o Acta Biochim Biophys Sin 2022, 54(5): 686-695
ABBS https://doi.org/10.3724/abbs.2022047
CoT= Advance Access Publication Date: 25 May 2022

N Original Article

Original Article

An Argonaute from Thermus parvatiensis exhibits
endonuclease activity mediated by 5’ chemically modified
DNA guides

Yingying Sun’, Xiang Guo', Hui Lu", Liuging Chen?, Fei Huang', Qian Liu', and Yan Feng"*

1State Key Laboratory of Microbial Metabolism, School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai 200240,
China, and 2Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China
*Correspondence address. Tel: +86-21-34207189; E-mail: yfeng2009@sjtu.edu.cn

Received 28 June 2021 Accepted 23 January 2022

Abstract

Prokaryotic Argonaute (pAgo) nucleases with precise DNA cleavage activity show great potential for gene
manipulation. Extensive biochemical studies have revealed that recognition of guides with different 5’ groups by
Ago is important for biocatalysis. Here, we identified an Ago from the thermophilic Thermus parvatiensis (TpsAgo)
and analyzed the regulatory effect of 5-modified guides on TpsAgo cleavage activity. Recombinant TpsAgo cleaves
single-stranded DNA and RNA targets at 65-90°C, which is mediated by a 5" hydroxyl or phosphate DNA guide.
Notably, TpsAgo can utilize various 5'-modified DNA guides for catalysis, including 5-NH,Cg, 5'-Biotin, 5’-FAM and
5'-SHC; guides. Moreover, TpsAgo performs programmable cleavage of double-stranded DNA at temperatures
over 80°C and strongly tolerates NaCl concentrations up to 3.2 M. These results provide insight into the catalytic
performance of Agos by guide regulation, which may facilitate their biotechnological applications.
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Introduction

Argonaute (Ago) proteins are a highly conserved family of nucleic
acid-guided proteins that are involved in a wide range of physio-
logical processes in eukaryotes (eukaryotic Agos; eAgos) and pro-
karyotes (prokaryotic Agos; pAgos) [1]. Structural analyses have
revealed that Agos share a conserved domain architecture for the N-
terminal (N), PIWI-Argonaute-Zwille (PAZ), Middle (MID), and P
element-induced wimpy testis (PIWI) domains [1,2]. The MID do-
main anchors the 5-end of the guides to stabilize the binary Ago-
guide complex [1,3,4]. Their interactions are critical for cleavage
activity in which guide-mediated cleavage of the complementary
target is performed between the 10" and 11" nucleotides (nt) of the
guide [5,6].

Genomic studies showed that pAgos are more diverse than eAgos
[1,7-9]. Some pAgos derived from thermophilic archaea and me-
sophilic bacteria have been characterized in detail [4,5,10-19].
They generally use guides with a 5-phosphate for cleavage, but
some pAgos use 5'-hydroxyl guides [4,5,10,14]. We previously
found that Ago from Methanocaldococcus fervens (MfAgo) can use
both 5'-hydroxyl and 5'-phosphate guides [10]. Since the pro-
nounced catalytic activity of Agos is affected by the 5'-end groups, it

is interesting to investigate the regulatory effect of the 5’-end group
of the guides on the Agos.

Recently, chemically modified guides associated with program-
mable nucleases have been investigated. Human Ago involved in
RNA interference exhibits position-specific chemical modification
of small interfering RNAs, which reduces ‘‘off-target”” transcript
silencing [20,21]. As analogs of Agos, CRISPR-Cas nucleases have
been demonstrated to use chemically modified guide RNAs
(gRNAs) to enhance CRISPR-Cas genome editing [22]. A pAgo from
Marinitoga piezophila (MpAgo) was reported to use 5-bromo-2'-
deoxyuridine (5'-BrdU)-modified gRNAs to significantly improve
the specificity and affinity of RNA targets [23], which can be pro-
grammed as a highly specific RNA-targeting platform to probe RNA
biology. Because of the high versatility and potential of pAgos in
genetic manipulation [24], chemically modified guides harnessed
by pAgos could open new avenues for future biotechnology appli-
cations.

In this study, an Ago from the thermophilic prokaryote Thermus
parvatiensis (TpsAgo) was cloned and characterized. As a ther-
mophilic DNA-guided endonuclease, its cleavage activities directed
by a variety of 5’-modified guides were systematically analyzed. The
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data are crucial for improving the understanding of the regulatory
effect of guides for Agos and provide insight into guide design for
DNA manipulations in the field of biotechnology.

Materials and Methods

Phylogenetic tree and sequence alignment

BLAST was performed based on the PfAgo (Pyrococcus furiosus)
amino acid sequences in the NCBI database. Amino acid sequences
with high sequence consistency were selected and analyzed using
MEGA 7.0 [25] to construct a phylogenetic tree. Multiple sequence
alignment analysis between the TpsAgo sequence and other char-
acterized Ago sequences was performed using ClustalW [26].

Strains and plasmids

Expression strain Escherichia coli BL21(DE3) cells were purchased
from Beijing TransGen Biotech (Beijing, China). The cloned strain
E. coliTOP10 and plasmid pET-28a (+)-TpsAgo (WP_060384876.1)
containing the codon-optimized gene were synthesized by Nanjing
GenScript Biotechnology (Nanjing, China).

Protein expression and purification

TpsAgo was codon-optimized and cloned into pET28a(+ ), which
was then transformed into E. coli BL21(DE3). The bacteria were
grown at 37°C in LB medium containing 50 pg/mL kanamycin.
When the optical density at 600 nm (ODg,) reached 0.6-0.8, iso-
propyl p-d-1-thiogalactopyranoside (0.5 mM) was added and gene
expression was induced at 20°C. The bacteria were harvested by
centrifugation and resuspended in 20 mM Tris-HCI containing 1 M
NaCl (pH 8.0). The bacteria were disrupted by high pressure, fol-
lowed by heating at 65°C for 15 min and centrifugation, after which
the supernatant was collected. The supernatant was purified using a
nickel-nitrilotriacetic acid (Ni-NTA) affinity column, and the eluted
proteins were resolved by 12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). The purified protein
was concentrated using an ultrafiltration tube and desalted using a
PD-10 desalting column (GE Healthcare, Little Chalfont, UK). The
protein concentration was determined using a BCA kit (Yeasen,
Shanghai, China) according to the manufacturer’s instructions. The
purified protein was stored in storage buffer comprised of 20 mM
Tris-HCl, 1 M NaCl, and 15% (v/v) glycerol (pH 8.0) at -80°C.

TpsAgo activity assay
All target and guide oligonucleotide sequences are listed in Sup-
plementary Tables S1 and S2, respectively. For activity assays, 200
nM TpsAgo was mixed with synthetic single-stranded DNA
(ssDNA) or RNA guides, and 5’ fluorescently labeled ssDNA or RNA
targets in a 1:10:4 ratio of protein: guide: target in reaction buffer
containing 15 mM Tris-HCIl (pH 8.0), 250 mM NacCl, and 0.5 mM
Mn?*. The reaction mixture was incubated for 0-30 min at 80°C
and then rapidly cooled to 4°C. After incubation, loading buffer was
added in a 1:1 ratio (v/v), and the samples were resolved on 16%
denaturing polyacrylamide gels. The gel was stained with GelRed
(Biotium, Fremont, USA) dye for 10-20 min. After staining, the re-
sults were observed using a 3500BR gel imaging system (Tanon,
Shanghai, China) and quantitatively analyzed using ImageJ soft-
ware (NIH, Bethesda, USA).

For plasmid cleavage assays, we designed paired guide DNA
(gDNA) sets to target 80 bp regions in the pUC19 plasmid with GC
contents of 29%, 45%, 53%, and 65%. TpsAgo (750 nM), 2.5 uM

synthetic ssDNA guides, and 500 ng pUC19 plasmid were mixed in
reaction buffer containing 15 mM Tris-HCI (pH 8.0), 100 mM NaCl,
and 0.5 mM Mn?* and incubated at 80°C for 2-4 h. The reactions
were stopped using Proteinase K (TaKaRa Bio, Shiga, Japan) at
55°C for 1h. Samples and 5 xloading dye (Generay, Shanghai,
China) were mixed and then resolved on 1.2 % agarose gel. The gels
were stained with GelRed dye (Biotium) and visualized using a gel
imaging system.

Effects of temperature, metal ions, and NaCl on cleavage
activities of TpsAgo

For temperature range assays, 200 nM TpsAgo was mixed with 16 nt
5'-P or 5’-OH ssDNA guides and 60 nt ssDNA targets in a 1:10:4 ratio
of protein: guide: target in reaction buffer containing 15 mM Tris-
HCI (pH 8.0), 250 mM NaCl, and 0.5 mM Mn?*. A series of reaction
buffers were prepared to ensure a pH of 8.0 at the tested tempera-
ture. The reaction mixture was incubated at temperatures of 55-
99°C for 15 min.

To determine the cation preference, 200 nM TpsAgo was mixed
with 16 nt 5-P ssDNA guides and 60 nt ssDNA targets in a 1:10:4
ratio of protein:guide:target in reaction buffer containing 15 mM
Tris-HCI (pH 8.0) and 250 mM NaCl. Ca**, Zn?*, Co?*, Mn?*, Cu?*,
and Mg?* (all 0.5 mM) were added and incubated at 80°C for
30 min.

For NaCl concentration assays, 200 nM TpsAgo (without NaCl)
was mixed with 16 nt 5’-P ssDNA guides and 60 nt ssDNA targets in
a 1:10:4 ratio of protein: guide: target in reaction buffer containing
various NaCl concentrations and incubated at 80°C for 30 min.

Effect of guide length on TpsAgo activity

For guide length assays, 200 nM TpsAgo was mixed with 11-21 nt
5'-P or 14-24 nt 5'-OH ssDNA guides and 60 nt ssDNA targets in a
1:10:4 ratio of protein: guide: target in a reaction buffer containing
15 mM Tris-HCI (pH 8.0), 250 mM NaCl, and 0.5 mM Mn?* and
incubated at 80°C for 15 min.

Effects of 5’-end nucleotides and modification of gDNA
on TpsAgo activity

For 5-end nucleotides preference assays, 200 nM TpsAgo was
mixed with 16 nt 5'-P ssDNA guides (5-A, 5'-T, 5'-G, 5’-C) and 60 nt
ssDNA targets in a 1:10:4 ratio of protein: guide: target in reaction
buffer containing 15 mM Tris-HCl (pH 8.0), 250 mM NacCl, and
0.5 mM Mn?* and incubated at 80°C for 0-30 min. The samples
were stained and analyzed as described above, and the data were
fitted with Spline using Origin software (OriginLab, Northampton,
USA).

To test the preference for the 5’ modification of gDNAs, kinetic
analysis of ssDNA cleavage was performed under single-turnover or
multiple-turnover conditions. In single-turnover reactions, 800 nM
TpsAgo was mixed with 16 nt ssDNA guides (5'-P, 5'-OH, 5'-Biotin,
5'-NH,C,, 5'-fluorescein [FAM], 5-SHC,), and 60 nt ssDNA targets
in a 2:20:1 ratio of protein: guide: target in reaction buffer con-
taining 15 mM Tris-HCl (pH 8.0), 250 mM NacCl, and 0.5 mM Mn?*,
and incubated at 80°C for 0-60 min. The reactions were stopped by
treatment with Proteinase K at 55°C for 1 h. In multiple-turnover
reactions, 200 nM TpsAgo was mixed with 16 nt ssDNA guides (5'-
P, 5'-OH, 5'-Biotin, 5-NH,C,, 5'-FAM, 5'-SHC;), and 60 nt ssDNA
targets in a 1:10:4 ratio of protein: guide: target in reaction buffer
containing 15 mM Tris-HCI (pH 8.0), 250 mM NaCl, and 0.5 mM
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Mn?*, and incubated at 80°C for 0-30 min.

Effect of the first nucleotides of target DNA on

TpsAgo activity

For the first target nucleotides preference assays, 200 nM TpsAgo
was mixed with 16 nt 5'-P ssDNA guides and 60 nt ssDNA targets
(t1A, t1T, t1G, t1C) in a 1:10:4 ratio of protein:guide:target in re-
action buffer containing 15 mM Tris-HCI (pH 8.0), 250 mM NaCl,
and 0.5 mM Mn?* and incubated at 80°C for 0-30 min. The samples
were stained and analyzed as described above, and the data were
fitted with Spline using Origin software.

Effect of guide/target mismatch on TpsAgo activity

To test the guide/target mismatch tolerance, 200 nM TpsAgo was
mixed with samples of 16 nt 5’-P ssDNA guides harboring a single
mismatch at positions 2-16, and 60 nt ssDNA targets in a 1:10:4
ratio of protein: guide: target in reaction buffer containing 15 mM
Tris-HCI (pH 8.0), 250 mM NaCl, and 0.5 mM Mn?* and incubated
at 80°C for 15 min.

Homology modeling and structural analysis of MID
domain of TpsAgo

Homology modeling was performed using the ternary structure of
TtAgo with 5'-P gDNA containing T as the first nucleotide (PDB ID:
4NCA) as a template with YASARA [27]. The quality of the models
was evaluated based on the Z-score. The first three nucleotides of 5'-
P, 5-OH, 5'-Biotin, 5-NH,Cs, 5'-FAM, and 5'-SHC, gDNAs were
docked into the TpsAgo model structure using both the AutoDock
and AutoDock VINA searching algorithms in the YASARA-Structure

program. The interaction between the MID domain of TpsAgo and
gDNA was analyzed using PyMol software [28].

Ky measurement

The dissociation constants (K;) for guide DNA binding were de-
termined by bio-layer interferometry (BLI) assay on the Octet RED
96 system (ForteBio, Menlo Park, USA). All steps (equilibrium,
loading, association and dissociation step) were performed at 37°C
with shaking at 1000 rpm in a black 96-well plate containing 0.2 mL
of solution per well for samples or buffer (20 mM Tris-HCI con-
taining 1 M NaCl and 0.5 mM Mn?*, pH 8.0). Prior to each assay,
NTA biosensor tips (Sartorius, Goettingen, Germany)were pre-wet-
ted in 0.2 mL buffer for at least 30 min, followed by equilibration
with buffer for 120 s. Afterwards, NTA biosensor tips were loaded
with TpsAgo (200 nM), followed by an additional equilibration step
(120 s), where a buffer containing 2 mg/mL bovine serum albumin
(BSA) and 0.02% (v/v) Tween 20 was used. Subsequently, asso-
ciation of TpsAgo with gDNAs in a concentration range of 400-1000
nM was performed. Association at each studied concentration was
carried out for 900 s. Finally, the dissociation was monitored with
buffer for 900 s.

Results

TpsAgo uses DNA guides for ssDNA and RNA cleavage
We performed a BLAST search based on the PfAgo amino acid se-
quences in the NCBI database and constructed a phylogenetic tree
(Figure 1A). Phylogenetic analysis revealed that TpsAgo and TtAgo
belong to the same clade, sharing 98.8 % identity with 7 amino acids
substitution (Supplementary Figure S1). Multiple sequence align-
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" RsAgo LELLLEELLEnnnnl
KoAgo 45 nt DNA target 3’ GGTCGTCAAACCGGTCGGGTTTTAGACACTAGAACTGTACGACGC -FAM 5’
L 1 ]
hAgo1 I 1 1
100 90 14nt A 31t
96 hAgo2
100 MpAgo 1 10 15
{TPAQO 16 nt RNA guide 5’ OH/P- UAGUUUGGCCAGCCCA 3’
LEErrrrnnntl
% PfAgo 45 nt RNA target 3’ GGUCGUCAAACCGGUCGGGUUUUAGACACUAGAACUGUACGACGC-FAM &’
) MfAgo 14 nt A 31nt
NgAgo
84,—LrAgo
7 L AsAgo D Target ssDNA ssRNA
> % CbAgo TpsAgo — + + + + + — + + + + +
CpAgo 5.0HsSDNA = = 4+ = = = = = 4 = = =
47 IbAgo 5PSSDNA = = = + = = = = = 4+ = =
B 99 KmAgo 50HsSRNA = = = = 4 = = = = = 4 =
5PssRNA = = = = - + = - - - %
D E D ™
470 480 510 520 540 550 650 661 - S
Tpshgo PAELAVGFDAG | A--GERIPQEVVW | R-VLLLRDGRVP PRLPAPLHLADR Target | oy - - -
TtAgo PAELAVGFDAG | A--GERIPQEVVW | R-VLLLRDGRVP PRLPAPLHLADR -
PfAgo NYDYIIGIDVA | G--EQRGESVDMN | KKILLLRDGRIT MRLPAPVHYAHK Product - e
MfAgo NYDYIMGLDSG | PSPGERIPIHLVV | KNILFLRDGFVQ LRIPAPIHYADK

Figure 1. Phylogenetic analysis and multiple sequence alignment of TpsAgo (A) Phylogenetic analysis of TpsAgo based on amino acid sequence.
TtAgo: Thermus thermophilus Ago. TpsAgo: T. parvatiensis Ago. SeAgo: Synechococcus elongatus Ago. RsAgo: Rhodobacter sphaeroides Ago.
KpAgo: Kluyveromyces polysporus Ago. hAgo1 and hAgo2: Homo sapiens Ago. MpAgo: Marinitoga piezophila Ago. TpAgo: Thermotoga profunda
Ago. PfAgo: Pyrococcus furiosus Ago. MjAgo: Methanocaldococcus jannaschii Ago. MfAgo: M. fervens Ago. NgAgo: Natronobacterium gregory
Ago. LrAgo: Limnothrix rosea Ago. AaAgo: Aquifex aeolicus Ago. CbAgo: Clostridium butyricum Ago. CpAgo: C. perfringens Ago. IbAgo: In-
testinibacter bartlettii Ago. KmAgo: Kurthia massiliensis Ago. Numbers at the nodes indicate the bootstrap values for maximum likelihood analysis
of 1000 resampled data sets. (B) Multiple sequence alignment of TpsAgo with several other characterized prokaryotic Agos. Red font denotes the
key catalytic residues. (C) Schematic diagram of synthesized 45 nt FAM-labeled ssDNA or RNA (blue) as targets and 16 nt DNA or RNA with a 5'-OH
or 5'-P group as guides (red). (D) Cleavage activity assay of TpsAgo with FAM-labeled targets.
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ment showed that TpsAgo contains the conserved DEDD catalytic
residues necessary for its cleavage activity, indicating that TpsAgo
may be catalytically active (Figure 1B).

The recombinant protein was successfully expressed in the so-
luble form by E. coli BL21(DE3) cells. After purification using a Ni-
NTA affinity column, the recombinant proteins were identified by
SDS-PAGE. The molecular weight of the purified protein corre-
sponded to the predicted value (Supplementary Figure S2). To de-
termine the endonuclease activity of the protein, we used
synthesized 45 nt FAM labeled ssDNA or RNA as targets and 16 nt
DNA or RNA with a 5'-OH or 5'-P group as guides (Figure 1C). When
incubated at 80°C for 30 min, TpsAgo showed DNA nuclease ac-
tivity with 5'-OH and 5'-P gDNAs, as well as RNA nuclease activity
with 5-P gDNA (Figure 1D). TpsAgo cleaved the DNA target more
efficiently than it cleaved the RNA target (Supplementary Figure S3).

TpsAgo mediates double-stranded DNA cleavage

Previous studies showed that pAgos can successfully generate
breaks in plasmid DNA at specific sites defined by paired gDNAs, or
in a guide-independent manner [4,11-13,16]. Therefore, we first
evaluated double-stranded (dsDNA) cleavage in the absence of
gDNA. TpsAgo could not cleave the plasmid under the evaluated
conditions. We then tested the effect of paired gDNAs on plasmid
cleavage of TpsAgo. When a single gDNA was added to the reaction,
the supercoiled plasmid disappeared, and the amount of open-circle
plasmid greatly increased. Notably, the presence of a pair of gDNAs
resulted in large amounts of linear plasmids with fewer open-circle

plasmids (Figure 2A,B). In addition, we designed gDNAs to target
regions with different GC contents (29%, 45%, 53 %, and 65%).
Under the evaluated conditions, the region with a low GC content
(29%) was completely cleaved into linear plasmids by TpsAgo.
However, regions with higher GC contents were mostly maintained
as open circular plasmids (Figure 2C,D).

Temperature and chemical factors affect TpsAgo activity
To investigate the temperature range of TpsAgo, we tested the
cleavage activity of TpsAgo at temperatures of 50-99°C. The results
showed that TpsAgo was most active at 70-80°C using 5-OH gDNA
and 70-85°C using 5’-P gDNA (Figure 3A).

To characterize the effect of metal ions on target cleavage, we
investigated the performance of TpsAgo in the presence of various
concentrations and types of metal ions. TpsAgo used Co?**, Mn?",
and Mg?* to mediate DNA-guided DNA target cleavage (Figure 3B,C).
We further investigated the effects of the Co?*, Mn?*, and Mg?*
concentrations on TpsAgo activity. TpsAgo maintained the same
cleavage efficiency in the presence of 0.1 to 8 mM Mn?*, but re-
quired a higher concentration of Co** (more than 0.25 mM) and
Mg?* (more than 4 mM) for active biocatalysis (Figure 3C,D and
Supplementary Figure S4). These findings indicate that Mn?* is
optimal for TpsAgo cleavage.

NaCl plays an important role in maintaining the stability of pA-
gos, but high concentrations of NaCl generally inhibit the activity of
pAgos: for example, 1.5 M NaCl was shown to almost completely
abolish Agos activity in previous studies [10,11,14]. We used 0-4.8

A B pUC19 (29% GC)
1 10 18 M 1 2 3 4 5 LN
FW guide 5’ P- TCAAAAAGGATCTTCACC 3’ TpsAgo + o+ o+ o+
(ARRRERERRRRRARRY FW guide + +
3, TAGTTTTTCCTAGAAGTGGAT 5 RV guide + o+
Hinm ¢ i 10000 bp | s
5  MATCAAAAAGGATCTTCACCTAY 3 el R < oc
— - g | LIN
FEEEERTRrrrrnntl 2000 bp | s
RV guide 3’ TTTTTCCTAGAAGTGGAT-P 5/ T [ — < sC
. . .
18 10 1 1000 bp | wessn
¢ - P
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M 1 2 3 4 5 &
TpsAgo + + + + +
GC content (%) 29 45 53 65
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5000 bp [t -
2686 bp 2000 b - _— - s -: E)Ic:l
2000 bp | e— T -
1500 bp |G s — 4 SC
1000 bp | we—
®
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20%GC

Figure 2. TpsAgo cleaves dsDNA with a pair of complementary guides (A) Schematic diagram of target regions with 29% GC content (80 bp
segments). Black triangles indicate the predicted cleavage sites. (B) Plasmid cleavage in the 29% GC region. (C) Schematic overview of pUC19
target plasmid. The target sites are indicated in blue. Percentages indicate the GC content of the 80 bp segments in which these target sites are
located. (D) Plasmid cleavage in different target regions. The reactions were performed with no guides, one guide or one pair of guides at 80°C.
Control reactions did not contain Ago proteins. FW, forward guide DNA; RV, reverse gDNA. M, molecular weight marker; Lin, linearized plasmid;

SC, supercoiled plasmid; OC, open circular plasmid.
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M NaCl to determine the tolerance of TpsAgo. Unexpectedly,
TpsAgo exhibited strong tolerance to 0-2.4 M NaCl. Additionally,
approximately 50% of its optimal activity was maintained even at
3.2 M NaCl (Figure 3E).

Length and 5’-end nucleotides of gDNA affect TpsAgo
activity

We measured the activity of TpsAgo using 5'-P gDNA ranging from
11 to 21 nt and 5'-OH gDNA ranging from 14 to 24 nt. A minimum of
16 nt gDNA (both for 5-P and 5-OH) was required for TpsAgo
cleavage activity. The highest cleavage activity was observed for
16-18 nt 5'-P gDNA or 16-19 nt 5-OH gDNA. Use of longer guides
decreased the reaction efficiency. When provided with a 21 nt guide,

TpsAgo retained approximately 70% of its optimal activity with 5'-
OH gDNA but only 20% of its optimal activity with 5’-P gDNA. The
findings indicate that TpsAgo can use longer 5'-OH gDNA than 5'-P
gDNA (Figure 4A,B and Supplementary Figure S5A,B).

Preferences for the 5’-end nucleotides of guide sequences have
been observed for some Agos [29,30]. To explore the effect of the 5'-
end nucleotide of gDNA on the cleavage activity of TpsAgo, we
designed 16 nt gDNAs with 5-A, 5'-T, 5'-G, or 5'-C. After 15 min of
incubation, TpsAgo with 5'-T or 5'-G gDNA cleaved 100% of the
targets, whereas for 5-C gDNA and 5-A gDNA, TpsAgo cleaved
80% and 50% of the targets, respectively. These results show that
TpsAgo has a preference for 5'-T and 5'-G gDNA (Figure 4C,D). We
also tested the effect of the first nucleotide of target DNAs on
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Figure 3. Effects of temperature, divalent metal ions, and NaCl concentration on activity of TpsAgo (A) Effect of temperature on TpsAgo activity.
(B) TpsAgo displays Co?* and Mn?* mediated ssDNA target cleavage. (C) Mg?* concentration ranges required for TpsAgo activity. (D) Mn2* and

C02+

concentration ranges required for TpsAgo activity. (E) Effect of NaCl concentration on TpsAgo activity. In all experiments, TpsAgo: guide:

target ratio was 1:10:4. Error bars represent the standard deviation of three independent experiments.
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Figure 4. Effects of length and 5-end nucleotides of gDNAs on the cleavage activity of TpsAgo (A) Effect of 5'-P gDNA length on TpsAgo activity.
(B) Effect of 5'-OH gDNA length on TpsAgo activity. (C) TpsAgo activity mediated by gDNAs with different 5’-end nucleotides at 80°C for 15 min. (D)
Time course experiments for gDNAs with various 5-end nucleotides. In all experiments, TpsAgo:guide:target ratio was 1:10:4. Error bars represent

the standard deviation of three independent experiments.

TpsAgo activity and found that TpsAgo showed similar cleavage
efficiency for t1A, t1T, and t1C but slightly lower efficiency for t1G
(Supplementary Figure S6).

Single guide/target mismatch curtails TpsAgo activity
Mismatches between the target and guide strands are thought to
affect cleavage efficiency [4,5,17,31]. To determine the effect of
mismatch on the cleavage efficiency of TpsAgo, we designed a
series of gDNAs containing single-point mismatch for EGFR (en-
dothelial growth factor receptor) L858R ssDNA, with mismatch sites
distributed among positions 2-16 of the guides. We also designed an
EGFR wild-type sequence as a control. TpsAgo is sensitive to target/
guide mismatch in the seed region (positions 2, 4, 6, 7, 8), and 3'-
portion of gDNA (positions 10, 11, 13, 14) (Figure 5A,B).

TpsAgo cleaves with a wide range of 5'-modified guides
To further explore the effect of 5’ chemically modified gDNAs on
enzyme activity, we performed the cleavage kinetics assay with
16 nt gDNAs containing a 5-P, 5'-OH, 5’-Biotin, 5-NH,C,, 5-FAM,
or 5-SHC; at 80°C under either single-turnover conditions or mul-
tiple-turnover conditions. In multiple-turnover reactions, TpsAgo
used all tested gDNAs to cleave the ssDNA target (Figure 5C). After
5 min of incubation, TpsAgo with 5-OH, 5'-NH,Cq, 5'-Biotin (5'-
FAM), 5'-P, and 5’-SHC, gDNA cleaved 100%, 80%, 40%, 17 %, and
2% of the targets, respectively (Figure 5D). The highest reaction
efficiency was observed for 5-OH gDNA. Similar cleavage effi-
ciencies were observed for 5'-Biotin and 5'-FAM gDNA, whereas 5'-

SHC; gDNA showed the lowest efficiency. Furthermore, we mea-
sured the equilibrium dissociation constants (K;) for guide binding
by TpsAgo using BLI assay (Supplementary Table S3). It is seen here
that gDNAs with 5'-P, 5'-FAM and 5'-Biotin are bound best, while 5'-
SHC; modification decreases gDNA affinity, and 5’-OH and 5'-NH,C,
guides are bound with dramatically lower affinity than 5-P guide
DNA (> 30-fold increase in Kg). In single-turnover reactions, the
nearly identical reaction efficiencies were observed for 5-OH, 5'-
NH,Cy and 5'’-Biotin gDNAs. 5-FAM and 5’-SHC, gDNA showed
lower cleavage efficiency, whereas the lowest efficiency was ob-
served for 5-P gDNA (Supplementary Figure S7).

Homology modeling and structural analysis of MID
domain of TpsAgo

To better understand the specific guide recognition mechanism of
TpsAgo, the structure of TpsAgo was built with the structure of
TtAgo with 5'-P gDNA (PDB ID: 4NCA) as a template (Supple-
mentary Figure S8), and the first three nucleotides of 5’-P, 5'-OH,
5’-Biotin, 5'-NH,C4, 5-FAM, and 5-SHC; gDNAs were in-
dividually docked into the TpsAgo model structure (Figure 6A-F).
As the 5’ ends of the guides are anchored in the MID domains of
Agos [5], we examined the potential interaction between the MID
domain of TpsAgo and different 5-modified gDNAs. Structural
analysis of TpsAgo revealed multiple hydrophobic residues and
hydrogen bonds around the 5’-OH, 5-NH,C,, 5'-Biotin, and 5'-
FAM groups, whereas more hydrogen bonds but fewer hydro-
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Figure 5. Effects of mismatch in the guide-target duplex and 5' modification of gDNAs on cleavage activity of TpsAgo (A) Schematic of gDNAs
with different mismatch position. (B) Effect of mismatch in the gDNA-target duplex on TpsAgo activity. (C) TpsAgo activity mediated by different 5"-
modified gDNAs at 80°C for 15 min. (D) Time course experiments for various 5'-modified gDNAs. In all experiments, TpsAgo:guide:target ratio was
1:10:4. Error bars represent the standard deviation of three independent experiments.

Table 1. Hydrophobic interaction and hydrogen bonds formed by TpsAgo and the 5-end of the guides

Guides Hydrophobic interaction-related residues

Hydrogen bond-related residues (groups)

Hydrogen bonds (n)

5'-OH gDNA
5'-NH,C, gDNA
5'-Biotin gDNA
5-FAM gDNA
5'-P gDNA
5-SHC, gDNA

G1n433, He434’ Leu435, Valé8s
Gln“33, Tle434, Val6ss

Pro%i2, Met*3, Trp*!s
Trp415, Gly481, Gly667
Valfs

Valss

Ile®3* (COOH, NH,)

Arg"® (NH,)

Met#® (COOH), Trp*'s (NH,)

Trp*5 (C4Hy), Arg®® (NH,), Lys®* (COOH)
Arg*® (NH,), Ile®** (NH,), Lys*’ (NH,)

none

O A~ W N NN

phobic residues were observed around the 5'-P group (Table 1
and Figure 6A-E). For the 5-SHC, group, weaker interactions
derived from the hydrophobic residues and hydrogen bonds were
formed (Figure 6F).

Discussion

Compared with eAgos, which exclusively use RNA guides to cleave
RNAs, pAgos use DNA guides or RNA guides to cleave com-
plementary nucleic acid targets. Most pAgos use 5'-P guides, while
few have a preference for 5'-OH guides [5]. pAgos that can use other
5’-modified guides remain to be explored. We characterized ther-
mophilic pAgo from T. parvatiensis as a programmable en-
donuclease with DNA-guided cleavage of DNA and RNA targets.
Most characterized pAgos have an exclusive target cleavage activ-
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ity, except for TtAgo, MpAgo, and KmAgo, which can simulta-
neously act on DNA and RNA targets [5,12,16,32]. The ability of
TpsAgo to cleave multiple substrates (DNA and RNA) can expand
the ability to perform genetic manipulation.

TpsAgo functions over a wide temperature range (65-90°C),
whereas different temperature spectra were observed when using
5'-P gDNA and 5'-OH gDNA. TpsAgo cleaved targets at tempera-
tures greater than 85°C with 5'-P gDNA but not with 5'-OH gDNA.
This phenomenon has also been reported for ChbAgo and MfAgo
[4,10]. The interactions between the 5’-phosphate and MID binding
pocket can stabilize Ago-guide complexes at elevated temperatures
[4]. When the temperature exceeds 85°C, the binding affinity be-
tween the phosphate group and the MID domain may be stronger
than that of the hydroxyl group.
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A B

Biotin

Figure 6. Structural analysis of MID domain of TpsAgo Structural analysis of MID domain of TpsAgo with 5’-OH (A), 5'-NH,Cg (B), 5'-Biotin (C), 5'-
FAM (D), 5'-P (E), and 5-SHC; (F) gDNAs were shown. It should be noted that 5'-NH,Cg, 5-Biotin, 5-FAM, and 5-SHCz gDNAs still contain a 5~
phosphate group but not at the specific 5’-terminal. The amino acid residues of the MID domain of TpsAgo involved in interactions with the 5’-end
group are highlighted in yellow; the Mn?* involved in interactions with both gDNA and PIWI domain (cyan) is shown as purple sphere; the first
three nucleotides of guide are colored in brown; the abovementioned interactions of hydrogen bond or ionic bond are indicated as gray dotted

lines.

For thermophilic Agos, complementary base pairing of approxi-
mately 15 nt between the guide and target is required to form a
relatively stable double helix structure at high temperatures, which
is conducive to subsequent cleavage. For TpsAgo activity, a mini-
mum of 16 nt gDNA is required, which is similar to other thermo-
philic Agos [5,11,31]. The bias for the 5-end nucleotides varies for
different Agos [12,16,29,30,33]. TpsAgo showed a preference for 5'-
T and 5'-G of gDNA, possibly because of the higher binding affinity
between 5'-T or 5'-G and TpsAgo than that of 5’-A or 5'-C.

Previous studies showed that mismatch between the target and
guide in eAgos and some pAgos significantly affects cleavage effi-
ciency. For RsAgo and MpAgo, a mismatch in the seed region
(2-8 nt) greatly reduces target recognition and cleavage; for CbAgo,
LrAgo, and SeAgo, a mismatch in the seed region has little or no
effect on cleavage efficiency, whereas mismatch at the 3'-portion of
gDNA significantly reduces cleavage efficiency [4,5,17,34]. In this
study, we found that TpsAgo has a low tolerance for guide/target
mismatches both in the seed region and 3’-portion of gDNA, and
evaluation of TpsAgo cleavage at single-base resolution may facil-
itate its application in precise DNA manipulation.

Previous studies suggested that pAgo can successfully generate
dsDNA breaks in plasmids. Similar to reported mesophilic Agos [4],
guide-dependent dsDNA cleavage by TpsAgo depends on the pre-
sence of AT-rich regions. Interestingly, guide-independent plasmid
processing activity has been found for some Agos but was sup-
pressed at elevated temperatures [4,16,35] or in the presence of
excess guides [31]. Here, no guide-independent activity for TpsAgo
at 80°C was observed, which may be related to the high tempera-
ture and saturated gDNA (gDNA:TpsAgo=10:1) .

Most Agos reported to date rely on 5-P guides, but some Ago

variants can accept 5'-OH guides [4,5,10,14,16]. The ability of var-
ious Agos to use other 5'-modified guides remains unclear. We
showed that pAgo can use many 5'-modified guides, including 5'-P,
5'-OH, 5'-Biotin, 5-NH,C,, 5'-FAM, and 5-SHC, but with different
cleavage efficiencies in multiple-turnover conditions. TpsAgo dis-
played the highest cleavage efficiency when using 5-OH gDNA,
indicating its preference for 5'-OH. We also found that 5'-NH,Cs, 5'-
Biotin, and 5-FAM had higher cleavage activity than 5'-P. Subse-
quently, homologous modeling was performed to analyze the im-
pact of these modified guides on the changes of interactions with
MID domain. Through in silico analysis, we described the multiple
interactions that may respond to TpsAgo conformation changes and
alter their activity mediated by different modified guides. It should
be noted that the third nucleotide (G3) and its phosphate group of
5'-OH gDNA showed a different orientation, which could impair the
base-paring with target or the gDNA binding. The reason may be
that only three first nucleotides were used for modeling without the
downstream guide DNA sequence. On the other hand, it is possible
that the G3 of 5-OH guide does not form a base-pair with the target,
because recent studies showed that a mismatch in the seed region
stimulated target cleavage for some Agos [4,36]. In fact, TpsAgo
associated with 5-OH and 5'-NH,C, guides displaying higher clea-
vage efficiency in multiple-turnover reactions showed a much lower
binding affinity, while high binding affinity guides (5-P, 5'’-Biotin
and 5-FAM modifications) resulted in lower cleavage efficiency. We
propose that the difference in the kinetics of cleavage may be re-
sulted from the different turnover rates for different 5-end mod-
ifications, since previous studies indicated that the rate-limiting step
in the reaction is the dissociation of products from the complex after
cleavage. To test this hypothesis, we measured the kinetics of ssSDNA
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cleavage under the single-turnover conditions (the binary complex
of TpsAgo with guide DNA was present in 2-fold over target). The
nearly identical reaction rates observed for 5-OH, 5'-NH,C, and 5'-
Biotin guides seem to support the proposal that the rate-limiting step
in the reaction is the dissociation of products from the complex after
cleavage. Interestingly, TpsAgo has a much lower cleavage effi-
ciency towards to 5-SHC; and 5'-P guides. The lower cleavage effi-
ciency observed for 5'-SHC, guide may be explained by its oxidation
due to its instability [35], while 5'-P guide results the lowest cleavage
efficiency, suggesting that a fraction of complexes formed by TpsAgo
is catalytically inactive. Although previous studies have shown that
the rate-limiting step in the reaction is the dissociation of products
from the complex after cleavage [4,37], our results suggested that
there may be other factors which can affect the cleavage efficiency,
such as target recognition and duplex propagation [3].

The cleavage site of LrAgo is shifted 1-2 nt downstream from the
5’-end in the absence of the 5'-phosphate group in the guide mole-
cule. Changes in the slicing site were also observed in hAgo2 with
non-phosphorylated guides. Therefore, the phosphate group can
help determine the precise cleavage site [4,38]. However, changes
in the slicing site were not observed for TpsAgo, indicating that
TpsAgo can perform precise cleavage with non-phosphorylated
guides. Thus, further structural research is required to understand
the specific guide recognition mechanism of TpsAgo. Our findings
expand the understanding of the catalytic diversity of pAgos and
may facilitate widespread use of pAgos in genetic manipulations.

Supplementary Data
Supplementary Data is available at Acta Biochimica et Biphysica
Sinica online.
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