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ABSTRACT

Retrons are bacterial retroelements that produce
single-stranded, reverse-transcribed DNA (RT-DNA)
that is a critical part of a newly discovered phage
defense system. Short retron RT-DNAs are produced
from larger, structured RNAs via a unique 2'-5’ initi-
ation and a mechanism for precise termination that
is not yet understood. Interestingly, retron reverse
transcriptases (RTs) typically lack an RNase H do-
main and, therefore, depend on endogenous RNase
H1 to remove RNA templates from RT-DNA. We find
evidence for an expanded role of RNase H1 in the
mechanism of RT-DNA termination, beyond the mere
removal of RNA from RT-DNA:RNA hybrids. We show
that endogenous RNase H1 determines the termina-
tion point of the retron RT-DNA, with differing effects
across retron subtypes, and that these effects can
be recapitulated using a reduced, in vitro system.
We exclude mechanisms of termination that rely on
steric effects of RNase H1 or RNA secondary struc-
ture and, instead, propose a model in which the ter-
tiary structure of the single-stranded RT-DNA and re-
maining RNA template results in termination. Finally,
we show that this mechanism affects cellular func-
tion, as retron-based phage defense is weaker in the
absence of RNase H1.

INTRODUCTION

Retrons are prokaryotic retroelements that have recently
been shown to play a role in phage defense (1-4). Retrons
consist of three components: (1) a reverse transcriptase
(RT), (2) a structured non-coding RNA (ncRNA) that is
reverse transcribed by the RT into single-stranded, reverse-
transcribed DNA (RT-DNA), and (3) and one or more ac-
cessory proteins. Bioinformatic analyses based on sequence

have identified more than 2,000 proposed retrons, account-
ing for up to ~25% of all bacterial retroelements, though to
date fewer than twenty have been verified and characterized
biochemically (5-8). Despite having only a cursory under-
standing of retron mechanism and function, this RT family
has generated substantial interest for its ability to produce
single-stranded RT-DNA in vivo, which allows for synthetic
biology applications in eukaryotic gene editing (9), recom-
bineering (10) and high throughput mutagenesis (11).

Retrons employ a unique mechanism for RT-DNA syn-
thesis. The ncRNA template folds into a conserved sec-
ondary structure, insulated between two inverted repeats
(al/a2, Figure 1A). The retron RT recognizes the folded
ncRNA and reverse transcription is initiated from a con-
served guanosine 2’-OH adjacent to the inverted repeats,
forming a 2’-5 linkage between the template RNA and the
nascent DNA strand (12—-15). In some retrons this 2'-5 link-
age persists into the mature form of processed RT-DNA
(16), while in others an exonuclease cleaves the DNA prod-
uct resulting in a free 5’ end (17,18).

Unlike viral reverse transcriptases, retron RTs do not
fully reverse transcribe their template RNAs as a means of
replication, but instead terminate at a precise point in the
middle of the retron ncRNA (Figure 1A). This results in a
short RT-DNA product that varies in size by subtype from
~40-160 bases. When isolated from cells, retron RT-DNA
is single stranded and degradation of the RNA template
has been shown to depend on endogenous RNase H1 (19).
Prior experiments suggest that RNase H1 cleavage occurs
quickly or perhaps is even coupled with reverse transcrip-
tion (19). In another study it was observed that in the ab-
sence of RNase H1 the length of Eco5 RT-DNA was al-
tered, but in the same conditions the length of Eco7 was
unaffected (15,19). The mechanism by which retrons termi-
nate reverse transcription is not well understood.

Recent work describes a function for the retron as a cellu-
lar defense system against phages (1-4), in which the retron
RT-DNA may act as a phage sensor. In this model, phage
infection activates a toxic effect of the accessory protein
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Figure 1. Endogenous RNase H1 determines retron RT-DNA length. (A) Schematic showing retron RT-DNA synthesis and the retron operon of retron-
Ecol. The ncRNA is pink, the RT-DNA is blue, the accessory protein is maroon and the RT is orange. The star represents the 2'-5’ linkage. (B) A TBE—urea
polyacrylamide gel showing RT-DNA production across six retrons in the presence and absence of RNase H1. (C-H) RT-DNA length quantification,
determined by multiplexed sequencing. Samples containing retron sequence were analyzed to determine length and binned into histograms. Purple bars
are RT-DNA produced in the presence of RNase H1, gray bars are RT-DNA produced in the absence of RNase H1, p values are a Mann Whitney test of

the length distribution. Statistical details in Supplementary Table S1.
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that results in abortive infection, which depends on the syn-
thesis of RT-DNA and 2-5' linkage processing (in retrons
where that processing occurs) (1-4). Multiple components
of this model remain mysterious, including whether or how
the RT-DNA neutralizes the toxic accessory protein in the
absence of phage, and releases or activates it in the presence
of phage. These mechanisms remain poorly understood in
part because we do not understand the properties of the RT-
DNA itself, warranting further study of the synthesis of the
retron RT-DNA.

Experiments suggest that retron RNA is cleaved by
RNase H as RT-DNA is synthesized, rather than after syn-
thesis is complete (19), demonstrating a close relationship
between RNase H1 and the retron complex. This close as-
sociation, combined with the importance of RT-DNA in
phage defense, prompted us to test whether RNase H1 plays
a role in RT-DNA synthesis beyond simply removing the
RNA in the DNA:RNA hybrid. We extend previous obser-
vations (15,19), finding a prominent effect of host RNase
H1 on RT-DNA termination, both in vivo and in a reduced
in vitro system. Using this as a starting point to investigate
retron RT-DNA termination, we find that, in addition to
RNase H1, precise termination requires the native architec-
ture of the ncRNA. We propose a model in which removal
of the RNA template leads to a tertiary DNA:RNA struc-
ture that enforces termination. At a cellular level, we show
that RNase H1 is also critical for retron-based phage de-
fense.

MATERIALS AND METHODS

All biological replicates were collected from distinct sam-
ples and not the same sample measured repeatedly.

Strain generation

Bacterial experiments were carried out in BL21-Al cells,
or a derivative of BL21-Al cells. These cells harbor a T7
polymerase driven by an arabinose-inducible promoter. A
knockout strain for the Ecol operon (BL214 %!y was previ-
ously described (20). An additional strain (BL214 Ecol: Amhd)
was constructed from that strain, using a strategy based
on Datsenko and Wanner (21) to replace the rnhA operon
with an FRT-flanked chloramphenicol resistance cassette.
The replacement cassette was amplified from pKD?3, adding
homology arms to the rnhA locus. This amplicon was
electroporated into BL21-AlI cells expressing lambda Red
genes from pKD46 and clones were isolated by selection on
10 wg/ml chloramphenicol plates. After genotyping to con-
firm locus-specific insertion, the chloramphenicol cassette
was excised by transient expression of FLP recombinase to
leave only an FRT scar. Strain genotypes are listed in Sup-
plementary Table S3.

RT-DNA expression, purification and PAGE gel analysis

Constructs (Supplementary Table S2) were transformed
via electroporation into either strain BL214E¢! o
BL21AEcol:AmhA — Gelection for successfully transformed
cells was performed by growing the transformed cultures
on kanamycin plates. A single colony from the culture was
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picked and grown in 5 ml of LB and 1 mM kanamycin,
shaking overnight at 37°C. The following morning 100 ul
of the overnight culture was inoculated into 5 ml of LB
and 1 mM kanamycin and allowed to shake at 37C for
2 h during which the cells entered log growth phase. The
full SmL culture was then added to 50 ml of LB, 35 ug/ml
kanamycin, 1 mM IPTG and 200 ug/ml l-arabinose. Cells
were allowed to grow for 5-8 h after which the cells were
pelleted and stored at —20°C.

To visualize RT-DNA on a PAGE gel the cell cultures
were prepared using a Qiagen plasmid plus midi prep pro-
tocol and eluted in a volume of 100 ul. 5 ul of the purified
RT-DNA was then analyzed on 10% Novex TBE—urea Gels
(Invitrogen), with a 1 x TBE running buffer that was heated
to ~50°C before loading. Gels were stained with Sybr Gold
(Thermo Fisher) and imaged on a Gel Doc imager (Bio-
Rad).

Ilumina multiplexed DNA sequencing

After the Qiagen midiprep, 86 ul of the RT-DNA was
treated with 10 units of RNase H1 (NEB) and ~20 ng
of DBR1 (Origene or in-house prep, see below) in 1x
Cutsmart for 30 min at 37°C and then single stranded DNA
was isolated from the prep using an ssDNA/RNA Clean &
Concentrator (Zymo Research) and eluted in a volume of
16 ul.

RT-DNA was prepped for sequencing by taking 9 ul of
the ssDNA/RNA cleanup and extending the 3’ end with
a single nucleotide, dATP, in a reaction with terminal de-
oxynucleotidyl transferase (TdT) (NEB). This reaction was
carried out in 1x TdT buffer, with 60 units of TdT and 125
pM dATP for 60 s at room temperature with the aim of
adding ~25 adenosines before inactivating the TdT at 70°C
for 5 min. 8 ul of the TdT extended product was carried for-
ward and a second complementary strand was then created
from that extended product using 15 units of Klenow Frag-
ment (3’—5" exo-) (NEB) in 1 x NEB2, | mM dNTP and
50 nM of primer containing an Illumina adapter sequence,
nine thymines, and a non-thymine (V) anchor. Product was
cleaned up using Qiagen PCR cleanup kit and eluted in 25
ul water. Finally, [llumina adapters were ligated on at the 3’
end of the complementary strand using 1 x TA Ligase Mas-
ter Mix (NEB). All products were indexed and sequenced
on an Illumina MiSeq instrument. All samples were ana-
lyzed in at least two biological replicates (different transfor-
mations) with exact N indicated on the figure and in Sup-
plementary Table S1. Primers used for sequencing are listed
in Supplementary Table S4.

Sequencing analysis

Sequencing reads were analyzed using custom Python soft-
ware written to trim Illumina adaptors and poly-A tails.
Three 10-base sequences present along the RT-DNA, spe-
cific to each retron, was queried, allowing for one mismatch.
All sequences containing at least one of those sequences
were analyzed for length.

For length analysis, the total number of reads that were
counted for each length was tallied and then normalized to
the total number of reads that contained any RT-DNA se-
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quence (reads per length/total RT-DNA reads). Length val-
ues were then analyzed for relative frequency and plotted
into a binned histogram using Prism software.

To analyze the sequence that was reverse transcribed,
retron RT-DNA containing reads were exported as a
FASTA file and assembled in Geneious to a sequence start-
ing at the T7 promoter and extending to the start codon of
the retron-RT. Assembled reads were exported as a .csv file
and % coverage was calculated by dividing the reads at each
nucleotide by the total number of reads that contained RT-
DNA.

To measure terminal base bias of the sequencing ap-
proach, four oligonucleotides were combined in equal parts
to a total concentration of 1 wM. This mixture was prepped
for sequencing with the same method as the retron-derived
RT-DNA. Sequencing reads were analyzed with a custom
Python script to identify the oligo sequence of interest.
The full oligonucleotide sequence was queried using fuzzy-
search, allowing for two mismatches including the unde-
fined terminal base. Each read that matched the oligo se-
quence was then binned according to its terminal base.

In vitro transcription of Ecol RNA and Ecol chemical map-
ping RNA

RNA template was generated using PCR assembly by
primers designed using Primerize (22,23). RNAs were in
vitro transcribed using T7 RNA polymerase (NEB) in
RNA polymerase reaction buffer (40 mM Tris—HCI, pH
7.9, 28 mM MgCl,, 90 mM DTT, 2 mM spermidine, 1.5
mM each NTP and 40 U RNasin Plus Ribonuclease In-
hibitor [Promegal). The reaction was incubated at 37°C for
3 hours followed by the addition of 10 units of TURBO
DNase (Thermo Fisher) for 15 min at 37°C. RNA was pu-
rified using a Zymo RNA clean and concentrate kit.

Ecol-RT and DBR1 cloning and expression

Ecol-RT was cloned into the pSol-Tsf backbone from Lu-
cigen’s kit - Expresso Solubility and Expression Screen.
DBR1 was also cloned into the backbone but with an ad-
ditional His-tag between the TEV site and DBR1. Con-
structs were transformed into BL21-AlI cells and plated on
an LB-kanamycin plate. A single colony was picked and
grown overnight shaking at 37°C in 5 ml of LB with 1 mM
Kanamycin. 5 ml of culture was added to 1 L of LB and
allowed to reach an OD of 0.5 shaking at 250 rpm in a baf-
fled flask at 37°C. For Ecol-RT, the culture was then placed
on ice for 15 min. 1% arabinose and 0.02% L-rhamnose (1
ml of 20% solution) were added to induce expression and
culture was allowed to shake at 18°C for ~18 h. DBR1 was
induced with 1% Arabinose and 0.02% L-rhaminose (1 ml
of 20% solution) and culture was allowed to shake at 37°C
for 4 h. Cells were then spun down and stored at —20°C
or moved directly into the protein purification protocol
below.

Ecol RT and DBRI1 purification was achieved by resus-
pending the 1 L cell pellet in 30 ml of lysis buffer (20 mM
Tris pH 7.4, 200 mM NaCl, 1 mM MgCl,, 10% glycerol).
Cells were lysed once using the Misonix Sonicator 3000 on
power level 5.0 with 30 s on/30 s off for 10 cycles. The

lysed suspension was then spun at 18,000 rcf in a Beckman
JL25.50 rotor at 4°C for 30 min. Supernatant volume was
brought up to 50 ml with lysis buffer and 2 ml of equili-
brated nickel excel resin (Cytiva) and rotated at 4°C for 3
h. Resin was then collected in 10 ml columns and washed
using 25 ml of wash buffer (20 mM Tris pH 7.4, 200 mM
NaCl, | mM MgCl,, 40 mM Imidazole pH 7.4 and 10%
glycerol). Protein was eluted using 6 ml of elution buffer (20
mM Tris pH 7.4,200 mM NaCl, | mM MgCl,, 300 mM Im-
idazole pH 7.4 and 10% glycerol). Protein was concentrated
using an Amicon filter (10 kDa molecular weight cutoff)
and purified using a Superdex200 (Cytiva) column on an
AKTA Avant system. For Ecol-RT 280 UV wavelength was
monitored and when protein elution started 100 ul fractions
were taken. Fractions were run on a 4-12% gradient Bis—
Tris NuPAGE gel in NuPAGE MES-SDS Running buffer.
Only 100 ul fractions that contained minimal amount of
co-purifying chaperone were taken. For DBR1, all peaks
were run on a 4-12% gradient Bis—Tris NuPAGE gel in Nu-
PAGE MES-SDS Running buffer and the fractions contain-
ing Dbrl were taken. Protein size was approximated using a
BLUEstain protein ladder (GoldBio). Gels were stained us-
ing Biotium One-Step Blue Protein Gel Stain. Proteins were
aliquoted and stored at —20°C until use.

In vitro functional assay for RT-DNA production

In vitro reactions contained 50 mM Tris—HCI (pH 7.8), 10
mM DTT, 10 mM MgCl,, 60 mM NaCl, 10% glycerol,
0.4 mM dNTP mix, 20 units of RNasin Plus Ribonucle-
ase Inhibitor (Promega), 5 units of RNase H (NEB), 36 nM
Ecol ncRNA, and 3uM purified Ecol Tsf-RT, unless oth-
erwise indicated. Protein was added last. Reactions were al-
lowed to incubate at 37°C for 1 h. Reactions were quenched
with the addition of 5 units of RNase A/T1 (Thermo Scien-
tific) and/or 30 units of RecJ (NEB) and/or DBR1 (Origene
or in-house) by incubating at 37°C for 30 min. If RNase
H1 was not included in the reaction, it was added with
RNase A/T1 to remove DNA:RNA hybrids for PAGE visu-
alization. After reaction was quenched, TBE—urea loading
buffer was added to a 1x concentration. Samples were in-
cubated at 90°C for 3 min and loaded into a 10% TBE—urea
gel with 1x running buffer that had been heated to 55°C.
Gels were run for ~30 min, stained with SYBR-Gold and
imaged.

Chemical mapping

Chemical probing experiments were carried out as de-
scribed previously (24-26). Briefly, 1.2 pmol of RNA was
denaturated at 95°C in 50 mM Na-HEPES, pH 8.0, for
3 min, and folded by cooling to room temperature over
20 min and adding MgCl, to the desired concentration of
10 mM. RNA was aliquoted in 15 pl volumes into a 96-
well plate and mixed with nuclease-free H,O (control), or
chemically modified in the presence of 5 mM 1-methyl-7-
nitroisatoic anhydride (1M7) (27) for 10 min at room tem-
perature. Chemical modification was stopped by adding
9.75 ul quench and purification mix (1.53 M NaCl, 1.5 ul
washed oligo-dT beads, Ambion), 6.4 nM FAM-labeled,
reverse-transcriptase primer, and 2.55 M Na-MES for IM7.
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RNA in each well was purified by bead immobilization on
a magnetic rack and two washes with 100 wl 70% ethanol.
RNA was then resuspended in 2.5 pl nuclease-free water
prior to reverse transcription.

RNA was reverse-transcribed from annealed fluorescent
primer in a reaction containing 1 x First Strand Buffer
(Thermo Fisher), 5mM DTT, 0.8 mM dNTP mix, and 20 U
of SuperScript I11 Reverse Transcriptase (Thermo Fisher) at
48°C for 30 min. RNA was hydrolyzed in the presence of 200
mM NaOH at 95°C for 3 min, then placed on ice for 3 min
and quenched with 1 volume 5 M NaCl, 1 volume 2 M HCl,
and 1 volume 3 M sodium acetate. cDNA was purified on
magnetic beads as described previously, then eluted by incu-
bation for 20 min in 11 pl Formamide-ROX350 mix (1000
wl Hi-Di Formamide [Thermo Fisher] and 8 pl ROX350
ladder [Thermo Fisher]). Samples were then transferred to
a 96-well plate in ‘concentrated’ (4 .l sample + 11 pl ROX
mix) and ‘dilute’ (1 pl sample + 14 w1 ROX mix) for satura-
tion correction in downstream analysis. Sample plates were
sent to Elim Biopharmaceuticals for analysis by capillary
electrophoresis.

Chemical mapping analysis using HiTrace

Capillary electrophoresis runs from chemical probing were
analyzed with the HITRACE MATLAB package (28).
Lanes of similar treatment groups (e.g. M7 modified) were
aligned together, bands were fit to Gaussian peaks, back-
ground was subtracted using the no-modification lane, cor-
rected for signal attenuation, and normalized to the internal
hairpin control. The end result of these steps is a numerical
array of ‘reactivity’ values for each RNA nucleotide. Three
individual chemical mapping experiments were run to pro-
duce replicates.

Mass spectrometry

Retron-RT constructs containing either a His-tag or a
FLAG-tag on the C-terminus were created. Constructs were
transformed into BL21-AlI cells. 50 ml cultures of cells were
grown to OD 0.6, cultures were cooled on ice, induced
with ImM IPTG, 1% arabinose, and expressed overnight
shaking at 250 rpm at 18°C. After expression cultures were
spun down, lysed, and soluble fraction isolated as described
in the Tsf-RT expression method section. 30 ul of FLAG
resin washed 4 x with the wash buffer (20 mM Tris pH 7.4,
200 mM NacCl, | mM MgCl,, 40 mM Imidazole pH 7.4 and
10% glycerol) was added to 60 ul of the supernatant after
high-speed spin. Beads and slurry were allowed to incubate
for 4 h, rotating at 4°C, then were washed 3x with wash
buffer and then 2x with wash II buffer (20 mM Tris pH
7.4, 200 mM NaCl, 1 mM MgCl,). Protein was eluted us-
ing cleavage of the TEV sequence between the tag and the
RT. This was achieved by adding 10 units TEV (NEB) to
the washed beads and incubating rotating overnight at 4°C.
After cleavage beads were spun down and supernatant was
collected and analyzed using mass spectrometry.

Samples were digested on-bead using LysC and trypsin
overnight at 37°C without reduction or alkylation. Digests
were desalted using Stage tips packed with C18 disks (EM-
PORE). After vacuum centrifugation, peptides were resus-
pended in 0.1% formic acid. Samples were analyzed on a
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Q-Exactive Plus mass spectrometer (Thermo) coupled to an
Easy-nLC 1200 (Thermo). Data was processed using Spec-
trum Mill (Agilent Technologies) searching the Uniprot Es-
cherichia coli B21 DE3 database (4430 entries, including
common laboratory contaminants). Three missed cleavages
were allowed, and variable modifications included N-term
acetylation, methionine oxidation, pyro-glutamic acid, and
deamidated asparagine. The mass tolerance for precursor
and product ions was limited to 20 ppm.

Accessory protein neutralization assay

Cultures of BL214£¢! with the full retron operon or the
respective accessory protein only were grown overnight. In
the morning, cultures were diluted 1:5000 into 500 ul of LB
and 1% kanamycin, with induced (1% L-arabinose and 1%
IPTG) and uninduced conditions for each strain. Cultures
were grown in 1 ml deep-well plates shaking vigorously at
room temperature for 24 h. ODgy was measured in a molec-
ular devices plate reader.

Plaque assay

Phages were propagated from ATCC stocks (11303-BS5,
11303-B2) into a liquid culture of E. coli (BL214£¢!) at
37°C to OD600 0.3 in LB medium supplemented with 0.1
mM MnCl, and 5 mM MgCl, (MMB) until culture col-
lapse, as described by (2,29,30). The culture was then cen-
trifuged for 15 min at 6000 rpm and the supernatant was fil-
tered through a 0.2 pm filter to remove bacterial remnants.
Lysate titer was determined using the full plate plaque assay
method as described in Kropinski ez al. (31).

Small drop and full plate plaque assays were performed as
previously described by Mazzocco et al. (32). Bacteria were
grown overnight at 37°C. 60 ul of the overnight culture was
passaged into 3 ml of MMB with kanamycin, L-arabinose
and IPTG and grown for 2 h, shaking at 37°C.

For small drop plaque assays, 200 ul of the bacterial cul-
ture was mixed with 2 ml melted MMB agar (LB + 0.1 mM
MnCl, + 5 mM MgCl, + 0.75% agar) and plated on MMB
agar plates. The plates were dried for 20 min at room tem-
perature. 10-fold serial dilutions in MMB were performed
for each of the phages and 2 ul drops were placed on the
bacterial layer.

Full plate plaque assays were set up on rectangular and
circular plates, and the volume of bacterial culture added to
create a lawn varied with respect to the surface area of the
plate. On rectangular plates, 155 ul of the bacterial culture
was mixed with 45 ul of phage lysate at a dilution deter-
mined to yield at least 10 plaques. On circular plates, 620
uL of the bacterial culture was mixed with 45 ul of phage
lysate. For a single T2/Eco4 condition on a circular plate,
we used 135 ul of phage lysate for both the experimental
and control conditions to achieve the at least 10 plaques.
After incubating at room temperature without shaking for
5 min, the mixture was added to 2 ml melted MMB agar
and poured onto MMB agar plates. The plates were dried
for 20 min at room temperature.

Plates were incubated overnight at 37°C. Plaque forming
units were blindly counted and compared between the de-
fense and control strains. To achieve at lest 10 individual
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countable plaques, the cell culture volume added was opti-
mized to get a full bacterial lawn for each strain.

RESULTS
Endogenous RNase H1 determines retron RT-DNA length

Given that endogenous RNase H1 is required to remove
RNA, resulting in single stranded retron RT-DNA, we
aimed to test whether RNase H1 affects RT-DNA synthe-
sis across a panel of retrons. For this work, we used a B-
strain E. coli (BL21-Al) that harbors an endogenous retron
(retron-Ecol). To create a clean background for the ex-
pression of multiple retrons, we eliminated the endogenous
retron operon, and then additionally removed endogenous
RNase H1 (rnhA), to yield the two primary strains used in
this work: BL214£<! and BL214 £l Amh4 To yunderstand
the generalizability of RNase H1’s role in RT-DNA syn-
thesis, we analyzed the effect of RNase HI on RT-DNA
synthesis in six retrons: Retron-Ecol (Ec86), Retron-Eco2
(Ec67), Retron-Eco4 (Ec83), Retron-Eco6 (Ec48), Retron-
Eco9 and Retron-Sen2 (St85). These six retrons span four
RT Clades, from four different retron subfamilies, with four
different types of predicted accessory domains (2,5). Clade,
subfamily, and accessory type for each retron are provided
in Supplementary Table S5.

Each retron operon, comprising of the retron-RT,
retron-RNA, and accessory protein(s), was cloned into
T7-inducible expression vectors and transformed into
BL214£¢! and BL2]AEcolzAmhA cells. Retron operons were
overexpressed and RT-DNA was isolated and visualized on
a TBE-urea gel. (Figure 1B). In the presence of RNase H1,
all retrons generate RT-DNA products of approximately
the expected length based on previous literature - Ecol (re-
ported as 86 bases) (33), Eco2 (reported as 67 bases) (34),
Eco4 (reported as 79 bases) (35), Eco6 (reported as 48 bases)
(36,37), Eco9 (reported between 50 and 100 bases) (1), and
Sen2 (reported between 50 and 100 bases) (38,39). Five of
the six retrons tested displayed dramatically different RT-
DNA profiles in the absence vs. presence of RNase H1.
Eco4 RT-DNA is nearly eliminated in the absence of RNase
H1. In contrast, Eco2 appears to be unaffected by RNase
H1 (Figure 1B).

PAGE gel analyses have been the standard in the retron
field, and provide an estimate of the size of the most preva-
lent polynucleotides in the population. However, PAGE
gels are unable to quantify the lengths of molecules in
a heterogenous population and provide no sequence in-
formation. Therefore, we applied multiplexed Illumina se-
quencing to the retron RT-DNA to provide a more quan-
titative and precise view of RT-DNA production across
conditions.

We isolated the RT-DNA produced in vivo from each
retron and processed them for sequencing using an un-
biased custom sequencing method (20). Briefly, RT-DNA
samples were processed with DBR1 to remove the 2'-5 link-
age present in some RT-DNA samples. Each sample was
extended on the 3’ end with adenine bases using a template-
independent polymerase (TdT), after which an adapter-
containing primer was used to generate the complementary
strand via Klenow extension, and finally a separate adapter
was ligated to the other end of the resulting dsSDNA. The

resulting fragments were indexed and sequenced on an Illu-
mina MiSeq instrument.

For a quantitative analysis, it is critical that all molecules
are equally prepared for sequencing with no bias based on
RT-DNA sequence. TdT has been shown to incorporate dif-
ferent nucleotides at different rates (40), and, although we
were only using a single nucleotide for extension, we were
concerned that the identity of the terminal RT-DNA base
might skew our quantitative sequencing results. To test this
potential bias, we synthesized and sequenced three sets of
four oligonucleotides with each of the four possible terminal
bases, mixed at an equal concentration. When adenine was
used as the extension base (as described above), we found no
bias in the ratio of terminal bases. In contrast, if C was used
as the extension base, oligos terminating in C were overrep-
resented (Supplementary Figure S1).

For data analysis, lengths of sequences containing at least
10 bases specific to the retron of interest were counted. A
binned histogram with the length of each retron RT-DNA
in the presence and absence of RNase H1 is shown in Fig-
ure 1C-F. Plotting the length distribution of the sequences
confirmed that all retrons produced a nearly homogenous
population of RT-DNA in the presence of RNase H1 (Fig-
ure 1C-H). In the absence RNase H1, the distribution of
the RT-DNA’s length was much broader for retrons Ecol,
Eco6, Eco9 and Sen2. Eco2 showed no change in length,
consistent with PAGE gel result, and Eco4 produced so lit-
tle RT-DNA in the absence of RNase H1 that it could not
be reliably prepared for sequencing. Based on these analy-
ses, endogenous RNase H1 consistently affects the length
distribution of RT-DNA molecules.

RNase H1 determines sites of termination in a retron depen-
dent manner

Visualization by PAGE gel and length analysis of mul-
tiplexed sequencing data show that, in the absence of
RNase H1, RT-DNA length is highly heterogeneous for
four retrons. This heterogeneity suggests that in the ab-
sence of RNase H1, the retron RT may load onto or fall
off the template at different places, skip and/or duplicate
various portions of the template, or continue beyond the
normal stop site. To distinguish between these possibilities,
we aligned the trimmed reads to a reference sequence con-
taining the retron ncRNA. The analysis showed that in the
presence of RNase H1, most retrons produced RT-DNA
with little variation in the site of initiation and termination
(Figure 2). Schematics show canonical regions of the retron
ncRNA, including the flanking al /a2 inverted repeats, non-
reverse transcribed region (msr), and reverse transcribed re-
gion (msd) for context. In the absence of RNase H1, RT-
DNA was created without duplications or deletions, but the
typical tightly defined termination point at the 3’ end — with
the majority of molecules terminating within a span of <3
bases — was lost for retrons Ecol, Eco6, Eco9, and Sen2
(Figure 2A, D-F). We additionally found greater variabil-
ity during initiation at the 5" end for Eco9 and Sen2 (Fig-
ure 2A, D-F). The variability on the 5 side of the DNA
could be due to changes in the ability of the RT to initi-
ate reverse transcription properly. These results indicate that
the changes in RT-DNA length observed in the absence of
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Figure 2. RNase HI determines sites of termination in a retron dependent manner. (A-F) Reads containing retron RT-DNA sequences were assembled
onto the ncRNA sequence and flanking regions. Samples with endogenous RNase H1 are shown in blue and RNase H1 knockout experiments are shown
in black (£SD). A schematic of the proposed ncRNA is positioned above the alignment with the inverted repeat al/a2 region in blue, the msr portion in
pink and the msd in brown. Retron name is indicated for each panel at the top left.

RNase H1 are due to differences in the 5’ end and 3’ termi-
nation site.

We additionally compared our RT-DNA sequencing re-
sults to the RT-DNA of these retrons from their initial char-
acterization in previous literature, except for Eco9, which
does not have a previously described RT-DNA sequence
(Supplementary Figure S2A-F). The termination points
were as described except for Ecol which produced RT-
DNA that was one base shorter than was previously de-
scribed, resulting in an RT-DNA that is 85 bases rather
than 86 (33) (Figure 2A; Supplementary Figure S2A). On

the 3’ end, in contrast to what was previously reported, we
found that Eco6 was shorter by three bases (36) (Supple-
mentary Figure S2D). Eco4 and Eco9 produce unbranched
RT-DNA, in which the 2’-5’ linkage is removed, and
our data was consistent with the post-processing cleavage
point as previously described (1,35). We assume the dif-
ferences that we report in RT-DNA compared with the
previous literature represent a technical refinement gained
by sequencing thousands of RT-DNA molecules individ-
ually instead of using bulk assays, and not a biological
difference.
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In vitro validation of RNase H1 as a requirement for correct
termination

It has been proposed that retrons form large complexes
(200-600 kDa) composed of both protein and RNA in their
bacterial hosts (41,42). Therefore, RNase H1 could be di-
rectly responsible for the change in RT-DNA length or be
indirectly modifying the RNP complex by recruiting an ad-
ditional co-factor. To distinguish between these two hypoth-
esizes, we optimized a minimal in vitro reverse transcription
assay from purified components.

First, we expressed a 6X histidine (His)-tagged Ecol
retron RT for purification, with a Tsf solubility domain link-
ing the His-tag to the N-terminus of the RT (Figure 3A).
Retron Ecol RT was expressed for 18 h at 18°C and iso-
lated using a nickel affinity resin followed by a size exclu-
sion column (Figure 3B). Addition of the Tsf domain does
not affect RT-DNA production in vivo (Supplementary Fig-
ure S3A), therefore it was not removed. Next, Ecol Retron-
ncRNA was in vitro transcribed using T7 polymerase (Fig-
ure 3C). To confirm that the purified RT was functional
and producing 2'-5’ linked RT-DNA, we performed an in
vitro reverse transcription assay, looking for the presence of
RT-DNA by PAGE analysis. In this experiment, the com-
ponents were added to the reaction systematically and the
reaction was allowed to proceed for 1 h at 37°C. After 1
h, the sample was treated with RNase A/T to quench the
reaction and degrade RNA. DNA products were visualized
on a TBE-urea gel. We observe in vitro production of RT-
DNA at the expected size in the presence of Ecol ncRNA,
RT, dNTPs and RNase H1 (Figure 3D).

In vivo, Ecol RT-DNA is covalently linked to the RNA
via a 2'-5 linkage (33). To confirm that purified RT also
produced 2'-5" linked RT-DNA, the in vitro reaction was
treated with Recl, a 5'— 3’ ssDNA exonuclease. In this con-
dition, the RT-DNA persists, indicating the RT-DNA pro-
duced is protected at its 5’ end (Figure 3D). By contrast,
incubation with DBR1, an enzyme that cleaves 2'-5 link-
ages, led to a slight shift in size, consistent with the removal
of the linkage and the four bases of RNA that remain af-
ter RNase A/T1 treatment (Figure 3D). In the presence of
both DBR1 and ReclJ, the band was degraded due to the
de-protection of the 5’ end by DBR1 (Figure 3D). Together,
these experiments confirm that the purified Ecol RT protein
produces 2’-5' linked retron-derived RT-DNA of the correct
length.

To test the requirement of RNase HI for RT-DNA pro-
duction in vitro, we performed a reverse transcriptase reac-
tion in the presence and absence of RNase H1. We post-
treated both reactions with RNase H1 to avoid complicated
banding patterns due to single vs double stranded prod-
ucts and ran each reaction on a TBE Urea gel. Like the in
vivo system, omitting RNase HI during reverse transcrip-
tion led to the production of a longer RT-DNA (Figure 3E).
By titrating the amount of RNase H1 present during the
reaction, we could modify the ratio of short to long RT-
DNA (Figure 3F). This experiment demonstrates that in
a minimal in vitro system, RNase H1 alone is capable of
modulating the length of Ecol RT-DNA. Interestingly the
band found at ~140 is also sometimes present in in vivo
RT-DNA production experiments (Supplementary Figure

S3B), demonstrating that in over-expression conditions in
vivo, RT-DNA may saturate the presence of endogenous
RNase H1 resulting in these higher order products.

Secondary structure in Ecol ncRNA is not responsible for ter-
mination

The loss of RNase H1 resulted in reverse transcription
past the canonical termination point in four retrons tested:
Ecol, Eco6, Eco9 and Sen2. One possible explanation is
that RNase H1 could physically block the progress of the
RT, preventing additional reverse transcription. To test
the steric blocking hypothesis, a catalytically dead RNase
H1 (RNase HIP''N) was constructed by mutating one of
the conserved catalytic residues (D10N) (43). We replaced
the endogenous RNase H1 in the knockout background
(BL21AEcol:amhA) with either RNase HIP''N or RNase
HIY driven by a constitutive promoter and the Ecol RT
driven by a promoter driving over-expression. The presence
of the RNase HI™ rescued the production of Ecol RT-
DNA at a single length when analyzed by PAGE gel, while
RNase H1P'%N did not (Supplementary Figure S4A). While
we cannot rule out the possibility that the DION mutation
caused a slight protein structural change resulting in a loss
of binding to the RT, we believe that the more likely explana-
tion for this result is that removal of the RNA component of
the DNA:RNA hybrid formed upon reverse transcription is
necessary for correct termination.

Another model for termination has been proposed, which
suggests that the retron secondary structure is responsible
for RT termination (44). When Ecol ncRNA is folded in
silico using RNAstructure (45), the termination site lands
inside a loop on a short predicted hairpin (Supplemen-
tary Figure S4B). To test whether this hairpin exists, we
evaluated the secondary structure using chemical map-
ping (Figure 4A). In this experiment, in vitro transcribed
retron ncRNA is exposed to 1-Methyl-7-nitroisatoic anhy-
dride (1M7). Nucleotides that are not paired have more
flexible phosphate backbones and therefore are reactive to
IM7, resulting in the addition of a bulky side group at the
2'hydroxyl of the phosphate backbone (46). Conversely, nu-
cleotides that are base-paired have backbones that are more
rigid and therefore are not reactive to 1M7. After the IM7
reaction, a commercial reverse transcriptase (Superscript
III) and primer are added. Nucleotides that have been mod-
ified by IM7 prevent Superscript 111 from reverse transcrib-
ing beyond the modified nucleotide. Analyzing the length of
reverse-transcribed products yields a reactivity profile high-
lighting nucleotides that are not base paired to evaluate sec-
ondary structure.

To perform this experiment, Ecol ncRNA was modi-
fied to include a binding site for the Superscript 11T re-
verse transcriptase and a hairpin for normalization of re-
activity across experimental replicates (Supplementary Fig-
ure S4C) (24). Addition of these sites did not affect Ecol
function in an in vitro functional assay (Supplementary Fig-
ure S4D). Ecol ncRNA chemical mapping largely supports
the in silico secondary structure prediction (Figure 4B) with
a lack of reactivity in four major stem regions (counter-
clockwise from left: P1, P2, P3, P4a, P4b, P4c) and reactivity
in the loops of P2, P3 and P4c (see Figure 4D for labeling).
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Figure 3. In vitro validation of RNase H1 as a requirement for correct termination. (A) Schematic showing the purification of Ecol RT (orange) with a
His/Tsf tag on the N-terminus with a TEV linker. (B) SDS-PAGE gel of purified Retron-RT. (C) TBE-urea gel of in vitro transcribed RT-RNA. (D) In vitro
production of RT-DNA. Components of the reaction are shown above. RT-DNA of ~85 bases is produced in the presence of Ecol ncRNA, RT, dNTPs
and RNase H1. This RT-DNA is protected at the 5’ end against RecJ, debranched by DBR1, and degraded by RecJ after debranching. RNase A/T1 was
added to all reactions before analysis on a TBE—urea gel. (E) Gel showing RT-DNA production when RNase H1 is present during the reaction vs. when it
is added after the reaction has been quenched. Orange star represents the canonical length of Ecol RT-DNA and the green star represents the RT-DNA
product that does not terminate correctly. (F) RT-DNA production with a titration of RNase HI present during the reaction. Asterisk indicates that RNase

H1 was added after the reaction.

Conversely, there was a very high level of reactivity on the
in silico predicted hairpin where the RT-DNA termination
occurs between P3 and P4, suggesting that this hairpin is
not stably formed (Figure 4B). Surprisingly, there is a lack
of reactivity in the bulge regions separating P4a/P4b and
P4b/P4c and a more complicated reactivity pattern is ob-
served between P1 and P4, where the RT-DNA synthesis
begins. Based on these data, the secondary structure can be
more accurately represented without the predicted hairpins
between P1/P4 and P3/P4 (Figure 4C, D).

The chemical mapping results indicate it is unlikely that
a stem structure exists at the Ecol termination point. How-
ever, it is possible that another secondary structure down-
stream is responsible for termination. To test this hypothe-
sis, we constructed a vector where the portion of the ncRNA

that is not reverse transcribed (msr) is separated from the
reverse transcribed region of the ncRNA (msd) and these
two pieces are expressed from two different promoters with
the intention of creating an msr and an msd in trans, rather
than their endogenous cis architecture. (Figure 4E). While
we cannot rule out some read-through transcription that
would create one transcript, the msr and msd on that tran-
script would still be separated by more than 200 bases, in-
cluding a promoter, which we would consider to mimic the
intended trans architecture. Remarkably, ncRNA produced
from these two promoters is still functional for RT-DNA
production, albeit at a lower level than the cis construct
(Figure 4E, F). However, rather than terminating at the
canonical point, reverse transcription continues to the 5
end of the template RNA (Figure 4E, F).
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nomenclature as "F’.

These results provide a different way to disrupt the RT-
DNA termination even in the presence of RNase HI, in-
dicating that the termination requires either a downstream
secondary structure or the overall tertiary structure of the
endogenous ncRNA. To distinguish between these possi-
bilities, we created a construct where an increasing number
of bases from the msr sequence of the ncRNA were added

back to the msd (template) in the trans architecture (Fig-
ure 4E). If a secondary structure found downstream on the
ncRNA is important for termination, correct termination
should be restored when the sequence encoding this struc-
ture is included. However, these constructs never regained
the ability to terminate correctly, and only led to increas-
ingly long RT-DNAs (Figure 4E). Based on these experi-
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ments, we propose a model in which the tertiary structure
of Ecol ncRNA, rather than a secondary structure, deter-
mines the termination point and that removal of template
RNA by RNase H1 is required for that tertiary structure to
form.

Absence of RNase H1 affects accessory protein toxin neutral-
ization

Bobonis ez al. (1) recently reported that the accessory pro-
teins often present in retron operons can act as toxins that
are neutralized in the presence of the retron’s RT and RT-
DNA (1,2). Retron accessory proteins were categorized
based on their domains’ predicted function (5). The ac-
cessory proteins of Ecol, Eco9 and Sen2 are predicted
to have N-terminal nucleoside deoxyribosyltransferase-like
(NDT) and C-terminal DNA binding domains (5). Eco2
is fused to its accessory protein which is predicted to be a
topoisomerase-primase domain (5). Eco4’s accessory pro-
tein is predicted to have ATPase and Walker A and B mo-
tifs (5). Eco6 has an accessory protein that is predicted to
be an integral membrane protein with two transmembrane
helices (5).

We found evidence that the RT and the accessory protein
in retron Ecol interact, either directly or as part of a com-
plex, based on mass spectroscopy analysis of FLAG-tagged,
overexpressed Ecol-RT, which co-immunoprecipitates with
endogenous accessory protein, similar to what is observed
in Sen2 (1) (Supplementary Figure S5). However, whether
the RT-DNA interacts with the accessory protein as part
of this neutralization is unknown. Given that removal
of RNase H1 modifies the RT-DNA produced, we won-
dered whether it would affect toxin neutralization. To test
this, we generated inducible constructs that contained ei-
ther the retron accessory protein alone or the full retron
operon for three different families of RT-accessory protein
pairs, represented by Ecol, Eco4, Eco6, and Eco9/Sen2.
Each construct was then transformed into either BL214£¢/
or BL214Ecol:AmhA Cells were grown in either the presence
or absence of inducers over 24 h at room temperature, and
the effect of each construct on cell growth was assessed by
measuring the optical density (Figure SA).

Surprisingly, the Ecol and Eco6 accessory proteins did
not appear to be toxic, as the full operon and accessory
protein only strains grew to the same relative density (Fig-
ure 5B, C). In contrast, the Eco4 accessory protein had a
very strong toxic effect on cell growth (Figure 5D). The
growth defect caused by the accessory protein was largely
neutralized by expressing the full operon, similar to what
has been previously reported for Eco9 and Sen2 (1). When
the Eco4 accessory protein only constructs were expressed
in BL214Ecol:AmhA 5 toxic affect was also observed and,
again, this toxic effect was mitigated by expressing the
full operon (Figure SE). We next analyzed the degree of
toxin neutralization by the full operon in each strain, de-
fined as the full operon ODgg ratio (induced/uninduced)
over the accessory alone ODg ratio (induced/uninduced).
We found that the degree of toxin neutralization in the
BL2]AFEcol:Amhd gtrain was lower than in the BL214Ec!
strain (Figure 5F). A similar effect was observed for Eco9
and Sen2. The accessory protein constructs exhibited a toxic
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effect on cell growth that is largely neutralized when the full
operon is expressed (Figure 5G, J), and both the toxic ef-
fect and neutralization persist in the BL214£¢0l Amhdgtrain
(Figure 5SH, K). However, the degree of toxin neutralization
is reduced in the BL214£col:Amhdgtrain compared to the
BL214£¢! strain (Figure 5I, L). We conclude that RNase
HI1 is required for maximal accessory neutralization in
retrons where the accessory has a toxic phenotype.

Absence of RNase H1 inhibits retron-based phage defense

Retrons have been shown to confer defense against phages,
which requires all three components: RT, RT-DNA and ac-
cessory protein. To probe the effect of RNase H1 on retron-
based phage defense, we created two constructs: a full retron
operon and an ncRNA /RT-only construct for Ecol, Eco4,
and Eco9. We then tested these constructs against two
phages, T2 and TS. We validated that RT-DNA of the same
size was still produced in the absence of the accessory pro-
tein (Figure 6A). Induced bacterial cultures expressing each
individual construct were plated to create a full lawn of bac-
teria. A titration of phage was then spotted onto the plate
and bacteria were allowed to grow overnight. Plaque forma-
tion across this titration yielded an initial qualitative assess-
ment of the overall effect that each construct had on phage
growth and enabled us to identify the appropriate phage
concentration for more quantitative analysis (Figure 6B).

For quantitative analysis, bacterial cultures were plated
in the presence of phage at a concentration that allowed
at least ten distinct plaques to form, and plaques were
counted blind to condition. Ecol in both the BL214£¢/
or BL2]4EwlAmhAconditions displayed no difference in
phage defense between the ncRNA/RT and full operon
constructs against T2 phage (Figure 6C-E). However, Ecol
did display defense against TS, consistent with previous
reports, with far fewer plaques when the full operon was
expressed than the ncRNA/RT was expressed alone (Fig-
ure 6F-H) (2). This defense phenotype was reduced in
the BL214Ecol: AmhAgtrain as compared with the BL214£¢!
strain, indicating a role for RNase H1 in retron phage de-
fense.

We found that the full Eco4 operon yielded significant
defense against TS5 versus the ncRNA/RT alone, though
prior work suggests that Eco4 defends against T2, but not
TS5 (2). For Eco4, like Ecol, the magnitude of defense
against TS was lower in the BL214£c0l/AmhAgtrain than in
the BL214£¢/ strain (Figure 61-N). A phage phenotype for
Eco9 has not been previously established. Our data demon-
strate that the full Eco9 operon defends modestly against
T2 (Figure 60-T) and that this defense is also significantly
diminished in the BL214 £l Amh4 strain compared to the
BL214E¢/strain. Overall, these results point to a general
role for RNase HI1 in retron-based phage defense across
retron subtypes and phages.

DISCUSSION

In this study, we demonstrate that RNase H1 plays a funda-
mental role in the mechanism of retron reverse transcription
and phage defense. RNase H1 dictates RT-DNA length,
with other subtle effects related to RT-DNA production de-
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(L) As in (F), but for Sen2. Statistical details in Supplementary Table S1.

1AE1‘01

strain. (D) Impact of Eco4 full operon and accessory only

220z UoIelN 9}, uo Jasn Aseiqr [enbiq elulopeD Aq Z8E6YS9/. L LOB)B/IBU/EE0L 0 L/I0P/BI0NIE-80UBADE/IEU/WOO"dNO"0lWapEeoe//:SARY WOJ) papeojumoq



Nucleic Acids Research, 2022 13

A LcRNART & &

100 19 = '
S g - _ = ncRNA/RT <-|
70- - js %
w - 4 Full \
-

Operon
Eco1/T2 Eco1/T5
C D ; E . F G * . * H *
1011 | g=—e 1011 :
E = g,Er_\ 1 % Q | o : ‘g,Ep 1 I
f L > 2 s S >
o 1077 i °‘o°‘§ ] 2 5 1070 a8 04 2
& E i E-_—% i g . F i i:% g
- : S e B = : Se ®
= 109 : 2w 0.1 o S 109 : ZU-7 Q.
z & R g 3z & e EgE00 9
g ;\5 4 > g ' ‘ﬁ\s T
k) 108 53“- 7 2 2 108— : ﬁau- 2
z ass ] i’ z »&.001 1“
2 I S I 7 :
%o,y 10 ~ ARNaseH 001 4 %0 %y 10 ARNaseH wt A
/L’y/ OncRNA/RT O Full RNaseH /ky, OncRNA/RTOFull | RNaseH
£ D
Eco4/T2 Eco4/T5
I J 1011_ H K T L M 1011— * * N
g2 '3 | ? 82 I
o 3 " L : ok =
101 255 7 2 = 401 s \ f35% % 3
24 & o b o [ : e o= @
*E 228 : +E 3 202 2
- 9] > Q = 9_| : > Q.
- 2 £ E 041 S = 210 225 =
o SEE 3 oy Q e SEE oy
S 108 85> ] 2 N 108 255 2
Z gzl ] i g % i
< wn= < wn=""
L T T Ve T 0.01——— 7 1
%o,y 10 ARNaseH wt A %0 %y 10 ARNaseH A
4—’7/ OnNcRNA/RT O Full RNaseH 4fy/ |ONcRNA/RT O Full| RNaseH
P n
Eco9/T2 Eco9/T5
- * .
0 P 1011 Q R S 1011 5 T 1 @
Ssc ? | ; gz~ R0
gk 14 ° ¢ = ¥ L
g 1" 282 3 g 7. 252 04 g
*E 22z g L E § £28 g
5 10° £25 0.1 g 3 10° : £z g
3 & EEE 3 g 3 & ZZFo.01 S
b a=>S ] oy a 5SS o)
3 108 g2z 7 2 2 108 STE 3
= . g 1’ g . nE.001 1’
A R —— § l——————
K% 10 ARNaseH 00 %0 %y 10 ARNaseH wt A
’V% OncRNA/RT O Full RNaseH 44,/4> ONCRNA/RT O Full RNaseH
2 o

Figure 6. The absence of RNase H1 inhibits retron-based phage defense. (A) TBE—urea gel showing production of RT-DNA in the absence of the accessory
protein. (B) Schematic of full operon and ncRNA/RT constructs used in plaque assays and quantification of plaque forming units (PFU). Phage lysates
were titrated onto plates of each strain/construct pair to find a concentration that yields distinct plaques. That concentration was then tested over a full
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constructs with and without RNase H1. (D) PFU/mL of T2 on strains containing Ecol constructs with and without RNase H1. Biological replicates of
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strain to T2, as expressed by the ratio of plaque-forming units on strains with the full operon versus ncRNA/RT constructs, in the presence or absence
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difference between strains. (F) Titration of T5 on strains containing Ecol constructs with and without RNase H1. (G) PFU/mL of TS5 on strains containing
Ecol constructs with and without RNase H1. (H) Sensitivity values indicate a significant difference in Ecol defense against TS with and without RNase
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defense against TS and therefore no difference between strains.
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pending on the specific retron. Additionally, we character-
ized RT-DNA from six retrons using multiplexed sequenc-
ing to provide a quantitative characterization of the RT-
DNA population in the presence and absence of RNase
H1. The most severely affected retron is Eco4, where RT-
DNA is nearly eliminated in the absence of RNase HI.
Ecol, Eco6, Eco9 and Sen2 all generate RT-DNA prod-
ucts of non-canonical lengths, reminiscent of early exper-
iments with Eco5 (14,15), whereas Eco2 is unaffected by
RNase HI, similar to what was previously observed for
Eco7 (14,15).

We advance the understanding of retron termination,
showing that termination is not mediated by a steric effect
of RNase H1, or by secondary structure of the ncRNA. In-
stead, we propose that termination is mediated by tertiary
structure that forms upon removal of the template RNA by
RNase H1. Finally, we show that not all retron accessory
proteins are toxic, but when they are, RNase H1 affects the
ability of retron RT-DNA to neutralize the toxic effect. Re-
gardless of whether the accessory protein is toxic or not, the
activity of RNase H1 affects ability of the retron to defend
bacterial populations against phages.

These experiments also yield insight into the specific
mechanism of Ecol termination. We performed experi-
ments to test a previously proposed model in which sec-
ondary structure mediates termination (44). Our data does
not support this model for Ecol based on both direct eval-
uation of ncRNA secondary structure and the absence of
termination in the circularly permutated constructs. We in-
stead propose a model in which termination in Ecol is
achieved through the tertiary folding of the single-stranded
RT-DNA/ncRNA template region. Supporting this hy-
pothesis is the lack of reactivity in the bulge regions be-
tween P4a/b/c and the complex reactivity observed be-
tween region P1/4 and P3/4 in the Ecol ncRNA. Addition-
ally, retron termination was affected by both the absence of
RNase H1 and the separation of the msr (primer) and msd
(template) components of the ncRNA. These data are uni-
fied in a model where the single-stranded RT-DNA and re-
maining ncRNA scaffold folds into a tertiary structure that
enforces precise termination.

While the proposed model of a toxic effect induced by the
accessory protein for phage defense was supported by Eco4
and Eco9, no toxic phenotype was shown for accessory pro-
teins of Ecol and Eco6. This is not simply explained by ac-
cessory protein domain category, as Ecol and Eco9 share
the same accessory protein neutralization family (predicted
NDT-DNA binding domain), whereas Eco6 is in an en-
tirely different family (two transmembrane integral mem-
brane protein). Interestingly, despite this lack of a toxic ef-
fect, Ecol still exhibited a strong phage defense against T5.
Taken together, this demonstrates that the current model for
retron-based phage defense and the mechanism of action
for accessory proteins, even among similar family members,
is not universally applicable to all retrons.

It is interesting that the phage defense is reduced, but
not entirely eliminated by the RNase H1 effect that sub-
stantially changes the RT-DNA. We interpret the effect
of RNase H1 on toxicity to indicate that the fully single-
stranded RT-DNA of the correct length is most effective in
neutralizing the accessory protein. We assume that a similar

mechanism underlies the effect on phage defense, although
that mechanism must differ slightly in ways that we do not
yet understand in systems like Ecol where the accessory
protein is not a direct toxin. The remaining phage defense
may be due to a small fraction of RT-DNA molecules that
are accurately produced even in the absence of RNase H1,
or could indicate a diminished, but not eliminated role, for
the inaccurate RT-DNA in phage defense.

DATA AVAILABILITY

All data supporting the findings of this study are available
within the article and its supplementary information, or will
be made available from the authors upon request. Sequenc-
ing data associated with this study is available from NCBI
with accession PRINA784591.

Custom code to process or analyze data from this study
will be made available on github at https://github.com/
Shipman-Lab.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Alejandro Gonzalez-Delgado and Sierra Lear for
comments on the manuscript and Francoise Chanut for ed-
itorial assistance. We thank the Bondy-Denomy lab, partic-
ularly Sukrit Silas, for assistance with phage experiments.

FUNDING

Pew Biomedical Scholars Program, a UCSF Program for
Breakthrough Biomedical Research New Frontiers Re-
search Award; NSF [MCB 2137692]; S.L.S. acknowl-
edges additional funding support from NIH/NIGMS
[1DP2GM140917-01]; L.K. Whittier Foundation; C.P. was
partially supported by a Health Innovation Via Engineering
(HIVE) fellowship. Funding for open access charge: NSF.
Conflict of interest statement. S.L.S. is an inventor on patent
applications related to methodologies described in this
work.

REFERENCES

1. Bobonis,J., Mateus,A., Pfalz,B., Garcia-Santamarina,S.,
Galardini,M., Kobayashi,C., Stein,F., Savitski,M.M., Elfenbein,J.R.,
Andrews-Polymenis,H. et al. (2020) Bacterial retrons encode
tripartite toxin/antitoxin systems. bioRxiv doi:
https://doi.org/10.1101/2020.06.22.160168, 22 June 2020, preprint:
not peer reviewed.

2. Millman,A., Bernheim,A., Stokar-Avihail,A., Fedorenko,T.,
Voichek,M., Leavitt,A., Oppenheimer-Shaanan,Y. and Sorek,R.
(2020) Bacterial retrons function in anti-phage defense. Cell, 183,
1551-1561.

3. Rychlik,I., Sebkova,A., Gregorova,D. and Karpiskova,R. (2001)
Low-molecular-weight plasmid of salmonella enterica serovar
enteritidis codes for retron reverse transcriptase and influences phage
resistance. J. Bacteriol., 183, 2852-2858.

4. Gao,L., Altae-Tran,H., Bohning,F., Makarova,K.S., Segel, M.,
Schmid-Burgk,J.L., Koob,J., Wolf,Y.I., Koonin,E.V. and Zhang,F.
(2020) Diverse enzymatic activities mediate antiviral immunity in
prokaryotes. Science, 369, 1077-1084.

2202 Yole|\ 9} uo Jasn Aseiqi [eybiq elulopeD Aq Z8E6vS9/. 2 LOBNB/BU/EE0L 0 L/10P/aI01E-80UBAPE/IEU/WOO"dNO"OlWapede//:Sdny WOy papeojumoq


https://github.com/Shipman-Lab
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac177#supplementary-data
https://doi.org/10.1101/2020.06.22.160168

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Mestre,M.R., Gonzalez-Delgado,A., Gutierrez-Rus,L.I.,

Martinez-Abarca,F. and Toro,N. (2020) Systematic prediction of
genes functionally associated with bacterial retrons and classification
of the encoded tripartite systems. Nucleic Acids Res., 48,
12632-12647.

. Simon,A.J., Ellington,A.D. and Finkelstein,I.J. (2019) Retrons and

their applications in genome engineering. Nucleic Acids Res., 47,
11007-11019.

. Gonzalez-Delgado,A., Mestre, M.R., Martinez-Abarca,F. and

Toro,N. (2021) Prokaryotic reverse transcriptases: from retroelements
to specialized defense systems. FEMS Microbiol. Rev., 45, fuab025.

. Toro,N., Martinez-Abarca,F., Mestre, M.R. and

Gonzalez-Delgado,A. (2019) Multiple origins of reverse
transcriptases linked to CRISPR-Cas systems. RNA Biol, 16,
1486-1493.

. Sharon,E., Chen,S.A., Khosla,N.M., Smith,J.D., Pritchard,J.K. and

Fraser,H.B. (2018) Functional genetic variants revealed by massively
parallel precise genome editing. Cell, 175, 544-557.

Schubert,M.G., Goodman,D.B., Wannier,T.M., Kaur,D.,
Farzadfard,F., Lu,T.K., Shipman,S.L. and Church,G.M. (2021)
High-throughput functional variant screens via in vivo production of
single-stranded DNA. Proc. Natl. Acad. Sci. U.S.A., 118,
€2018181118.

Simon,A.J., Morrow,B.R. and Ellington,A.D. (2018)
Retroelement-Based genome editing and evolution. ACS Synth. Biol.,
7,2600-2611.

Furuichi,T., Dhundale,A., Inouye,M. and Inouye,S. (1987) Branched
RNA covalently linked to the 5’ end of a single-stranded DNA in
stigmatella aurantiaca: structure of msDNA. Cell, 48, 47-53.
Hsu,M.Y., Inouye,M. and Inouye,S. (1990) Retron for the 67-base
multicopy single-stranded DNA from escherichia coli: a potential
transposable element encoding both reverse transcriptase and dam
methylase functions. Proc. Natl. Acad. Sci. U.S.A., 87, 9454-9458.
Shimamoto,T., Inouye,M. and Inouye,S. (1995) The formation of the
2',5'-phosphodiester linkage in the cDNA priming reaction by
bacterial reverse transcriptase in a cell-free system. J. Biol. Chem.,
270, 581-588.

Shimamoto,T., Shimada,M., Inouye,M. and Inouye,S. (1995) The
role of ribonuclease h in multicopy single-stranded DNA synthesis in
retron-Ec73 and retron-Ec107 of escherichia coli. J. Bacteriol., 177,
264-267.

Inouye,S., Hsu,M.Y., Eagle,S. and Inouye,M. (1989) Reverse
transcriptase associated with the biosynthesis of the branched
RNA-linked msDNA in myxococcus xanthus. Cell, 56, 709-717.
Jung,H., Liang,J., Jung,Y. and Lim,D. (2015) Characterization of cell
death in escherichia coli mediated by XseA, a large subunit of
exonuclease VII. J Microbiol., 53, 820-828.

Kim,K., Jeong,D. and Lim,D. (1997) A mutational study of the
site-specific cleavage of EC83, a multicopy single-stranded DNA
(msDNA): nucleotides at the msDNA stem are important for its
cleavage. J. Bacteriol., 179, 6518-6521.

Lampson,B.C., Inouye,M. and Inouye,S. (1989) Reverse transcriptase
with concomitant ribonuclease h activity in the cell-free synthesis of
branched RNA-linked msDNA of myxococcus xanthus. Cell, 56,
701-707.

Lopez,S.C., Crawford,K.D., Lear,S.K., Bhattarai-Kline,S. and
Shipman,S.L. (2021) Precise genome editing across kingdoms of life
using retron-derived DNA. Nat. Chem. Biol., 18, 199-206.
Datsenko,K.A. and Wanner,B.L. (2000) One-step inactivation of
chromosomal genes in escherichia coli K-12 using PCR products.
Proc. Nat. Acad. Sci. US.A., 97, 6640-6645.

Tian,S. and Das,R. (2017) Primerize-2D: automated primer design
for RNA multidimensional chemical mapping. Bioinformatics, 33,
1405-1406.

Tian,S., Yesselman,J.D., Cordero,P. and Das,R. (2015) Primerize:
automated primer assembly for transcribing non-coding RNA
domains. Nucleic Acids Res., 43, W522-W526.

Kladwang,W., Mann,T.H., Becka,A., Tian,S., Kim,H., Yoon,S. and
Das,R. (2014) Standardization of RNA chemical mapping
experiments. Biochemistry, 53, 3063-3065.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44.

45.

46.

Nucleic Acids Research, 2022 15

Cordero,P.,, Kladwang,W., VanLang,C.C. and Das,R. (2014) The
mutate-and-map protocol for inferring base pairs in structured RNA.
Methods Mol. Biol., 1086, 53-77.

Kladwang,W. and Das,R. (2010) A mutate-and-map strategy for
inferring base pairs in structured nucleic acids: proof of concept on a
DNA/RNA helix. Biochemistry, 49, 7414-7416.

Turner,R., Shefer,K. and Ares,M. Jr (2013) Safer one-pot synthesis
of the ‘SHAPE’ reagent 1-methyl-7-nitroisatoic anhydride (1m7).
RNA, 19, 1857-1863.

Yoon,S., Kim,J., Hum,J., Kim,H., Park,S., Kladwang,W. and Das,R.
(2011) HiTRACE: high-throughput robust analysis for capillary
electrophoresis. Bioinformatics, 27, 1798-1805.

Doron,S., Melamed,S., Ofir,G., Leavitt,A., Lopatina,A., Keren,M.,
Amitai,G. and Sorek,R. (2018) Systematic discovery of antiphage
defense systems in the microbial pangenome. Science, 359, eaar4120.
Fortier,L.C. and Moineau,S. (2009) Phage production and
maintenance of stocks, including expected stock lifetimes. Methods
Mol. Biol., 501, 203-219.

Kropinski,A.M., Mazzocco,A., Waddell, T.E., Lingohr,E. and
Johnson,R.P. (2009) Enumeration of bacteriophages by double agar
overlay plaque assay. Methods Mol. Biol., 501, 69-76.

Mazzocco,A., Waddell, T.E., Lingohr,E. and Johnson,R.P. (2009)
Enumeration of bacteriophages using the small drop plaque assay
system. Methods Mol. Biol., 501, 81-85.

Lim,D. and Maas,W.K. (1989) Reverse transcriptase-dependent
synthesis of a covalently linked, branched DNA-RNA compound in
e. coli B. Cell, 56, 891-904.

Lampson,B.C., Sun,J., Hsu,M.Y., Vallejo-Ramirez,J., Inouye,S. and
Inouye,M. (1989) Reverse transcriptase in a clinical strain of
Escherichia coli: production of branched RNA-linked msDNA.
Science, 243, 1033-1038.

Lim,D. (1992) Structure and biosynthesis of unbranched multicopy
single-stranded DNA by reverse transcriptase in a clinical escherichia
coli isolate. Mol. Microbiol., 6, 3531-3542.

Mao,J.R., Inouye,S. and Inouye,M. (1997) msDNA-Ec48, the
smallest multicopy single-stranded DNA from escherichia coli. J.
Bacteriol., 179, 7865-7868.

Mao,J.R., Inouye,M. and Inouye,S. (1996) An unusual bacterial
reverse transcriptase having LVDD in the YXDD box from
escherichia coli. Biochem. Biophys. Res. Commun., 227, 489-493.
Ahmed,A.M. and Shimamoto,T. (2003) msDNA-St85, a multicopy
single-stranded DNA isolated from salmonella enterica serovar
typhimurium LT2 with the genomic analysis of its retron. FEMS
Microbiol. Lett., 224, 291-297.

Elfenbein,J.R., Knodler,L.A., Nakayasu,E.S., Ansong,C.,
Brewer,H.M., Bogomolnaya,L., Adams,L.G., McClelland,M.,
Adkins,J.N. and Andrews-Polymenis,H.L. (2015) Multicopy
single-stranded DNA directs intestinal colonization of enteric
pathogens. PLoS Genet., 11, ¢1005472.

Yang,B., Gathy,K.N. and Coleman,M.S. (1994) Mutational analysis
of residues in the nucleotide binding domain of human terminal
deoxynucleotidyl transferase. J. Biol. Chem., 269, 11859-11868.

. Lampson,B.C., Viswanathan,M., Inouye,M. and Inouye,S. (1990)

Reverse transcriptase from escherichia coli exists as a complex with
msDNA and is able to synthesize double-stranded DNA. J. Biol.
Chem., 265, 8490-8496.

Viswanathan,M., Inouye,M. and Inouye,S. (1989) Myxococcus
xanthus msDNA.Mx162 exists as a complex with proteins. J. Biol.
Chem., 264, 13665-13671.

Tadokoro,T. and Kanaya,S. (2009) Ribonuclease H: molecular
diversities, substrate binding domains, and catalytic mechanism of the
prokaryotic enzymes. FEBS J., 276, 1482-1493.

Rice,S.A. and Lampson,B.C. (1995) Bacterial reverse transcriptase
and msDNA. Virus Genes, 11, 95-104.

Reuter,J.S. and Mathews,D.H. (2010) RNAstructure: software for
RNA secondary structure prediction and analysis. BM C Bioinf., 11,
129.

Wilkinson,K.A., Merino,E.J. and Weeks,K.M. (2006) Selective
2’-hydroxyl acylation analyzed by primer extension (SHAPE):
quantitative RNA structure analysis at single nucleotide resolution.
Nat. Protoc., 1,1610-1616.

2202 Yole|\ 9} uo Jasn Aseiqi [eybiq elulopeD Aq Z8E6vS9/. 2 LOBNB/BU/EE0L 0 L/10P/aI01E-80UBAPE/IEU/WOO"dNO"OlWapede//:Sdny WOy papeojumoq



