction. Error bars represent one standard deviation.

(B) Summary of cleavage activity of poxvirus cGAMP PDE, Drosophila cGAMP PDE, and phage Acb1 against a panel of nucleotide immune signals primarily used

in either eukaryotes or prokaryotes.

(C) Representative images of the plague assays using the indicated mutant T4 phages plated on E. coli expressing either an active or inactive CBASS operon.
(D) Quantification of the data in (C). Significance was determined using an unpaired t test and a p value of less than 0.05. Error bars represent one standard

deviation.
See also Figure S3.

generated a phage T4 Aacb2 knockout parental strain, which we
then used to construct a series of phage T4 variants encoding
either endogenous acb1 (T4 Aacb2), a non-functional acb?
(T4 Aacb2/Aacb1), or endogenous acb1 replaced with penguin-
pox cGAMP PDE (T4 Aacb2/Aach1::pox) (Figure 3C). Sequencing
confirmed successful construction of each phage T4 variant (Fig-
ure S3A). Lysates from T4 Aacb2/Aacb1::pox infected cells effi-

ciently cleaved 3'3'-cGAMP, demonstrating that the animal pro-
tein poxvirus cGAMP PDE is functional during phage infection in
bacteria (Figure S3B). We then tested viral fitness in cells encod-
ing a CBASS operon from Escherichia albertii that signals using
3'3'-cGAMP.**® |n the absence of CBASS immunity, all phage
T4 variants replicated equally well and exhibited no loss of viral
fitness (Figures 3C and 3D). Replication of the phage T4 virus
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lacking Acb1 (T4 Aacb2/Aacb1) was specifically reduced in the
presence of active CBASS anti-phage defense (Figures 3C and
3D). By contrast, phage T4 variants expressing Acb1 or the animal
poxvirus cGAMP PDE protein efficiently evaded CBASS anti-
phage defense, demonstrating that poxvirus cGAMP PDE is suf-
ficient to overcome bacterial nucleotide immune signaling
(Figures 3C and 3D). These results demonstrate that an animal
viral protein can inhibit bacterial anti-phage defense and highlight
Acb1/cGAMP PDE-mediated viral degradation of nucleotide im-
mune signals as a strategy of immune evasion shared across
the prokaryotic and eukaryotic kingdoms of life.

DISCUSSION

Our results reveal cGAMP PDE and Acb1 enzymes as a family of
immune evasion proteins conserved between eukaryotic viruses
and prokaryotic phages. In response to viral infection, animal
and bacterial immune pathways can synthesize diverse nucleo-
tide immune signals to activate antiviral immunity and limit viral
replication. Animal virus cGAMP PDE and phage Acb1 enzymes
degrade these nucleotide immune signals and inhibit host im-
mune activation. Our results extend the recent discovery of im-
mune pathways conserved between animal cells and bacteria'™
and demonstrate conservation of viral strategies that defeat host
immunity.

Eukaryotic viral cGAMP PDE and prokaryotic phage Acb1
proteins evade host immune signaling using a conserved set
of shared molecular features. First, cGAMP PDE/Acb1 proteins
adopt the same phosphoesterase catalytic core architecture
braced with a set of three conserved helices that creates a
compact active site and allows targeting of the small, special-
ized nucleotide products that control host antiviral immunity
(Figure 1). cGAMP PDE/Acb1 proteins form a subset of the 2H
phosphoesterase enzyme superfamily that is widespread in all
domains of life and contains other notable viral proteins,
including rotavirus VP3, coronavirus ns2, and coronavirus
NS4b.%¢4959 Rotavirus VP3 and coronavirus ns2 and NS4b
proteins degrade the linear 2’-5' linked oligoadenylate chains
produced by animal oligoadenylate synthase-family immune
proteins,®' % demonstrating additional forms of 2H phos-
phoesterase enzymes also used by viruses to disrupt host im-
mune signaling. Second, cGAMP PDE/Acb1 proteins share
conserved use of a protein lid domain that enables nucleotide
immune signal capture and degradation. Compared with phage
Acb1 proteins, crystal structures of the poxvirus cGAMP PDE
lid domain reveal an elaborate extension that arises from the
opposite protein terminus, suggesting that lid domain variation
may contribute to kingdom-specific adaptations that fine-tune
viral activity against the nucleotide immune signals prevalent
in eukaryotic innate immunity (Figure 2). The distinct size and
position of the poxvirus cGAMP PDE and phage Acb1 lid do-
mains suggest that these enzymes are likely the result of
convergent evolution. Use of a lid domain is a feature of cGAMP
PDE/Acb1 proteins not shared with more distantly related 2H
phosphoesterase enzymes, including VP3, ns2, and typical
LigT-family bacterial and cyclic nucleotide phosphoesterase-
family animal host proteins, explaining why cGAMP PDE/Acb1
proteins are uniquely able to degrade cyclic nucleotide immune
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signals, including 2'3’-cGAMP.%*°*°6 Finally, cGAMP PDE/
Acb1 proteins share an identical metal-independent mecha-
nism to target cyclic phosphodiester linkages used in host
nucleotide immune signals. The active site of cGAMP PDE/
Acb1 proteins twist nucleotide immune signals into a strained
conformation that allows for in-line attack and phosphodiester
bond hydrolysis (Figures 1 and 2). Both eukaryotic and prokary-
otic viral enzymes degrade host cGAMP molecules into a linear
intermediate product that is unable to direct downstream im-
mune activation. Our results with engineered phage T4 variants
demonstrate that viral proteins are sufficient to inhibit signaling
across kingdoms of life (Figure 3), explaining how transfer of im-
mune evasion proteins may further enable viral resistance to
host immunity.

The seminal discovery by Nomburg et al. of sequences in animal
poxviruses with predicted similarity to phage Acb1 proteins high-
lights the importance of large-scale protein structure prediction
methods and creation of open-access databases.®® Continued
advances in protein structure prediction®”°® and genomic data-
bases®*° create a rich opportunity to discover additional viral im-
mune evasion proteins conserved across the eukaryotic and pro-
karyotic domains of life. In the bacterial kingdom, multiple phage
proteins have been shown to specifically inhibit nucleotide im-
mune signaling®®~%?° suggesting eukaryotic viruses may share
additional classes of conserved immune evasion proteins dedi-
cated to inhibition of animal cGAS-STING and cGLR signaling
pathways. Our analysis of poxvirus cGAMP PDE defines the struc-
tural and biochemical features viral enzymes use to target cyclic
nucleotides and enables identification of additional enzymes in
Drosophila viruses that degrade 2'3'-cGAMP. This approach high-
lights the utility of combining detailed mechanistic studies with
structure-guided homology searches to identify viral immune
evasion proteins. Taken together, our results highlight a funda-
mental mechanism of immune evasion and expand the cross-
kingdom conservation of animal and bacterial immunity to include
viral immune evasion strategies.

Limitations of the study

Our study has identified a conserved mechanism of immune
evasion employed by eukaryotic viruses and phages. Using
structural and biochemical analyses, we demonstrate that
poxvirus cGAMP PDE and phage Acb1 immune evasion pro-
teins share a 2H phosphoesterase enzymatic core and
conserved mechanism of nucleotide immune signal degrada-
tion, but we are not able to explicitly determine the evolu-
tionary relationship between these viral enzymes. Based on
the differences in composition and location of the lid domains,
we hypothesize that poxvirus cGAMP PDE and phage Acb1
are a result of convergent evolution. Future studies further
characterizing the diversity of viruses encoding related
cGAMP PDE enzymes may uncover evolutionary intermedi-
ates or additional evidence to support possible direct evolu-
tion from a common viral enzyme. Additionally, our biochem-
ical analyses demonstrate that poxvirus cGAMP PDE
completely degrades 2'3'-cGAMP into the mononucleotide
products 2'3'-cAMP and 2'3'-cGMP. We hypothesize that
poxvirus cGAMP PDE releases the linear dinucleotide interme-
diate following cleavage of the 3'-5' bond downstream of
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adenine and re-binds the intermediate in the opposite orienta-
tion with the 2'-5’ bond downstream of guanine oriented to-
ward the active-site residues (Figures 1F and 1H). However,
our data do not formally exclude the possibility that residues
in the poxvirus PDE lid domain participate in direct cleavage
of the 2’5" bond. Finally, studies defining the role of poxvirus
cGAMP PDE enzymes during infection will be critical to under-
standing the function of these proteins in vivo and the evolu-
tionary pressures that dictate which nucleotide immune sig-
nals are targeted.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21-DE3 RIL Agilent 230245

E. coli MG1655 ATCC 700926

E. coli TOP 10 Invitrogen C404052

Escherichia phage T4 Aacb2 This paper N/A

Escherichia phage T4 Aacb1/Aacb2 This paper N/A

Chemicals, peptides, and recombinant proteins

Ni-NTA Agarose Qiagen 30250

Quick CIP New England Biolabs MO0525S

PEI-Cellulose F TLC plate EMD Biosciences EM1.05579.0001

HiLoad 16/600 Superdex 75 pg Column Cytiva 28989333

ATP, [«-32P], 3000 Ci/mmol 10 mCi/ml Perkin Elmer BLUO03H250UC

ATP, GTP, CTP, UTP New England Biolabs NO0450S

2'3'-cGG Biolog Life Science Institute C 182

2'3'-cGAMP Biolog Life Science Institute C 161

3'3'-cGAMP Biolog Life Science Institute C 117

3'2'-cGAMP Biolog Life Science Institute C 238

3'3'-cGG Biolog Life Science Institute C 057

3'3'-cAA Biolog Life Science Institute C 088

3'3'3'-cAAA Biolog Life Science Institute C 362

Non-hydrolyzable 2'3'-cGAMP Biolog Life Science Institute Set 101

Deposited data

Penguinpox cGAMP PDE This paper PDB: 9BKQ

Penguinpox cGAMP PDE H72A This paper PDB: 9CIW

Recombinant DNA

Plasmid DNA for expression of recombinant cGAMP PDE This paper See Table S2

Plasmid DNA to generate recombinant T4 phages This paper See Table S2

Software and algorithms

Phenix 1.21-5207 Liebschner et al.®’ https://www.phenixonline.org/

Coot 0.8.9 Emsley and Cowtan® https://www2.mrclmb.cam.ac.uk/
personal/pemsley/coot/

PyMOL (v 2.4.2) Schrédinger, LLC https://pymol.org/

Colabfold Mirdita et al.®® https://colab.research.google.com/

github/sokrypton/ColabFold/blob/
main/AlphaFold2.ipynb
DALI Holm et al.® http://ekhidna2.biocenter.helsinki.fi/dali/
Python to generate dendrogram This paper https://github.com/jnoms/2024_
Hobbs_et_al_dendrogram

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Philip Kran-
zusch (philip_kranzusch@dfci.harvard.edu).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
o Coordinates of the penguinpox cGAMP PDE structure are publicly available in the Protein Data Bank under the accession num-
ber: 9BKQ and 9CIW
@ All code used in this manuscript is publicly available at https://github.com/jnoms/2024_Hobbs_et_al_dendrogram
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial cell lines used in this study include Top10 E. coli cells grown at 37°C in LB media for routine cloning. For protein expression,
BL21(DE3)-RIL cells (Agilent) were grown at 37°C and expression was induced by addition of 0.5 mM IPTG at 16°C for ~16 hours. For
phage challenge assays, E. coli MG1655 (ATCC) were transformed with plasmids encoding WT or inactivated CBASS operons and
plaque assays were performed at 30°C.

METHOD DETAILS

Cloning and plasmid construction

The protein sequence of peguinpox cGAMP PDE (gp029, YP_009046028.1) was codon optimized for E. coli and synthesized as
gBlocks (Integrated DNA Technologies) with ~20 base pairs of homology flanking the insert sequence and cloned into a custom pET-
SUMO2 vector by Gibson assembly.®® Mutations were introduced by overlapping PCR using the wild type cGAMP PDE plasmid as a
template. All plasmids were transformed into the E. coli strain Top10 (Invitrogen) and grown in LB media supplemented with Ampicillin
(100 pg mL~") for routine cloning.

Protein expression and purification

Expression plasmids encoding 6 x His-SUMO2-penguinpox cGAMP PDE (gp029) were transformed into E. coli strain BL21-RIL (Agi-
lent) and grown as overnight cultures in ~30 mL of MDG media at 37°C with 230 RPM shaking. Overnight MDG cultures were used to
inoculate 1-2 L M9ZB cultures which were grown at 37°C until ODggo reached 1.5, then induced with 0.5 mM IPTG and incubated
overnight at 16°C with 230 RPM shaking. Bacterial pellets were resuspended and sonicated in lysis buffer (20 mM HEPES-KOH
pH 7.5, 400 mM NaCl, 30 mM imidazole, 10% glycerol and 1 mM DTT), clarified by centrifugation at 3,200 x g for 15 minutes at
4°C and recombinant proteins were purified from the supernatant by running the clarified lysate over 4 mL (1 L cultures) or 8 mL
(2 L cultures) of Ni-NTA resin (Qiagen) twice using gravity filtration. The Ni-NTA resin was washed with 20 mL lysis buffer, 50 mL
wash buffer (20 mM HEPES-KOH pH 7.5, 1 M NaCl, 30 mM imidazole, 10% glycerol and 1 mM DTT), and 20 mL lysis buffer. Protein
was eluted in elution buffer 20 MM HEPES-KOH pH 7.5, 400 mM NaCl, 300 mM imidazole, 10% glyceroland 1 mM DTT) and dialyzed
overnight at 4°C into gel filtration buffer (20 mM HEPES-KOH pH 7.5, 250 mM KCI, 1 mM TCEP and 10% glycerol) using 20-kDa mo-
lecular weight cut-off spin column (Amicon). The 6xHis-SUMO2 was removed by addition of ~250 pug human SENP2 protease
(D364-L589, M497A) during dialysis. For biochemical studies using point mutants, recombinant proteins were concentrated to
>10mgmL~", aliquoted and flash frozen in LiN, after dialysis, and sample purity was analyzed by SDS-PAGE followed by Coomassie
staining. For crystallization of wild type penguinpox cGAMP PDE, proteins were further purified by size exclusion chromatography
using a 16/600 Superdex 75 column and gel filtration buffer. Pooled fractions were concentrated to 100 mg mL~" and flash frozen
in LiNo.

Crystallization and structure determination

Crystals of the WT or H72A penguinpox cGAMP PDE-2'3’-cGAMP complex were grown at 18°C for 2 days using hanging-drop vapor
diffusion. Purified WT or H72A cGAMP PDE protein was diluted to 10 mg mL~" in a buffer containing 20 mM HEPES-KOH pH 7.5,
70 mM KCI, 1 mM TCEP and WT protein was incubated with 100 uM a phosphorothioate analog of 2'3'-cGAMP (Biolog Cat. No
Set 101) and H72A protein was incubated with 100 uM of 2'3’-cGAMP (Biolog Cat. No C161) on ice for 20 minutes before crystalli-
zation screening. Initial screens were performed in 96-well trays with 70 pL reservoir solution by mixing 200 nL of protein mixture and
200 nL of reservoir solution using a Mosquito instrument (SPT Labtech). Initial hits were further optimized in EasyXtal 15-well trays
(NeXtal Biotechnologies) with 400 uL reservoir solution and 2 pL drops set with a ratio of 1 uL of protein solution and 1 pL of reservoir
solution. Optimized crystallization conditions were: 200 mM magnesium formate and 24% (w/v) PEG 3350 (Sigma). The crystal was
cryo-protected by dipping the crystal in a 1 pL drop of reservoir solution supplemented with 20% glycerol before harvesting with a
0.2 um nylon loop. X-ray diffraction data were collected at the Diamond Light Source MX beamline. Data were processed using au-
toProc.®® Experimental phase information for poxvirus cGAMP PDE was determined by molecular replacement using Phaser and a
starting model predicted by AlphaFold2.5”:%” Structural modelling was completed in Coot and refined with PHENIX.®? Final
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structures were refined to stereochemistry statistics as reported in Table S1. All structural figures were generated with PyMOL (The
PyMOL Molecular Graphics System, version 2.4.2, Schrédinger, LLC).

Structural alignment of host 2H phosphoesterases using DALI
Structural alignments were performed using the DALI server with pairwise alignment of either ligand-bound penguinpox cGAMP PDE
(chain A) or ligand-bound phage Acb1 (PDB 7T27) against the full PDB.%*

Thin-layer chromatography

Thin-layer chromatography was used to analyze degradation of nucleotide immune signals as described previously.?”+?® Synthesis of
2'3'-cGAMP was performed in reaction buffer consisting of 2 uM 50 mM recombinant cGAS from Mus musculus, Tris-HCI pH 7.5,
25 uM ATP, 25 uM GTP, trace amounts of «-32P-labelled GTP, 100 mM KCI, 1 mM dithiothreitol (DTT), 5 mM MgCI2, 1 mM
MnCl,, and 1 uM 45 bp stimulatory dsDNA.®® Synthesis of 3'3'-cGAMP was performed in reaction buffer consisting of 2 pM
50 mM recombinant DncV from Vibrio cholerae, 50 mM Tris-HCI pH 7.5, 25 uM ATP, 25 uM GTP, trace amounts of a-32P-labelled
GTP, 100 mM KCI, 1 mM dithiothreitol (DTT), and 5 mM MgCl,.* Reactions were performed in a volume of 25 pL and incubated at
37°C for 16 hours. Unincorporated NTPs were digested by adding 0.5 uL Quick CIP (NEB) and incubation at 37°C for 30 minutes.
Reactions were stored at —20°C and used as inputs for downstream degradation assays. To analyze degradation of 2'3'-cGAMP
and 3'3'-cGAMP, 100 nM recombinant viral enzyme was added to reactions consisting of 50 mM Tris-HCI pH 7.5, 50 mM KClI,
1 mM DTT, and 0.2 pL cyclic dinucleotide synthesis reactions. Reactions were incubated at 37°C for 20 minutes and 0.5 uL was
spotted onto a 20 cm x 20 cm PEl-cellulose thin-layer chromatography plate (Sigma) and run in 1.5 M KH,PO, buffer (pH 3.8) for
1.5 hours. Plates were air-dried at room temperature and exposed to a phosphor screen for 2—4 hours before analysis on a Typhoon
Trio Variable Mode Imager System (GE Healthcare).

High performance liquid chromatography (HPLC)

To analyze reaction products by HPLC, reactions were performed in a volume of 120 pL consisting of 50 mM Tris-HCI pH 7.5, 50 mM
KCI, 1 mM DTT, and 12 puL of a 10x stock of recombinant viral enzyme (concentration indicated in figure legends). Reactions were
incubated at 37°C for 30 minutes, heat inactivated at 95°C for 2 minutes, and filtered through 3 kDa cutoff filters (Millipore Sigma). The
flow-through (30 plL) was transferred to a HPLC vial and analyzed using an Agilent 1260 Infinity Il HPLC system with a2.1 x 100 mm
Zorbax SB-Aqg column (Agilent) and a mobile phase A of water + 0.1% ammonium formate and a mobile phase B of methanol + 0.1%
ammonium formate. The flow rate kept at 450 L mL ™" consisting of a 1 minute hold at 0% B and increased to 100% B over 9 min. The
column was at room temperature and an injection volume of 10 uL was used.

Viral 2H phosphoesterase dendrogram

DaliLite v5°* was used to conduct all-by-all structural alignments of a panel of predicted and experimental structures. The accession
numbers for the predicted protein sequences are: Phage T4, NP_049750; Marseillevirus, GenBank: YP_003406995; IIV-6, GenBank:
NP_149590; Middle East Respiratory Syncitial virus (MERS), GenBank: YP_009047207; Penguinpox cGAMP PDE, GenBank:
YP_009046028; Murine Hepatitis Virus, GenBank: YP_009824980; Porcine Torovirus, GenBank: YP_008798230; Rotavirus A, Gen-
Bank: YP_002302228; Phage RB16, GenBank: YP_003858481. Experimental structures were used for Penguinpox cGAMP PDE and
Phage FBB1 Acb1. Structure predictions were used for all other proteins, with those generated by Nomburg et al. used where avail-
able,®® or web-based Colabfold®® used for structure prediction otherwise. In the case of Porcine Torovirus and Rotavirus A, only the
2H phosphoesterase region of the proteins were used for DALI alignments. Predicted structures were imported to DALI database files
using the dali_format_inputs subcommand of SAT (https://github.com/jnoms/SAT). DALI alignments were conducted using dali_ma-
trix.sh (https://github.com/jnoms/vpSAT/blob/main/bin/dali_matrix.sh), and output files were processed using the aln_parse_dali_-
matrix subcommand of SAT. iToL®® was used to visualize the unrooted DALI dendrogram, and R v4.0.3 was used to generate the
Z-score similarity matrix figure. All code can be found here: https://github.com/jnoms/2024_Hobbs_et_al_dendrogram.

Construction of mutant phage

Mutant phage T4 were constructed using a Cas13-based selection strategy, as described previously.®® Templates for homologous
recombination to T4 acb2 (NCBI gene name: vs.4, NP_049728.1) were designed to introduce a single base pair deletion at nucleotide
position 22 of the acb2, resulting in multiple mutations and several premature stop codons at 19, 29, and 44. Approximately 100 bp of
homology to the T4 genome was inserted on either side of the target sites and this template was cloned into the high copy number
plasmid pGEM9zf (Promega) using Gibson assembly in Top10 (Thermo) E. coli cells. Cells carrying this plasmid were infected with
either WT T4 or T4 Aacb1°® to generate mixed populations that carry a small number of T4 Aacb2 and T4 Aacb1/Aacb2 phages that
have undergone recombination. To select for recombinant phages, guide RNAs (gRNAs) were designed to target the WT acb2
sequence at the site of the desired mutations. These gRNAs were cloned into vector pBA559, which carries the gRNA-guided
CRISPR effector nuclease Cas13d as previously described.®® The mixed population of phages from the pGEM9zf-HR infections
was plated on bacterial lawns containing cells expressing pBA559-acb2 and resulting plaques were picked and expanded in liquid
cultures under continued selection. Three independent clones of mutant phages were plaque purified under three rounds of selection
before PCR amplifying the acb2 locus and confirming the insertion of the desired mutations by Sanger sequencing.
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Phage challenge assays

To test the fitness of mutant T4 phages in the presence of cyclic nucleotide immune signaling, we transformed E. coli MG1655 cells
with a plasmid encoding an arabinose-inducible CBASS operon from Escherichia albertii GTC 14781 previously demonstrated to
defend against T4 Aacb1.*” Cells that encode either the WT CBASS operon or an inactive version where the 2TM effector gene
has been removed were grown in LB at 37°C to an OD600 ~1.0. The bacterial lawn was initiated by mixing 250 pL cells with
4 mL melted top agar (0.6% agarose in LB) containing 0.04% arabinose. Cell lawns were incubated at room temperature for
1 hour to let the top agar solidify and to induce operon expression. High titer stocks of mutant T4 phages were serially diluted
and plated on bacterial lawns of E. coli cells and allowed to dry for 15 min. Plates were then incubated at 30°C overnight and imaged
using a ChemiDoc MP imager (BioRad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Symbols in bar graphs represent independent replicates. Data are plotted with error bars representing the standard deviation (SD).
Statistical tests are described in the figure legends.
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Figure S1. Structural and mechanistic analysis of poxvirus cGAMP PDE, related to Figure 1

(A) Cartoon representation of the proteins present in the crystal asymmetric unit.

(B) Detailed view of the ligands built into the active-site density for refinement and the modeled post-reaction product GpAp for comparison to phage Acb1-GpAp
structures.

(C) Polder map of the modeled GpAp ligand contoured at 3.0 o.

(D) Detailed view of the G[2'-5']pA ligand built into the active site of H72A penguinpox cGAMP PDE.

(E) Polder map of the modeled G[2'-5']pA ligand contoured at 4.0 o.

(F) HPLC traces of chemical standards (black lines) or reaction products of 2'3'-cGAMP cleavage by poxvirus cGAMP PDE.

(G) HPLC traces of chemical standards (black lines) or reaction products of 3'3'-cGAMP cleavage by phage Acb1.
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Figure S2. Structural analysis of diverse viral 2H phosphoesterase enzymes, related to Figure 3

(A) Detailed view of the residues involved ligand binding by poxvirus cGAMP PDE, phage FBB1 Acb1, or predicted equivalent residues in IIV-6 cGAMP PDE
(AlphaFold prediction).

(B) Dendrogram based on DALI Z scores of the 2H phosphoesterase domain from the indicated virus. See methods for protein accession numbers.
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Figure S3. Analysis of eukaryotic cGAMP PDE substrate specificity and validation of mutant T4 phages, related to Figure 3
(A) Sanger sequencing confirming successful replacement of endogenous T4 acb1 with penguinpox cGAMP PDE.
(B) Thin-layer chromatography analysis of the ability of phage-infected lysates to cleave radiolabeled 3'3'-cGAMP.
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