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A tiny loop in the Argonaute PIWI domain tunes

small RNA seed strength
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Abstract

Argonaute (AGO) proteins use microRNAs (miRNAs) and small inter-
fering RNAs (siRNAs) as guides to regulate gene expression in
plants and animals. AGOs that use miRNAs in bilaterian animals
recognize short (6-8 nt.) elements complementary to the miRNA
seed region, enabling each miRNA to interact with hundreds of
otherwise unrelated targets. By contrast, AGOs that use miRNAs in
plants employ longer (>13nt.) recognition elements such that
each miRNA silences a small number of physiologically related tar-
gets. Here, we show that this major functional distinction depends
on a minor structural difference between plant and animal AGO
proteins: a 9-amino acid loop in the PIWI domain. Swapping the
PIWI loop from human Argonaute2 (HsAGO2) into Arabidopsis Argo-
nautel0 (AtAGO10) increases seed strength, resulting in animal-
like miRNA targeting. Conversely, swapping the plant PIWI loop
into HSAGO2 reduces seed strength and accelerates the turnover
of cleaved targets. The loop-swapped HsAGO2 silences targets
more potently, with reduced miRNA-like targeting, than wild-type
HsAGO2 in mammalian cells. Thus, tiny structural differences can
tune the targeting properties of AGO proteins for distinct biological
roles.
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Introduction

AGO proteins use small RNA guides to identify complementary sites
in transcripts targeted for silencing or repression. Overall, the three-
dimensional structures of AGOs found in plants and animals are all
similar to each other (preprint: Xiao et al, 2022). However, despite
structural similarities, different AGOs often carry out distinct func-
tions wherein the degree of guide complementarity necessary for
target recognition and the molecular consequences of target recogni-
tion can vary between different AGO proteins.

In bilaterian animals, miRNA-class AGO proteins regulate the
expression of target mRNAs (Bartel, 2018). miRNA-target recognition

leads to a moderate (1.1-3 fold) reduction in gene expression via the
recruitment of factors involved in translational repression and mRNA
decay (Baek et al, 2008; Jonas & Izaurralde, 2015). The miRNA recog-
nition elements (MREs) found in bilaterian mRNAs consist of a core
segment of complementarity to miRNA guide (g) nucleotides g2-g7
(counting from the miRNA 5’ end), which is termed the miRNA seed
region (Lewis et al, 2005). The short length (6-8 nt.) typical of animal
MREs enables each miRNA to potentially interact with hundreds of
different mRNAs (Friedman et al, 2009; Bartel, 2018), leading to the
proposal that miRNAs function as sculptors of the transcriptome in
metazoans (Bartel, 2018). Notably, physiological functions for most
predicted miRNA-binding sites in mammals remain to be demon-
strated. Taken with the moderate effect miRNA sites often have on
target mRNA levels, it has alternatively been proposed that only a
subset of miRNA-target interactions directly impact animal physiol-
ogy while the majority of sites may function to titrate miRNA activity
(Pinzon et al, 2017; Seitz, 2017).

Some animal AGOs are loaded with siRNAs, which are derived
from long double-stranded RNAs, or can be delivered as synthetic
small RNA duplexes (Elbashir et al, 2001a, 2001b). siRNA-mediated
silencing involves extensive guide-target base pairing, which elicits
an endonuclease activity in many AGO proteins. Nematodes and
arthropods have been found to possess specialized siRNA-class AGOs
that function as an antiviral defense (Wilkins et al, 2005; van Rij
et al, 2006; Wang et al, 2006; Schnettler et al, 2014; Wynant
et al, 2017). Vertebrates lack siRNA-class AGOs, but mammalian
Argonaute2 (AGO2) can be loaded with siRNAs and cleave comple-
mentary targets (Liu et al, 2004; Meister et al, 2004; Rivas
et al, 2005). Synthetic siRNAs are thus useful research tools for the
transient knockdown of target genes in mammalian cell culture and
have emerged in the clinic as a novel approach to treating human dis-
ease (Weng et al, 2019; Syed, 2021). However, because vertebrate
AGO2 evolved primarily for miRNA-mediated repression (Cheloufi
et al, 2010; Cifuentes et al, 2010; Chen et al, 2017), siRNAs in humans
inevitably also function as miRNAs and can moderately repress unin-
tended targets (Jackson & Linsley, 2010; Seok et al, 2018).

Plants produce miRNAs and several classes of siRNAs (Borges &
Martienssen, 2015). Plants have an MRE core that is twice as long as
typical mammalian MREs, comprising complementarity to g2-gl3
(Allen et al, 2005). To our knowledge, unbiased mapping of AGO1/
miRNA-binding sites throughout a plant transcriptome has not been
reported. Thus, the extent to which plant miRNAs interact with target
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mRNAs in vivo remains to be established. However, it is clear that
the seed-based sites that function in animals do not reliably confer
repression in plants (Liu et al, 2014). The requirement of extended
miRNA-target complementarity for silencing in plants is explained, in
part, by the observation that plant miRNAs often function through
target RNA cleavage and thus act like siRNAs (Llave et al, 2002; Tang
et al, 2003). However, plant miRNAs can also function through trans-
lational repression, without target RNA degradation (Aukerman &
Sakai, 2003; Chen, 2004; Gandikota et al, 2007; Brodersen et al, 2008;
Li et al, 2013), indicating that extensive miRNA-target complementar-
ity may also be required for target recognition. Indeed, biochemical
analysis of Arabidopsis AGO1 (AtAGO1) showed seed complementar-
ity alone is insufficient for high-affinity target binding (Iwakawa &
Tomari, 2013). Thus, miRNA-guided AGOs in plants appear to inher-
ently require more guide-target complementarity for target recogni-
tion than AGOs in mammals.

We recently reported cryo-EM structures of Arabidopsis (At
AGO10; preprint: Xiao et al, 2022). AtAGO10 has been classified into
clade 1 of plant AGOs (Vaucheret, 2008). Clade 1 includes AtAGO1,
the namesake of the AGO protein family (Bohmert et al, 1998), and is
primarily responsible for miRNA function in plants (Vaucheret, 2008).
Surprisingly, despite the functional distinctions between plant and
animal miRNAs, AtAGO10 structure is remarkably similar to human
AGOs (preprint: Xiao et al, 2022). Here, we explored the hypothesis
that small structural differences between miRNA-guided AGOs in
plants and animals are responsible for creating differential targeting
properties. We identified a short loop in the PIWI domain of
AtAGO10 that significantly influences targeting behavior. The loop is
disordered in human AGO structures but forms a defined structure in
AtAGO10. Structural analysis indicates the AtAGO10 loop decreases
target affinity by stabilizing a closed AGO conformation that is incom-
patible with pairing to the 3’ half of the seed region. Swapping the
loop from HsAGO2 into AtAGO10, and vice versa, produces an
AtAGO10 variant with animal-like miRNA-targeting properties and
an HsAGO2 variant with plant-like miRNA-targeting. The loop-
swapped HsAGO2-siRNA complex has elevated siRNA potency and
reduced miRNA-like targeting compared with conventional siRNAs
and the wild-type HsAGO2-siRNA complex when introduced into
mammalian cells. Combined results show that AGO-targeting behav-
ior can be tuned by small alterations of the AGO primary sequence,
explaining how the AGO protein family can mediate diverse physio-
logical functions in eukaryotes and providing insights that may facili-
tate engineering HsAGO2 with enhanced therapeutic properties.

Results
Plant clade 1 AGOs create a weak guide RNA seed region

AGO proteins create the seed region by pre-organizing guide nucleo-
tides g2-g7 in a helical conformation, thereby lowering the entropic
cost of initiating target binding (Wang et al, 2008; Parker
et al, 2009; Schirle & MacRae, 2012). In animal AGOs, the affinity of
the seed region for targets is quite high, with dissociation constants
typically in the subnanomolar range (Wee et al, 2012; Salomon
et al, 2015; Jouravleva et al, 2022). Curiously, although AtAGO10
pre-organizes the seed region in a fashion identical to human AGOs
(Fig 1A and B), AtAGO1l failed to bind target RNAs with
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complementary limited to the seed (Iwakawa & Tomari, 2013).
These observations indicate plant clade 1 AGOs may dampen the
affinity of the pre-organized seed through an unknown mechanism.
To test this idea directly, we measured the affinity of purified the
AtAGO10-miRNA complex for a seed-matched target RNA. Similar
to results with AtAGO1 (Iwakawa & Tomari, 2013), AtAGO10 bound
a seed-matched target with an 18-fold lower affinity than that of
HsAGO2 using the same miRNA guide (Fig 1C; Table EV1). Thus,
although miRNA-guided AGOs from plant and animals pre-organize
the seed region in the same way, the plant AGOs possess a means of
dampening seed strength.

A loop in the AtAGO10 PIWI domain dampens seed pairing

To understand how AtAGO10 dampens its seed region, we com-
pared the AtAGO10-miRNA structure to human AGO-miRNA struc-
tures. There are multiple amino acid substitutions surrounding the
seed region, but the largest difference, in terms of protein backbone
conformation, is a PIWI domain loop immediately downstream of
the seed (Figs 1B and EV1A). This loop is disordered in HsAGO2
crystal structures but adopts a defined conformation in AtAGO10.
The AtAGO10 PIWI loop contacts the L2 domain adjacent to helix-7,
which modulates the kinetics of seed pairing in HsAGO2 (Klum
et al, 2017). PIWI-loop sequences are divergent between plant and
animal AGOs (Fig EV1B). Thus, the PIWI loop was a likely candi-
date for dampening the plant AGO seed.

To test this idea, we created an AtAGO10 mutant (AtAGO10+
Hs-loop) in which the endogenous PIWI loop (residues 713-720)
was replaced by the corresponding loop sequence from HsAGO2
(residues 602-608). The AtAGO10 + Hs-loop mutant bound a seed-
matched target with a fivefold greater affinity than wild-type
AtAGO10 (Fig 1C). Conversely, an HsAGO2 mutant with the PIWI
loop from AtAGO10 (HsAGO2 + At-loop) bound the seed-matched
target with an affinity matching that of AtAGO10 (Fig 1C). Most resi-
dues involved in stabilizing the PIWI-loop conformation are con-
served in AtAGO1 (Fig EV2A) and clade 1 AGOs from evolutionary
distant members of the plant kingdom (Fig EV1B). Swapping the
PIWI-loop sequence of AtAGO1 into AtAGO10 had only modest
effects on target affinity (Fig EV2B). Thus, miRNA-guided plant
AGOs have stabilized PIWI loops that dampen seed pairing.

The PIWI loop increases the dynamic range of target recognition
by AtAGO10

To understand how the PIWI loop affects miRNA-target pairing
beyond the seed, we measured the affinities of wild-type AtAGO10
and AtAGO10+ Hs-loop for a series of target RNAs with increasing
miRNA complementarity (Fig 2A; Table EV1). Target affinity of
AtAGO10 varied 33-fold between targets with complementarity to
g2-g8 (Kp=1.33+0.14nM) and g2-g21 (Kp=0.040+0.007 nM;
Fig 2B and C). Target affinities of AtAGO10 bearing the PIWI loop of
AtAGO1 were similar (Fig EV2C and D). By contrast, AtAGO10 + Hs-
loop target affinities varied only fourfold between targets with com-
plementarity to g2—-g8 (0.38 £0.03 nM) and g2-g21 (0.095+0.012
nM; Fig 2B and C). The smaller affinity range is the result of
increased affinity for the seed region and decreased contributions
from downstream guide-target pairing. Thus, by weakening the
strength of seed pairing, the structured PIWI loop effectively
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Figure 1. Structured PIWI domain loop distinguishes AtAGO10 from HsAGO?2.

A Superposition of AtAGO10 (colored) and HsAGO2 (gray) bound to guide RNAs (red/pink).

B Close-up views of the boxed region in panel A showing the PIWI loop is ordered in AtAGO10 and disordered in HSAGO2.

C Dissociation constant values for wild-type AtAGO10, HsAGO2, and the AtAGO10 + Hs-loop HsAGO2 + At-loop mutants binding to a target RNA with base pairing com-
plementarity to the miRNA seed region (guide nucleotides 2—7). Guide-target base pairing schematic is shown above. Plotted data represent the best-fit K values from
n =3 technical experimental trials, each containing 12 data points. Error bars indicate s.e.m. ANOVA with Dunnett’s post hoc test P-values: ****< 0.0001. No data

points were excluded from the analyses.

expands the dynamic range of miRNA-target recognition by
AtAGO10.

The AtAGO10 PIWI loop connects stable seed pairing to
downstream miRNA-target interactions

We also measured target release rates from wild-type AtAGO10
and AtAGO10+ Hs-loop (Fig 2D; Table EV1). The release of a tar-
get with complementarity to the extended seed region (2-8 target)
from AtAGO10 followed a two-phase exponential, with ~85% of
the target molecules released rapidly (Ko fuse=4.6 min~!) and

© 2023 The Authors

~15% of the target molecules released 40-times more slowly (ko
slow=0.12min™") (Fig 2D). The observed biphasic kinetics indicate
that wild-type AtAGO10 engages the 2-8 target in at least two dis-
tinct binding modes. By contrast, the release of the 2-8 target from
AtAGO10+ Hs-loop was well described by a one-phase exponen-
tial, indicating a single binding mode. Notably, the rate of 2-8 tar-
get release from AtAGO10+ Hs-loop (0.13 min™') closely matches
the Kofsi0w Tate observed in the biphasic target release from wild-
type AtAGO10 (Fig 2D). These results suggest that a minor fraction
(~15%) of 2-8 target molecules fully engage the seed region when
bound to wild-type AtAGO10 while the majority (~85%) of target
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Figure 2. AtAGO10 PIWI loop is necessary for creating the extended MREs observed in plants.
A Base pairing schematic of guide RNA and target RNAs used in panels (B-E) and Fig 5.
Fraction target RNA bound versus [AGO-guide] for wild-type AtAGO10 and the AtAGO10 + Hs-loop mutant.

B
C Dissociation constants derived from data in panel B.
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values to all data points in panels (B and D), respectively. Error bars indicate s.e.m. No data points were excluded from the analyses.

molecules do not. The fraction of target molecules released from

AtAGOI10 in the fast phase decreased with increasing guide-target

complementarity (Fig 2E). Thus, for most binding events, the
structured PIWI loop causes AtAGO10 to rapidly release seed-
matched targets in the absence of downstream miRNA-target

pairing.
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Structural model for miRNA-targeting selectivity in plants

We propose that the difference in MRE size between plants and ani-
mals arises, to a large extent, from differences in plant and animal
PIWI-loop structures. In this model, the stabilized AtAgol0 PIWI

loop reaches across the central RNA-binding cleft to contact a loop

© 2023 The Authors
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in the L2 domain (Figs 3A and EV1A). This connection may dampen
seed pairing by stabilizing the closed position of helix-7, which is
directly tethered to the L2 loop and pivots between open and closed
positions to facilitate the making and breaking of miRNA-target base
pairs in the 3’ half of the seed (Schirle et al, 2014; Klum et al, 2017).
By contrast, the PIWI loop in HsAgo2 is unstructured and thus can-
not influence helix-7 (Figs 3B and EV1A). We expect miRNA-target
pairing downstream of the seed physically disrupts the connection
between PIWI and L2 loops, reducing the propensity of helix-7 to
occupy its closed, seed-breaking position. The AtAgol0 PIWI loop
thus makes stable seed pairing dependent on downstream miRNA-
target interactions and thereby creates the extended MREs observed
in plants (Allen et al, 2005).

The AtAGO10 PIWI loop adopts a structured conformation when
swapped into HSAGO2

We next asked whether the AtAGO10 PIWI loop also adopts a stabi-
lized conformation when swapped into HSAGO2. We determined the
2.5A resolution crystal structure of the HsAGO2 + At-loop mutant
bound to the miRNA miR-122 (Fig 4A; Table EV2). The structure
reveals that the swapped PIWI loop adopts a defined conformation
(Fig 4B), likely stabilized by multiple internal hydrogen bonds within
the loop: the sidechains of E602 and N603, the N603 mainchain car-
bonyl and E605 sidechain, and the sidechains of E605 and S608 are
within hydrogen-bonding distances of each other. The stabilized loop
reaches across the central cleft and forms two interactions with the
L2 loop: The N603 sidechain is within hydrogen-bonding distance of
the mainchain amide of K355, and the mainchain carbonyl of G604
may form a hydrogen bond with the sidechain of K354.

For direct comparison, we crystallized and determined the 2.5 A
resolution structure of wild-type HsAGO2 bound to miR-122 side-
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Figure 3. Proposed mechanism for seed dampening by the PIWI loop.
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by-side with the mutant complex. In contrast to the HsAGO2+
At-loop mutant, there is no contiguous electron density corre-
sponding to the center of the wild-type HsAGO2 PIWI loop (residues
603-606 are disordered), and no interactions between the PIWI loop
and L2 loop are observed (Fig 4C). Except for the difference in the
PIWI loops, the wild-type HSAGO2 and HsAGO2 + At-loop mutant
structures are nearly identical, with an RMSD of 0.61 A for all equiv-
alent Ca atoms (Fig 4A). Thus, the swapped-in AtAGO10 PIWI loop
adopts a defined conformation within HsAGO2 without otherwise
impacting the overall structure.

AtAGO10 PIWI-loop insertion decreases the affinity of HSAGO2
for targets lacking extended complementarity

We compared the target affinities of the HsAGO2 + At-loop mutant
to those of wild-type HSAGO2. Consistent with the hypothesis that a
stabilized PIWI loop dampens seed pairing, HsAGO2+ At-loop
bound the 2-8 target with ~75-fold lower affinity than wild-type
HsAGO2 (Fig 5A and B; Table EV1). Moreover, of the target RNAs
we examined, HsAGO2 + At-loop bound those with <15 base pairs
of guide-target complementarity with an affinity more than an order
lower than HsAGO2. By contrast, HSAGO2 + At-loop and wild-type
HsAGO2 bound both 2-19 and 2-21 complementarity targets with
comparable affinities (Fig SA and B). Notably, target affinities of
HsAGO2 + At-loop varied over 1,000-fold between the 2-8 target
and the 2-21 target. This dynamic range is two orders of magnitude
greater than the ninefold difference observed for the corresponding
target affinities of wild-type HSAGO2. Thus, the HsAGO2 + At-loop
mutant resembles Drosophila AGO2 (DmAGO2; Wee et al, 2012), an
enzyme responsible for binding and destroying viral and transposon
transcripts, in that HSAGO2 + At-loop binds far more tightly to fully
complementary targets than to those matching only the seed.
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A, B Cartoon illustrating guide-target pairing beyond g5 is modulated by the position of helix-7 in AtAGO10 and HsAGO?2. Interactions between the L2 and PIWI loops
stabilize the closed, “seed-breaking,” position of helix-7 in AtAGO10, but not in HSAGO2. Guide-target pairing beyond the seed disrupts interactions between the L2

and PIWI loops, stabilizing seed pairing.
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Figure 4. AtAGO10 PIWI loop adopts a stable conformation when swapped into HsAGO2.

A Superposition of wild-type HSAGO2 (gray) and the HsAGO2 + At-loop mutant (colored) crystal structures reveals nearly identical structures.
B Close-up view of PIWI loop in the HSAGO2 + At-loop mutant crystal structure. Blue mesh shows the final 2Fo-Fc electron density map.
C Close-up view of PIWI loop in the wild-type HSAGO2 crystal structure. Dashes indicate disordered residues in the PIWI loop. Blue mesh shows the final 2Fo-Fc electron

density map.

Insertion of the AtAGO10 PIWI loop increases target cleavage
turnover by HsAGO2

We next compared rates of target RNA cleavage by wild-type
HsAGO2 and the HsAGO2+ At-loop mutant. When incubated in
excess of target RNAs, wild-type HSAGO2 and HsAGO2 + At-loop

6 of 13 EMBO reports 24: 55806 | 2023

converted target substrates into cleaved products at similar rates
(Fig EV3A). By contrast, when AGO2 was limiting, the cleavage
reaction catalyzed by HsAGO2 + At-loop was faster than wild-type
HsAGO2 (Fig EV3B). Taken with previous results showing product
release is often the rate-limiting step in AGO-catalyzed RNA cleav-
age (Haley & Zamore, 2004; Rivas et al, 2005; Wee et al, 2012;

© 2023 The Authors
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Deerberg et al, 2013; Salomon et al, 2015), this observation
suggested that the AtAGO10 PIWI loop accelerates the release of
cleaved products. To test this idea, we monitored the cleavage of a
2-19 complementary target by HSAGO2 and HsAGO2 + At-loop sam-
ples over short time periods, before appreciable substrate depletion
and production inhibition (Fig 5C and D). Fitting the time course
data to the burst-and-steady-state equation (Arif et al, 2022) shows
that product release (k3) is 3.9 + 1.8 times faster for HsAGO2 + At-
loop than wild-type HsAGO2 at 36°C (Fig 5D and E; Table EV1).
Cleavage of bound substrates (k;) may be slower in the HSAGO2 +
At-loop mutant, but the differences between wild-type and At-loop
mutant k, values are not significant in our data. The combined
results show that swapping the AtAGO10 PIWI loop into HsAGO2
creates an HsAGO2 variant with decreased affinity for targets
lacking sufficient complementarity to be cleaved and accelerated the
turnover of targets that are cleaved.

EMBO reports

Swapping the AtAGO10 PIWI loop into HSAGO2 improves siRNA-
mediated silencing in mammalian cells

After finding that HSAGO2 + At-loop has plant AGO-like biochemical
activity in vitro, we wondered whether the engineered HSAGO2 has
enhanced siRNA-mediated silencing properties in mammalian cells.
We transfected various amounts of the purified HsAGO2 + At-loop-
guide RNA complex into HEK293 cells along with luciferase
reporters bearing complementary sites to either nucleotides 2-8
(miRNA-target) or 2-19 (siRNA-target) of the guide RNA (Fig 6A).
For comparison, we also transfected HEK293 cells with the lucifer-
ase reporters and either the wild-type HsAGO2-guide RNA complex
or an equivalent amount of siRNA duplex.

The engineered HsAGO2 + At-loop-guide RNA complex repressed
the miRNA-target an average of 1.1-fold relative to transfection of
the reporter alone (Fig 6B). This difference was not significant in
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Figure 5. Swapping the AtAGO10 PIWI loop into HsAGO2 increases targeting selectivity and catalytic turnover.
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Fig 2A.
Dissociation constants derived from data in panel A.

m o O ®

Target cleavage reaction scheme. E indicates enzyme, S is the target RNA substrate, and P is the cleaved product.
Concentration of cleaved product generated by HSAGO2 or HsAGO2 + At-loop at 22°C or 36°C versus time.
k, and ks values derived from fitting data in D to the burst-and-steady-state equation (see Materials and Methods).

Data information: Data points in panels (A and D) were obtained in n =3 independent technical trials. Data in panels (B and E) represent best-fit values of data in panels
(A and D), respectively. Error bars indicate standard error. Unpaired t-test P-value: *0.0447. No data points were excluded from the analyses.
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Figure 6. HsAGO2 + At-loop has improved RNAi potency in mammalian cells.
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A Schematic of the RNAi experiment. HEK293 cells were transfected with a plasmid encoding Renilla luciferase with a single target site and targeting wild-type or +

At-loop mutant HSAGO2-siRNA complexes, or siRNA duplexes.

B Fold repression of Renilla expression (compared with reporter plasmid transfection alone) versus the amount of transfected siRNA duplex, wild-type HSAGO2-siRNA
complex, or HSAGO2 + At-loop-siRNA complex. The 2-8 target (left panel) indicates miRNA-like targeting. The 2-19 target (right panel) indicates siRNA-like targeting.
Dotted line indicates the normalized expression level of the positive control (no repression).

C Ratio of the average level of siRNA-like fold repression to the average level of miRNA-like fold repression at the highest transfected amounts in panel B.

Data information: Graphed data in (B and C) represent the individual and the ratio of mean values of n =3 independent biological trials, respectively. Error bars indicate
s.e.m. ANOVA with Dunnett’s post hoc test P-values: **0.0062, *0.0363. No data points were excluded from the analyses.

our data. Wild-type HsAGO2-guide RNA and the siRNA duplex both
displayed stronger miRNA-like targeting, repressing the miRNA-
target 1.3-1.7-fold and 2.1-3.3-fold, respectively. By contrast,
HsAGO2 + At-loop effectively silenced the siRNA-target, reducing
expression 7-31-fold (Fig 6B). Wild-type HsAGO2-guide RNA and
the siRNA duplex were both less potent, repressing the siRNA-target
5-19-fold and 3-13-fold, respectively (Fig 6B). Thus, consistent with
in vitro measurements, the engineered HsAGO2 + At-loop displays
superior RNAi properties, with enhanced siRNA-like targeting
silencing and reduced miRNA-like targeting in mammalian cells
(Fig 6C).

Discussion

Argonaute proteins have long been known to reshape the funda-
mental properties of RNA:RNA hybridization for guide-target pairing
(Wee et al, 2012). This feature enables AGOs to conduct rapid and
accurate target searches (Chandradoss et al, 2015; Salomon
et al, 2015). Based on our results and the previous work of others
(Wee et al, 2012; Iwakawa & Tomari, 2013; Becker et al, 2019;
Ober-Reynolds et al, 2022), we suggest that controlling guide-target
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hybridization also allows different AGOs to adapt distinct small
RNA classes to discrete biological roles. We show that the identity
of a small PIWI domain loop can have dramatic effects on guide-
target hybridization in the miRNA seed, contributing to the distinct
MREs found in plants and animals. Notably, the PIWI loop does not
directly contact the guide or target nucleotides involved in seed
pairing (Fig 1). We, therefore, suggest that the PIWI loop shapes
guide-target hybridization by contributing to conformational dynam-
ics of the AGO-guide complex. These dynamics likely include the
movements of helix-7, which influences rates of making and break-
ing seed pairing (Schirle et al, 2014; Klum et al, 2017). Supporting
this model, swapping the PIWI loop of AtAGO1 into AtAGO10,
which we predict removes one contact modulating helix-7 (due to
histidine in the place of E741 of AtAGO10) led to a small but signifi-
cant increase in affinity for a seed-matched target RNA (Fig EV2A
and B). It is worth noting that the PIWI-loop sequences are generally
conserved within each plant AGO clade but not between clades
(Fig EV1B). We hypothesize that these variations may connect to
the diversification of AGO function in plants.

Our results also reveal that additional small structural features,
beyond the PIWI loop, must further tune guide-target hybridization.
Although swapping PIWI loops made AtAGO10 more animal-like
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and HsAGO2 more plant-like with respect to seed pairing (Fig 1C),
neither PIWI-loop mutant perfectly mimicked its trans-kingdom
counterpart with respect to recognizing a broad range of target types
(Fig EV3C). The identities of the structural elements that further
tune AGO dynamics and guide-target hybridization remain to be dis-
covered, but likely candidates include: (i) the L2 loop (that contacts
the PIWTI loop, see Figs 1A and EV1A), which adopts distinct confor-
mations in AtAGO10 and HsAGO2, and forms a “central-gate” that
modulates pairing to the central region of guides bound to HsAGO2
(Sheu-Gruttadauria et al, 2019b; Anzelon et al, 2021); (ii) the
“eukaryotic insertion,” which is adjacent to the PIWI loop and has
been shown to impact HsAGO2 target affinity in a phosphorylation-
dependent manner (Golden et al, 2017; Quevillon Huberdeau
et al, 2017; Bibel et al, 2022); and (iii) the stalk of the L1 domain,
which creates the primary hinge by which both AGO and PIWI pro-
teins bend in response to guide-target pairing (Schirle et al, 2014;
Sheu-Gruttadauria et al, 2019a, 2019b; Anzelon et al, 2021).

Finally, although RNAI is usually induced via the introduction of
siRNA duplexes into target cells or tissues, the direct introduction of
preassembled HsAGO2-siRNA complexes can also induce the knock-
down target mRNAs (Castellanos-Gonzalez et al, 2016; Li
et al, 2018). This approach is particularly useful in organisms that
lack RNAi components (Castellanos-Gonzalez et al, 2016), or when
a delivery payload with chemical properties distinct from naked
RNA is desired (Li et al, 2018). Our results indicate that this
approach could be further advanced through the development of
engineered HsAGO-siRNA complexes. We suggest that by incorpo-
rating the AtAGO10 PIWI loop, and perhaps other small changes
(i.e., point mutations that disrupt interactions with miRNA-
associated silencing factors (Sheu-Gruttadauria & MacRae, 2018)),
into HsAGO2 it may be possible to create an AGO-guide complex
that is nonimmunogenic and optimized for RNAi in humans.

Materials and Methods

Bacterial strains and plasmids

Bacteria used for cloning were chemically competent E. coli
OmniMAX™ (C854003, Thermo Fisher). Bacteria used for the pro-
duction of bacmid DNAs were DH10Bac™ chemically competent
E. coli (10361012, Thermo Fisher).

Bacterial media and growth conditions

All bacterial cultures were grown in Luria-Bertani (LB) medium at
37°C. When needed, media was supplemented with one or more of
the following antibiotics at the following concentrations: ampicillin
(100 pg/ml), kanamycin (40 pg/ml), tetracycline (5pg/ml), genta-
mycin (7 pg/ml), 5-Bromo-4-Chloro-3-Indolyl p-D-Galactopyranoside
(X-gal, 25 pg/ml in dimethylformamide), and/or Isopropyl p-D-1-
thiogalactopyranoside (IPTG, 1 mM).

Insect cell media and growth conditions
Sf9 cells (94-001S, Expression Systems) were grown in Lonza Insect

XPRESS™ medium supplemented with 1x Gibco™ Antibiotic-
Antimycotic in suspension at 27°C.

© 2023 The Authors

EMBO reports

Cloning and mutagenesis

The plasmid encoding AtAGO10+ Hs-loop was produced by
NEBuilder® HiFi DNA Assembly. First, 5’ and 3’ fragments encoding
the AtAGO10+ Hs-loop coding sequence were generated by PCR
using the wild-type AtAGO10 coding sequence as a template and
DNA primers with complementary to AtAGO10 and containing the
Hs-loop sequence (Table EV3). PCR products were purified on an
agarose gel and assembled into pFastBac HTA (digested by Sall)
using the NEBuilder® HiFi DNA Assembly Master Mix. The plasmid
encoding HsAGO2 + At-loop was produced in a manner similar to
the AtAGO10 mutant except the HSAGO2 coding sequence was used
as the PCR template with HsAGO2-specific primers (see Table EV3).

Preparation of AtAgo10-guide RNA complex

Hiss-Flag-Tev-tagged AtAgol0 proteins were expressed in Sf9 cells
using a baculovirus system (Invitrogen) as described previously
(Xiao & MacRae, 2022). 60 h cultured 750 ml 3.4 x 10° cells/ml Sf9
cells infected with ~15ml virus were harvested by centrifugation.
Usually, two of these cell pellets were combined and suspended in
~200ml Lysis Buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl, 5%
glycerol, 20 mM imidazole, 0.5 mM TCEP). Resuspended cells were
lysed by passing twice pass through a M-110P lab homogenizer
(Microfluidics). The resulting total cell lysate was clarified by centri-
fugation (30,000 g for 25 min), and the soluble fraction was applied
to 8 ml packed Ni-NTA resin (Qiagen) and gently rocked at 4°C for
1.5h in 50 ml conical tubes. Resin was pelleted by brief centrifuga-
tion, and the supernatant solution was discarded. The resin was
washed with ~50 ml ice-cold Nickel Wash Buffer (300 mM NaCl, 20
mM imidazole, 0.5 mM TCEP, 50 mM Tris, pH 8). Centrifugation/
wash steps were repeated a total of three times. Co-purified cellular
RNAs were degraded by incubating with 400 U micrococcal nuclease
(Clontech) on-resin in ~25ml of Nickel Wash Buffer supplemented
with 5mM CaCl2 at room temperature for ~1h. The nuclease-
treated resin was washed three times again with Nickel Wash Buffer
and then eluted in four column volumes of Nickel Elution Buffer
(300 mM NaCl, 300 mM imidazole, 0.5 mM TCEP, 50 mM Tris, pH
8). Eluted protein was incubated with 24 nmol synthetic guide RNA
and 150 pg TEV protease during ~2 h dialysis against 1 L of Dialysis
Buffer (300 mM NacCl, 0.5 mM TCEP, 50 mM Tris, pH 8) at 4°C. After
dialysis, the capture resin was prepared by incubating 345.6 uL
packed High Capacity Neutravidin Resin (Thermo Fisher) with 28.8
nmol capture oligo in wash A buffer (100 mM KOAc, 2 mM MgOAc,
0.01% CHAPS, 30 mM Tris, pH 8) for 30 min at 4°C, following by
10ml wash A buffer wash. Dialyzed protein supplemented with
0.01% CHAPS and 2 mM MgOAc was then incubated with capture
resin at RT for 1 h (without rocking!!!! Just gently inverting the tube
every 5-10min). Then, the resin was washed by three times with
10ml Wash A followed by three times with 10ml Wash B 2 M
KOAc, 2 mM MgOAc, 0.01% CHAPS, 30 mM Tris, pH 8) and Wash
C (1M KOAc, 2 mM MgOAc, 0.01% CHAPS, 30 mM Tris, pH 8). The
resin was then resuspended in 1,900 pl Wash C with 57.6 nmol com-
petitor DNA at RT for ~2h (gently inverting the tube every 5-10
min). The elute was dialyzed in 1L Q dialyzing buffer (150 mM
NacCl, 0.01% CHAPS, 0.5 mM TCEP, 20 mM Tris, pH 8) at 4°C over-
night. After dialysis, 240 pl Q Sepharose Fast Flow anion exchange
resin slurry (GE Healthcare) was equilibrated in Q dialyzing buffer.

EMBO reports 24: 558062023 9 of 13



EMBO reports

The dialyzed protein was then passed through this resin to remove
unbound oligonucleotides, and flow-through solution was collected.
The flow-through was then concentrated while buffer exchanging to
1-3 mg/ml in Tris Crystal buffer (10 mM Tris pH 8, 100 mM NaCl,
0.5mM TCEP). The concentrated protein was aliquoted, flash-
frozen in liquid N,, and stored at —80°C. The concentration of the
AtAgol0-guide RNA complex was determined by Bradford assay
with BSA as a standard.

Preparation of HsAgo2-guide RNA complex

Hise-Flag-Tev-tagged HsAgo2 proteins were expressed in Sf9 cells
using a baculovirus system (Invitrogen) as described previously
(Sheu-Gruttadauria & MacRae, 2018). 60 h cultured 750 ml 3.4 x 10°
cells/ml Sf9 cells infected with ~ 15 ml virus were harvested by cen-
trifugation. One pellet was suspended in ~100 ml Lysis Buffer (50
mM NaH2PO4, pH 8, 300 mM NaCl, 5% glycerol, 20 mM imidazole,
0.5 mM TCEP). Resuspended cells were lysed by passing twice pass
through a M-110P lab homogenizer (Microfluidics). The resulting
total cell lysate was clarified by centrifugation (30,000 g for 25 min),
and the soluble fraction was applied to 3 ml packed Ni-NTA resin
(Qiagen) and gently rocked at 4°C for 1.5h in 50 ml conical tubes.
Resin was pelleted by brief centrifugation, and the supernatant solu-
tion was discarded. The resin was washed with ~50ml ice-cold
Nickel Wash Buffer (300 mM NacCl, 20 mM imidazole, 0.5 mM TCEP,
50 mM Tris, pH 8). Centrifugation/wash steps were repeated a total
of three times. Co-purified cellular RNAs were degraded by incubat-
ing with 200 U micrococcal nuclease (Clontech) on-resin in ~25 ml
of Nickel Wash Buffer supplemented with 5 mM CaCl2 at room tem-
perature for ~1h. The nuclease-treated resin was washed three
times again with Nickel Wash Buffer and then eluted in four column
volumes of Nickel Elution Buffer (300 mM NacCl, 300 mM imidazole,
0.5mM TCEP, 50 mM Tris, pH 8). Eluted protein was incubated
with 24 nmol synthetic guide RNA and 150 pg TEV protease during
an overnight dialysis against 1-21 of Dialysis Buffer (300 mM NacCl,
0.5mM TCEP, 50 mM Tris, pH 8) at 4°C. After dialysis, the capture
resin was prepared by incubating 345.6 pl packed High Capacity
Neutravidin Resin (Thermo Fisher) with 28.8 nmol capture oligo in
wash A buffer (100 mM KOAc, 2 mM MgOAc, 0.01% CHAPS, 30
mM Tris, pH 8) for 30 min at 4°C, following by 10 ml wash A buffer
wash. Dialyzed protein supplemented with 0.01% CHAPS and 2 mM
MgOAc was then incubated with capture resin at RT for 1 h (without
rocking!!!! Just gently inverting the tube every 5-10 min). Then, the
resin was washed by three times with 10 ml Wash A followed by
three times with 10 ml Wash B (2 M KOAc, 2 mM MgOAc, 0.01%
CHAPS, 30 mM Tris, pH 8) and Wash C (1 M KOAc, 2 mM MgOAc,
0.01% CHAPS, 30 mM Tris, pH 8). The resin was then resuspended
in 1,900 pl Wash C with 57.6 nmol competitor DNA at RT for ~2h
(gently inverting the tube every 5-10 min). The elute was dialyzed
in 11 Q dialyzing buffer (150 mM NaCl, 0.01% CHAPS, 0.5 mM
TCEP, 20 mM Tris, pH 8) at 4°C for 1 h and then moved to fresh 11
Q dialyzing buffer for another 2 h. When the dialyzing was near
completion, 240 pl Q Sepharose Fast Flow anion exchange resin
slurry (GE Healthcare) was equilibrated in Q dialyzing buffer. The
dialyzed protein was then passed through this resin to remove
unbound oligonucleotides, and the flow-through solution was col-
lected. The flow-through was then concentrated while buffer
exchanging to 1-3 mg/ml in Tris Crystal buffer (10 mM Tris pH 8,
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100mM NaCl, 0.5mM TCEP). The concentrated protein was
aliquoted, flash-frozen in liquid N,, and stored at —80°C. The con-
centration of the HsAgo2-guide RNA complex was determined by
Bradford assay with BSA as a standard.

Equilibrium target binding assays

Equilibrium dissociation constants were determined as described
previously (Schirle et al, 2014). Briefly, various concentrations of
the AtAgol0_D795A-guide RNA, AtAgol0+ Hs-loop_D795A-guide
RNA, HsAGO2-guide RNA or HsAGO2 + At-loop-guide RNA samples
were incubated with 0.1nM 3?P 5'-radiolabeled target RNA in bind-
ing reaction buffer (30 mM Tris pH 8, 100 mM potassium acetate, 2
mM Magnesium acetate, 0.5 mM TCEP, 0.005% (v/v) NP-40, 0.01
mg/ml baker’s yeast tRNA), in a reaction volume of 100 pl at room
temperature for 60 min. Using a dot-blot apparatus (GE Healthcare
Life Sciences), protein-RNA complexes were captured on Protran
nitrocellulose membrane (0.45 pm pore size, Whatman, GE Health-
care Life Sciences) and unbound RNA on Hybond Nylon membrane
(Amersham, GE Healthcare Life Sciences). A vacuum was applied to
pull samples through the membranes, and wells were immediately
washed once with 100 pl of ice-cold wash buffer (30 mM Tris pH
8.0, 100 mM potassium acetate, 2 mM Magnesium acetate, 0.5 mM
TCEP). Membranes were air-dried, and the 3*P signal was visualized
by phosphor imaging. ImageQuant (GE Healthcare Life Sciences)
was used to quantify data and dissociation constants calculated
using Prism version 6.0 g (GraphPad Software, Inc.), using the fol-
lowing formula, which accounts for potential ligand depletion (Wee
et al, 2012):

([Ex] + [Sr] + KD)*\/([ET] + [St] + Kp) —4[Ex][S1]
2[S1]

F = Bmax

where F=fraction of target bound, Bp.x=calculated maximum
number of binding sites, [Er] =total enzyme concentration, [St] =
total target concentration, and Kp = apparent equilibrium dissocia-
tion constant.

Target dissociation assay

Target dissociation rates were determined by incubating
AtAgo10_D795A-guide RNA, AtAgol0+ Hs-loop_D795A-guide RNA,
HsAGO2-guide RNA, or HSAGO2 + At-loop-guide RNA samples with
0.1 nM *?P 5'-radiolabeled target RNA in binding reaction buffer (30
mM Tris pH 8.0, 100 mM potassium acetate, 2 mM Magnesium ace-
tate, 0.5 mM TCEP, 0.005% (v/v) NP-40, 0.01 mg/ml baker’s yeast
tRNA) in a single reaction with a volume of 100 pl per time point
planned for the experiment (e.g., 1,000 ul for 10 time points) at
room temperature for 60 min. The concentration of protein complex
was 5nM for 2-8 target or 2.5nM for all other targets measured.
After sample equilibration, a zero-time point was taken by applying
100 pl of the reaction to the dot-blot apparatus under vacuum,
followed by 100 pl of ice-cold wash buffer (30 mM Tris pH 8.0, 100
mM potassium acetate, 2 mM Magnesium acetate, 0.5 mM TCEP).
The dissociation time course was started by the addition of 300 nM
(final concentration) unlabeled target RNA. Aliquots of 100 pl were
taken at various times and immediately applied to a dot-blot

© 2023 The Authors



Yao Xiao et al

apparatus under vacuum, followed by 100pul of ice-cold wash
buffer. Time points ranged from 0.25 to 100 min. Membranes were
air-dried and visualized by phosphorimaging. Quantification of the
32P signal was performed using ImageQuant TL (GE Healthcare).
The fraction of target RNA bound was calculated as the ratio of
bound to total (bound + free) target RNA for various concentrations
of AGO-guide complexes. Dissociation rates were calculated by plot-
ting data as fraction bound versus time and fitting to a two-phase
decay curve with shared k. value using Prism v.8.0 (GraphPad).

Target cleavage assay

Initial slicing assays

For single turnover slicing assays, purified HSAGO2-guide RNA or
HsAGO2 + At-loop-guide RNA complex (10 nM, final concentration)
was incubated at 37°C with complementary 2P 5'-radiolabeled tar-
get RNAs (2 nM, final concentrations) in reaction buffer composed
of 30 mM Tris pH 8.0, 100 mM potassium acetate, 2 mM Magnesium
acetate, 0.5mM TCEP, and 0.01 mg/ml baker’s yeast tRNA
(Fig EV3). For multiple turnover slicing, purified HsAGO2-guide
RNA complexes or HsSAGO2 + At-loop-guide RNA complex (1 nM,
final concentration) was incubated at 37°C with complementary 2P
5’-radiolabeled target RNAs (5nM, final concentrations) in reaction
buffer. Target cleavage was stopped at various times by mixing ali-
quots of each reaction with an equal volume of denaturing gel load-
ing buffer (98% w/v formamide, 0.025% xylene cyanol, 0.025%
w/v bromophenol blue, 10 mM EDTA pH 8.0). Intact and cleaved
target RNAs were resolved by denaturing PAGE (15%) and visual-
ized by phosphorimaging. Quantification of signal was performed
using ImageQuant TL (GE Healthcare).

Kinetic constant rate determination

The concentrations of active enzyme in our HSAGO2 and HsAGO2 +
t-loop preparations were first determined by fitting preliminary
room temperature (22°C) slicing time course data to the burst-and-
steady-state equation for a enzyme (Arif
et al, 2022; Fig 5D):

diffusion-limited

[Pl =f(®)

ke )’ . ks
=E 1—etlath)) 4 px k
DX<<(’<2+’<3)> X< ‘ )+ R e k)

where [P] is the concentration of cleaved product at time t, E, is
the concentration of active enzyme, k, is the first order rate con-
stant describing the cleavage of target RNAs bound to the enzyme,
and k; is the first order rate constant describing release of cleaved
targets from the enzyme (see Fig 5C). The temperature of 22°C
was used for the initial determination of active enzyme concentra-
tion in our AGO preparations because the 22°C reactions proceed
more slowly than 37°C and display greater differences between k,
and k;, making E, determination more reliable. The known con-
centrations of active enzyme were then used to set up three inde-
pendent slicing time course trials with [E)]=5nM and [target
RNA] =100 nM at both 22°C and 37°C. Data points were taken rap-
idly enough to ensure that sufficient information for curve fitting
was obtained before >15% of target RNA was consumed. Cleaved
and uncleaved target RNAs were visualized and quantified as

© 2023 The Authors

EMBO reports

described above. Data were fit to the burst-and-steady-state equa-
tion using Prism v.8.0 (GraphPad).

Crystallization and diffraction data collection

HsAGO2-miR122 and HsAGO2 + At-loop-miR122 crystals were
grown by hanging drop vapor diffusion at 20°C and appeared in 24
h. Drops contained a 1.0:0.8 ratio of protein (1 mg/ml) to reservoir
solution (0.1M Tris pH8, 10mM MgCl2, 0.1M Phenol, 15%
PEG3350, 10% Isopropanol). After growing for 1week, crystals
were harvested for x-ray data collection by soaking first in a reser-
voir solution containing 25% ethylene glycol as cryo-protectant. Fol-
lowing cryo-protection, crystals were cryo-cooled by plunging into
liquid N2. Data were collected on beamlines 9-2 at the Stanford
Synchrotron Radiation Lightsource (SSRL). Data were processed
using XDS and Aimless (Kabsch, 2010; Winn et al, 2011).

Model building and refinement

The HsAGO2-miR122 and HsAGO2 + At-loop-miR122 structures
were solved by molecular replacement using a previously deter-
mined guide-only structure (PDB:40OLA) as search models with
Phaser-MR in the PHENIX graphical user interface (Adams
et al, 2010). Models were built using Coot (Emsley et al, 2010) and
were submitted to XYZ coordinate, Occupancies, and B-factor refine-
ment using PHENIX. Model building and refinement continued itera-
tively until all interpretable electron density was modeled. Water
molecules were updated automatically in PHENIX. All structure fig-
ures were generated with PyMOL (Schrodinger, LLC).

Luciferase assay

Target sites were cloned into psiCHECK2 plasmid (Promega Corpo-
ration) using Xhol and Not1 sites. The siRNA duplex was made by
denaturing 1:1 mixture of guide and passenger strands in annealing
buffer (10 mM Tris, pH8.0, 50 mM NaCl) at 95°C for 2 min and then
cooling to room temperature by placing on the benchtop. Luciferase
reporter assays were performed with human HEK293 cells (CRL-
1573, ATCC). The HEK293 cells were plated at 10% cells with 80ul
DMEM complete media per well in a 96-well white plate (Thermal
Scientific, Cat#136101) and cultured in a temperature-, CO*-, and
humidity-controlled cell incubator for ~4 h to allow cells to attach to
the bottom of the plate. Cells in each well were first transfected with
40 ng psiCHECK2 plasmid using Lipofectamine 2000 (Invitrogen)
based on the manufacturer’s protocol. Then, 2.5 pl 2.5 pmol siRNA
duplex, HSAGO2-siRNA or HsAGO2 + At-loop-siRNA complexes was
made in Optimem (Invitrogen) and mixed with 0.4 pl Lipofectamine
2000 in 2.1 pl Optimem for a total volume of 5 pl per well. The vol-
ume of the master mix made is based on how many wells are
needed. 1.25pmol transfection mix is made by diluting 2.5 pmol
transfection mix in an equal value of Optimem, and 0.63 pmol trans-
fection mix is made by diluting 1.25 pmol transfection mix in an
equal value of Optimem. Each transfection condition was prepared
at least in triplicate. After a 24-h incubation, media in each well
were removed, and luciferase activities were measured using Dual-
Glo® Luciferase Assay System (Promega Corporation, Cat #E2920)
based on the manufacturer’s description.
Blinding was not deliberately used in any experiments.
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Data availability

Atomic coordinates and structure factors for wild-type HsAGO2
(8D71; http://identifiers.org/pdb/8D71) and HsAGO2-At-loop (8D6J;
http://identifiers.org/pdb/8D6J), both bound to miR-122, have been
deposited in the PDB.

Expanded View for this article is available online.
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Figure EV1. Comparison of PIWI loops in diverse AGOs.

A Close-up views of PIWI-loop and L2-loop connections in AtAGO10 (PDB
7SVA) and HsAGO2 (PDB 40LA) structures.
B Alignment of PIWI-loop sequences from diverse eukaryotes.
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A Detailed comparison of PIWI-loop sequences in AtAGO10 and AtAGO1.
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B Dissociation constants for wild-type AtAGO10 and a mutant AtAGO10 bearing the PIWI-loop sequence from AtAGO1 (AtAGO10 + AtAGO10-loop) binding to a target

RNA with complementarity to the miRNA seed region (2-7).
C Fraction target RNAs bound versus [AtAGO1 + AtAGO1-loop]. Guide and target RNAs are shown in Fig 2A.
D Kp values of wild-type AtAGO10 and AtAGO10 + AtAGO1-loop mutant for various target RNAs.

Data information: Data points in panel (C) are from n =3 independent technical trials. Data in panels (B and D) represent best-fit K, values from n =3 technical trials.
Error bars indicate s.e.m. Unpaired t-test P-value: *0.0219. No data points were excluded from the analyses.
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