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Defense-associated reverse transcriptases (DRTs) are widespread bacterial anti-phage systems that use unconventional
mechanisms of polynucleotide synthesis. We show that DRT3, which comprises two distinct RTs (Drt3a and Drt3b) and a
noncoding RNA (ncRNA), synthesizes alternating poly(GT/AC) double-stranded DNA. Cryo—electron microscopy structures at 2.6
A resolution reveal a D3-symmetric 6:6:6 complex of Drt3a, Drt3b, and ncRNA. Drt3a produces the poly(GT) strand using a
conserved ACACAC template within the ncRNA. Notably, Drt3b synthesizes a complementary, protein-primed poly(AC) strand in
the complete absence of a nucleic acid template, using conserved active site residues specific to Drt3b to enforce precise base
alternation. These findings expand the functional landscape of nucleic acid polymerases, revealing a protein-templated

mechanism for sequence-specific DNA synthesis.

The enzymatic synthesis of nucleic acids is a fundamental process
that underlies genome replication, repair, and diverse forms of
information processing across all domains of life. Nucleic acid pol-
ymerases fall into two broad functional classes: template-di-
rected polymerases, which copy existing nucleic acid sequences
(1-5), and template-independent polymerases. The products of
this latter class are typically highly constrained in their complex-
ity, consisting of either long polymers with low sequence com-
plexity, such as homopolymers (6, 7) and near-random 3'-end
tracts (8, 9), or short, defined motifs (10-15). A rare exception is
the eukaryotic nucleotidyltransferase RDE-3, which adds alternat-
ing poly(UG) tracts onto the 3’ ends of RNA to facilitate RNA in-
terference (16, 17). However, among the vast diversity of
uncharacterized proteins, it remains unknown whether distinct
modes of nucleotide polymerization exist.

Recently, bacterial defense-associated reverse transcriptases
(DRTs) have emerged as a rich source of novel polymerization
mechanisms. These enzymes, which are members of a large
branch of “unknown group” (UG) RTs (18-20) and confer re-
sistance to phage infection, display highly divergent activities. For
example, AbiK catalyzes protein-primed, terminal deoxynucleo-
tidyl transferase (TdT)-like random nucleotide addition (21-23),
DRT9 synthesizes protein-primed poly(dA) tracts (24-26), and
DRT2 generates long, repetitive cDNA concatemers that reconsti-
tute a novel gene not encoded by the genome (27, 28). Among
the diverse UG RTs, DRT3 is unique in its composition, consisting
of two reverse transcriptases from distinct clades (18)—Drt3a (a
class 2 UG RT, also known as UG3) and Drt3b (a class 1 UG RT, also
known as UG8)—together with an associated noncoding RNA
(29). Here, we investigated the function of DRT3 and its
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mechanism of nucleic acid synthesis.

DRT3 forms a ribonucleoprotein complex that synthesizes alter-
nating dinucleotide DNA

A comprehensive phylogenetic analysis identified diverse DRT3
homologs that are sporadically distributed across at least 20 bac-
terial phyla (Fig. 1A and data S1 to S6). The topologies of individ-
ual Drt3a and Drt3b trees are largely congruent (fig. S1),
suggesting co-evolution between these proteins. We cloned two
DRT3 systems—one from Escherichia coli GF3-3 (EcDRT3) and the
previously reported system from E. coli ECOR12 (Ec2DRT3) (29)—
which share 32% amino acid identity (Fig. 1A and data S7). Both
systems conferred robust defense against phages T1, T4, and T5
when heterologously expressed in E. coli K-12, and defense activ-
ity required both RT active sites and the ncRNA (Fig. 1B and fig.
S2A), consistent with previous observations (29). To characterize
putative products synthesized by DRT3, we performed tagmenta-
tion sequencing on lysates from cells expressing EcDRT3 or
Ec2DRT3, which revealed phage-independent production of dou-
ble-stranded DNA (dsDNA) consisting of poly(GT/AC) dinucleotide
repeats (Fig. 1, C to E, and fig. S2B).

To characterize DRT3 biochemically, we co-expressed the en-
tire ECDRT3 locus in E. coli with an internal Hiss tag on Drt3a,
which preserves anti-phage activity (fig. S2C). Affinity purification
followed by size-exclusion chromatography (SEC) revealed a sta-
ble, high molecular weight complex (Fig. 1F). SDS—polyacrylamide
gel electrophoresis (PAGE) confirmed this complex consisted of
Drt3a and Drt3b at approximately equal stoichiometry, along with
a co-purifying nucleic acid band (Fig. 1G and fig. S3A). TBE-Urea
PAGE indicated this band was ~130 nt in length and was sensitive
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to ribonuclease (RNase) treatment (Fig. 1H and fig. S3B), confirm-
ing it was RNA. Small RNA sequencing identified this RNA as the
EcDRT3 ncRNA (Fig. 1, fig. S2D, and data S8). Together, these re-
sults indicate that EcDRT3 forms a ribonucleoprotein (RNP) com-
plex consisting of Drt3a, Drt3b, and the ncRNA.

Incubation of the purified ECDRT3 RNP complex with deoxynu-
cleotide triphosphates (dNTPs) in vitro resulted in a substantial
increase in the apparent molecular weight of the Drt3b subunit,
whereas Drt3a remained unchanged (Fig. 1J). This shift was abol-
ished in complexes harboring a Drt3b active site mutation
(D291A/D292A; ‘3b YVAA') but retained with a Drt3a mutation
(D197A/D198A; ‘3a YVAA') and with apo Drt3b alone (Fig. 1J and
fig. S2E), indicating that Drt3b synthesizes DNA that remains co-
valently attached to the protein.

Agarose gel electrophoresis of the ECDRT3 in vitro reaction
(Fig. 1K) revealed a DNA product of heterogeneous size extending
up to several kilobases (Fig. 1L). The product was partially re-
sistant to both S1 nuclease [which degrades single-stranded DNA
(ssDNA)] and duplex deoxyribonuclease (DNase), indicating that
EcDRT3 produces both ssDNA and dsDNA. The S1-resistant frac-
tion was more pronounced after proteinase K digestion, con-
sistent with some of the ssDNA product being covalently attached
to Drt3b. Furthermore, the overall product was not sensitive to
RNase treatment and included species smaller than the ncRNA
(fig. S2F), suggesting the absence of an ncRNA-DNA covalent link-
age.

In vitro assays of active site mutants revealed distinct roles for
each RT. The Drt3a mutant (retaining only Drt3b activity) pro-
duced S1-sensitive ssDNA that was detectable only after protein-
ase K treatment (Fig. 1L), consistent with covalent attachment to
Drt3b. The Drt3b mutant (retaining only Drt3a activity) also gen-
erated Sl-sensitive ssDNA, but in this case the product was
equally visible with or without proteinase K (Fig. 1L). Mixing the
two ssDNA products resulted in an increased band intensity (Fig.
1M) and a shift in gel staining hue (fig. S2G), indicative of anneal-
ing of complementary strands to form dsDNA. Corroborating this,
dsDNA tagmentation sequencing of the wild-type in vitro reaction
product yielded both poly(GT) and poly(AC) reads (Fig. 1N), con-
firming that DRT3 synthesizes both strands of the dinucleotide re-
peat.

Cryo-EM structures of the ECDRT3 complex

To understand how Drt3a, Drt3b, and the ncRNA assemble and
coordinate complementary strand synthesis, we determined two
cryo—electron microscopy (cryo-EM) structures of the EcDRT3
complex—a —dNTP resting state and a +dNTP elongating state—
each at 2.6 A resolution (Fig. 2A-B, fig. S4, S5, and S6A-B, table
S1). Both structures reveal a D3-symmetric assembly containing
six copies each of Drt3a, Drt3b, and the ncRNA (Fig. 2, A and B,
and fig. S6, Aand B). The fundamental unitisa 1:1:1 Drt3a—Drt3b—
ncRNA protomer; three protomers assemble into a trimer, and
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two trimers dimerize tail-to-tail to form the final hexamer (Fig.
2B). The two states are globally similar, with a root mean square
deviation (RMSD) of ~0.302 A between the core Drt3b hexamers
(fig. S6C). Intra-trimer stability is driven by extensive Drt3a—Drt3b
and Drt3b-Drt3b contacts (Fig. 2B—F), including a cyclical salt-
bridge network between Glu389 and Arg390 of the three Drt3b
subunits (Fig. 2E). The inter-trimer interface is mediated by op-
posing Drt3b RT domains and stabilized by interactions between
at least seven residues (Fig. 2, G and H), burying ~1,768 A2 of sur-
face area. Furthermore, a DNA product duplex is positioned
around the exterior of the complex (Fig. 21). The dimer-of-trimers
arrangement of Drt3b subunits resembles that of AbiK (23) but
differs from the trimer-of-dimers configuration of DRT9 (24-26)
(fig. S6D).

Drt3a synthesizes poly(GT) ssDNA templated by ncRNA
To investigate the activity of the Drt3a subunit, we assayed DNA
synthesis in vitro without proteinase K treatment using various
dNTP combinations with wild-type EcDRT3 (Fig. 3A), the Drt3b
YVAA mutant complex (fig. S7A), or a Drt3a—ncRNA subcomplex
lacking Drt3b (fig. S7B). For all three, an ssDNA product was de-
tected only when both dGTP and dTTP were present in the reac-
tion, while deoxyadenosine triphosphate (dATP) and
deoxycytidine triphosphate (dCTP) were dispensable. Sequencing
of the product synthesized by EcDRT3 with all four dNTPs re-
vealed that it consisted of poly(GT) dinucleotide repeats (Fig. 3B).
Drt3a adopts a canonical right-hand (fingers—palm—thumb)
fold, and structural comparisons show close similarity to other
RTs, including class 2 UG RTs (e.g., DRT2, DRT9), a group Il intron
T (30), and telomerase (31) (Fig. 3C and fig. S8, A and B). The
ncRNA, which contains four stem-loops (SL1-4), wraps around the
Drt3a thumb domain (Fig. 3C), positioning its conserved
A8CACAC!? motif (20) in the active site to template poly(GT)
synthesis (Fig. 3C and figs. S2D and S8C), with A108 as the tem-
plating base. The nascent cDNA is clearly resolved as a product—
template duplex. The resting state contains a 5 nt product
(TGTGT) in the active site, whereas all 6 nucleotides were re-
solved in the elongating state (fig. S8A). In both structures, the
product strand extends to the final base of the template, con-
sistent with a post-synthesis state prior to strand separation.
The product—template duplex is anchored predominantly
through non-sequence-specific contacts with the sugar—phos-
phate backbone. In particular, Drt3a forms five hydrogen bonds
with A108 and the 3’ end of the cDNA product (dT15 and dG16)
(Fig. 3D), positioning these bases for polymerization (fig. S9A). On
the cDNA strand, Tyr343 and Tyr195 (from the YVDD motif) con-
tact the dT15 (n-2) phosphate and base, respectively, while
Lys289 coordinates the dG16 (n—1) phosphate. On the template
side, A108 is held in place by a hydrogen bond between its 2'-OH
and the backbone carbonyl of Gly164 (Fig. 3D). Gly164 is a part of
the canonical RT-4 motif (GxxxGxxxS) (32), suggesting a conserved
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strategy for backbone-mediated positioning of the templating
base (fig. S9A).

The single-stranded RNA template region (A108—C113) is
sandwiched between two adjacent stem-loops, SL1 and SL4, both
of which are anchored to Drt3a via m—m interactions: Tyr419
stacks with the G98-C107 base pair of SL4 (Fig. 3E), whereas
Phe402 stabilizes the U19-A116 base pair of SL1 (Fig. 3F). Addi-
tionally, Arg335 stabilizes C113 through a cation—mt interaction
(Fig. 3G). The downstream U114—-A115 region appears flexible,
with clear backbone density only in the elongating state. This flex-
ibility facilitates a conformational change that reduces the C113—
A116 inter-phosphate distance from 15.4 A to 10.3 A in the rest-
ing state (Fig. 3, C to H, and fig. S8A), likely shifting C109 by one
nucleotide into the templating position. These observations indi-
cate that A108 and C109 serve as the templating bases, while
A110-C113 stabilize the nascent product strand (Fig. 3H and fig.
S9B). Consistent with this model, both A108G (GCACAC) and
C109T (ATACAC) mutants failed to produce DNA products both in
vitro (Fig. 31) and in E. coli (fig. S9C) and abolished defense (Fig.
3)).

A unique B-hairpin extension within the Drt3a thumb domain
(residues 323—-338) is positioned immediately after the 3’ base of
the template motif (C113) (Fig. 3C). The presence of this B-hairpin
is conserved across DRT3 homologs and may function as a “zipper
head” to dissociate the product—template duplex following each
cycle of dinucleotide addition, a mechanism analogous to the
thumb loop (TH) of telomerase (33) (fig. S9D). In contrast, in
DRT2, the ncRNA itself appears to perform this role, guiding the
cDNA to thread back into the ncRNA scaffold (fig. S9D).

Drt3b synthesizes poly(AC) ssDNA de novo without a nucleic
acid template

To investigate Drt3b-mediated ssDNA synthesis, we performed in
vitro assays using a catalytically inactive Drt3a (3a YVAA) complex
or apo Drt3b. In both cases, ssDNA was produced only when both
dATP and dCTP were present (Fig. 4A and fig. S10A). Sequencing
of the 3a YVAA product synthesized in the presence of all four
dNTPs confirmed that it consisted of alternating poly(AC) (Fig.
4B). Incubating the wild-type EcDRT3 complex with dGTP+dTTP or
dATP+dCTP suggested that the poly(AC) ssDNA is shorter than the
corresponding poly(GT) synthesized by Drt3a (fig. S10B).

In both elongating and resting complexes, the poly(AC) ssDNA
product occupies the Drt3b active site in the complete absence of
a nucleic acid template (Fig. 4C). While adopting a canonical RT
fold (fig. S10, C to G), Drt3b possesses unique features that pre-
clude template binding (Fig. 4, C and D). The template-binding
channel is occluded by the Drt3b C terminus (residues 645—650)
and an extended, Drt3b-specific internal loop (residues 112-169)
that sandwiches the C-terminal segment. Moreover, the Drt3b N
terminus, particularly the conserved Glu26, occupies the space
where a template strand would normally reside (Fig. 4D).
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The absence of a template is striking given the poly(AC) prod-
uct sequence, which implies a highly specific, regulated incorpo-
ration mechanism. The nascent cDNA strand exhibits an unusual
backbone kink that compresses three bases (dC15—dA16—dC17)
into a space normally occupied by two (Fig. 4E). This distorted ge-
ometry enables an extensive network of protein—DNA base inter-
actions, effectively acting as a protein-based template to replace
nucleic acid (Fig. 4, F and G). This contrasts with templated poly-
merases, which lack direct interaction between cDNA bases and
protein residues beyond the conserved YxDD motif tyrosine.

Two conserved active site residues, Glu26 and Arg253, en-
force the sequential incorporation of dA and dC through base-
specific contacts (Fig. 4, F and G). The Glu26 side chain projects
into the nucleotide-binding pocket and mimics a templating nu-
cleobase, forming two hydrogen bonds with the N® amine of dA18
to discriminate dATP from deoxyguanosine triphosphate (dGTP)
and deoxythymidine triphosphate (dTTP) (Fig. 4F and fig. S11A).
Although dCTP also possesses an exocyclic amine (N?%), its smaller
pyrimidine ring likely prevents productive hydrogen bonding with
Glu26 and also attenuates the stabilizing cation-m interaction with
Arg253 (Fig. 4G and fig. S11A). Additionally, the Arg253 guani-
dinium group and Glu26 side chain form three hydrogen bonds
with the Watson-Crick edge of the preceding dC17, distinguishing
dC from dT (Fig. 4F and fig. S11B). Steric exclusion of bulky purines
(dA, dG) further restricts this position to dC (fig. S11B). These spe-
cific interactions distinguish Drt3b from other template-inde-
pendent DRTs (AbiK, AbiP2, and AbiA), which lack these key
residues and consequently generate non-specific cDNA (fig. S11C)
(23, 34).

To investigate the templating role of Glu26, we purified mu-
tants perturbing (E26Q) or abolishing (E26A) its hydrogen-bond-
ing capacity (fig. S11A). The E26A variant produced severely
truncated cDNA, establishing that Glu26-mediated hydrogen
bonding is essential for efficient polymerization (Fig. 4H). Both
mutants synthesized cDNA with dATP and dCTP; however, adding
dGTP to the reaction substantially reduced efficiency and drove
dG misincorporation at dA sites, while preserving fidelity at dC
sites (Fig. 4, H to J, and fig. S11D). The addition of dTTP did not
alter these trends (Fig. 4, H to J). Consistently, both mutants abol-
ished anti-phage defense and poly(GT/AC) dsDNA synthesis in E.
coli (fig. S11, E and F). Thus, Glu26 acts as a critical gatekeeper for
dA selection, whereas dC incorporation depends on distinct tem-
plating residues. The strong purine preference at the incoming dA
site likely arises from a cation-m interaction with Arg253 (Fig. 4G),
while a steric clash between Gly248 and the exocyclic amine (N?)
of dG maintains the residual preference for dA over dG in both
Glu26 mutants (~80% vs ~20%; fig. S11A). Attempts to capture the
dC-adding state using ddATP and dCTP yielded a cryo-EM map
identical to the dA-adding state (fig. 512).

Beyond dA18 and dC17, the preceding four bases (dC13 to
dA16) also engage in direct contacts with Drt3b residues—
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including base-specific (dC13—-Arg408), purine-specific (dA16—
Thr335/Thr338), pyrimidine-specific (dC15—Arg168/Tyr289), and
non-specific (dA14-Tyrl70) interactions—that further stabilize
the kinked ssDNA. In contrast, predicted structures of RDE-3 com-
plexed with poly(UG) RNA (protein—RNA ipTM 0.94) lack these
stabilizing contacts (Fig. 4, E to G, and fig. S10G). Altogether, this
extensive network of base-specific and conformation-stabilizing
interactions spanning dC13 to dA18 provides the protein tem-
plate that dictates precise alternating poly(AC) synthesis.

Finally, we observed weak additional density near the hy-
droxyl group of the C-terminal Tyr650, suggesting a covalently at-
tached phosphate from a protein—-DNA adduct (fig. S13A). The
hydroxyl-bearing side chain at this position (Tyr, or occasionally
Ser) is conserved across DRT3 homologs, supportingits role as the
nucleophile that initiates DNA synthesis (fig. S13B). Corroborating
this model, a Drt3b-Y650F mutant did not exhibit a dNTP-depend-
ent molecular weight shift on SDS-PAGE (fig. $13C), indicating loss
of covalent adduct formation. The Y650F mutation also abolished
phage defense (fig. S13D) and in vivo dsDNA accumulation (fig.
S13E), demonstrating that Tyr650-mediated priming is essential
for DRT3 function. Tyrosine priming is consistent with several
other DRT systems, including AbiK (22, 23), Abi-P2 (23), AbiA (34),
and DRT9 (24-26).

Phage T1 protein ST61 is required for ECDRT3-mediated defense
To understand the requirements for DRT3 defense, we isolated
five distinct phage T1 escape mutants via adaptive evolution (Fig.
5, A and B). These mutants exhibited robust escape from EcDRT3
and partial escape from Ec2DRT3 (fig. S14A). All five harbored in-
activating mutations within a single uncharacterized gene, ST61
(Fig. 5B). Co-expressing ST61 and EcDRT3 was constitutively toxic
to E. coli, and this toxicity was abolished when Drt3a, Drt3b, or
the ncRNA was disrupted (Fig. 5C). ST61 has a predicted SH3 do-
main-like fold and is encoded within a four-gene neighborhood
conserved across the Tunavirinae subfamily of phages (fig. S14B).
Sequencing of DRT3-expressing cells infected with escape phages
showed a modest reduction in poly(GT) and poly(AC) reads com-
pared to wild-type T1 infection (fig. S14C). Together, these find-
ings identify ST61 as a phage-encoded trigger required to activate
DRT3-mediated defense.

Discussion

Our study reveals the DRT3 system as a coordinated bacterial de-
fense complex that synthesizes alternating dinucleotide dsDNA
using two mechanistically distinct RTs (Fig. 5D). Drt3a functions as
a telomerase-like RNA-templated polymerase, generating
poly(GT) ssDNA from the conserved ACACAC motif within the
ncRNA. Conversely, Drt3b produces the complementary poly(AC)
strand without any nucleic acid template. For Drt3b, precise base
alternation is enforced by conserved active site residues, which
form base-specific hydrogen bonds that replace canonical
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Watson-Crick base pairing. While the activities of the individual
RTs supports the emerging theme that class 1 UGs synthesize
non-templated polymers (23, 34-38) and class 2 UGs generate
RNA-templated repeats (24-28, 39), their coordinated synthesis
of complementary strands to form dsDNA is unique among DRT
systems.

Our cryo-EM structures provide insights into the kinetics of
DNA synthesis by Drt3a and Drt3b. For Drt3a, the elongating
product is fully extended across the ACACAC template, suggesting
that the subsequent strand separation is the rate-determining
step of the synthesis cycle, analogous to the mechanism of te-
lomerase (33). Similarly, the Drt3b product terminates in a 3’ dA
(Fig. 4E and fig. S10F), with no detected structural classes ending
in dC, suggesting that the dC-adding state is transient and that
product translocation following dA addition is rate-limiting.

In contrast to Drt3a, the Drt3b active site directly encodes the
alternating poly(AC) product. Specifically, Glu26 serves as the pri-
mary template for dA selection, whereas dC selection likely in-
volves distinct or additional residues. Based on the proximity of
Arg253 to the nascent dNTP-binding site and its observed inter-
action with the preceding dC17, we hypothesize that a rotational
shift of the Arg253 side chain, induced by the translocation of dA,
disrupts the purine-specific cation-m interaction and facilitates
the formation of specific hydrogen bonds with an incoming dCTP,
effectively serving as a secondary template during the dC-addi-
tion cycle. In this state, the cDNA might adopt a conventional
kink-less conformation with an empty Thr335 pocket to maintain
the register of the poly(AC) interactions with the protein side
chains after translocation. Beyond the immediate insertion site,
all six of the final bases (up to and including the 3’ terminal dA)
form close contacts with amino acid side chains, including three
base-specific and two purine/pyrimidine-specific contacts. This
structurally encoded recognition suggests Drt3b cannot be easily
reprogrammed for alternative sequence specificities without loss
of synthesis efficiency.

This protein-templated mechanism for generating a long, se-
quence-specific nucleic acid is highly atypical among known poly-
merases. While some prokaryotic polymerases can generate
repetitive dsDNA in vitro (40—42), this process remains template-
dependent: The polymerase first synthesizes random short pri-
mers, and only those that are self-complementary are selectively
amplified to yield the alternating repeat (43). Limited forms of
protein-templated base incorporation also exist, but they typi-
cally produce only extremely short products—for example, the
CCA motif added to tRNAs by the CCA-adding enzyme (11-13), or
a single cytosine templated by the DNA translesion polymerase
Rev1 (10). Functionally, Drt3b most closely resembles the nucle-
otidyltransferase RDE-3, which adds alternating poly(UG) tracts to
RNA 3’ ends (16, 17). However, Drt3b is distinguished by its utili-
zation of an RT fold and its production of DNA; furthermore, Al-
phaFold 3 models of RDE-3 suggest that Drt3b is distinct in its
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extensive sequence-specific stabilization of the nascent product,
with protein residues substituting for the structural role of a nu-
cleic acid template.

The alternating poly(GT/AC) product sequence appears to be
universal across DRT3 homologs, as indicated by the conservation
of the (AC)s RNA template motif and Drt3b templating residues.
The evolutionary investment in two specialized polymerases ded-
icated to manufacturing a conserved pair of perfectly comple-
mentary strands suggests that the repetitive, double-stranded
nature of the product is critical for its anti-phage function. Con-
sistently, mutations in either RT abolished defense despite con-
tinued production of the complementary ssDNA strand by the
other RT in vitro, indicating that both strands of the product are
essential. Although the function of the product remains unknown,
its repetitive poly(GT/AC) sequence might enable gapped, pro-
tein-linked duplexes to assemble into a higher-order network
through annealing between multiple strands. Alternatively, or ad-
ditionally, these repetitive tracts are also prone to adopting non-
B-form conformations, such as slipped-strand structures (44) or,
less likely, Z-DNA (45). Such complex structural assemblies might
function as “molecular sponges” that titrate essential phage-de-
rived DNA binding proteins, as proposed for DRT9 (24, 25).

The activity of Drt3b contrasts with that of other class 1 UG
RTs such as AbiK (21), which synthesizes random DNA (22) despite
sharing a similar overall structure and tyrosine priming mecha-
nism (23). The residue-level adaptations specific to Drt3b that en-
force dinucleotide periodicity underscore the versatility of the UG
RT family. Altogether, the DRT3 system employs an unexpected
mechanism of biological information transfer, expanding the re-
markable repertoire of nucleic acid—based strategies in anti-
phage defense.
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Fig. 1. Fig. 1. DRT3 forms an RNP complex that constitutively synthesizes repetitive alternating poly(GT:AC) double-
stranded DNA. (A) Phylogenetic tree of the DRT3 system (n = 1,232 representatives) based on a concatenated alignment
of the Drt3a and Drt3b proteins. Two minor clades (83 representatives; 7%) are associated with an additional SLATT-domain
membrane protein (46), extending previous observations (20). (B) Anti-phage activity of two DRT3 systems from distinct
clades against Escherichia phage T1. Catalytic mutants (YVAA) denote the following alanine substitutions: EcDRT3a
(D197A/D198A), EcDRT3b (D291A/D292A), Ec2DRT3a (D197A/D198A), and Ec2DRT3b (D278A/D279A). (C) Analysis of non-
stranded dsDNA sequencing of DRT3-expressing cells. (D) Sequence logos of motifs identified from the unmapped read
fraction of the wildtype DRT3 systems. (E) Percentage of sequencing reads containing an (AC)e or (GT)s motif across
different conditions (4 replicates each). (F and G) Size-exclusion chromatogram (F) and SDS-PAGE analysis (G) of the purified
EcDRT3 complex. (H) Urea-PAGE analysis of nucleic acids co-purified with ECDRT3. (I) RNA sequencing reads for the ECDRT3
ncRNA mapped to the EcDRT3 locus. (J) SDS-PAGE analysis of the wildtype ECDRT3 complex or active site mutants (3a YVAA
and 3b YVAA) after incubation with dNTPs. (K and L) Sample preparation workflow (K) and DNA agarose gel analysis (L) of
the cDNA products. (M) DNA agarose gel analysis of the EcDRT3 3a YVAA and 3b YVAA products individually and as a
mixture. (N) Quantification of poly(GT) and poly(AC) reads for the ECDRT3 cDNA product. WT, wild type.
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Fig. 2. Cryo-EM structure of the elongating ECDRT3 hexamer. (A and B) Composite cryo-EM maps (A) and atomic models
(B) for the ECDRT3 complex in the presence of dNTPs. A single protomer is outlined in yellow. (C to F) Intra-subunit
interactions between EcDrt3a and adjacent EcDrt3b subunits [(C) and (D)] or between two EcDrt3b subunits [(E) and
(F)] within an EcDRT3 trimer layer. (G) Interactions between two EcDrt3b subunits from opposing trimer layers. (H)
Sequence logos for residues in (G) from a multiple sequence alignment of EcDrt3b homologs. (1) ECDRT3 product DNA
duplex.
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Fig. 3. EcDrt3a synthesizes poly(GT) ssDNA using the ACACAC motif of the ncRNA as a template. (A) DNA agarose
gel analysis of the EcDrt3a product in the presence of distinct dNTP combinations. (B) Sequence logo of the motif
identified from the in vitro EcDrt3a cDNA product, along with quantification of poly(GT) and poly(AC) reads. (C)
Overall structure of the elongating EcDrt3a-ncRNA complex (top) and the secondary structure diagram of the
ncRNA (bottom). NTE, N-terminal extension. (D to G) Interactions between EcDrt3a and ncRNA. Cryo-EM maps are
shown as surfaces. (H) Summary of molecular interactions that position the ncRNA ACACAC motif. (1) Agarose gel
electrophoresis of DNA products synthesized by EcDRT3 with mutant ncRNAs. (J) Anti-phage activity of ECDRT3

ncRNA mutants against phage T1.
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Fig. 4. EcDrt3b synthesizes poly(AC) ssDNA without a nucleic acid template. (A) DNA agarose gel analysis of the EcDrt3b
products synthesized by the EcDRT3 3a YVAA complex in vitro. (B) Sequence logo of the motif identified from the in vitro
EcDrt3b cDNA product, along with quantification of poly(GT) and poly(AC) reads. (C to E) Comparative structural analysis of
the putative ncRNA entry region (C), template RNA position (D), and the conformation of the cDNA product in the active site
(E) between EcDrt3b and the G. stearothermophilus group Il intron reverse transcriptase (PDB: 6AR1) (30). Proteins are shown
as surfaces in the inset of (C) to highlight the blockage of the path for the putative template RNA by both the C terminus
(residues 645-650) and the extended loop (residues 112-169) in EcDrt3b, whereas the corresponding region is open in group
Il intron RT. EcDrt3b NTE and the template RNA of G. stearothermophilus group Il intron is overlaid in panel D to show the
steric clash at the templating base. (F and G) Summary of the interactions between EcDrt3b and the last six bases at the 3’
end of its cDNA product (F) and the corresponding structural views (G). Hydrogen bonds, m-m interactions, and cation-mt
interactions are shown in red, black, and green dotted lines, respectively. Base-specific interactions are highlighted in yellow.
(H) Agarose gel of in vitro DNA products synthesized by the EcDRT3 3a-YVAA/3b-WT, 3a-YVAA/3b-E26Q, and 3a-YVAA/3b-
E26A complexes. (I) Sequence logos of cDNA motifs generated by these variants in the presence of all four dNTPs. (J) Relative
base incorporation frequencies following dC in the cDNA products.
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T1ST61. (D) Proposed molecular mechanism of ECDRT3-mediated antiphage immunity.
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