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It started in petunias flowers

Plant scientists in the Netherlands and the United States unintendedly stumbled on the
importance of Argonaute proteins when working with petunia (Petunia hybrida) plants. (Krol
etal., 1990; Napoli et al., 1990). Researchers from both countries tried to create petunias with
more intense purple flowers by increasing the expression of a Chalcone synthase protein
(CHS) that is essential in flower pigmentation pathways of petunias. They rationalized that
introduction of extra copies of the gene encoding the CHS protein, would result in more RNA
transcripts, more CHS protein and thus more purple pigment (Krol et al., 1990; Napoli et al.,
1990). However, unexpectedly, they found that the petunias with the extra copies of the CHS
gene developed white flowers instead (Figure 1, left panel). Unable to explain the puzzling
result, they concluded that the natural and the synthetic copy of the CHS gene, somehow
interfered with each other and hence called the observed phenomenon ‘co-suppression’
(Napoli et al., 1990). In the years after, co-suppression was shown not to be limited to
petunias, as also in fungi the introduction of homologous transgenes caused ‘quelling’ of
corresponding endogenous genes (Romano and Macino, 1992). In the following years,
similar phenomena were observed in other plant species and in Drosophila (de Borne Dorlhac
et al., 1994; Fray and Grierson, 1993; Pal-Bhadra et al., 1997). Besides affecting endogenous
genes, it was also found that co-suppression could provide host resistance against viruses

from which the introduced transgenes originated (Lindbo et al., 1993).

RNA interference

The underlying mechanism of the co-suppression phenomena remained elusive until in 1998,
in a Nobel prize winning experiment, Fire and Mello discovered that the trigger causing the
silencing effect was double stranded RNA (dsRNA) (Fire et al., 1998). Working with the
nematode Caenorhabditis elegans they found that it was not the introduction of single
stranded sense RNA nor single stranded antisense RNA, but the introduction of a dsRNA
hybrid of both that led to the effective silencing of genes that had sequence similarity to the
introduced dsRNA. With their discovery, they ascribed the previously observed silencing
phenomena to RNA interference (Fire et al., 1998), and triggered a series of discoveries that

each identified parts of the RNA interference puzzle (Figure 1, right panel).
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Figure 1 | RNA interference and the effects of Argonaute were witnessed for the first time in petunias. Left
panel | In Petunia hybrida co-suppression of the CHS gene resulted in white flowers. Right panel | After the
discovery of RNAI in 1998, a series of discoveries (years of the discovery in blue) provided insights into the RNAi
mechanism. Sense and anti-sense transcripts form dsRNA, which triggers RNAI. Dicer processes the long dsSRNA
into small interfering RNAs (siRNA). These siRNA fragments are loaded into Argonaute and associated RISC
proteins, which removes the passenger strand as a complex. The strand that remains bound (guide strand) is utilized
to find complementary target RNA sequences. Bound targets, that are fully complementary to the guide, are cleaved
by Argonaute.
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Although the trigger of RNAi was now identified, the underlying mechanism through which
dsRNA molecules silenced homologous mRNAs sequences remained unknown. Initially,
helicase activity was believed to unwind the dsSRNA after which the anti-sense strand could
base pair with the messenger RNA transcript to prevent translation of the transcript into
proteins (Sen and Blau, 2006). However, long anti-sense ssRNA intermediates were never
found. Instead, small RNAs 25 nucleotides (nt) in length, were discovered in tomato plants
and implicated to be involved in RNAi (Hamilton and Baulcombe, 1999). One year later, two
other studies revealed that long synthetic dSSRNA molecules were processed into small RNA
fragments of 21-23 base pairs (bp) in size when incubated in a Drosophila embryo lysate
(Hammond et al., 2000; Zamore et al., 2000). Combined this suggested that also the 742bp
long sense-antisense RNA hybrids, that triggered RNAi in C. elegans, must have been
processed into smaller intermediates in a similar way. The small dsSRNA intermediates were
named small interfering RNA (siRNA) (Elbashir et al., 2001). After the discovery that long
dsRNAs were processed into siRNA, numerous other types of small RNAs (sSRNA) emerged,
such as microRNA (miRNA) and Piwi (P-element induced wimpy testis)-interacting RNA
(piRNA) (Aravin et al., 2006; Girard et al., 2006; Lagos-Quintana et al., 2001; Lee and
Ambros, 2001). Those SRNAs were categorized in different classes based on their biogenesis,
protein binding partners and role (Carthew and Sontheimer, 2009). siRNAs originate from
endogenous or exogenous RNA sources and interfere with the translation of complementary
mRNA sequences. Although their silencing mechanism was not yet fully understood, siRNAs
were produced synthetically as a tool in biological research to specifically silence target
genes of interest (Elbashir et al., 2002; McCaffrey et al., 2003). miRNAs are encoded by the
host genome and essential for the regulation of host gene expression (Bartel, 2004, 2009).
piRNAs are an animal-specific class of small RNAs that are encoded on the genome and used

to silence retrotransposons and other mobile genetic elements (Ozata et al., 2018).

Argonaute

As only a few molecules of long dsRNA were necessary to trigger an effective RNAi
response in C. elegans, Fire and Mello postulated the involvement of a protein component
with catalytic activity (Fire et al., 1998). In the search for this catalytic component, Martinez
and colleagues purified several binding partners of the short duplex siRNAs from human

HeLa cells through co-immunoprecipitation using biotinylated siRNAs (Martinez et al.,
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2002). Among others, two proteins of roughly 100 kDa were found and identified as
Argonaute protein 1 and 2 (Ago1 and Ago 2). Two years later, Liu and coworkers confirmed
that it was Argonaute that formed the catalytic core of RNAi (Liu et al.,, 2004). They
demonstrated that all four Argonaute (Agol-Ago4) proteins that are found on the human
genome could bind siRNAs, but that only Ago2 was able to form a cleavage competent RNA
Induced Silencing Complex (RISC) with siRNAs (Liu et al., 2004). Also in other organisms,
Argonaute became recognized as the RNA-guided ‘slicer’ protein that was solely responsible
for cleavage of target RN As complementary to the small guide RNA (Rand et al., 2004; Song
et al., 2004).

Strikingly, the Argonaute protein was ‘discovered’ already in 1998, in a mutagenesis study
of Arabidopsis thaliana (Bohmert et al., 1998). One of the mutated Arabidopsis thaliana
plants developed severe leaf abnormalities which reminded the authors of the tentacles of the
pelagic octopus Argonauta argo. Therefore, the protein encoded by the mutated gene
(AGOL1), was named Argonaute (Figure 2A, B). The name of the octopus was, in turn,
derived from the Greek myth ‘Jason and the Argonautes’ as the shell of the female octopus
resembled the boat ‘Argo’ sailed by Jason and the Argonautes (Figure 2B, C).

Ago proteins are encoded on most sequenced eukaryotic genomes and are highly conserved
between different species (Shabalina and Koonin, 2008). Based on their phylogeny, function
and mechanism, eukaryotic Agos (eAgos) can be divided into several clades, among which
the AGO and PIWI-clade proteins (Meister, 2013). Ago proteins from the AGO-clade are
ubiquitously expressed and interact with siRNA and miRNA to regulate host gene expression
and mediate defense against foreign genetic elements (Carthew and Sontheimer, 2009).
Proteins of the PIWI-clade are animal-specific, and exclusively expressed in germ cells
where they interact with piRNAs to regulate the activity of retrotransposons and viruses
(Ozata et al., 2018).

Eukaryotic genomes commonly encode several copies of Argonaute genes (Hock and
Meister, 2008). For example, mammalian genomes (i.e. humans) encode four AGO-clade
and four PIWI-clade proteins, whereas the plant 4. thaliana encodes ten AGO-clade proteins.
The yeast Saccharomyces cerevisiae is one of the few organisms that apparently has lost its
Ago gene during evolution, together with other genes encoding key proteins involved in the
RNAIi machinery (Ender and Meister, 2010).

Preface and Outline |11
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D Ago-clade (hAgo2) PIWI-clade (Siwi)

Figure 2 | Argonaute proteins were first mentioned in an Arabidopsis thaliana mutagenesis study. A |an AGO1
mutant Arabidopsis thaliana seedling of 35 days old (Bohmert et al., 1998). B | Model of the octopus Argonauta
argo from the American Museum of Natural History. C | Drawing of the Argo ship with Jason and the Argonautes
(adapted image of the thesis cover by Philip Patenall). D | Crystal structure of AGO-clade (PDB:4WS5N) and PIWI-
clade (PDB:5GUH) Argonaute proteins. (adapted from Matsumoto et al. 2016). E | Typical domain architecture of
AGO and PIWI-clade Argonaute proteins.

In 2012, the first full length crystal structures of eukaryotic Ago proteins from the AGO-
clade were solved (Elkayam et al., 2012; MacRae et al., 2012; Nakanishi et al., 2012). Four
years later, the first structure of a PIWI-clade protein followed (Matsumoto et al., 2016).
Despite having different functionalities, the overall structures of AGO and PIWI-clade Agos

are very similar (Figure 2D). Both proteins adopt a bi-lobed architecture comprising a N-
terminal lobe (N-PAZ domain) and a C-terminal lobe (MID-PIWI domain) connected by two
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linkers domains (L.1-2) (MacRae et al., 2012; Matsumoto et al., 2016) (Figure 2D, E). The
PAZ and MID domain contain a binding pocket that anchors 3’ or 5’ end of the guide RNA,
respectively (Faehnle and Joshua-Tor, 2010; Song et al., 2003). The PIWI domain contains
the catalytic center that is formed by a tetrad of four amino acids (DED-D/H/N), which
coordinate two magnesium ions essential for RNA cleavage (Kaya et al., 2016; Song et al.,
2004). Not all Ago proteins contain a complete catalytic tetrad. For example, three human
Ago proteins (Ago 1,3 and 4), are inactive and unable to cleave RNA targets (Liu et al.,
2004). The N-domain plays an important role in the release of the cleaved target RNA strand
for AGO-clade proteins (Kwak and Tomari, 2012). In contrast, some PIWI-clade proteins are
unable to autonomously release the cleaved RNA target strand with the N-terminal domain

and require assistance of a specific helicase (Matsumoto et al., 2016).

MicroRNAs (miRNAs)

The first described miRNA, lin-4 from C. elegans, was already reported before the discovery
of RNAI (Lee et al., 1993; Wightman et al., 1993). Researchers revealed that lin-4 did not
encode a protein but rather a transcript that could repress the expression of another gene (lin-
14). Initially, the lin-4 transcript was called a small temporal RNA (stRNA). However after
the discovery of RNAI, stRNAs were redefined as miRNAs and found on genomes of other
animals, plant species and certain viruses (Lagos-Quintana et al., 2001; Lee and Ambros,
2001; Pfefter et al., 2004; Reinhart et al., 2002). In humans, more than 60% of all genes are
regulated by miRNAs (Friedman et al., 2009). Like other endogenous sRNAs, the biogenesis
miRNAs starts with the transcription by RNA polymerase 11 (Figure 3) (Lee et al., 2004).
The miRNA transcript, (named pri-miRNA) forms a typical secondary structure with one or
more hairpins and an imperfectly base paired stem loop (Lee et al., 2002). In the nucleus this
pri-miRNA structure is recognized by a microprocessor complex, including Drosha and
DGCRS, which processes the pri-miRNA to form the pre-miRNA (Lee et al., 2003).

Exportin-5 recognizes the pre-miRNA and exports it from the nucleus into the cytoplasm
(Lund et al., 2004; Yi et al., 2003). Next, Dicer, a RNaselll-like endonuclease, cleaves the
hairpin of the pre-miRNA and generates short miRNA duplexes of ~22nt in length,
containing a 5’-end phosphate and 2nt overhangs at the 3’ end (Bernstein et al., 2001; Knight
and Bass, 2001). Those short miRNA duplexes are ultimately loaded into the Argonaute
protein to form the RISC (RNA-induced Silencing Complex), where one of the two strands,
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Figure 3 | Overview of the origin of three of well-studied forms of small RNA . MicroRNA (miRNAs) are
encoded on the genome and form dsRNA hairpins with imperfect stem-loops upon transcription. These structures
are processed by both Drosha and Dicer to form miRNAs. Small interfering RNAs (siRNAs) are generated by
Dicer from a long dsRNA precursor that is formed by perfect base pairing between sense and natural anti-sense
transcripts (NATs). These siRNA precursors can also originate from dsRNA viruses or injections. Both siRNAs and
miRNAs are loaded onto the Argonaute proteins of the Ago clade. Piwi-associated RNAs (piRNAs) are processed
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clade. Figure is adapted from (GroBhans and Filipowicz, 2008).

“the passenger strand” is unwound and removed from the complex (Matranga et al., 2005).

The strand that remains bound is named “the guide strand”, which directs the Argonaute and
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associated RISC proteins towards complementary RNA targets that are often found in the 3’
UTR region of mRNAs. The level of translation repression depends on the degree of
complementarity between the guide and target. When the mRNA target is bound to the guide
with perfect complementary, as is the case for most plant miRNA and some animal miRNAs,
the mRNA is cleaved by the Argonaute protein and can no longer be used for protein
translation (Bartel, 2009). However, most animal miRNAs bind their mRNA targets
imprecisely with several mismatches. These mismatches prevent Argonaute from cleaving
the target RNA (Bartel, 2009). Instead Argonaute forms a binding scaffold for the recruitment
of additional silencing factors, which repress the translation of mRNA (Jonas and Izaurralde,
2015). Due to the imprecise targeting, miRNAs can have multiple target locations, sometimes

on different mRNAs and thus can regulate the expression of multiple genes (Bartel, 2009).

Small interfering RNA (siRNA)

The origin of siRNA can be either endogenous or exogenous. Endogenous siRNAs (endo-
siRNAs) are transcribed from the genome either as hairpins with perfect paired stem-loops,
or as hybrids of sense (mMRNA) and natural antisense transcripts (NATs) (Figure 3) (Carthew
and Sontheimer, 2009; Faghihi and Wahlestedt, 2009; Kim et al., 2009). Although NATs are
usually several orders of magnitude less abundant than sense (mRNAs) transcripts (Ozsolak
et al., 2010), sense-NAT hybrids were shown to contribute to low levels of endo-siRNAs in
fully differentiated somatic cells (Werner et al., 2014). In fact, the formation of sense-NAT
hybrids is believed to be the underlying trigger for the silencing effect that was observed in
petunias in the early 90’s (Figure 1) (Steensels and Verstrepen, 2016). In the cytoplasm,
endo-siRNA follow the same processing pathway as miRNAs. Dicer processes the dSRNA
precursors to generate small RNA duplexes with a 5’-end phosphate and 2nt 3’-end
overhangs (Carthew and Sontheimer, 2009). In mouse oocytes, loss of Dicer decreased the
siRNA levels and increased the levels of retrotransposons transcripts (Tam et al., 2008;
Watanabe et al., 2008). In some organisms additional endo-siRNAs are generated via the
secondary siRNA biogenesis pathway. In this process, an Argonaute-siRNA complex binds
to a mRNA transcript (sense-strand) and recruits a RNA-dependent RNA polymerase
(RDRP) for the transcription of the anti-sense strand (Sijen et al., 2007). The dsRNA that is
formed is processed by Dicer similar to other endo-siRNAs. The pool of secondary siRNAs
greatly amplifies the silencing response (Sijen et al., 2007).
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Most exogenous siRNAs (exo-siRNAs) are either synthetic or originate from viral infections
(Golden et al., 2008). There are several ways to introduce synthetic exo-siRNA into a cell
(Kim and Rossi, 2007). Long dsRNAs can be introduced into the cytoplasm, where it is
processed into short siRNAs by the RNAi machinery. Similarly, short dsSRNA (21-23nt in
length) can be introduced into the cytoplasm where they are, without a processing step,
directly bound by Argonaute and associated RISC proteins (Salomon et al., 2010).
Alternatively, siRNAs can be introduced indirectly on a DNA plasmid, as was unwittingly
the case during the petunia experiment in 1990. Transcription of the DNA in both directions
(sense and anti-sense) results in dSRNAs, which are exported to the cytoplasm and processed
by Dicer into short siRNAs.

Regardless of the origin, small siRNA duplexes of 21-22nt in length are ultimately loaded
into Argonaute to form the RISC complex. The stability of the base pairs at the 5’-end of
siRNA defines the faith of each strand and determines which strand will reside in the complex
as a guide strand, and which will be cleaved by Argonaute to be eliminated from the complex
(Khvorova et al., 2003; Schwarz et al., 2003). The siRNA-directed RISC is able to catalyze
target RNA cleavage in a multiple turnover manner, which means that after slicing the
cleaved RNA products will be released, enabling the RISC to bind and cleave new RNA
targets using the same guide strand (Haley and Zamore, 2004; Hutvagner and Zamore, 2002).
This way, a single siRNA-directed RISC can cleave up to 50 different complementary target
strands (Haley and Zamore, 2004).

PIWI-associated RNA (piRNA)

The piRNAs are an animal-specific class of small RNAs that are mainly found in the
germline. Whereas siRNAs and miRNAs are generated from long dsRNA precursors,
piRNAs are derived from long strands of non-coding RNA (IncRNA) (Figure 3). piRNAs
are typically encoded on specific loci of the genome, the so called piRNA clusters. In flies,
these piRNA clusters resemble graveyards of transposon remnants that are no longer able to
transpose (Czech and Hannon, 2016). The underlying mechanism behind the acquisition of
new transposons into these piRNA clusters remains elusive. However, a model exists which
proposed that active transposons are trapped into piRNA clusters after which they decay
(Bergman et al., 2006). In the cytoplasm the long transcripts of these piRNA clusters are
fragmented by Zucchini nucleases to form primary piRNAs. The cellular pool of piRNAs is
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enriched for piRNAs with a 5°-end uracil and mainly bind Ago proteins of the PIWI-clade.
Once bound to a PIWI-clade Ago, the 3°-end of the piRNA is trimmed to yield piRNAs of
21-35nt in size. After methylation of the 3‘-end of the piRNA guide by the Henl enzyme the
maturation of the piRNA-Piwi complex is completed (Kawaoka et al., 2011). In fly germ
cells, mature piRNA-Piwi complexes mediate cleavage of complementary RNA transcripts
of retrotransposons or other mobile genetic elements to preserve germline integrity. Cleavage
of RNA targets results in products that can be loaded into Ago3 and serve as new piRNAs
(secondary piRNAs). Since the sequence of the secondary piRNAs are complementary to the
original transcript of piRNA cluster, from which the primary piRNAs were derived, these
secondary piRNA-Ago3 complexes can cleave the original long piRNA cluster transcript to
generate additional piRNAs. This mechanism is termed the ‘ping pong cycle’ and enables an
amplification of the piRNA mediated silencing response. Ultimately, the fate of mature
piRNA-Piwi complexes depend on their binding partners. For example, the Piwi-clade Ago
MIWI2 of murine enters the nucleus, whereas the murine MILI and MIWI Ago proteins act
in the cytoplasm (Aravin et al., 2008; Kuramochi-Miyagawa et al., 2001). Overall, piRNA-
guided PIWI-complexes silence transposable elements, regulate gene expression and impede

viral infections.

Interestingly, the piRNA-based immunity in the germline of animals shows many similarities
with the recently discovered prokaryotic immune system, called CRISPR (Clustered
Regularly Interspaced Palindromic Repeats), which bacteria and archaea use to fend of viral
invaders (Brouns et al., 2008)(Barrangou et al., 2007; Marraffini and Sontheimer, 2010a;
Rotem Sorek, 2008). CRISPR provides adaptive immunity and utilizes, analogous to
Argonaute, RNA guides to find, bind and degrade complementary invading DNA (Brouns et
al., 2008). After an infection, fragments of the invader are incorporated in the genome, in so
called CRISPR-arrays (analog of the piRNA clusters). These arrays can be transferred to the

progeny and serve as a genetic memory of past invasions.

Argonaute in prokaryotes

Two years after the initial discovery in eukaryotes, Argonaute proteins were also found to
exist in bacteria and archaea (Cerutti et al., 2000) (Figure 4). Based on a bioinformatics
analysis prokaryotic Argonautes (pAgos) were predicted to be involved in host defense as

they were commonly found in genomic neighborhoods that also encoded proteins involved
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in the defense against foreign genetic elements (Makarova et al., 2009). Furthermore, protein

sequence alignments revealed that short pAgos exist that lost their N-terminal lobe, formed

by the N and PAZ domains (Makarova et al., 2009). Long pAgos encompass the same four
domain architecture (N-PAZ-MID-PIWI) as eAgos.

Argonaute first
mentioned in
Arabidopsis
thaliana

, 1990 Petunia experiment

1998

o000 Disovery Argonaute
proteins in prokaryotes

Structure solved | Biochemical characterization

TtAgo

RéAg o*
MjAgo

CbhAgo

AaAgo

RsAgo*
MjAgo
TtAgo

PfAgo

CbAgo

2018

Figure 4 | Milestones in the field of
The

colors indicate the optimum temperatures

prokaryotic Argonaute proteins.

of the characterized Argonaute protein; red
= 65°C >, orange = 45-60°C and green =
30-40°C. *RsAgo is catalytically inactive
due to mutations in the conserved DEDX

active site. AaAgo, Aquifex aeolicus

Argonaute; AfAgo,  Archaeoglobus
fulgidus Argonaute; MjAgo,
Methanocaldococcus Jjannaschii

Argonaute; MpAgo, Marinitoga piezophila
Argonaute; PfAgo, Pyrococcus furiosus
RsAgo, Rhodobacter
sphaeroides Argonaute; TtAgo, Thermus

Argonaute;

thermophilus Argonaute. CbAgo is the
Argonaute of Clostridium butyricum that
has been described in this thesis. It is the
first example of a pAgos that efficiently
catalyzes DNA-guided DNA cleavage at
37°C.

Argonaute of the Archaeon
Pyrococcus furiosus (PfAgo) was
the first full-length Argonaute
structure that was solved (Song et
al., 2004) eight years before
elucidation of the first eAgo
structure. From this time onwards,

seven other pAgo structures have

been solved (Figure 4). The structures of pAgos showed similarities to the structure of a

PIWI-clade Ago (Matsumoto et al., 2016). In proteins from both clades, recognition of the

5’-phosphate of the guide strand is coordinated by a metal ion in the binding pocket of the

MID domain (Matsumoto et al., 2016; Sheng et al., 2014). Agos from the Ago-clade however,
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instead utilize a conserved lysine to neutralize the negative charge of the 5’-phosphate of the
guide RNA (Elkayam et al., 2012; MacRae et al., 2012).

In 2005, Yuan and coworkers reported the first biochemical characterization of the
prokaryotic Argonaute derived from Aquifex aeolicus (AaAgo) (Yuan et al., 2005). AaAgo
was shown to mediate RNA cleavage, but in contrast to eAgos, it utilized DNA guides rather
than RNA guides. More evidence for differences in the nucleic acid binding partners between
eukaryotic and prokaryotic Agos followed in 2013, when it was found that in vivo the
catalytically inactive Argonaute of Rhodobacter sphaeroides (RsAgo) associated with short
ssRNA transcript fragments and short complementary DNA molecules (Olovnikov et al.,
2013). At the time it was not clear yet whether RsAgo used these associated DNAs as guides
to target RNA transcripts or whether the co-purified RNA molecules were used as guide to
target DNA. One year later, a big breakthrough followed when it was demonstrated that the
archaeal and bacterial Argonaute of Methanocaldococcus jannaschii (MjAgo) and Thermus
thermophilus (TtAgo), respectively, exhibit DNA-guided DNA cleavage activity (Swarts et
al., 2014b; Zander et al., 2014). Thus far, eAgos had exclusively been shown to mediate
RNA-guided RNA interference. In line with the prediction, DNA-targeting pAgos were
shown to be involved in host defense to fend of DNA invaders such as plasmids (Olovnikov
et al., 2013; Swarts et al., 2015a, 2014b) In 2016, when the structure of RsAgo was solved,
biochemical assays also confirmed that RsAgo targets DNA, but in a RNA-guide dependent
manner (Miyoshi et al., 2016). How the previously in vivo associated small DNA targets were
cleaved still remains enigmatic, as RsAgo is catalytically inactive. Currently several
mechanistic insights exist for 7tAgo and RsAgo which are explained in chapter 2.
Furthermore, the DNA-targeting behavior of several prokaryotic Argonautes raised the idea
to repurpose these pAgos for DNA-editing applications (Also reviewed in chapter 2) (Hegge
et al., 2018a).

Catalytically active DNA-targeting pAgos have been exclusively characterized from (hyper)-
thermophilic bacteria and archaea (Figure 4; highlighted in red and orange). Although
promising applications exist for these kind of DNA-targeting pAgos (two of which are
described in this thesis), their thermophilic nature limits their use for in vivo applications at
moderate temperatures (37°C). Therefore, we explored to pool of mesophilic Agos, which
resulted in an extensive characterization of the Argonaute from Clostridium butyricum

(CbAgo) which mediates DNA-guided DNA cleavage at 37°C.
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The field of the prokaryotic Argonaute proteins is still in its infancy compared to the field of
eAgos. Given the variation of pAgos with respect to their protein and nucleic acid binding
partners (i.e. DNA and RNA), and domain architecture (i.e. short vs long pAgos), it is not

unlikely that similar to eAgos, also pAgos have a plethora of different functions and

mechanisms that yet need to be discovered.
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Thesis outline

Chapter 1 provides a brief history of Argonaute proteins (Agos). Agos were originally
discovered in plants, but are also found in the other domains of life. They utilize guide nucleic
acids to bind complementary target nucleic acids. Some Agos cleave their target nucleic acids
by their endonucleolytic activity while other variants only bind their target and form a binding
scaffold for other effector proteins. Overall, Agos are crucial for the regulation of both

endogenous and exogenous nucleic acids inside the cell.

Chapter 2 reviews the prokaryotic Agos (pAgos) that have biochemically been characterized
to date. It furthermore describes the diversity that is present within the pAgo family, of which
many variants yet need to be explored. Based on protein sequence alignments, the pAgo
family can be classified into three major groups: Long pAgos which contain the same (N-
PAZ-MID-PIWI) domain architecture found in eukaryotic Agos (eAgos), short pAgos and
PIWI-RE proteins. The N-terminal and PAZ domains, that are found in long pAgos, are either
lacking or substituted by alternative yet to be characterized domains in short pAgos and
PIWI-RE proteins. Of these three pAgo groups, research has mainly focused on long-pAgos
variants derived from thermophiles. Given the vast number of unexplored pAgos in addition
to the functional and mechanistic variation that the characterized pAgos display, it is not
unlikely that the pAgo family might form a source of a new generation of genome editing

tools.

In chapter 3 a biochemical and structural characterization of the pAgo from the mesophilic
bacterium Clostridium butyricum (CbAgo) is described. Like other pAgos, ChAgo appears
to be implicated in host defense as it mainly acquired plasmid-derived DNA guides upon
expression in Escherichia coli. Interestingly, these co-purified DNA have a strong bias
towards a deoxyadenosine at the 5’-end, and thymidines in the sub-seed segment (guide
nucleotide 2 to 4). In vitro CbAgo can be reprogrammed with short synthetic DNA guides to
cleave both ssDNA and AT-rich (AT >65%) dsDNA at moderate temperatures (37°C).
Although attempts to exploit ChAgo for genome editing purposes in mammalian cells were
not yet successful, the characterization described in this chapter represents a valuable step

towards the use of pAgos for a range of genetic applications.
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Chapter 4 describes a biophysical characterization of ChAgo. Like other DNA binding
proteins, ChAgo requires a fast and efficient search mechanism to find potential target sites
in an enormous pool of cellular DNA. Hence ChAgo combines a gliding mechanism with
intersegmental jumps while scanning the target DNA. During gliding ChAgo diffuses in
lateral direction through a cloud of counter ions while maintaining loose contact with the
target DNA. In order to bypass obstacles, such as secondary structures and protein barriers,
CbAgo is capable of making intersegmental jumps after which it continues gliding until it

finds a complementary DNA target.

Chapter 5 describes a novel pAgo-based diagnostic application termed, NAVIGATER
(enriched Nucleic Acids Via DNA-Guided Argonaute of Thermus thermophilus). Using the
pAgo from Thermus thermophilus (TtAgo), the detection of the rare KRAS G12D mutant
allele (in blood samples of several pancreatic cancer patients) could significantly be improved
by means of NAVIGATER. In those patient samples, mutant alleles are vastly outnumbered
by wild type alleles. To enrich the mutant allele, which only differed by a single nucleotide
mutation from the wild type alleles, we took advantage of the ability of 7tAgo to cleave the
WT allele with nucleotide specificity, while leaving the mutant allele untouched. By the
collective use of NAVIGATER with rare mutant allele detection methods, such as digital
droplet PCR (ddPCR) and Peptide Nucleic Acid-Mediated PCR (PNA-PCR), the sensitivity
of those well-established methods could be improved by nearly a 60 fold.

Chapter 6 describes a novel one-tube cloning method, termed “Jason cloning”. This method
relies on a two-step thermal-cycle (95-45°C) reaction, in which the pAgo from Pyrococcus
furious (PfAgo) works concertedly with a thermostable ligase (Ampligase™). We
successfully ligated a pre-assembled insert of 100 base pairs into pUCI19. At 45°C,
Ampligase ligates an insert into a backbone vector, which was linearized by PfAgo at 95°C
thru compatible overhangs. Although Jason cloning was shown successful, currently
optimizations are on-going trying to further enhance the flexibility and efficiency of the

cloning method.

Chapter 7 discusses and concludes the work in this thesis from fundamental research
(chapter 3 & 4) to applications (chapter 5 & 6). It furthermore elaborates on potential cellular

functions and future directions of pAgos.
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Abstract

Argonaute proteins constitute a highly diverse family of nucleic acid-guided proteins. They
were first discovered in eukaryotes as key proteins in RNA interference systems, but
homologous prokaryotic Argonaute proteins (pAgos) have also been found in archaea and
bacteria. In this Progress article, we focus on long pAgo variants, a class of pAgos that are
involved in nucleic acid-guided host defense against invading nucleic acids, and discuss the

potential of pAgos in genome editing.
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Introduction

Argonaute proteins were initially discovered in eukaryotes, in which they are key players in
RNA interference (RNAi) pathways (Bohmert et al., 1998; Ketting, 2011). As the functional
core of the RNA-induced silencing complex (RISC), eukaryotic Argonaute proteins (e Agos)
use small single-stranded RNA (ssRNA) molecules as a guide to target complementary RNA
sequences (Hammond et al., 2000; Ketting, 2011; Swarts et al., 2014a). The translation of
the targeted RNA is silenced either directly, by binding and cleavage of the target RNA, or
indirectly, by binding to the target RNA followed by the recruitment of additional silencing
proteins (Hannon, 2002; Hutvagner and Simard, 2008). As such, eAgos can post-
transcriptionally regulate gene expression, defend their host against invading RNA viruses

and preserve genome integrity by reducing the mobility of transposons (Ketting, 2011).

Following the discovery of homologous prokaryotic Argonaute proteins (pAgos), the first
full-length Argonaute structures in archaea and bacteria were resolved (Song et al., 2004;
Yuan et al., 2005). Moreover, it was reported that horizontal gene transfer resulted in a rather
uneven distribution of genes that encode pAgos, which can be found in ~32% and ~9% of
the sequenced archaeal and bacterial genomes, respectively (Swarts et al., 2014a). As archaea
and bacteria lack RNAi pathways (Shabalina and Koonin, 2008), the physiological functions
of pAgos have long remained elusive. Recent studies of selected pAgos have revealed unique
mechanistic features and have uncovered insights into their physiological roles (Kaya et al.,
2016; Olovnikov et al., 2013; Swarts et al., 2015a, 2014b, 2015b; Wang et al., 2009;
Willkomm et al., 2017a; Zander et al., 2014). Interestingly, it has been shown that at least
some pAgos mediate nucleic acid-guided cleavage of DNA targets (Kaya et al., 2016; Swarts
et al., 2015a, 2014b; Zander et al., 2014). Given that the nucleic acid-guided DNase activity
of the CRISPR-associated protein Cas9 has revolutionized the genome-editing field, the
intriguing possibility that pAgo variants might be suitable candidates for biotechnological
applications was postulated (Swarts et al., 2014a). In this Progress article, we describe the
most recent pAgo-related discoveries and discuss the potential of pAgos for the purposes of

genome editing.

Domain architecture of long pAgos
On the basis of their domain architecture, the family of pAgos can be divided into three

classes: long pAgos, short pAgos and PIWI-RE proteins (P-element induced wimpy testis
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with conserved R (Arg) and E (Glu) residues) (Figure 1a). Of these classes, only the long
pAgo class has been studied experimentally (Kaya et al., 2016; Miyoshi et al., 2016;
Olovnikov et al., 2013; Swarts et al., 2015a, 2014b, 2015b, 2017a, Wang et al., 2008a, 2008b;
Willkomm et al., 2017a; Zander et al., 2014, 2017). Despite poor sequence conservation and
functional segregation, the general domain architecture of long pAgos is very similar to that
of eAgos. Both eAgos and long pAgos form a bi-lobed scaffold, in which one lobe consists
of the amino-terminal (N) and PIWI-Argonaute—Zwille (PAZ) domains, whereas the other
lobe consists of the middle (MID) and PIWI domains (Song et al., 2004; Wang et al., 2008b;
Yuan et al., 2005) (Figure 1b). The MID and PAZ domains usually form binding pockets
that facilitate the anchoring of the 5" and 3" ends of an oligonucleotide guide, respectively
(Ma et al., 2005; Song et al., 2003; Wang et al., 2008b). On target binding, the PIWI domain
of catalytically active Agos (that contain the DEDX motif, in which X denotes D, H or N
(Kaya et al., 2016)) mediates target-strand cleavage. This motif is often incomplete in eAgos
and pAgos that for their function seem to rely on target binding rather than on target cleavage
(Liu et al., 2004; Olovnikov et al., 2013; Swarts et al., 2014b). Interestingly, genes that
encode pAgo variants in which this motif is incomplete are often clustered with genes that
encode putative nucleases (Makarova et al., 2009), which suggests that these pAgos might
be indirectly involved in target cleavage. Similar to the N-terminal domain of eAgos, the
N-terminal domain of at least some pAgos is predicted to function as a ‘wedge’ between the
guide and the target strands to facilitate the dissociation of cleaved target strands (Kwak and
Tomari, 2012).

Biological functions of pAgos

In 2009, a bioinformatics analysis revealed that genes that encode pAgos are found in the
same operon as genes that encode proteins that are involved in host defense (for example,
endonucleases that are associated with restriction—modification systems), which suggests that
pAgos might have a role in protecting their hosts from invading nucleic acids, such as
plasmids (Makarova et al., 2009). Indeed, this hypothesis has been confirmed for at least
some long pAgos (Olovnikov et al., 2013; Swarts et al., 2015a, 2014b, 2015b). Remarkably,
whereas eAgos exclusively mediate RNA-guided RNA interference, some pAgos bind to
short DNA guides and, in some cases, can directly target DNA (Swarts et al., 2015a, 2014b;
Zander et al., 2017) (Table 1). This indicates that a larger functional and mechanistic
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diversity exists in pAgos than in eAgos. Currently, the long pAgos of Thermus thermophilus
(TtAgo) and Rhodobacter sphaeroides (RsAgo) are the best characterized. Although both are

involved in host defense, they exhibit distinct mechanisms, as discussed below.

a eAgo pAgo

Long pAgos

Short pAgos

PIWI-RE proteins

L2

eAgo (hAgo2) pAgo (TtAgo) pAgo (TtAgo)
Figure 1 | Argonaute evolution and structure. a | Schematic phylogenetic tree based on the amino acid alignments
of conserved middle (MID) and P-element induced wimpy testis (PIWI) domains from eukaryotic Argonaute
proteins (eAgos) and prokaryotic Argonaute proteins (pAgos). b | The crystal structure of human Argonaute 2
(hAgo2; RCSB Protein Data Bank (PDB) entry 4Z4C), indicated as eAgo (left). The crystal structure of Thermus
thermophilus Argonaute (TtAgo; PDB entry 3F73), indicated as pAgo (middle). Both structures have the conserved
bi-lobed scaffold between eAgos and pAgos. Ternary complex of 7tAgo (rotated 90° compared with the structure
shown in the middle) with a small interfering DNA (siDNA) guide (red) bound to an RNA target (blue) (PDB entry
3F73) (right)(Wang et al., 2008a). All of the distinct protein domains are shown in different colors (MID in yellow,

PAZ (PIWI- Argonaute— Zwille) in purple, amino-terminal domain (N) in cyan, PIWI in green, and linker domains
L1 and L2 in grey). AaAgo, Aquifex aeolicus Argonaute; AfAgo, Archaeoglobus fulgidus Argonaute; MjAgo,
Methanocaldococcus jannaschii Argonaute; MkAgo, Methanopyrus kandleri Argonaute; MpAgo, Marinitoga
piezophila Argonaute; NgAgo, Natronobacterium gregoryi Argonaute; PfAgo, Pyrococcus furiosus Argonaute;
RsAgo, Rhodobacter sphaeroides Argonaute; TpAgo, Thermotoga profunda Argonaute; WAGO, worm-specific
Argonaute; PIWI-RE, PIWI domain-containing protein with conserved R and E residues. Part a is adapted with
permission from (Swarts et al., 2014a)
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Table 1 | Guide and target preferences of characterized eAgo and long pAgo proteins.

eAgo and long pAgo proteins Activity

Host Argonaute RNA-guided RNA RNA-guided DNA DNA-guided RNA DNA-guided
name interfi interfi interference DNA interference

Eukaryotes eAgo + - - -

Marinitoga piezophila* MpAgo + + - -

Thermotoga profunda* TpAgo - + - -

Rhodobacter sphaeroides RsAgo - + - -

Aquifex aeolicus AaAgo - - + —

Natronobacterium gregoryi* NgAgo - - unknown unknown

Thermus thermophilus TtAgo — — + +

Methanocaldococcus jannaschii ~ MjAgo - - - +

Pyrococcus furiosus PfAgo - - - +

Plus signs indicate activity that has been demonstrated. Minus signs indicate either inactivity under tested conditions
or untested. eAgo, eukaryotic Argonaute protein; pAgo, prokaryotic Argonaute protein. *Determined using
5’-hydroxylated guides. fActivity under investigation.

DNA-guided DNA interference

The first evidence that 7tAgo is involved in host defense was obtained after the discovery
that a T. thermophilus strain, which was selected for its high natural uptake of foreign DNA,
had a TtAgo gene that was disrupted by the insertion of a transposon (Swarts et al., 2014b).
Further investigation showed that 7tAgo does not regulate the expression of other genes that
are involved in host defense at the mRNA level. Instead, it directly interferes with invading
nucleic acids at the DNA level by mediating DNA-guided DNA interference (Swarts et al.,
2015b) (Figure 2a). In vivo, TtAgo associates with small interfering DNA (siDNA) guides
(13-25 nucleotides in length) that are used by 7T¢tAgo to bind to and cleave cognate DNA
targets. The siDNAs that associate with 7tAgo in vivo are preferentially derived from plasmid
DNA, which indicates that 7tAgo can distinguish between invading DNA and genomic DNA
(Swarts et al., 2014b). It was recently shown that 7tAgo uses its catalytic site to generate its
own guides using a mechanism known as ‘chopping’ (Swarts et al., 2017a). In vitro, guide-
free TtAgo chops DNA with a certain degree of instability (for example, AT-rich double-
stranded DNA (dsDNA) or DNA with mismatched DNA stretches) and generates small
dsDNA fragments that are subsequently loaded onto 7tAgo. It is hypothesized that, after the
binding of the small dsDNA molecule to 7tAgo, the strand that is complementary to the guide
strand (the passenger strand) is released, whereas 7tAgo remains associated with the guide
strand (siDNA) (Swarts et al., 2017a). Once the 7tAgo—siDNA complex is formed, it can
bind to and cleave its cognate single-stranded target DNA. Furthermore, two 7tAgo—siDNA

complexes with complementary siDNA guides can introduce dsDNA breaks (Swarts et al.,
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2014b) (Figure 2a). Through this mechanism, 7tAgo interferes with invading DNA that is
taken up by natural competence systems and it also decreases intracellular plasmid levels. In
addition, it was shown that 7tAgo can cleave RNA in vitro (Swarts et al., 2014b) and that it
decreases the levels of intracellular RNA that are transcribed from invading DNA in vivo
(Swarts et al., 2015b). However, it remains to be shown whether this observed decrease in
RNA levels is directly caused by the targeting of the RNA or whether it is instead an indirect

consequence of DNA interference.

Similar to 7tAgo, long pAgos from the archaea Pyrococcus furiosus (PfAgo) and
Methanocaldococcus jannaschii (MjAgo) mediate DNA-guided DNA cleavage in vitro
(Swarts et al., 2015a; Willkomm et al., 2017a; Zander et al., 2014). In addition, PfAgo has
been shown to decrease the efficiency of plasmid transformation in P. furiosus (Swarts et al.,
2015a). Although the physiological role of MjAgo has not been studied, it has been shown
that, similar to 7tAgo, MjAgo generates siDNA by chopping longer DNA substrates (Zander
et al., 2017). Interestingly, chromatinized DNA derived from M. jannaschii is not chopped
by MjAgo (Zander et al., 2017), which demonstrates how this pAgo can distinguish between
invader DNA and its own genomic DNA. Although chromatization of the genomic DNA has
only been shown to protect against degradation for MjAgo, it is tempting to speculate that

other genome-packing proteins can have the same function in other archaea and bacteria.

It is noteworthy that for both 7tAgo and MjAgo, canonical target cleavage that is mediated
by siDNA is substantially more efficient than guide-independent DNA chopping (Zander et
al., 2017). Thus, although DNA chopping might provide some level of innate immunity
against invading nucleic acids, siDNA-guided DNA interference enables the efficient
removal of invader DNA. In addition, pAgo—siDNA complexes might target multiple copies
of the same invader DNA and so may potentially interfere with previously encountered

invader DNA for multiple generations.
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Figure 2 | Prokaryotic Argonaute protein-mediated DNA interference. a | Thermus thermophilus Argonaute
(TtAgo)-mediated DNA-guided DNA interference. Invading DNA enters the cell through phage infection,
conjugation or natural transformation (step 1) (Blesa et al., 2015). Natural transformation is shown, during which
DNA enters the cell as single-stranded DNA (ssDNA) (Averhoff, 2009). Following the propagation of the invading
DNA, guide-free TtAgo (apo-TtAgo) chops the DNA, possibly after being stimulated by other host factors (indicated
by a question mark; step 2) (Swarts et al., 2017a). This generates short double-stranded DNA (dsDNA) fragments
that are loaded onto 7¢tAgo, which selects for a guanine in the passenger (non-guide) strand opposite the first
nucleotide of the guide strand, a cytosine (step 3, specific nucleotides not shown) (Swarts et al., 2017a). After
cleavage and release of the passenger strand, 7tAgo is loaded with small interfering DNAs (siDNAs; red) (Swarts
et al., 2017a). The TrAgo—siDNA complex binds to and cleaves nucleic acids that are complementary to the siDNA.
The complex can cleave ssDNA (step 4) (for example, during natural transformation), mRNA and dsDNA targets
(step 5). The complex can cleave dsDNA targets by individually targeting two partially unwound strands of the
DNA using two TtAgos (Swarts et al., 2014b). b | Rhodobacter sphaeroides Argonaute (RsAgo)-mediated RNA-
guided DNA interference. Invader DNA is transcribed into mRNA that is eventually degraded into small RNA
fragments, probably by common host factors (step 1) (Olovnikov et al., 2013). The RNA degradome is sampled by
RsAgo, which results in the loading of a small interfering RNA (siRNA; red) guide (step 2) (Miyoshi et al., 2016;
Olovnikov et al, 2013). The RsAgo-siRNA interference complex binds to partially unwound dsDNA
complementary to the siRNA (step 3) (Miyoshi et al., 2016; Olovnikov et al., 2013). This can result in the blocking
of transcription and replication (step 4), or invader DNA degradation by unknown host factors (indicated by a
question mark; step 5) (Olovnikov et al., 2013). It should be noted that RsAgo is encoded by an operon that
additionally encodes a predicted nuclease, which possibly has a role in the cleavage of the invader DNA (Olovnikov
etal., 2013). Note that steps 2, 4 and 5 are based on a proposed mechanism for which no direct experimental evidence
currently exists.

RNA-guided DNA interference

RsAgo contains an incomplete DEDX motif and is thus predicted to be catalytically inactive.
The gene that encodes RsAgo is clustered with a gene that encodes a putative DNA nuclease
that is predicted to contribute to the degradation of nucleic acids targeted by RsAgo
(Makarova et al., 2009). Nevertheless, despite the absence of a catalytic motif and the
predicted nuclease partner, heterologous expression of RsAgo in Escherichia coli resulted in
lower concentrations of intracellular plasmids and a lower expression of plasmid-encoded
genes than in E. coli cells in which RsAgo was not expressed (Olovnikov et al., 2013). Similar
to TtAgo, RsAgo does not affect the expression of endogenous genes that are involved in host
defense, which suggests that it instead directly mediates host defense (Olovnikov et al., 2013)
(Figure 2b).

In vivo, RsAgo associates with small interfering RNA (siRNA) guides (14—19 nucleotides in
length) that are sense-oriented, which suggests that they are derived from degraded mRNA
(Olovnikov et al., 2013). In addition, as RsAgo binds to siRNA guides when heterologously
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expressed in E. coli (that is, in the absence of the genetically colocalized nuclease), guide
generation does not exclusively rely on the genetically colocalized nuclease or on other R.
sphaeroides-specific host factors (Olovnikov et al., 2013). The siRNAs are enriched in
ribosomal RNA sequences and, interestingly, are also enriched in sequences that are derived
from transposon-encoded or plasmid-encoded mRNA (Olovnikov et al., 2013). It has been
suggested that RsAgo samples the RNA degradome to generate its guide siRNAs, but how

this enrichment is achieved is currently unknown.

Moreover, RsAgo—siRNA complexes co-purify with DNA molecules that are 22-24
nucleotides in length and are enriched in exogenous sequences derived from plasmid DNA,
genome-encoded transposon or phage genes (Olovnikov et al., 2013). Complementarity with
the RNA guides indicates that these DNA molecules are co-purified target strands. This is in
agreement with the observation that RsAgo has a higher affinity for RNA guides than for
DNA guides, and a higher affinity for DNA targets than for RNA targets (Miyoshi et al.,
2016).

Elucidation of the structure of RsAgo revealed the amino acids that specifically interact with
the 2’-hydroxyl groups of RNA guides and showed that, in contrast to eAgos, PfAgo and
TtAgo, the PAZ domain of RsAgo seems to lack a binding pocket for the 3" end of the guide
(Miyoshi et al., 2016) (Figure 3a, b). These structural deviations might enhance the stable
binding of the RsAgo—siRNA complex to DNA targets, as these deviations potentially enable
full base-pairing between the siRNA and the DNA target strand without inducing
conformational changes; in other pAgos, such conformational changes are associated with
target cleavage (Sheng et al., 2014). Although binding of the RsAgo—siRNA complex might
be sufficient to silence invading DNA by inhibiting transcription and/or replication, it has
been proposed that DNA target binding can also result in the recruitment of an unknown
nuclease that cuts the targeted DNA sequence at both ends, generating the observed DNA
fragments that co-purify with RsAgo—siRNA complexes (Olovnikov et al., 2013).
Potentially, the nuclease that genetically colocalizes with RsAgo fulfils this role; however, it
should be noted that these small DNA molecules also co-purify with RsAgo—siRNA
complexes in the absence of this nuclease (Olovnikov et al., 2013). This suggests that,
although this nuclease could contribute to RsAgo-mediated DNA interference in R.

sphaeroides, it is not essential.
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Other long pAgos

Other long pAgos that have been characterized include Argonautes from the bacteria
Archaeoglobus  fulgidus (AfAgo), Aquifex aeolicus (AaAgo), Marinitoga piezophila
(MpAgo) and Thermotoga profunda (TpAgo). At least in vitro, AfAgo has a preference for
ssDNA over ssRNA as a guide and binds to DNA targets (Parker et al., 2005). However, it
has not been reported whether this pAgo can cleave DNA targets. AaAgo mediates DNA-
guided RNA cleavage, although DNA targeting has not been tested (Yuan et al., 2005). Genes
that encode MpAgo and TpAgo cluster with genes that encode CRISPR—Cas enzymes, which
suggests a functional link (Kaya et al., 2016). In contrast to most other pAgos, which
generally use guides with a 5"-phosphate, both MpAgo and TpAgo use small RNA guides
with a 5"-hydroxyl group to cleave cognate ssDNA targets (Kaya et al., 2016). In addition,
MpAgo can use a 5'-hydroxylated RNA guide to cleave ssRNA targets (Kaya et al., 2016).
Thus, although the role of MpAgo and TpAgo might be similar to that of other long pAgos,

their mechanism of guide generation and binding is distinct (Kaya et al., 2016).

Besides these partially characterized pAgos, other long pAgos remain unexplored.
Bioinformatics analyses have shown that some genes that encode long pAgos are fused to
genes that encode Schlafen-like ATPases, whereas others co-occur in predicted operons with
genes that encode Mrr, Sir2, Cas4-like or PLD nucleases (Makarova et al., 2009) (Figure
3b). It is anticipated that these pAgo-associated enzymes are involved in guide generation,

double-stranded target DNA unwinding and/or target degradation.

Short pAgos and PIWI-RE proteins

Short pAgos consist of only a MID domain and a PIWI domain in which the catalytic tetrad
is incomplete (Makarova et al., 2009) (Figure 3c¢). Although they lack the N-terminal and
PAZ domains, genes that encode short pAgos are typically associated with a gene that
encodes the uncharacterized APAZ (analogue of PAZ) domain (Makarova et al., 2009).
Genes that encode APAZ domains are always fused to a predicted nuclease domain from the
Mrr, Sir2 or TIR families (Makarova et al., 2009). In other short pAgo variants, the predicted
APAZ-nuclease domains are additionally fused to the short pAgo (Makarova et al., 2009).
Alternatively, the Sir2—APAZ domains are fused either to a Schlafen-like ATPase domain,
or to both the Mrr and the TIR domains (Swarts et al., 2014a). It is predicted that short pAgos
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function as a platform for nucleic acid-guided target recognition, whereas the associated

APAZ-nuclease enzymes have a role in guide generation and/or target degradation.

Similar to short pAgos, PIWI-RE proteins also lack the N-terminal and PAZ domains,
although the MID and PIWI domains are conserved, which suggests that they provide a
platform for nucleic acid-guided target recognition (Burroughs et al., 2013) (Figure 3d). In
contrast to short pAgos, some PIWI-RE proteins have a complete catalytic tetrad, which
suggests that they can cleave their targets (Burroughs et al., 2013). Furthermore, PIWI-RE
proteins contain a uniquely conserved ‘domain X’ at the N-terminal end, which is unrelated
to the PAZ and N-terminal domains in long pAgos (Burroughs et al., 2013). This domain
might provide an interaction platform for the helicases and nucleases that co-occur with most
PIWI-RE proteins (Burroughs et al., 2013). Most of the PIWI-RE proteins cluster on operons
with both a DinG-type helicase and a predicted nuclease. DinG-type helicases act on RNA—
DNA duplexes that are primarily found during replication and the transcription of phages and
plasmids (Burroughs et al., 2013). These helicases are predicted to be involved in making
double-stranded targets accessible for PIWI-RE—guide complexes, and/or in guide—target
dissociation, whereas the co-occurring nuclease is anticipated to be involved in guide

generation and/or target cleavage (Burroughs et al., 2013).

Genome editing by pAgo

Owing to the programmable and DNA-targeting nature of some long pAgos, it is tempting to
speculate about applications of pAgos for DNA-editing purposes. Below, we describe how
pAgos have been used to cleave dsDNA targets in vitro and discuss the advantages and

disadvantages of pAgos compared with established genome-editing tools.

Both TtAgo and PfAgo can be loaded with siDNA guides to specifically linearize dsDNA
targets in vitro (Enghiad and Zhao, 2017; Swarts et al., 2015a, 2014b, 2017a; Zander et al.,
2017). As the pAgo—guide complexes currently described only mediate the cleavage of
single-stranded targets, two pAgos with complementary guides need to be incubated with the
target DNA to generate a double-stranded break. The mechanism of dsDNA target cleavage
has been studied in detail for PfAgo, providing a method to generate dsDNA breaks with any
desired overhang in a plasmid backbone or DNA insert (Enghiad and Zhao, 2017). As guide-
free pAgos can also mediate DNA chopping, pAgos should be saturated with siDNAs to
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prevent off-target DNA cleavage (Swarts et al., 2017a; Zander et al., 2017). Considering that
the synthesis of siDNA guides is relatively cheap and can theoretically be designed to
specifically target any desired location, this technique can potentially replace restriction

enzymes.

CRISPR—effector complexes, consisting of Cas9 or Casl2a (also known as Cpfl) and a
variable RNA guide, are well-established as programmable genome-editing tools (Hsu et al.,
2013; Zetsche et al., 2015). These complexes can generate dsSDNA breaks in genomes that
can be repaired by non-homologous end-joining or homologous recombination processes
(Sander and Joung, 2014). Besides complementarity between the RNA guide and the target
DNA, CRISPR—effector complexes require a protospacer adjacent motif (PAM) next to the
targeted DNA sequence; this requirement limits the sites that are targetable by CRISPR—
effector complexes (Hsu et al., 2013; Zetsche et al., 2015).

Long pAgos that cleave ssDNA are possible alternatives to CRISPR—effector complexes as
genome-editing tools. Unlike Cas9 and Casl2a, pAgos do not require a PAM for target
cleavage, which enables them to target more sequences than CRISPR—effector complexes.
Furthermore, pAgos typically use DNA guides that are smaller (15-24 nucleotides in length)
than typical CRISPR—effectors RNA guides (Cas9 and Cas12a use RNA guides that are 100
and 43 nucleotides in length, respectively). Short DNA guides are cheaper to synthesize than
long RNA guides and potentially enable the high-throughput generation of guides and,
consequently, high-throughput genome-editing screenings. In addition, with a size of 75-85
kDa, long pAgos are about half of the size of Cas9 and Cas12a, which could make delivery
into the desired host more efficient. However, in contrast to Cas9 and Cas12a, the generation

of dsDNA breaks requires a pair of pAgo—guide complexes.

The possibility of generating dsDNA breaks in vitro by using a pair of long pAgos with
complementary guides was initially only described for pAgos that were derived from
thermophiles, which are mainly active at increased temperatures, probably because the
dsDNA is partially unwound at those temperatures (Enghiad and Zhao, 2017; Swarts et al.,
2015a, 2014b). Obviously, this makes these pAgos less suitable as a standalone genome-
editing tool in mesophilic organisms. Lack of helicase activity probably explains why there
are currently no characterized pAgos that efficiently cleave dsDNA at mesophilic

temperatures in vitro. In vivo, these and other mesophilic pAgos potentially rely on natural
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processes that initiate the local unwinding of dsDNA (such as RNA transcription or DNA
replication) for efficient dSDNA targeting. It has already been shown that pAgos efficiently
interfere with dsDNA plasmid propagation in bacterial cells (Swarts et al., 2014b, 2015b).
However, targeting of dsDNA by long mesophilic pAgos requires further investigation. At
least some genes that encode pAgos co-occur with, or are fused to, genes that encode
predicted helicases that potentially enable pAgos to target dsDNA (Makarova et al., 2009;
Swarts et al., 2014a).

The search for a mesophilic pAgo that targets DNA resulted in the characterization of
Natronobacterium gregoryi Argonaute (NgAgo) (Gao et al., 2016). In one study, it was
reported that NgAgo displays DNA-guided dsDNA cleavage at 37°C, and that it is possible
to use NgAgo for genome editing in human cell lines (Gao et al., 2016). However, this work
is heavily disputed as many laboratories could not reproduce the described results
(Cyranoski, 2016; Javidi-Parsijani et al., 2017; Lee et al., 2016). A recent study showed that
NgAgo can be programmed to downregulate specific genes in zebrafish (Qi et al., 2016). As
gene knockdown was also observed in the absence of the catalytic DEDX tetrad of NgAgo,
it has been suggested that gene knockdown is a result of DNA binding by the NgAgo—siDNA
complex, which induces transcriptional silencing (Qi et al., 2016). However, preliminary data
from another study suggest that, in contrast to earlier findings, NgAgo mediates DNA-guided
RNA cleavage and thus post-transcriptionally regulates gene expression, and so resembles
eukaryotic RNAi pathways (Kim et al., 2017). However, these data require further validation.
Whereas RNAI is an efficient system to knock down genes of interest in many organisms,
some organisms lack a functional RNAi system that can be hijacked for gene knockdown
purposes, or suffer from toxicity due to off-target effects of RNAi-mediated gene knockdown
(Qi et al., 2013). NgAgo—siDNA complexes can potentially function as an alternative to

RNAI in these organisms.

The delivery of pAgo—siDNA complexes into cells poses another potential limitation for the
use of pAgos as a tool for genome editing or gene knockdown purposes. CRISPR—effector
complexes can be delivered into cells by protein transfection, but as the complex also
efficiently assembles in vivo, Cas9 or Casl2a and/or the RNA guide can be expressed in the
cell after viral-mediated transfection or plasmid transduction (Hsu et al., 2013). As at least

some pAgos mediate DNA chopping in the absence of siDNA, these pAgos could potentially
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Figure 3 | Domain architectures of prokaryotic Argonaute proteins. For each prokaryotic Argonaute protein
(pAgo) class, a schematic representation of a pAgo-encoding operon and a schematic representation of the predicted
protein scaffold and functions are provided. In the schematic operon, individual genes are indicated by individual
arrows. In the schematic predicted protein scaffold, protein domains are represented by distinct colors and the guide
is indicated by a black line and shows the predicted anchoring of its 5 and/or 3" ends to the pAgo scaffold. The
associated proteins most likely have a role in the unwinding and/or cleaving of the target nucleic acids. Catalytically
active long pAgos that contain a complete catalytic DEDX tetrad in the P-element induced wimpy testis (PIWI)
domain or catalytically inactive long pAgos are shown (part a). Catalytically active or inactive long pAgos (part b)
that are associated with nucleases from the Mrr, Sir2, Cas4-like or PLD protein families are shown. Not all
catalytically inactive long pAgos bind to the 3" end of the guide in the PIWI-Argonaute—Zwille (PAZ) domain
(indicated by the dashed line). Short pAgos (part ¢) that are associated with an APAZ (analogue of PAZ) domain
and proteins from the Mrr, Sir2 or TIR family are shown. PIWI-RE proteins (part d) that are associated with a DinG-
type helicase and predicted nuclease are shown. Domain X indicates a conserved globular region the biochemical
function of which is still unknown (Burroughs et al., 2013). Of note, genes that encode PIWI-RE proteins with an
intact catalytic site also exist (not shown), but they are often found as standalone genes and lack operon-associated
proteins (Burroughs et al., 2013). MID, middle; N, amino-terminal domain; PIWI-RE, PIWI domain-containing
protein with conserved R and E residues.

Prokaryotic Argonaute proteins: novel genome-editing tools? |37




cause toxicity through nonspecific DNA degradation. Furthermore, as siDNAs cannot be
expressed in vivo, the transduction of in vitro-assembled pAgo—siDNA complexes is
theoretically the only suitable method for cellular delivery. Even if pAgos can be expressed
in vivo without causing toxicity (for example, by mutating residues that are involved in DNA
chopping), the transfection of synthetic siDNAs potentially interferes with RNAi pathways,
as eAgos can also bind to ssDNA molecules (Smalheiser and Gomes, 2015). Future studies
are required to explore feasible delivery methods. Nevertheless, at least for NgAgo, the
transfection of in vitro-assembled pAgo—siDNA complexes was shown to be suitable for
efficient cellular delivery (Qi et al., 2016).

Conclusions

During the past 3 years, considerable progress has been made in elucidating the role and
mechanisms of pAgo proteins. Several studies have revealed that pAgos constitute a diverse
class of nucleic acid-guided nucleases, of which at least a subset has a role in host defense
by interfering with invading nucleic acids. The long pAgo class has been studied in the most
detail, whereas other pAgo classes are as yet uncharacterized. Further studies are required to
shed light on the functions and mechanisms of these uncharacterized pAgo classes.
Interestingly, long pAgos display variations in their guide and target specificity. Most long
pAgos seem to target DNA using either DNA or RNA guides. This DNA-targeting feature
led to the suggestion of the potential use of pAgos as programmable genome-editing tools.
Although TtAgo and PfAgo can be used to selectively cleave dsDNA targets, they function
optimally at increased temperatures, thus making them less suitable for the genome editing
of cells from mesophilic organisms. Other pAgos, such as MpAgo, cleave ssDNA targets but
not dsDNA targets, probably because of the lack of helicase activity. The mesophilic RsAgo
has been demonstrated to mediate RNA-guided DNA interference in vivo, but does not seem

to catalyze DNA cleavage.

Currently, not a single characterized pAgo displays robust genome-editing capabilities.
However, it is notable that of the equally diverse pool of CRISPR—Cas enzymes only a few
are suitable for genome-editing applications. Therefore, given the high functional and
mechanistic variation that pAgos display, the vast pools of uncharacterized long pAgos, short
pAgos and PIWI-RE proteins potentially contain hidden gems that can overcome the

bottlenecks of the currently characterized pAgos.
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Abstract

Prokaryotic Argonaute proteins (pAgos) constitute a diverse group of endonucleases of
which some mediate host defense by utilizing small interfering DNA guides (siDNA) to
cleave complementary invading DNA. This activity can be repurposed for programmable
DNA cleavage. However, currently characterized DNA-cleaving pAgos require elevated
temperatures (>65°C) for their activity, making them less suitable for applications that
require moderate temperatures, such as genome editing. Here we report the functional and
structural characterization of the siDNA-guided DNA-targeting pAgo from the mesophilic
bacterium Clostridium butyricum (CbAgo). CbAgo displays a preference for siDNAs that
have a deoxyadenosine at the 5’-end and thymidines in the sub-seed segment (siDNA
nucleotides 2-4). Furthermore, CbAgo mediates DNA-guided DNA cleavage of AT-rich
double stranded DNA at moderate temperatures (37°C). This study demonstrates that certain
pAgos are capable of programmable DNA cleavage at moderate temperatures and thereby

expands the scope of the potential pAgo—based applications.
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Introduction

Eukaryotic Argonaute proteins (eAgos) play a key role in RNA interference (RNAi)
processes (Joshua-Tor and Hannon, 2011; Ketting, 2010; Meister, 2013). As the core of the
multiprotein RNA-induced silencing complex (RISC), eAgos bind small non-coding RNA
molecules as guides to direct the RISC complex towards complementary RNA targets
(Bartel, 2009; Meister, 2013; Pratt and MacRae, 2009). Reflecting their physiological
function, variation among eAgos is observed with respect to the presence or absence of a
catalytic site, and to their potential to interact with other proteins (Kuhn and Joshua-Tor,
2013). Depending on the eAgo and on the sequence complementarity between guide and
target RNA, eAgo-guide complexes either catalyze endonucleolytic cleavage of the target
RNA (Hutvagner and Simard, 2008) or indirectly silence the target RNA by repressing its
translation and promoting its degradation through recruitment of additional silencing factors
(Ketting, 2011). Independent of the mechanism, eAgo-mediated RNA binding generally
results in sequence-specific silencing of gene expression. As such, eAgos can coordinate

various cellular processes by regulating intracellular RNA levels.

Prokaryotes also encode Argonaute proteins (pAgos) (Makarova et al., 2009; Swarts et al.,
2014a). Various pAgos share a high degree of structural homology with eAgos as both pAgos
and eAgos adopt the same four domain (N-PAZ-MID-PIWI) architecture (Makarova et al.,
2009; Song et al., 2004; Swarts et al., 2014a; Wang et al., 2008a). Despite their structural
homology, several recently characterized pAgos have distinct functional roles and different
guide and/or target preferences compared to eAgos. For example, several pAgos have been
implicated in host defense by directly targeting DNA instead of RNA (Olovnikov et al., 2013;
Swarts et al., 2015a, 2014b; Zander et al., 2017). One of the best characterized mechanisms
that pAgos utilize is DNA-guided DNA interference, which is demonstrated for pAgos from
Thermus thermophilus (TtAgo), Pyrococcus furiosus (PfAgo), and Methanocaldococcus
Jjannaschii (MjAgo) (Swarts et al., 2015a, 2014b, 2015b, 2017a; Willkomm et al., 2017a;
Zander et al., 2014, 2017). These pAgos use 5’-end phosphorylated small interfering DNAs
(siDNAs) for recognition and successive cleavage of complementary DNA targets. This
mechanism enables both 7tAgo and PfAgo to mediate host defense against invading nucleic
acids. Prokaryotes lack homologs of eukaryotic enzymes that are involved in guide
biogenesis (Shabalina and Koonin, 2008). Instead, both 7tAgo and MjAgo - besides the

canonical siDNA-dependent target cleavage termed 'slicing' - exhibit an alternative nuclease
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activity termed 'chopping' (Swarts et al., 2017a; Zander et al., 2017). Chopping facilitates
autonomous generation of small DNA fragments from dsDNA substrates. Subsequently,
these DNA fragments generated during chopping can serve as siDNAs for canonical slicing
(Swarts et al., 2017, Zander et al., 2017).

TtAgo and PfAgo can be programmed with short synthetic sSiDNA which allows them to
target and cleave dsDNA sequences of choice in vitro (Swarts et al., 2015a, 2014b). This
activity has enabled the repurposing of PfAgo as an universal restriction endonuclease for in
vitro molecular cloning (Enghiad and Zhao, 2017). In addition, a diagnostic TtAgo-based
application termed NAVIGATER (Nucleic Acid enrichment Via DNA Guided Argonaute
from Thermus thermophilus) was developed which enables enhanced detection of rare
nucleic acids with single nucleotide precision (Song et al., 2019). In analogy with the now
commonly used CRISPR-Cas9 and CRISPR-Cas12a enzymes (Fellmann et al., 2017; Knott
and Doudna, 2018; Savi¢ and Schwank, 2016), it has also been suggested that pAgos could
be repurposed as next-generation genome editing tools (Hegge et al., 2018a). However, due
to the thermophilic nature (optimum activity temperature >65°C) and low levels of
endonuclease activity at the relevant temperatures (20-37°C), it is unlikely that the well-
studied 7tAgo, PfAgo and MjAgo are suitable for genome editing. The quest for a pAgo that
can cleave dsDNA at moderate temperatures has resulted in the characterization of the
Argonaute protein from Natronobacterium gregory (NgAgo), which was claimed to be the
first pAgo suitable for genome editing purposes (Gao et al., 2016). However, the study
reporting this application has been retracted after a series of reproducibility issues
(Cyranoski, 2016; Gao et al., 2016; Lee et al., 2016). Instead, it has been suggested that
NgAgo targets RNA rather than DNA (Kim et al., 2017).

Although considerable efforts have been made to elucidate the mechanisms and biological
roles of pAgos, efforts have mainly focused on pAgo variants from (hyper)thermophiles. This
has left a large group of mesophilic pAgos unexplored. We here report the characterization
of the Argonaute protein from the mesophilic bacterium Clostridium butyricum (CbAgo). We
demonstrate that ChAgo can utilize siDNA guides to cleave both ssDNA and dsDNA targets
at moderate temperatures (37°C). In addition, we have elucidated the macromolecular
structure of ChAgo in complex with a siDNA guide and complementary ssDNA target in a
catalytically competent state. ChAgo displays an unusual preference for siDNAs with a
deoxyadenosine at the 5’-end and thymidines in the sub-seed segment (siDNA nt 2-4). The
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programmable DNA endonuclease activity of CbhAgo provides a foundation for the

development of pAgo-based applications at moderate temperatures.

Results
CbAgo mediates siDNA-guided ssDNA cleavage

CbAgo was successfully expressed in Escherichia coli from a codon-optimized gene using a
T7-based pET expression system and purified (Figure S1A). To determine the guide and
target binding characteristics of ChAgo, we performed single-molecule experiments using
Forster resonance energy transfer (FRET). We immobilized either Cy5-labeled single
stranded RNA or DNA targets (FRET acceptor) on a polymer-coated quartz surface (Figure
1A). Next we introduced CbAgo in complex with either a Cy3-labeled siRNA or siDNA
guide (FRET donor) and recorded the interactions. Strikingly, CbAgo could utilize both
siRNAs and siDNAs to bind DNA or RNA targets (Figure 1B). To test which guide is
preferentially bound by ChAgo we performed a competition assay in which ChAgo was
immobilized into the microfluidic chamber, and an equimolar mixture of siDNA and siRNAs
was introduced. While only short-lived interactions (average dwell time: 0.48 seconds) were
observed for siRNA, siDNA was strongly bound (average dwell time: 44 seconds) by ChAgo
(Figure 1C). This results suggests that ChAgo utilizes siDNA rather than siRNA as a guide.

CbAgo is phylogenetically closest related to the clade of halobacterial pAgos, among which
also pAgo from Natronobacterium gregoryi (NgAgo) can be found (Figures 1D, S2). A
multiple sequence alignment of CbAgo with other pAgos (Figure S1B) suggests that ChbAgo
contains the conserved DEDX catalytic residues (where X can be a D, H or N) which are
essential for nuclease activity in ‘slicing’ Agos (Nakanishi et al., 2012). In the case of ChbAgo,
this concerns residues D541, E577, D611 and D727.

To confirm whether ChAgo indeed is an active nuclease, we performed in vitro activity
assays in which ChAgo was loaded with either synthetic siDNAs or siRNAs (21 nucleotides
in length). Next the complexes were incubated at 37°C with 45-nucleotide complementary
single stranded RNA or DNA target oligonucleotides. While no activity was found in any of
the combinations in which siRNAs or target RNAs were used, ChAgo was able to cleave

target DNAs in a siDNA-dependent manner (Figure 1E).
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Figure 1 | ChAgo exhibits DNA-guided DNA endonuclease activity at 37°C. A | Left: Overview of the single
molecule assay to determine the binding characteristics of CbAgo. Right: FRET diagram of a ChAgo-siDNA
complex that has 3 complementary base pairs (2-4nt) to the DNA target. Indicated is the dwell time (Art).
B | Comparison of the binding rates (kon) of ChAgo in complex with siDNA or siRNA to bind DNA or RNA targets.
The rates are similar for each nucleic acid type guide and target. N is the number of base paired nucleotides.
C | Dwell time histograms showing ChAgo preferentially binds siDNAs in siDNA-siRNA competition experiments.
D | Schematic phylogenetic tree of characterized pAgos. E | ChAgo exhibits DNA-guided DNA endonuclease
activity. Upper panel: Sequence of the synthetic let7 miRNA-based siDNA guide and target DNA sequences that
were used for the in vitro assays. Lower panel: ChAgo, guides and targets were mixed in a 1:1:1 molar ratio and
incubated for 1 h at 37°C. Catalytic mutant ChAgoDM was used as a control. Cleavage products were analyzed by
denaturing polyacrylamide electrophoresis. F | ChAgo displays highest activity at 37°C. ChAgo and siDNA were
mixed and pre-incubated at various temperatures for 10 minutes. Next, target DNA was added and the sample was
incubated for 1 h at the same temperature. ChAgoDM was used as a control. Cleavage products were analyzed by
denaturing polyacrylamide electrophoresis. G | Quantified data of a ChAgo-mediated siDNA-guided ssDNA
cleavage turnover experiment using 5 pmol target DNA and increasing concentrations of ChAgo-siDNA (1.25-20
pmol). h, FRET diagram showing that a cleavage compatible ChAgo-siDNA remains bound to a fully
complementary target DNA (N=21) during the entire the measurement (340 seconds).

In agreement with the predicted DEDD catalytic site (Figure S1B), alanine substitutions of
two of aspartic acids (D541A, D611A) in the expected catalytic tetrad abolished the nuclease
activity, demonstrating that the observed siDNA-guided ssDNA endonucleolytic activity was
indeed catalyzed by the DEDD catalytic site. To further investigate the full temperature range
at which ChAgo is active, we performed additional cleavage assays at temperatures ranging
from 10-95°C. While ChAgo displayed the highest activity at its physiologically relevant
temperature (37°C), ChbAgo also catalyzed siDNA-guided target DNA cleavage at
temperatures as low as 10°C and as high as 50°C (Figure 1F). When ChAgo-siDNA
complexes and target sSDNA substrates (45nt) were mixed in equimolar amounts, cleavage
of the target DNA was not complete after one hour incubation (Figure 1E). Therefore, we
investigated the substrate turnover kinetics of ChAgo by monitoring the cleavage assays in a
time course using variable ChAgo:siDNA:target DNA ratios (Figure 1G). A rapid burst of
activity was observed during the first minute, likely indicating the first target binding and
cleavage event. This stage was followed by a slow steady state, suggesting that under these
conditions the ChAgo-siDNA complex slowly dissociates from the cleaved target DNA
product before being able to bind and cleave a new target DNA strand. The cleavage kinetics
were confirmed using single-molecule assays which demonstrated that the ChAgo-siDNA
complex remains bound to the DNA target (N=21) for several minutes (Figure 1H), which
prevents ChbAgo-siDNA complexes from binding and cleaving new DNA targets. Thus, while
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CbAgo functions as a multi-turnover nuclease enzyme, its steady-state rate is limited by

product release.

£577
ps4t| Dot D727
1 109 182 286 376 526 748
1 Al
Guide DNA strand (SIDNA) % Peggggggggﬁzzggggﬂé ¥
Target DNA strand (tDNA) 3 A A .
(-ﬁn ) 0) 15 q,‘

DNA target

DNA guide

Anti-histag
antibody CbAgo
Streptavidin N\

Polymer 7

QUEMZ 2y ok m et
Total internal reflection 0
- - ctl 6 7 8 9 10 11 1213 22

Guide length (nt)

# of molecules

o o

b

i siDNA F

A\QY’%
Guide length (nt) 12 13 14 15 16 21

3 target » ‘ ‘ ‘ - -
product » - -
-

guide | -

46| Chapter 3



Figure 2 | Structure of ChAgo in complex with a siDNA and a DNA target. A | Upper panel: Schematic diagram
of the domain organization of ChAgo. L1 and L2 are linker domains. Lower panel: Sequences of the siDNA (red)
and target DNA (blue). Nucleotides that are unordered in the structure are colored grey. See also Table S1.
B | Overall structure of the ChAgo-siDNA-target DNA complex. Domains are colored according to the color scheme
in panel (A). C | Structural alignment of ChAgo (green) and 7tAgo (light purple; PDB: 4NCB). Core Root Mean
Square Deviation of 3.0 A over 563 residues. D | Close-up view of the aligned DDED catalytic sites of ChAgo
(green) and TtAgo (light purple; PDB: 4NCB). Modelled side chains of D541 and D611 in ChAgo are indicated
with green asterisks. The glutamate finger of both pAgos (E512 in 7tAgo or E577 in ChAgo) are inserted into the
catalytic site. The scissile phosphate between nucleotide -10 and -11 of the target DNA strand (blue) is indicated
with a black asterisk. E | Total internal reflection microscopy (TIRM) was used to determine the minimal length for
siDNA to be bound by ChAgo. Left panel: Graphical overview of the TIRM method. Right panel: Histogram with
TIRM results demonstrated that synthetic siDNAs of at least 12nt in length are efficiently bound by ChAgo. The red
line indicates the total number of countable molecules within the microscope image. In Figure SS, the raw
microscope images are given. F | ChbAgo mediates target DNA cleavage with siDNAs as short as 14 nucleotides.
CbAgo was incubated with siDNA and target DNA in a 1:1:1 ratio. Cleavage products were analyzed by denaturing
polyacrylamide electrophoresis.

Structure of ChAgo in the cleavage-competent conformation

To investigate the molecular architecture of ChAgo in light of its biochemical activity, we
crystalized ChAgoDM in complex with both a 21-nt siDNA and a 19-nt DNA target, and
solved the structure of the complex at 3.54 A resolution (Figure 2, Table S1). Like other
Agos, ChAgo adopts a bilobed conformation in which one of the lobes comprises the N-
terminal, linker L1, and PAZ domains, which are linked by linker L2 to the other lobe
comprising the MID and PIWI domains. Nucleotides 2-16 of the siDNA constitute a 15 base-
pairs A-form-like duplex with the target DNA (Figure 2A). The 5’-terminal nucleotide of
the siDNA is anchored in the MID domain pocket, where the 5’-phosphate group of the
siDNA makes numerous interactions with MID domain residues and the C-terminal carboxyl
group of ChAgo (Figure S3). To test whether the interactions with the 5’-phosphate group
of the siDNA are important for ChAgo activity, we performed target DNA cleavage assays
in which we used siDNAs with a 5’ phosphate or a 5 hydroxyl group (Figure S4). As
observed for other pAgos (Kaya et al., 2016; Willkomm et al., 2018), CbAgo is able to utilize
both siDNAs for target DNA cleavage, but it cleaves target DNA much more efficiently when
the siDNA contains a 5’ phosphate group. This is in agreement with the siDNA-protein
interactions observed in the crystal structure. Furthermore, the backbone phosphates of the
siDNA seed segment form hydrogen-bonding and ionic interactions with specific residues in
the MID, PIWI and L1 domains (Figure S3). At the distal end of the siDNA-target DNA
duplex, the N-domain residue His35 caps the duplex by stacking onto the last base pair. After
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this point, the remaining 3’-terminal nucleotides of the siDNA are unordered, while the target
DNA bends away from the duplex and enters the cleft between the N-terminal and PAZ
domains. In agreement with other ternary pAgo complexes (Sheng et al., 2014; Wang et al.,
2009; Zander et al., 2014), the PAZ domain pocket, which normally binds the 3’ end of the

guide in a binary Ago-guide complex, is empty.

CbAgo is phylogenetically closely related to 7tAgo (Figure 1D). However, ChAgo is 63
amino acids (9.2%) longer than 7tAgo (748 amino acids vs. 685 amino acids) and ChAgo
and TrAgo share only 23% sequence identity. Superposition of the CbAgo complex structure
with the structure of 7tAgo bound to a siDNA and DNA target (PDB: 4NCB) (Figure 2C)
reveals that the macromolecular architecture and conformation of these 7tAgo and ChAgo
structures are highly similar (Core root mean square deviation of 3.0 A over 563 residues),
with differences found mostly in the loop regions. This agrees with the fact that loops of
thermostable proteins are generally more compact and shorter (Russell et al., 1997;
Thompson and Eisenberg, 1999). In the TtAgo structure, which is thought to represent a
catalytically competent state, a ‘glutamate finger’ side chain (Glu5127A#) is inserted into the
catalytic site completing the catalytic DDED tetrad (Sheng et al., 2014). Similarly, the
corresponding residue in ChbAgo (Glu577) is located within a flexible loop and is positioned
near the other catalytic residues (Figure 2D; Asp541, Asp611, and Asp727). All pAgos and
eAgos characterized to date cleave the target strand in between nucleotide 10 and 11 of the
target strand. In line with the consensus, the catalytic residues of ChAgo perfectly align with
the scissile phosphate linking these nucleotides in our structure (Figure 2D). This
observation implies that this structure represents the cleavage competent conformation of
CbAgo.

Only 15 siDNA-target DNA base pairs are formed in the complex, which suggests that
additional siDNA-target DNA binding is not essential for target DNA cleavage. To determine
the minimum siDNA length that CbAgo requires for target binding, we performed single-
molecule fluorescence assays. First, CbAgo was immobilized on a surface and next it was
incubated with 5’-phosphorylated Cy3-labelled siDNAs (Figure 2E). These assays
demonstrate that CbAgo can bind siDNAs with a minimal length of 12 nucleotides. Next, we
determined the minimum siDNA length for ChAgo-siDNA mediated target DNA cleavage
(Figure 2F). In line with the observation that the ChAgo adopts a cleavage-competent

confirmation when only 14 base pairs are formed, ChAgo can cleave target DNAs when
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programmed with siDNAs as short as 14 nt (forming 13 siDNA-target DNA base pairs) under
the tested conditions. This resembles the activity of PfAgo, MjAgo, and MpAgo, which
require siDNAs with a minimal length of 15 nt to catalyze target DNA cleavage (Kaya et al.,
2016; Swarts et al., 2015a; Zander et al., 2017). Only TtAgo has been reported to mediate
target DNA cleavage with siDNAs as short as 9 nt (Wang et al., 2008a).

CbAgo associates with plasmid-derived siDNAs in vivo

It has previously been demonstrated that certain pAgos co-purify with their guides and/or
targets during heterologous expression in E. coli (Olovnikov et al., 2013; Swarts et al.,
2014b). To determine whether ChAgo also acquires siDNAs during expression, we isolated
and analyzed the nucleic acid fraction that co-purified with CbAgo. Denaturing
polyacrylamide gel electrophoresis revealed that ChAgo co-purified with small nucleotides
with a length of ~12-19 nucleotides (Figure 3A). These nucleic acids were susceptible to
DNase I but not to RNase A treatment, indicating that ChAgo acquires 12-19 nucleotide long
siDNAs in vivo, which fits with its observed binding and cleavage activities in vitro (Figure
1, 2).

We cloned and sequenced the siDNAs that co-purified with ChbAgo to determine their exact
length and sequence. The majority of the siDNAs had a length of 16 nucleotides and are
complementary to the plasmid used for expression of ChAgo (Figure 3B, C). Likewise the
siRNAs and siDNAs that co-purify with respectively Rhodobacter sphaeroides (RsAgo) and
TtAgo are also mostly complementary to their expression plasmids (Olovnikov et al., 2013;
Swarts et al., 2014b). As both TtAgo and RsAgo have been demonstrated to interfere with
plasmid DNA, this suggests that also CbAgo might play a role in protecting its host against
invading DNA. However, no significant reduction of plasmid content could be detected
during or upon expression of ChAgo in E. coli (Figure S6). We also investigated whether
CbAgo co-purified with nucleic acids that were enriched for certain motifs. Sequence
analysis revealed that most siDNAs co-purified with ChAgo contain a deoxyadenosine at
their 5” ends (Figure 3D). In addition, we observed an enrichment of thymidine nucleotides

in the three positions directly downstream of the siDNA 5’ end (nt 2-4) (Figure 3D).
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Figure 3 | ChAgo associates with small plasmid-derived siDNA in vivo. A | Nucleic acids that co-purified with
CbAgo were treated with either RNase A, DNase I or both, and were analyzed by denaturing polyacrylamide gel
electrophoresis. B | Histogram displaying the length of DNA co-purified with ChbAgo as determined by sequencing.
C | Sequenced nucleic acids that co-purified with ChAgo are mostly complementary to the ChAgo expression
plasmid. D | Heat map showing the base preference of the co-purified nucleic acids at each position. The red squares
indicate bases that were more often found compared to a random distribution (25%); blue squares indicate bases that
were less frequently found.

The sequence of the siDNA affects ChAgo activity

To investigate if the 5’-terminal nucleotide of the siDNA affects the activity of ChAgo, we
performed cleavage assays. ChAgo was loaded with siDNA guides with varied nucleotides
at position 1 (gIN) and incubated with complementary target DNAs (Figure 4A).
Surprisingly, the highest cleavage rates were observed when ChAgo was loaded with siDNAs
containing a 5°-T, followed by siDNAs containing 5’-A. ChAgo bound 5°-G or 5’-C siDNAs
displayed slightly lower initial cleavage rates. Also for other pAgos the gIN preference
observed in vivo is not reflected in the in vitro activities; TtAgo (which preferentially co-
purifies with glC siDNAs) as well as PfAgo and MpAgo (of which the in vivo gIN
preferences are unknown) demonstrate no clear preference for a specific gIN during in vitro

cleavage reactions (Kaya et al., 2016; Swarts et al., 2014b, 2017a). Instead, the preference of
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TtAgo for 5°-C siDNAs is determined by specific recognition of a guanosine nucleotide in
the corresponding position (t1) in the target DNA (Swarts et al., 2017a). Indeed, TtAgo
structures and models have revealed base-specific interactions with target strand guanine,
while base-specific interactions with the 5’-terminal cytidine in the siDNA are less obvious
(Swarts et al., 2017a). Similarly, we observe no obvious base-specific interactions with the
5’-terminal cytidine in the structure of the CbAgo complex (Figure S7). When we
investigated potential base-specific interactions with the base at the opposing target strand t1
position, we observed that the t1 thymine base is not placed in the t1 binding pocket as has
been observed in 7tAgo, RsAgo and hAGO2 (Liu et al., 2018; Schirle et al., 2015; Swarts et
al., 2017a). Instead, the thymine bases is flipped and stacks on Phe557 that also caps the
siDNA-target DNA duplex (Figure S7). At present, we are unable to rationalize the
preferentially co-purification of 5’-adenosine siDNAs with ChAgo.

In order to characterize the seed segment of ChAgo, and to test whether the seed length
changes depending on the nature of the guide and the target (i.e. DNA vs. RNA), we
performed additional single-molecule binding assays. The length of seed was determined
based on the minimal number of complementary nucleotide pairs between guide and target
that were required to achieve a stable binding event. We first tested the sub-seed (nt 2-4), a
3-nt motif involved in initial target recognition in hAgo2 (Chandradoss et al., 2015; Schirle
et al., 2014). When only the sub-seed segment of the siDNA is complementary to the DNA
and RNA targets, ChAgo-siDNA complexes bound to the DNA target with an average dwell
time 58-fold longer compared to RNA target binding (Figure 4B). When nt 2-7 of the guide
were complementary to the target, the CbAgo-siDNA complex stably bound to both to target
DNA and RNA beyond our observation time of 300 s. This suggests ChAgo prefers DNA
targets above RNA targets and that the seed segment of the siDNAs bound by ChAgo

comprises nucleotides 2-7.

Next, we set out to investigate whether ChbAgo displays a preference for siDNAs with a TTT
sub-seed (nt 2-4) in vitro, similar to the observed sequence preference for siDNAs that co-
purified with ChAgo in vivo. CbAgo was incubated with siDNAs in which the sub-seed was
varied and complementary target DNAs were added. In contrast to the 5’-base preference,
the TTT sub-seed preference that we observed in vivo is also reflected in vitro: ChAgo
displays the highest target cleavage rates when programmed with TTT sub-seed siDNAs
(Figure 4C).
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Figure 4 | The siDNA sequence affects ChAgo activity. A | ChAgo has no strong 5’-end nucleotide preference.
CbAgo was incubated with siDNA with varied 5’-end and incubated with complementary DNA targets. Cleavage

products were analyzed by denaturing polyacrylamide electrophoresis and quantified. Graphs display the amount of
target DNA cleaved. Error bars indicate the standard variation of three independent experiments. B | Histograms
displaying dwell time of ChAgoDM-siDNA complexes binding either DNA or RNA targets with a varied sequence
complementarity (N = number of complementary nucleotides between the siDNA and the target, starting at nt2, thus
N 3= nt 2-4). The photobleaching limit is reached where the signal is deactivated (300s). C | ChAgo preferentially
utilizes siDNAs with a TTT sub-seed segment. ChAgo was incubated with siDNA with varied sub-seed segments
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(nt 2-4) and incubated with complementary DNA targets. Cleavage products were analyzed by denaturing
polyacrylamide electrophoresis and quantified. Graphs display the amount of target DNA cleaved. Error bars
indicate the standard variation of three independent experiments. D | Histograms displaying dwell time of ChbAgoDM
in complex with a 5’-ATTT siDNA or 5’-AAAA siDNA binding to a target DNA. Interactions that are on average
~18-fold longer than ChAgo in complex with siDNAs containing a 5’-AAAA motif.

To confirm these findings, we performed single-molecule assays in which we compared the
target binding properties of ChAgo-siDNA complexes containing siDNAs with either a TTT
or an AAA sub-seed segment. These assays demonstrate that the dwell time of ChAgo loaded
with a TTT sub-seed siDNA on a target was 18-fold longer compared to ChAgo loaded with
siDNA containing an AAA sub-seed (Figure 4D). Combined, these data indicate that ChAgo
displays a preference for siDNAs containing a TTT sub-seed segment.

A pair of ChAgo-siDNA complexes can cleave double stranded DNA

Thermophilic pAgos have successfully been used to generate double stranded DNA breaks
in plasmid DNA (Swarts et al., 2015a, 2014b). As each pAgo-siDNA complex targets and
cleaves a single strand of DNA only, two individual pAgo-siDNA complexes are required
for dsDNA cleavage, each targeting another strand of the target dSDNA. Although all pAgos
characterized so far appear to lack the ability to actively unwind or displace a dsDNA duplex
substrate, it has been proposed that, at least in vitro, thermophilic pAgos rely on elevated
temperatures (>65°C) to facilitate local melting of the dsDNA targets to target each strand of
the DNA individually. However, ChAgo is derived from a mesophilic organism and we
therefore hypothesize that it is able to mediate protection against invading DNA at moderate
temperatures (37°C). To test if ChAgo can indeed cleave dsDNA targets at 37°C, we
incubated apo-ChAgo and pre-assembled ChAgo-siDNA complexes with a target plasmid.
Previous studies showed that the ‘chopping’ activity of siDNA-free apo-7tAgo and apo-
MjAgo can result in plasmid linearization or degradation, respectively (Swarts et al., 2017a;
Zander et al., 2017). We observed that apo-ChAgo converted the plasmid substrate from a
supercoiled to open-circular state, possibly by nicking one of the strands, but did not observe
significant linearization or degradation of the plasmid DNA (Figure 5A). When the plasmid
was targeted by ChAgo loaded with a single siDNA, we also observed loss of supercoiling
(Figure 5A). As this activity was not observed with nuclease-deficient ChAgoDM, we
conclude that apo-ChAgo and ChAgo-siDNA complexes generate nicks in dsDNA plasmid
targets with their DEDD catalytic site. When using two ChAgo-siDNA complexes, each
targeting one strand of the plasmid, we observed that a fraction of the target plasmid DNA
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becomes linearized (Figure SA). This implies that ChAgo-siDNA complex-mediated nicking
of each of the target plasmid DNA strands resulted in the generation of a double stranded
DNA break. Next, we investigated if the spacing between the two siDNAs affects the ability
of ChAgo to cleave the plasmid. The most efficient plasmid linearization was achieved when

the siDNAs were orientated exactly or almost opposite to each other (Figure SA).

Finally, we investigated whether the GC-content of the target DNA plays a role during DNA
targeting by ChAgo. For TtAgo, it has been observed that AT-rich DNA is cleaved more
efficiently that GC-rich DNA (Swarts et al., 2017a). To test if such preference also exists for
CbAgo, we designed a target plasmid containing 16 gene fragments of 100 base pairs
complementary to sequences from the human genome, with an increasing GC content
(Figure 5B). ChAgo-siDNA complexes were only able to generate dsSDNA in gene fragments
with a GC-content of 31% or lower (Figure SC). This indicates that, at least in vitro, the GC-

content is an important factor that determines target DNA cleavage by ChAgo.
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Figure 5 | Double stranded plasmid DNA cleavage by ChAgo. A | Two ChAgo-siDNA complexes can generate
double stranded DNA breaks in plasmid DNA. ChAgo-siDNA complexes were pre-assembled and incubated with
target plasmid DNA. Cleavage products were analyzed by agarose gel electrophoresis and quantified. The spacing
between both ChAgo-siDNA target sites affects the linearization efficiency (nucleotide spacing between the
predicted cleavage sites: +15 nt, +10 nt, +5 nt, 0 nt, -5 nt, -10 nt, -15 nt, a single siDNA, no siDNA). With 0 nt
spacing, both ChAgo-siDNA complexes are exactly on top of each other. B | Schematic overview of the pUC IDT
target plasmid. Arrows indicate target sites while percentages indicate the GC-content of the 100 bp segments in
which these target sites are located. C | Pre-assembled ChAgo-siDNA complexes targeting various pUC IDT
segments were incubated with pUC IDT. Cleavage products were incubated with EcoRI or Sapl and were further
analyzed by agarose gel electrophoresis. The GC-content of the segments in which the target sites were located are

indicated by the percentage.
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Discussion

Several prokaryotic Argonaute proteins have been demonstrated to protect their host against
invading nucleic acids, such as plasmid DNA (Olovnikov et al., 2013; Swarts et al., 2015a,
2014b). Similar to TtAgo and RsAgo, ChAgo co-purifies with guides which are preferentially
acquired from the plasmid used for its heterologous expression in E. coli. In addition, ChAgo
mediates programmable DNA-guided DNA cleavage in vitro. This suggests that, similar to
the phylogenetically related 7tAgo, also ChAgo can interfere with plasmid DNA via DNA-
guided DNA interference.

Sequencing of the nucleic acids that co-purified with CbAgo revealed that ChAgo
preferentially associates with siDNAs with a 5’-ATTT-3” sequence at their 5’ end. It was
previously shown that the guide RNA utilized by eAgos can be divided into functional
segments. These segments are (from 5’ to 3’) the anchor nucleotide (nt 1), the seed (nt 2-8)
and sub-seed segments (nt 2-4), and the central (nt 9-12), 3* supplementary (nt 13-16) and
tail (nt 17-21) segments (Schirle et al., 2014; Wee et al., 2012). Extending this knowledge to
the siDNAs that co-purified with ChAgo, CbAgo preferentially associates with siDNAs that
have a 5’-terminal adenosine anchor (nt 1) and a T-rich sub-seed. In RNAi pathways, the
preference for a specific 5’-terminal nucleotide is important for guide RNA loading into a
subset of eAgos (Aravin et al., 2006; Frank et al., 2010, 2012) Similarly, several pAgos
including RsAgo, TtAgo, and now ChAgo also preferentially associate with specific 5’-
terminal nucleotides in vivo (Olovnikov et al., 2013; Swarts et al., 2014b). However, for both
CbAgo and TtAgo, there is no clear preference for siDNAs with that specific 5’-base during
cleavage assays in vitro. Rather than having a functional importance, the preference of pAgos
for a specific nucleotide at the siDNA 5’ end might be a consequence of siDNA generation
and/or loading, as has been demonstrated for 7tAgo (Swarts et al., 2017a). Several studies on
human Ago2 have described the importance of the sub-seed segment (nt 2-4) in its RNA
guides (Chandradoss et al., 2015; Salomon et al., 2015; Schirle et al., 2014). For hAgo2, a
complete match between the guide RNA sub-seed segment and the target RNA triggers a
conformational change that first exposes the remainder of the seed (nt 5-8), and eventually
the rest of the guide. This facilitates progressive base paring between the guide RNA and the
target (Klein et al., 2017). However, a specific nucleotide preference in the sub-seed segment,
as we have observed for ChAgo, has not been described for any other Argonaute protein. The

preference for the T-rich sub-seed is not only observed in the in vivo acquired siDNAs, but
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also plays a clear role during target binding and cleavage assays in vitro. This may reflect a
structural preference for these thymidines in the cleft of the PIWI domain. We have not been
able to obtain diffracting crystals of ChAgo in complex with siDNAs that have a 5°-ATTT-
3’ sequence at the 5’-end. Future research will thus be necessary to determine the structural
basis the apparent preference for these nucleotides at these positions. We hypothesize that
this bias might reflect the mesophilic nature of ChAgo, which might have better access to
AT-rich dsDNA fragments, both for siDNA acquisition and for target cleavage.

Several DNA-targeting pAgos have been repurposed for a range of molecular applications
among which a cloning, recombineering and nucleic acid-detection method (Enghiad and
Zhao, 2017; Lapinaite et al., 2018; Song et al., 2019; Xie et al., 2019). Additionally, the
potential repurposing of pAgos for genome editing applications has previously been
discussed (Hegge et al., 2018a). However, all characterized DNA-cleaving pAgos to date
originate from thermophilic prokaryotes and are solely active at elevated temperatures, which
limits the potential repurposing of pAgos for applications that require moderate temperatures,
such as genome editing. The biochemical characterization of ChAgo reported herein is the
first example of a pAgo that catalyzes siDNA-guided dsDNA cleavage at 37°C, indicating
that the pool of mesophilic pAgos contains candidates that — in theory — can be utilized for
potential applications that require moderate temperatures such as genome editing. If ChAgo
or other mesophilic pAgos could be harnessed for genome editing, they will have certain
advantages over the currently well-established genome editing tools CRISPR-Cas9 and
CRISPR-Cas12a. While CRISPR-based genome editing tools can be programmed with a
guide RNA to target DNA sequences of choice, target DNA cleavage additionally requires
the presence of a protospacer adjacent motif (PAM) next to the targeted sequence (5’-NGG-
3’ for Cas9 and 5°-TTTV-3’ for Casl2a) (Swarts and Jinek, 2018). This limits the possible
target sites of Cas9 and Cas12a. In contrast, pAgos do not require a PAM for DNA targeting,
which would make them much more versatile tools compared to CRISPR-associated
nucleases. However, PAM binding by Cas9 and Cas12a also promotes unwinding of dsDNA
targets (Anders et al., 2014; Swarts et al., 2017b; Yamano et al., 2017) which subsequently
facilitates strand displacement by the RNA guide, and eventually R-Loop formation. The
absence of such mechanism in pAgos might explain their limited nuclease activity on dsDNA

targets.
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Here, we have demonstrated that ChAgo does not strictly rely on other proteins when
targeting AT-rich dsDNA sequences in vitro. As such, this study provides a foundation for
future efforts to improve double stranded DNA target accessibility of pAgos and to facilitate

the further development of pAgo-based applications at moderate temperatures.
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Methods

Plasmid construction

The CbAgo gene was codon harmonized for . coli B121 (DE3) and inserted into a pET-His6
MBP TEV cloning vector (obtained from the UC Berkeley MacroLab, Addgene #29656)
using ligation-independent cloning (LIC) using oligonucleotides oDS067 and oDS068
(Table S4) to generate a protein expression construct that encodes the ChAgo polypeptide
sequence fused to an N-terminal tag comprising a hexahistidine sequence, a maltose binding

protein (MBP) and a Tobacco Etch Virus (TEV) protease cleavage site.

Generation of the Double mutant
CbAgo double mutant (D541A, D611A) was generated using an adapted Quick Directed
Mutagenesis Kit instruction manual (Stratagene). The primers were designed using the web-

based program primerX (http://bioinformatics.org/primerx).

CbAgo expression and purification

The CbAgo WT and DM proteins were expressed in E. coli BI121 (DE3) Rosetta™ 2
(Novagen). Cultures were grown at 37°C in LB medium containing 50 pg ml-1 kanamycin
and 34 pg ml-1 chloramphenicol until an OD600nm of 0.7 was reached. ChAgo expression
was induced by addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.1 mM. During the expression cells were incubated at 18°C for 16 hours
with continues shaking. Cells were harvested by centrifugation and lysed by sonication
(Bandelin, Sonopuls. 30% power, 1s on/2s off for Smin) in lysis buffer containing 20 mM
Tris-HCI pH 7.5, 250 mM NaCl, 5 mM imidazole, supplemented with a EDTA free protease
inhibitor cocktail tablet (Roche). The soluble fraction of the lysate was loaded on a nickel
column (HisTrap Hp, GE healthcare). The column was extensively washed with wash buffer
containing 20 mM Tris-HCI pH 7.5, 250 mM NaCl and 30 mM imidazole. Bound protein
was eluted by increasing the concentration of imidazole in the wash buffer to 250 mM. The
eluted protein was dialyzed at 4°C overnight against 20 mM HEPES pH 7.5, 250 mM KCl,
and 1mM dithiothreitol (DTT) in the presence of 1mg TEV protease (expressed and purified
according to Tropea et al. 2009 (Tropea et al., 2009)) to cleave of the His6-MBP tag. Next
the cleaved protein was diluted in 20mM HEPES pH 7.5 to lower the final salt concentration
to 125 mM KCI. The diluted protein was applied to a heparin column (HiTrap Heparin HP,
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GE Healthcare), washed with 20 mM HEPES pH 7.5, 125 mM KCI and eluted with a linear
gradient of 0.125-2 M KCI. Next, the eluted protein was loaded onto a size exclusion column
(Superdex 200 16/600 column, GE Healthcare) and eluted with 20 mM HEPES pH 7.5,
500mM KCl and 1 mM DTT. Purified ChAgo protein was diluted in size exclusion buffer to
a final concentration of 5 pM. Aliquots were flash frozen in liquid nitrogen and stored at -
80°C.

Co-purification nucleic acids

To 500 pmole of purified ChAgo in SEC buffer CaCI2 and proteinase K (Ambion) were
added to final concentrations of 5 mM CaCl2 and 250 pg/mL proteinase K. The sample was
incubated for 4 hours at 65°C. The nucleic acids were separated from the organic fraction by
adding Roti phenol/chloroform/isoamyl alcohol pH 7.5-8.0 in a 1:1 ratio. The top layer was
isolated and nucleic acids were precipitated using ethanol precipitation by adding 99%
ethanol in a 1:2 ratio supplied with 0.5% Linear polymerized acrylamide as a carrier. This
mixture was incubated overnight at -20°C and centrifuged in a table centrifuge at 16,000 g
for 30 min. Next, the nucleic acids pellet was washed with 70% ethanol and solved in 50 pL
MilliQ water. The purified nucleic acids were treated with either 100 pg/mL RNase A
(Thermo), 2 units DNase I (NEB) or both for 1 hour at 37°C and resolved on a denaturing
urea polyacrylamide gel (15%) and stained with SYBR gold.

Single stranded Activity assays

Unless stated otherwise 5 pmoles of each ChAgo, siDNA and target were mixed in a ratio of
1:1:1, in 2x reaction buffer containing 20 mM Tris-HCI (pH 7.5) supplemented with 500 uM
MnCI?*. The target was added after the ChAgo and siDNA had been incubation for 15 min
at 37°C. Then the complete reaction mixture was incubated for 1 hour at 37°C. The reaction
was terminated by adding 2x RNA loading dye (95% formamide, 0.025% bromophenol blue,
5 mM ETDA) and heating it for 5 minutes at 95°C. After this the samples were resolved on
a 20% denaturing (7 M Urea) polyacrylamide gel. The gel was stained with SYBR gold

nucleic acid stain (Invitrogen) and imaged using a G:BOX Chemi imager (Syngene).
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Double stranded Activity assay

In two half reactions 12.5 pmoles of ChAgo was loaded with either 12.5 pmoles of forward
or reverse siDNA in reaction buffer containing 10 mM Tris-HCI, 10 ug/ml BSA and 250 uM
MnCl,. The half reactions were incubated for 15 min at 37°C. Next, both half reactions were
mixed together and 120 ng target plasmid was added after which the mixture was incubated
for 1 hour of 37°C. After the incubation the target plasmid was purified from the mixture
using a DNA clean and concentrate kit (DNA Clean & Concentrator™-5, Zymogen) via the
supplied protocol. The purified plasmid was subsequently cut using either EcoRI-HF (NEB)
or Sapl-HF (NEB) in Cutsmart buffer (NEB) for 30 min at 37°C. A 6x DNA loading dye
(NEB) was added to the plasmid sample prior to resolving it on a 0.7% agarose gel stained
with SYBR gold (Invitrogen).

Crystallization

To reconstitute the ChAgo DM-siDNA-target DNA complex, siDNA and target DNA were
pre-mixed at a 1:1 ratio, heated to 95°C, and slowly cooled to room temperature. The formed
dsDNA duplex (0.5 M) was mixed with ChAgo DM in SEC buffer at a 1:1:4 ratio (CbAgo
DM:duplex DNA), and MgCl, was added to a final concentration of 5 mM. The sample was
incubated for 15 minutes at 20°C to allow complex formation. The complex was crystallized
at 20°C using the hanging drop vapor diffusion method by mixing equal volumes of complex
and reservoir solution. Initial crystals were obtained at a ChAgo DM concentration of 5
mg/ml with a reservoir solution consisting of 4 M sodium formate. Data was collected from
crystals grown obtained using a complex concentration of 4.3 mg/ml and reservoir solution
containing 3.8 M sodium formate and 5 mM NiCl, at 20°C. For cryoprotection, crystals were

transferred to a drop of reservoir solution and flash-cooled in liquid nitrogen.

X-ray diffraction data were measured at beamline X06DA (PXIII) of the Swiss Light Source
(Paul Scherrer Institute, Villigen, Switzerland). Data were indexed, integrated, and scaled
using AutoPROC (Vonrhein et al (2011)). Crystals of the CbhAgo-siDNA-target DNA
complex diffracted to a resolution of 3.55 A and belonged to space group P63 2 2, with one
copy of the complex in the asymmetric unit. The structure was solved by molecular
replacement using Phaser-MR (McCoy et al., 2007). As search model, the structure of 7tAgo
in complex with guide and target DNA strands (PDB: 5GQ9) was used after removing loops

and truncating amino acid side chains. Phases obtained using the initial molecular
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replacement solution were improved by density modification using phenix.resolve
(Terwilliger, 2004) and phenix.morph_model (Terwilliger et al., 2013). The atomic model
was built manually in Coot (Emsley et al., 2010) and refined using phenix.refine (Afonine et
al., 2012). The final binary complex model contains ChAgo residues 1-463 and 466-748,
guide DNA residues 1-16, and target DNA residues (-18)—(-1).

Structure analysis

Core Root Means Square Deviations (rmsd) of structure alignments were calculated using
Coot SSM superpose (Krissinel et al 2004). Intramolecular interactions were analyzed using
PDBePISA (Krissinel and Henrick, 2007). Figures were generated using PyMOL
(Schrodinger).

Single-Molecule Experimental Set-Up

Single-molecule fluorescence FRET measurements were performed with a prism-type total
internal reflection fluorescence microscope. Cy3 and Cy5 molecules were excited with 532
nm and 637 nm wavelength, respectively. Resulting Cy3 and Cy5 fluorescence signal was
collected through a 60X water immersion objective (UplanSApo, Olympus) with an inverted
microscope (IX73, Olympus) and split by a dichroic mirror (635dcxr, Chroma). Scattered
laser light was blocked out by a triple notch filter (NFO1-488/532/635, Semrock). The Cy3
and Cy5 signals were recorded using an EM-CCD camera (iXon Ultra, DU-897U-CS0-#BV,
Andor Technology) with exposure time 0.1 s. All single-molecule experiments were done at

room temperature (22 £ 2C).

Fluorescent DNA and RNA preparation

The RNAs with amine-modification (amino-modifier C6-U phosphoramidite, 10-3039, Glen
Research) were purchased from STPharm (South Korea) and DNAs with amine-modification
(internal amino modifier IAmMC6T) Ella biotech (Germany). The guide and target strands
were labeled with donor (Cy3) and acceptor (Cy5), respectively, using the NHS-ester form
of Cy dyes (GE Healthcare). 2012).1 uL of 1 mM of DNA/RNA dissolved in MilliQ H20 is
added to 5 pL labeling buffer of (freshly prepared) sodiumtetraborate (380 mg/10mL, pH
8.5). 1 uL of 20 mM dye (1 mg in 56 uLL. DMSO) is added and incubated overnight at room
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temperature in the dark, followed by washing and ethanol precipitation. The labeling

efficiency was ~100%.

Single-molecule sample preparation

A microfluidic chamber was incubated with 20 pL Streptavidin (0.1 mg/mL, Sigma) for 30
sec. Unbound Streptavidin was washed with 100 pL of buffer T50 (10 mM Tris-HCI [pHS.0],
50 mM NaCl buffer). The fifty microliters of 50 pM acceptor-labelled target construct were
introduced into the chamber and incubated for 1 min. Unbound labeled constructs were
washed with 100 pL of buffer T50. The ChAgo binary complex was formed by incubating
10 nM purified ChAgo with 1 nM of donor-labeled guide in a buffer containing 50 mM Tris-
HCI [pH 8.0] (Ambion), 1 mM MnCI2, and 100 mM NaCl (Ambion) at 37°C for 20 min. For
binding rate (k,,) measurements, the binary complex was introduced into the fluidics chamber
using syringe during the measurement. The experiments were performed at the room

temperature (23 = 1°C).

For fluorescence Guide Loading Experiments before immobilizing CbAgo on the single-
molecule surface, 1 pL of 5 M His-tagged apo-ChAgo was incubated with 1 pL of 1 pg/ml
biotinylated anti-6x His antibody (Abcam) for 10 min. Afterward, the mixture was diluted
500x in T50 and 50 puL. were loaded in the microfluidic channel for 30 s incubation, followed
by washing with 100 pL of T50 buffer. Cy3-labeled ssDNA (0.1 ) was applied to the
microfluidic chamber in imaging buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM
MnCl2, 1 mM Trolox ((#)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid),
supplemented with an oxygen-scavenging system (0.5 mg/mL glucose oxidase (Sigma), 85

mg/mL catalase (Merck), and 0.8% (v/v) glucose (Sigma)).

Single-molecule data acquisition and analysis

CCD images of time resolution 0.1 or 0.3 sec were recorded, and time traces were extracted
from the CCD image series using IDL (ITT Visual Information Solution). Co-localization
between Cy3 and Cy5 signals was carried out with a custom-made mapping algorithm written
in IDL. The extracted time traces were processed using Matlab (MathWorks) and Origin
(Origin Lab).
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The binding rate (k.,) was determined by first measuring the time between when CbAgo
binary complex was introduced to a microfluidic chamber and when the first ChAgo- guide
docked to a target; and then fitting the time distribution with a single-exponential growth
curve, A(1 — e *ont). The dissociation rate was estimated by measuring the dwell time of a
binding event. A dwell time distribution was fitted by single-exponential decay curve
(Ae~t/AT),

Fluorescence competition experiments

MBP-tagged ChAgo was immobilized on the quartz surface using an anti-MBP antibody. An
equimolar mixture of let7 DNA guide (Cy3 labeled) and let7 RNA guide (Cy5 labeled) in
imaging buffer was introduced to the microfluidic chamber. After 5 minutes, 10 snapshots of
independent fields of view with simultaneous illumination were collected to estimate the
amount of guide molecules bound to protein. Movies were taken for 200 s (2000 frames) at
continuous illumination of Cy3 and Cy5 molecules to determine the dwell times of the
binding events. Dwell times were binned in a histogram and fitted with a single exponential

decay curve.

FRET targeting experiments of ATTT and AAAA guide target combinations

100 pM of target construct annealed with biotin handle were flushed in the microfluidic
chamber. After incubation of 1 min, the microfluidic chamber was rinsed with 100 pL T50
buffer. 10 nM of apo-ChAgo was loaded with | nM of ATTT seed DNA guide or with AAAA
seed DNA guide at 37°C for 30 minutes in imaging buffer after which the mixture is
introduced inside the microfluidic chamber. Movies of 200 s were taken at continuous
illumination of the Cy3 signal. Site specific protein target interactions were identified as

FRET signals and were further analyzed.
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Supplementary figures

a
pET28 CbAgo
expression vector
UV (mAU)
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Running volume (mL)
[
D E D X
RsAgo - Rhodobacter Sphaeroides VVGMGLAEL | ECEYEGYSD | VFHAHRPLK | IFYSERIAE
hAgo 2 - Homo sapiens FLGADVTHP | QHRQEIIQD | IFYRDGVSE | AYYAHLVAF
PfAgo - Pyrococcus furiosus IIGIDVAPM | EQRGESVDM | LLLRDGRIT | VHYAHKFAN
MpAgo - Marinitoga piezophila YIGIDLSHD | LELNEKMNL | FILRDGRFI | LHIANKVAL
MjAgo - Methanocaldococcus jannaschii IMGLDTGLG | OROGERLHL | LFLRDGFIQ | IHYADKFVK
TtAgo - Thermus thermophilus AVGFDAGGR | AQAGERIPQ | LLLRDGRVP | LHLADRLVK
NgAgo - Natronobacterium gregoryi FIGIDVSRS | PQLGEKLQS | VIHRDGEFMN | TAYADQAST
CbAgo - Clostridium butyricum FIGLDVGTR | PQSGEKIAE | VIHRDGFSR | TGYADKICK
CbAgoDM - Clostridium butryicum double mutant FIGLAVGTR | PQSGEKIAE | VIHRAGFSR | TGYADKICK

Figure S1 | ChAgo harbors a catalytic DEDD tetrad. a | Schematic representation of the pET28 based expression
vector of ChAgo. CbAgo consists of the typical (N-PAZ-MID-PIWI) domains. A his (6x)-MBP tag was N-
terminally fused to ChAgo linked with a cleavable TEV site. ChAgo was under the control of a T7 promotor.
b | Size exclusion diagram showing the elution peak of ChAgo. The purity of the purified ChAgo was determined
using SDS-PAGE. ¢ | Multiple sequence alignment of a part of the PIWI domain from ChAgo with several other
biochemically or structurally characterized Ago proteins.
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Figure S2 | Phylogenetic tree of prokaryotic Argonautes. Maxium-likehood phylogenetic trees were constructed
by Kira Makarova (personal communication). The colored boxes indicate the Argonaute proteins that have been

characterized biochemically.
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Figure S3 | Comparison of siDNA-target DNA interactions with ChAgo and TtAgo. Schematic representation
of hydrogen bonding interactions between CbAgo or 7tAgo and their guide-target nucleic acids using the ternary
protein structures of both pAgos. The residues of 7tAgo and ChAgo are colored according to their domains (see
Figure 2A). Nucleotides colored grey are not ordered in the structure. Base pairs are indicated with thick dashed

lines, while other hydrogen bonds are indicated with thin dashed lines.
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Figure S4 | ChAgo prefers 5’ phosphorylated guides over 5’ hydroxylated guides. CbAgo is unable to cleave a
short 45nt target DNA using a 5’0OH siDNA. The 45nt target DNA is efficiently cleaved into two products (34nt and
10nt; 10nt not visible on gel) using a 5’phosphorylated siDNA (either phosphorylated using PNK or ordered at IDT).
CbAgo cleaves a longer 120nt target DNA into two product (86 and 34nt) using a 5’OH siDNA, but less efficient
than with the 5’phosphorylated siDNA.
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Figure S5 | Total internal reflection microscopy (TIRM) was used to determine the minimal length for siDNA
to be bound by ChAgo. Left panel | Graphical overview of the TIRM method. Right panel | Microscope snapshots
of the polymer-coated quartz surface after siDNAs of different lengths were loaded. Each black dot represents a
bound siDNA. The total number of bound siDNA (black dots) per microscope image are displayed in the histogram.
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Figure S6 | Expression of ChAgo does not affect the plasmid content in E. coli. In biological triplicates of both
strains protein expression was induced by the addition of ITPG. Four hours after expression the plasmids were
isolated and quantified. No significant differences in plasmid content could be observed.
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Figure S7 | Simulations that compare the interaction between the t1N binding site of ChAgo and 7tAgo with
the t1N residues of the target strand based on molecular dynamics simulation models. In ChbAgo the T1 thymine
base is not placed in the t1 binding pocket as has been observed in 7tAgo (which binding pocket is formed by D590,
R640). Instead, the t1 thymine base of ChAgo is flipped.
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Supplementary tables

Table S1 | Crystallographic Data Collection and Refinement Statistics

Dataset
CbAgo D541A, D611A
siDNA 0DS313 (Let7a-based siDNA)
target DNA oDS314 (Let7a-based target DNA)
X-ray source SLS PXIII
Space group P6322
Cell dimensions
a, b, c(A) 181.45, 181.45, 142.99
a By, () 90, 90, 120
Wavelength (A) 1.00
Resolution (A)* 68.86-3.548 (3.675-3.548)
Rierge™ (%0) 28 (187.6)
CC1/2 (%)* 99.9 (86.1)
Vol* 17.05 (2.47)
Completeness (%)* 99.89 (99.94)
Redundancy* 39 (38)
Refinement
Resolution (A) 68.86-3.548
No. reflections 17344
Ruvork/ Riiee 0.247/0.276
No. Atoms
Macromolecules 6,730
Ligands 16
Solvent 3
B Factors
Mean (A?) 110.40
Macromolecules (A?) 110.41
Ligands (A?) 111.11
Water (A?) 83.70
RMSDs
Bond lengths (A) 0.0044
Bond angles (°) 0.720
Ramachandran plot
Favored (%) 95.69%
Allowed (%) 4.31%
Outliers (%) 0%
Molprobity
Clashscore 16.8
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Table S2 | Target sequences used during the in vitro cleavage assays.

Oligo

BG13030

BG13032

BG13034

BG13036

BG13038

BG13040

BG13042

BG7023

BG8385

oDS314

SM021

SM022

SM023

SMo024

SMo025

SM029

SM030

Sequence (5°-3’)
TCGACTTTATATTTAAATAATTTAATATACTATACAACCTACTACAAAT
TATAAATTTTTAAATAAATATTGCATTCAAGCTTTTAATTTAATTAAAT

TCGACTTTATATTTAAATAATTTAATATACTATACAACCTACTACAAAA
TATAAATTTTTAAATAAATATTGCATTCAAGCTTTTAATTTAATTAAAT

TCGACTTTATATTTAAATAATTTAATATACTATACAACCTACTACAAAG
TATAAATTTTTAAATAAATATTGCATTCAAGCTTTTAATTTAATTAAAT

TCGACTTTATATTTAAATAATTTAATATACTATACAACCTACTACAAAC
TATAAATTTTTAAATAAATATTGCATTCAAGCTTTTAATTTAATTAAAT

TCGACTTTATATTTAAATAATTTAATATACTATACAACCTACTACTTTT
TATAAATTTTTAAATAAATATTGCATTCAAGCTTTTAATTTAATTAAAT

TCGACTTTATATTTAAATAATTTAATATACTATACAACCTACTACGGGT
TATAAATTTTTAAATAAATATTGCATTCAAGCTTTTAATTTAATTAAAT

TCGACTTTATATTTAAATAATTTAATATACTATACAACCTACTACCCCT
TATAAATTTTTAAATAAATATTGCATTCAAGCTTTTAATTTAATTAAAT

AAACGACGGCCAGTGCCAAGCTTACTATACAACCTACTACCTCAT

AAACGACGGCCAGUGCCAAGCUUACUAUACAACCUACUACCUCAU

TATACAACCTACTACCTCT

TTTTTTTTTTTTTTTTTTTTTTAACTATACAACCTACTACCTCTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTGGCGACGGCAGCGAGGC

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTACTACCTCTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTGGCGACGGCAGCGAGGC

[BiotinTEG] GCCTCGCTGCCGTCGCCA

UUUUUUUUUUUUUUUUUUUUUUUU*UUUUUUUACUACCUC

[phos] UUUUUUUUUUUUUUUUUUUUUUUUUUUUUU [biotin]

CCCCCCCCCCTCCCCCCCCTACTTTTCCCCCCCCLCeeecceeeeeeccecece
CCCCCCCTGGCGACGGCAGCGAGGC

CCCCCCCCCCTCCCCCCCCTACAAATCCCCCCCCLLeeceeceecececcece
CCCCCCCTGGCGACGGCAGCGAGGC
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description

ATTT DNA target

TTTT DNA target

CTTT DNA target

GTTT DNA target

AAAA DNA target

ACCC DNA target

AGGG DNA target

Let-7 based DNA

target

Let-7 based RNA
target

Let-7 based target

crystallization

Single perfect target

Single target 8nt

Biotin handle

let-7 single target 8nt

U30 + biotin

AAAA target seed

ATTT target seed



Table S3 | Guide sequences used during the in vitro cleavage assays.

oligo
BG13031
BG13033
BG13035
BG13037
BG13039
BG13041
BG13043
BG11523
BG11524
BG11525
BG11526
BG11539
BG11540
BG11541
BG11542
BG10631
BG10632
BG10633
BG10634
BG10635
BG10636
BG10637
BG10646
BG10647
BG10648
BG10649
BG10650
BG10651
BG10652
BG8050
BG6790
BG5640
BG5713
BG5714
BG5715
BG5641
oDS313
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sequence (5’-3’)

ATTTGTAGTAGGTTGTATAGT
TTTTGTAGTAGGTTGTATAGT
CTTTGTAGTAGGTTGTATAGT
GTTTGTAGTAGGTTGTATAGT
AAAAGTAGTAGGTTGTATAGT
ACCCGTAGTAGGTTGTATAGT
AGGGGTAGTAGGTTGTATAGT
ATACTGAATTTGTATGTTTTG
TATTAATATATGCTGGCAAAT
GTATGTATTAGTGTGCTAGAT
AAAGATTGTTTCCTGTGCTTT
CAAAACATACAAATTCAGTAT
ATTTGCCAGCATATATTAATA
ATCTAGCACACTAATACATAC
AAAGCACAGGAAACAATCTTT
TTACTCATATATACTTTAGAT
CATATATACTTTAGATTGATT
ATACTTTAGATTGATTTAAAA
TTAGATTGATTTAAAACTTCA
TTGATTTAAAACTTCATTTTT
TTAAAACTTCATTTTTAATTT
ACTTCATTTTTAATTTAAAAG
ATCTAAAGTATATATGAGTAA
AATCAATCTAAAGTATATATG
TTTTAAATCAATCTAAAGTAT
TGAAGTTTTAAATCAATCTAA
AAAAATGAAGTTTTAAATCAA
AAATTAAAAATGAAGTTTTAA
CTTTTAAATTAAAAATGAAGT

[phos ] UGAGGUAGUAGGUUGUAUAGU
[phos] TGAGGTAGTAGGTTGTATAGT

[phos ] TGAGGTAGTAGGTTGT
[phos ] TGAGGTAGTAGGTTG
[phos ] TGAGGTAGTAGGTT
[phos] TGAGGTAGTAGGT
[phos] TGAGGTAGTAGG

[phos] CGAGGTAGTAGGTTGTATAGT

description

DNA guide ATTT

DNA guide TTTT

DNA guide CTTT

DNA guide GTTT

DNA guide AAAA

DNA guide ACCC

DNA guide AGGG

DNA (FW) guide pUCDRB 23%
DNA (FW) guide pUCDRB 27%
DNA (FW) guide pUCDRB 31%
DNA (FW) guide pUCDRB 35%
DNA (RV) guide pUCIDT 23%
DNA (RV) guide pUCIDT 27%
DNA (RV) guide pUCIDT 31%
DNA (RV) guide pUCIDT 35%
DNA (FW) guide pUC19 -15
DNA (FW) guide pUC19 -10
DNA (FW) guide pUC19 -5
DNA (FW) guide pUC19 0
DNA (FW) guide pUC19 5
DNA (FW) guide pUC19 10
DNA (FW) guide pUCI19 15
DNA (RV) guide pUCI109 -15
DNA (RV) guide pUC19 -10
DNA (RV) guide pUC19 -5
DNA (RV) guide pUC19 0
DNA (RV) guide pUC19 5
DNA (RV) guide pUC19 10
DNA (RV) guide pUC19 15
RNA guide based on let-7 miRNA
DNA guide based on let-7 miRNA
DNA guide based on BG6790
DNA guide based on BG6790
DNA guide based on BG6790
DNA guide based on BG6790
DNA guide based on BG6790

Let-7 miRNA based DNA guide crystallization




SM001 [phos] CGAGGTAGTAGGTTGTATAGTT Perfect guide

SM002 [phos]CGAGTATTTTTTTTTTITTTTTT 3nt match (nt 2-4) (nt 6, T changed to A)

SM003 [Phos] CGAGGATTTTTTTTTTTTTTTT 4nt match (nt 2-5) (nt 6, T changed to A)

SM004 [phos] CGAGGTTTTTTTTITTTTTTITTT Snt match (nt 2-6)

SMO005 [phos]CGAGGTATTTTTTTTTTTTTTT 6nt match (nt 2-7)

SMo006 [phos] CGAGGTAGATTTTTTTTTTTTT 7nt match (nt 2-8) (nt 9, T changed to A)

SMo007 [phos] CCATCT 6nt

SM008 [phos]CCATCTG Tnt

SM009 [phos] CCATCTGT 8nt

SM010 [phos] CCATCTGTC 9nt

SMo11 [phos]CCATCTGTCT 10nt

SMo012 [phos] CCATCTGTCTT 11nt

SM013 [phos] CCATCTGTCTTA 12nt

SMo014 [phos] CCATCTGTCTTAG 13nt

SM015 [phos] GAGGUAGU*AGGUUGUAUAGUU Mature let-7a perfect guide

SMo016 [phos]GAGUAUUU*UUUUUUUUUUUUU Mature let-7a 3nt match (nt 2-4) (nt 6, U
changed to A)

SM017 [phos]GAGGAUUU*UUUUUUUUUUUUU Mature let-7a 4nt match (nt 6, U changed to A)

SM018 [phos]GAGGUUUU*UUUUUUUUUUUUU Mature let-7a Snt match

SM019 [phos] GAGGUAUU*UUUUUUUUUUUUU Mature let-7a 6nt match

SM020 [phos ] UGAGGUAGAU*UUUUUUUUUUUU Mature let-7a 7nt match (nt 9, U changed to A;
U* is at nt 10)

SM027 [phos] AAAAGTAGTTTTTTTTTTTTT AAAA guide seed

SM028 [Phos]ATTTGTAGTTTTTTTTTTTITT ATTT guide seed

U* in italic is the uridine that is conjugated with amino-modifier C6-U phosphoramidite.

Table S4 | Primers used to construct the expression plasmids.

Oligo Sequence (5°-3”) description

BG6808 GTTTCATTGGGCTAGCTGTGGGTACCCGTG CbhAgo D541A fw
BG6809 CACGGGTACCCACAGCTAGCCCAATGAAAC CbAgo D541A v
BG6810 TTGTGATTCATCGTGCTGGGTTTTCTCGTG CbAgo D611A fw
BG6811 TCACGAGAAAACCCAGCACGATGAATCACA CbhAgo D611A v
oDS067 TACTTCCAATCCAATGCAAATAATCTGACCTTTGAGGCTTTTG LIC cloning fw
oDS068 TTATCCACTTCCAATGTTATTACAGAAAGAATAGACGATTATCAAC | LIC cloning rv
SM026 AAAAAAAAAAAAGAGGTAGTAAAA DNA splint 8nt match
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Table S5 | Plasmids.
Plasmid description vendor
pCbhAgol Codon harmonized C. butyricum Ago gene in pET28 expression plasmid =~ GenScript (USA)
pCbAgo2 pCbAgol, with substituted active site ChbAgo DM (D541A, D661A)
pUC19 Standard pUC19 vector NEB
pDRB pUC19 with 16x 100bp Gene fragments human genome IDT
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Abstract

Argonaute (Ago) proteins are key players in gene regulation and host defense in eukaryotes
and prokaryotes. For specific interference, Ago proteins rely on base pairing between small
nucleic acid guides and complementary target sequences. To efficiently scan nucleic acid
chains for potential targets, Ago must bypass both secondary structures and protein barriers.
Using a DNA-targeting Argonaute from the mesophilic bacterium Clostridium butyricum
(CbAgo), we employed single-molecule imaging and kinetic modeling to reveal that lateral
diffusion is mediated mainly through protein-nucleic acid interactions, rather than
interactions between the guide and targeted strand. This interaction enables ChAgo to scan
for targets with high efficiency but without maintaining tight contact with the DNA
backbone, which allows ChAgo to “glide” short distances over secondary structures along
the nucleic-acid chain. Moreover, it is demonstrated that the target search process is coupled
to intersegmental jumps over longer distances, which reduces scanning redundancy and

allows for bypassing more substantial barriers, such as other DNA-binding proteins.
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Introduction

Target recognition by oligonucleotide guides is essential in cellular development,
differentiation and immunity (Eulalio et al., 2008; Swarts et al., 2014a). Argonaute (Ago)
proteins are key mediators of target interference processes, by utilizing short oligo-
nucleotides (~20-30 nt) as guides for finding complementary target sequences (He and
Hannon, 2004; Rivas et al., 2005). The guide-target interaction initiates through Watson-
Crick base pairing at the “seed” segment at the 5” part of the guide, after which target binding

propagates downstream along the guide, resulting in target interference (Bartel, 2009).

Eukaryotic Argonautes use RNA guides to target RNA. Prokaryotic Agos (pAgo) have
recently been demonstrated to vary with respect to the nature of their guide and target
(Olovnikov et al., 2013; Swarts et al., 2014b, 2017a). Depending on the pAgo type, it uses
either DNA or RNA guides to target single-stranded DNA (ssDNA), RNA (ssRNA) or both
(Swarts, Makarova, et al., 2014, Hegge 2018). In chapter 3, we show that an Ago from the
mesophilic bacterium Clostridium butyricum (CbAgo) utilizes DNA guides to cleaves DNA
at moderate temperatures (37°C), highlighting the general potential of pAgos for genome
editing purposes (Hegge et al., 2018a). To make effective use of pAgo for such applications,
it is crucial to understand the underlying protein-DNA interactions that pAgo utilizes for

target interrogation.

In the context of a living cell Ago-guide complexes need to search long stretches of nucleic
acids before finding a complementary target. In a previous biophysical study (Chandradoss
et al., 2015) we suggested that a human Argonaute 2 (hAGO?2) uses lateral diffusion along
RNA for target search. Yet, the nature of such a mechanism remains unclear, as lateral
diffusion alone would lead to excessive re-sampling of potential target sites and to problems
at various roadblocks that are present on the target nucleic acids (Gerland et al., 2002;
Kolomeisky and Veksler, 2012).

For other DNA-binding proteins, such as transcription factors (TFs), a multi-step process
termed facilitated diffusion (Table S1) has been proposed. Use of such a mechanism would
lead to reduced sampling redundancy, and the possibility to circumvent obstructions when
TFs search for their targets. After recruiting the DNA non-specifically from solution, the
protein diffusively scans only a limited section (Berg et al., 1981; Halford and Marko, 2004;

Hammar et al., 2012; Von Hippel and Berg, 1989), until it dissociates and returns to solution,
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after which the protein binds to a new section. During diffusive scanning, the TF interrogates
DNA sites to find a specific target. In addition to complete dissociation into solution,
intersegmental jumping, where a protein transfers between two spatially close-by segments,
has been shown to occur for the DNA binding restriction enzyme EcoRV (van den Broek et
al., 2008). The complexity of the target search further increases due to the fact that nucleic
acids can be covered with other proteins (Wang et al., 2013) and structural elements such as
hairpins and plectonemes (Travers and Muskhelishvili, 2005). It is presently unknown

whether nucleic acid-guided proteins like Agos utilize facilitated diffusion.

DNA/RNA-guided target search depends on short-ranged (Jones et al., 2017; Li et al., 2009b;
Sternberg et al., 2014) and short-lived interactions (Chandradoss et al., 2015; Globyte et al.,
2018b, 2018a; Jones et al., 2017; Xue et al., 2017). A method of high spatiotemporal
resolution is therefore needed to understand how Ago proteins localize their target within an
extensive and crowded target pool. Here we make use of single molecule Forster Resonance
Energy Transfer (FRET) to elucidate the mechanism of ssDNA target search by CbAgo, a
mesophilic bacterial Ago. We show that ChAgo does not remain in tight contact with the
DNA backbone, enabling it to bypass secondary structures along the nucleic-acid chain by
“gliding” over them without apparent loss in its ability to recognize its target. After gliding
locally, the protein is able to reach distant sites (>100 nt) along the DNA through
intersegmental jumps, and then starts gliding again. These different modes of lateral diffusion
allow Ago to rapidly search through facilitated diffusion, as well as to bypass substantial

obstacles during DNA scanning.
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Results
Single-molecule Kinetics of ChAgo binding

To elucidate the complex target search mechanism, we make use of the high spatial
sensitivity of single-molecule FRET (Forster resonance energy transfer). We study a minimal
Argonaute complex that consists of ChAgo, loaded with a 22 nt DNA guide (small interfering
DNA, siDNA) (Hegge, Swarts et al 2018). By using total internal reflection (fluorescence,
TIRF) microscopy, we recorded the interactions of ChAgo-siDNA with target DNA. Target
DNA was immobilized on a PEG-coated quartz surface in a microfluidic chamber through
biotin-streptavidin conjugation. Guide-loaded ChAgo was introduced to the microfluidic
chamber by flow. The target was composed of a 3 nt sub-seed motif embedded within a poly-
thymine sequence and labelled with an acceptor dye (Cy5) (Figure 1A). The guide construct
was labelled at nt 9 from the 5’-end with a donor dye (Cy3) (Figure 1B). A 532-nm laser
excitation resulted in donor excitation when the protein loaded with the guide DNA interacted
with the target DNA. Once the ChAgo-siDNA complex became bound to the target, the
proximity of the donor dye to the acceptor dye on the target resulted in high FRET efficiency.
This was followed by a sudden disappearance of the signal, indicating that the complex
dissociated from the target and diffused into the free solution. Freely diffusing molecules
move too rapidly (~ps) in and out of the evanescent field for the current time resolution of
the experimental setup (100 ms) and were therefore not recorded. Likewise, when a DNA
target that lacks complementary to the seed motif of the guide was used, only transient

interactions were detected (Figure 1C).

To observe target search that involves intrinsically transient interactions, we determined the
optimal target DNA motif for recording binding events. The optimal motif should provide
binding events longer than our detection limit of 100 ms, but still lead to dissociation events
within the time of our measurement (200 s). To determine the optimal motif, the
complementarity between guide and target was incrementally extended from nt 2 to 8§ of the
guide, showing a gradually increasing dwell time of the Ago-siDNA complex (Figure S1C).
We found that increasing the number of complementary base pairs above 6 resulted in stable
binding beyond the photobleaching time (Figure S1C). To maintain weak interactions, we
continued our experiments using a siDNA with three-base complementarity with the target

nt 2- igure . Our estimation of the photobleaching rate (1.4 x 10 s™) was an order
(nt 2-4) (Fig 1D). O i i f the photobleaching (1.4 1073 l) d
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of magnitude lower than the dissociation rate (2.7 x 10 s*") (Figure S1D), suggesting that

photobleaching does not affect our estimation of the dissociation rate.
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Figure 1 | Single molecule imaging of target binding by siDNA:CbhAgo complex. A | Immobilization scheme of
the Argonaute-guide DNA complex. ssDNA is immobilized on a pegylated quartz slide surface. Presence of the
Ago-siDNA complex is detected by specific binding to target site (light yellow) resulting in high FRET.
B | Sequences of guide (green) and target DNA. Guide is labelled on the 9th nucleotide position. C | Representative
FRET trace of a single molecule experiment at 100mM NaCl showing a transient interaction between ChAgo and a
poly-T strand. Time resolution is 100 ms. D | Dwell time distribution of the Argonaute in absence of target motif.
E | FRET values of the transient interactions of (D). F | Representative FRET trace of a single molecule experiment
showing the interaction between ChAgo and a 2-4 nt motif. G | Dwell time distribution Dwell time distribution of
N=3 binding events with the mean dwell time of 37 s. H | FRET histogram of binding events, showing a single
FRET population for N=3 (2-4 nt) at E=0.78.

Lateral diffusion of ChAgo

It was previously shown that an Ago-guide complex does not directly bind a specific target
site from solution, but rather binds non-specifically to random positions along a surfaced-
immobilized nucleic acid construct (Chandradoss et al., 2015). Such non-specific interactions
of ChAgo-siDNA along target DNA are too short-lived to resolve in the absence of a
canonical target motif (Figure 1C), and in the presence canonical target motif there was still
no lateral diffusion visible (Figure 1F). As we were unable to resolve lateral diffusion by

CbAgo from non-specifically bound regions to the target, we questioned whether the
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observed stable signal for three complementary base pairs is due to stable binding to the
target or contains lateral excursions below our time resolution. In case of the latter, measured
apparent dwell times (Figure 1G) would consist of the combined dwell times of many target
escapes through lateral diffusion, each followed by rapid recapture below the detection limit,
before ChAgo eventually unbinds from the DNA (Figure S1G). It is shown (See
supplementary Kinetic Modelling) that such a process of repeated recapture would result

in an exponential distribution of apparent dwell times, in accordance with Figure 1G.

To overcome the temporal resolution limit, we adopted a tandem target assay (Chandradoss
et al., 2015; Ragunathan et al., 2012). While lateral diffusive excursions from a trap are too
short-lived to resolve in the presence of only a single target, a second target can trap an
excursion for long enough to be observed. We placed two identical optimal targets (N; and
N>) separated by 22 nt (Figure 2A) along the DNA construct. Both targets base pair only
with the first three nucleotides (nt 2-4) of the guide bound by ChAgo. As the second target is
located further away from the acceptor dye, binding the second target results in a lower FRET
efficiency than binding the first target. The respective distance and FRET efficiency between
the first binding site (N;) and the acceptor dye (Cy5) remained the same as for the single
target assay (E~0.78), while an additional peak occurs at a lower FRET efficiency for the
second target (E~0.43, Figure 2D). This difference in FRET values allows us to determine
which of the two sites ChAgo-siDNA is bound to (Figure 2B). After binding to one of the
target sites, a majority of the binding events (87.8%) resulted in ChbAgo-siDNA shuttling to
the other target without loss of FRET signal. Under our standard experimental condition (100
mM NaCl), an average of 13.5 shuttling events occur per binding event (Figure 2E). When
the experiment was repeated with guides and targets with increased complementary to each
other, a 6-nt match (nt 2-7), only 15.1% of the traces showed the shuttling signature within
our time window (Figure S2F), establishing that the shuttling signature is controlled by
CbAgo-ssDNA-motif interactions. With a 6-nt match, the target is so strongly bound and it

is less likely that we observe a shuttling event within our observation window.

Interestingly, the average dwell time of the first target (Figure 1G) decreased from 37 s to
1.7-1.8 s after adding a second target in its vicinity (Figure 2C). This observation is in
agreement with our lateral diffusion model, since with close by targets, each sub-resolution

diffusive excursion is more likely to be caught in the opposing target.
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To further test our claim that the transition between targets occur through lateral diffusion,
we extract the time between each shuttling event from traces using single-molecule analysis
software (Van De Meent et al., 2014). The average time (4T, t1e) between shuttling events
is recorded, the shuttling rate is estimated (Kgpute = 1/4Tshutue), and the results are

compared to model predictions below.
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Figure 2 | Shuttling signature of ChAgo appears in presence of two targets. A | In the top right corner the DNA
sequence of guide and target for 22 nt separation between targets. Here the distance is defined as the distance from
beginning of a target to the beginning of the next target. The placement of the second target (N2) results in the
appearance of an additional FRET signal, with lower FRET efficiency. B | (Top) Representative shuttling trace of a
22 nt separation tandem target at 100 mM NaCl for N=3. (Bottom) The corresponding FRET states (blue) with the
fitted HMM trace on top (red). (Right) FRET histogram of the respective time trace. Time resolution is 100 ms.
C | Dwell time distributions of respectively the transitions from low FRET state to high FRET state (top) and vice
versa (bottom). D | FRET histograms of respective states, with peaks at 0.43 and 0.78. E | Shuttling event distribution
for the same conditions (N=309). Bin size = 10. On average 13.5 shuttling events take place before dissociation. The

grey bar (N=33) marks binding events followed by dissociation (no shuttling).
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Kinetic modelling of lateral diffusion

To determine how lateral diffusion contributes to the shuttling rate, we kinetically model how
the shuttling rate depends on the distance between traps. The DNA construct is modelled as
a series of binding sites along which ChAgo will perform an unbiased random walk between
neighboring nucleotides. The rate of stepping away from the target is kescape in both directions,
while at non-specific sites (poly-T) the stepping away is assumed to be near instantaneous—
an approximation justified by the fact that lateral excursions are never resolved in the
experiments. Hence, the apparent shuttling rate equals the rate at which the protein escapes
the initial trap, kescape, multiplied by the probability to get captured by, shuttle into the other
trap (Ps). In the supplementary Kinetic Modelling we show this probability to scale

proportionally with the distance x,. between the targets start nucleotides, resulting in a

simple relationship between the average dwell time and the distance between targets.

1 xTar
_ o get
A Tshuttle (xTarget ) - P k - k (1)
S (xTarget) X escape escape

In support of this model, we observed that the apparent shuttling rate (1/Az,,,,;, (X1 )

decreases when the distance between the targets increases (11, 15, 18 and 22 nt) (Figure 3).
A fit to Equation 1 reveals that ChAgo-siDNA complexes escape the target site at a rate of

12 times per second (keseape = 11.9 7).

2.0

-
(4]

—_
o

Shuttling rate (s)

o
[

0.0

Target separation (nt)

T T T T T T T
1
1 O data
— | diffusion thi
| m ateral diffusion theory |
1
B g
&k@ m
L N = & i
=P .
20 40 60 80 100 120

140

Figure 3 | CbAgo shuttling
behavior differs across short
and large distances. Shuttling
rate is plotted versus distance
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Ago probes for targets during lateral diffusion

Next, we placed a third target on the tandem construct (Figure 4A), keeping the distance
between each set of neighboring targets similar to the target separation in the previous assay
(11 nt). We observed three different FRET levels, corresponding to ChAgo getting trapped
at the three different targets (Figure 4B).
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Figure 4 | ChbAgo undergoes short range diffusion through correlated jumps. A | Models for target translocation
at short range. In the 3D diffusion model, target dissociation occurs from A followed by random 3D diffusion
through solution. In effect, the neighboring two targets (B and C) will compete for binding. In the lateral diffusion
model, the ChAgo complex will have to bypass the adjacent target B before binding to target C. B | Representative
FRET trace showing the shuttling behavior between three targets. Top: donor (green) and acceptor (red) intensities.
Bottom: FRET trace (blue) and HMM assigned states (red). Right: The fitted states from this data trace.
C | Transition probabilities from one state to the other two derived from the HMM software. D | Experimental values
of the shuttling rate of the three target construct were compared against the parameter-free theoretical model that
only uses the Kescape= 20 8™ from Figure 3. Error bars indicate the 95% confidence interval acquired from 105

bootstraps.

Using Hidden Markov Modelling (HMM)), states can be assigned (Figure 4B) and transition
probabilities can be extracted (Figure 4C). If ChAgo returns to solution between binding
targets, transitions between any pair of targets will be equally probable, resulting in equal

effective rates between all targets. However, if lateral diffusion dominates, transitions

between adjacent sites will be favored. The transition probabilities (Figure 4C) indicate that
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most transitions between the two outer targets (from state A to C, or from C to A) proceed
through the intermediate target site (state B). The rate to transfer from B to either A or C is
greater than that of the opposite path (A or C to B). Using the fitted escape rate from above,
kescape = 11.9 57!, we predict similar times based on our theoretical model for lateral diffusion
(Figure 4D, supplementary Theoretical Modelling). With no more free-parameters
remaining for this prediction, we take this experimental agreement with our prediction as

further evidence of lateral diffusion.

It is noteworthy that there are about 10% direct transitions from A to C and C to A without
any intervening dissociation. The exponential distribution of the dwell times (Figure S4C)
suggests that at our current time resolution these 10% may be either due to missed events or
due to the existence of an additional diffusive mode through which Ago is able to bypass the
intermediate target. To conclude, Ago uses lateral diffusion to repeatedly scan DNA

segments locally.

Ago target search is unhindered by structural and protein barriers

To further probe the mechanism of lateral diffusion, a Y -fork structure (DNA junction) was
introduced as a road block between two targets (Figure SA), while keeping their separation
the same as Figure 3. The construct was designed such that the labelled target was partially
annealed at the stem with a biotinylated target, thus only annealed constructs were observable
on the surface of the microfluidic device. When ChAgo binds to either of the two targets, it
can reach the other target only by crossing the junction. Our measurement showed that there
was no significant difference in shuttling rate between the standard tandem-target construct
and the Y-fork construct (Figure 5B), indicating that the Y-fork does not impede any of the
lateral diffusion modes present. We observed that the ChAgo-siDNA complex is not able to
stably bind to dsDNA, suggesting that the protein cannot simply go around the junction
(Figures S1B, S5). Thus, our result suggests that the Ago-siDNA complex does not maintain
tight contact with the DNA during lateral diffusion. A weak interaction with the DNA

molecule instead allows ChAgo-siDNA to move past the junction.

Next, we questioned whether ChAgo is also able to overcome larger barriers, such as proteins

which are not traversable through lateral diffusion alone. Lin28, a sequence-specific inhibitor
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Figure 5 | Argonaute can overcome structural and protein barriers. A | Schematic drawing of the Y-fork assay
(right). ChAgo does not interact readily with the dSDNA junction in the middle so the presence of the junction may
interfere with the diffusion. B | The shuttling rate of the Y-fork junction (blue bar) compared with the tandem assay
(white bar). C | Schematic drawing of the his-Lin28b blockade assay. Immobilization happens through a biotin-anti-
His antibody. D | An EMCCD image of the acceptor channel. (Left) In absence of Lin28 protein and antibody with
CyS5 labeled DNA. (Middle) In absence of antibody, but in presence of Lin28 protein and CyS5 labeled DNA. (Right)
In presence of antibody, Lin28 protein and CyS5 labeled DNA. E | Example of a shuttling trace with Lin28b located
in between two targets with an exposure time of 100 ms. F | Individual dwell times from low FRET state to high
FRET state (left) and vice versa (right). G | FRET histogram (N=46) fit with two Gaussian functions (E=0.64 for
red fit and E=0.95 for dark blue fit).
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of let-7 miRNA biogenesis, has been found to associate sequence specifically to RNA and
DNA (Nam et al.,, 2011).His-tagged Lin28 was immobilized on the surface of the
microfluidic chamber after which a fluorescent ssDNA fragment was added containing a
central Lin28 binding motif and an Ago target motifs on either side (Figure 5C). Although
the presence of the protein blockade (Figure SE) lowered the shuttling from 0.60 s to 0.27
s'!, it did not preclude Ago from reaching the distal site (Figure 5F). Since short-range lateral
movement is now blocked by the protein barrier, Ago’s ability to move between targets
suggests that the target search process also allows for intersegmental jumps, in accordance
with our observation that the middle target is sometimes skipped when transitioning between
the outer targets in Figure 4D. Noticeably, the presence of the protein blockade gives rise to
FRET fluctuations, broadening the FRET peak (Figure 5G).

Intersegmental jumps allow Ago to rapidly access distant DNA segments
Lateral diffusion is not expected to dominate across large distances, as the steep
1/X7qrger decay in the rate of reaching the neighboring (partial) targets (Equation 1) would
render the search process prohibitively slow. However, when ChAgo was studied with
tandem targets that were separated 36 nt or more, we observed that the shuttling still persisted
across larger distances (Figure 3, Table S2). Together with the evidence of intersegmental
jumping above, and the fact that the ssDNA can easily be coiled back to bring the second
target close to the Ago protein (Chen et al., 2012), we speculate that there is a second
mechanism of lateral diffusion: after local scanning for the target through sliding, the ChAgo
complex transfers to a different part of the segment that has looped back into proximity of
CbAgo. This intersegmental jumping mechanism would enable ChAgo to travel to new sites
without dissociating, and rescanning of the same segment would be avoided (Halford and
Marko, 2004; Kolomeisky and Veksler, 2012).

In order to test this hypothesis, we altered the ionic strength of the buffer solution. Based on
the dependence of the single-target off-rate on the ionic strength (Figure S1E), we
hypothesized that counterions are not completely expunged when binding to the target
sequence. If so, the rate of the intersegmental jumps would also be dependent on salt
concentration: increasing the ionic strength should make ChAgo more likely to escape the
target motif and more likely to jump to the distant segment. However, at the same time,

increased electrostatic screening would also result in a lower binding rate to a nonspecific
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strand. Depending on which effect is stronger, the shuttling rate may go either up or down
when ionic strength is increased. However, if the shuttling took place without disturbing the
ionic cloud, the effect from ions would be negligible and therefore the shuttling rate should

remain the same.

We used dual-target constructs with 15-nt separation and 64-nt separation (Figure 6), taken
from the two different regions in Figure 3 (indicated by blue and green shading). At a
separation of 64 nt, we observed a 13-fold increase of the observed shuttling rate relative to
10 mM NaCl concentration with increasing salt concentration up to 200 mM NaCl. This rate
increase suggests that the protein indeed traverses the ion cloud upon long-range shuttling,
and that the looseness of association allows for counterions to facilitate dissociation from the

target more than it hinders association through screening of the DNA strand.

Ago uses a gliding mode for local scanning

In contrast, we observed that, for the dual-target construct with 15-nt separation, the shuttling
rate (when corrected for the dissociation rate) changed roughly only two-fold when the ionic
strength of the solution was altered within our range of 10 mM to 200 mM NacCl (Figure 6),
a modest change compared to 13-fold of the dual-target constructs with 64-nt separation. We
hypothesize that during short-ranged lateral diffusion, Ago forces little rearrangements in the
ion cloud, and is thus only marginally affected by ionic strength. When targets are close
together, this is the main mode of shuttling. Comparatively, for the 64-nt construct, the
complex is unlikely to reach the distal site through short-ranged lateral diffusion only, and

travels outside the cloud, explaining the strong salt dependence.
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In our model, for short distances ChAgo travels predominantly within the ionic cloud, while
our Y-fork experiments show that ChAgo need not be in constant physical contact with its
substrate during this process (Figure 4B). Since neither sliding—characterized by constant
binding and complete displacements of counterions, nor micro-dissociations/associations—
characterized by longer range jumps (Berg et al., 1981) completely capture the properties of
this mode of diffusion, we use the term “gliding” to emphasize that it takes short steps, but it

does so while being loosely associated with the DNA.

In conclusion, lateral diffusion during ChAgo target search is governed by two distinct
modes. For short distances, lateral diffusion takes place through a gliding process
characterized by loose contact with the DNA strand while remaining within the ionic cloud.
This allows the protein to overcome secondary structures. For larger distances, ChAgo is able

to utilize intersegmental jumps to nearby segments.
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Figure 7 | Biophysical model of target search. A | The ChAgo complex utilizes short transient interactions with
nucleic acid strands to rapidly sample the adjacent sites for possible targets. B | Weak interaction with the nucleic
acid strand allows Argonaute to travel to neighboring strands while protein obstacles can be overcome through

intersegmental jumps. At the same time, travelling to other DNA segments through intersegmental jumps reduces
redundancy in target scanning.
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Discussion

Within a vast number of potential targets, Ago-guide complexes have to minimize the time
spent on non-targets as speed and timing of regulation is crucial for the development of the
cell and the host defense (Banerjee and Slack, 2002). Our single-molecule study shows that
Argonaute from C. butyricum (CbAgo) uses a target search mechanism distinct from other
known DNA binding proteins. Since the ChAgo searches on ssDNA, not dsDNA, it cannot
make use of the structural regularity of double stranded DNA. Bacterial Ago utilizes gliding
to scan locally for complementary DNA targets, a mode where the protein is not tightly
associated with DNA but stays within the ion cloud (Figure 7A). To the best of our
knowledge, this mode of lateral diffusion has not been reported for any DNA interacting
proteins. In addition, we show that ChAgo is able to move to a new segment via
intersegmental jumps, avoiding redundant scanning of the same segment (Figure 7B) and

allowing ChAgo to bypass roadblocks.

In literature, short-range lateral diffusion of target search typically consist either of tight-
contact translocation (sliding), or of weakly-bound translocation (hopping) (Berg et al.,
1981). Our experiments obtained with DNA junctions and protein barriers rule out tight
association with DNA strand and thus would suggest that Ago uses hopping (a series of
microscopic dissociations and associations) for a dominant mechanism. Unexpectedly, we
observed that the weakly interacting short-range lateral diffusion depends only mildly on
ionic strength. The absence of a strong ionic strength dependence indicates that, when Ago
makes a short exclusion away from a target site, it remains within the ion cloud, only slightly
rearranging the ions in its vicinity. Within our experimental conditions, the characteristic
Debye distance is estimated to be a couple of nanometers, which is thick enough to
accommodate the profile of Ago. Therefore, we propose that Ago is “gliding” through the

Debye cloud, displacing some of the counter ions, but not all.

Formation of ssDNA rarely occurs in vivo. The fact that infection of prokaryotes by mobile
genetic elements (plasmids and viruses) often proceeds via a ssDNA-state may reflect the
physiological importance of ssDNA targeting by pAgo. Upon entry in the infected cell,
ssDNA binding and recombination proteins may associate with the invading nucleic acid,
and DNA polymerase will start to generate the second strand. In addition, it is anticipated

that secondary structures will be formed. This will generate road blocks that may affect
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scanning by defense systems such as restriction enzymes and Argonaute. In case of sSRNA,
both in prokaryotes and in eukaryotes, it is well known that complex secondary structures
can be formed by base pairing different anti-parallel RNA segments (Beaudoin et al., 2018;
Bevilacqua et al., 2016; Ding et al., 2014; Vandivier et al., 2016). The presence of secondary
structures suggest that gliding is necessary for Agos to search along ssRNA. Based on the
functional and structural and functional similarities of prokaryotic Agos and eukaryotic Agos
(Chandradoss et al., 2015; Swarts et al., 2014a), we expect eAgo to also glide past RNA

secondary structures, minimizing time spent trapped at such structures.

The effect of lateral diffusion on the total target search time is dependent on the roughness
of the energy landscape that the DNA binding protein encounters once it binds non-
specifically. Theoretical predictions point out that if the roughness exceeds 2 kgT, the energy
landscape would prevent a protein to diffuse laterally further than a few nucleotides (Slutsky
and Mirny, 2004). Here, we expect the variation in the landscape in our poly-T sequence to
be minimal for the target search, so that lateral diffusion is able to occur over distances larger
than few nucleotides. However, the effect of in vivo DNA sequences on the target search
remains unexplored, and we expect nucleic acid-guided proteins to encounter a rugged
energy landscape during sequence interrogation (Klein et al., 2017). We have inferred a 12

s escape rate from the 3-nt GAG guide sequence (Figure 3), indicating that if a strand were

. . . . . . . . dx?
to consists only of GAG in repeating order, an effective diffusion coefficient is D = 2—; =

nt?

2
—— =nt? kescape = 12 = Changing the number of base-paring nucleotides as well
Z(Z*kescape) s
as the identity of nucleotides in the guide/target could provide insights into how sequence

variation would affect the rate of diffusion.

Compared to proteins that are known to interact tightly with dsDNA, such as restriction
enzymes or DNA repair proteins are structurally adapted to associate with dsDNA (e.g. the
clamp like structure of Msh2-Msh6 (Gorman et al., 2007)). However, the currently known
structure of pAgos (Wang et al., 2008b; Willkomm et al., 2017b) indicate that these proteins
lack the capability to firmly embrace and/or unwind dsDNA This by itself is not surprising,
since dsDNA is substantially more conducive for tight interactions than flexible single
stranded nucleic acids. Lacking a tight interaction, lateral diffusion for CbAgo is expected to

dominate only at short distances, and recurring binding and dissociation events are expected
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to dominate at long distances. Additionally, since the guide strand only provides the
specificity needed for accurate targeting, lateral diffusion could be reliant on the non-specific
surface interactions with the protein. We envision that the positive surface charge distribution
inside the Ago cleft could orientate the Ago with the guide towards the negatively charged
nucleic acid strand, thereby promoting target interrogation while traveling along the target
strand. It is unknown whether Ago is able to scan each base during this process or whether it
skips over nucleotides. For our triple target construct, we have observed that 90% of the time
the middle target traps Ago. It will be of interest to investigate whether this level of effective
efficiency of target recognition is achieved by a low trapping efficiency offset by repeated

passes over the target before Ago is eventually trapped.

For a longer range target search, we have observed that at 120 nt separation, the shuttling rate
remains well above what would be expected for lateral diffusion (Figure 3). We hypothesize
that coiling of the ssDNA (persistence length ~ 1 nm) may bring distant segments in close
proximity, allowing intersegmental jumps over longer distances (beyond ~30 nt target
separation). Presumably, Ago cannot use intersegmental jumping for covering shorter
distances, as noted by the “dip” in Figure 3, but the Ago-guide complex might efficiently
translocate across longer distances from one place to the other, to bridge sites that are
separated >30 nt. Further theoretical modelling is required in order to establish to what extent
partitioning different length scales will allow nucleic acid-guided proteins to traverse large
distances to speed up the search process (Mirny et al., 2009; Slutsky and Mirny, 2004;
Wunderlich and Mirny, 2008).

Inside the cell, DNA binding proteins may form roadblocks that hinder Ago from lateral
scanning of nucleic acid sequences. The intersegmental jumping may be an effective strategy
of bypassing such obstacles. Therefore, we propose a model in which Ago locally scans for
a target whenever it encounters patches of ssDNA, before jumping to a neighboring DNA
segment (Figure 7B) and repeating the process until it encounters its target. These patches
of ssDNA may be the result of local melting, transcription bubbles, replication forks, or the

aforementioned invasion of viruses and plasmids.

We hypothesize that similar target search strategies may be used by Agos from different
families, which are structurally and functionally similar (Swarts et al., 2014a). For example,

in RNA induced transcriptional silencing (RITS), guide-loaded AGO1 binds to a transcript
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after which other proteins are recruited for heterochromatin assembly (Holoch and Moazed,
2015; Moazed, 2009). Similarly, in the piRNA pathway of Drosophila Aubergine and AGO3
from the PIWI subfamily associate with piRNA in germline cells to bind and cleave
transposon transcripts, generating new guides for targeting transposons with Aubergine and
Piwi, safeguarding the genomic integrity of the germline cell (Brennecke et al., 2007;
Gunawardane et al., 2007; Li et al., 2009a). Likewise, the Piwi protein in mice is responsible
for transcriptional silencing by binding to nascent RNA which induces heterochromatin
formation (Aravin et al., 2008). In each of these functions, the reliance on guide-
complementary sequential target search likely necessitates the usage of facilitated diffusion
strategies to optimize the search time for proper regulation of cell development or gene

stability.
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Methods

Purification of ChAgo

The ChAgo gene was codon harmonized for Escherichia coli B121 (DE3) and inserted into a
pET-His6 MBP TEV cloning vector (Addgene plasmid # 29656) using ligation-independent
cloning. The ChAgo protein was expressed in E. coli BI21 (DE3) Rosetta™ 2 (Novagen).
Cultures were grown at 37°C in LB medium containing 50 pg ml-1 kanamycin and 34pg ml-
1 chloramphenicol till an OD600 nm of 0.7 was reached. ChAgo expression was induced by
addition of isopropyl -D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.1
mM. During the expression cells were incubated at 18°C for 16 hours with continues shaking.
Cells were harvested by centrifugation and lysed, through sonication (Bandelin, Sonopuls.
30% power, 1s on/2s off for 5 min) in lysis buffer containing 20 mM Tris-HCI pH 7.5, 250
mM NaCl, 5 mM imidazole, supplemented with a EDTA free protease inhibitor cocktail
tablet (Roche). The soluble fraction of the lysate was loaded on a nickel column (HisTrap
Hp, GE healthcare). The column was extensively washed with wash buffer containing 20
mM Tris-HCI pH 7.5, 250 mM NaCl and 30 mM imidazole. Bound protein was eluted by
increasing the concentration of imidazole in the wash buffer to 250mM. The eluted protein
was dialyzed at 4°C overnight against 20 mM HEPES pH 7.5, 250mM KCI, and 1mM
dithiothreitol (DTT) in the presence of 1 mg TEV protease (expressed and purified according
to Tropea et al. 2009 (Tropea et al., 2009)) to cleave of the His6-MBP tag. Next the cleaved
protein was diluted in 20 mM HEPES pH 7.5 to lower the final salt concentration to 125 mM
KCI. The diluted protein was applied to a heparin column (HiTrap Heparin HP, GE
Healthcare), washed with 20 mM HEPES pH 7.5, 125 mM KCI and eluted with a linear
gradient of 0.125-2 M KCIl. Next, the eluted protein was loaded onto a size exclusion column
(Superdex 200 16/600 column, GE Healthcare) and eluted with 20 mM HEPES pH 7.5, 500
mM KCl and 1 mM DTT. Purified ChAgo protein was diluted in size exclusion buffer to a

final concentration of 5 uM. Aliquots were flash frozen in liquid nitrogen and stored at -80°C.

Purification of His-tagged Lin28b

The protein was prepared following the protocol of Yeom et al.(Yeom et al., 2011).
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Single molecule experimental setup

Single molecule FRET experiments were performed with an inverted microscope (IX73,
Olympus) with prism-based total internal reflection. Excitation of the donor dye Cy3 is done
by illuminating with a 532nm diode laser (Compass 215M/50mW, Coherent). A 60X water
immersion objective (UPLSAPO60XW, Olympus) was used for collection of photons from
the Cy3 and CyS5 dyes on the surface, after which a 532 nm long pass filter (LDP01-532RU-
25, Semrock) blocks the excitation light. A dichroic mirror (635 dcxr, Chroma) separates the
fluorescence signal which is then projected onto an EM-CCD camera (iXon Ultra, DU-897U-
CS0-#BV, Andor Technology). All experiments were performed at an exposure time of 0.1

s at room temperature (22 + 0.1°C)

Fluorescent dye labeling of nucleic acid constructs

All DNA constructs were ordered from ELLA Biotech. Nucleic acid constructs that have an
internal amino modification were labeled with fluorescent dyes based on the CSHL protocol
(Joo and Ha, 2012). 1 uL of 1 mM of DNA/RNA dissolved in MilliQ H20 is added to 5 pL
labeling buffer of (freshly prepared) sodium bicarbonate (84 mg/10mL, pH 8.5). 1 uL of 20
mM dye (1 mg in 56 uL DMSO) is added and incubated overnight at 4°C in the dark,
followed by washing and ethanol precipitation. Concentration of nucleic acid and labeling

efficiency was determined with a Nanodrop spectrophotometer.

Single molecule chamber preparation

Quartz slides were coated with a polyethylene-glycol through the use of amino-silane
chemistry. This is followed by assembly of microfluidic chambers with the use of double
sided scotchtape. For a detailed protocol, we refer to (Chandradoss et al., 2014). Further
improvement of surface quality occurs through 15 min incubation of T50 and 5% Tween20
(Cai and Wind, 2016) after which the channel is rinsed with 100 pL T50 buffer. Streptavidin
(5 mg/mL) was diluted in T50 to 0.1 mg/mL. 50 pL of this solution is then flowed inside the
chamber. This is followed by incubation for 1 min followed by rinsing with approximately
10-fold the volume of the chamber with T50 (10 mM Tris-HCI [pH 8.0], 50 mM NaCl). 100
pM of DNA/RNA target with biotin construct is then flushed in the chamber, followed by 1
min incubation. This is followed subsequently by rinsing with T50. The chamber is
subsequently flushed with CbAgo buffer, containing 50 mM Tris-HCI [pH 8.0], | mM
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Trolox, 1 mM MnCI2 and 100 mM NaCl. Guide-loading of apo-ChAgo occurs by incubation
of the protein (10 nM) with 1 nM guide construct in a buffer containing 50 mM Tris-HCI [pH
8.0], I mM Trolox, | mM MnCl2, 100 mM NaCl and 0.8% glucose at 37°C for 30 min.
Following incubation, glucose oxidase and catalase is added (0.1 mg/mL glucose oxidase)

after which the sample is flushed in the microfluidic chamber containing the DNA targets.

Lin28 assay

Immobilization of Lin28b occurred in the following way: 50 pl of streptavidin (0.1 mg/mL)
in T50 is flowed inside the chamber and incubated for 1 minute. After this, the chamber is
rinsed with approximately 100 uL of T50. 1 pl of Anti-6X His tag® antibody (Biotin) diluted
100-fold in T50 and subsequently flowed inside the chamber. After 5 minutes, the chamber
is rinsed with 100 pL of T50. Stock of Lin28b (100 uM) is diluted to 100 nM and incubated
with the target DNA (10 nM) and 10 mM MgCl, for 5 minutes, after which the solution is
flushed inside the chamber, followed by incubation of 5 minutes. Lastly, the ChbAgo buffer
is flushed inside the chamber. Guide-loading of apo-ChAgo occurs in the same way as
described above (Single molecule chamber preparation) after which the ChAgo:siDNA

complex is also flushed inside the chamber.

Quantification and statistical analysis

Data acquisition and analysis

Fluorescence signals are collected at 0.1-s exposure time unless otherwise specified. For 7-
nt target separation, 30-ms exposure time is used. Time traces were subsequently extracted
through IDL software using a custom script. Prior to data collection, the location of targets
(CyS5 labeled) are found by illuminating the sample with the 637nm laser. Through a mapping
file, it subsequently collects the individual intensity hotspots in both the donor and acceptor
channel and pairs them up through the mapping file, after which the traces are extracted.
During the acquisition of the movie, the green laser is used. Only at the end, the red laser is
turned on once more to check for photobleaching of the red dye. Traces containing the
fluorescence intensity from the donor and acceptor signal are manually pre-selected occurs
through the use of MATLAB (Mathworks), disregarding artefacts caused by non-specific
binding, additional binding to neighboring regions and photobleaching.

Argonaute glides past cellular obstacles during target search |99




Determination of dissociation rate

Binding of Argonaute complex to a single target results in a sudden increase of acceptor
signal. The length of these interactions was quantified through a custom script in MATLAB
2015b based on a thresholding algorithm. Briefly, a histogram was made of every data trace,
from which the lowest population was fitted with a Gaussian peak. The resulting mean value
and standard deviation are then used to distinguish binding events. Intensities that exceeded
five times the standard deviation of the baseline (noise) were recognized as a potential
binding event. Events that were recognized as potential binding events were marked by the
script with a marker for individual checking. Subsequently, the duration of these events were
collected and plotted in Origin. Some interactions (at low ionic strength) (Figure S1F) were
beyond the observation window of our setup. Hence only a lower limit of the dissociation
time could be given. The collected dwell times were bootstrapped through custom code using
standard bootstrap algorithms provided by MATLAB. From the resulting distribution, the

95% percentile confidence interval is taken as the error.

HMM analysis

For assigning states to the FRET traces, a HMM software package is used from Van der
Meent et al (Van De Meent et al., 2014), which can be found on their github repository
(https://ebfret.github.io/). Their software package is optimized for immobilized donor dye
molecules on the surface. Here, we immobilize the acceptor dye molecule and hence when
no molecule is present, the zero intensity signal in both channels results in large variations in
FRET signal, which will result in false positives for the ebFRET software.

Increasing the donor signal and hence artificially creating an extra stable “zero FRET state”
is adequate for our purposes, as the distinction between bound and unbound molecules is still
made. For the analysis of shuttling traces from constructs where the sub-seed targets are
located far away, the low FRET bound state becomes almost indistinguishable from donor

only. Here, this method proves adequate in separating the two states (Figure S3).

After assigning states to the collected data, the dwell times for low FRET - high FRET and
vice versa are extracted. The experimental data shows that there is only one rate-limiting

step, in accordance with our theoretical analysis shown below. Using maximum likelihood

estimation, the lifetime A7, of the single-exponential distribution P(t) =
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Tyt eie€t/ATshuttle was extracted (the empirical average dwell time equals the ML estimator

of AT ...). The 95% confidence interval was extracted using empirical bootstrapping.

Kinetic modeling

Binding times single-target including recapture events follow single-exponential
distribution

We here build a kinetic model for the lateral diffusion by ChAgo. Since Argonaute can in
principle bind to any sequence along the DNA, we assume the binding sites to be located
single nucleotide apart. Further, we shall here only explicitly take gliding/sliding into
account, which is represented as an unbiased random walk with unit step length. If the protein
is bound at the designed 3-nt sub-seed 'target’ it can move to either of its neighbors at a rate
of kempe or unbind from the ssDNA at a rate of kub. When bound elsewhere movement and
dissociation are assumed to happen instantaneously. To derive in what manner these
undetectable movements contribute to the observed dwell time distribution (Pbou,,d (A1) we
count all possible paths that the protein can take to dissociate following initial association to

the sub-seed. Using its Laplace Transform, £, (s) = C{ DPround (At)} multi-step paths are

represented by simple products of individual paths (rather than their convolutions).

= 2k€scape 5 kub + 2k escape (1 - PRC ) kub + Zkescape (1 - PRC )
RC = 2

P:
” Zs+2k +k, s+2k,,  +k,  s+k,+2k,, (1-Py)

m=0 escape escape escape

Here, P rc denotes the probability to get recaptured at the target after having entered either

flank. In other words, it is the probability to not dissociate from the flank. The sum on the
left hand side of Equation 2 therefore accounts for the protein escaping from and getting
recaptured at the target an arbitrary amount of times. The two terms outside the sum represent
the probability distributions to unbind from either the target directly or after having escaped
one final time, respectively. Taking the inverse Laplace transform, we derive the observed

dwell time distribution.
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kub + 2kescape (1 - PRC) r

stk + 2k (1-Pec) |

escape

—k At

Pbound (At) = [l ub® (3)

Hence, despite the multitude of possible bound states along the DNA the protein can reside
in, the observed distribution remains single-exponential. The apparent dissociation rate

follows

A

kub = kub + 2kescape (1 - B?C) (4)

Given the assay selects for events that get (re-)captured, the observed rate is greater than its

intrinsic value.

Shuttling rate due to gliding alone
We seek to explain to what extend gliding contributes to the observed shuttling rate from the
tandem-target assay. Given under the current experimental conditions about 13 shuttle events

occur prior to unbinding, we shall ignore unbinding in the following analysis.
To get the distribution of shuttle times p(Af, ) we count all possible paths that lead the
protein from one sub-seed to the other. If the two 3-nt nucleotide long sub-seeds are separated

by X, thymine nucleotides, the shuttle times are distributed as (setting

‘xTarget = xpoly—T

+323):

+2k s+2k

escape escape

= ( k., "k,
Lo (9 X1ygger) = Z(:) [S& (1 +F (xTarget ))J — 5 (xTarget ) (5)

The two terms within the sum represent recapture events at the initial trap via either the
flanking sequence or the poly-T stretch in between the traps. Finally, the term outside the

sum accounts for successful shuttling events.

Once the protein has left the initial trap P ® and Ps denote the distributions for either

returning back to the initial trap or shuttling/making it across to the other.
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© 1 m 1
PR (xTarget) = Z (EPR (xTa.rget - l)) 5 (6)
m=0
0 1 m 1
RS‘ (xTarget ) = Z E})R (xTarget _1) E})S (xTarget - 1) (7)
m=0
Inverting the Laplace transformation of Equation 5 we obtain:
k. Po(X1oroer)
1 escape” S \”'Target _kesca oLy (%rar, et)Ats uttle
p(Atghunle) =L — = kescapePS (xTarget )e pe s e (8)
S+ kescapePS (xTarget)

Hence, the observed dwell time distributions are indeed single exponential. In terms of the

microscopic model the average time is set by the escape rate from the trap modified by the
probability to make it across once outside of it £ (XTarget) . By solving the recursion relations

shown in Equations 6 and 7 this probability can be shown to be inversely proportional to

the distance between the two traps:

1

PS (xTargct) = (9)
Target
Taken together, the observed shuttling rate and time equal:
Xr,
A Tshultle = 1 = e (1 0)
kmcu[ze PS (xTarget ) kmcupe

kexcupe

kshuttle (xTarget ) = ( 1 1)

Target

Note that Xrapge >3, as the two sub-seeds cannot overlap. A fit of Equation 11 to the
experimental data for Xr,, of 11nt, 15nt, 18nt and 22nt in figure 3A (also see S.I. Table 2)

were used to estimate the value of kescape for CbAgo.
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Shuttling rate triple-target assay
For the assay using three sub-seed targets, we seek both the time needed to glide from any of

the outer targets to the inner one (C — B) and the average time needed to glide along the

opposite path (B ->C ) The former is equal to the time measured on the tandem target
construct, denoted above as Afshume (Equation 10, ATCB ZATShu,ﬂe ). To calculate the

. I -1 -
effective rate of transitioning from target B to target C (kp- =A7,.) we use a similar

approach as above. In Laplace space, the dwell time distribution is given by:

= ( 2k "ok
P s’ x , k 3 ) — escape P x escape P x 12
BC ( Target > “escape ) ,,,Z::‘) [ S+ 2k R ( Target )] S+ 2k N ( Target ) ( )

escape escape

The sum accounts for all paths that return to target B. Given the equal distances between all
targets on the construct the probability to not make it across to either A or C are equal, which
gives rise to the factor of two. The factor outside the sum accounts for the fact that the protein
must eventually leave B and make it across to C. Using the same technique as shown above,

the average time to make it from B to C solely through gliding equals:

A _ xTarget k _ 4kescape _ 4 k 13
TBC(XTarget)_ 4k > Kge = =axKep 13)

escape Target

Predicting shuttle rate triple-target assay using bootstrapping
After using the data from the tandem target assay to estimate kescape using a fit to Equation

11 there are no more free parameters remaining when predicting the data for the triple-target
assay based on Equation 13 (Figure 3E). We bootstrapped the dwell time distributions
acquired using the original tandem target assay (distances of 11nt, 15nt, 18nt and 22nt). For
each of the 103 bootstrap samples we calculated new values for A7, and repeated the fit

to Equation 11 to obtain an error estimate in the fitted value of the escape rate. An error

estimate for the experimental values of ATBC and ATCB were obtained using 103 bootstrap

samples of the dwell time distributions measured using the triple-target assay. Finally, Figure
3E shows the 95% confidence intervals. All analysis was performed with a custom code

written in Python.
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Supplemental information

Table S1 | Characteristics of target search mechanisms. In the facilitated diffusion model, the protein binds DNA
from solution. This is followed by lateral diffusion after which it reaches the target or unbinds into solution again
and the cycle begins anew. The modes described below are those that complement 3D diffusion and facilitate the
target search.

Name Characteristics

Sliding Tight association with the nucleic acid at all times. It has
been observed with dsDNA by resfriction enzymes. repair
enzymes and others (Blainey ef al., 2006, 2009; Gorman ef
al.. 2007). This movement could be simply one-dimensional.
or coupled with the grooves of dsDNA, making a rotational
movement around the helical axis.

Hopping This mode is characterized by microdissociations (Berg,
Winter and von Hippel, 1981) which are correlated along the
contour of the nucleic acid strand. The idea is that
counterions condense during unbinding of the enzyme.
Experimental evidence of hopping resides mostly in a
decreased time spent on non-specific nucleic acids, hence a
higher diffusion coefficient is observed.

Gliding For CbAgo, we have observed a mode that is neither fully
- characterized by sliding or by hopping as the counterions are
not completely condensed during unbinding and no tight
association is present throughout the search.

(Intersegmental) Similar to hopping, this movement results in uncorrelated
Jumping rebinding to a strand. Allowing the protein to access
segments that are sequentially distant speeds up enhances the
target search rate (van den Broek ef al.. 2008; Lombholt ef al.,
2009).

Intersegmental transfer | Proteins that have multiple binding sites are able to bind
momentarily to two strands before letting one go. In such a
hand-over process, proteins are able to cover larger distances.
An example would be transcription factors (Ruusala and
Crothers, 1992; Doucleff and Clore, 2008)

Lateral /1D diffusion

Table S2 | Dwell times of different two target DNA constructs for several distances. The upper bound and lower
bound are estimated through 20000 bootstraps of the acquired dwell times. Related to Figure 3, S3.

Target Lifetime | Lowerbound | Upperbound Shuttling | Lower bound Upper bound
distance lifetime lifetime rate shuttling rate shuttling rate
11 0.47 0.46 0.49 2.11 2.04 2.19
15 0.83 0.81 0.87 1.19 1.15 1.24
18 1.17 1.11 1.24 0.85 0.81 0.90
22 1.79 1.74 1.86 0.56 0.54 0.57
29 1.36 1.30 1.42 0.73 0.70 0.77
36 1.19 1.16 1.23 0.84 0.81 0.86
50 1.52 1.46 1.57 0.66 0.64 0.68
64 1.65 1.59 1.71 0.61 0.59 0.63
92 1.94 1.85 2.02 0.52 0.49 0.54
120 2.11 2.03 2.19 0.47 0.46 0.49

Argonaute glides past cellular obstacles during target search | 105



A B 100
2150 8
:; .g. 60
% 8 40
E 20
Time (s) 0l oo
0.0 1.0 2.0 3.0
Dwelltime (s)
C D
200 oo RN L 100
;5 J
@ 150 | 5%
o 2 60 t=710s
£ & ]
= 100 | =
o} g 40 |
5 2 2
50 | I 2 7]
] 2
2 T T T T T 1
ol T T T T T o 0 500 1000 1500 2000 2500
3 4 5 . Time (s)
guide
E F
0,08 -
R 250
0,06 4 . +
f; | 3200_
= 2150
= 004 ; £ ¢
£ = 100]
5 g x
= 0,024 I A 50|
0_ - -
0,00 L — . . . " - : -
0 50 100 150 200 0 50 100 150 200
NaCl (mM) NaCl (mM)
G
Recapture &) Y )
) R e il
CbAgo complex binds to 3 nt motif Escape CbAgo samples neighbouring sites

Figure S1 | Single molecule interactions of ChAgo:siDNA (2-4 nt) at different conditions. Related to Figure 1.
A | Representative trace single-molecule interaction of ChAgo with dsDNA DNA target immobilized on the surface
(~300 per FoV). B | Dwell time distribution of ChAgo-guide 3-dsDNA target interactions. Number of molecules:
540. C | Average dwell time of protein bound to target versus guide length. D | Survival plot of donor only (Cy3)
constructs in standard experimental conditions (100 mM NaCl). Mean donor bleaching time was obtained by single
exponential fitting to survival probability plot. E | Binding rate for different salt concentrations, acquired by taking
the time in between binding events. F | Salt titration of ChAgo and a single-stranded single target DNA construct
(N=3)at 10, 50, 100, 150 and 200 mM NaCl concentration. Total measurement time =250 s. Error bars are indicating
the 95% percentile of 20.000 empirical bootstraps of the mean dwell time. G | Schematic image indicating the
dynamic escape and recapture events of ChAgo
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Figure S2 | Single-molecule interactions of ChAgo with guide 4, 5, 6 and tandem target (22 nt separation).
Related to Figure 1. A | Representative trace of binding events by ChAgo with guide 4 (nt 2-5). Duration of
observation 200 s. B | Shuttling event distribution for guide 4 (nt 2-5). Bin size = 10. The white bar represents
binding (no shuttling) events followed by dissociation. N=317. C | Representative trace of binding events by ChAgo
with guide 5 (2-6). D | Shuttling event distribution for guide 5 (2-6 nt). Bin size = 10. The white bar represents events
that consists of single molecule binding followed by dissociation. N = 550. E | Representative trace of guide 6 (2-7
nt) interaction. F | Shuttling event distribution for guide 6. The white bar represents events that consists of single
molecule binding followed by dissociation. N = 621.
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Figure S3 | Example of HMM software applied to data trace. Related to Figure 2 and Figure 3 and Star
Methods. Top | An example shuttling trace of ChAgo in the user interface of ebFRET. The donor and acceptor
intensities plotted versus time. The donor intensity is enhanced artificially, resulting in an extra zero FRET state
(upper subfigure). Bottom | The donor, acceptor and FRET intensities overlaid with states resulting from the Hidden
Markov Modeling. The HMM analysis program recognizes the unbound state as an extra state (light blue), while
low FRET and high FRET are respectively assigned dark blue and purple.
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Figure S5 | Interactions of ChAgo with dsDNA between targets (related to Figure 4). A | Schematic image of a
dsDNA blockade in between targets. Analogous to the tandem construct, the dsDNA region is put in between two
targets. The Cy5 dye is placed such that binding to one site will result in a higher FRET efficiency compared to
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the immobilization scheme of the control construct with dsSDNA. F | Representative traces of ChAgo interacting
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given by the 95% confidence interval of 10° bootstrapped samples. H | Total binding time plotted versus the dSSDNA
blockade length. Error bars are given by the 95% confidence interval of 10° bootstrapped samples.
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PIWI N-terminal

Figure S6 | Coulombic surface coloring of Clostridium butyricum Argonaute (ChAgo). The crystal structure of
CbAgo (3.23 A resolution) reveals the charge distribution. The cleft that contains the guide DNA and the target
DNA is highly positively charged (blue). Crystal structure is taken from (Hegge et al., 2018b)
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Abstract

Rare nucleic acids in human plasma often contain essential diagnostic information but are
difficult to detect due to sequence homology with the more abundant wild type nucleic acids.
Here we describe a new enrichment method that utilizes the DNA-guided Argonaute nuclease
from Thermus thermophilus (TtAgo), to specifically cleave fully complementary wild type
nucleic acids while sparing rare nucleic acids. Our method, named NAVIGATER (Nucleic
Acid enrichment Via DNA-Guided Argonaute from Thermus thermophilus), enables us to
greatly increase the fractions of rare nucleic acids with single nucleotide precision thereby
enhancing the sensitivity of downstream detection methods such as, ddPCR, sequencing, and
clamped enzymatic amplification. We demonstrate a 60-fold enrichment of the rare KRAS
G12D allele in blood samples from pancreatic cancer patients and could detect rare KRAS,
EGFR, and BRAF mutant alleles at allelic fractions as low as 0.01%. Ultimately, we
combined NAVIGATER with LAMP (Loop mediated isothermal amplification) in a

smartphone-connected cup system to enable it for field applications.

114| Chapter 5



Introduction

Detection of disease-related nucleic acid biomarkers in blood is increasingly used as a
powerful and minimally-invasive instrument (liquid biopsy) for diagnostic, prognostic and
treatment purposes (Crowley et al., 2013). However, detection of alleles of clinical interest
is often challenged by their low concentration and sequence homology with the more
abundant ‘healthy’ wild type (WT) nucleic acids. Recently, various tools have been
developed for the specific detection of nucleic acids, among which methods that involve
CRISPR-associated (CRISPR-Cas) nucleases (Aalipour et al., 2018; Chen et al., 2018; East-
Seletsky et al., 2016; Gootenberg et al., 2017,2018; Gu et al., 2016; Lee et al., 2017). Several
CRISPR-Cas nucleases, which mainly attracted attention as genome editing tools (Barrangou
and Doudna, 2016; Komor et al., 2017; Wu et al., 2018), were shown to exhibit a secondary
nonspecific ribonuclease activity upon target recognition. This activity was repurposed to
rapidly amplify a reporter signal, upon the specific recognition of target nucleic acids (Chen
et al., 2018; East-Seletsky et al., 2016; Gootenberg et al., 2017, 2018; Gu et al., 2016).
Besides, CRISPR-Cas nucleases were used to enrich oncogenic sequences by eliminating
WT sequences (Aalipour et al., 2018; Lee et al., 2017). Despite spectacular progress, a
limitation of using CRISPR-Cas for diagnostics relates to the requirement of a protospacer-

adjacent motif (PAM), which is absent in many sequences of clinical interest.

Analogous to CRISPR-Cas, Argonaute (Ago) proteins are nucleic acid-guided endonucleases
(Hegge et al., 2018a). However, Ago nucleases lack the PAM requirement and are therefore
more versatile than CRISPR-Cas nucleases. Ago from the thermophilic bacterium Thermus
thermophilus (TtAgo) utilizes short 5'-phosphorylated single-stranded DNA guides to
selectively cleave complementary target nucleic acids (RNA or DNA) (Swarts et al., 2014b,
2014a, Wang et al., 2008a, 2009). By optimizing reaction conditions to maximize the
cleavage efficiency of TtAgo on wild type (WT) alleles, while sparing rare alleles that differ
from the WT alleles by a single nucleotide, we created a PAM-independent 7tAgo based
enrichment method (Figure 1), termed NAVIGATER (Nucleic Acid enrichment Via DNA-
Guided Argonaute from Thermus thermophilus). This method enables us to increase the rare
allelic fractions of several oncogenic mutants, such as KRAS, EGFR, and BRAF. We
demonstrate that NAVIGATER significantly improves the sensitivity of several downstream
detection methods such as droplet digital PCR (ddPCR) (Taly et al., 2013), Peptide Nucleic
Acid-Mediated PCR (PNA-PCR) (Choi et al., 2010), PNA-Loop Mediated Isothermal
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Amplification (LAMP) (Choi et al., 2010), Xeno nucleic Acid clamp PCR (XNA-PCR)
(Powell and Zhang, 2016), and Sanger sequencing.

- e Wild type nucleic acids
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™ rare nucleic acids
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mutant target cleavage
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Figure 1 | Schematic overview of NAVIGATER. Programmed with a DNA guide, Argonaute from Thermus
thermophilus (TtAgo) specifically eliminates (cleaves) the abundant and fully complementary WT sequences (black)
while sparing the rare nucleic acids (blue) that contain a single nucleotide mutation. This results in an enrichment
of the disease related nucleic acids, making them easier to detect with downstream detection methods.
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Results
Optimization of the endonucleolytic activity of 7¢tAgo

For rapid and inexpensive genotyping of rare mutant alleles (MAs) we envision using
NAVIGATER in combination with the enzymatic amplification of rare nucleic acids, in
either a single-stage or a two-stage process. LAMP (Loop-mediated isothermal
amplification) amplification is of particular interest as it does not require temperature cycling
and can therefore be implemented with simple instrumentation in a resource poor setting
(Song et al., 2018). We tested the endonucleolytic activity of 7tAgo in three different LAMP
buffers and compared it to the activity in the previously described buffer S (Table S1)
(Swarts et al., 2014b).

We incubated a single stranded DNA and RNA target fragment (100 nt) of the human KRAS
gene with 7tAgo complexed with a 16 nt guide. This guide is fully complementary to the
wild type (WT) KRAS fragment but contains a single nucleotide mismatch at guide position
12 (g12) with the KRAS-G12D target. Comparing the endonucleolytic activity of 7tAgo at
80°C in different buffers reveals that in buffer 3 the activity of 7tAgo is high (nearly 100%)
on fully complementary WT DNA and RNA targets, and low (<1%) on the MAs with a

single-nucleotide mismatch at position 12 (Figure 2a, c).

Next, we set out to reveal why buffer 3 outperforms the other buffers tested. Compared to
the other buffers, buffer 3 contains betaine, ANTPs, and a higher concentration of magnesium
(8 mM vs 2 mM). To individually examine the effect of each of these compounds on the
activity of 7tAgo, we added them separately to buffer 2. Previous studies already showed the
importance of divalent cations, such as Mg?", on the endonucleolytic activity of TtAgo
(Sheng et al., 2014; Swarts et al., 2014b; Wang et al., 2008b, 2009). In line with these studies,
we see that the addition of 6 mM magnesium increases the activity of 7tAgo on DNA targets
and to a lesser extent on RNA targets (Figure 2b, d). Also addition of betaine increases the
cleavage efficiency of 7tAgo on WT DNA and RNA (Figure 2b, d). Betaine is known for
its thermal stabilizing effects on enzymes and for its ability to dissolve GC-rich DNA
structures during DNA amplification (Adamczak et al., 2018; Henke et al., 1997).

Surprisingly, the biggest increase in cleavage efficiency on both DNA and RNA targets was
observed after the addition of ANTPs (Figure 2d, S1). To make sure that this beneficial effect
is not unique to KRAS targets, we also tested the effect of ANTPs on the cleavage efficiency
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on EFGR target sequences (Figure S2a). In the absence of dNTPs, the cleavage efficiency
on EGFR WT RNA is 45% while in the presence of 1.4 mM dATP, dTTP or dCTP, this
increased to nearly 100%. Remarkably the addition of 1.4 mM dGTP did not affect cleavage
efficiency. Among NTPs, only CTP increased the cleavage efficiency on WT RNA (Figure
S2b). Although the molecular basis of this phenomenon remains elusive, it appears that the

combination of sugar groups and nitrogenous bases of ANTPs stimulate the activity of 7rAgo.
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Figure 2 | Cleavage efficiency on KRAS WT and KRAS G12D DNA and RNA in buffers 1, 2, 3, and S (Table
1) at 80°C. a | The cleavage efficiency of 7tAgo on DNA targets in various buffers. b | Cleavage efficiency in buffer
2 supplemented with Mg?" and betaine. ¢ | Cleavage efficiency on RNA targets in different buffers. d | Cleavage
efficiency in buffer 2 supplemented with Mg?*, betaine or dNTPs. All experiments were carried out with KRAS
Sense (S) strand and a 16 nt KRAS-S guide with a pair mismatch at position 12 (MP12). Cleavage products were
resolved on polyacrylamide gels and the cleavage efficiencies were calculated according to /o/(Ic+1uc), where I
and [yc are, respectively, the band intensities of cleaved and uncleaved alleles (N=3).
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Next we tested the optimal pH and found that 7tAgo is most active in the pH range between
pH 8-9 (Figure S2¢). So combined, buffer 3 provides the best conditions for effective TtAgo
cleavage of targeted WT alleles likely due to the presence of betaine, dNTPs, and 8 mM
[Mg?*]. Notably, TtAgo retained its single-nucleotide specificity in the presence of the above
additives as none of the mutant allele (MA) targets, with a mutation at position 12, were

cleaved.

Single base pair-mismatch discrimination

Previous studies revealed single or dinucleotide mismatches between the guide and substrate
strand can, depending on the position, severely reduce the cleavage efficiency of Argonaute
proteins on target strands (Doxzen et al., 2017; Hunt et al., 2018; Kaya et al., 2016). As we
aim to exploit the ability of 7tAgo to mediated efficient cleavage of WT alleles, while sparing
rare mutant alleles with a single nucleotide mutation, we determined the location of the guide
with the lowest tolerance to mutations. Hence, we screened several guide DNAs (gDNAs) of
TtAgo with single nucleotide mismatches at different positions along the KRAS G12D target
allele (Figure 3a, b). Under the tested conditions, 7tAgo mediated cleavage of the KRAS
G12D target strand was completely abolished by mutations at MP7 and MP11-13. To test
whether this also extends towards other target sequences, we repeated the same screening for
the EGFR and BRAF mutant alleles (Figure 3¢). We define the differences in cleavage
efficiency between WT and mutant targets as the discrimination efficiency (DE). Although
in general the mismatches MP7 and MP9-MP13 that are located around the cleavage site
(g10/g11), yielded the greatest discrimination (DE>80%) (Figure 3d), the optimal MP
appears to depend on the sequence of the target. Cleavage of RNA was less tolerant to
mutations than cleavage of DNA. Single mismatches between MP4-MP11 nearly completely
prevented RNA cleavage (Figure S3e, S4).

Despite being loaded with guides that were fully complementarity to the target, WT
sequences were cleaved by TrAgo at variable efficiencies (Figure S3¢, e). This suggests that
besides the different buffer components, the activity of 7tAgo additionally depends on the
sequence of the guide and target which might affect the conformation of the ternary 7tAgo-
gDNA-DNA and 7rAgo-gDNA/RNA complexes (Sheng et al., 2014).
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Figure 3 | The discrimination efficiency of NAVIGATER depends on the position of the mismatch (MP). a |
Overview of the KRAS guide and target sequences used. b | Cleavage efficiencies are plotted for each guide. ¢ | The
discrimination efficiencies (DE) (difference between cleaving efficiency of WT and mutant allele) are stacked for
each guide of each allele (KRAS G12D, EGFR L858R, EGFR T790M, and BRAF V600E). d | For each MP the
probability of a DE >80% is plotted. All experiments were carried out with short guides (15/16 nt) in Buffer 3 at
80°C. TtAgo: guide: target =1: 0.2: 0.2. N=3. The notation MP-X indicates the position (X) of the mismatch (MP)
between the guide and target counted from 5 end of the guide.

TtAgo cleaves most specifically with short guides (15/16nt)

Heterologously expressed 7TtAgo is typically purified with DNA guides ranging in length
from 13 to 25 nt (Swarts et al., 2014b). In vitro, TtAgo has been reported to be active with
ssDNA guides ranging in length from 7 to 36 nt (Wang et al., 2008b). As little is known about
the effect of guide length on the discrimination efficiency (DE) of 7tAgo, we examine the
effect of guide length on DE in our in vitro assay. TtAgo efficiently cleaves WT KRAS with
complementary guides, ranging in length from 16 to 21 nt at both 70°C and 75°C (Figure
4a). Guides of 17-21 nt length with a single nucleotide mismatch at position 12 cleave MAs
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at 75°C but not at 70°C (Figure 4a). Cleavage of MA at 75°C is completely abolished with
a short 16 nt guide (Figure 4a). Apparently, 7tAgo with shorter guides form a less stable

ternary complex with off-targets than with longer guides thus preventing undesired cleavage.

In contrast to MA DNA, the increase in temperature did not increase undesired cleavage of
MA RNA (Figure 4a), likely due to differences in the effects of ssDNA and ssRNA on
enzyme conformation. When operating with a short 16 nt guide, single MP12 mismatch, and
LAMP Buffer 3, TtAgo efficiently cleaves both KRAS RNA and DNA targets while avoiding
cleavage of the KRAS G12D mutant allele between 66°C and 86°C (Figure 4c¢), providing

the nucleotide specificity that is crucial for our enrichment method.

TtAgo efficiently cleaves targeted dsDNA

Guide-free (Apo-)7TtAgo can degrade dsDNA via a mechanisms termed ‘chopping’, which it
exhibits to autonomously generate and selectively load functional DNA guides (Swarts et al.,
2017c). However, this is a slow process that takes place only when target DNA is rich in AT-
content (<17% GC) (Swarts et al., 2014b), suggesting that 7tAgo lacks helicase activity and
depends on dsDNA thermal breathing to enable chopping (Hegge et al., 2018a; Swarts et al.,
2014b). In our assays TtAgo is saturated with DNA guides to suppress this Apo activity on
dsDNA. The ability of 7tAgo to operate at high temperatures provides NAVIGATER with

an advantage since in vitro dsSDNA unwinds as the incubation temperature increases.
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Figure 4 | TtAgo cleaves more specifically with short guides. a | Effect of guide length and incubation temperature
(70°C or 75°C) on the cleavage efficiencies of 7tAgo. TtAgo in complex with the MP12 guide was used to target
either KRAS (sense) WT or G12D. b | Effect of temperature on 7tAgo mediated cleavage of the KRAS WT or
mutant alleles ¢ | The effect of temperature on 7tAgo in complex with a 16nt MP12 guide targeting DNA or RNA.
TtAgo: guide: target ratio was 1:0.2:0.2 (N=3).

We determined the optimum temperature at which 7tAgo, saturated with guides, efficiently
cleaves dsSKRAS WT while sparing MA. The estimated melting temperature of the 100 bp
dsKRAS in buffer 3 is 79.7°C (IDT-OligoAnalyzer). Consistent with this estimate, very little
cleavage takes place at temperatures under 80°C, while dsDNA is cleaved efficiently by

TtAgo at temperatures above 80°C (Figure 5a). Cleavage efficiencies increase as the
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incubation time increases and saturate after about one hour (Figure Sc¢, d). Longer incubation

times are undesirable as it leads to more cleavage of the MAs.
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Figure 5 | An excess of guide DNA is necessary for high discrimination efficiency on double stranded targets.
TtAgo cleavage efficiencies on dsDNA KRAS and KRAS G12D targets using a 7tAgo:S-guide:AS-guide ratio of a |
1:1:1 or b | 1:0.2:0.2. ¢ | TtAgo mediated cleavage of dSSDNA KRAS and KRAS G12D targets was followed in a time
course at 83°C. The products were resolved on a urea polyacrylamide gel. The 7tAgo:S-guide: AS-guide ratio was
1:1:1 and d | 1:10:10. All experiments were carried out in buffer 3 with KRAS-S (16nt)-MP12 and KRAS-AS (15nt)-
MP13 guides. N=3.

Guide saturation is necessary to avoid off-target cleavage

In case TtAgo is not fully loaded with guides, undesired cleavage of dsMA occurs (Figure
5b). This off-target cleavage becomes more pronounced as the incubation time increases
(Figure 5b) and can partially be attributed to the chopping ability of 7tAgo (Swarts et al.,
2017c¢). Since DNA guides are tightly loaded into 7¢Ago, an excess of DNA guides reduces
undesired chopping. When guide concentrations exceed 7tAgo concentration, no apparent
off-target cleavage takes place (Figure 5S¢, d). So for an optimal discrimination between
dsWT and dsMA, it is necessary to saturate 7tAgo with guides and it is desired to incubate
the assay at temperatures exceeding the melting temperature of the target for less than an

hour.
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NAVIGATER improves the sensitivity of downstream rare allele detection
Next, we tested whether singleplex and multiplex NAVIGATER can increase the sensitivity
of downstream the mutation detection methods: gel electrophoresis, ddPCR (Taly et al.,
2013), PNA-PCR (Choi et al., 2010), PNA-LAMP (Tatsumi et al., 2008), XNA-PCR (Powell
and Zhang, 2016) and Sanger sequencing. Moreover, we demonstrate NAVIGATER’s
clinical utility, by enriching rare mutant alleles in blood samples of pancreatic cancer
patients, which were first analyzed with the standard ddPCR protocol (Table S2). These
samples were pre-amplified with PCR to increase the total amount of KRAS WT and MA
prior to the enrichment with NAVIGATER.

Gel electrophoresis

First, we resolved the enriched samples of several pancreatic cancer patients (Table S2) on
a polyacrylamide gel (Figure S6). The 80 bp bands of KRAS are dark in the absence of
NAVIGATER (control). After 40 minutes of NAVIGATER these bands faded, indicating a
reduction of KRAS WT alleles. After 2 hours all 80 bp bands (except that of patient P6)
faded, suggesting that most WT alleles were cleaved. The presence of an 80 bp band in the
lane P6 can be explained by the relatively high (20%) MA fraction that was not susceptible
to cleavage. We also PCR amplified products from a 2-hour NAVIGATER treatment, and
subjected the amplicons to a second round of NAVIGATER (2h). The lanes P3, P4, and P6
display slightly darker bands than lanes P1, P2 and PS5, indicating the presence of MAs in
samples P3, P4, and P6 and demonstrating that NAVIGATER makes usually undetectable
MAs, observable.

Droplet Digital PCR (ddPCR)
Next, to quantify our enrichment assay products, we subjected them to ddPCR (Figure S7).

The detection limit of ddPCR relies on the number of amplifiable nucleic acids in the sample,
which must be a small fraction of the total number of ddPCR droplets. The large number of
WT alleles in the sample limits the number of pre-ddPCR amplification cycles that can be
carried out to increase the concentration of the rare alleles. As NAVIGATER drastically
reduces the number of WT alleles in the sample, it enables one to increase the number of pre-
amplification cycles, increasing the number of MAs and thereby the ddPCR sensitivity. When
operating with a mixture of WT and MA, NAVIGATER products include: residual uncleaved
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WT (Nwr), MA (Nma), and WT-MA hybrids (Ng). Hybrid alleles form during rehybridization
of an ssWT with an ssMA. The allelic fraction of the mutant is fMA= (Nma+%2Nn) /
(Nwt+NmatNhH)

We carried out ddPCR on un-enriched (control, NAVIGATER without 7tAgo), once-
enriched, and twice-enriched samples (Figure S7b), increasing the fMA significantly
(Figure 6a). For example, fMA increased from 0.5% in the un-enriched P5 (G12D) sample
to ~30% in the twice enriched sample. This represents a ~60 fold increase in the fraction of
droplets (fMA) containing MA (Figure 6b). The same assay also enriched G12R, increasing
the fMA from 3% to ~66% in sample P3 and G12V, increasing the fMA from 5% to ~68%
in sample P4 (Figure 6b).

PNA-PCR

PNA-PCR engages a sequence-specific PNA blocker that binds to WT alleles, suppressing
WT amplification and providing a limit of detection of fMA ~1% (Choi et al., 2010). To
demonstrate NAVIGATER’s utility, we compared the performance of PNA-PCR when
processing pancreatic cancer patient samples (Table 2) before and after NAVIGATER
(Figure 6c¢-e). Before enrichment, PNA-PCR real-time amplification curves in the order of
appearance are P6, P4, and P3, as expected (Table 2). Samples P1 (fMA=0), P2 (fMA=0),
and P5 (fMA=0.5%) nearly overlap, consistent with a detection limit of ~1% (Choi et al.,
2010). Enrichment significantly increases the threshold times of samples P1 and P2, revealing
the presence of MAs in sample P5 (Figure 6d). PNA-PCR combined with NAVIGATER
provides the linear relationship T1/2=22.9-5 log (fMA) between threshold time (the time it
takes the amplification curve to reach half its saturation value) and allele concentration
(Figure 6e), allowing one to estimate MA concentration. The data suggests that
NAVIGATER can improve PCR-PNA limit of detection to below 0.1%.
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Figure 6 | NAVIGATER enhances sensitivity of downstream detection methods. a, b | ddPCR of samples from
pancreatic cancer patients containing KRAS mutants (Table 2): a | Fraction of droplets containing mutant alleles. b

| Increase in mutant allele fraction after NAVIGATER enrichment. ¢, d, e | PNA-PCR’s amplification curves of

pancreatic cancer patients’ samples before (¢) and after (d) NAVIGATER. e | Amplification threshold time as a
function of mutant fraction. f | PNA-LAMP of simulated RNA samples before and after NAVIGATER carried out
with a minimally instrumented, electricity-free Smart-Connected Cup (SCC) (Song et al., 2018). g | Sanger

sequencing before and after NAVIGATER when detecting simulated RNA samples. h, i
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containing various mutant concentrations without (h) and with (i) multiplexed NAVIGATER pre-treatment. All the
controls were pre-processed with NAVIGATER in the absence of 7TtAgo.

PNA-LAMP

Genotyping with PNA blocking oligonucleotides can be combined with the isothermal
amplification LAMP (Tatsumi et al., 2008). To demonstrate the feasibility of genotyping at
the point of care and resource-poor settings, we use a minimally-instrumented, electricity-
free Smart-Connected Cup (SCC) with smartphone and bioluminescent dye-based detection
to incubate PNA-LAMP and detect reaction products (Song et al., 2018). To demonstrate that
we can also detect RNA alleles, we used simulated samples comprised of mixtures of WT
KRAS mRNA and KRAS-G12D mRNA. In the absence of pre-enrichment, SSC is unable to
detect the presence of 0.1% KRAS-G12D mRNA whereas with pre-enrichment 0.1% KRAS-
G12D mRNA is readily detectable (Figure 6f)

Sanger Sequencing

In the absence of enrichment, Sanger sequencers detect >5% MA fraction (Tsiatis et al.,
2010). The Sanger sequencer failed to detect the presence of fMA 3% and 0.5% KRAS-G12D
mRNA in our un-enriched samples, but readily detected these MAs following NAVIGATER

enrichment (Figure 6g).

XNA-PCR

XNA-PCR is a clamped assay that suppresses amplification of WT alleles, enabling detection
of MAs down to 0.1% fraction (Powell and Zhang, 2016). We used multiplexed
NAVIGATER with 3 different guides to enrich samples of 60 ng cfDNA that included WT
and various fractions of KRAS G12D, EGFR AE746 - A750, and EGFR L858R. Without
NAVIGATER, XNA-PCR was able to detect down to 0.1% KRAS G12D (Figure 6h), 0.1%
EGFR AE746 - A750 (Figure S8e), and 1% EGFR L858R (Figure S8¢). With NAVIGATER
pre-treatment, XNA-PCR sensitivity increased by over 10 fold to 0.01% KRAS GI12D
(Figure 6i), 0.01% EGFR AE746 - A750 (Figure S8f), and 0.1% EGFR L858R (Figure
S8d). Here, in addition to significantly improving the sensitivity of XNA-PCR, we also
demonstrate that NAVIGATER can operate as a multiplexed assay, enriching for multiple
MAs.

Thermus thermophilus Argonaute repurposed for diagnostics | 127




Discussion

Liquid biopsy is a simple, minimally invasive, rapidly developing diagnostic method to
analyze cell-free nucleic acid fragments in body fluids and obtain critical diagnostic
information on patient health and disease status. Currently, liquid biopsy can help personalize
and monitor treatment for patients with advanced cancer, but the sensitivity of available tests
is not yet sufficient for patients with early stage disease or for cancer screening (Aggarwal et
al., 2018; Bettegowda et al., 2014; Oxnard et al., 2014). Detection of alleles that contain
critical clinical information is challenging since they are present at very low concentrations
among abundant background of nucleic acids that differ from alleles of interest by as little as

a single nucleotide.

Here, we report on a novel enrichment method (NAVIGATER) for rare alleles that uses
TtAgo. TtAgo is programmed with short ssDNA guides to specifically cleave guide-
complementary alleles and stringently discriminate against off-targets with a single
nucleotide precision. Sequence mismatches between guide and off-targets reduce
hybridization affinity and cleavage activity by sterically hindering the formation of a
cleavage-compatible state (Wang et al., 2008b, 2009). We observe that the activity and
discrimination efficiency of TtAgo depends on the (i) position of the mismatch, (ii) buffer
composition, (iii) guide concentration, (iv) guide length, (v) incubation temperature and time,
and (vi) target sequence. 7TtAgo appears to discriminate best between target and off-target in
the presence of a mismatch at or around the cleavage site located between guide nucleotides
10 and 11. Optimally, the buffer should contain [Mg?"] > 8 mM, 0.8 M betaine, and 1.4 mM
dNTPs. The ssDNA guides should be 15-16 nt in length with their concentration exceeding
TtAgo’s concentration; and the incubation temperature should exceed the target dsSDNA
melting temperature. NAVIGATER is amenable to multiplexing and can concurrently enrich

for multiple MAs while operating with different guides.

We demonstrate NAVIGATER’s ability to enrich the fraction of cancer biomarkers such as
KRAS, BRAF, and EGFR mutants in various samples. For example, NAVIGATER increased
KRAS G12D fraction from 0.5% to 30% (60 fold) in a blood sample from a pancreatic cancer
patient. The presence of 0.5% KRAS G12D could not be detected with Sanger sequencer or
PNA-PCR. However after NAVIGATER pre-processing, both the Sanger sequencer and
PNA-PCR readily identified the presence of KRAS G12D. Additionally, NAVIGATER
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combined with PNA-LAMP detects low fraction (0.1%) mutant RNA alleles and
NAVIGATER combined with PNA-LAMP enables genotyping at the point of care and in
resource-poor settings. NAVIGATER improves the detection limit of XNA-PCR by more

than 10 fold, enabling detection of rare alleles with frequencies as low as 0.01%.

NAVIGATER differs from previously reported rare allele enrichment methods (Aalipour et
al., 2018; Bielas and Loeb, 2005; Gu et al., 2016; Kim et al., 2013; Lee et al., 2017; Li et al.,
2008; Song et al., 2016a; Wu et al., 2017) in several important ways. First, NAVIGATER is
versatile. In contrast to CRISPR-Cas9 (Barrangou and Doudna, 2016; Komor et al., 2017;
Wu et al., 2018) and restriction enzymes (Bielas and Loeb, 2005), TtAgo does not require a
PAM motif or a specific recognition site. A gDNA can be designed to direct 7tAgo to cleave
any desired target. Second, 7TtAgo is a multi-turnover enzyme (Swarts et al., 2014b); a single
TtAgo-guide complex can cleave multiple targets. In contrast, CRISPR-Cas9 is a single
turnover nuclease (Sternberg et al., 2014). Third, whereas CRISPR-Cas9 exclusively cleaves
DNA, TtAgo cleaves both DNA and RNA targets with single nucleotide precision. Hence,
NAVIGATER can enrich for both rare DNA alleles and their associated exosomal RNAs
(Krug et al., 2018), further increasing assay sensitivity. Fourth, 7tAgo is robust, operates over
a broad temperature range (66-86°C) and unlike PCR-based enrichment methods, such as
COLD-PCR (Li et al., 2008) and blocker-PCR (Kim et al., 2013; Wu et al., 2017) does not
require tight temperature control. Moreover, NAVIGATER can complement PCR-based
enrichment methods. Fifth, TtAgo is more specific than thermostable duplex-specific
nuclease (DSN) (Song et al., 2016a). Since DSN nonspecifically cleaves all dsSDNA, DSN-
based assays require tight controls of probe concentration and temperature to avoid non-
specific hybridization and cleavage of the rare nucleic acids of interest. Most importantly, as
we have demonstrated, NAVIGATER is compatible with many downstream genotyping
analysis methods such as ddPCR, PNA-PCR, XNA-PCR, and sequencing. Last but not least,
NAVIGATER can operate with isothermal amplification methods such as LAMP, enabling

integration of enrichment with genotyping for use in resource poor settings.

In the future, we will design panels of DNA guides to enable NAVIGATER in combination
with downstream detection methods (including next-generation sequencing) to detect MAs
indicative of various types of cancer. NAVIGATER could be leveraged to help detect other

rare MA such as genetic disorders in fetal DNA and drug resistant bacteria.
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Methods

TtAgo expression and purification

The TtAgo gene, codon-optimized for E. coli B121 (DE3), was inserted into a pET-His6 MBP
TEV cloning vector (Addgene plasmid # 29656) using ligation-independent cloning. The
TtAgo protein was expressed in E. coli BI21(DE3) Rosetta™ 2 (Novagen). Cultures were
grown at 37°C in Lysogeny broth medium containing 50 ug ml-! kanamycin and 34 pg ml!
chloramphenicol until an OD600 nm of 0.7 was reached. TtAgo-expression was induced by
addition of isopropyl B-D-1- thiogalactopyranoside (IPTG) to a final concentration of 0.1
mM. During the expression, cells were incubated at 18°C for 16 hours with continuous
shaking. Cells were harvested by centrifugation and lysed in buffer containing 20 mM Tris-
HCI pH 7.5, 250 mM NaCl, 5 mM imidazole, supplemented with EDTA-free protease
inhibitor cocktail tablet (Roche). The soluble fraction of the lysate was loaded on a nickel
column (HisTrap Hp, GE healthcare). The column was extensively washed with buffer
containing 20 mM Tris-HCI pH 7.5, 250 mM NaCl and 30 mM imidazole. Bound proteins
were eluted by increasing the concentration of imidazole in the wash buffer to 250 mM. The
eluted protein was dialyzed at 4°C overnight against 20 mM HEPES pH 7.5, 250 mM KCl,
and 1 mM dithiothreitol (DTT) in the presence of 1 mg TEV protease (expressed and purified
as previously described Tropea et al., 2009) to cleave the His6-MBP tag. Next, the cleaved
protein was diluted in 20 mM HEPES pH 7.5 to lower the final salt concentration to 125 mM
KCI. The diluted protein was applied to a heparin column (HiTrap Heparin HP, GE
Healthcare), washed with 20mM HEPES pH 7.5, 125 mM KCI and eluted with a linear
gradient of 0.125-2 M KCIl. Next, the eluted protein was loaded onto a size exclusion column
(Superdex 200 16/600 column, GE Healthcare) and eluted with 20 mM HEPES pH7.5, 500
mM KCl and 1 mM DTT (Figure S9). Purified TtAgo protein was diluted in a size exclusion
buffer to a final concentration of 5 uM. Aliquots were flash frozen in liquid nitrogen and
stored at -80°C.

TtAgo-based cleavage assays

5’-Phosphorylated DNA guides and Ultramer® ssDNA and ssRNA targets (100 nt) were
synthesized by IDT (Coralville, IA). For ssDNA and ssRNA cleavage experiments, purified
TtAgo, DNA guides, and ssDNA or ssSRNA targets were mixed with TtAgo and guides at the

ratios indicated in the buffers listed in Table S1 and incubated at the indicated temperatures.
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Reactions were terminated by adding 1 pL proteinase K (Qiagen, Cat. No. 19131) solution,
followed by 15 min incubation at 56°C. Samples were then mixed with 2X loading buffer
(95% (de-ionized) formamide, SmM EDTA, 0.025% SDS, 0.025% bromophenol blue and
0.025% xylene cyanol) and heated for 10 min at 95°C before the samples were resolved on
15% denaturing polyacrylamide gels (7M Urea). Gels were stained with SYBR gold Nucleic
Acid Gel Stain (Invitrogen) and nucleic acids were visualized using a BioRad Gel Doc XR+
imaging system. For dsDNA cleavage, TtAgo and guides were pre-incubated in LAMP buffer
3 (Table S1) at 75 °C for 20 min.

Cell-free DNA (cfDNA) and RNA Samples
Patient cfDNA samples. All six blood samples (Table S2) were obtained from patients with

metastatic pancreatic cancer who had provided informed consent under the IRB-approved
protocol (UPCC 02215, IRB# 822028). cfDNA was extracted with QIAamp® Circulating
Nucleic Acid kit(Qiagen, Valencia, CA, USA). Subsequently, the extracted cfDNA was
qualified and quantified with multiplex ddPCR (Raindance).

RNA samples. Total RNA was extracted with RNeasy® mini kit (Qiagen, Valencia, CA,
USA) per manufacturer’s protocol from Human cancer cell lines U87-MG (WT KRAS
mRNA) and ASPC1 (KRAS G12D mRNA) and quantified with ddPCR.

cfDNA pre-amplification. The pre-amplification of the cfDNA was carried out in 50 pL
reaction volumes using 20 ng of cfDNA, 1 x Q5 Hot Start High-Fidelity Master Mix (NEB),
and 100 nM each of forward and reverse KRAS 80 bp-PCR primers (Table S3). Reaction
mixes without DNA were included as no-template (negative) controls (NTCs). Nucleic acids
were preamplified with a BioRad Thermal Cycler (BioRad, Model CFD3240) with a
temperature profile of 98°C for 3 minutes, followed by 30 cycles of amplification (98°C for

10 seconds, 63°C for 3 minutes, and 72°C for 30 seconds), and a final 72 °C extension for 2

minutes.

mRNA pre-amplification. The pre-amplification of the mRNA was performed in 50 pL
reactions using 30 ng of total RNA, 1 x Q5 Hot Start High-Fidelity Master Mix (New
England Biolabs, Ipswich, MA), 100 nM each of forward and reverse KRAS 295 bp-PCR

primers (Table S3), and 1 puL reverse transcriptase (Invitrogen, Carlsbad, CA). The reaction
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mix was incubated at 55°C for 30 minutes and 98°C for 3 minutes, followed by 30 cycles of
amplification (93°C for 15 seconds, 62°C for 30 seconds, and 72°C for 30 seconds), and a

final 72°C extension for 4 minutes.

Mutation enrichment (NAVIGATER)

The same setup as for synthetic dsDNA cleavage was used for cf-ctDNA and mutant mRNA
enrichment. 7tAgo, S-guide, and AS-guide were mixed in 1:10:10 ratio (1.25 pM TtAgo,
12.5 uM S-guide, 12.5 uM AS-guide) in the Buffer 3 and pre-incubated at 75°C for 20 min.
Samples consisted of 2 uL preamplified PCR or RT-PCR products were added after pre-
incubation of 7tAgo and guides. The reaction mixes were incubated at 83°C for 1 hour. The
enriched products were diluted 104 fold before downstream mutation analysis or second-

round enrichment. For second-round enrichment, the protocol outlined above was repeated.

NAVIGATER combined with downstream mutation detection methods
Droplet digital PCR (ddPCR). ddPCR was carried out with the RainDrop Digital PCR system

(RainDance Technologies, Inc.) to verify mutation abundance before and after 7tAgo

enrichment. 2uL. of the 104 fold diluted, 7tAgo-treated sample was added to each 30 pL
dPCR. dPCRs contained 1x TagMan Genotyping Master Mix (Life Technologies), 400 nM
KRAS 80bp-PCR primers, 100 nM KRAS wild-type target probe, 100 nM KRAS mutant
target probe (Table S3), and 1% droplet stabilizer (RainDance Technologies, Inc.). Emulsions
of each reaction were prepared on the RainDrop Source instrument (RainDance
Technologies, Inc.) to produce 2 to 7 million, 5 pLvolume droplets per 25 pL reaction
volume. Thereafter, the emulsions were placed in a thermal cycler to amplify the target and
generate signal. The temperature profile for amplification consisted of an activation step at
95°C for 10 minutes, followed by 45 cycles of amplification [95°C for 15 seconds and 60°C
for 45 seconds]. Reaction products were kept at 4°C before placing them on the RainDrop
Sense instrument (RainDance Technologies, Inc.) for signal detection. RainDrop Analyst
(RainDance Technologies, Inc.) was used to determine positive signals for each allele type.
Gates were applied to regions of clustered droplets to define positive hits for each allele,

according to the manufacturer's instructions

PNA-PCR. PNA-PCR was performed in 20 pL reaction volumes, containing 4.5 uL of the
104 -fold diluted TtAgo-treated products, 1 x Q5 Hot Start High-Fidelity Master Mix (New
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England Biolabs, Ipswich, MA), 0.5 uL of EvaGreen fluorescent dye (Biotium, Hayward,
CA), 500 nM KRAS PNA clamp (Table S3), and 100 nM each of forward and reverse KRAS
80 bp-PCR primers. Reactions were amplified with a BioRad Thermal Cycler (BioRad,
Model CFD3240) with a temperature profile of 98°C for 3 minutes, followed by 40 cycles of
amplification (98°C for 10 seconds, 63°C for 3 minutes, and 72°C for 30 seconds).

Sanger sequencing. RNA extracted from cell lines were pre-amplified by KRAS 295 bp-PCR

primers as described above and treated by 7tAgo mutation enrichment system. 2 pL of the
104 -fold diluted, TtAgo-treated sample was amplified by 295 bp PCR protocol (the same as
295 bp RT-PCR protocol without a reverse transcription step) for 30 cycles. PCR products
were checked for quality and yield by running 5 pl in 2.2% agarose Lonza FlashGel DNA

Cassette and processed for Sanger sequencing at Penn Genomic Analysis Core.

POC mutation detection. PNA-LAMP (SMAP-2) was prepared in 20 puL reaction volumes

according to previously described protocoll8. The reaction mix contained 2 pL of the 104
fold diluted TrAgo-treated products (same as used for Sanger sequencing), 1 x LAMP buffer
3 (Eiken LAMP buffer), 1 uL Bst DNA polymerase (from Eiken DNA LAMP kit), 2.5 uL of
BART reporter (Lot: 1434201; ERBA Molecular, UK) (Song et al., 2018), KRAS PNA
clamp and LAMP primers (Table S3). The prepared reaction mixtures were injected into
reaction chambers of our custom made multifunctional chip (Song et al., 2016¢, 2016b). The
inlet and outlet ports were then sealed with transparent tape (3M, Scotch brand cellophane
tape, St. Paul, MN) and the chip was placed in our portable Smart-Connected Cup and

processed according to previously described protocol (Song et al., 2018).

Multiplexed NAVIGATER and XNA-PCR.

Singleplex and Multiplexed preamplification: Singleplex and Triplex PCR were carried out

with mutation detection kit (DiaCarta, Inc). The 10 pL reaction mixture contains 60 ng of
cfDNA (reference standard that includes various MAs, Horizon Discovery, HD780), 1 x PCR
Master Mix, 1 pL of either single or mixed PCR primers (1: 1: 1) for targets of interest.
Nucleic acids were preamplified with a BioRad Thermal Cycler (BioRad, Model CFX96)
with a temperature profile of 95°C for 5 minutes, followed by 35 cycles of amplification
(95°C for 20 seconds, 70°C for 40 seconds, 60°C for 30 seconds, and 72°C for 30 seconds),

and a final 72°C extension for 2 minutes.
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Multiplexed enrichment: Guides (1:1:1) for targets of interest were mixed with 7tAgo in 10:1
ratio (12.5 uM S-guides, 12.5 uM AS-guides, 1.25 uM TtAgo) in buffer 3 and pre-incubated
at 75°C for 20 min. Samples consisted of 1 pL pre-amplified singleplex or triplex PCR

products mixed with pre-incubated 7rAgo-guide complexes. The reaction mixes were
incubated at 83°C for 1 hour. The products with and without 7tAgo treatment were resolved
on 15% denaturing polyacrylamide gels (7M Urea). The products were diluted 107 fold

before downstream mutation analysis.

XNA-PCR: NAVIGATER products were tested by mutation detection method XNA-PCR19
(DiaCarta, Inc.). XNA-PCR was carried out for individual mutants in 10-uL reaction
volumes, containing 3 pL of the 107 -fold diluted NAVIGATER products, 1 x PCR Master
Mix, 1 pL of PCR primer/probe mix, and 1 pL of XNA clamp. Reactions were amplified
with a BioRad Thermal Cycler (BioRad, Model CFX96) with a temperature profile of 95°C
for 5 minutes, followed by 45 cycles of amplification (95°C for 20 seconds, 70°C for 40
seconds, 60°C for 30 seconds, and 72°C for 30 seconds).

Thermus thermophilus Argonaute repurposed for diagnostics | 135




Supplementary Tables

Table S1 | Buffer Compositions.

Buffer 1 Buffer 2 Buffer 3 Buffer S

ThermoPol reaction | Isothermal amplification | Eiken buffer (1x) (Swarts et al., 2014b)
buffer (1x, NEB) buffer (1x, NEB)

20 mM Tris-HCI 20 mM Tris-HCI 20 mM Tris-HCI 10 mM Tris-HCI

10 mM (NHy4),SO4 10 mM (NHy4),SO4 10 mM (NHy4),SO4 125 mM NaCl

10 mM KC1 50 mM KCI 10 mM KC1 2 mM MgCl,

2 mM MgSO, 2 mM MgSO, 8 mM MgSO4 (pH 8.0 at 25°C)
0.1% Triton X-100 0.1% Tween 20 0.1% Tween 20

(pH 8.8 at 25°C) (pH 8.8 at 25°C) 1.4 mM dNTPs

(pH 8.8 at 25°C)

Table S2 | The genotype and mutation frequency of 6 samples from pancreatic cancer patients*.

Patient number P1 P2 P3 P4 P5 P6
ND** = ND**  GI12R 3% GI12V 5% | GI2D0.5%  GI12D 20%
* Samples were analyzed with standard ddPCR protocol (Taly et al., 2013).

Genotype and mutation fraction

** Not detected, possibly due to mutant allele not present.
All samples contain similar numbers of WT-KRAS (s.d. <10%).

Table S3 | Sequences and concentrations of KRAS primers, PNA clamp oligo, and Tagman probes used in

downstream mutation analysis.

Name Sequence (5° - 3’) concentration
80 bp-PCR FW! AGGCCTGCTGAAAATGACTGAATAT
80 bp-PCR-RV'! GCTGTATCGTCAAGGCACTCTT
G12-WT-VIC probe! | TTGGAGCTGGTGGCGT 100 nM
G12D-FAM probe! TGGAGCTGATGGCGT 100 nM
G12R-FAM probe! TTGGAGCTCGTGGCGT 100 nM
G12V-FAM probe! ACGCCAACAGCTC 100 nM
295 bp-PCR-FW? AAGGTACTGGTGGAGTATTTG 100 nM
295 bp-PCR-RV? GTACTCATGAAAATGGTCAGAG 100 nM
SMAP-2-OP13 TATTATAAGGCCTGCTG 0.4 uM
SMAP-2-OP23 TTGGATCATATTCGTCC 0.4 uM
SMAP-2-FP? ACCTTCTACCCTCAGAAGGTATAAACTTGTGGTAGTTG 3.0 uM
GAGC
SMAP-2-BP? GCAAGAGTGCCTTGA 1.5 uM
SMAP-2-TP? TGGCGTAGGCATGATTCTGAATTAGCTGTAT 3.0 uM
PNA clamp’® CCTACGCCACCAGCTCC 0.7 uM

!(Taly et al., 2013)
2 (Oliner et al., 2010)
3 (Tatsumi et al., 2008)
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Supplementary figures
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Supplementary Figure 1 | Betaine, Mg2+, and dNTPs enhance 7tAgo DNA cleavage. DNA cleavage efficiency
as a function of (a) added [Mg2+] in buffer S in the absence and presence of betaine (0.8 M) or ANTPs (1.4 mM) at
80°C b | Buffer composition (Table S1) at 70°C; and (¢) added [Mg2+] in buffer S at 70°C. All experiments were
carried out with KRAS Sense (S) strand and 16 nt KRAS-S MP12 guide. Incubation time 20 min. 7tAgo: guide:
target ratio =1:0.2:0.2. N=3.
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Supplementary Figure 2 | The effects of (a) dNTPs and (b) NTPs on EGFR (L858R) sense RNA cleavage with
guide EGFR L858R (16nt)-MP10 at 80°C. ¢ | The effect of pH on EGFR (L858R) sense DNA cleavage with guide
EGFR L858R (16nt)-MP10 at 75°C. TtAgo: guide: target ratio =1:0.2:0.2. N=3.
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guides (15 nt)
5’ -phos-TTGGTGGCGTAGGCA MP4
5’ -phos-TCTGGTGGCGTAGGC MPS

5’ -phos-TGCTGGTGGCGTAGG MP6
5’ -phos-TAGCTGGTGGCGTAG MP7
5’ -phos-TGAGCTGGTGGCGTA MP8
5’ -phos-TGGAGCTGGTGGCGT MP9
5’ -phos -TTGGAGCTGGTGGCG MP10
5’ -phos-TTTGGAGCTGGTGGC MP11
5’ -phos -TGTTGGAGCTGGTGG MP12
5’ -phos-TAGTTGGAGCTGGTG MP13
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Supplementary Figure 3 | Cleavage efficiencies on KRAS WT and KRAS G12D DNA and RNA targets using
guides with varying MP. a | KRAS — antisense (AS) guide and AS target sequences. The various guides vary in
the position of the pair mismatch between AS gDNA and AS KRAS GI12D. b | Electropherograms of cleaved AS
WT KRAS and AS KRAS G12D DNA strands (80°C, 20 min). ¢ | Cleaving efficiencies of AS KRAS WT and AS
KRAS G12D DNA as a function of MP. d | Electropherograms of cleaved WT KRAS RNA and KRAS G12D RNA
(80°C, 20 min). e | Cleaving efficiencies of WT KRAS RNA and KRAS G12D RNA as a function of MP. TtAgo:
guide: target =1: 0.2: 0.2. N=3.
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Supplementary Figure 4 | Cleavage efficiencies on EGFR WT and EGFR L858R RNA targets using guides
with varying MP’s. a | Cleavage assays using sense EGFR guides/targets. Sample were resolved on urea
polyacrylamide gel. b | Cleaving efficiencies were determined based on the band intensities in (a) and plotted in a
graph. ¢ | Cleavage assays using anti-sense EGFR guides/targets. Sample were resolved on urea polyacrylamide gel.
d | Cleaving efficiencies were determined based on the band intensities in (c) and plotted in a graph. Samples were
incubated at 80°C for 20 min. 7tAgo:guide:target ratio = 1:0.2:0.2. N=3.
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a guides (16 nt)

5’ -phos-TAGCCCAAAATCTGTG MP2
5’ -phos-TCAGCCCAAAATCTGT MP3

5’ -phos-TCCAGCCCAAAATCTG MP4

5’ -phos-TGCCAGCCCAAAATCT MP5

5’ -phos -TGGCCAGCCCAAAATC MP6

5’ -phos-TTGGCCAGCCCAAAAT MP7

5’ -phos-TTTGGCCAGCCCAAAA MP8

5’ -phos-TTTTGGCCAGCCCAAA MP9

5’ -phos-TGTTTGGCCAGCCCAA MP10

5’ -phos-TAGTTTGGCCAGCCCA MP11

5’ -phos-TCAGTTTGGCCAGCCC MP12

5’ -phos-TGCAGTTTGGCCAGCC MP13
5’-phos-TAGCAGTTTGGCCAGC MP14

5’ -phos-TCAGCAGTTTGGCCAG MP15

wild type EGFR . .GAAGGCGTGGGTCGTCAAACCGGTCGGGTTTTAGACACTA-5" . .
EGFR L858R . .GAAGGCGTGGGTCGTCAAACCGGGCGGGTTTTAGACACTA-5" ..

targets (100 nt)

b guides (16 nt)
5’ -phos-TGCGTGATGAGCTGCA MP4
5’ -phos-TTGCGTGATGAGCTGC MP5
5’ -phos-TCTGCGTGATGAGCTG MP6
5’ -phos-TGCTGCGTGATGAGCT MP7
5’ -phos-TAGCTGCGTGATGAGC MP8
5’ -phos-TGAGCTGCGTGATGAG MP9
5’ -phos-TTGAGCTGCGTGATGA MP10
5’ -phos-TATGAGCTGCGTGATG MP11
5’ -phos-TCATGAGCTGCGTGAT MP12
5’-phos-TGCATGAGCTGCGTGA MP13
5’ -phos-TGGCATGAGCTGCGTG MP14
wild type EGFR . .CGTCGGCTTCCCGTACTCGACGCACTACTCGACGTGCCAC-5" ..
EGFR T790M . .CGTCGGCTTCCCGTACTCGACGTACTACTCGACGTGCCAC-5". .

targets (100 nt)
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c guides (16 nt)

5’-phos-TTCACTGTAGCTAGAC MP4

5’ -phos-TTTCACTGTAGCTAGA MP5

5’ -phos-TTTTCACTGTAGCTAG MP6

5’ -phos-TATTTCACTGTAGCTA MP7

5’ -phos-TGATTTCACTGTAGCT MP8

5’ -phos-TAGATTTCACTGTAGC MP9

5’ -phos-TGAGATTTCACTGTAG MP10

5’ -phos-TCGAGATTTCACTGTA MP11

5’ -phos-TTCGAGATTTCACTGT MP12
5’-phos-TATCGAGATTTCACTG MP13

5’ -phos-TCATCGAGATTTCACT MP14

wild type BRAF . .CCTGGGTGAGGTAGCTCTAAAGTGACATCGATCTGGTTTT-5". .
BRAF V600E . .CCTGGGTGAGGTAGCTCTAAAGAGACATCGATCTGGTTTT-5". .

targets (100 nt)

Supplementary Figure 5 | Overview of the guide and target sequences used in the experiments. a | EGFR

WT/L858R, b | EGFR WT/T790M, ¢ | BRAF WT/V600E.

unenriched (control) once enriched twice enriched
P1 P2 P3 P4 PS5 P6 P1 P2 P3 P4 P5 P6 M P1 P2 P3 P4 P5 P6 P1 P3 P4 P5 P6
largelb.‘—---’ . ._4.-!
-
-
products -
-
.
—
120 min 40 min 120 min 120 min

Supplementary Figure 6 | Urea polyacrylamide gel of six pancreatic cancer patient’s samples (Table 2) without

enrichment (control), once enriched for 40 min and 2h and twice-enriched.
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Supplementary Figure 7 | Six pancreatic cancer patient’s samples processed with NAVIGATER and ddPCR.
a| Principle of operation of NAVIGATER combined with ddPCR. b | ddPCR results of non-enriched, once-enriched,
and twice-enriched samples. There are three signaling droplet populations for KRAS: WT, mutant, and WT-mutant

hybrid. 2~7 millions of droplets are produced for each sample
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Supplementary Figure 8 | Multiplexed enrichment of KRAS G12D, EGFR L858R, and EGFR AE746 - A750.
XNA-PCR amplification curves of samples of various fractions of KRAS G12D, EGFR L858R and EGFR AE746
- A750 in the absence (a, ¢, €) and presence (b, d, f) of NAVIGATER pre-treatment. Triplex NAVIGATER increases
the sensitivity of XNA-PCR by at least an order of magnitude. All the controls were pre-processed with

NAVIGATER in the absence of 7tAgo.
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Supplementary Figure 9 | Size exclusion chromatogram and SDS/PAGE. TrAgo was purified using a Superdex 5
(200 16/60) size exclusion column.
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Abstract

Here we describe a novel one-tube cloning method that collectively uses the Argonaute
protein of the archaeon Pyrococcus furiosus (PfAgo) and a thermostable DNA ligase
(Ampligase™). PfAgo is a highly programmable endonuclease that can cleave single
stranded DNA targets with nucleotide precision, when programmed with a small
complementary DNA oligonucleotide guide. The method relies on a thermo-cycling reaction:
(1) at 95°C two PfAgo-guide complexes specifically cleave a DNA backbone vector or PCR
product consequently forming 5’-end overhangs at both sides; (ii) at 45°C these overhangs
anneal to overhangs of the insert (two pre-annealed DNA oligonucleotides). The two nicks
that formed upon hybridization of the overhangs are covalently sealed by Ampligase™. The
two-step reaction can be repeated several times to drive the reaction towards the direction of
desired plasmid assembly. Although the method still requires further optimizations to
increase the cloning efficiencies, this new cloning approach (called Jason cloning) has the
potential to become an interesting alternative for current molecular cloning/assembly

applications.
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Introduction

It is impossible to imagine molecular biological research without the numerous DNA
assembly tools that are available (Engler et al., 2008, 2009, Gibson et al., 2008, 2009, 2010;
Li and Elledge, 2007; Shao et al., 2009; Tsvetanova et al., 201 1; Wiedmann et al., 1994). The
ability to create recombinant DNA molecules led to an increased understanding of gene
function, as well as to the spectacular development of synthetic biology. In the last decade
multiple methods were developed for the construction of recombinant DNA sequences
among which popular methods such as Gibson and Golden gate cloning (Engler et al., 2009;
Gibson et al., 2009). Gibson cloning is an isothermal one-pot reaction where an exonuclease,

a DNA polymerase, and a DNA ligase collaborate (Figure 1).

Gibson Cloning Golden gate Cloning Jason Cloning
5"exonuclease activity Cleavage by type lls Restriction Enzyme PfAgo mediated cleavage
50°C
Typel 37°C 95°C
Restriction enzyme (RE) Type Ils RE

5'exonuclease

linear @—59

plasmid Cycle (10x)
O = asc
T4 Ligase D =,
+ Ampligase
Taq /T4 Ligase \
by
assembled
plasmid

A Cleavage site =1 Vector DNA  E==== Insert DNA === Type lls RE recognitionsite () Nuclease () Ligase

ﬁ > insert
M backbone =,
. vector

Figure 1 | Schematic comparison of the one-pot Gibson, Golden gate and Jason Cloning. Jason cloning requires
and insert with pre-made overhangs that is incubated with a backbone vector, PfAgo, ssDNA guides targeting the
backbone vector, and Ampligase™. A repeated two-step thermo-cycle reaction causes an enrichment of the
assembled plasmid.

The method requires a linearized backbone vector, generated by either PCR or a restriction
enzyme, and an insert DNA with ends that overlap roughly 30 base pairs either with other to-
be-inserted fragments or with the backbone vector. During the reaction, an exonuclease
removes successive nucleotides from the 5’ ends of both the backbone vector and insert

DNA, allowing the overlapping regions of the different fragments to anneal. A DNA
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polymerase fills in the gaps, and a ligase then seals the fragments together. In general, Golden
gate cloning is also performed as a one-pot reaction but instead of using an exonuclease, it
uses type IIs restriction enzymes to cleave both the insert DNA and backbone vector. Type
IIs restriction enzymes cleave DNA outside their recognition site allowing the generation of
customized overhangs (Figure 1). The popularity of such methods relates to their ability to
assemble multiple insert fragments simultaneously in a one-pot reaction, which simplifies
the procedure and workload. However, both technologies do have drawbacks such as, for
Gibson cloning difficulties in assembling fragments smaller than 200 base pairs and for
Golden Gate the type IIs recognition sites that cannot be present within any to the fragments
to be assembled. Therefore, we here describe the development of Jason Cloning, an
alternative one-pot, restriction site-independent DNA cloning method using Argonaute from

Pyrococcus furiosus (PfAgo) (Figure 1).

Prokaryotic Argonautes (pAgos) are nucleic acid-directed endonucleases that significantly
differ in role and structural domain organization from their eukaryotic counterparts. Instead
of being part of an RNA interference (RNAi) pathway, non-existing in prokaryotes, several
pAgos have demonstrated to be involved in host defense against invading nucleic acids, such
as plasmids (Olovnikov et al., 2013; Swarts et al., 2015a, 2017a; Zander et al., 2017). In
contrast to eukaryotic Argonautes (eAgos), that exclusively mediate RNA-guided RNA
interference, the substrate specificity of pAgos is diverse, with some pAgos being able to use
DNA guides to cleave DNA targets. The highly programmable nature of these DNA-targeting
pAgos paved the way for possible DNA editing applications (Hegge et al., 2018a).

The Argonaute protein of Pyrococcus furiosus (PfAgo) is a well-studied pAgo that mediates
DNA cleavage at elevated temperatures (80-100°C), using a small ssDNA (single-stranded
DNA) guide of 15-21nt in length (Swarts et al., 2015a). A set of PfAgo nucleases, each loaded
with a guide that targets one of the two plasmid strands, can generate double stranded breaks
(DSB) with designable overhangs (Swarts et al., 2015a). This already led to the development
of PfAgo as an universal restriction endonuclease for molecular cloning purposes (Enghiad
and Zhao, 2017). Based on this we further developed the technology into a one-pot, in vitro
cloning method that is capable of cloning a DNA insert with premade overhangs into a
backbone vector. The overhangs of the insert need to be complementary to the desired
cloning site of the backbone and can be as small as 18 nucleotides. The method allows

assembly of fragments as small as 100 base pairs (smaller has not been tested yet) using
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PfAgo, a thermostable ligase (Ampligase™, Epicentre), and a set of short (21 nucleotide)
ssDNA guides, via a short two-step thermo-cycling reaction. We named the method Jason
cloning after the hero from the Greek mythology who, as captain of the ship Argo, leads a

group of warriors called the Argonauts.

During Jason cloning the insert, backbone vector, PfAgo and Ampligase™ are combined in
a one-pot reaction. This reaction is cycled between 95°C and 45°C (Figure 1). At 95°C, while
Ampligase™ is inactive but stable, PfAgo nicks both plasmid strands in guide-dependent
manner thereby linearizing the plasmid and generating overhangs that are complementary to
the premade overhangs of the insert. On the other hand at 45°C, while PfAgo is inactive,
Ampligase™ ligates the annealed DNA overhangs, generating the assembled plasmid. As
both overhangs of the backbone vector itself are complementary to each other, part of the
cleaved backbone vector will re-circularize, thus regenerating the original plasmid. The re-
circularized vector will act as the original substrate in subsequent cycles. The correctly
assembled vector will be cleaved by PfAgo at the same location as before, but since the insert
is added in between the two nicks on both plasmid strands are thus far apart that if a double-
stranded break is generated, it will have overhangs that are as long as the insert which will
be annealed and sealed in the next ligation step. Hence, running multiple cycles results in an

accumulation of the assembled plasmid.

Ampligase™ ligates DNA substrates with overhangs of at least 10nt (50%-GC)
Prior to setting up the entire Jason Cloning method, we tested the effect of overhang length
and temperature on the activity of Ampligase™ in a separate assay. As the optimal ligation
temperature is a balance between the temperature at which the DNA overhangs anneal to
each other and the temperature at which Ampligase™ is active. A ligation assay was designed
using three DNA oligonucleotides (Oligo A, Oligo B, and Oligo C) (Figure 2A). Oligo B is
has 50 complementary bases with oligo C and together they are annealed to form a double
strand product. The remaining part of oligo C results in overhangs of variable lengths (6, 10,
14, and 18 nucleotides), which are complementary to part A. All four overhangs have a fixed
GC-content of 50%. The mixture of the three oligonucleotides was incubated with
Ampligase™ for one hour at three different temperatures (37°C, 45°C, and 60°C). An
overhang of at least 10 nucleotides (50% GC-content) was necessary to successfully anneal

and ligate oligo A and B together in one hour (Figure 2B, C). As a thermo-cycling program
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with ligation steps of one hour each cycle are not feasible, we monitored the activity of
Ampligase™ with the 18nt overhang during a 5 minute time course at 45°C. Despite the
presence of non-ligated oligo A and B, a significant amount was ligated after 5 minutes
(Figure 2D).

A Oligo C

6,10, 14, 18nt 50nt
3 —_—
=
50nt 50nt
Oligo A Oligo B
¢ Ampligase™
Oligo C

56, 60, 64, 68nt

~ L T
s
Oli mﬂ;\ B
igo A-
B
6nt overhang 10nt overhang

Temp (e(O)M 37 45 60 T4 NC M 37 45 60 T4 NC

98nt > | e b --'V'
- -
50nt » _!!!-- - e — -!

C 14nt overhang 18nt overhang
Temp(®O)M 37 45 60 T4 M 37 45 60 T4 NC

50Nt > | e e e --

D 18nt overhang

Time (min) M 0 0.5 1 2 3 4 5 T4 NC

98nt » L e St St
68nt » e s s e S G e el
sont > h------~-‘

152| Chapter 6



Figure 2 | Ampligase™ successfully ligates DNA substrates with overhangs of at least 10nt (50%-GC). A |
Schematic representation of Ampligase assay using three oligonucleotides. Complementarity is indicated by
matching grey shades. The length of Oligo A and Oligo B is 50 nucleotides and the length of the Oligo C varies
between 56, 60, 64, and 68 nucleotides. Complementarity between oligo A and C represent overhangs of (6, 10, 14,
and 18 nucleotides). B, C, D | Analysis on a denaturing Urea-page gel. (B and C) Ampligase was incubated with
Oligo A, Oligo B, and Oligo C for 1 hour at 37°C, 45°C, or 60°C for each overhang length. D | Oligo A and B were
ligated using an oligo C of 68 nt giving an 18nt overhang. The formation of ligated product (oligo A+B) during a
time course of 5 minutes at 45°C. As a control T4 ligase was used for 1 hour at room temperature.

PfAgo cleaves double stranded DNA targets

The cleavage kinetics of PfAgo on double stranded DNA targets were also tested separately
on the pUC19 backbone vector. Previous studies showed that PfAgo cleaves AT rich dsDNA
more efficiently that GC-rich DNA (Swarts et al., 2015a). Therefore the cleavage kinetics of
PfAgo were tested on an AT rich region (~80%, 100bp) of the backbone vector pUC19
(Figure 3A). During the first two minutes PfAgo rapidly linearized ~40% of the total pUC19
after which the formation of product plateaued (Figure 3B, C).

A
FW guide
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Figure 3 | PfAgo cleaved pUC19 at a high rate during the first two minutes. A | pUC19 plasmid map and
corresponding sequences of the target region (grey) and FW and RV guides (black). Cleavage sites are indicated by
the black triangle. B | Time course of PfAgo mediated pUC19 cleavage. Cleavage products were resolved in a 0.8%
agarose gel stained with SYBR gold. M: ssDNA marker OC: Open circular LIN: Linear and SC: supercoiled plasmid.
C | Time course of the cleavage efficiency of PfAgo on pUCI19. Efficiency is defined as the (intensity of the LIN
band divided by the intensity of the SC+OC band * 100).
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Successful plasmid assembly using Jason cloning

Based on these results together with the data of the ligation assay, Jason Cloning was initially
tested using a two-step thermo-cycle program of 10 cycles, each cycle starting with a 3
minute cleavage step at 95°C, followed by a 5 minute ligation step at 45°C (Figure 4A).
While Ampligase™ favors substrates consisting of long GC-rich overhangs (more efficient
annealing), PfAgo generates short AT-rich overhangs more efficiently (better dsDNA
accessibility; unpublished data). To find a balance between both, cloning reactions were
tested using DNA inserts with overhangs that varied in length (10/18nt) and AT-content
(50/80%). Accordingly, pUC19 was cleaved by PfAgo using four different guide pairs; each
pair was designed to generate overhangs compatible with the inserts. Successfully assembled
plasmids could be detected by PCR using two primers that anneal adjacent to the insertion
site (Figure 4B). Without the insert pUC19 plasmid generates an amplicon of 264bp, whereas
the insert adds 100bp resulting in an amplicon of 364bp. Jason cloning was only shown

successful using GC-rich (50%) 18 nucleotide overhangs (Figure 4C).
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Figure 4 | Plasmid assembly with Jason cloning was successful using overhangs of 18nt with a GC-content of
50%. A | Schematic representation of the two step thermo-cycle. B | Schematic representation pUC19 target plasmid,
insert indicated in grey together with the amplification primers. C | Correctly assembled plasmids were screened by
PCR. Amplification of pUC19 gives a band of 264 bp, while the correctly assembled plasmid gives a band of 364
bp. The products of the PCR were resolved in a 2% agarose gel. AT-10/18: AT-rich overhang of 10nt or 18nt. GC-
10/18, 10 or 18nt overhang with a GC content of 50%. NC: Negative control. M: ssDNA marker.

Unfortunately, prolonged incubation at 95°C (30 min in total) resulted in significant plasmid
degradation by PfAgo (Figure 5A), thereby lowering the plasmid assembly efficiency.
Therefore, we designed new cycling programs in which the total incubation time at 95°C was
reduced from 30 minutes, of the original cycle (now cycle 2.3), to 20 minutes (Cycle 2.2) and
10 minutes (Cycle 2.1). In addition, we decreased the amount of backbone vector used (120

ng, 180 ng, and original 300 ng).

A
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Figure 5 | Plasmid degradation and plasmid assembly on combined cycle variation and amount of starting
plasmid. PfAgo, the ligase, the premade insert and the ssDNA guides were incubated according to Cycle 2.1, 2.2,
and 2.3 with different amounts of pUC19 (120 ng, 180 ng, and 300 ng). A | The direct products of the cycling
reactions were resolved on a 2% agarose gel. NC: negative control. M: ssDNA marker. B | PCR was used to detect
the presence of correctly assembled plasmids (band of 364 bp). NC: negative control = pUC19. M: DNA ladder.
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The products of the cycling reactions were resolved on an agarose gel (Figure SA) in order
to assess the plasmid degradation. The amount of plasmid degradation positively correlates
to an increased total incubation times at 95°C. Nevertheless, despite the degradation,
successfully assembled plasmids could still be detected by PCR (364bp amplicon) after each
of the three cycles (indicated by the arrows in Figure SB). Assembly products of cycling
program 2.1 were transformed into Escherichia coli DH10B cells. Colony PCR revealed that
out of 6 colonies one positive clone yielded the correct amplicon (Figure S1A). The correct
plasmid assembly was furthermore confirmed by sequencing of the plasmid-derived from

this positive clone (Figure S1B).

Next, we tested if multiple thermo-cycles actually result in an accumulation of assembled
plasmid as was hypothesized. The presence of assembled plasmid was detected by PCR
(product of 265 bp) after an increasing number of thermo-cycles of a newly designed program
(20 sec at 95°C followed by 2 min at 45°C), which further reduced the total incubation time
at 95°C (~7 min) to avoid degradation. The amount of correctly assembled plasmids increases
as the number of cycles increases. Until after 20-30 cycles the amount starts to go down,
probably due to the aforementioned degradation of the plasmid by PfAgo (Figure 6B). More
optimization experiments were performed varying the cleavage and ligation temperature. By
lowering the cleavage and ligation temperature to 90°C and 37°C, respectively, the yield of
assembled plasmid seemed to further increase (Figure 6C). Additionally, we showed that
yield of assembled plasmid improves further after the addition of a final ligation step up to

30 minutes (Figure 6D).
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Figure 6 | The effect of multiple thermo-cycles on the yield of assembled plasmid. A | Plasmid map of pUC19.
Primes that were used to amplify the assembled plasmid are shown in grey. In contrast to the primers indicated in
figure 4B, one primer is now located on the insert itself. B | The presence of assembled plasmid was assessed with
PCR. The effect of the cycle number (20 sec at 95°C followed by 2 min at 45°C) on the assembled plasmid yield. C
| A cloning method of 30 cycles with different ligation and cleavage temperatures was tested. D | The effect of a
final ligation step of different lengths was tested. The positive control (PC) is a pUC19 with the insert. Negative
control (NC) is pUCI19.
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Discussion

Taken together, we have demonstrated the basic principles of Jason cloning; a novel one-pot
cloning method that collectively uses Argonaute of P. furious (PfAgo) and the commercially
available Ampligase™. A DNA insert of 100bp was successfully ligated into a pUC19
backbone vector by Jason cloning. After several optimization steps the highest cloning
efficiencies were obtained with PfAgo-linearized backbone vectors and inserts that had
overhangs of 18nt (50% GC) at both ends and by using a two-step cycling program of 15
cycles, with each cycle a 20 seconds incubation step at 90°C followed by a 2 minute
incubation step at 37°C. An additional ligation step of 10 minutes after the last cycle further

improved the cloning efficiency.

Despite the success of this method, some aspects require further optimizations. The current
cloning efficiencies of Jason cloning that are not yet comparable to those of other cloning
methods, such as Gibson and Golden gate cloning. One of the likely causes for the low
efficiency is the plasmid degradation that was observed at prolonged incubations at 95°C. In
the absence of a guide some DNA targeting pAgos were shown to generate small DNA guides
from plasmids via a dual activity termed “chopping” (Swarts et al., 2017a; Zander et al.,
2017). Although PfAgo was saturated with DNA guides throughout all the experiments, the
degradation that was observed at 95°C might be due to guide free PfAgo that has lost the
guide in the process. This could potentially be avoided or minimized by crosslinking the
DNA guide to PfAgo, similar to what has been done for Argonaute from Marinitoga
piezophila (MpAgo) (Lapinaite et al., 2018).

Linearization of the backbone vector by PfAgo appears to be highly dependent on the
presence of AT-rich regions in the plasmid, as was reported for 7tAgo (Swarts et al., 2014b).
The base pairing of AT-rich dsDNA is less tight than GC-rich dsDNA, consequently the
individual DNA strands of AT-rich DNA are likely better accessible for PfAgo. Improved
cleavage efficiencies of GC-rich dsDNA would significantly enhance Jason Cloning.
Currently, the DNA insert that is ligated into pUC19 consist of two pre-annealed DNA
oligo’s with premade overhangs. To allow the use of blunt ended inserts, such as PCR
products, the feasibility of PfAgo preloaded with an additional set of guides that are necessary

to generate overhangs in the insert, should be explored.
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Unlike Gibson cloning, we show that Jason cloning can assemble DNA fragments as small
as 100nt and presumably as small as 20nt, although this has not been tested yet. Moreover,
in contrast to Golden gate cloning, Jason cloning is restriction site independent and can
therefore be used for insert fragments of any sequence. So, although Jason cloning requires
additional optimizations to further increase its cloning efficiencies, the method has the

potential to become an interesting alternative for current molecular cloning applications.

Materials and Methods

PfAgo expression and purification

The PfAgo gene was codon optimized for £ .coli B121 (DE3) and inserted into a pET-His6
MBP TEV cloning vector (Addgene plasmid # 29656) using ligation-independent cloning.
The PfAgo protein was expressed in E. coli BI21(DE3) Rosetta™ 2 (Novagen). Cultures
were grown at 37°C in LB medium containing 50 pg ml-1 kanamycin and 34 pg ml-1
chloramphenicol till an OD600 nm of 0.7 was reached. PfAgo expression was induced by
addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.1
mM. During the expression cells were incubated at 18°C for 16 hours with continuous
shaking. Cells were harvested by centrifugation and lysed in lysis buffer containing 20 mM
Tris-HCI pH 7.5, 250 mM NaCl, 5 mM imidazole, supplemented with an EDTA free protease
inhibitor cocktail tablet (Roche). The soluble fraction of the lysate was loaded on a nickel
column (HisTrap Hp, GE healthcare). The column was extensively washed with wash buffer
containing 20 mM Tris-HCI pH 7.5, 250 mM NaCl and 30 mM imidazole. Bound protein
was eluted by increasing the concentration of imidazole in the wash buffer to 250 mM. The
eluted protein was dialyzed at 4°C overnight against 20 mM HEPES pH 7.5, 250 mM KCl,
and 1 mM dithiothreitol (DTT) in the presence of Img TEV protease to cleave of the His6-
MBP tag. Next, the cleaved protein was diluted in 20 mM HEPES pH 7.5 to lower the final
salt concentration to 125 mM KCI. The diluted protein was applied to a heparin column
(HiTrap Heparin HP, GE Healthcare), washed with 20 mM HEPES pH 7.5, 125 mM KCl
and eluted with a linear gradient of 0.125-2 M KCI. Next, the eluted protein was loaded onto
a size exclusion column (Superdex 200 16/600 column, GE Healthcare) and eluted with 20
mM HEPES pH 7.5, 500 mM KCl and 1 mM DTT. Purified PfAgo protein was diluted in
size exclusion buffer to a final concentration of 5 pM. Aliquots were flash frozen in liquid

nitrogen and stored at -80°C.
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Activity assays of Ampligase

In one reaction 25U of Ampligase (Epicentre) were mixed with 5pM of Oligo A, B, and C
(Table S1), SuL 10X Ampligase Reaction Buffer containing 200 mM Tris-HCI pH 8.3,
250mM KCI, 100mM MgCl12, SmM NAD and 0.1% Triton® X-100 (Epicentre), filled up
with ultrapure water to a total reaction volume of 50 pL. For the positive controls the
Ampligase and the Ampligase buffer were exchanged for, respectively, 400U of T4 DNA
Ligase and 10X T4- ligase buffer containing 50mM Tris-HCI pH 7.5, 10mM MgCI2, ImM
ATP, 10mM DTT (New England Biolabs) in a total volume of 20pL. The incubation time
and temperature varied as indicated in the figures. After incubation, Loading Buffer (95%
(deionized) formamide, SmM ethylenediaminetetraacetic acid, 0.025% sodium dodecyl
sulphate, 0.025% Bromophenol blue and 0.025% xylene cyanol) was mixed with EDTA and
SDS to a final concentration of 25uM EDTA and 1% SDS. The Modified Loading Buffer
was added in a 1:1 ratio to the samples, followed by a 10 min incubation at 95°C. Next the
samples were resolved on 15% denaturing polyacrylamide gels (7M Urea). A custom DNA
marker was made by mixing BG4263 and BG13198 to a final concentration of SuM. The gels
were stained using SYBR gold Nucleic Acid Gel Stain (Invitrogen) and visualized using a

G:BOX Chemi imager (Syngene).

Activity assays of PfAgo

For the cleavage kinetics assay 0.5 pl of PfAgo (6 M) was mixed with 7.25ul of 40mM
Tris-HCI (pH 8), 2.25ul of IM KCL, 1pul of 5SmM MnCl2, 0.6 pl of 5uM ssDNA guide
BG10650, 0.6pul of 5uM ssDNA guide BG10634, 300ng of pUC19, and ultrapure water to a
final reaction volume of 20ul. The reaction was incubated at 95°C for 0, 0.5, 1, 2, 3,4, and 5
minutes. After incubation, 2.5ul of Proteinase K (Ambion) and 2.5uL of 50mM CaCl2 were
added and the mix was incubated at 65°C for 1 hour. Nucleic acids were resolved on 0.8%
agarose gels pre-stained with SYBR gold Nucleic Acid Gel Stain (Invitrogen) and visualized
using a G:BOX Chemi imager (Syngene). As a marker, 1 kb DNA Ladder (New England
Biolabs) was used, EcoRI-HF (New England Biolabs) linearized pUC19 was used as a linear

marker, and untreated pUC19 was used as a supercoiled marker.
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Insert pre-assembly

To generate each insert with the pre-made overhangs, two ssDNA sequences were ordered
from IDT for each insert. The sequences were fully complementary with the exception of the
flanking overhangs. The ssDNA strands were diluted to 5 uM and mixed in equimolar
amounts in ultrapure water. The mix was incubated at 94°C for 5 minutes, and cooled down

to 20°C at 0.5°C per second.

Cycling assays

For the cycling assays, 0.5 ul of PfAgo (6 uM) were mixed with 0.6 uL of 5 uM of the
forward and reverse ssDNA guides, 1 pl of 5 U/ul Ampligase (Epicentre), 2 pl of 10X
Ampligase Reaction Buffer (Epicentre), 300 ng pUC19 (unless noted otherwise), insert at a
molar ratio of insert to plasmid of 7:1, and ultrapure water to a final volume of 20 pl. Note
that in different experiments incubation temperature, time, and initial plasmid mass were

varied (indicated in the figures of the corresponding experiments).

Assembly screening

For screening of the correctly assembled plasmid, a PCR reaction was carried out using Q5®
High-Fidelity 2X Master Mix (New England Biolabs), and the products were resolved on 2%
agarose gels pre-stained with SYBR gold Nucleic Acid Gel Stain (Invitrogen) and visualized
using a G:BOX Chemi imager (Syngene). As a marker, 100 bp DNA Ladder (New England
Biolabs) was used, and as a negative control, PCR amplification of untreated pUC19 was
used. Two pairs of primers were used for PCR. The initial pair was BG12878 and BG12879,
with amplification bands of 264 bp for pUC19 and 364 bp for the correctly assembled
plasmid, and the final pair was BG12878 and BG13421, which only amplified the correctly
assembled plasmid with a band of 265 bp.

Plasmid isolation and transformation

For pUC19, the plasmid containing E. coli DH10B was grown in LB medium supplemented
with 1:1000 Ampicillin, overnight at 37°C with shaking, and pUC19 was isolated using
GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) or ZymoPURE II Plasmid
Midiprep Kit and eluted in ultrapure water. For the correctly assembled plasmid from the

cycling reaction, the cycle reaction was transformed into E. coli DH10B cells and plated in
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Luria-Bertani agar medium supplemented with 1:1000 Ampicillin and incubated at 37°C for
24 hours. The obtained colonies were transferred onto a new plate and re-cultured in Luria-
Bertani agar medium supplemented with 1:1000 Ampicillin and incubated at 37°C overnight.
The colonies were then used to inoculate liquid Luria-Bertani medium and incubated at 37°C
overnight. The colonies were assessed by PCR for correct assembly and the correct ones sent

for sequencing.

Supplementary information

Cycle 2.1 Cycle2.3

A 3 4 5 6 1 pucly

t222aGGATCTAGGTGAAGATCCGACGCATACCTCCTTCGTTGAGAACTCACAAT TATACAACTGGGGACATAATCCCTACGCCCATCATCTACACGCGTCTCTGTGGCTCCAGTTCATGTATggatctaggtgaagatect ttt

1.260 1.8 1,300 1,320 .38 1.360 1,380 1.400

1,260 1.280 1,300 1,320 134 1,36 1,38 1,400

Supplementary Figure S1A | Colony PCR on six colonies obtained after Jason cloning. Amplification of pUC19
gives a band of 264 bp, while the correctly assembled plasmid gives a band of 364 bp. B | Sequencing results of the
correctly assembled plasmid (#4). Assembly performed using Benchling.
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Supplementary table S1 | Oligonucleotides used in the ligation feasibility assay.

Oligo Sequence (5’ to 3°) Length = Description

BG13198 TTTACTCATATATACTTTAGATTGATTTAAAAACGTA | 50 Oligo A, Marker for the
CTGAGCTAGGTAC ligation feasibility assay

BG13199 CTTCATTTTTAATTTAACTGCATCTAGGTGGAGATCC @ 50 Oligo B
TTTTTGATAATCA

BG13200 TGATTATCAAAAAGGATCTCCACCTAGATGCAGTTAA 56 Oligo C6
ATTAAAAATGAAGGTACCT

BG13201 TGATTATCAAAAAGGATCTCCACCTAGATGCAGTTAA 60 Oligo C10
ATTAAAAATGAAGGTACCTAGCT

BG13202 TGATTATCAAAAAGGATCTCCACCTAGATGCAGTTAA 64 Oligo C14
ATTAAAAATGAAGGTACCTAGCTCAGT

BG13203 TGATTATCAAAAAGGATCTCCACCTAGATGCAGTTAA | 68 Oligo C18
ATTAAAAATGAAGGTACCTAGCTCAGTACGT

BG4263 TCGACTTTATATTTAAATAATTTAATATACTATACAA @ 98 Marker for the ligation
CCTACTACCTCGTATAAATTTTTAAATAAATATTGCA feasibility assay

TTCAAGCTTTTAATTTAATTAAAT

Supplementary table S2 | Guides used for cleavage of pUC19 during the cleavage Kinetics assay and the

cycling reaction assay.

Guide Sequence (5’ to 3°) Length Description

BG10634 TTAGATTGATTTAAAACTTCA 21 pUC19 RV Guide Kinetics assay
BG10650 AAAAATGAAGTTTTAAATCAA 21 pUC19 FW Guide Kinetics assay
BG12743 TAGATTGATTTAAAACTTCAT 21 pUC19 10nt FW guide (AT-rich)
BG12744 AATCAATCTAAAGTATATATG 21 pUC19 10nt RV guide (AT-rich)
BG13276 GTGAAGATCCTTTTTGATAAT 21 pUC19 10nt FW guide (GC-rich)
BG13277 ACCTAGATCCTTTTAAATTAA 21 pUC19 10nt RV guide (GC-rich)
BG13268 TTGATTTAAAACTTCATTTTT 21 pUCI19 18nt FW guide (AT-rich)
BG13269 AATCTAAAGTATATATGAGTA 21 pUC19 18nt RV guide (AT-rich)
BG13272 GTGAAGATCCTTTTTGATAAT 21 pUC19 18nt FW guide (GC-rich)
BG13273 ACCTAGATCCTTTTAAATTAA 21 pUCI19 18nt RV guide (GC-rich)
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Supplementary table S3 | Oligonucleotides used for premade insert generation.

Oligo

BG13266

BG13267

BG13278

BG13279

BG13270

BG13271

BG13274

BG13275

BG12878
BG12879
BG13421

Sequence (5’ to 3°)

TAGATTGATTGACGCATACCTCCTTCGTTGAGAACTCACAA
TTATACAACTGGGGACATAATCCCTACGCCCATCATCTACA
CGCGTCTCTGTGGCTCCAGTTCATGTAT

AATCAATCTAATACATGAACTGGAGCCACAGAGACGCGTGT
AGATGATGGGCGTAGGGATTATGTCCCCAGTTGTATAATTG
TGAGTTCTCAACGAAGGAGGTATGCGTC

CTAGGTGAAGGACGCATACCTCCTTCGTTGAGAACTCACAA
TTATACAACTGGGGACATAATCCCTACGCCCATCATCTACA
CGCGTCTCTGTGGCTCCAGTTCATGTAT

CTTCACCTAGATACATGAACTGGAGCCACAGAGACGCGTGT
AGATGATGGGCGTAGGGATTATGTCCCCAGTTGTATAATTG
TGAGTTCTCAACGAAGGAGGTATGCGTC

ACTTTAGATTGATTTAAAGACGCATACCTCCTTCGTTGAGA
ACTCACAATTATACAACTGGGGACATAATCCCTACGCCCAT
CATCTACACGCGTCTCTGTGGCTCCAGTTCATGTAT

TTTAAATCAATCTAAAGTATACATGAACTGGAGCCACAGAG
ACGCGTGTAGATGATGGGCGTAGGGATTATGTCCCCAGTTG
TATAATTGTGAGTTCTCAACGAAGGAGGTATGCGTC

GGATCTAGGTGAAGATCCGACGCATACCTCCTTCGTTGAGA
ACTCACAATTATACAACTGGGGACATAATCCCTACGCCCAT
CATCTACACGCGTCTCTGTGGCTCCAGTTCATGTAT

GGATCTTCACCTAGATCCATACATGAACTGGAGCCACAGAG
ACGCGTGTAGATGATGGGCGTAGGGATTATGTCCCCAGTTG
TATAATTGTGAGTTCTCAACGAAGGAGGTATGCGTC

GTTATCTACACGACGGGGAGT
CTTTTCTACGGGGTCTGACG
TGAGTTCTCAACGAAGGAGG
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110

110

110

110

118

118

118

118

21
20
20

Description

Insert 10nt overhang
FW strand (AT-rich)

Insert 10nt overhang
RV strand (AT-rich)

Insert 10nt overhang
FW strand (GC-rich)

Insert 10nt overhang
RV strand (GC-rich)

Insert 18nt overhang
FW strand (AT-rich)

Insert 18nt overhang
RV strand (AT-rich)

Insert 18nt overhang
FW strand (GC-rich)

Insert 18nt overhang
RV strand (GC-rich)

PCR FW pUC19
PCR RV pUC19
PCR RV insert
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Thesis summary

Argonaute proteins (Ago) constitute a diverse group of nucleic acid-guided enzymes that are
present in every domain of life and are important regulators of intracellular nucleic acid levels
(Chapter 1). This thesis is divided into two parts (a fundamental and an applied part) and
focuses on Argonaute proteins from prokaryotes (pAgo). The fundamental part describes the
combined biochemical and biophysical characterization of a newly discovered pAgo from
Clostridium butyricum (ChAgo). The applied part describes the development of two novel
molecular applications which are based on the previously characterized pAgos from Thermus

thermophilus (TtAgo) and Pyrococcus furiosus (PfAgo).

All pAgos that have been studied experimentally thus far are summarized in chapter 2. Those
studies mainly focused on long pAgo variants that contain the same structural domain
architecture (N-PAZ-MID-PIWI) as Agos in eukaryotes (eAgos). The N-domain facilitates
the dissociation of cleaved target strands, the PAZ and MID domains form binding pockets
for the 3” and 5° end of the guide nucleic acids, respectively, and the PIWI domain of
catalytically active pAgos contains a conserved DEDX tetrad (where X represents a D, H or
N) that mediates cleavage of target nucleic acid strands. Whereas eAgos strictly target RNA,
certain long pAgos, such as TtAgo and PfAgo, target DNA instead. This DNA-targeting
behavior raised the idea to repurpose such pAgos as genome editing tools. However,
currently two major drawbacks prevent them from being utilized for such applications, which
are their low nuclease activity on double stranded DNA targets (due to lack of helicase
activity) and their low activity at temperatures relevant for genome editing of mesophilic
organisms (37°C). The main reason for the latter issue is that the catalytically active DNA-
targeting pAgos that have been described thus far, are exclusively derived from thermophilic
organisms. To try and overcome these hurdles we started a quest for catalytically active

pAgos from mesophilic organisms.

This resulted in the discovery of ChAgo, whose biochemical characterization is described in
chapter 3. ChAgo is a long pAgo that is phylogenetically closely related to TtAgo, which is
also reflected in the structural and functional similarities between both. Like 7tAgo, ChAgo
acquires small plasmid-derived DNA guides upon heterologous expression in Escherichia
coli. In vitro, small DNA guides could be used to efficiently cleave complementary ssDNA

targets, suggesting that similar to 7tAgo, ChAgo may be involved in host-defense. Despite
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the similarities, ChAgo is highly active at moderate temperatures (37°C) and displays a slight
preference for DNA guides with a deoxyadenosine at the 5’-end and for deoxythymidines in
the downstream sub-seed segment (guide nucleotides 2-4), both in vivo and in vitro. Although
CbAgo could be reprogrammed with any synthetic DNA guide to cleave both ssDNA and
AT-rich (AT-content >65%) dsDNA at 37°C, preliminarily genome editing experiments with
CbAgo in mammalian cells were not yet successful. Nevertheless, the characterization of a
mesophilic DNA-targeting pAgo can be seen as an important step towards the development

of potential pAgo-based genome editing tools.

The pool of nucleic acids that ChAgo-guide complexes have to scan before finding a
complementary target is much bigger inside cells than during the in vitro cleavage assays.
This might explain why the in vitro assays were successful while the genome editing attempt
in mammalian cells was not. To improve our understanding of the target search mechanism
of ChAgo, we used single molecule assays, described in chapter 4. While scanning the target
DNA, CbAgo combines a search mechanism termed ‘gliding” with intersegmental jumping.
During gliding, ChAgo diffuses in lateral direction while maintaining loose contact with the
target DNA. In order to bypass obstacles such as protein roadblocks or local double stranded
DNA regions, ChAgo is capable of making intersegmental jumps after which it continues
gliding until it finds complementary DNA targets. The fact that ChAgo jumps over small
regions of double stranded DNA underscores the inability of CbAgo to unwind dsDNA. This
suggests that ChAgo merely probes DNA that is single stranded, and thus limits its use as
genome editing tool. Although single stranded DNA is rare inside the cell, it does occur,
especially during infections of mobile genetic elements, such as plasmid or viruses, which

would be in agreement with the hypothesis that ChAgo is involved in host defense.

The second half of this thesis covers two newly developed pAgos-based molecular
applications. For this 7tAgo and PfAgo were repurposed, which both mediate DNA-guided
DNA targeting and have their optimum temperature above 65°C. Chapter S describes the
use of 7tAgo in a novel diagnostic application termed, NAGIVATER (enriched Nucleic
Acids Via DNA-Guided Argonaute of Thermus thermophilus). NAVIGATER allows to
enrich rare nucleic acids that differ from highly abundant background nucleic acids by as
little as one nucleotide. 7tAgo, programmed with a DNA guide, eliminates abundant 7
background nucleic acids (RNA and DNA) with nucleotide precision while sparing rare

nucleic acids, allowing these to be specifically amplified with PCR. NAVIGATER acts as a
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pre-treatment for established rare nucleic acid detection methods, such as digital droplet PCR
(ddPCR) and Peptide Nucleic Acid-Mediated PCR (PNA-PCR). We demonstrated that
NAVIGATE could improve the limit of detection of ddPCR, PNA PCR and Sanger
sequencing (up to a 60 fold) for the detection of KRAS G12D mutant alleles in blood samples

of several pancreatic cancer patients.

Chapter 6 describes a novel cloning method termed ‘Jason cloning’ that combines PfAgo
and a thermostable ligase (Ampligase™) in a one tube. The method consists of a two-step
reaction. The first step is performed at 95°C and requires two PfAgo-guide complexes that
each cleaves one of the two strands of backbone plasmid or PCR product, such that it leaves
behind overhangs of 18nt. A second step at 45°C enables Ampligase™ to seal the two nicks
that are formed upon the hybridization of an insert (two pre-annealed DNA oligonucleotides)
with overhangs compatible to the backbone product, cleaved by PfAgo. By repeating those
two steps multiple times the reaction is driven towards the correct assembly of the plasmid.
Although, the assembly efficiencies of Jason cloning are not as high as the efficiencies well-
known previously established methods (e.g. Gibson assembly® and Golden Gate cloning),
Jason cloning certainly has potential to become an interesting alternative when further

improvements are realized.

To conclude, this PhD project has led to the discovery of a novel DNA-targeting pAgo from
the mesophilic bacterium Clostridium butyricum. Research on CbAgo improved our
molecular understanding on both the catalytic and target search mechanisms of pAgos.
Although ChAgo programmed with a DNA guide could cleave target DNA at 37°C in vitro,
preliminary genome editing experiments with ChAgo in mammalian cells were not yet
successful and require further experimentation. In addition, the well-studied DNA targeting
TtAgo and PfAgo, were successfully used for the development of two novel pAgo-based

diagnostic and molecular applications.
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General discussion

In contrast to the well-studied eukaryotic Argonaute proteins (eAgos), the field that studies
its prokaryotic counterparts is still in its infancy. In this final chapter, the fundamental work
on ChAgo is put in perspective by comparing it with other characterized Agos. Updated with
the findings described in this thesis, it gives an overview of our current understanding on
each of the mechanistic steps that Ago proteins undertake to achieve RNA or DNA
interference. The last part discusses the novel pAgo-based molecular applications that we

developed and the hurdles that still need to be overcome in the near future.

Prokaryotic Argonaute diversity

Nearly 10 years after the discovery of the existence of Argonaute homologs in bacteria and
archaea (Cerutti et al., 2000), a bioinformatics study by Makarova and co-workers revealed
that the diversity of pAgos highly exceeds the diversity of eAgos in terms of domain
architecture (Makarova et al., 2009). Besides, pAgo variants that comprise of the same N-
PAZ-MID-PIWI domains as in eAgo (long pAgos), also many truncated pAgos that lack or
have substituted N and PAZ domains (short pAgos) were found (Chapter 2). Phylogenetic
analyses on sequence alignments of the conserved MID and PIWI domains suggested that
the long pAgos could be subdivided into two clades; a clade of “long pAgos” that are mainly
catalytically active and a clade of long pAgos in which, during evolution, one or more
catalytic residues were substituted and consequently they lost their catalytic behavior. Based
on the same sequence alignments, the evolutionary journey of pAgos could be reconstructed.
Currently, two possible scenarios of the journey exist (Swarts et al., 2014a), both of which
start with an ancient long active pAgo precursor (Figure 1). In the first and most likely
scenario this precursor lost one or more of its catalytic residues giving rise to inactive “non-
slicing” pAgos. The loss of catalytic site residues must have occurred at multiple independent
occasions as also in the clade of mainly long active pAgos some pAgos exists that have lost
their catalytic behavior. These non-slicing pAgos successively lost their N-PAZ domain
resulting in short pAgos (Figure 1; Scenario 1). This is likely because none of the short-
Agos contains a conserved active site. Alternatively, short pAgos first diversified from long
pAgos after which these short and some long variants lost their catalytic behavior at multiple

independent occasions (Figure 1; Scenario 2).
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N PAZ MID PIWI N PAZ MID PIWI MID PIWI

X X
Active long pAgo Inactive long pAgo Short pAgo
Scenario 1
N PAZ  MID PIWI
Ancient precursor
Active long pAgo
Scenario 2
MID PIWI N PAZ MID PIWI N PAZ MID PIWI
x [ x L I
Short pAgo Inactive long pAgo Active long pAgo

Figure 1 | The two possible evolutionary journeys of pAgo proteins. It should be noted that in the clade of long
pAgos some truncated Agos (e.g. Argonaute of Archaeoglobus fulgidus, AfAgo) exist and that, similarly, the clade
of catalytic active pAgos contains several inactive pAgos. The light green PIWI-domain with a red cross indicates
catalytic inactive PIWI-domains, typical for non-slicing pAgos.

By 2015, a total of 261 non-redundant pAgo proteins were found in all sequenced bacterial
and archaeal genomes (Swarts et al., 2014a). Combined with a study in 2013 by Burroughs
and colleagues that identified a third group of pAgos, termed PIWI-RE, which are typified
by two uniquely conserved arginine (R) and glutamic acid (E) residues in the PIWI domain
(Burroughs et al., 2013), the pAgo family could roughly be divided into three classes: long
pAgos, short pAgos and PIWI-RE (Chapter 2). While writing this chapter, a bioinformatics
study was published that tripled the number of available pAgos sequences (721 pAgos)
compared to the previous studies in 2015 (Ryazansky et al., 2018). However, despite the
increase in pAgos sequences, no novel pAgo variants were discovered. In this thesis we have

mainly focused on the active long pAgos variants.
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Function and mechanism of pAgos

Although the evolutionary journey of Argonaute proteins (Agos) resulted in an enormous
diversity in terms of domain architecture and functionality, the fundamental and mechanistic
properties of Agos are well conserved (Lisitskaya et al., 2018; Swarts et al., 2014a;
Willkomm et al., 2018). In general, Agos are important regulators of intracellular nucleic
acid levels by using single stranded nucleic acid guides to specifically bind and, depending
on the presence of an intact catalytic site, cleave complementarity nucleic acid targets
(Lisitskaya et al., 2018; Swarts et al., 2014a; Willkomm et al., 2018). In eukaryotes Ago
forms the principal component of the RNA Induced Silencing Complex (or RISC) that is
involved in RNA interference pathways, whereas in prokaryotes Ago is involved in host
defense against DNA invaders, such as plasmids (Olovnikov et al., 2013; Swarts et al., 2015a,
2014b). Structural and biochemical studies that elucidated the role and mechanisms of pAgos
focused mainly on long pAgos variants due to their structural similarities with the well-
studied eAgos (chapter 2). In fact, the first Ago protein of which the structure was solved
belongs to the long pAgos (Song et al., 2004), as eAgo proteins were difficult to obtain in the
quantities required for X-ray crystallography (Parker, 2010). In this part of the chapter we
outline our current view, updated with findings described in this thesis, on each of the
mechanistic steps that long pAgo proteins have to go through to achieve RNA or DNA

Interference.

Guide generation

Protein homologs that are responsible for the guide RNA generation of eukaryotic Agos, such
as Drosha and Dicer, are absent in prokaryotes (Shabalina and Koonin, 2008). Nonetheless,
bacterial Agos of Rhodobacter sphaeroides (RsAgo), Thermus thermophilus (TtAgo) and
CbAgo co-purify with guides upon heterologous expression in Escherichia coli (Chapter 3;
Olovnikov et al., 2013; Swarts et al., 2014b). This indicated that guide processing either is
performed by pAgo itself or by common host factors in E. coli. Recently, the former
hypothesis was confirmed for 7tAgo and MjAgo (Ago from Methanocaldococcus jannaschii)
as both pAgos were shown to autonomously generate functional DNA guides from long
dsDNA precursors in vitro via a mechanism termed “chopping” (Swarts et al., 2017a; Zander
et al., 2017). Similarly, ChbAgo and PfAgo exhibit DNA chopping activity (Chapter 3 and

6; Swarts et al., 2015a). However, the severity of chopping in the individual experiments
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varied. MjAgo completely degraded a target plasmid via chopping (Zander et al., 2017),
while 7tAgo and PfAgo only linearized circular supercoiled target plasmids without further
degradation (Swarts et al., 2015a, 2014b). Chopping by ChAgo was even less severe. In the
absence of guides, ChAgo used the relatively open supercoiled topology of the target plasmid
to presumably nick one of the two target DNA strands (Chapter 3). Since all these pAgos
mediate DNA-guided cleavage of ssDNA in vitro, the most likely determinant that causes
the different outcomes of chopping activity on target plasmids is the variation in incubation
temperature at which the chopping experiments were performed. Due to the nature of the host
of these proteins, CbAgo, TtAgo, PfAgo and MjAgo were incubated at 37°C, 65°C, 75°C and
85°C, respectively (Chapter 3, Swarts et al., 2014b, 2015, 2017; Zander et al., 2017). This
suggests that higher incubation temperature results in more severe chopping of the target
plasmid. As higher temperatures generally result in more DNA unwinding, this theory would
agree with the observation that chopping by 7tAgo heavily depends on the presence of
unwound double stranded target DNA (Swarts et al., 2017a): during in vitro assays, at higher
temperatures there is more thermal breathing (partial unwinding) of the DNA which would
result in more chopping. In thermophiles, the topology of cellular DNA is strongly positively
coiled due to reverse gyrase activity (Forterre et al., 1996). As a result the accessibility of
dsDNA in thermophiles is comparable to that of the dsDNA accessibility in mesophiles.
Intracellular DNA unwinding in thermophilic and mesophilic organisms occurs through
natural unwinding processes such as replication and transcription. Presumably due to the lack
of these processes outside the cell, ChAgo did not generate functional guides through
chopping in vitro, whereas in E. coli it did. Hence, this would suggest that for DNA chopping
CbAgo, but possibly also MjAgo and TtAgo, rely on common host factors, such as helicases

and polymerases.

Supporting evidence for the importance of DNA unwinding for guide generation was found
when mapping the plasmid-derived guides that co-purified with ChbAgo in vivo, against the
expression plasmid (Figure 2). Nearly 81% (34/42) of the guides were derived from an open
reading frame (ORF), whereas only 70% of the plasmid consists of ORFS. Furthermore the
average GC content of the guides mapping the plasmid was 37.2% whereas the average GC-
content of the plasmid was 47.8%. Combined, this indicates that a majority of the guides

acquired by ChAgo are preferably acquired from ORF regions that are low in GC content.
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Figure 2 | A majority of the co-purified guide sequences map at the AT-rich regions of the open reading
frames of the expression plasmid. The red lines indicate the location where the co-purified guide was mapped on
the expression plasmid. The colored boxes represent the genes on the plasmid. The black line graph displays the
GC-content along the plasmid.

Similar to other DNA targeting pAgos, the co-purification of plasmid-derived guides
suggests the involvement of ChAgo in host defense against invading DNA. Generally DNA
invaders such as viruses and plasmids tend to have a GC-content that is on average 4%-10%
lower than the host (Nishida, 2012; Rocha and Danchin, 2002). This difference in GC-content
was proposed to possibly be one of the determinants that 7¢tAgo employs to discriminate
between host and invading DNA (Swarts et al., 2014b). As the genome of the native host of
CbAgo, Clostridium butyricum, has a GC-content of only 28.5% (Dwidar et al., 2012), it
might deal with DNA invaders that are low in GC-content as well. Possibly ChbAgo evolved
as an pAgo with a specific preference for AT-rich DNA targets, which could explain that
guides were mainly derived from AT-rich plasmid regions. Alternatively, the preference
could also be explained by the fact that these regions are more prone to DNA unwinding.
Characterizations of catalytic active pAgos derived from a mesophilic organisms that have a

GC-rich genome would therefore be interesting candidates for future research.
Guide anchoring

The numerous crystal structures of binary (Ago with a guide) and ternary (Ago with a guide

and target) Ago complexes have significantly contributed to our current understanding of
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their cleavage mechanism (Boland et al., 2010; Doxzen et al., 2017; Frank et al., 2010; Kaya
et al., 2016; MacRae et al., 2012; Matsumoto et al., 2016; Mi et al., 2008; Miyoshi et al.,
2016; Nakanishi et al., 2012; Sheng et al., 2014; Wang et al., 2008a, 2008b, 2009; Willkomm
et al., 2017a). These structures revealed that Ago separates its guide sequence into different
functional segments, each contributing to a specific task during the binding/cleavage process
(Wee et al., 2012). The first guide nucleotide at the 5’-end, often phosphorylated, forms the
anchor that is bound into the binding pocket of the MID domain on the border with the PIWI
domain. Inside this pocket the 5’-end phosphate of the guide is recognized by four well-
conserved residues (YKQK). Most pAgos use these conserved residues to coordinate a cation
that interacts with the 5’-phoshorylated terminus of the guide (Ma et al., 2005; Parker et al.,
2005; Sheng et al., 2014). In contrast, eAgos almost exclusively use a conserved positively
charged lysine for the binding of the 5’-phosphate (MacRae et al., 2012; Nakanishi et al.,
2012). Recently one noticeable exception was found as the PIWI-clade Ago of silkworms
(SIWI) was shown to also exhibits metal-dependent 5’-end guide phosphate recognition,

similar to pAgos (Matsumoto et al., 2016).

An amino acid sequence alignment of ChAgo with other pAgos indicated that ChAgo
contains the same conserved residues (YKQK), which could also be traced back in the 5’-
end binding pocket of its ternary structure (Chapter 3). However, despite the presence of
these conserved residues that specifically interact with the 5’-end phosphate of the guide
(Figure 2), ChAgo is also able utilize guides with a hydroxylated 5’-end. This was previously
also observed for PfAgo, TtAgo (Chapter 5 and 6) and MjAgo (Zander et al., 2017).
However, the cleavage efficiencies of these pAgos with hydroxylated guides appears to be

significantly lower than with phosphorylated guides.

By now several prokaryotic Ago variants have shown specific preferences for a 5’-end
nucleotide even though this nucleotide does not participate in base pairing with the target.
Similarly, also eukaryotic Argonautes show specific preferences for 5’-end guide
nucleotides. Human Ago 2 (hAgo2) uses a structural feature in the MID domain, termed
nucleotide specificity loop (NSL), to preferably sort RNA guides with a 5’-end uracil (Frank
et al., 2010). For TtAgo the preferred 5’-end cytidine is a consequence of the guide loading
process, during which 7TtAgo preferentially binds dsSDNA with a guanine at the 3’-end of the
passenger (target) strand, opposite to the 5’-end cytosine of the guide strand (Swarts et al.,
2017a). TtAgo encompasses a special binding pocket formed by the PIWI domain and the L2
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loop to accommodate the guanine of the passenger strand. Also the preference of RsAgo for
RNA guides with a 5’-end uracil could be explained by the same underlying mechanism (Liu
et al., 2018). However, in the structure of ChAgo the binding pocket is visible but the
thymidine of the target strand that is opposed to the preferred 5’-adenine of the guide did not
show any specific interactions with the pocket. In fact, the thymidine was flipped away from
the binding pocket (Chapter 3). This might hint towards the presence of alternative guide
loading mechanism and thus is more research required to elucidate the origin of the
preference of ChAgo for guides with a 5’-end adenine.

Table 1 | Amino acid alignment of MID domain regions of characterized pAgos. Structures of hAgo2, TtAgo,

RsAgo reveal that the well conserved Y/R, K, Q, K amino acids contribute to the recognition of the 5’ end phosphate
in the binding pocket of the MID-domain.

¥

R K Q K
hAgo2  -Homo sapiens TPVYAEVKRVGDTVLGMATQCVQ | INVKLGC
CbAgo  -Clostridium butyricum ENPYNPFKKVWAKL-NIPSQMIT | ILGKIGG
RsAgo  -Rhodobacter spaeroides RNPYTHTKSLLLTL-GVPTQOVR | TYAKLNG
AfAgo  -Archaeoglobus fulgidus TPLYYKLKSYLI-N-STPSQFMR | FVSKLGG 5_end PO*
MjAgo  -Methanocaldococcus jannaschii ~ NDYYETLKKQLFDL-KITSQNIL | IMGKLGT
PfAgo  -Pyrococcus furiosus SEKFEEIKRRLENL-NVISQVVN | VLSKLGV
TtAgo  -Thermus thermophilus WEDRNRLKALLLRE-GLPSQILN | LLAKAGL
NgAgo  -Natronobacterium gregoryi TETYDELKKALANM-GIYSQMAY | LLAAAGG Extra N-terminal
HdAgo -Halopiger djelfamassiliensis ERVYDELKKVLATK-DLNSQFAY | LVAAAGG OB-like domain
HbAgo  -Halogeometricum borinquense ~ DDPYPEFKRRLGOL-GVPSQMIT | LIGKAGG
MpAgo  -Marinitoga piezophila IGNIDPLVRNFPDN--LILQPIL | MGNFIPE
TpAgo  -Thermotoga profunda QESLDNLIKNAPKN--VVILPVL | IVNESQD 5-end OH
MsAgo  -Marinitoga sp. LGNIDPLIQKFPEN--LILQPIL | MGNFIQE

The 3’-end of the guide is accommodated into a binding pocket of the PAZ domain (Wang
et al., 2008b). In pAgos this is essential to prevent the guide form being degraded by
nucleases but also to induce a conformational change upon target strand binding (Hur et al.,
2013; Sheng et al., 2014). This conformational change ensures that a glutamate residue
(which resides on a loop called the glutamate finger) (Nakanishi et al., 2012), which is located
away from the catalytic site in the absence of a bound target, now completes that catalytic
tetrad that is furthermore formed by three well-conserved aspartic acids (Sheng et al., 2014).
Interestingly recent structural data revealed that both RsAgo (Liu et al., 2018) and MpAgo
(Doxzen et al., 2017) lack one of the four sub regions that form the hydrophobic binding
pocket that anchors the 3’end of the guide into the PAZ domain. Despite the incomplete PAZ
domain, MpAgo still anchors and, upon target binding releases the 3’-end of the guide
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(Doxzen et al., 2017). For RsAgo however, the incomplete PAZ domain failed to facilitate
the anchoring of the guides 3’-end (Liu et al., 2018). As a result the conformational change
that is necessary to swing the glutamate finger into the catalytic tetrad could not occur.
Besides, RsAgo lacks two of the four catalytic residues of the DEDX tetrad (Liu et al., 2018;
Olovnikov et al., 2013). Restoring the catalytic tetrad did not restore the catalytic activity
(Liu et al., 2018), indicating the importance of this conformation change that is triggered
upon target binding followed by the release of the 3’-end of the guide from the binding
pocket.

Target recognition and binding

Once both ends of the guide are anchored into the canonical binding pockets of the Argonaute
protein, the binary complex is primed for target recognition (Wang et al., 2008a, 2008b). The
number of potential targets is enormous in the pool of cellular nucleic acids. Therefore Ago
requires an efficient and fast target search mechanism. In chapter 4 we aimed to elucidate
this target mechanism for ChAgo. The nucleotides downstream of the anchor nucleotide (nt
2-7) form the seed region (Chapter 3). The seed is the region of the guide that is essential
for initial target search and binding. In all binary Ago complexes (Ago + guide) that have
been crystallized to date, a kink divides the seed is into a smaller ‘sub-seed’ segment (nt 2-
4) and a 3’-end region (reviewed by Willkomm et al., 2018). The seed region of the guide is
solvent exposed and pre-ordered in an A-helical like conformation favorable for base pairing
(Schirle et al., 2014; Wang et al., 2009). By pre-ordering the seed, Ago prepays the entropic
penalty that is associated with base pairing to the target (Wang et al., 2009). For hAgo2 a
proposed stepwise mechanism already exists in which hAgo?2 first exposes the sub-seed
segment of the guide (nt 2-4) towards the solvent to allow target pairing (Schirle et al., 2014),
prior to target nucleation with the rest of the seed sequence (nt 5-8). This mechanism is
reminiscent to the search strategy that the CRISPR-Cas systems (Clustered Regularly
Interspaced Short Palindromic Repeats systems utilize CRISPR-associated genes) employ
(Globyte et al., 2018b; Jiang et al., 2015; Kiinne et al., 2014; Sternberg et al., 2014). To find
cognate targets Cas proteins utilize RNA guides, that are noncoding RNA transcripts derived
from the genomic CRISPR locus (Horvath and Barrangou, 2010; Rotem Sorek, 2008). Where
Ago proteins initially use the sub-seed segment of the guide to scan for potential targets, Cas-

proteins use a small protein domain to scan their target for a 2-6 nucleotide long sequence
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called the protospacer adjacent motif (PAM) (Marraffini and Sontheimer, 2010b; Westra et
al., 2012). This mechanism allows Cas proteins to distinguish the host genome from invading
nucleic acids and thereby prevent that the genomic CRISPR locus, from which their guide
RNA originates, is targeted and cleaved. Target sequences that are entirely complementary
to the guide RNA but that lack the exact PAM sequence are ignored by Cas proteins
(Sternberg et al., 2014). For recognition of the protospacer by Cas nucleases, a perfect match
between the seed region of the guide (5-8nt) and the target strand is required. Whereas for
TtAgo, a mutation in the sub-seed segment of the guide (nt 2-4) is tolerated in vitro (Chapter
5). In case of a mutation in the sub-seed, Ago apparently still tests the remainder of the guide
sequence (nt 5-21) for complementarity with the target, indicating that the target search
process by Ago is not that stringent, at least not in vitro. To conclude, both proteins employ
a similar search strategy; the initial search for only a few target nucleotides enables them to
quickly scan target chains via lateral diffusion and allows them to rapidly dissociate from the
target in the case the remainder of the guide is not complementary (Globyte et al., 2018b;
Klein et al., 2017; Klum et al., 2018).

Surprisingly, besides the preference of a 5’-end adenosine anchor nucleotide, a majority of
guides that were pulled down together with ChAgo after heterologous expression, contained
a thymidine rich sub-seed region (Chapter 3). In vivo co-purified guides of 7tAgo and
Argonaute from Rhodobacter sphaeroides (RsAgo) also showed sequence preferences for the
second nucleotide of the guide (for 7tAgo an adenosine and for RsAgo a cytidine or uracil),
although these preferences were less strong than the preferences observed for the first
nucleotide (Olovnikov et al., 2013; Swarts et al., 2014b). In addition, neither 7tAgo nor
RsAgo had preferences for the third or fourth guide nucleotide that are part of the sub-seed.
Our single molecule experiments showed that ChAgo bind targets much stronger and more
frequent with guides having a thymidine rich sub-seed than with guides having an adenosine
rich sub-seed. This preference also extends to cleavage assays, where CbAgo with showed
higher initial cleavage efficiencies with guides having a thymidine rich sub-seed compared
to guides with an adenosine, guanosine or cytidine rich sub-seed. However at this stage, the
underlying mechanism that causes the observed biases in co-purified guides and target
binding/cleavage kinetics remains unknown. Possibly the guide generation process plays an

important factor as it might mainly yield guides with thymidine in the sub-seed region. Also,
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the structure of ChAgo could play an important role in this. More research is necessary to

elucidate the underlying cause of these biases.

Cleavage and target release

All catalytically active pAgos that have been characterized thus far, including ChAgo, cleave
targets strands between the nucleic acids that are complementary at least up to nucleotide 10
and 11 of the guide (counted from the 5’end of the guide) (Sheng et al., 2014). The target
cleavage mechanism has been well studied for 7tAgo, which uses the charged DEDD amino
acid tetrad to coordinate a pair of divalent cations (typically Mg?* or Mn?") together with a
nucleophilic water molecule, toward the cleavable phosphodiester bond of the target
backbone (Sheng et al., 2014). As the positioning of the cations towards the target backbone
nucleic acids is crucial, mismatches around the cleavage site significantly decrease the

cleavage efficiencies of TtAgo, as seen in Chapter 5.

Both eAgos and pAgos were demonstrated to be multiple-turnover enzymes (Haley and
Zamore, 2004; Hutvagner and Zamore, 2002; Swarts et al., 2015a). This means that after
slicing the target the cleaved products are released and the Ago-guide complexes are recycled
for another round of cleavage. Additional evidence for Agos multiple-turnover behavior was
found structural data. The ternary 7tAgo and ChAgo structures showed several contacts
between the Ago and the phosphodiester backbone of the guide whereas no hydrogen-bond
contacts with the target were found. This indicated that they maintains the guide whereas the

target strand is more likely to dissociate (Chapter 3; Parker, 2010; Wang et al., 2008b, 2009)

The turnover rate of ChAgo was limited in vitro. A rapid initial burst (single turnover) of
activity was followed by a much slower multiple turnover phase. This effect was also
observed for heterologously expressed hAgo2 (Rivas et al., 2005). Interestingly, single
nucleotide mismatches between the guide-target sequences can increase the turnover rate
(Parker, 2010). For TtAgo we observed that mismatches in nucleotide 4 and 5 of the guide
did not negatively affect the cleavage efficiency. Instead, when either of these two
nucleotides of the seed segment contained mismatches, 7tAgo showed a slightly higher
cleavage efficiency (Chapter S). This suggests that the mismatches improve the release of

the cleaved target strands which in turn may increase the turnover rate.
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Potential cellular functions pAgos

The extent of the structural and mechanistic diversity in pAgos is rapidly becoming clear;
however knowledge about the cellular function of pAgos is still limited to only a few long
pAgos, which were proposed to be involved in host defense proteins. Therefore several
hypotheses about other possible functions of pAgos exist.

Given the current variations in substrate specificity, it did not come as a surprise that also
RNA-guided pAgos exist, that similar to eAgos target transcripts or invading RNA. A
potential candidate is MpAgo which was shown to mediate RNA-guided DNA and RNA
cleavage in vitro (Kaya et al., 2016). Further experiments are necessary to elucidate the exact

role of MpAgo in vivo.

Interestingly MpAgo is located on an operon with CRISPR-Cas (Kaya et al., 2016). While
no direct interaction between the two systems has been demonstrated yet, it is tempting to
speculate about a possible synergy. Potentially cleavage products of CRISPR-Cas systems
are used as guides for Argonaute proteins, or vice versa. CRISPR-Cas showed similarities
with the eukaryotic immune system that uses PIWI-clade Argonaute proteins guided by
piRNAs (PIWI-interacting RNAs) to fend of invaders (Chapter 1). Recently it was also
shown that expression of 7tAgo in the presence of a target plasmid stimulated the expression
CRISPR-Cas loci (Swarts et al., 2015b), further indicating that both immune systems might

collaborate.

Applications of prokaryotic Argonaute

The antiviral immune systems has emerged as a wealthy source for numerous molecular
tools, which have shaped and revolutionized modern biological research (Castanotto and
Rossi, 2009; Engler et al., 2009; Hsu et al., 2014; Wu et al., 2018). Many proteins of the
antiviral immune system are specific due to their ability to discriminate foreign genetic
elements from its own genome (Marraffini and Sontheimer, 2010b). Among others,
restriction enzymes, RNA interference and CRISPR are well-known examples of antiviral

immune systems that have been repurposed to powerful biological tools (Figure 4).
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Figure 4 | Overview of antiviral immune systems whose activities have been repurposed for molecular
applications. Restriction enzymes recognize fixes nucleic acid sequences of 4-8nt in length. Host DNA is
methylated (small black dots on the DNA) and thereby protected from degradation by restriction enzymes.
Argonaute and CRISPR utilize nucleic acid guides to specifically target invading nucleic acids. CRISPR
distinguishes invader DNA from its host genome by the requirement of a PAM sequence next to the target sequence
which is lacking in the CRISPR locus. The self-non-self-discrimination of prokaryotic Argonaute proteins is less
understood.

CRISPR-nucleases emerged as the main players in genome editing technologies, due to their
ability to introduce double stranded DNA breaks (DSB) in genomes in a guide-dependent
manner (Jinek et al., 2012). Depending on the organism, such a DSB triggers an endogenous
DNA repair response that in the presence of a DNA repair template integrates this repair
template via homologous recombination (HR) (Wu et al., 2018). This way, parts of the
genome can be removed, corrected or rewritten. DN A-targeting pAgos show similarities with
CRISPR nucleases (nucleic acid-guided DNA cleavage activity) and have therefore also been
explored for their potential use in similar molecular applications. In 2016, this resulted in a
discovery by Han and colleagues, who claimed to have found a mesophilic DNA-targeting
Argonaute (NgAgo), superior to CRISPR, that could be utilized for genome editing (Gao et

al., 2016). Due to reproducibility issues, however, they were forced to retract their research
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within a year (Burgess et al., 2016; Javidi-Parsijani et al., 2017; Khin et al., 2017; O’Geen et
al., 2018). Despite the bad publicity, we were successfully able to demonstrate the use of

pAgo in two promising applications, of which also CRISPR-based variants exist.

Argonaute in diagnostic applications

We applied TtAgo in a diagnostic application that is used to enrich rare oncogenic mutant
DNA/RNA sequences which are massively outnumbered by “normal” wild-type (WT)
nucleic acids in human plasma (liquid biopsies) (Chapter 5). Rare nucleic acid sequences
often contain important diagnostic and biological information (i.e. cancer biomarker) but are
challenging to detect due to their low abundance (Han et al., 2017; Schwarzenbach et al.,
2011). Modern sequencing technologies are despite numerous advances unable to detect
mutant alleles at frequencies lower than 1% (Table 2) (Jancik et al., 2012; Shao et al., 2016),
while especially in early stages of cancer such biomarkers can be present in concentrations
that are much lower (Bettegowda et al., 2014). The NAVIGATER (Nucleic acid enrichment
Via DNA-guided Argonaute from Thermus thermophilus) method that we developed
combines 7tAgo mediated elimination of abundant WT nucleic acids with PCR amplification
which ultimately results in the enrichment of the rare nucleic acids. The enriched nucleic
acids from the sample can be detected using existing methods such as Sanger sequencing,
ddPCR or qPCR (Chapter 5) but possibly also with the recently developed CRISPR-based
detection applications (Table 2). In 2017 a CRISPR-based nucleic detection system called
SHERLOCK (specific high-sensitivity enzymatic reporter unlocking) was developed
(Gootenberg et al., 2017), followed by a series of similar CRISPR-based detection methods
(Chen et al., 2018; Gootenberg et al., 2018; Li et al., 2018). The CRISPR-based nucleic acid
detection methods rely on Casl3a (SHERLOCK) or Casl2a which upon specific target
recognition exhibit collateral nonspecific single stranded ribonuclease or deoxyribonuclease
activity, respectively (Chen et al., 2018; Gootenberg et al., 2017; Li et al., 2018). The
collateral activity, in turn, degrades the single stranded nucleic acids of a reporter molecule
which links a fluorophore to a quencher. As the fluorophore is no longer quenched, the
fluorescent signal that can be detected. These CRISPR-based detection systems were
reported to detect pure nucleic acids at extreme low (attomolar) concentrations (~1000 copies
per ml) (Gootenberg et al., 2017). However, detection of low-abundant oncogenic mutant

alleles in human samples is challenged by the presence of a high amount of wild-type allele.
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Yet, the CRIPR-based nucleic acid detection systems were able to detect point mutated alleles
in the presence of WT DNA with a limit of detection around 0.1% (Table 2) (Chen et al.,
2018; Gootenberg et al., 2017; Li et al., 2018).

Table 2 | The detection limit of techniques that can be used to detect low-frequency cancer mutations in cell-
free DNA.

Method Nuclease involved LOD (%) References

Digital droplet PCR 0.01-0.1 (Hindson et al., 2013)
Next generation sequencing (NGS) 1-3 (Shao et al., 2016)
CUT-PCR + NGS Cas9/12a 0.01 (Lee et al., 2017)
Sanger sequencing 25 (Jancik et al., 2012)
NAVIGATER + Sanger Sequencing TtAgo 0.5 Chapter 5
Clamp-based PCR 0.1-1 (Itonaga et al., 2016)
NAVIGATER + Clamp-based PCR TtAgo 0.01-0.1 Chapter 5
SHERLOCK Casl3a 0.1 (Gootenberg et al., 2017)
HOLMES Casl2a 0.1 (Li et al., 2018)
DETECTR Casl2a 0.1 (Chen et al., 2018)

LOD, limit of detection (Ratio of mutant to wild-type copies)

CRISPR nucleases have also been utilized in a molecular application that is similar to our
NAVIGATER method, and used to enrich and improve detection of rare nucleic acids. CUT-
PCR (CRISPR-mediated Ultra-sensitive detection of Target DNA)-PCR, as it is called,
employs the CRISPR-Cas 9 and Cas12a nucleases to eliminate wild-type DNA, while sparing
rare mutant alleles (Lee et al., 2017). As most cancer associated mutant alleles differ by only
a single mismatch from WT alleles, CUT-PCR makes use of the low tolerance to mismatches
in the PAM recognition site of CRISPR nucleases to discriminate between the mutant and
wild-type targets (Cho et al., 2014). Based on the COSMIC (Catalogue Of Somatic Mutations
In Cancer) database, only 27% of all oncogenic point mutations are covered by the PAM sites
of SpCas9 (PAM: GG) and FnCas12a (PAM: TT) combined (Lee et al., 2017). The coverage
can be further increased to ~80% by using all the other CRISPR nuclease variants, with
unique PAMs, that are currently available (Lee et al., 2017).

The PAM-independent targeting of pAgos make it possible to discriminate any point
mutation listed in the COSMIC database, from its wild-type DNA. Although, a screening of
guides is necessary because the length and the location of guide segment that has low

tolerance to mismatched appears to be guide sequence dependent (Chapter 5).
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A general downside of mutation enrichment methods that use PCR is that it is hard to trace
back the initial ratio of wild-type to mutant DNA. Quantitation and measuring this ratio is
extremely valuable for disease monitoring before and after treatment. The ratio can be
estimated by comparing results to those obtained using wild-type DNA spiked with known
mutant DNA as standards. Nevertheless, we successfully applied NAVIGATER to detect
sequences with oncogenic mutations in the cell free DNA from pancreatic cancer patients,
demonstrating that our technique can be used for diagnosing various types of cancer at early

stages.

Molecular cloning with prokaryotic Argonaute

For decades, restriction enzymes have been the workhorses of molecular biology (Roberts,
2005). In nature, they equip bacteria and archaea with a defense system to fend of DNA
invaders (Figure 4). Depending on the type, restriction enzymes typically recognize specific
restriction sites of ~4-8 bases in length, and produce DSB with sticky or blunt end overhangs
(Roberts et al., 2003). Based on these features they have been utilized for molecular cloning
purposes. However for cloning, restriction enzymes do have limitations; they do not cleave
locations other than the fixed recognition site and the recognition sites should be avoided in
DNA regions where cleavage is not desired. Therefore recently, a new alternative platform
was developed that uses PfAgo as an artificial restriction enzyme (Enghiad and Zhao, 2017).
PfAgo is programmable with DNA guides, which means that two PfAgo-guide complexes
each targeting one strand, can cleave dsDNA at virtually any location. We developed this
PfAgo-based cloning method further into a one-pot reaction together with a ligase, similar to
Gibson and Golden Gate cloning. Although, we could successfully clone an insert into a
plasmid that was linearized by PfAgo, the ultimate efficiency was low and requires further
optimization (Chapter 6). Also CRISPR-Casl2a has been used for several cloning
applications (Lei et al., 2017; Li et al., 2016; Wang et al., 2015). Cas12a generates DSB with
staggered ends whereas Cas9 leaves DSB with blunt ends behind (Wu et al., 2018).
Compared to restriction enzymes, Casl2a has a longer, programmable, and much more
specific recognition site of ~18nt (spacer), which indicates the potential of Casl2a as a
powerful candidate for cloning purposes. However the main limitation of Casl2a, is that
besides the PAM requirement which slightly limits its flexibility, they generate double
stranded breaks with sticky ends that are not consistent in length (Wu et al., 2018). Especially
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for the assembly of multiple fragments this is a problem as it results in a drop in efficiency

for each extra fragment that needs to be ligated.

Bottlenecks and future directions

As discussed in chapter 2 pAgos still need to overcome several hurdles to unleash their full
potential for molecular applications. In Argonaute-based applications, as described in
chapter 5 and 6, non-specific DNA degradation caused by chopping is detrimental. For
example during Jason cloning (Chapter 6) prolonged incubations at 95°C resulted in non-
specific degradation of the backbone plasmid, lowering the cloning efficiencies. The
degradation was likely a result of chopping by PfAgo, even though PfAgo was saturated with
guides. Several optimizations could potentially prevent the undesired chopping activity. As
chopping is caused by guide-free Ago, chopping can potentially be prevented or minimized
by crosslinking the DNA guide to PfAgo, similar to what has been demonstrated for MpAgo
(Lapinaite et al., 2018). Chopping was furthermore shown to depend on the salt concentration
of the buffer (Swarts et al., 2015a, 2017a). Chopping by TtAgo and PfAgo took place at
250mM salt but was completely abolished at 500mM salt, while canonical cleavage by
Argonaute preloaded with a guide still occurred at 500mM salt (Swarts et al., 2015a, 2017a).
Based on this an increase in the salt concentration might further minimize the severity of
chopping, however it should be kept in mind that the other key enzyme of Jason cloning,
Ampligase, has the highest activity under low salt conditions. Alternatively the incubation
temperature could be lowered as chopping was shown to be less severe at lower temperatures
(Chapter 3; Swarts et al., 2015).

Chopping activity furthermore reduces the number of approaches that can be used to deliver
Ago proteins into cells for genome editing purposes. The DNA chopping activity that pAgos
mediate in the absence of guides could potentially be toxic for cells through nonspecific DNA
damage. Therefore in our attempt to utilize ChAgo for genome editing experiments,
transfection of in vitro assembled ChAgo—siDNA complexes seemed the only appropriate
cellular delivery method (Chapter 3). In contrast, CRISPR-Cas nucleases which do not
exhibit chopping activity, can be delivered as plasmid because the protein-guide complex

also efficiently assembles in vivo.
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From an application perspective, the efficiencies at which pAgos bind and cleave double
stranded DNA should be improved, especially at low temperatures where double stranded
DNA is strongly base paired. Recently a study showed that the activity of TtAgo and PfAgo
could be slightly enhanced by adding single stranded binding proteins (SSB) and UrvD-
helicases to the in vitro cleavage reaction (Hunt et al., 2018). In order to further increase the
dsDNA accessibility of pAgos, it might be worth exploring the option to fuse such proteins
or domains of it to Argonaute. Although, it should be noted that the activity of Argonaute
can be affected by fusions to especially the C-terminal end. While preparing ChAgo for
mammalian genome editing experiments we fused a nuclear localization (NLS) signal, which
is a signal peptide that allows the protein to migrate to the nucleus of a eukaryotic cell, to
both ends of CbAgo (Figure SA). While ChbAgo with the N-terminally fused NLS peptide
could cleave single stranded DNA, the C-terminally fused NLS completely abolished the
activity of ChbAgo (Figure 5B). This can be explained by the fact that the carboxylate group
at the C-terminus is a conserved structural feature of many pAgos and is involved in the
binding of the 5’-end of the guide (Parker et al., 2005). Fusions might disrupt this
functionality. Recently a study showed that TtAgo was active in vitro while having an NLS-
tag at the C-terminal end (O’Geen et al., 2018), however they used a 25 amino acid long
(glycine-serine) linker between the NLS and 7tAgo which might have rescued the activity.
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Figure 5 | The effects of extra domains on the activity of ChAgo. A | ChAgo variants with different N- and C-
terminal fusions. B | A C-terminal NLS tag abolishes the nuclease activity of ChAgo on single stranded DNA targets.
C | An OB-fold on the N-terminal of ChAgo has no effect on the single stranded cleavage activity of ChbAgo. D | An
N-terminal OB-fold had no enhanced effect on the activity of ChAgo on double stranded targets (plasmid)

In an attempt to improve the dsDNA accessibility of ChAgo, we fused the N-terminal domain
(148 amino acids) of NgAgo to CbAgo (in blue, Figure 5B). NgAgo encodes this unique N-
terminal domain together with other members of its phylogenetic clade (Ryazansky et al.,
2018). The domain is predicted to be OB-fold domain (SSF50249) (Ryazansky et al., 2018),
which are compact structural motifs that are named after their eligonucleotide binding
properties. Although OB-folds only bind single stranded DNA, similar single stranded
binding proteins (SSB) were demonstrated to enhance the activity of pAgo on double
stranded DNA in vitro (Hunt et al., 2018). We rationalized that the fused OB-fold, once
bound to the DNA, could potentially function as a wedge to promote unwinding of double
stranded DNA and increase the efficiency of CbAgo. However, although the OB fold-ChAgo

cleaved single stranded DNA at similar efficiencies as the ChAgo without the fused domain,
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no enhanced cleavage could be observed on dsDNA targets (Figure 5C, D). Further efforts
are needed using other fusions to optimize the activity of ChbAgo on dsDNA.

Given that many different pAgo variants exist (Chapter 2), it is very interesting from a
fundamental point of view to continue the characterization of new Argonaute variants to
further increase our understanding in function, role and mechanisms of this exciting protein
family. Besides, new pAgo variants, also other prokaryotic defense systems should be
explored in the quest to find novel candidates for molecular applications, such as genome
editing. After all the antiviral immune systems has proven to be a source of novel exciting
molecular applications. All prokaryotic immune systems found to date are likely the tip of
the iceberg, given the enormous pool of microbial genomes that still waits to be sequenced.
With recent discovery of novel anti-phage defense islands that are, like Argonaute proteins,
named after a myth (Chapter 1, Doron et al., 2018), we are almost certainly at the beginning

of turning more myths into reality.
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