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Abstract

Argonaute (Ago) proteins are programmable nucleases found in all domains of life, playing a crucial role in biological processes like DNA/RNA
interference and gene regulation. Mesophilic prokaryotic Agos (pAgos) have gained increasing research interest due to their broad range of
potential applications, yet their molecular mechanisms remain poorly understood. Here, we present seven cryo-electron microscopy structures
of Kurthia massiliensis Ago (KmAgo) in various states. These structures encompass the steps of apo-form, guide binding, target recognition,
cleavage, and release, revealing that KmAgo employs a unique DDD catalytic triad, instead of a DEDD tetrad, for DNA target cleavage under
5P-DNA guide conditions. Notably, the last catalytic residue, D713, is positioned outside the catalytic pocket in the absence of guide. After
guide binding, D713 enters the catalytic pocket. In contrast, the corresponding catalytic residue in other Agos has been consistently located
in the catalytic pocket. Moreover, we identified several sites exhibiting enhanced catalytic activity through alanine mutagenesis. These sites
have the potential to serve as engineering targets for augmenting the catalytic efficiency of KmAgo. This structural analysis of KmAgo advances
the understanding of the diversity of molecular mechanisms by Agos, offering insights for developing and optimizing mesophilic pAgos-based
programmable DNA and RNA manipulation tools.
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Introduction

DNA/RNA interference pathways across all three domains
Argonaute (Ago) proteins are nucleic acid-guided pro- of life (1,2). Eukaryotic Ago (eAgo) proteins mediate RNA
grammable nucleases that play a crucial role in the interference by utilizing short RNAs as guides to target

Received: April 16, 2024. Revised: September 3, 2024. Editorial Decision: September 4, 2024. Accepted: September 11, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.


https://doi.org/10.1093/nar/gkae820
https://orcid.org/0000-0003-1387-093X

11896

complementary RNA sequences (3,4). In contrast to eAgos,
which exclusively target RNAs (5), prokaryotic Ago (pAgo)
proteins employ guide DNAs or guide RNAs to target both
DNAs and/or RNAs (6-16). Consequently, pAgos demon-
strate a broader range of functions, such as targeting bacte-
riophages and plasmids through DNA interference (6,7,17—
19), unlinking replicating chromosomes (20), and enhancing
homologous recombination (21,22).

pAgos are prevalent in archaea, accounting for approxi-
mately 25% of all sequenced genomes, and in bacteria, ac-
counting for around 17% of genomes (23). pAgos can be di-
vided into long pAgos and short pAgos. Structures of apo-
form Agos and their guide/target strands bound forms have
been reported (10,24-38). eAgos and the majority of long pA-
gos consist of six main domains: N (N-terminal), L1 (Linker
1), PAZ (Piwi-Argonaute-Zwille), L2 (Linker 2), MID (Mid-
dle) and PIWI (P-element induced wimpy testis) (2,24). The
catalytically active Agos PIWI contains a DEDX (X represents
D, H, N or K) catalytic tetrad coordinates two divalent metal
cations crucial for target cleavage (10,30,33). The MID cre-
ates a base pocket that accommodates the 5’-end of the guide
strand through stacking and polar interactions. This process
involves a divalent metal cation bound in certain eAgos and
pAgos (10,25,28,39). The PAZ binds to the 3’-end of the guide
strand, which is subsequently released during target recog-
nition. The initial few nucleotides of the guide strand from
the ‘seed’ region are pre-arranged in a helical conformation
and play a role in the initial target recognition. The precise
positioning of the guide within the Ago molecule determines
the site of target cleavage, typically taking place between the
10th and 11th guide nucleotides in most studied pAgos and
eAgos (2,24). Short pAgos retain the MID and PIWI impor-
tant for guide-mediated target binding but lack cleavage activ-
ity. Emerging insights reveal that various short pAgos interact
with different accessory ‘effector’ enzymes (17,23,40).

Due to their relatively small protein size and the absence
of strong requirements for specific motifs during guide bind-
ing or target recognition, pAgos have the potential to be
utilized as tools for nucleic acid manipulation and genomic
technologies (41,42). A few pAgos have been well charac-
terized and structurally studied (24). Notably, most of these
enzymes are derived from thermophilic bacteria and archaea
(Supplementary Table S1) (6,9,10,25,26,32,33). Nevertheless,
their high optimal activity temperature, which ranges from
55 t0 99.9°C, hinders their usefulness in vivo gene editing of
species of interest and restricts their applications in detection-
based diagnostic devices (6,8,34). Consequently, there has
been an accelerated discovery of mesophilic pAgos that can
carry out cleavage at moderate temperatures, enabling their
translation to in vivo genome editing and other applications
(11,13-16,43). However, structures of mesophilic pAgos in
the active state that have both metal ions and target bound
within the PIWI catalytic pocket have not yet been determined,
although several structures of mesophilic pAgos have been de-
termined (14,16,27). To understand how the mesophilic pA-
gos cleave targets, it is critical to elucidate the structures of
mesophilic pAgo complexes in their catalytically competent
states, with both metal ions and substrate bound in the PTWI
catalytic pocket.

KmAgo from the mesophilic bacterium Kurthia massiliensis
exhibits an unexpectedly broad specificity for guide and target
molecules (11,43). KmAgo is capable of cleaving both DNA
and RNA targets using both DNA and RNA guides, making
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it potentially applicable in various nucleic acid biotechnology
applications. In this study, we determined seven cryo-electron
microscopy (cryo-EM) structures of KmAgo in diverse states.
Together with mutagenesis analysis and molecular dynamics
simulations, we offer snapshots of distinct key steps within the
catalytic cycle, providing fundamental insights into a diverse
and yet enigmatic part of the Ago superfamily.

Materials and methods

Protein expression and purification

The KmAgo gene and its double mutant (KmAgo-DM,
D527A, D596A) have been cloned into pET28a expression
vectors with the N-terminal His6 tag in the previous study
and stored in our laboratory. Point mutants used for in vitro
activity assays were constructed by polymerase chain reac-
tion (PCR) mediated site-directed mutagenesis (44). All cloned
constructs were verified by DNA sequencing. The purification
protocol for KmAgo and KmAgo-DM was adapted from our
previous study (11). Briefly, the plasmids were transformed
into Escherichia coli strain BL21 (DE3) (Novagen). The cul-
tures were incubated at 37°C in an LB medium contain-
ing 50 pg/mL kanamycin until reaching an optical density
(ODgpg = 0.6-0.8). Protein expression was then induced by
adding isopropyl-p-p-thiogalactopyranoside (IPTG) to a final
concentration of 0.2 mM. After induction, the cultures were
incubated for 20 h at 18°C. Then, cells were harvested by cen-
trifugation at 6000 rpm for 10 min, flash-frozen and stored at
—80°C for subsequent purification.

KmAgo and KmAgo-DM proteins used for structures were
prepared through a three-step purification. The cells were sus-
pended in buffer A (50 mM Tris—=HCI, pH 7.5, 500 mM NaCl)
and then lysed using a JN-02C cell disrupter (JNBIO, Inc.).
After centrifugation at 14 000 rpm for 30 min, the lysate was
clarified, and the resulting soluble fraction was applied to a 4
ml packed Ni-NTA resin (Qiagen). The resin was washed with
buffer A containing 60 mM imidazole, and then the target
protein was eluted using buffer A containing 250 mM imida-
zole. The eluted protein was diluted in 50 mM Tris-HCI, pH
7.5, to reduce the final salt concentration to 150 mM NaCl.
The diluted protein was loaded onto a Heparin column (Hi-
Trap Heparin HP, GE Healthcare) that had been washed with
buffer B (50 mM Tris-HCI, pH 7.5, 125 mM NacCl) and then
eluted using a linear gradient of 0.125-2 M NaCl. Fractions
containing target protein were concentrated using an Amicon
50K filter unit (Millipore) through ultrafiltration. The final
purification step involved size-exclusion chromatography us-
ing a Superdex 200 10/300 increase column (GE Healthcare)
equilibrated with buffer C (20 mM HEPES, pH 7.5, 150 mM
NaCl and 5 mM DTT). The purified proteins were concen-
trated in buffer C to a final concentration of 2 mg/ml, then
aliquoted and stored at —80°C. Only Ni-NTA resin purifica-
tion was performed for KmAgo and its mutants used iz vitro
activity analysis.

Activity assays

Activity assays were conducted using synthetic guides and
5’FAM labeled targets. The oligonucleotide sequences can be
found in Supplementary Table S2. Unless otherwise speci-
fied, 800 nM KmAgo or its mutant was mixed with 400 nM
guides and incubated for 10 min at 37°C in a reaction buffer
containing 10 mM HEPES-NaOH (pH 7.5), 5 mM MnCl,,
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100 mM NaCl and 5% glycerol for guide loading. Then, tar-
get nucleic acids were added to the final concentration of 200
nM. The cleavage reactions were carried out in PCR tubes at
37°C and stopped after 15 min by mixing the samples with
equal volumes of 2 x RNA loading dye, which consisted of
95% formamide, 18 mM EDTA, 0.025% sodium dodecyl sul-
fate (SDS), and 0.025% bromophenol blue. The samples were
heated for 5 min at 95°C. The cleavage products were sepa-
rated by 20% denaturing polyacrylamide gel electrophoresis
(PAGE), visualized using the GelDoc Go Gel Imaging System
(Bio-Rad), and analyzed using the NIH program Image] and
Prism 8 (GraphPad).

Cryo-EM grids preparation and data acquisition

KmAgo and KmAgo-DM were purified as described above
(Supplementary Figure S2). For the formation of KmAgogpna
binary complex grids, purified KmAgo was mixed with 18 nt
5’-phosphorylated guide DNA (5'P-gDNA) in a 1:1 molar ra-
tio and incubated at 37°C for 30 min. A 4 ul drop of 1.0
mg/ml was added to glow-discharged 300 mesh holey gold
grids (R1.2/1.3, Quantifoil), blotted for 4-5 s in 100% hu-
midity at 4°C, and then plunged into liquid ethane using an
FEI Vitrobot Mark IV (Thermo Fisher Scientific). To prepare
ternary complex grids, the protein—nucleic acid complex was
incubated at 37°C for 30 min or 60 min with a final molar ra-
tio of 1:1:1 (protein: 5'P-gDNA: target DNA). The grid prepa-
ration procedure was identical to that of the KmAgogpna bi-
nary complex. The final concentration of manganese in all re-
actions is SmM.

The cryo-EM grids were loaded onto a 300 kV Titan Krios
microscope (Thermo Fisher Scientific) equipped with a Gatan
K3 direct electron detector and a BioQuantum energy fil-
ter, which operated at a slit width of 20 eV. Micrographs
were collected automatically by EPU using standard proce-
dures. Images were captured using a calibrated magnification
of 105 000 x, resulting in a pixel size of 0.851 A. The defocus
range was set between —1.1 um and —1.5 pm. Each micro-
graph comprised 40 frames with a total exposure time of 2.5
s, resulting in an accumulated dose of about 54 e~ /A2,

Image processing

For KmAgo,p0, KmAgo,pna, pre2-KmAgogpp, prel-KmAgo-
DMgpp, KmAgo-DMgpr (cleaved, released)-KmAgogpp, a
total of 2739, 4026, 2931, 4715, 12 939 and 2581 image
stacks, respectively, were summed and corrected for drift and
beam-induced motion using MotionCor2 (45). The following
data processing steps were performed with cryoSPARCv4.2.1
(46). The contrast transfer function parameters for each mi-
crograph were estimated using the CryoSPARC patch CTF
algorithm. For KmAgo,p,, 5219822 raw particles were blob
picked with a particle diameter range of 6-12 nm and
subjected to ab-initio reconstruction and heterogeneous re-
finement. Then, each class was subjected to 2D classifi-
cation individually to remove bad particles and contami-
nants. Good classes showed clear features were combined
and subjected to another four rounds of ab-initio, hetero-
geneous refinement, and 2D classification, yielding 637006
good particles for non-uniform refinement. The refined par-
ticles were split into five classes for 3D classification. Three
classes containing 386173 particles showed detailed fea-
tures and were subjected to non-uniform refinement, result-
ing in a map at 2.85 A resolution. For the rest of the
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datasets, the map of KmAgo,,, was used to generate 2D
templates with a particle diameter of 6 nm for template-
picking. The final dataset of KmAgogpna, pre2-KmAgogpi,
prel-KmAgo-DM,pp, KmAgo-DMgp contained 439341,
199254, 556763, and 439557 particles, which %enerated
maps with resolutions at 2.66,2.96,2.68 and 2.84 A, respec-
tively. For (cleaved, released)-KmAgogpp samples, two states
were clearly defined after the final 3D classification. One with
cleaved target DNA containing 308521 particles was further
refined to 2.76 A resolution, and the other with released tar-
get DNA containing 288 696 particles yielded a 2.76 A den-
sity map. Local resolution estimation was performed with
the CryoSPARC local resolution estimation algorithms. All
parameters for image processing were summarized in Table
1A,B and processing procedures of all datasets were shown
in Supplementary Figure S3, S4, S5, S6. All 3D density maps
were displayed using UCSF Chimera (47).

Model building and refinement

The initial template of KmAgo,p, was generated using Al-
phaFold2 (48), and then the rigid body was fitted into a
cryo-EM density map with Chimera, followed by manual ad-
justment and rebuilding in COOT (49). The model was fur-
ther refined by several rounds of real-space refinement in
Phenix (50). For the rest of the six structures, the well-refined
KmAgo,p, model was used as a starting template, followed by
iterative manual adjustment in COOT and real-space refine-
ment in PHENIX. The final model statistics were validated
and provided by MolProbity (51) and summarized in Table 1.
Chimera was used for preparing the structural figures.

Molecular dynamics simulations

Based on the cryo-EM structure of cleaved-KmAgogpmp, we
constructed a complex model for a system with reconstructed
intact target DNA, which mimics the intermediate state. First,
the target DNA in the cleaved-KmAgogpep structure was re-
constructed using COOT to repair the scissile phosphate (49).
Then, the missing residues in the protein were modeled using
MODELLER (52). The water molecules in the original struc-
ture were removed except for four waters close to Mn?* A and
Mn?* B that were expected to be important for enzymatic ac-
tivity. Hence, the initial model of the intermediate state was
obtained.

CHARMM-GUI was used to build the initial structure of
MD simulations (53). MD simulations were conducted in
GROMACS 2020 using the all-atom CHARMM36m force
field and the modified TIP3P water model, with the addition
of 150 mM Na* and Cl~ ions to neutralize the system (54,55).
Energy minimization was performed using the steepest descent
algorithm for 50 000 steps. System equilibration was carried
out for 1 ns with constraints on the hydrogen bonds in the
isothermal-isochoric (NVT) and isothermal-isobaric (NPT)
ensembles, respectively (56). The temperature was maintained
at 298 K using the v-rescale method, and the pressure was kept
constant at 1 bar by semi-isotropic coupling to a Parrinello-
Rahman barostat with tp=2.0ps and a compressibility of
4.5 x 1073 bar (57,58). Subsequently, three independent 500
ns production runs were performed for each simulation. H
bonds were constrained using the LINCS algorithm, with a
time step of 2 fs (59). The cutoff values for electrostatic in-
teractions and van der Waals interactions were both set to
1.2 nm. Long-range electrostatic interactions were computed
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Table 1A. Cryo-EM data collection, refinement and validation statistics
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KmAgo,p, KmAgo,pna prel-KmAgo-DM,pp KmAgo-DM,px
(EMD-38354) (EMD-38355) (EMD-38409) (EMD-38408)
(PDB: 8XHS) (PDB: 8XHV) (PDB: 8XJX) (PDB: 8XJW)

Data collection and processing

Magnification 105 000 105 000 105 000 105 000

Voltage (kV) 300 300 300 300

Electron exposure (e~ /AZ) 54 54 54 54

Defocus range (pm) —-1.0~-1.5 —-1.0~-1.5 —-1.0~-1.5 —-1.0~-1.5

Pixel size (A) 0.851 0.851 0.851 0.851

Symmetry imposed C1 C1 C1 C1

Initial particle images (no.) 2 644 446 10 959 937 13 369 141 11 662 653

Final particle images (no.) 386173 439 341 556 763 439 557

Map resolution (A) 2.85 2.66 2.68 2.84

FSC threshold 0.143 0.143 0.143 0.143

Map resolution range (A) 2.44-42.73 2.30-39.22 2.48-41.04 2.43-44.28

Refinement

Initial model used AlphaFold2 KmAgoapo KmAgoapo KmAgoapo

Model resolution (A) 2.82 2.63 2.64 2.82

FSC threshold 0.143 0.143 0.143 0.143

Model resolution range (A) n/a n/a n/a n/a

Map sharpening B factor (A2) -132.9 —-112.1 —129.4 —-130.2

Model composition

Non-hydrogen atoms 5076 6205 6310 6247

Protein residues 618 721 693 690

Ligand 0 1 1 1

B-factors (A2)

Protein 11.35/100.10/43.16 35.94/120.37/55.79 29.99/111.22/57.56 19.94/51.65/33.65

Nucleotide — 27.27/122.98/60.44 29.83/71.22/43.37 21.23/56.87/34.33

Ligand — 29.16/29.16/29.16 66.88/66.88/66.88 28.24/28.24/28.24

Water 9.05/33.39/18.20 15.27/33.84/24.58 19.99/77.57/32.76 15.05/28.27/23.57

R.m.s. deviations

Bond lengths(jo\) 0.003 0.003 0.003 0.002
Bond angles (°) 0.548 0.583 0.567 0.579
Validation

MolProbity score 1.63 1.66 1.76 1.79
Clashscore 4.66 5.96 7.80 9.16
Poor rotamer (%) 0.00 0.00 0.00 0.00
Ramachandran plot

Favored (%) 95.72 95.24 95.20 95.76
Allowed (%) 4.28 4.76 4.80 4.24
Disallowed (%) 0.00 0.00 0.00 0.00

using the particle mesh Ewald (PME) method (60). The trajec-
tories were analyzed using tools implemented in GROMACS
and in-house scripts (61).

Results

Overall structure of the apo-form KmAgo with D713
and E562 positioned away from the catalytic center

We first determined the structure of the apo-form KmAgo
(KmAgo,p,) to 2.85 A overall resolution (Figure 1A-C, Ta-
ble 1, Supplementary Figure S3a, S7a, S8a). KmAgo shares
10-23% sequence identity with the Ago proteins from eu-
karyotes, bacteria, and archaea whose structures have already
been determined (Supplementary Table S3). KmAgo possesses
four conserved domains (N, PAZ, MID, PIWI) and two linker
regions (L1, L2) found in other Ago proteins. The overall bi-
lobed molecular architecture is typical for the family of Ago
proteins, and the arrangement of the two lobes is compara-
ble to other pAgos (Figure 1D). Some regions of KmAgo ap-
pear to have intrinsic flexibility. This concerns particular re-
gions in the PAZ domain and the C-terminal region (CTR) of
the PIWI domain (Figure 1A-D). For other Agos, it has been

shown that these regions are involved in nucleic acid interac-
tions and undergo conformational changes upon nucleic acid
binding (25,31-33).

Structural investigations of TtAgo (Thermus thermophilus
Ago) have revealed that the catalytic pocket is comprised of
three Asp residues, with an inserted Glu residue completing
the catalytic tetrad, indicating the establishment of a cleavage-
competent state (33). The PIWI domain of KmAgo carries the
catalytic tetrad D527, E562,D596 and D713 (Supplementary
Figure S1). When comparing KmAgo,p, to the other apo-
form Agos, we observed striking differences in the catalytic
pocket of the PIWI domain (Figure 1E). In KmAgo, both
E562 within the glutamic acid finger and D713 situated in
the CTR are observed in an ‘unplugged’ position. D713 is
located on a loop away from the catalytic pocket. While in
other Agos, the corresponding catalytic residues of D713 are
situated within an alpha helix, and the side chain of those
residues are positioned in the catalytic pocket. Thus, we intro-
duced single alanine mutations at these four positions to ver-
ify the catalytic residues (Figure 1F, Supplementary Figure S9).
A single mutation at positions D527, D596 or D713 almost
abolished cleavage activity, suggesting that D713 is the cat-
alytic aspartate. Surprisingly, although mutation of glutamate
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Table 1B. (Cont.). Cryo-EM data collection, refinement and validation statistics
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Pre2-KmAgogpp

Cleaved-KmAgo,pn

Released-KmAgognp

(EMD-38412) (EMD-38414) (EMD-38415)
(PDB: 8XKO0) (PDB: 8XK3) (PDB: 8XK4)

Data collection and processing

Magnification 105 000 105 000 105 000

Voltage (kV) 300 300 300

Electron exposure (e_/AZ) 54 54 54

Defocus range (pum) —-1.0~-1.5 —-1.0~-1.5 —-1.0~-1.5

Pixel size (A) 0.851 0.851 0.851

Symmetry imposed C1 C1 C1

Initial particle images (no.) 8 545 993 7 443 662 7 443 662

Final particle images (no.) 199 254 308 521 288 696

Map resolution (A) 2.96 2.76 2.76

FSC threshold 0.143 0.143 0.143

Map resolution range (A) 2.48-41.04 2.42-39.41 2.41-42.82

Refinement

Initial model used KmAgoapo KmAgoapo KmAgoapo

Model resolution (A) 2.91 2.72 2.75

FSC threshold 0.143 0.143 0.143

Model resolution range(A) n/a. n/a. n/a.

Map sharpening B factor (A2) —129.4 —120.4 —-119.9

Model composition

Non-hydrogen atoms 6301 6309 6049

Protein residues 692 692 689

Ligand 2 3 3

B-factors (A2)

Protein 28.95/102.36/48.40 24.12/71.89/41.39 40.02/118.37/60.99

Nucleotide 30.69/101.34/50.77 13.22/68.90/39.99 44.27/112.92/58.20

Ligand 40.00/53.16/46.58 36.44/49.50/42.26 51.88/73.39/65.68

Water 13.62/41.51/24.93 12.73/36.00/25.53 25.17/27.24/26.21

R.m.s. deviations

Bond lengths (A) 0.006 0.003 0.003

Bond angles (°) 0.670 0.545 0.573

Validation

MolProbity score 1.85 1.63 1.67

Clashscore 5.94 5.29 7.56

Poor rotamer (%) 0.00 0.00 0.00

Ramachandran plot

Favored (%) 92.57 95.04 96.18

Allowed (%) 7.43 4.96 3.82

Disallowed (%) 0.00 0.00 0.00

finger (E562) abolished guide RNA mediated cleavage activity,
it still had good guide DNA mediated cleavage activity. Fur-
thermore, the cleavage activity of E562A mediated by guide
DNA targeting RNA decreased by over 50%. However, it still
exhibited robust cleavage activity when targeting DNA. Stud-
ies on D-R pAgos have shown that target selection is mainly
achieved during the cleavage step (16). We hypothesize that
the potential interaction between KmAgo’s E562 residue and
target DNA may not be essential for accurate targeting and
cleavage of DNA in the active site, whereas it is pivotal for
target RNA recognition and processing. The ‘unplugged’ state
of both D713 and E562 suggests that the catalytic center of
KmAgo in the apo state is immature, thereby lacking cleavage
ability. The structure of apo KmAgo reveals how the concerted
action of ‘unplugged’ D713 and E562 keeps Ago in an inactive
state.

The KmAgo-guide DNA structure featuring a
distinctive kink in the gDNA

To provide structural insights into guide binding, we deter-
mined the 2.66 A cryo-EM structure of KmAgo bound to 18 nt
5'P-gDNA (Figure 2A-C, Table 1, Supplementary Figure S3b,

S7b, S8b). The bound 5’P-gDNA is shown in blue, with the
chain traceable for nucleotides 1-11 and 16-18. Nucleotides
12 through 15 are poorly ordered (Figure 2D, F), typical of
guide-bound Ago structures (25,28). The gDNA strand passes
through a central basic channel located between the PAZ-
containing (N, L1 and PAZ) and PIWI-containing (MID and
PIWI) lobes of the bi-lobal scaffold of KmAgo (Figure 2B, C).
This allows the gDNA to contact all domains and linkers, ul-
timately defining the nucleic acid-binding channel within the
protein. The §'- and 3'-terminal nucleotides of the guide DNA
strand are anchored in the MID and PAZ domains, respec-
tively. To stabilize the guide 5’-phosphate, KmAgo shares a
conserved four-amino acid motif X-K-Q-K (X = K, R, H and
Y) in the MID domain (KmAgo: Y434, K438, Q450, K506;
Supplementary Figure S1). A Mn?* ion is coordinated by the
first and third phosphates of the guide DNA strand and by
the carboxyl group of V737. The first base is flipped out and
stacked over the side chain of a tyrosine Y434. The insertion
at the 3’-end of the guide enables the terminal two nucleotides
(17,18) to engage in interactions with multiple aromatic side
chains, including Y212, Y187, Y185, Y211 and Y242. This
interaction significantly augments the stability of the PAZ do-
main compared to its unbound state. Mutation of R41, Y187,
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Figure 1. The overall structure of KmAgo,po. (A) The primary structure of KmAgoap, With amino acid numbering. Domains and their unstructured
residues are colored and labeled. (B, C) Cryo-EM density map (B) and ribbon diagrams (C) of KmAgo,po, with domains colored as in (A). (D) Structural
comparison of the apo form of KmAgo, PliAgo (PDB: 7R8F), AaAgo (PDB: 1YVU), PfAgo (PDB: 1U04) and MjAgo (PDB: 5G5S). The structures were
superimposed onto each other, focusing on their C-terminal regions, which were subsequently highlighted in red. (E) (left) A magnified view comparing
the C-terminal regions of KmAgo,p,, with other pAgo structures, as depicted in (D). (right) A magnified view of catalytic tetrad in KmAgoa,, from the
same perspective. Color schemes are indicated by the labels. (F) Cleavage activity of the catalytic site mutants of KmAgo. Average cleavage efficiencies
were plotted from three technical replicates. Error bars represent the standard deviations.

Y211 or Y242 to alanine significantly enhances the cleavage
activity, particularly towards RNA targets. Notably, the R41A
and Y211A mutants displayed remarkably higher cleavage ac-
tivity compared to DNA, when guided with 5'P-gDNA (Figure
2C, D, Supplementary Figures S10 and S11).

In Agos bound to guide DNA, there is usually no notice-
able kink (Figure 2F G) (16,25,28). Surprisingly, a distinct
kink is observed in the binary structure of KmAgo, specifi-
cally within the guide nucleotides 8-10 (Figure 2D, F). In de-
tail, the nucleotides G2 to G8 are continuously stacked, while
the nucleotide T9 is flipped out. The flipped nucleotide T9 is
stabilized through pi-stacking with F253 within the PAZ do-
main. K269, which extends from the L2 linker, makes base-
specific contacts with nucleotide T9 (Figure 2E). The unex-
pected kink leads to the direct stacking of nucleotide G8 with
the nucleotide A10 base. Additionally, prior to the disordering
of the guide, we observed hydrogen bonding between G11 and

H114 (Figure 2E). Mutational analysis showed that F253A,
K269A and H114A remarkably increased cleavage activity
(Supplementary Figures S10b and S11). These results indi-
cated that this unique kink may serve as a species-specific read-
out to modulate cleavage efficiency.

Guide DNA binding induces D713 plugged in the
catalytic pocket

Comparison of the apo KmAgo with the gDNA-loaded binary
complex structure reveals that gDNA binding induces a signif-
icant conformational change, resulting in the repositioning of
the domains in the two lobes and the opening of the bind-
ing channel (Supplementary Figure S12a). Among them, MID
domain shifts around 11° and PAZ domain rotates by 33°,
both with respect to PIWI domain. In the MID domain, the
residues (K429-T453) undergo significant upward movement
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Figure 2. The overall structure of KmAgogpna. (A) The primary structure of KmAgogpna With amino acid numbering. Domains and their unstructured
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with a red circle. (G) Structure of the guide DNA in TtAgo-gDNA (PDB: 3DLH), MjAgo-gDNA (PDB: 5G5T) and PliAgo-gDNA (PDB: 7R8H) binary complex.

upon the entry of the guide, preventing steric clashes between
KmAgo and the 5’-end of the guide DNA (Supplementary
Figure $12d). The residues (S383-T415) become more orga-
nized relative to its apo form (Supplementary Figure S12e).
An important difference in the KmAgo binary complex with
18 nt guide DNA (relative to the apo KmAgo) lies in the inser-
tion of D713 into the catalytic pocket, forming a triad with the
other two catalytic Asp residues. The formation of this triad
may indicate the presence of a pre-mature catalytic pocket,

wherein E562 remains positioned outside the catalytic pocket
in an unplugged state (Supplementary Figure S12 and S13a).
We observed conformational changes on proceeding from the
apo form to the binary complex with 18 nt guide DNA. Specif-
ically, large structural transitions are observed within CTR,
loop 1 and loop 2 of KmAgo (Supplementary Figure S13a),
which is different from all previously characterized Agos. In
PliAgo and MjAgo, no significant conformational changes
are observed in these regions (Supplementary Figure S13b,
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¢) (16,25). In contrast, in KmAgo the CTR undergoes a con-
formational change, transitioning from a loop structure to a
helical conformation, thereby enabling the insertion of D713
into the catalytic pocket (Supplementary Figure S12b). Loop
1 extends outward by 20°, resulting in the formation of
an antiparallel B-sheet within the binary complex. Loop 2
rises by 8°, indicating a conformational change in this region
(Supplementary Figure S12c).

Ago ternary complex with guide DNA and target
DNA

To gain structural insights into KmAgo guide mediated target
recognition, catalytic inactive KmAgo-DM (D527A/D596A)
was used to observe conformations after target recognition
but before target cleavage. We determined the cryo-EM struc-
ture at 2.68 A resolution of KmAgo-DM in complex with
an 18 nt 5'P-gDNA and 19 nt target DNA (prel-KmAgo-
DM,pw) (Figure 3a, 3b, Table 1, Supplementary Figures S4a,
S7¢, S8c¢). Then, by promptly preparing samples after adding
the target DNA, we obtained a 2.96 A wild-type KmAgo
ternary complex structure (pre2-KmAgogpp) containing in-
tact target DNA (Figure 3A, C, Table 1, Supplementary
Figures S4b, S7d, S8d). By extending the incubation time to
60 min, we captured the structures containing cleaved tar-
get DNA (Figure 3A, D, E). Initial 3D reconstructions indi-
cated the presence of multiple DNA configurations within the
KmAgo, leading to the refinement of two structures of the
ternary KmAgo-guide—target complex at 2.76 A overall res-
olution (Table 1, Supplementary Figures S5, S7e, S8e, S8f). In
the first structure (cleaved-KmAgogpep) (Figure 3A, D), we ob-
served intact guide-target duplex segments on either side of the
cleaved target DNA strand. In the second structure (released-
KmAgo,pp) (Figure 3A, E), not only did the structure of this
complex show cleavage of the target DNA strand at the 10’
11’ step but also duplex formation was retained only on the
side containing the seed segment, with the guide strand disor-
dered beyond position 12. Moreover, the density of the target
chain (C12’-T19’) is absent, resulting in the downward flip-
ping of the 3’ end of the guide strand at a specific angle.

The overall protein structures of these four ternary com-
plexes are almost identical, and the DNA target (in red) can
be traced from positions 2’ to 16, with guide-target pairing
spanning 15 bp from base-pair position 2-2’ to 16-16" within
the nucleic acid-binding channel (Figure 3B-D), except for
the released-KmAgogpp (Figure 3E). The 5'-phosphate of the
guide DNA is still anchored in the MID pocket, but the 3’-end
(position 18 is disordered and cannot be traced) is released
from the PAZ pocket to the N domain on formation of the
15-bp guide-target duplex (Figure 3B-D). We observed con-
formational changes on proceeding from the binary complex
to the ternary complex, and these changes can be visualized af-
ter superimposing the PIWI-containing (Mid and PIWI) lobe
as indicated by the red arrow in Figure 3F. These changes in-
volve a pivotal rotation of the PAZ domain and large struc-
tural transitions within it (Figure 3F). To enable the pairing of
gDNA-tDNA, the protruding T9 residue in the binary struc-
ture undergoes an inward flip, while the side chain of F253 re-
locates to create ample space for unhindered base pairing (Fig-
ure 3G). Besides, two loops (H178-Y187,V230-A243) within
the PAZ domain moves up to tighten the binding channel
(Figure 3H).

Nucleic Acids Research, 2024, Vol. 52, No. 19

Dynamic changes of E562 during the catalytic cycle

Ago-mediated cleavage typically requires the embedding of a
glutamate residue (referred to as the ‘glutamate finger’) into
the catalytic pocket, resulting in the formation of a complete
DEDX catalytic tetrad (30). In TtAgo, the loop region har-
boring the glutamate finger (E512) necessitates a substan-
tial backbone conformational change to facilitate insertion
into the pocket and subsequent cleavage (33). Intriguingly,
in KmAgo, upon superimposing the glutamate finger (E562)
across various states, we observed tDNA cleavage despite mi-
nor fluctuations in the backbone of E562, indicating a height-
ened flexibility within the loop region encompassing E562
(Supplementary Figure S14). In all ternary complexes, the glu-
tamate finger of KmAgo lacks the stabilizing hydrogen bond
network typically observed in other Ago proteins (30) (62—
64).

Subsequently, we conducted an individual analysis of the
catalytic pocket in each state of KmAgo, revealing that the po-
sitions of D527 and D596 within the catalytic tetrad remain
relatively stable. D713 inserts during the transition from the
apo to the binary state, thereby promoting the pre-maturation
of the catalytic pocket. E562 undergoes dynamic alterations
throughout the catalytic cycle, resulting from the swinging
motion of the backbone (Figure 4A). Further comparing the
relative positions of the catalytic tetrad in different states of
other Agos (Figure 4B-E), we find that the catalytic pocket
of KmAgo when ions enter shares the most similarity with
the inserted state of KpAgo’s pocket (Figure 4C) (30). Based
on our observations, we hypothesize that KmAgo transitions
from an unplugged state to a plugged-in state upon ion entry
(Figure 4A). The active site of prel-KmAgo-DMgpp exhib-
ited no observable metal ion density (Figure 5C), likely due
to catalytic mutations that distorted the optimal geometry for
divalent cation coordination, thereby suggesting a conforma-
tion incompatible with cleavage.

A pair of Mn?* cations mediate cleavage chemistry

The PIWI domain of Ago adopts an RNase H fold, with cat-
alytic D527, D596 and D713 residues lining the active site
of the KmAgo. Two Mn?* cations have been shown to facil-
itate target hydrolysis during catalytic cleavage by RNase-H-
containing nucleases, with cation A assisting nucleophilic at-
tack by positioning and activating a water molecule and cation
B stabilizing the transition state and leaving group (33,65).
Utilizing the resolved structure of the KmAgo ternary com-
plex in the plugged-in state, we aim to elucidate the molecular
mechanism governing the cleavage of tDNA mediated by 5'P-
gDNA.

In pre2-KmAgogpm, Mn?* A is seen, but Mn?* B is miss-
ing (Figure 5D). Despite D713 not yet coordinated with Mn>*
A, Mn?* A is directly coordinated with D527 and the scis-
sile phosphate in a configuration resembling the catalytic cen-
ters of TtAgo and bacterial RNase H (33,65). Mn?* A is sur-
rounded by three water molecules, one prepared for in-line
attack on the backbone phosphate at the cleavage site. These
results indicated that this structure represents a cleavage-
compatible conformation.

In cleaved-KmAgogpm, a pair of Mn?* cations (A and
B), separated by 3.9 A, are located on either side of the
scissile phosphate between nucleotides T10’ and C11” (Fig-
ure SF). Mn?* A is coordinated with D527 and D713 to
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a nonbridging phosphate oxygen of the newly generated
5’-phosphate. D713 coordinates with Mn?* A by slightly de-
flecting its side chain. Mn?* B is coordinated with D527 and
D596 to one nonbridging oxygen of the newly generated 5'-
phosphate. In released-KmAgogpmn, Mn?* A is still coordi-
nated with D527 and D713 to non-bridging phosphate oxy-
gen of the newly generated 5'-phosphate, while Mn?* B is only
coordinated with D596 (Figure 5G). In TtAgo, the plugged-
in glutamate finger is coordinated with the divalent metal B
through a pair of bridging water molecules and may act as
a structural anchor to impart the catalytic specificity of Ago
(Supplementary Figure S15a) (30,33). Notably, upon the en-
try of Mn?* into the catalytic center, the side chain of E562
shifted towards the catalytic pocket, resulting in a plugged-in
state of KmAgo. However, our observations did not indicate
that ES62 was involved in the coordination of the Mn?* cation
B. (Supplementary Figure S15b-d).

To further elucidate this dynamic aspect of E562 and delin-
eate the potential intermediate state between pre2-KmAgogpep
and cleaved-KmAgogpp, molecular dynamics (MD) simula-
tions starting from the cleaved complex with repaired scis-
sile phosphate were performed (Supplementary Figure S16).

The root mean square deviation (RMSD) analysis of protein
C-alpha atoms showed the system equilibrated during the
simulation (Supplementary Figure S16b). The results re-
vealed that Mn?* B stably coordinates within the catalytic
pocket, forming a stable interaction with D527 and D596,
alongside the departing group (Figure SE, Supplementary
Figure Slé6c, d, f). The E562 residue remains external
to the catalytic pocket throughout the simulations, un-
derscoring its non-essential role in the catalytic coordi-
nation (Supplementary Figure S16e, g). These observa-
tions demonstrate a non-traditional DEDX tetrad catalytic
mechanism.

Comparison of Ago ternary complexes with target
DNA and RNA

Since KmAgo also employs guide DNA to cleave RNA tar-
gets at moderate temperatures, we determined the structure
of KmAgo-DM in complex with an 18 nt 5'P-gDNA and a 19
nt target RNA (KmAgo-DMgpw) at 2.84 A resolution (Fig-
ure 6A—C, Table 1, Supplementary Figures S6, S7f, S8g). The
guide DNA strand (in blue), which can be traced from posi-
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Figure 6. The overall structure of KmAgo-DMgp:r. (A) Domain architecture of KmAgo-DMgpr with amino acid numbering. Domains and their
unstructured residues are colored and labeled. (B, C) Cryo-EM density map (B) and ribbon diagrams (C) of KmAgo-DMgpr, with domains colored as in
(A). (D) Structural representation of KmAgo and other ternary complexes. (Left) TtAgogpip (PDB: 4NCB); (middle left) CbAgogpip (PDB: 6QZK); (middle
right) KmAgo-DMgpip; (right) TtAgogpr (PDB: 3HK2). (E) Superposition of the guide DNA-target DNA and guide DNA-target RNA duplex depicted in (D)

pairwise. The color schemes are designated by the corresponding labels.

tions 1-17, is anchored at its 5’end. The target RNA strand
(in purple) can be traced from positions 2’ to 16/, with guide-
target pairing spanning 15 bp between base-pair positions
2-2"to 16-16’. The overall structures of these KmAgo ternary
complexes are identical (Supplementary Figure S17a).
KmAgo is phylogenetically closely related to mesophilic
CbAgo (sequence identity 22.26%). However, our structural
homology search using Dali servers showed that the overall
structure of KmAgo exhibits distant similarities with ther-
mophilic TtAgo, which is inconsistent with their distant se-

quence identity (sequence identity 17.95%). The guide-target
duplex within the KmAgo ternary complex adopts an A-
form (Supplementary Figure S17b), and exhibits good su-
perposition with TtAgo, whereas it does not align well with
CbAgo, particularly towards the termini of the duplex (Fig-
ure 6D, E). The structural observations are in agreement
with the functional roles of these Agos. KmAgo and TtAgo
exhibit efficient cleavage activity towards both DNA and
RNA (6,11,28), whereas CbAgo is primarily effective against
DNA (14).
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Figure 7. Comparison of the major contacts in KmAgo-DM ternary complexes. (A) (Left) Schematic representation of the primary interactions between
KmAgo-DM and gDNA (blue) and tDNA (red). (Right) Schematic representation of the primary interactions between KmAgo-DM and gDNA (blue) as well
as tRNA (purple). The residues are colored according to their domains, similar to the representation in Figure 6A. (B) Mutational analysis of amino acid
residues interacting with targets. Average cleavage efficiencies were plotted from three technical replicates. Error bars represent the standard deviations.
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Mutational analysis of residues interacting with
targets

Both the DNA-RNA and DNA-DNA duplex within KmAgo
are stabilized by a network of intermolecular interactions,
with the entire set shown schematically in Figure 7A, and a
subset of which are shown in Supplementary Figure S18. Al-
though the amino acid residues involved in the interaction be-
tween DNA and proteins are similar in both complexes, more
amino acid residues are interacting with target DNA com-
pared to target RNA (Figure 7A). This may be one of the rea-
sons why KmAgo has a higher efficiency in DNA cleavage. To
ascertain the amino acid residues that play a crucial role in
the cleavage activity of KmAgo, we mutated the amino acid
residues interacting with target DNA and target RNA into
alanine and measured the cleavage activity of these mutants
(Figure 7B, Supplementary Figure $19).

Apart from K624A and K625A, which lead to almost
complete loss of cleavage, Y33A and R721A also reduced
cleavage. Notably, we observed that mutation of K672,
which interacts with DNA target nucleotide A13’ (Figure 7B,
Supplementary Figure S18c¢), increased 5'P-gDNA mediated
RNA cleavage activity but slightly decreased 5'P-gDNA me-
diated DNA cleavage activity. Interestingly, the mutation of
Y53,R93,K96,N138, Y494 or K664 to alanine increased var-
ious types of cleavage activity, especially Y494A and K664A,
which significantly increased gDNA mediated cleavage activ-
ity. The activity of Ago nucleases involves multiple stages,
and the activity is influenced by many factors. In addition
to guide/target binding affinity, the guide/target binding rate
and the products release rate also have a significant impact on
their activity (14). We speculate that although mutating these
sites to alanine may disrupt potential hydrogen bonds with
the guide/target, thereby reducing binding affinity to some ex-
tent, it may also promote the rapid release of cleavage prod-
ucts or facilitate guide/target binding, ultimately exhibiting
higher activity. These findings identify numerous putative mu-
tation sites that could enhance the cleavage activity of KmAgo,
thereby facilitating the advancement of nucleic acid manipu-
lation tools reliant on KmAgo.

Discussion

In this study, we determined seven high-resolution cryo-EM
structures of KmAgo: an apo-form KmAgo (2.85 A), a guide
DNA loaded KmAgo (2.66 A), three guide DNA /target DNA
loaded KmAgo with distinct catalysis step (2.96, 2.76 and
2.76 A), a guide DNA /target DNA loaded KmAgo-DM (2.68
A), and a guide DNA /target RNA loaded KmAgo-DM (2.84
A). These structures encompass the stages of apo-form, guide
binding, target recognition, cleavage, and release, enabling us
to gain a comprehensive understanding of the conformational
changes in the KmAgo catalysis process.

Surprisingly, the structural and biochemical data consis-
tently suggest that KmAgo utilizes a non-traditional DEDX
tetrad catalytic mechanism. Notably, E562 remains in a
plugged-in state while efficiently executing cleavage reactions,
despite not maintaining continuous coordination with diva-
lent metal ions. In contrast, the last catalytic residue, D713,
which coordinates with Mn?* A in catalysis, may act as a
structural anchor to impart the catalytic specificity of KmAgo.
In the absence of a guide, D713 is positioned away from the
catalytic center. After guide binding, D713 enters the catalytic
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center, resulting in the formation of a pre-mature catalytic
pocket.

In addition, we have identified many key sites that signif-
icantly affect the cleavage activity through structural anal-
ysis and mutation analysis, laying the foundation for mod-
ifying KmAgo to adapt to a particular application. This
structural analysis of KmAgo advances our understanding
of the diversity of molecular mechanisms by Ago proteins.
From an application perspective, our mechanism discovery
provides a foundation for designing and optimizing DNA
and RNA manipulation tools. Mesophilic pAgos, such as
KmAgo, have the potential to be engineered as effective
tools for probing RNA structures and detecting nucleic acids.
A 2021 study showed that KmAgo could perform efficient
RNA cleavage at elevated temperatures, which facilitates
the melting of secondary structures and enables unbiased
RNA processing (43). In 2022, a study addressed the need
for high-temperature reaction conditions in Ago-based meth-
ods by utilizing mesophilic Agos, specifically KmAgo, to
achieve CRISPR-like isothermal detection. Nonetheless, there
remains potential for enhancing detection sensitivity, necessi-
tating the augmentation of enzymatic activity in mesophilic
Agos (66).

Data availability

The cryo-EM maps have been deposited into the Electron
Microscopy Data Bank (accession numbers: EMD-38354
for KmAgoapo, EMD-38355 for KmAgogpna, EMD-38409
for pre1-KmAgo-DMgpmp, EMD-38408 for KmAgo-DM,pr,
EMD-38412 for pre2-KmAgognmn, EMD-38414 for cleaved-
KmAgo,pm, EMD-38415 for released-KmAgogpep).

The coordinates have been deposited into the Protein
Data Bank (accession numbers: 8XHS for KmAgo,p,, SXHV
for KmAgogpna, 8XJX for prel-KmAgo-DM,pwp, 8XJW
for KmAgo-DMgper, 8XKO for pre2-KmAgogpm, 8XK3 for
cleaved-KmAgogpwp, 8XK4 for released-KmAgogpn ).
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Supplementary Data are available at NAR Online.
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