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ABSTRACT

Prokaryotic Argonautes (pAgos) use small nucleic
acids as specificity guides to cleave single-stranded
DNA at complementary sequences. DNA targeting
function of pAgos creates attractive opportunities
for DNA manipulations that require programmable
DNA cleavage. Currently, the use of mesophilic pA-
gos as programmable endonucleases is hampered
by their limited action on double-stranded DNA (ds-
DNA). We demonstrate here that efficient cleavage
of linear dsDNA by mesophilic Argonaute CbAgo
from Clostridium butyricum can be activated in vitro
via the DNA strand unwinding activity of nuclease
deficient mutant of RecBC DNA helicase from Es-
cherichia coli (referred to as RecB®*°~C). Proper-
ties of CbAgo and characteristics of simultaneous
cleavage of DNA strands in concurrence with DNA
strand unwinding by RecB®*°~C were thoroughly ex-
plored using 0.03-25 kb dsDNAs. When combined
with RecB®*°~C, CbAgo could cleave targets located
11-12.5 kb from the ends of linear dsDNA at 37°C.
Our study demonstrates that CbAgo with RecB®*°~C
can be programmed to generate DNA fragments with
custom-designed single-stranded overhangs suit-
able for ligation with compatible DNA fragments. The
combination of CbAgo and RecB®*°~C represents the
most efficient mesophilic DNA-guided DNA-cleaving
programmable endonuclease for in vitro use in di-
agnostic and synthetic biology methods that require
sequence-specific nicking/cleavage of linear dsDNA
at any desired location.

INTRODUCTION

Eukaryotic Argonautes (eAgo) are essential components
of the RNA-induced gene silencing processes (1,2). The
mechanism involves the association of eAgo with a single-
stranded RNA guide to form an RNA-induced silencing
complex (RISC) (3,4). The RISC is directed to the comple-
mentary sequence on mRNA where the Argonaute cleaves
single-stranded mRNA in a guide specific manner result-
ing in reduced target gene expression (5-7). RISC can also
interact with various Argonaute-associated proteins to in-
duce cleavage-independent mechanisms of gene regulation
(8,9). Prokaryotes lack RNA interference pathways; how-
ever, many bacteria and archaea possess Argonaute pro-
teins implying a different biological role for these proteins
(10). Multiple recent studies suggest that prokaryotic Arg-
onautes (pAgos) function in vivo as defense systems against
foreign genetic elements (10-14). pAgos represent a very
diverse group of proteins and the presence of four com-
mon domains (N, PAZ, MID and PIWI) divides them into
two major groups: the short pAgos and the long pAgos
(10,12,15). Short pAgos lack the N and PAZ domains. Long
pAgos, like eAgos, contain all four common domains and
encompass all known active pAgos (12,15,16). In contrast
to eAgos, which exclusively use RNA guides to target RNA,
bacterial Agos have been shown to bind either RNA or
DNA guides and cleave either RNA or DNA targets (17—
20). Some archaeal Agos exclusively utilize DNA guides for
cleavage of DNA targets (21,22).

Many pAgos exhibit a non-specific nuclease activity
when they are not associated with guides (23-25). The nu-
clease activity of a guide-free pAgo was implicated in cellu-
lar function required for guide processing (23). TtAgo co-
purifies with DNA sequences preferentially derived from
its own expression plasmid, but only if the Argonaute is
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catalytically active (26). The recent study of mesophilic
bacterial Argonaute CbAgo from Clostridium butyricum
shows CbAgo nucleolytic activity cooperates with the cellu-
lar double-strand break repair machinery in the generation
of small DNAs (smDNAs) that can later be used as guides
by this Argonaute (14). Chromosomal mapping of CbAgo-
bound smDNAs revealed that they are distributed through-
out the whole genome with the elevated levels mapped to
the sites of double-stranded breaks, the site of replication
termination and the specific regions of multicopy genetic
elements (14). Similar studies were also carried out with the
SeAgo Argonaute from Synechococcus elongatus and with
the KmAgo Argonaute from Kurthia massiliensis (27,28).
SeAgo showed preferences for chromosomal regions as-
sociated with the sites of replication initiation and repli-
cation termination, whereas the KmAgo-bound smDNAs
were enriched around the region of replication origin and
the DE3 prophage insertion site. Altogether, these studies
imply that in vivo Ago nucleases actively participate in var-
ious genetic processes that involve partial melting of DNA
duplex, such as DNA repair, DNA replication, or diverse
incidents of chromosome rearrangements (14,27,28).

The ability to direct DNA guides for cleavage of com-
plementary DNA targets opens an opportunity for using
pAgos as programmable DNA endonucleases (29). So far,
the CRISPR-Cas9 system is the most widely used enzy-
matic tool for programmable DNA cleavage. Cas9 nuclease
programmed with RNA guide can invade double-stranded
DNA and generate double-strand breaks at a guide-specific
location (30,31). The CRISPR-Cas9 systems function at
physiological temperatures, so they have been successfully
adapted for genome editing in vivo (reviewed in 32). In con-
trast to CRISPR-Cas9, the cleavage of double-stranded tar-
gets by pAgos can only proceed if DNA strands are sepa-
rated beforehand. Argonaute from the archaeon Pyrococ-
cus furiosus (PfAgo) was shown to work as a programmable
DNA-guided DNA-cleaving endonuclease in vitro, but only
because PfAgo is active at a temperature (>87°C) causing
thermal DNA denaturation (33). After DNA melting takes
place, the double-strand cleavage by PfAgo still proceeds
by way of two independent strand-nicking events catalyzed
by two PfAgo monomers loaded with separate guides that
are complementary to the opposing DNA strands (33).
The characterized pAgos functioning at lower temperature
range (30-75°C) in vitro show greatly reduced endonucle-
olytic activity on dsDNA compared to ssDNA, and pref-
erentially cleave negatively supercoiled plasmids and DNA
sections with low G/C content consistent with the greater
single-stranded character of these substrates (25-28,33-37).

Bioinformatics analysis of pAgo operons reveals the
abundance of genes encoding diverse range of putative nu-
cleases, helicases, and DNA-binding proteins (10,15,38).
Their possible connection remains unclear, but if pAgos are
involved in chopping foreign dsDNA then they very likely
collaborate with other cellular proteins that can open the
DNA duplex. Such theoretical speculation gained some ex-
perimental support in the case of thermophilic Argonaute
from Thermus thermophilus (TtAgo) which showed an el-
evated activity on dsDNA when cleavage was carried out
in the presence of single-strand binding protein ET SSB or
TthUvrD DNA helicase (34). Double-stranded DNA cleav-
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age by the mesophilic Argonaute from cyanobacterium
Synechococcus elongatus (SeAgo) was tested in vitro during
ongoing transcription of a target region which was expected
to transiently melt dsDNA, but the approach had little ef-
fect on target cleavage (27).

DNA helicases represent a large and diverse group of
proteins involved in various biologically essential cellular
processes (39). Most DNA helicases require either a 5'-
or 3'-single-stranded DNA (ssDNA) end as an initiation
point to start unwinding DNA duplex and typically do not
bind to blunt-ended dsDNA. One exception is Escherichia
coli RecBCD DNA helicase that prefers unwinding blunt-
ended DNA and is inhibited by ssDNA ends that exceed
~25 nucleotides (40). The native RecBCD (also referred
as Exonuclease V) cannot unwind circular duplex DNA
molecules, whether they are supercoiled, relaxed, or gapped
circles, indicating that free ends are essential for helicase
activity (40,41). The RecBCD enzyme remains the fastest
(1000-2000 bp s ') and most processive (~30 000 bp) heli-
case reported in the literature (42). Wild type RecBCD is a
heterotrimer consisting of three subunits, RecB, RecC and
RecD. It has multiple enzymatic activities: ATP-dependent
DNA unwinding activity, ATP-dependent dsSDNA and ss-
DNA exonuclease activity, ATP-stimulated ssDNA exonu-
clease activity and ATPase activity (42,43). The RecB sub-
unit is organized into a 100-kDa N-terminal helicase do-
main and 30-kDa C-terminal exonuclease/endonuclease
domain (44). The C-terminal domain of the RecB sub-
unit is responsible for all nuclease activities associated with
the RecBCD complex (45,46). The crystal structure of the
RecBCD enzyme reveals four conserved catalytic residues
(Glu1020, Asp1067, Asp1080 and Lys1082) in the active site
of the RecB nuclease domain (47). Nuclease activity of the
RecBCD enzyme can be inactivated completely by muta-
tion of either aspartate residue to alanine or lysine residue
to glutamine (46). The RecBC enzyme also possesses DNA
unwinding activity in vitro and in vivo, however, it is a
slower and less processive helicase than the RecBCD en-
zyme (48,49). Nevertheless, the RecBC helicase was shown
to unwind 21.4 kb linear dsDNA in the matter of minutes
(50).

In the present study, we report that mesophilic Argonaute
can cleave dsDNA during concurrent unwinding of DNA
strands by the nuclease deficient mutant of RecBC DNA
helicase referred here as RecB**° C. In total, we screened 20
putative pAgos for cleavage activity at 37-65°C and found
ten candidates that were active at 37°C. Six mesophilic Arg-
onautes originating from Clostridia class bacteria were fur-
ther biochemically characterized. While our studies were
underway several other reports were published describing
the characterization of mesophilic Argonautes, including
CbAgo from Clostridium butyricum, CpAgo from Clostrid-
ium perfringens and 1bAgo from Intestinibacter bartlettii
(25,35-36,51). In our study, the most active Argonaute,
CbAgo was paired with the RecB®*° C helicase to syn-
chronize DNA duplex unwinding with the guided cleav-
age of individual DNA strands at 37°C. A detailed anal-
ysis of dsDNA cleavage by CbAgo was carried out using
high-throughput capillary gel electrophoresis (34,52). We
demonstrate that in the presence of the RecB®*° C helicase,
CbAgo efficiently cleaves linear dsDNA ranging from 30 bp
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to 25 kb in length and produces DNA fragments flanked
with unique single-stranded overhangs that can be ligated
to other DNA fragments with complementary overhangs.
Currently, a combination of CbAgo and RecB®° C repre-
sents the most efficient DNA-guided DNA-cleaving pro-
grammable endonuclease, which can be used in vitro for
the development of new diagnostic and synthetic biology
tools requiring custom-designed nicking/cleavage of linear
dsDNA at mesophilic temperatures.

MATERIALS AND METHODS
Bioinformatics analysis for identifying mesophilic pAgos

Candidate Argonaute proteins were identified in a series
of steps. Firstly, three known Argonaute proteins, TtAgo
(UniProt ID Q746M7), NgAgo (UniProt ID LOAJX6) and
PfAgo (UniProt ID Q8U3D2) were aligned using MUS-
CLE multiple sequence alignment software (53). The re-
sulting multiple sequence alignment was used as an input
to PSI-BLAST to search against the UniProt database. The
expected threshold was set at 1 x 104, and PSI-BLAST ran
multiple iterations until convergence. All bacterial homolog
hits were extracted based on taxonomic classification. Only
proteins containing PAZ and PIWI domains were consid-
ered for further analysis. The presence of catalytic PIWI
and PAZ domains in homologs was checked by running
HMM search using domain profiles available in the PFAM
database (PFAM PF02171 and PF02170 for PIWI and PAZ
domain, respectively). The PAZ domain profile in PFAM
is built mainly on sequences of eukaryotic proteins and re-
sulted in very few hits when run against bacterial proteins.
Therefore, the HMM profile for the bacterial PAZ domain
was generated from scratch using HMMER software (54)
based on sequences of known Argonaute proteins. Proteins
originating from known thermophilic organisms were dis-
carded. Additionally, only proteins that share <90% se-
quence identity were selected for further analysis. Finally,
proteins that did not contain aspartates at conserved PIWI
catalytic sites were excluded. The remaining list of 45 bac-
terial Argonautes is available in Supplementary Table S1.

Constructs for pAgo expression and purification

The codon-optimized genes encoding Argonaute proteins
were ordered in pET29a expression vectors from GenScript
(Piscataway, NJ, USA). Analytical amounts of 20 Arg-
onaute proteins were synthesized from pET29a plasmids
using a PURExpress In Vitro Protein Synthesis kit (New
England Biolabs, Inc., Ipswich, MA, USA). The solubility
of in vitro expressed Ago proteins was verified by the SDS-
PAGE analysis. For large-scale expression and purification
of CbAgo, CpAgo, IbAgo, CdAgo, CsAgo and CaAgo, the
respective genes were subcloned into the pET28c expression
vector in frame with the N-terminal 6xHis tag. Argonaute
protein expression and purification procedures are provided
in Supplementary Methods.

Construction of RecB®*°- and RecC expression clones

The nuclease deficient mutant of the RecB DNA helicase re-
ferred to as RecB®°, was constructed by replacing catalytic

residues E1020, D1080 and K 1082 with alanine residues. A
plasmid encoding Exonuclease V (RecBCD) (New England
Biolabs, Inc., Ipswich, MA, USA) was used as a template
to amplify the recB gene as three overlapping PCR frag-
ments B1 (3080 bp), B2 (200 bp) and B3 (340 bp). Primer se-
quences can be found in Supplementary Table S3. To intro-
duce the E1020A mutation, the GAG codon was replaced
by the GCG codon in the overlapping primers used to am-
plify fragments B1 and B2. Similarly, to introduce D1080OA
and K1082A mutations, the codon GAC was changed to
GCC and the codon AAA was changed to GCA in the
overlapping primers for amplification of fragments B2 and
B3. Three recB fragments were directly assembled into a
pET28c¢ vector in frame with the N-terminal 6xHis tag em-
ploying NEBuilder HiFi DNA Assembly Cloning Kit (New
England Biolabs, Inc., Ipswich, MA, USA). Wild type RecC
encoding gene was individually sub-cloned into a pET28¢c
vector in frame with the N-terminal 6xHis tag. RecB®*° and
RecC protein expression and purification protocols are pro-
vided in Supplementary Methods.

Argonaute cleavage assays on single-stranded DNA or RNA
substrates

All 5-FAM labeled substrate oligonucleotides (DNA or
RNA) and 5-phosphorylated guides were purchased from
Integrated DNA Technologies (Coralville, Iowa, USA).
Nucleotide sequences can be found in Supplementary Table
S3. To test the activity of in vitro expressed pAgo proteins, a
1 pl of PURExpress sample was mixed with 250 nM guide
G-1 (17 nt) in buffer containing 20 mM Bis—Tris propane,
pH 8.0, 50 mM NacCl, 2 mM MgCl,, 0.1% (v/v) Triton X-
100 and incubated for 20 min at 37°C to form a pAgo/guide
complex. The pAgo/G-1 complex was then combined with
50 nM 5'-FAM labeled target T-1 in a 20 p.l reaction and in-
cubated for 1 hat 37°C or at 65°C. The reactions were termi-
nated by adding 20 .1 stop buffer (95% formamide, 0.025%
bromophenol blue, 0.025% xylene cyanol, 5 mM EDTA)
and heating the samples for 5 min at 95°C. The cleavage
products were separated by gel electrophoresis on 15% de-
naturing polyacrylamide gel containing 7.5 M urea and 24%
formamide and visualized using a Typhoon 9400 Scanner
(GE Healthcare Chicago, IL, USA).

Activity assays performed with purified Argonaute pro-
teins were carried out with a 17 nt long guide G-2 (DNA)
and G-3 (RNA). For guide loading, 125 nM Ago was com-
bined with 125 nM guide in 95 pl of buffer containing 20
mM Bis—Tris propane, pH 8.0, 50 mM NaCl, 2 mM MgCl,,
0.1% (v/v) Triton X-100 and incubated for 20 min at 37°C.
The Ago/guide mixture was combined with 50 nM 5-FAM
labeled substrate (either T-2 or T-3) in a 100 pl cleavage
reaction and incubated at 37°C. 10 wl samples were with-
drawn from the reaction at the indicated time points and
target cleavage was terminated by adding EDTA to a final
concentration of 50 mM. Cleavage products at a 4 nM fi-
nal concentration were separated by capillary electrophore-
sis (CE) on an Applied Biosystems 3730x]I DNA Analyzer
(Applied Biosystems, Waltham, MA, USA). The quanti-
tative analysis of fluorescent peaks was performed using
PeakScanner Software v1.0 (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and fragment analysis software for in-



house use at New England Biolabs as previously described
(34,52).

Argonaute cleavage assays on double-stranded DNA

Synthetic 5-FAM labeled dsDNA substrates (30, 60 and
100 bp) were generated by combining 1 nmol of the 5'-
FAM Ilabeled ss oligonucleotide with 1.25 nmol of the unla-
beled complementary oligonucleotide in a 100 wl of 10 mM
Tris—HCI buffer, pH 7.5 and incubating for 5 min at 95°C
followed by a slow cooling to room temperature. A seg-
ment of phage ¢X174 DNA (3536-3858 nt) was amplified
by PCR to generate a 5-FAM/ROX labeled 322 bp DNA
substrate. The PCR product was purified using Monarch
PCR and DNA Cleanup kit (New England Biolabs, Inc.,
Ipswich, MA, USA). DNA concentration was quantified
using a NanoDrop spectrophotometer (Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA).

For cleavage of 30, 60 and 100 bp 5'FAM-labeled dsDNA
substrates, the CbAgo/guide complex was formed by incu-
bating 0.5 uM CbAgo and 0.5 pM guide B12 for 15 min at
37°C in a 1X CutSmart buffer (50 mM potassium acetate,
pH 7.9, 20 mM Tris-acetate, 10 mM magnesium acetate,
100 pg/ml BSA). Cleavage reaction with a final volume of
20 wl was set up in CutSmart buffer containing 50 nM ds-
DNA substrate, CbAgo:guide complex at a 0.25:0.25 uM
final concentration and either 5 uM E. coli RecQ or 0.25
pM RecB®*°"C. DNA strand unwinding was initiated by
adding 5 mM ATP and the reaction was incubated at 37°C
for 1 h. The cleavage products at a 4 nM final concentra-
tion were analyzed by CE. For one-strand cleavage of 322
bp 5-FAM/ROX labeled DNA substrate, the CbAgo/guide
complex was formed by incubating 0.5 pwM CbAgo and 1
M guide for 15 min at 37°Cin a 10 pl of CutSmart buffer.
The CbAgo/guide complex at a 0.25/0.5 wM final con-
centration was combined with 50 nM DNA and 0.5 pM
RecB®™° C in a 20 pl of CutSmart buffer and cleavage reac-
tion was initiated at 37°C by adding 5 mM ATP.

For double-strand cleavage experiments, two separate 5
wl reactions, each containing CbAgo (0.5 M) and a guide
(1 wM), were carried out to form CbAgo/guide complexes
that target opposing DNA strands. CbAgo/guide com-
plexes, each at the 0.125/0.25 .M final concentration, were
combined with 50 nM 322 bp SFAM/ROX labeled DNA
substrate and 0.25 wM RecB®*°~C in a 20 pl of CutSmart
buffer and the reaction was initiated at 37°C by adding 5
mM ATP. The cleavage products were analyzed by CE as de-
scribed above. For time-course experiments, the cleavage re-
action volume was increased to 50 pl and 5 pl samples were
withdrawn from the reaction at the indicated time points.

Cleavage of @X174, pAd2_Bsal and pAd2_Avrll was car-
ried out using DNA linearized with the appropriate restric-
tion enzyme. Reactions contained 0.2 pg of linear DNA,
S mM ATP and two CbAgo/guide complexes, each at the
0.125/0.25 wM final concentration, in 20 wl of CutSmart
buffer. The CbAgo cleavage was carried out at 37°C for
1 h either in the absence or in the presence of 0.25 pM
RecB®*° " C. To stop the reaction, samples were supple-
mented with 50 mM EDTA, 2% SDS and 0.8 units of Pro-
teinase K and were incubated at 25°C for 30 min. Single-
stranded CbAgo cleavage products were reannealed by in-
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cubating for 5 min at 90°C followed by a slow cooling
to 12°C at a rate of 0.1°C/s. Cleavage products were col-
umn purified and separated by gel electrophoresis on 1.2%
agarose gel. The plasmids pAd2_Bsal and pAd2_Avrll were
created by Dr. Richard Morgan (New England Biolabs,
Inc., Ipswich, MA, USA) by cloning either a 22 404 bp
BsaBI fragment or 19 428 bp Avrll fragment of Aden-
ovirus2 genomic DNA into pUCI19 vector.

Ligation of CbAgo-cleaved DNA fragments

A 332 bp 5Y-FAM/ROX labeled DNA1 was generated by
PCR using a segment of ¢X174 DNA (nucleotides 3681—
4012) as a template. DNAT1 was cleaved with CbAgo loaded
with guides T2 + B1 to generate a 15 bp 5'-ROX labeled and
a 309 bp 5-FAM labeled cleavage products. A 300 bp 5'-
FAM/ROX labeled DNA?2 was generated by PCR using a
segment of pUC19 DNA (nucleotides 806-1105) as a tem-
plate. DNA2 was cleaved with CbAgo loaded with guides
TS + BS5 to generate a 14 bp 5'-FAM labeled and a 278 bp 5'-
ROX labeled cleavage products. All CbAgo cleavage prod-
ucts carried 8-nt long 3’-ss overhangs. The enzymes were in-
activated by treatment with Proteinase K for 30 min at 37°C.
The 15 and 14 bp fragments were discarded by column pu-
rification using Monarch PCR and DNA Cleanup Kit. A
29 bp ds ‘Bridge’ oligonucleotide was created by combin-
ing two complementary 5’ -phosphorylated ssDNA oligonu-
cleotides (1 nmol each) in 100 wl of 10 mM Tris—HCI buffer,
pH 7.5 and heating for 5 min at 95°C followed by slow cool-
ing down to room temperature. On both ends, the Bridge
oligo carried 8-nt long 3'-ss overhangs complementary to
the 3’-ss overhangs on the 309 and 278 bp CbAgo cleavage
products. DNA fragment ligation was carried out with T4
DNA ligase (400 units) in 10 pl of T4 DNA ligase buffer.
First, 0.3 pmol of 309 bp DNAI1 fragment and 0.3 pmol
of 29 bp Bridge oligonucleotide were ligated for 15 min at
25°C. The reaction was then supplemented with 0.3 pmol of
278 bp DNA2 fragment and ligation continued for another
15 min at 25°C. Ligation products were analyzed by CE.

RESULTS

The search for highly active mesophilic DNA-guided DNA-
cleaving Argonautes

The protein sequences of 45 bacterial Agos were aligned,
and a phylogenetic tree was built showing inferred evolu-
tionary relationships among pAgo candidates (Supplemen-
tary Figure S1A). The search for catalytically active pAgo
candidates was carried out in two successive phases. In the
initial phase, we randomly selected ten pAgo candidates
from more distantly related groups (the candidates are high-
lighted in yellow in Supplementary Figure S1A). A quick in-
spection of cleavage activity was performed with candidate
pAgo proteins expressed with a PURExpress In Vitro Pro-
tein Synthesis kit. Under current conditions, three pAgos
(EbAgo, IbAgo and CpAgo) displayed cleavage activity at
either 37°C or 65°C temperature, whereas three additional
pAgos (PxAgo, KmAgo and PIAgo) were mainly active at
65°C (Supplementary Figure S1B). Ten additional candi-
dates nesting adjacent to the catalytically active pAgos were
screened in the second phase (the candidates are highlighted
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in orange in Supplementary Figure S1A). Four more candi-
dates (CaAgo, CdAgo, DIAgo and CsAgo) displayed high
levels of activity at both 37°C and 65°C, whereas two pA-
gos (CbAgo and BsAgo) had little or no activity at 37°C
but were active at 65°C (Supplementary Figure S1B). Al-
together, four pAgo candidates highly active at 37°C were
found in hosts that belong to the Clostridium genus. The
host for a highly active IbAgo was originally assigned as
Clostridium bartlettii, but later the species was re-assigned
as Intestinibacter bartlettii (55). Another candidate, CbAgo
from Clostridium butyricum displayed a residual activity at
37°C but it was attributed to a low level of soluble protein
in the PURExpress sample. Upon further inspection, the
CbAgo protein was found in a soluble fraction when ex-
pressed in vivo in T7 Express LysY/IYE. coli (Supplemen-
tary Methods) and has shown high level of activity at 37°C.
Comparative amino acid sequence analysis revealed that the
identified Clostridia Argonautes represent a quite diverse
group of proteins sharing 61% or less sequence identity, ex-
cept for CaAgo and CdAgo which have 85% sequence sim-
ilarity (Supplementary Figure S1C).

To identify the Arogaute with the highest activity at
37°C, we purified and characterized all six pAgo candi-
dates derived from the Clostridia class bacterial hosts. We
used a previously described high-throughput CE-based as-
say (34,52) to rapidly characterize the purified pAgos for
guide preference (DNA versus RNA) and target prefer-
ence (DNA versus RNA). The results are summarized in
Supplementary Table S2. Under conditions used in our
study, the candidate pAgos preferred DNA guides and
DNA targets over RNA guides and RNA targets. CpAgo
was the only Argonaute capable of DNA-guided cleav-
age of RNA and RNA-guided cleavage of DNA, albeit
at a reduced rate compared to the DNA-guided DNA
cleavage. The candidate pAgos were capable of cleaving
DNA at temperatures spanning from 30°C to 80°C (Sup-
plementary Figure S2). In most cases, Ago proteins dis-
played the highest activity at 50-64°C temperature, except
for CpAgo, which was highly active up to 72°C, and for
IbAgo, which was the most active at 50°C. The efficiency
of DNA target cleavage at 37°C was evaluated at different
time points ranging from 5 to 120 min. The results presented
in Figure 1 demonstrate that under current conditions the
candidate pAgos can be ranked in the following order:
CbAgo > CpAgo > CaAgo > CdAgo > IbAgo > CsAgo.
Because of the robust activity, CbAgo was considered for
analysis of double-stranded DNA cleavage at 37°C in the
presence of DNA helicase.

The search for DNA helicases that facilitate CbAgo cleavage
of linear dsDNA

A review of literature conducted to identify potential he-
licase candidates revealed that E. coli RecQ (EcRecQ) can
initiate duplex DNA unwinding from blunt ends if applied
at high enzyme-to-DNA molar ratio (56-58). In the pres-
ence of 5 WM EcRecQ, CbAgo was proficient in cleaving
30 bp blunt-ended DNA (Figure 2A, lane 3). However,
the CbAgo cleavage efficiency steadily declined when the
length of DNA substrate was increased to 60—100 bp (Fig-
ure 2A, lanes 4-5). No CbAgo cleavage activity was de-

= -o— CbAgo
-e— CpAgo
-e— CaAgo
CdAgo
-o— |bAgo
-o— CsAgo

Cleaved Target, %

0 20 4 60 80 100 120
Time, min

Figure 1. Comparison of Clostridia Argonautes for cleavage efficiency of
ssDNA target. Cleavage reactions were performed at a final 125:125:50
nM concentration ratio of Ago:Guide:Target as described in Materials
and Methods. Error bars indicate the standard deviation of three inde-
pendent experiments. Bacterial hosts of pAgo proteins used in this study:
C.butyricum (CbAgo), C.perfringens (CpAgo), C.saudiense (CaAgo),
C.disporicum (CdAgo), Lbartlettii (IbAgo), C.sartagoforme (CsAgo).

tected on longer than 100 bp dsDNA substrates indicating
that EcRecQ is not suitable for programmable cleavage of
long dsDNAs.

The RecBCD enzyme has been considered as another po-
tential DNA helicase given that it prefers unwinding blunt
or nearly blunt-ended DNA (42). The studies of individ-
ual constituent subunits and their combinations have in-
dicated that the RecB subunit alone is a weak DNA he-
licase, but the DNA unwinding activity is significantly in-
creased upon interaction with the RecC subunit (42,43,49).
The RecBC enzyme, lacking the RecD subunit, is about 4-
fold slower and less processive than the RecBCD enzyme,
but still has been shown to completely unwind 6.25-21.4
kb linear DNAs in a matter of minutes (50). We have con-
structed a nuclease deficient variant of the RecB helicase
referred to as RecB™°", by replacing three catalytic residues,
E1020, D1080 and K1082 with alanine residue. Individu-
ally purified RecB®*°" and RecC subunits were mixed at a
1:1 stoichiometry to reconstitute the RecB®*° C helicase.
DNA unwinding activity of either RecB®*°" or RecB**~C
was tested using the CE-based assay as described in Supple-
mentary Methods. The obtained results have confirmed that
the RecB®*°~ subunit alone is a weak DNA helicase com-
pared to the RecB*°~C complex which displayed a quite ro-
bust DNA unwinding activity (Supplementary Figure S3).
The nuclease deficient RecB**°~C helicase was then explored
as a CbAgo partner for cleavage of dSDNA at 37°C. In con-
trast to EcRecQ, DNA strand unwinding by the RecB®*° C
helicase has led to a complete CbAgo cleavage of 30-100 bp
DNA substrates, thus implying that CbAgo and RecB*° C
combination has the potential for programmable dsDNA
cleavage (Figure 2B).

RecB®*°~C DNA helicase assists ChAgo in cleaving targets
on 322 bp linear dsDNA

To further investigate CbAgo cleavage activity on dsDNA,
we designed the 21-nt long guides T2 and B2 to target
opposing DNA strands in the middle of a 322 bp 5'-
FAM/ROX labeled DNA substrate (Figure 3A). The tar-
geted DNA region contained a BbvClI restriction site al-
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Figure 2. Effect of the helicase-catalyzed DNA strand unwinding on the double-stranded DNA cleavage by CbAgo. CbAgo was loaded with a guide B12 at
a 1:1 CbAgo:guide molar ratio to form a CbAgo/B12 complex. Either 30 bp, 60 bp or 100 bp 5'-FAM labeled blunt-ended dsDNA substrates were cleaved
at 37°C for 1 h with the CbAgo/B12 complex either in the absence or in the presence of DNA helicase. 5'-FAM labeled cleavage products were analyzed
by capillary electrophoresis as described in Materials and Methods. CbAgo cleavage products are marked with an asterisk (*). (A) CbAgo cleavage activity
in the presence of E. coli RecQ DNA helicase. Lane 1, 30 bp DNA. Lane 2, 30 bp DNA incubated with the CbAgo/B12 complex. Lanes 3-5, 30, 60 and
100 bp DNA, respectively, was cleaved with the CbAgo/B12 complex in the presence of E. coli RecQ DNA helicase. (B) CbAgo cleavage activity in the
presence of the RecB®*®"C DNA helicase. Lanes 1, 3 and 5, 30, 60 and 100 bp DNA was incubated with the CbAgo/B12 complex, respectively. Lanes 2, 4
and 6, 30, 60 and 100 bp DNA was cleaved with the CbAgo/B12 complex in the presence of the RecB*°~C DNA helicase.
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Figure 3. Guide-specific cleavage of double-stranded DNA by CbAgo in
the presence of RecB®*°~C helicase. (A) Schematic overview of guide po-
sitioning on a 5'-FAM/ROX labeled 322 bp dsDNA substrate. Black tri-
angles indicate cleavage positions of the CbAgo/B2 and CbAgo/T2 com-
plexes. The BbvClI recognition site is underlined, and dashed lines show
BbvClI cleavage positions. (B) Capillary electrophoresis results. Lane 1, ds-
DNA substrate. Lane 2, dSDNA cleaved with CbAgo/T2. Lane 3, dsDNA
cleaved with CbAgo/T2 in the presence of RecB®*° C. Lane 4, dsDNA
cleaved with CbAgo/B2. Lane 5, dsDNA cleaved with CbAgo/B2 in the
presence of RecB®*°~C. Lane 6, dsDNA cleaved with 10 units of BbvClI
restriction endonuclease.

lowing the use of BbvClI restriction fragments as inter-
nal markers to verify the size of CbAgo cleavage prod-
ucts. In the absence of RecB*° C helicase no cleavage was
observed after DNA was treated with either CbAgo/T2
or CbAgo/B2 (Figure 3B, lanes 2 and 4, respectively).
The result was expected as CbAgo by itself cannot initi-
ate guide-specific cleavage of duplex DNA. However, when
the CbAgo reaction was supplemented with RecB*°~C, ei-
ther the CbAgo/T2 or CbAgo/B2 complex cleaved 322 bp
DNA in a guide-specific mode as confirmed by the appear-
ance of 155 nt 5-FAM labeled and 167 nt 5'-ROX labeled
cleavage products (Figure 3B, lanes 3 and 5). The size of
the CbAgo generated fragments was verified by the BbvCI
cleavage, which produced a 5-FAM labeled 155 nt and a
5’-ROX labeled 164 nt fragments (Figure 3B, lane 6). In ad-
dition, the CbAgo-cleaved DNA fragments were directly se-
quenced to confirm that CbAgo indeed cleaved a phospho-
diester bond positioned between the nucleotides 10 and 11 if
counting from the guide 5'-end (Supplementary Figure S4).

An array of 21-nt long DNA guides was used to evalu-
ate CbAgo efficiency for cleavage of single strands within
322 bp dsDNA in the presence of RecB™° C helicase.
Four guides designed to cleave a 5'-ROX labeled strand
(Supplementary Figure S5A) resulted in very efficient
CbAgo/guide complexes as 50-80% of the respective tar-
gets were cleaved in the first 4 min, and 95-100% cleav-
age was achieved after 16 min at 37°C (Supplementary Fig-
ure S5B). Sixteen guides were designed to hybridize with
the SFAM-labeled strand at sequences that were shifted by
one nucleotide with respect to each other (Supplementary
Figure S6A). This strand was cleaved significantly slower,
and only ten CbAgo/guide complexes could cleave the re-
spective targets more than 50% in 16 min (Supplementary
Figure S6B). Except for the guides Al and T1-C1, CbAgo
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loaded with different guides cleaved the respective targets
up to 80-100% in 64 min. Despite the observed differences,
the results provided strong evidence that CbAgo can rapidly
find and cleave transiently formed ssDNA targets embed-
ded on long dsDNA during ongoing strand unwinding by
RecB®*° C helicase.

Effect of CbAgo:guide molar ratio on double-strand DNA
cleavage

Two guide pairs were initially selected to test the double-
strand cleavage of a 322 bp dsDNA in the presence
of RecB™°~C helicase. Double-strand cleavage by CbAgo
loaded with guides T2 and Bl was expected to generate
DNA fragments tailed with Snt-long 3’-ss overhangs. In
contrast, CbAgo loaded with guides T1-C2 and B4 was
expected to generate DNA fragments tailed with 5nt-long
5'-ss overhangs (left panels in Figure 4). CbAgo was pre-
loaded with individual guides, then two CbAgo/guide com-
plexes were combined in the reaction with dsDNA and
RecB®*°~C helicase, and cleavage of each DNA strand was
monitored over time. Concurrent cleavage of DNA strands
by CbAgo/T2 and CbAgo/B1 rapidly advanced to comple-
tion (Figure 4A). Unexpectedly, a ~10-fold decline in cleav-
age of either DNA strand was observed when CbAgo was
loaded with T1-C2 and B4 guides, which were arranged to
generate a 5-staggered double-strand break (Figure 4B).
The cleavage of either DNA strand remained profoundly
incomplete after 64 min in contrast to the respective single-
guided cleavage reactions (Supplementary Figures S5 and
S6).

To further explore the observed bias, CbAgo efficiency
was compared in a series of experiments using two sets of
guide pairs created by combining guides Bl and B4 tar-
geting a 5'-ROX labeled strand with 16 guides targeting a
5’-FAM labeled DNA strand. The use of 16 guides com-
bined with either guide Bl or guide B4 allowed to gener-
ate CbAgo cleavage products tailed with either 3'-ss over-
hangs or 5'-ss overhangs varying from 0 to 15 nt in length,
respectively (Figure SA). CbAgo efficiently cleaved dsDNA
when loaded with guides programmed to create 3'-staggered
double-stranded breaks resulting in 80-100% DNA strand
cleavage after 16 min at 37°C (Figure 5B). In numerous
cases, DNA strand cleavage was significantly reduced when
CbAgo was loaded with guides arranged to generate cleav-
age products with 5'-ss overhangs (Figure 5C). The largest
decline was observed with guide pairs positioned to gener-
ate 5'-ss overhangs varying from 5 nt to 8 nt in length. How-
ever, CbAgo activity partially recovered when a 5'-ss over-
hang was increased from 9 nt to 15 nt (Figure 5C).

Under current reaction conditions, CbAgo was loaded
with each guide at a 1:2 Ago:guide molar concentration
ratio with the intention of avoiding a non-specific DNA
‘chopping’ by a guide-free CbAgo (23-25). Such arrange-
ment indicates double-strand cleavage is carried out in the
presence of free guides that highly complement each other.
We then postulated that free guides potentially might in-
terfere with dsDNA cleavage when guides are arranged
to generate 5'-staggered double-stranded breaks. To verify
this prediction, a detailed analysis of varying CbAgo:guide
molar concentration ratios was performed using a TI1-

Al + B4 guide pair (Figure 6). Double-strand cleavage by
CbAgo/T1-A1 + B4 was virtually eliminated when CbAgo
was loaded with guides at the Ago:guide molar ratios rang-
ing from 1:2 (125:250 nM) to 1:1.8 (125:225 nM). Interest-
ingly, CbAgo activity increased when the Ago:guide mo-
lar ratio was gradually reduced from 1:1.6 (125:200 nM) to
1:1.2 (125:150 nM), and at a 1:1 molar ratio (125:125 nM)
more than 90% cleavage of both strands was achieved af-
ter 16 min at 37°C (Figure 6). Next, CbAgo was loaded at
the 1:1 molar ratio with 16 guide pairs arranged to produce
dsDNA fragments with 5'-ss overhangs of varying length.
Remarkably, an efficient cleavage of both DNA strands was
observed with all guide pairs when cleavage reactions were
performed using equimolar CbAgo and guide concentra-
tions (Supplementary Figure S7).

The results clearly indicate that CbAgo activity is inhib-
ited by the presence of free guides in the reaction, but only
if the guides are arranged to generate products with 5'-ss
overhangs. In contrast, no inhibition occurs if a 2-fold mo-
lar excess of guides over CbAgo is used to generate double-
stranded cleavage products tailed with 3'-ss overhangs (Fig-
ure 5B). In summary, we have demonstrated here that in
the presence of RecB®*°~C helicase, CbAgo can efficiently
cleave dsDNA and produce DNA fragments flanked with
either 3’- or 5'-ss overhangs of varying length. Still, a cor-
rect Ago:guide molar ratio must be used when aiming to
create cleavage products tailed with 5'-ss overhangs.

CbAgo acts as a programmable DNA-guided endonuclease
on linear double-stranded DNA

The linearized 5.4 kb X174 phage DNA was used to ex-
plore if CbAgo/RecB*° C can cleave substantially longer
dsDNA at 37°C. Previous studies have shown that E. coli
RecBC helicase has preference for double-stranded DNA
substrates with 3’-ss overhangs compared to blunt ends
or 5-ss overhangs (49). To investigate the effect of DNA
end structure on the CbAgo/RecB®*° C cleavage, five linear
DNA substrates were generated by cleaving ¢X174 DNA
with unique restriction endonucleases: Sspl or Stul cleavage
generated blunt ends, Sapl or Xhol cleavage generated 5'-
ss overhangs and Aatll cleavage generated 3'-ss overhangs.
CbAgo targets were selected in the middle of the respec-
tive linear DNAs to produce two similar in size DNA frag-
ments which could run as a single band during agarose
gel-electrophoresis (Figure 7A). All DNA guides were de-
signed with a 5'-T terminal nucleotide for a few reasons.
First, a comparison of various single-guided cleavage reac-
tions showed that guides carrying either 5'-G or 5'-T termi-
nal nucleotides resulted in more uniform cleavage efficien-
cies compared to the guides with a 5-A or a 5'-C terminal
nucleotide (Supplementary Figures S5 and S6). Second, all
guides pairs were intentionally planned to generate Snt-long
3’-ss overhangs at the CbAgo cleavage sites to ensure that
the antiparallel guides complement each other by the same
number of nucleotides. However, the analysis of ¢X174 nu-
cleotide sequence revealed that only the guides starting with
a 5'-T terminal nucleotide were available at all targeted lo-
cations.

In the presence of RecB®*° C, CbAgo efficiently cleaved
lincar X174 DNA at all five targeted locations (Figure
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7A, lane 2 in panels I-V). The specificity of DNA-guided
cleavage was confirmed by cleaving a Sspl-linearized ¢ X174
DNA with Sapl, which produced restriction fragments sim-
ilar in size to DNA fragments generated by CbAgo/T2 + Bl
(Figure 7A, lane 3). The results demonstrate that the
RecB®*°~C helicase can efficiently unwind 5.4 kb dsDNA re-
gardless of the linear DNA end configuration, thus promot-
ing CbAgo cleavage of transiently formed single-stranded
targets. A closer inspection, however, revealed that DNA
cleavage by CbAgo programmed with guide pairs T2 + Bl
and XhoT + XhoB (panels I and II) was more efficient
than at the other three locations, which were targeted with
StuT + StuB, SapT + SapB or AatT1 + AatT2 guide pairs
(panels III-V, respectively). To further investigate whether
cleavage efficiency was affected by the guide sequence, the
same locus of the Aatll-linecarized ¢X174 DNA was tar-
geted with CbAgo loaded with four pairs of guides carry-
ing different 5'-terminal nucleotides (Supplementary Figure
S8A). Complete DNA cleavage was achieved with the guide
pairs AatGl + AatG2 and AatAl + AatA2 carrying ei-
ther a 5'-G or a 5'-A terminal nucleotide, respectively (Sup-
plementary Figure S8B, lanes 2-3), whereas DNA cleav-
age was slightly less efficient with AatT1 + AatT2 and
AatC1 + AatC2 guide pairs which started with either a 5'-T
or a 5'-C terminal nucleotide (lanes 4-5). Taken all together,
the results did not reveal a strong bias for a 5'-terminal nu-
cleotide as the cleavage efficiency was quite prominent for
all tested guide pairs. Nevertheless, the observed variability
in the endonucleolytic activity suggest that CbAgo exhibits
flexible preferences for guides with the particularly arranged
nucleotide combinations.

A mesophilic Ago activity has never been demonstrated
on dsDNA longer than 5-6 kb. To determine if CbAgo/
RecB®*° C combination can cleave 20-25 kb DNA at 37°C,
the plasmids pAd2_BsaBI (22.114 kb) and pAd2_Avrll
(25.091 kb) were linearized with Ascl and Srfl, respectively,
and two guide pairs were designed to target each DNA at a
midpoint (Figure 7B and C). In the presence of RecB™*° C,
CbAgo loaded with the respective guide pair specifically
cleaved targeted sites as indicated by the appearance of
11 and 12.5 kb cleavage products (lane 2 in Figure 7B and C,
respectively). Remarkably, the concurrent DNA unwinding
by RecB*°~C permits CbAgo to cleave DNA targets located
at an 11-12.5 kb distance from the end of dsDNA.

We also investigated whether five other Clostridia Arg-
onautes described in this study can cleave linear dsDNA
in the presence of RecB®° C DNA helicase (Supplemen-
tary Figure S9). Only CpAgo displayed a robust activity at
all three targeted sites of X174 DNA, albeit with a lower
efficiency compared with CbAgo. The remaining four pA-
gos (CaAgo, CdAgo, CsAgo and IbAgo) displayed greatly
reduced levels of dsDNA cleavage. The observed dsDNA
cleavage patterns were consistent with the ssDNA cleav-
age results which established CbAgo and CpAgo as the
two fastest pAgos among the six tested candidates (Figure
1). Taken together, these results imply that pAgos exhibit-
ing fast cleavage rates are best suited for efficient cleavage
of dsDNA, apparently because they can cleave transiently
formed single-stranded targets faster than the reannealing
of DNA strands occurs at physiological temperature.

Finally, the ability of CbAgo/RecB®*° C to cleave a su-
percoiled form of DNA at 37°C was investigated at three
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Figure 5. Double-strand cleavage of the 5'-FAM/ROX labeled 322 bp DNA by CbAgo loaded with two sets of 16 guide pairs which generate cleavage
products tailed with either 3'- or 5'-ss overhangs. (A) Schematic overview of guide positioning on DNA target. Within each guide sequence, the 10th
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250 nM RecB®*° C. The percentage of cleaved DNA was quantified for each DNA strand. (B) Efficiency of double-strand cleavage by CbAgo loaded with
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©X174 DNA locations. In contrast to linear dsSDNA, no
nicking/cleavage of supercoiled ¢X174 DNA by either
CbAgo or CbAgo/RecB®™° C was observed after a 16-h in-
cubation at 37°C, thus confirming that RecB®*°~C DNA he-
licase cannot unwind a circular DNA (Supplementary Fig-
ure S10).

PCR-free method for seamless assembly of DNA fragments
by using CbAgo and RecB**~C

Capitalizing on the success of programmable linear dsDNA
cleavage by CbAgo/RecB®*° C, we considered a method
for seamless assembly of CbAgo-cleaved DNA fragments.
Since Argonaute cleaves DNA strands in two independent
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events, a double-strand cleavage offers strategic advantages.
The most efficient cleavage sites can be selected close to the
end of targeted DNA and ssDNA overhangs of preferred
length and composition can be created to facilitated DNA
assembly. A synthetic dsDNA oligonucleotide equivalent to
the two cleaved-off terminal fragments then can be used to
directionally link two DNA fragments via complementary
single-stranded overhangs (Figure 8A).

As a proof-of-principal, we assembled 332 and 300 bp 5'-
FAM/ROX labeled PCR fragments (referred to as DNA1
and DNAZ2, respectively). On DNAI, the CbAgo target site
was selected close to the 5-ROX labeled end, whereas on
DNAZ2 the CbAgo target site was selected close to the 5'-
FAM-labeled end (Figure 8 A). The guide pairs T1 + B2 and
TS5 + BS complemented DNA1 and DNAZ2, respectively,
and both guide pairs were arranged to create 8nt-long 3'-
ss overhangs on the CbAgo cleavage products. In this ar-
rangement, the CbAgo cleavage of either DNA produced
throwaway terminal fragments, a 5'-ROX labeled 15 bp frag-
ment and a 5-FAM labeled 14 bp fragment, which were
eliminated by column purification (Figure 8B). DNA1 and
a synthetic 29 bp ‘Bridge’ oligonucleotide were then ligated
for 15 min at 25°C to generate a 346 bp intermediate liga-
tion product. The ligation reaction was then supplemented
with DNA2, and ligation continued for another 15 min. Re-
sults presented in Figure 8B reveal the formation of 346
bp 5’-FAM labeled ligation product during the first ligation
step. The formation of 632 bp 5-FAM/ROX labeled liga-
tion product during the second ligation step indicates that
both CbAgo cleavage products and Bridge oligonucleotide
were directionally assembled into a recombinant DNA.
Both strands of the final ligation product were sequenced
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to inspect nucleotide sequences at the ligation junctions. Se-
quencing data confirmed that the CbAgo-generated single-
stranded overhangs were precisely ligated with the comple-
mentary ss overhangs of the Bridge oligonucleotide (Sup-
plementary Figure S11). The results provided a compelling
evidence that CbAgo cleavage produces DNA fragments
with sequence-specific ssSDNA overhangs that are ready for
ligation without any further enzymatic treatment. These
findings confirm that seamless assembly of linear DNA
molecules can be accomplished using CbAgo/RecB®*°C
programmable DNA endonuclease.

DISCUSSION

The in vitro mechanism of dsDNA cleavage was first estab-
lished for thermophilic pAgos that act in a range of temper-
atures that trigger thermal DNA destabilization (21,26,33).
The model demonstrates that pAgo nuclease can cleave ds-
DNA in two independent events if two pAgo/guide com-
plexes are used to target antiparallel DNA strands (33).
Mesophilic pAgos in vitro act poorly on double-stranded
substrates because they are unable to invade DNA du-
plex. Many studies have shown that only plasmids with
destabilized double-stranded regions can be targeted by
mesophilic pAgos at 25-40°C temperatures suggesting that
in vivo pAgos potentially rely on natural processes that
involve strand separation (25,27,28,35-37). In this study,
we explored the possibility of using DNA helicases to
initiate single-stranded target cleavage by a mesophilic
pAgo at physiological temperature. We demonstrated that
DNA strand unwinding by nuclease deficient helicase
RecB*°~C allows Argonaute CbAgo from Clostridium bu-
tyricum to cleave linear dSDNAs ranging from 30 to 25 kb in
length.

The approach of combining CbAgo with the RecB*°~C
helicase provides an unprecedented opportunity to in vitro
investigate DNA-guided cleavage of dsDNA at 37°C. We
used a high-throughput capillary electrophoresis technique
to compare many CbAgo/guide complexes for cleavage of
either one or both DNA strands. In our study, 16 DNA
guides were designed to hybridize with DNA targets at po-
sitions shifted by one nucleotide with respect to each other.
Such guide sequence design allowed to change a 5'-terminal
nucleotide and to shift the CbAgo cleavage position along
the substrate DNA. Some variability in cleavage efficiency
was detected with different guides, but overall, CbAgo was
able to cleave DNA targets regardless of the nature of a 5'-
nucleotide and regardless of the combination of nucleotides
at the 10th and 11th positions involved in the coordination
of the scissile phosphodiester bond cleavage (Figure 5B,
Supplementary Figures S7 and S8). Our results were con-
sistent with the CbAgo cleavage results previously observed
on single-stranded targets showing no strong preference for
a 5-terminal nucleotide (25,35,51). In some cases, how-
ever, DNA cleavage efficiency was noticeably affected by a
minimal shift of guide sequence along the targeted DNA
(Supplementary Figure S6). Recently a large-scale system-
atic study of guide preference was performed for TtAgo, re-
vealing activity correlation with the 1st and 12th base of
the guide and, to a lesser degree, with the bases surround-
ing the cut site (59). Potentially, a similar large-scale study
performed with the CbAgo/RecB®*°C combination could
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P, CbAgo cleavage products; M, 1 kb plus DNA ladder.

A B
DNA1 s DNA2
FAM — FAM e —
332 bE ROX 300 bE ROX 10000 100 200 300 400 500 600
7500
B2 85 0 332 bp DNA 1
l’ CbAgo/T1+B2 | CbAgo/T5+B5 ’ 0 100 200 300 40 500 600
FAM T T FAM . aol  15bp 309 bp +CbAgoIT1+B2
B P Rox L S — L .
‘1’ c°lumn purification 200 0 100 200 300 400 500 600
1600
e e — — e 300 bp DNA 2
309 bp 208bp .o 0
ds B"dge 0"90 29 b 12000 0 100 200 300 400 500 600
—_— o 14 bp 278 bp +CbAgo/T5+B5
| 1+ ligation °
5000 100 200 300 400 500 600
i 346 bp 278 bp 3000 346 bp 1% Ligation
ROX 1000 D
\1/ an |Igat|0n 0 100 200 300 * 400 500 600
oo 632 bp 2" Ligation
FAM
632bp fox “ L

*%

Figure 8. Seamless and directional assembly of dsDNA fragments using CbAgo and RecB™*°~C. (A) Schematic overview of a seamless DNA assembly
method. CbAgo/guide cleavage was carried out in the presence of RecB®*°"C DNA helicase as described in Materials and Methods. (B) CE analysis of
CbAgo cleavage and ligation products. Ligated fragments are marked with an asterisk (*).

lead to a better understanding of some basic principles that
must be followed to optimize the guide sequences for pro-
grammable dsDNA cleavage.

The concurrent cleavage of DNA strands permits genera-
tion of custom-designed cleavage products by choosing the
length and polarity of single-stranded overhangs (i.e. 5'- or
3’-ss overhang). CbAgo was found to efficiently cleave both
DNA strands if guide pairs were prearranged to generate
fragments tailed with 3’-ss overhangs. But dsDNA cleavage

was significantly reduced if the guide pairs were designed to
generate 5'-ss overhangs (Figure 5). A comprehensive study
of varying CbAgo:guide molar ratios revealed that pres-
ence of free guides might inhibit dsDNA cleavage when the
opposing CbAgo/guide complexes are arranged to gener-
ate a 5'-staggered double-strand break. Our results indicate
that inhibition can be circumvented by loading CbAgo with
guides at the Ago:guide molar ratios ranging from 1:1.4 to
1:1 (Figure 6 and Supplementary Figure S7).



The sequence alignment of antiparallel guides target-
ing complementary DNA strands shows that the guides
must have complementary 5-terminal sequences to gener-
ate cleavage products with 5'-ss overhangs (Figure 5A). The
5'-terminus of a guide plays a crucial role in target recogni-
tion and cleavage by Ago nuclease. Nucleotides 2-8 of the
guide counted from a 5'-end are termed the ‘seed’ region.
In an Ago/guide complex, the bases of the seed region are
solvent-exposed, therefore they can readily base pair with
a matching sequence on the target strand (12,60,61). The
crystal structure of CbAgo in complex with a guide and
complementary target reveals a 15 base pair duplex formed
by nucleotides 2-16 of a guide and a target (35). This ev-
idence implies that at least a 16-nt long target is antici-
pated for a CbAgo/guide/target complex to adopt a cat-
alytically favored configuration. Minimal target length re-
quirements were investigated for TtAgo loaded with a 21-nt
guide DNA. The study showed that truncation of the target
to 16 nt did not alter TtAgo cleavage activity, but 15- and
14-nt targets showed 120- and 400-fold reduced cleavage
rates, respectively, and a 12-nt target was not cleaved (17).
This information allows us to rationalize the dsDNA cleav-
age results when guides are provided in excess of CbAgo. If
two opposing guides complement each other by 5'-terminal
sequences, then the seed region of one CbAgo/guide com-
plex might base pair with the opposing free guide, thus
forming a ‘CbAgo/guide/free-guide’ complex. At the initial
reaction phase, CbAgo may then promptly cleave the guides
bound as single-stranded targets instead of dsSDNA targets
that are yet to be unwound. A delayed target cleavage of at
least one DNA strand was observed with guide pairs hav-
ing 5’-complementary sequences longer than 16 nucleotides.
Surprisingly, dsSDNA cleavage was severely inhibited when
CbAgo/guide complexes and free opposing guides were ca-
pable of base pairing by 12-15 nucleotides (Figures 4B and
5C). These results suggest that guides bound as 12-15 nt
long targets can be either cleaved at significantly reduced
rates or cannot be cleaved at all. Considering that product
release is the limiting reaction step (25,35), the release of the
12-15 nt-long uncut targets is likely an extremely slow pro-
cess resulting in an accumulation of catalytically impaired
‘CbAgo/guide/free-guide’ complexes which no longer use-
ful for dsDNA cleavage.

For efficient double-strand cleavage, CbAgo must be
loaded with guides at a 1:1 molar ratio if two CbAgo/guide
complexes are arranged to generate a 5'-staggered break
(Figure 6). However, the use of equimolar CbAgo:guide
concentration may result in accumulation of a guide-free
CbAgo, which may damage sequence-specific ends of ds-
DNA due to the inherent non-specific nuclease activity
associated with the guide-free Ago (23-25). This prob-
lem can be circumvented by using guides programmed
to generate 3'-ss staggered double-stranded breaks as ds-
DNA cleavage efficiency is unaffected by the CbAgo:guide
molar ratio. This is because the opposing guides com-
plement each other on their 3’-ends, resulting in a 5'-
terminal seed region of the Ago/guide complex that
lacks a matching complementary sequence for initial bind-
ing of free guide. We have shown that CbAgo loaded
with guides at a 1:2 molar ratio efficiently generates
DNA fragments with 8nt-long 3'-ss overhangs which are
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ready for ligation without any further enzymatic treatment
(Figure 8).

Two enzymatic qualities are essential for efficient cleav-
age of double-stranded DNA at physiological temperature:
a rapid and processive DNA strand separation and a rapid
cleavage of transiently formed ssDNA targets. The RecBCD
enzyme is the most rapid and processive DNA helicase (47).
The RecBC enzyme lacking the RecD subunit was also
shown to act as a fast and processive DNA helicase capable
of unwinding up to 20 kb dsDNA, although its unwinding
speed and processivity is lower than that of the RecBCD
helicase (48-50). We have demonstrated here that with the
help of RecB®*° C DNA helicase, a mesophilic CbAgo can
efficiently cleave linear dsDNAs up to 25 kb in length.
However, future studies will be needed to investigate if the
RecB®*° " CD enzyme can further increase CbAgo cleavage
efficiency, especially on longer than 25 kb dsDNA. Our re-
sults indicate that Argonautes which rapidly cleave ssDNA
targets are also the most efficient in dsDNA cleavage at
physiological temperature (Figure 1, Supplementary Fig-
ure S9). This comes as no surprise, as Argonaute has very
limited time to both find and cleave the short-lived single-
stranded targets before complementary DNA strands rean-
neal back together. Under current conditions, all investi-
gated Clostridia pAgos, including CbAgo, displayed a sig-
nificantly higher activity at temperatures ranging from 50°C
to 64°C than at 37°C (Supplementary Figure S2). This im-
plies that there are still opportunities for further enhance-
ment of programmable DNA cleavage by either discover-
ing or engineering an Argonaute variants with exceptionally
fast cleavage kinetics at 37°C.

The results presented in this study identify
CbAgo/RecB®*° C combination as the most efficient
mesophilic DNA-guided DNA-cleaving programmable
endonuclease for in vitro specific nicking/cleavage of linear
dsDNA at otherwise inaccessible locations. The most
exciting conclusion of our work is that in the presence of
RecB®**"C DNA helicase CbAgo can rapidly bind and
cleave targets located as far as 11-12.5 kb away from the
end of a linear dsDNA. Furthermore, we have shown
that CbAgo and RecB®*°"C enzyme combination can
cleave targets located close to the end of linear dsDNA
and generate DNA fragments with highly specific ssDNA
overhangs which are ready for ligation without further en-
zymatic treatment. We demonstrate that CbAgo-generated
DNA fragments can be directionally and seamlessly linked
together using a synthetic double-stranded oligonucleotide
(Figure 8). With further optimization and improvements,
a PCR-free method for seamless DNA assembly may
be developed allowing to directionally join long natural
DNAs. The information gained from our current work
might eventually lead to developing of novel tools for
diagnostic and synthetic biology. Our future studies
will continue to identify accessory proteins that can aid
mesophilic pAgos in cleaving dsDNA in vitro and in vivo.
Furthermore, finding or engineering accessory factors that
help Argonautes efficiently and specifically cleave circular
dsDNA at physiological temperature may potentially lead
to developing tools for genome editing in the future that
would be more comparable to CRISPR-Cas mediated
genome editing technologies.
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