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SUMMARY

Despite the relevance of Argonaute proteins in RNA
silencing, little is known about the structural steps
of small RNA loading to form RNA-induced silencing
complexes (RISCs). We report the 1.9 Å crystal struc-
ture of human Argonaute4 with guide RNA. Compari-
son with the previously determined apo structure of
Neurospora crassa QDE2 revealed that the PIWI
domain has two subdomains. Binding of guide RNA
fastens the subdomains, thereby rearranging the
active-site residues and increasing the affinity for
TNRC6 proteins. We also identified two water
pockets beneath the nucleic acid-binding channel
that appeared to stabilize the mature RISC. Indeed,
mutating the water-pocket residues of Argonaute2
and Argonaute4 compromised RISC assembly. Simu-
lations predict that internal water molecules are
exchangeable with the bulk solvent but always
occupy specific positions at the domain interfaces.
These results suggest that after guide RNA-driven
conformational changes, water-mediated hydrogen-
bonding networks tie together the converged do-
mains to complete the functional RISC structure.

INTRODUCTION

Humans have four Argonaute paralogs (AGO1–AGO4). They load

microRNAs (miRNAs) to form RNA-induced silencing complexes

(RISCs) that target complementary mRNAs for gene silencing

(Bartel, 2018; Kobayashi and Tomari, 2016). RNA sequencing

analyses revealed a large overlap of small RNAs between

different AGOs, with a limited population of small RNAs unique

to each AGO (Azuma-Mukai et al., 2008; Beitzinger et al.,
Mo
2007; Dueck et al., 2012; Hafner et al., 2010), suggesting the

redundancy and specificity of their target mRNAs. To date, char-

acteristic features of each AGO have been reported. For

example, AGO1 interacts with RNA polymerase II bound to the

active promoters (Huang et al., 2013) and controls alternative

splicing through transcriptional enhancers (Alló et al., 2014).

Only AGO2 cleaves precursor miR-451 and generates the

mature miRNA important for erythropoiesis (Cheloufi et al.,

2010). AGO3 shares the same catalytic tetrad with AGO2, but

activation for RNA cleavage requires specific guides (Park

et al., 2017b). AGO4 regulates entry into meiosis and influences

silencing of sex chromosomes inmalemouse germlines (Modze-

lewski et al., 2012) and is exploited for the replication of hepatitis

delta virus (Haussecker et al., 2008). To elucidate the molecular

bases for the common and unique roles of each AGO, a compre-

hensive structural comparison is indispensable. The previously

determined RISC structures of AGO1, AGO2, and AGO3 showed

their unique local structures (Elkayam et al., 2012; Faehnle et al.,

2013; Nakanishi et al., 2013; Park et al., 2017b; Schirle and Ma-

cRae, 2012). In contrast, no structural information is currently

available for AGO4, although a model structure was proposed

(Hauptmann et al., 2014).

Since the discovery of RNAi (Fire et al., 1998), tremendous ad-

vancements have identified the miRNA biogenesis pathways,

along with its key players. The genes of miRNAs are transcribed

and processed by a complex of RNase III enzyme Drosha and

DGCR8 in the nucleus (Lee et al., 2003) and by Dicer in the cyto-

plasm (Bernstein et al., 2001; Zhang et al., 2002). Last, miRNA

duplexes are loaded into AGOs (Gregory et al., 2005; MacRae

et al., 2008). This loading step requires chaperone machinery,

showing drastic conformational changes of AGOs coupled with

ATP hydrolysis (Iwasaki et al., 2010, 2015a). In contrast, the

subsequent passenger-strand ejection is thermodynamically

favored and managed by AGO alone (Kawamata et al., 2009).

Thus, the loading step is known to involve drastic AGO confor-

mational changes, but details of AGO’s structural transitions

during RISC assembly are still poorly understood.
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Figure 1. Structure of Human AGO4-RISC

(A) Domain architectures of AGO2 (light blue), AGO4 (light green), and their chimeras. The catalytic residues are shown in red. 4SI within CL1 is colored

green. AGO2- and AGO4-specific CL2s are highlighted in blue and green, respectively. The previously proposed glutamate finger of AGO4, E629, is

colored yellow.

(B) Overall structure of guide-bound AGO4 with the N (cyan), L1 (yellow), PAZ (pink), L2 (gray), MID (wheat), and PIWI (green) domains. The bound guide RNA is

colored red.

(C) A blow-up of the pseudo-catalytic tetrad of AGO4.

(D) Catalytic and pseudo-catalytic tetrads of four human AGOs.

(E) Target cleavage assay with AGO2, AGO4, and their chimeras shown in (A). See also Figure S1C.

(F and G) A docked target or passenger strand (blue) on the current AGO4-RISC (F) and the previously determined AGO2-RISC (PDB ID: 4OLA) (G). See also

Figure S1D.

(legend continued on next page)
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Previous structural studies have dissected the bilobal RISC

scaffold (Nakanishi, 2016). The C-terminal lobe consists of MID

and PIWI domains, while the N-terminal lobe is composed of

N, L1, PAZ, and L2 domains (conventionally L1 and L2 have

been named ‘‘linkers,’’ but we label them ‘‘domains’’ here) (Fig-

ure 1A). The N-terminal lobe is essential for the catalytic C-termi-

nal lobe tomodulate the slicing activity when there is a mismatch

between the guide and target strands (Dayeh et al., 2018). There

are two regions within the PIWI domain, labeled cluster 1 (CL1)

and cluster 2 (CL2), which are known to affect the catalytic activ-

ity of AGOs (Hauptmann et al., 2013). Both lobes, which form

globular structures with mainly a helices and b strands, are con-

nected by a hinge portion in which loops and domain linkers

shape the intervening nucleic acid-binding channel. Although

one of these loops can be phosphorylated at Ser798 (R€udel

et al., 2011), this residue is not accessible in the bilobal RISC

structure (Nakanishi, 2016), suggesting that the loop must be

solvent accessible before AGO incorporates a guide RNA.

Apo human AGO2 is known to be proteolyzed into several

fragments but resistant after loading a guide RNA (Elkayam

et al., 2012). A recent single-molecule Förster resonance energy

transfer (FRET) study revealed that apo fly Ago2 takes many

different conformations, but after loading guide RNA, the struc-

ture is restricted to a unique conformation (Tsuboyama et al.,

2018). These results suggest that a bound guide RNA stitches

all of the AGO domains together, likely stabilizing the bilobal

structure. Meanwhile, recent studies revealed that extensive

pairing between guide RNA and non-canonical target RNAs

strips the guide from AGO (De et al., 2013; Park et al., 2017a).

Thus, RISCs work as stable effector complexes and retain con-

trol of guide RNA release. The molecular mechanism behind

RISC disassembly remains elusive.

Here, we report the 1.9 Å crystal structure of human AGO4 in

complex with guide RNA. The high-resolution structure enabled

us to locate pockets with many water molecules trapped in the

protein interior. These water pockets are also found in high-res-

olution structures of other AGOs. Our combined approach of

molecular dynamics (MD) simulation and functional analyses

suggests that internal water molecules in these pockets confer

structural integrity to all AGOs and presumably facilitate

reversible conformational changes, which are essential for

RISC function.

RESULTS

Structure of AGO4 Reveals Its True Glutamate Finger
Among the four human AGO paralogs, AGO2 and AGO3 are the

only catalytically active enzymes (Liu et al., 2004; Meister et al.,

2004; Park et al., 2017b). Both RISC structures share the same

conformation in which their second catalytic residue, known as

a ‘‘glutamate finger,’’ is arranged to complete the catalytic

DEDH tetrad (Elkayam et al., 2012; Park et al., 2017b; Schirle

and MacRae, 2012). Despite its slicing deficiency, the RISC
(H and I) Duplex loading (H) and passenger ejection (I) of AGO4 and AGO4D4SI.

(J) Target binding to AGO4 and AGO4D4SI. See also Figure S1F.

(K) Duplex loading of AGO2 and AGO2-4SI. See also Figure S1G.

Black bars in (H)–(K) represent averages with independent replicates shown as d
structure of AGO1 shows the same conformation with its

pseudo-catalytic DEDR tetrad (Faehnle et al., 2013; Nakanishi

et al., 2013). Because of a lack of structural information, it re-

mains unclear whether the same is true for AGO4, another

slicing-deficient paralog. A model structure of AGO4, based on

the crystal structure of AGO2, suggested that E629 of AGO4

served as the glutamate finger (Hauptmann et al., 2014). Indeed,

AGO4 was successfully converted into a catalytic enzyme

(AGO4mD4SI0) when part of CL1 within the PIWI domain,

S631-V640, was deleted while the N domain, the third and fourth

catalytic residues, and CL2 were swapped with their counter-

parts in AGO2 (Figure S1A, bottom left). Accordingly, E629 and

the adjacent S631-V640 region were proposed to be the gluta-

mate finger and the AGO4-specific insertion (4SI0), respectively
(Hauptmann et al., 2014).

In this context, we determined the 1.9 Å crystal structure of hu-

man AGO4 in complex with guide RNA that was co-purified from

insect cells (Figures 1B and S1B; Table 1). This RISC structure

shows that AGO4 forms a pseudo-catalytic DEGR tetrad with

D589, E639, G671, and R809 (Figure 1C). Structural alignment

revealed that E639 occupied the position of the corresponding

glutamate finger in other human AGOs (Figure 1D) (Elkayam

et al., 2012; Faehnle et al., 2013; Nakanishi et al., 2013; Park

et al., 2017b; Schirle and MacRae, 2012). This observation was

not consistent with the model structure, in which E629 was as-

signed as the glutamate finger (Hauptmann et al., 2014). To

investigate the role of E639, we converted AGO4 into an active

slicer. First, we swapped the N domain, the third and fourth cat-

alytic residues, and the CL2 of AGO4 with the counterparts of

AGO2, as previously reported (Figures 1A and S1A) (Hauptmann

et al., 2014). The resultant chimera (FLAG-AGO4m) purified from

HEK293T cells did not show slicing activity (Figure 1E, lane 5).

However, further removal of E629-Q638 (AGO4-specific inser-

tion [4SI]) conferred significant slicing activity (AGO4mD4SI)

(Figures 1A, 1E [lane 6], and S1A [bottom right]). Thus, our struc-

tural and functional studies demonstrate that E639 serves as

the glutamate finger of AGO4, while the region E629-Q638 is

the actual 4SI.

The AGO4-Specific Insertion May Modulate Target RNA
Recognition
The current structure showed clear, continuous electron density

maps of the bound guide RNA at nucleotide positions 1–8

(g1–g8) and the 30 end 1–2 nt, whereas the middle portion was

disordered except for a single nucleotide (Figure S1B). This

observation indicates that AGO4 recognizes guide RNA similarly

to other human AGOs (Elkayam et al., 2012; Faehnle et al., 2013;

Nakanishi et al., 2013; Park et al., 2017b; Schirle and MacRae,

2012), except that a 19 residue loop between b32 and a15,

including 4SI, protruded toward the nucleic acid-binding channel

(Figures 1B and 1C). When an ideal A-form RNA, mimicking a

guide-passenger or guide-target duplex, was manually docked

on the g2–g7 of AGO4-bound guide RNA, 4SI seemed to
See also Figure S1E.

ots.
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Table 1. Data Collection and Refinement Statistics

AGO4-RISC (PDB: 6OON)

Data collection

Space group C2

Cell dimensions

a, b, c (Å) 213.98, 68.01, 83.27

a, b, g (�) 90.0, 102.7, 90.0

Resolution (Å) 72.26–1.90

Rpim 0.047 (0.394)

I/sI 10.3 (2.1)

Completeness (%) 99.1 (98.4)

Redundancy 4.1 (4.2)

Refinement

Resolution (Å) 49.08–1.90

No. reflections 91128

Rwork/Rfree 0.171/0.202

No. atoms

Protein 6314

RNA 243

Water 464

B-factors

Protein 47.05

RNA 69.30

Water 44.23

RMSDs

Bond lengths (Å) 0.008

Bond angles (�) 1.117

Ramachandran plot

Favored (%) 96.88

Allowed (%) 2.73

Disallowed (%) 0.39

RMSD, root-mean-square deviation.
interfere with the interaction between the two strands (Figure 1F).

In contrast, the counterpart in AGO2 has a kink-turn (�9 resi-

dues) that is too short to contact the docked strand (Figure 1G).

These observations prompted us to hypothesize that 4SI affects

RISC assembly, guide-dependent target recognition, or both.

To test this idea, we removed 4SI from AGO4 (AGO4D4SI) and

used this mutant in a RISC maturation assay (see STAR

Methods) (Iwasaki and Tomari, 2018). AGO4D4SI showed com-

parable abilities of duplex loading and passenger ejection (Fig-

ures 1H and 1I). On the other hand, our filter binding assay indi-

cated that AGO4D4SI bound to target RNA more efficiently

than the wild-type (WT; Figure 1J). Therefore, the 4SI within

AGO4 is not necessary for RISC assembly, but it modulates

the guide-dependent target recognition. Reciprocally, when

4SI was implanted at the corresponding position of FLAG-

AGO2 (AGO2-4SI) (Figure 1A), the mutant completely lost slicing

activity (Figure 1E, lane 3). To examine whether the cleavage

deficiencywas due to the impact of 4SI on duplex loading or pas-

senger ejection, we performed the RISC maturation assay.

AGO2-4SI showed very low duplex loading (Figure 1K), indi-
728 Molecular Cell 75, 725–740, August 22, 2019
cating that the implantation of 4SI alone is devastating to RISC

maturation of AGO2. This could explain why the mutant showed

no RNA cleavage (Figure 1E, lane 3). Altogether, these results

suggest that 4SI modulates target RNA recognition by AGO4.

Previous structural studies revealed that AGO1 and AGO3

possess unique local structures, CL2 (also known as cS7) and

AGO3-specific insertion (3SI), respectively (Faehnle et al.,

2013; Nakanishi et al., 2013; Park et al., 2017b). Like 4SI, CL2

and 3SI protrude toward the nucleic acid-binding channel, which

affects the interaction between the middle portions of a guide

RNA and its target RNAs. The differences in those AGO-specific

motifs suggest that the four human AGOs recognize the middle

part of a guide RNA in different manners. Therefore, all four pa-

ralogs loaded with the same guide RNAmay have different spec-

ificities and affinities for target RNAs, which could explain the

previously reported specialized roles of each AGO (Haussecker

et al., 2008; Hu et al., 2012; Modzelewski et al., 2012; Winter

and Diederichs, 2013). Intriguingly, the N domain that does not

contain any of the catalytic residues needed to be swapped to

generate a catalytic AGO4mD4SI (Figure 1E). Because the N

domain and the abovementioned AGO-specific motifs on the

C-terminal lobe sandwich the middle part of the guide, their spe-

cific combinations may be necessary to confer catalytic activity.

Requirements of TNRC6 Proteins for Binding to AGOs
Human AGOs bind to trinucleotide repeat containing six pro-

teins, TNRC6A, TNRC6B, and TNRC6C, to form miRNA-

mediated RISCs that degrade target mRNAs by recruiting a

CCR4-NOT complex (Baillat and Shiekhattar, 2009; Huntzinger

and Izaurralde, 2011; Jakymiw et al., 2005; Jonas and Izaurralde,

2015; Liu et al., 2005a, 2005b). TNRC6 proteins interact with

AGOs using their N-terminal region, which includes more than

30 tryptophan residues. The regions called motif I, motif II, and

AGO hook are especially known as strong AGO-binding sites

(Hauptmann et al., 2015; Lazzaretti et al., 2009; Pfaff et al.,

2013). A recent structural study identified three tryptophan-bind-

ing pockets on the surface of the AGO2 PIWI domain (Figure 2A)

(Sheu-Gruttadauria and MacRae, 2018). Pockets 1 and 2 are

used to interact with TNRC6B motif II, while pockets 1 and 3

are required for binding to TNRC6B motif I (Figure S2A) (Sheu-

Gruttadauria and MacRae, 2018). Another structural study

showed that through its pockets 1 and 2, AGO1 binds to the

AGO hook of TNRC6A (Elkayam et al., 2017). Our current struc-

ture showed that AGO4 forms the corresponding pockets

composed of the same set of residues, except for G612 in

pocket 2 and R701 in pocket 3, which are substituted for alanine

and glutamine, respectively, in the other paralogs (Figures 2B

and S3).

To test if AGO4 binds to specific regions within TNRC6 pro-

teins in a similar manner as does AGO2, we made two TNRC6B

fragments, 599–683 and 869–916, including motifs I and II,

respectively (Figure S2A) (Pfaff et al., 2013; Sheu-Gruttadauria

and MacRae, 2018). We also designed three other fragments,

507–598, 684–770, and 771–860, none of which includes the

known strong AGO-binding sites. Because of low solubility,

these fragments were expressed as SUMO-tag fused proteins

and purified from E. coli cells. After preincubation with either of

the TNRC6B fragments, AGO2 or AGO4 was analyzed for



Figure 2. Requirements of TNRC6 for AGO Binding

(A) Electrostatic surfaces of three Trp-binding pockets on the PIWI domain of AGO2 (top; PDB ID: 6CBD) and AGO4 (bottom).

(B) Residues forming the Trp-binding pockets of AGO2 in complex with tryptophans (pink) (top) and apo-AGO4 (bottom).

(C–I) Gel filtration chromatography elution profiles are shown for individual samples of AGO2 (blue), AGO4 (green), and TNRC6B fragment (pink) of 617-636 (C),

623-636 (D), 617-634 (E), 617-636 (Q625E) (F), 617-636 (I628A) (G), 617-636 (K629A) (H), and 617-636 (Q630R) (I), or a preincubated mixture (black) of the

TNRC6B fragment and either AGO2 or AGO4.
binding by size exclusion chromatography. Both AGOs inter-

acted only with the two motif-containing TNRC6B fragments,

599–683 and 869–916 (Figure S2B). These results indicated

that, despite the differences in pockets 2 and 3, AGO4 distin-

guishes motifs I and II from other tryptophan repeat regions.

Previous studies reported that AGO1 and AGO2 recognize

TNRC6 proteins by binding to two tryptophan residues within

AGO-binding sites (Elkayam et al., 2017; Pfaff et al., 2013). The

two tryptophans need to be separated by ten amino acids or

longer so that they occupy their binding pockets at the same

time (Pfaff et al., 2013). However, in the N-terminal domain of

TNRC6 proteins, many segments meet the requirements for a

strong AGO-binding site. Nevertheless, our present study, as

well as others, revealed that human AGOs recognize only spe-

cific tryptophan repeat motifs (Figure S2B) (Elkayam et al.,

2017; Pfaff et al., 2013; Sheu-Gruttadauria and MacRae, 2018).
These results indicate a possibility that motif I, motif II, and

AGO hook must possess as yet unidentified determinants that

make themdifferent from other tryptophan repeat motifs. To vali-

date this idea, we tested the influence of residues in the vicinity of

two tryptophans, W623 and W634, on the AGO binding of the

TNRC6B V617-I636 fragment, including its well-studied motif

(Hauptmann et al., 2015; Pfaff et al., 2013). The V617-I636 frag-

ment bound to AGO4 as well as AGO2 did (Figure 2C). Deletion

of either region outside the two tryptophans, V617-G622 or

D635-I636, dramatically affected the binding to AGO2 or AGO4

(Figures 2D and 2E). These results demonstrate the significance

of the flanking regions outside a two tryptophan-including

segment for binding to AGO. We also made single mutations

to residues located between the two tryptophans. Although

both Q625E and K629A mutants bound to AGO2 and AGO4

comparably to the WT, the I628A mutant interacted with neither
Molecular Cell 75, 725–740, August 22, 2019 729
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Figure 3. Rearrangement of PIWI Subdomains during RISC Assembly
(A) Different arrangements of PIWI-helical subdomain andMID domain. (Top) The crystal structures of the guide-boundAGO4 and the apo-formNcQDE2 (PDB ID:

2YHA) are superimposed on their PIWI-catalytic subdomains (gray). The pseudo-catalytic residue of AGO4, R809 (green), and the catalytic residue of NcQDE2,

D890 (pink), are depicted as a stick model on a18 (see also Figure 1D). The transition from the apo-NcQDE2 to that of the guide-bound AGO4 is shown by red

arrows. For clarity, loops L31 and L32 and the N-PAZ lobe of AGO4 are not shown. (Bottom) Schematic of the MID and PIWI domains.

(B) Interactions between the two PIWI subdomains of NcQDE2 (top), AGO4 (middle), and AGO2 (bottom). Residues involved in the hydrophobic interaction are

shown as stick models with their van der Waals radii (dots). Colors as in (A).

(C) Seed region of guide RNA tying together two PIWI subdomains of AGO4. For clarity, the N-PAZ lobe is not shown. The PIWI-catalytic subdomain is shown as a

surface model. The MID domain and the PIWI-helical subdomain are depicted as ribbon models. The guide RNA is colored in red. Colors as in (A).

(legend continued on next page)
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(Figures 2F–2H). Given that the corresponding residue in TNRC6

protein homologs and paralogs (i.e., GW182 proteins) is isoleu-

cine or valine, a b-branched, non-polar residue at position 628

seems to be essential for the motif I to interact with AGOs.

When a strictly conserved Q630 was replaced with arginine,

the mutant completely lost the ability to bind to AGO2 or AGO4

(Figure 2I). These results indicate that the flanking regions

outside of and the specific residues between two tryptophan res-

idues are also determinants of AGO-binding sites.

TwoPIWISubdomainsFastenTogetheruponRNABinding
A previous study determined the RNA-free structure of the

C-terminal lobe of the Neurospora crassa Argonaute homolog

QDE2 (NcQDE2 C-lobe), which is the only structure reflecting

the apo form of a eukaryotic Argonaute protein thus far (Boland

et al., 2011). To investigate any structural differences, we super-

posed the RISC structure of AGO4 and the apo structure of

NcQDE2 C-lobe on their RNase H motifs within the PIWI domain

(hereafter referred to as PIWI-catalytic subdomain) (Figure 3A).

Notably, the rest of their PIWI domains encompassing a17 to

the C terminus (hereafter referred to as PIWI-helical subdomain)

are arranged differently, suggesting that the interaction between

two PIWI subdomains differs in the absence of a guide strand.

On the other hand, the MID domain and the PIWI-helical subdo-

main in the AGO4-RISC and apo-NcQDE2 interact with each

other quite similarly, involving similar conserved residues as

well as their corresponding water molecules (Figure S4) (Boland

et al., 2011). In apo-NcQDE2, a sulfate ion occupying the inter-

face between the MID domain and PIWI-helical subdomain

seems to mimic a 50 monophosphate of guide RNA, reinforcing

their interaction (this will be further addressed later).

Our structural inspection of the guide-bound AGO4 and apo-

NcQDE2 C-lobe revealed a difference in the interface between

their two PIWI subdomains. In the apo-NcQDE2 C-lobe, the

helical subdomain is tilted away from the b sheet of the PIWI-cat-

alytic subdomain, and therefore there is a gap between the sub-

domains (Figure 3B, top). In contrast, the counterparts of the

guide-bound AGO4 mesh in a shape-complementary manner

(Figure 3B, middle). Note that the residues involved in the van

der Waals interactions are conserved throughout eukaryotic

AGOs (Figure S3). The same interactions are seen in the RISC

structure of AGO2 (Figure 3B, bottom) (Schirle and MacRae,

2012) as well as AGO1 and AGO3 (Elkayam et al., 2012; Naka-

nishi et al., 2013; Park et al., 2017b). This structural difference

between the presence and absence of guide RNA suggests

that the bound guide RNA pushes the PIWI-helical subdomain

toward the PIWI-catalytic subdomain during RISC assembly

(Figure 3C). The current RISC structure shows that the seed

region of guide RNA is recognized mainly by loop L4 of the

PIWI-helical subdomain and loops L31 and L32 of the PIWI-

catalytic subdomain, suggesting that the bound guide RNA ties
(D) Target cleavage assay of AGO2 and mutants. The amount of AGOs used for ta

anti-FLAG antibody (left).

(E) Duplex loading of AGO2 and mutants. Black bars represent averages with ind

(F) Co-immunoprecipitation of TNRC6A with AGO2 and mutants. The amount of

(right) was adjusted on the basis of the western blot with anti-FLAG antibody (lef

Experiments in (D) and (F) were performed at least three times. A representative
the two PIWI subdomains together to form the composite PIWI

domain.

Next, we tested the influence of this rearrangement of the

two PIWI subdomains on the RISC assembly by inhibiting

their shape-complementary interaction. For this purpose, we

exploited the slicer enzyme activity of AGO2, whose RISC as-

sembly is prerequisite for target cleavage. First, we expressed

FLAG-AGO2 (Y529E), a well-known mutant deficient in duplex

loading (Iwasaki et al., 2015a; Phan et al., 2018; R€udel et al.,

2011), in HEK293T cells and tested it for target cleavage. Like

the catalytic mutant AGO2 (E637A), the Y529E mutant failed to

cleave target RNA (Figure 3D), demonstrating the utility of this

assay to evaluate the impact of a mutation on the RISC assem-

bly. Then, G595 and V615 of AGO2 were mutated to isoleucine

and alanine, respectively, to disrupt the shape-complementary

interaction between the two PIWI subdomains. As a result, the

double mutant completely lost its slicing activity (Figure 3D). To

examine the impact of the mutations on duplex loading and pas-

senger ejection, we performed the RISC maturation assay.

AGO2 (E637A) loaded the small interfering RNA (siRNA) duplex

and ejected the passenger strand as efficiently as did the WT

(Figure 3E). In contrast, AGO2 (G595I/V615A) failed to load

even a miR-20a duplex, like AGO2 (Y529E) (Figure 3E). This

result suggests that the interaction between two PIWI subdo-

mains is indispensable for loading of the small RNA duplex.

These results support a molecular mechanism in which the

bound guide RNA fastens the hydrophobic interface of the two

PIWI subdomains.

It is well known that the glutamate finger is poised over the

other three catalytic residues upon binding of guide RNA to com-

plete the catalytic tetrad (Nakanishi et al., 2012). Catalytically

active AGO2 and AGO3, as well as naturally slicer-deficient

AGO1 and AGO4, have their fourth catalytic (or pseudo-catalytic)

residue on a18, which is part of the PIWI-helical subdomain (Fig-

ure 3A) (Faehnle et al., 2013; Hauptmann et al., 2014; Liu et al.,

2004; Meister et al., 2004; Nakanishi et al., 2013; Park et al.,

2017b). Therefore, the conformational changes during RISC as-

sembly rearrange two of the four catalytic (or pseudo-catalytic)

residues.

Although loading of small RNAs increases the affinity of AGOs

for TNRC6 proteins (Boland et al., 2011; Elkayam et al., 2017), lit-

tle is known about the molecular mechanisms behind this. To

investigate how formation of the composite PIWI domain affects

binding to TNRC6 proteins, we expressed FLAG-AGO2, the

E637A single mutant, or the G595I/V615A double mutant in

HEK293T cells. Then, we tested if they are co-immunopurified

with TNRC6A using an anti-FLAG antibody. The catalytic mutant,

E637A, bound to TNRC6A comparably, whereas the double

mutant drastically reduced its binding affinity (Figure 3F). This

result suggests that the interaction between the two PIWI subdo-

mains is prerequisite for the binding of TNRC6A.
rget cleavage assays (right) was adjusted on the basis of the western blot with

ependent replicates shown as dots. See also Figure S4E.

AGOs used to detect co-immunopurified TNRC6A with anti-TNRC6A antibody

t).

gel is shown.
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Figure 4. Two Water Clusters inside AGO4-RISC

(A) Cross sections of AGO4-RISC. Water molecules (cyan) are shown as spheres. The guide RNA (red) is displayed as a stick model.

(B) Conservation of internal water molecules among human AGOs. Water molecules equivalent toW9 andW12 in AGO4 have slightly different positions, W90 and
W120, in AGO2, because of N623.

(C) Water molecules in LAKE1 (right) and LAKE2 (left). The simulated annealing Fo-Fc map (blue mesh) is contoured at 3.0 s around the internal water molecules.

See also Figures S5C and S5D.
Water Reservoirs inside AGO Proteins
Our 1.9 Å resolution crystal structure of AGO4 allowed us to iden-

tify two clusters of 13 and 4 water molecules, named LAKE1 and

LAKE2 (loop-associated key estuary), respectively, located

beneath the nucleic acid-binding channel (Figure 4A; Video S1).

The water molecules that we located inside AGO4 are different

from those previously found at the catalytic site (Schirle et al.,

2014) and the target nucleotide-1 pocket (Schirle et al., 2015) (Fig-

ure S5A). At the LAKEs, all residueswhose side chain participates

in the hydrogen-bonding network with these water molecules are

conserved throughout the four human AGOs, except that AGO2

has N623 instead of Ser (S615 in AGO4) (Figure S3). This finding

suggests that the other human AGOs also accommodate water

molecules in the same manner. Indeed, we observed water mol-

ecules at the corresponding positions in other available AGO-

RISC structures, although the visibility of these water molecules

varied depending on the resolution (Figure 4B) (Elkayam et al.,

2012; Faehnle et al., 2013; Nakanishi et al., 2013; Schirle andMa-

cRae, 2012; Schirle et al., 2014, 2015). The internal water clusters

are seen also in the AGO2-RISC complex structure with a target
732 Molecular Cell 75, 725–740, August 22, 2019
RNA (PDB ID: 4Z4D) (Schirle et al., 2014), suggesting that LAKEs

exist even after a guide-target duplex is propagated along the

nucleic acid-binding channel.

The B-factors of water molecules in LAKEs (23–42 Å2) are

lower than the averaged B-factors of AGO4 protein atoms (Ta-

ble 1), a hallmark of buried water molecules (Koellner et al.,

2000). We investigated the crystallographic internal water mole-

cules using ProACT2, a program that classifies water molecules

on the basis of their solvent accessibility (Williams et al., 1994).

All water molecules in LAKE1 and two in LAKE2 were catego-

rized as buried water molecules that are completely sequestered

from solvent (Figure S5B). Generally speaking, for soluble glob-

ular proteins, the hydrophobic effect is a major driving force of

protein folding and excludes water molecules from the protein

interior. Although sometimes a fewwater molecules are incorpo-

rated inside a folded structure to neutralize charged areas, they

are isolated from each other (Carugo, 2016). In contrast, water

molecules in the LAKEs form clusters. Therefore, it is unlikely

that the observed 13 and 4 water molecules are trapped inside

during the primary protein folding of AGO4.



LAKEs Are Not Pre-organized in Apo AGO
LAKE1 is located at the interfaces of three domains (L2, MID, and

PIWI) where a14, a17, and four loops come together (Figure 4C,

right). Two of the four loops are the domain linkers between

L2 and MID domains (linker LM) and between MID and PIWI

domains (linker MP). A previous study reported that apo-AGO2

was cleaved within these two domain linkers by thermolysin but

became resistant after loading guide RNA (Elkayam et al., 2012).

The third loop is loop L4 and is flexible in the absence of guide

RNA, as seen in the apo structure ofNcQDE2 (FigureS4B) (Boland

et al., 2011). Loop L4 uses one side to enclose 13watermolecules

and the other side to interact with the guide nucleotide positions

2–5 (g2–g5) (Figure 4C, right). The fourth loop connecting b31

and b32 includes conserved serine (S) and aspartate (D) residues

(hereafter, this loop is referred to as loop SD) (Figure 4C, right).

LAKE2 is formed by the helix-loop-helixmotif (a7 and a8) of the

L2 domain and loops L31 and L32 of the PIWI-catalytic subdo-

main (Figure 4C, left). Both loops are disordered in the absence

of guide RNA (Boland et al., 2011), but fold into this unique shape

once a guide RNA binds. Loops L31 and L32 recognize the phos-

phate backbone of g6–g8. Furthermore, loop L32 interacts with

loop L4 and linker LM, directly or indirectly, via non-LAKE water

molecules (Figure 4C, left). Thus, loops L31, L32, and L4 pave

the composite nucleic acid-binding channel, suggesting that

the LAKE formation is part of the RISC assembly process.

Domain Linkers and Loops Build LAKE1
As we have shown earlier (Figure 3B, middle), Y617 on loop SD

and Y807 on a18 participate in van der Waals interactions be-

tween the two PIWI subdomains. These tyrosines also hydrogen

bond with loop L4, directly or indirectly, via water molecules in

LAKE1 (Figure 5A). As a result, the two tyrosine residues anchor

loop SD and a18 to loop L4. To examine the influence of the

tyrosine-centered interactions on RISC assembly, we replaced

either of the corresponding tyrosines of AGO2 with alanine or

phenylalanine, and the mutants were tested for target cleavage.

The Y625A mutation (Y617 of AGO4) almost completely lost

slicer activity, whereas the Y625F mutant retained comparable

activity (Figure 5G), indicating that the aromatic ring of Y625,

not the hydroxyl group, is essential for RISC assembly. Support-

ing this, the hydroxyl group of Y625 interacts with T789 (T791 in

AGO4) via a water molecule, W3 (Figures 5A and 5D), but the

T789V mutation did not affect slicer activity (Figure 5G). Even

the double mutant of Y625F/T789V showed comparable activity

with the WT (Figure 5G). In contrast, Y805A and Y805F (Y807 of

AGO4) drastically decreased the slicer activity (Figure 5G), indi-

cating that both the hydroxyl group and aromatic ring of Y805 are

critical for RISC assembly.

In AGO4-RISC, W427 on linker LM is stacked with T796 on

loop L4 while Y412 on linker LM hydrogen-bonds with N568 on

linker MP (Figure 5B). These interactions anchor both loop L4

and linker MP to linker LM. When the corresponding tryptophan

(W435) of AGO2 (Figure 5E) wasmutated to alanine, themutation

drastically decreased slicer activity (Figure 5G). On the other

hand, alanine mutations of Y420 (Y412 of AGO4) and N576

(N568 of AGO4) reduced slicer activity to about half that of the

WT (Figure 5G). These results suggest the significance of these

residues for RISC assembly.
The current AGO4 structure has shown that N567 on linker MP

hydrogen-bonds with the side chain of N560 and the carbonyl

oxygen of L557, both of which are located on a14 of the MID

domain (Figures 5B and S6C). The same interactions are seen

in AGO2-RISC (PDB ID: 4OLA) (Figure 5E), but not in the previ-

ously reported crystal structure of an isolated AGO2MID domain

that has no interaction with the flanking linkers LM and MP (Fig-

ures S6D and S6E) (Frank et al., 2010). This difference suggests

that linkers LM and MP are free to move until they form LAKE1

with loop L4 upon binding of guide RNA. To investigate the influ-

ence of the asparagine-centered interactions on RISC assembly,

single-point mutants of N568 and N575 of AGO2 (N560 and

N567 of AGO4, respectively) were tested for target cleavage.

Both alanine mutations diminished slicer activity (Figure 5G).

Our structural observation indicates that the L2 and MID do-

mains and two PIWI subdomains converge to form LAKE1

through the interactions of the two loops (L4 and SD), two linkers

(LM and MP) and two helices (a14 and a18). Because LAKE1 is

located far from the catalytic site, it seemed unlikely that the

replacement of even a single residue forming LAKE1 directly

affected the target cleavage. Rather, it would be plausible that

the single mutations had a negative impact on duplex loading or

passenger ejection, thereby lowering the target cleavage activity.

To validate this idea, all AGO2 mutants that poorly cleaved target

RNAs in Figure 5G were tested for RISC assembly. The results

showed that most of these mutants failed to load duplexes (Fig-

ure 5H). However, once loaded with a duplex, those mutants effi-

ciently ejected the passenger strand to become the mature RISC

(Figure 5I), suggesting that LAKE1 needs to be established prior to

passenger ejection. Last, to see whether LAKE1 formation is also

essential for AGO4 to load duplexes, we made three single muta-

tions, N560A, N567A, and Y807F, on AGO4, which correspond to

N568A, N575A, and Y805F on AGO2, respectively, and tested

them for RISC maturation. These AGO4 mutants failed to load

duplexes (Figure 5J). Altogether, these results demonstrate the

significance of LAKE formation for the duplex-loading step.

Confined LAKE Water Molecules Are Exchangeable
To investigate the dynamics of the LAKE water molecules, we

performed all-atomMD simulations of AGO4 and AGO2 keeping

all crystallographic water molecules in their initial positions. The

simulations performed at 300 and 310 K revealed that the occu-

pancy of LAKE1 fluctuated, yet no dehydration was observed in

the simulated timescale (�100 ns) (Figures 6A and 6B). This

result indicates that water molecules are confined inside the cav-

ity but are continuously exchanged with the bulk solvent. The

exchange rate can be quantified by estimating the survival prob-

ability P(t) (i.e., the probability of a water molecule to remain

inside the cavity after a certain amount of time). As shown in Fig-

ure 6C, the decay in P(t) for water molecules in LAKE1 is slower

than the bulk, and determination of a decay rate required a

biexponential fit of the P(t) curve with a fast and a slow decay

constant (Table S1). This further suggests that water is highly

confined inside LAKE1 and that water molecules in different

regions of LAKE1 may experience different degrees of confine-

ment given by geometry and/or favorable interactions. Interest-

ingly, although AGO4 shows a greater number of water mole-

cules in the crystallographic structure (13 versus 8–10 from
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Figure 5. Water-Mediated Hydrogen-Bonding Network of LAKE1

(A–F) AGO4 LAKE1 (top row) and AGO2 LAKE1 (bottom row) involving their conserved residues in water-mediated interactions among a18, linker MP, and loops

L4 and SD (A and D), among linkers LM and MP, and loop L4 (B and E), and between linker MP and loop SD (C and F). Colors as in Figure 4C. Water molecules

(cyan) and hydrogen bonds are depicted as spheres and dotted lines, respectively.

(G) Target cleavage assays with AGO2 and mutants. See also Figures S6A–S6C.

(H and I) Duplex loading (H) and passenger ejection (I) of AGO2 mutants that drastically reduced their target cleavage in (G). See also Figure S6F.

(J) Duplex loading of AGO4 mutants. See also Figure S6G.

Black bars in (G)–(J) represent averages with independent replicates shown as dots.
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Figure 6. Dynamic Behavior of Simulated Water Molecules in LAKE1 and LAKE2

(A, B, D, and E) Water occupancy versus time in LAKE1 of AGO4 (A) and AGO2 (B) and in LAKE 2 of AGO4 (D) and AGO2 (E) simulated with crystallographic water

molecules in their initial positions (AGO4CW, AGO2CW) at 300 K (black) and 310 K (red).

(C) Survival probability P(t) for water molecules inside LAKE1 of AGO4CW and AGO2CW simulated at 300 and 310 K. Solid and dotted lines correspond to

biexponential fits to the AGO4 and AGO2 data and to exponential fits to the bulk data, respectively (Table S1).

(F) Water occupancy versus time in LAKE1 of AGO4 simulated without crystallographic water molecules at the start of the simulation (AGO4NCW) at 300 K (black)

and 310 K (red).

Lines in (A), (B), and (D)–(F) correspond to 100 ps moving window averages.
AGO2), this trend is reversed during the simulations (average oc-

cupancy of AGO4 10 ± 2 versus AGO2 13 ± 1; Table S1).

Structures of both AGO2 and AGO4 have four crystallographic

water molecules inside LAKE2 (Figure 4C, left) and an average of

about six water molecules during the simulations (Figures 6D

and 6E). The analysis of LAKE2 dynamics for AGO4 showed a

marked increase in occupancy of the cavity at tsim� 30 ns. Visual

inspection of the trajectory of AGO4 at 300 K revealed that the

interaction between loops L31 and L32 was transiently disrupted,

thereby allowing more water molecules to enter LAKE2. Subse-

quently, the conformation was partially reverted while the water

occupancy remained high until tsim � 60 ns.

These simulation predictions suggest that internal water mol-

ecules in LAKEs are confined but move and are exchangeable

with solvent.
LAKE Water Molecules Maintain the Composite RISC
Most of the conserved residues on the domain linkers and loops

around LAKE1 directly interact with the internal water molecules

(Figure S6C). This observation prompted us to raise the hypoth-

esis that water molecules in LAKEs offer an adhesive property to

maintain the domain-domain interactions within the mature

RISC. Supporting this, single mutations of the corresponding

conserved residues of AGO2 severely affected the RISC assem-

bly and thus slicing activity (Figures 5G–5I). Meanwhile, using

their non-polar side chains, M429 and L557 form part of the inte-

rior wall of LAKE1 (Figure 5B), butmutants of their corresponding

residues in AGO2, M437A and L565A, retained a comparable

slicing activity with WT (Figures 5E and 5G). These results indi-

cate that internal water molecules are recognized by hydrogen

bonds, consistent with our MD simulations in which water
Molecular Cell 75, 725–740, August 22, 2019 735



molecules transfer from one place to another within LAKE1, but

always occupy specific positions rather than randomly moving

around (Video S2). To validate our hypothesis that RISCs proac-

tively incorporate solvent water molecules into the cavity to

stabilize the composite structure, we started MD simulations in

an initial state in which the crystallographic water molecules

were removed from AGO4 LAKE1. Immediately after simulations

start, solvent water molecules filled the cavity (Figure 6F), which

is strong evidence that the uptake of water molecules into

AGO4 is energetically preferable. These results suggest that

the water-mediated hydrogen-bonding network stabilizes the

composite RISC.

MD trajectories also showed two gates through which water

molecules enter and exit the AGO4 LAKE1 (Figures 5C and

S6I). The first of these (gate 1), is composed of M610 and

R616 on loop SD and H856 and M858 on the C-terminal loop.

Our MD analysis indicated that R616 located at the edge of

gate 1 seemed to control the rate of entry and exit of water mol-

ecules. To investigate the significance of this arginine residue,

we mutated the corresponding R624 of AGO2 to leucine (Fig-

ure 5F). The mutant retained a comparable activity (Figure 5G),

suggesting that the flow rate of water molecules does not affect

the function of RISC. The second gate (gate 2) is formed by V569

and L570 on linker MP and H613 and P614 on loop SD (Figures

5C and S6I). When L578 of AGO2, corresponding to L570 of

AGO4, was mutated to alanine, the slicer activity was reduced

to less than half that of the WT (Figure 5G). Residue S609 forms

tripartite hydrogen bonds, which uniquely kink loop SD, and thus

shapes the two gates (Figure 5C). An AGO2 alanine mutant of

the corresponding residue, S617, largely decreased the slicer

activity (Figures 5F and 5G). In our RISC maturation assay,

both L578A and S617A mutations drastically affected duplex

loading of AGO2 (Figure 5H). These results suggest that a fully

functional RISC needs to shape these two gates properly.

DISCUSSION

In this study, our combined approach revealed that the seed

region of guide RNA ties together the two PIWI subdomains,

forming the composite PIWI domain and two LAKEs. These

data provide the following insights.

Update of RISC Loading Mechanism
A previously reported crystal structure of Thermus thermophilus

AGO (PBD ID: 3DLB) (Wang et al., 2008) captured a state in

which the 10 nt guide strand was recognized at its 30 end by

the PAZ domain, but its length was too short to reach the 50

monophosphate-binding site on the MID domain. As a result,

the PIWI-helical subdomain was completely disordered, while

the apo MID domain directly interacted with the PIWI-catalytic

subdomain (Video S3). This conformation was not well under-

stood, but now it can be explained by considering the existence

of two PIWI subdomains that are free to move independently

unless they are tied by the seed region of the guide strand. In

support of this, the crystal structure of apo-NcQDE2 C-lobe

showed a loose interaction between the two PIWI subdomains

because of the absence of a guide RNA (Boland et al., 2011).

Nevertheless, the PIWI-helical subdomain tightly interacts with
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the MID domain, as do the counterparts of AGO4-RISC

(Video S3). Given that in the NcQDE2 C-lobe, a sulfate ion is

recognized at the 50 monophosphate-binding site between

the MID domain and PIWI-helical subdomain, binding of the

50 monophosphate of the guide strand may reinforce their

interaction.

On the basis of our data and previous studies, we propose

here a model of RISC loading (Video S4). Loops L4 and SD

and linkers LM and MP would be solvent exposed and flexible

prior to the binding of guide RNA, which allows the MID domain

and twoPIWI subdomains tomove independently. Then, theMID

domain and PIWI-helical subdomain capture a 50 monophos-

phate of the duplex and flip out the base of g1. The resultant

ternary complex would last longer if the first nucleotide base is

adenine or uracil, because of the high affinity of the MID domain

for those bases (Frank et al., 2010). Subsequently, loop L4 and

a18 of the PIWI-helical subdomain recognize the phosphate

backbone of g2–g5 and load the duplex to the rest of AGO,

such that loops L31 and L32 recognize the g6–g8. As a result,

the two PIWI subdomains are tied together by the seed region

(g2–g8). Before binding to a duplex, the MID domain and the

PIWI subdomains solvent-expose their hydrophobic interfaces,

providing good clients for the heat shock proteins (HSPs) that

are required for sufficient RISC loading (Iki et al., 2010; Iwasaki

et al., 2010, 2015a). Because binding of a duplex occludes the

hydrophobic areas, HSPs would then be released and no longer

involved in the subsequent passenger ejection step, which could

explain a previous report that HSPs are essential only for the

duplex-loading step (Iwasaki et al., 2010).

PIWI Proteins Have No LAKEs
Like AGOs, PIWI proteins (PIWIs), together with PIWI-interacting

RNAs (piRNAs), form piRNA-induced silencing complexes (piR-

ISCs) (Czech and Hannon, 2016; Ghildiyal and Zamore, 2009;

Iwasaki et al., 2015b). To see whether piRISCs also possess in-

ternal water molecules, we investigated the previously deter-

mined crystal structure of piRNA-bound silkworm PIWI protein,

Siwi (Matsumoto et al., 2016). Siwi replaces the residues corre-

sponding to N568, T791, and V793 of AGO4 with tryptophan

(W655), leucine (L856), and phenylalanine (F858), respectively

(Figures 7A and 7B). These bulky, non-polar residues occupy

the space where the internal water molecules are found in

AGO4. As a result, Siwi-piRISC has only two internal water

molecules corresponding to W1 and W3 of AGO4 LAKE1 (Fig-

ure 7B). The two buried water molecules are isolated from

each other, like those trapped during the primary protein folding.

In addition, Siwi substitutes non-polar residues for the polar ones

that recognize the internal water molecules in AGO4 LAKE2 (Fig-

ures 7C and 7D). Accordingly, Siwi-piRISC forms a tightly

packed hydrophobic core without the aid of internal water mole-

cules. Notably, the aforementioned hydrophobic residues are

conserved throughout PIWIs (Figure S7), suggesting that other

PIWIs also assemble into piRISC without LAKEs. This discrep-

ancy between AGOs and PIWIs may reflect the differences in

their RISC assemblies. The nucleic acid-binding channel of

eukaryotic AGOs is not wide enough to load a duplex, suggest-

ing that drastic conformational changes are essential for

duplex loading. In contrast, PIWIs incorporate single-stranded
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molecules in LAKEs with the solvent (blue arrows). The water-mediated RISC disassembly is hypothetical on the basis of our and previous studies.
precursor piRNAs. Therefore, apo PIWIs may pre-organize the

composite nucleic acid-binding channel and thereby may not

require a large conformational change for piRISC assembly.

The possession of LAKEsmay also reflect the difference in the

turnover mechanisms between AGOs and PIWIs. It is well known

that AGOs are expressed ubiquitously in different cells (Farazi

et al., 2008; Meister et al., 2004; Sasaki et al., 2003) and that

the half-life of RISCs is on the order of days to weeks (De
et al., 2013). Therefore, AGOs have many opportunities to ex-

change guide RNAs. Supporting this idea, the MacRae group

reported that highly complementary target RNAs promote the

release of guide RNAs from humanAGO2 (De et al., 2013). A sub-

sequent detailed study by the Shin group revealed that loaded

guide RNAs can be released by hybridization with non-canonical

target RNAs that are fully complementary to the guide except for

its 50 nucleotides (Park et al., 2017a). These studies demonstrate
Molecular Cell 75, 725–740, August 22, 2019 737



that AGOs can unload guide RNAs. Although the molecular

mechanism remains elusive, it can be imagined that topological

stress is accumulated on the seed region (g2–g8) as the guide-

non-canonical target duplex is propagated toward the 50 end
of the guide strand. In this study, we have revealed that internal

water molecules connect the L2 and MID domains along with

the PIWI subdomains through their water-mediated hydrogen

bonds. In addition, our MD simulations predict that internal water

molecules move, indicating that their hydrogen bonds are tran-

siently broken without disrupting the conformation of the RISC.

Although direct experimental validation of these predictions is

yet to come, our functional analyses are consistent with all simu-

lation results. Therefore, we hypothesize that the transient

rupture of water-mediated loop-loop interactions would enable

the RISCs to collapse when the topological stress reaches a

threshold (Figure 7E). In contrast, PIWIs stabilize their piRISC

conformation by forming a hydrophobic core without LAKEs

(Matsumoto et al., 2016). Such tight hydrophobic interactions

wouldmake piRISC difficult to disassemble. Given that PIWI pro-

teins are predominantly expressed in germ cells only during a

short term (Farazi et al., 2008), they do not seem to have enough

time to exchange piRNAs, if any, and their exchange efficiency

may be much lower than that of AGOs. These properties

could explain why piRISCs do not incorporate internal water

molecules.

Internal water molecules have been identified in high-resolu-

tion structures (Meyer, 1992; Park and Saven, 2005). Functional

studies and MD simulations have revealed that trapped water

molecules contribute to the structural stability and affinity for

ligands (Ball, 2017; Levy and Onuchic, 2006; Park and Saven,

2005). A recent structural study of GPCR reported that the inter-

nal water molecules work as a ‘‘lubricating oil’’ for the movement

of a transmembrane helix (Yuan et al., 2014). In the present

study, we discovered the significance of the internal water

molecules for RISC assembly and discussed their possible

involvement in RISC disassembly. Our simulation predictions

and functional assays suggest another property of internal water

molecules, one that facilitates a drastic, yet reversible, confor-

mational change of globular proteins comprising multi-domains.
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R. (2014). Characterization of a novel water pocket inside the human Cx26

hemichannel structure. Biophys. J. 107, 599–612.

Azuma-Mukai, A., Oguri, H., Mituyama, T., Qian, Z.R., Asai, K., Siomi, H., and

Siomi, M.C. (2008). Characterization of endogenous human Argonautes and

https://doi.org/10.1016/j.molcel.2019.06.011
https://doi.org/10.1016/j.molcel.2019.06.011
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref1
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref1
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref1
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref1
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref2
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref2
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref2
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref2
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref3
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref3
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref3
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref3
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref4
http://refhub.elsevier.com/S1097-2765(19)30444-7/sref4


their miRNA partners in RNA silencing. Proc. Natl. Acad. Sci. U S A 105,

7964–7969.

Baillat, D., and Shiekhattar, R. (2009). Functional dissection of the human

TNRC6 (GW182-related) family of proteins. Mol. Cell. Biol. 29, 4144–4155.

Ball, P. (2017). Water is an active matrix of life for cell and molecular biology.

Proc. Natl. Acad. Sci. U S A 114, 13327–13335.

Bartel, D.P. (2018). Metazoan microRNAs. Cell 173, 20–51.

Battye, T.G., Kontogiannis, L., Johnson, O., Powell, H.R., and Leslie, A.G.

(2011). iMOSFLM: a new graphical interface for diffraction-image processing

with MOSFLM. Acta Crystallogr. D Biol. Crystallogr. 67, 271–281.

Beitzinger, M., Peters, L., Zhu, J.Y., Kremmer, E., and Meister, G. (2007).

Identification of human microRNA targets from isolated argonaute protein

complexes. RNA Biol. 4, 76–84.

Bernstein, E., Caudy, A.A., Hammond, S.M., and Hannon, G.J. (2001). Role for

a bidentate ribonuclease in the initiation step of RNA interference. Nature 409,

363–366.

Boland, A., Huntzinger, E., Schmidt, S., Izaurralde, E., and Weichenrieder, O.

(2011). Crystal structure of the MID-PIWI lobe of a eukaryotic Argonaute pro-

tein. Proc. Natl. Acad. Sci. U S A 108, 10466–10471.

Carugo, O. (2016). Statistical survey of the buried waters in the Protein Data

Bank. Amino Acids 48, 193–202.

Cheloufi, S., Dos Santos, C.O., Chong, M.M., and Hannon, G.J. (2010). A

dicer-independent miRNA biogenesis pathway that requires Ago catalysis.

Nature 465, 584–589.

Czech, B., and Hannon, G.J. (2016). One loop to rule them all: the ping-pong

cycle and piRNA-guided silencing. Trends Biochem. Sci. 41, 324–337.

Dayeh, D.M., Kruithoff, B.C., and Nakanishi, K. (2018). Structural and func-

tional analyses reveal the contributions of the C- and N-lobes of Argonaute

protein to selectivity of RNA target cleavage. J. Biol. Chem. 293, 6308–6325.

De, N., Young, L., Lau, P.W., Meisner, N.C., Morrissey, D.V., and MacRae, I.J.

(2013). Highly complementary target RNAs promote release of guide RNAs

from human Argonaute2. Mol. Cell 50, 344–355.

Dueck, A., Ziegler, C., Eichner, A., Berezikov, E., and Meister, G. (2012).

microRNAs associated with the different human Argonaute proteins. Nucleic

Acids Res. 40, 9850–9862.

Elkayam, E., Kuhn, C.D., Tocilj, A., Haase, A.D., Greene, E.M., Hannon, G.J.,

and Joshua-Tor, L. (2012). The structure of human argonaute-2 in complex

with miR-20a. Cell 150, 100–110.

Elkayam, E., Faehnle, C.R., Morales, M., Sun, J., Li, H., and Joshua-Tor, L.

(2017). Multivalent recruitment of human Argonaute by GW182. Mol. Cell 67,

646–658.e3.

Faehnle, C.R., Elkayam, E., Haase, A.D., Hannon, G.J., and Joshua-Tor, L.

(2013). The making of a slicer: activation of human Argonaute-1. Cell Rep. 3,

1901–1909.

Farazi, T.A., Juranek, S.A., and Tuschl, T. (2008). The growing catalog of small

RNAs and their association with distinct Argonaute/Piwi family members.

Development 135, 1201–1214.

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and Mello, C.C.

(1998). Potent and specific genetic interference by double-stranded RNA in

Caenorhabditis elegans. Nature 391, 806–811.

Frank, F., Sonenberg, N., and Nagar, B. (2010). Structural basis for 50-nucleo-
tide base-specific recognition of guide RNA by human AGO2. Nature 465,

818–822.

Ghildiyal, M., and Zamore, P.D. (2009). Small silencing RNAs: an expanding

universe. Nat. Rev. Genet. 10, 94–108.

Gowers, R.J., Linke, M., Barnoud, J., Reddy, T.J.E., Melo, M.N., Seyler, S.L.,

Domanski, J., Dotson, D.L., Buchoux, S., Kenney, I.M., et al. (2016).

MDAnalysis: a Python package for the rapid analysis of molecular dynamics

simulations. In Proceedings of the 15th Python in Science Conference, S.

Benthall and S. Rostrup, eds., pp. 98–105.
Gregory, R.I., Chendrimada, T.P., Cooch, N., and Shiekhattar, R. (2005).

Human RISC couples microRNA biogenesis and posttranscriptional gene

silencing. Cell 123, 631–640.

Hafner, M., Landthaler, M., Burger, L., Khorshid, M., Hausser, J., Berninger, P.,

Rothballer, A., Ascano, M., Jr., Jungkamp, A.C., Munschauer, M., et al. (2010).

Transcriptome-wide identification of RNA-binding protein and microRNA

target sites by PAR-CLIP. Cell 141, 129–141.

Hauptmann, J., Dueck, A., Harlander, S., Pfaff, J., Merkl, R., and Meister, G.

(2013). Turning catalytically inactive human Argonaute proteins into active

slicer enzymes. Nat. Struct. Mol. Biol. 20, 814–817.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat # F1804, RRID: AB_262044

Anti-TNRC6A Bethyl Laboratories Inc. Cat # A302-329A, RRID: AB_1850240

Mouse monoclonal anti-a tubulin Cell Signaling Technology Cat # 3873T, RRID: AB_1904178

Goat anti-mouse LI-COR Cat # 925-32210, RRID: AB_2687825

Goat anti-rabbit LI-COR Cat # 925-32211, RRID: AB_2651127

Anti-FLAG M2 beads Sigma-Aldrich Cat # A2220, RRID: AB_10063035

Bacterial and Virus Strains

DH5a competent cells Invitrogen Cat # 18258012

One Shot MACH ITM TI Invitrogen Cat # 1493679

BL21(DE3) Rosetta2 Novagen Cat # 71397-3

DH10bac Mar Efficiency Invitrogen Cat # 1492020

Chemicals, Peptides, and Recombinant Proteins

Prime STAR Max premix(2x) Takara Cat # R045

Rapid DNA ligation kit Roche Cat # 11635379001

Gibson assembly master mix NEB Cat # E2611S

Takara Z-taqTM Takara Cat # R006A

CellFectin� II reagent Invitrogen Cat # 10362-100

TransIt-X2�system Mirus Cat # MIR 6006

DpnI NEB Cat # R01768

EcoRI NEB Cat # R0101T

EcoRV NEB Cat # R0195T

NotI NEB Cat # 0189S

SigmaFASTTM Protease inhibitor cocktail

tablets, EDTA-free

Sigma-Aldrich Cat # S8830-20TAB

T4PNK Thermo Scientific Cat # EK0031

4–12% gradient Bis-Tris gels Life Technologies Cat # NW04125BOX

g-32P-ATP Parkin-Elmer Cat # BLU002A250UC

a-32P-GTP Parkin-Elmer Cat # BLU006H250UC

Phosphatase, alkaline (AP) Roche Cat # 11097975001

Thermo Scientific RiboLock RNase Inhibitor Thermo Scientific Cat # E00381

3X FLAG peptides Sigma-Aldrich Cat # F4799

Grace’s Insect Medium (1x) GIBCO, Life Technologies Cat # 11605-094

Penicillin Streptomycin GIBCO, Life Technologies Cat # 15070-063

DMEM (Dulbecco’s Modified Eagle Medium) GIBCO, Life Technologies Cat # 11965-092

FBS (Fetal Bovine Serum, Qualified) GIBCO, Life Technologies Cat # 10437-028

Opti-MEM� I GIBCO, Life Technologies Cat # 31985-070

0.25% Trypsin-EDTA (1x) GIBCO, Life Technologies Cat # 25200-056

ESF 921 Expression Systems Cat # 96-001-01

Deposited Data

Human AGO4 Structural data This paper PDB: 6OON

Human AGO1 (4KXT) Nakanishi et al., 2013 PDB: 4KXT

Human AGO1 (4KRE) Faehnle et al., 2013 PDB: 4KRE

Human AGO1 (4KRF) Faehnle et al., 2013 PDB: 4KRF

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human AGO2 (4F3T) Elkayam et al., 2012 PDB: 4F3T

Human AGO2 (4OLA) Schirle and MacRae, 2012 PDB: 4OLA

Human AGO2 (4OLB) Schirle and MacRae, 2012 PDB: 4OLB

Human AGO2 (4Z4D) Schirle et al., 2015 PDB: 4Z4D

Human AGO2 (6CBD) Sheu-Gruttadauria and

MacRae, 2018

PDB: 6CBD

AGO2 MID domain (3LUC) Frank et al., 2010 PDB: 3LUC

NcQDE2 (2YHA) Boland et al., 2011 PDB: 2YHA

Silkworm PIWI-clade Argonaute

Siwi (5GUH)

Matsumoto et al., 2016 PDB: 5GUH

Experimental Models: Cell Lines

Sf9 Expression System 94-001F

Tni Expression System 94-002F

HEK293T ATCC CRL-1573

Oligonucleotides

AGO4WT-FW-GCGCGCCCATG

GAGGCGCTGGGACC

This paper N/A

AGO4WT-RV-GCGCGCGTCGA

CTCAGGCAAA ATAC

This paper N/A

AGO2Y529E-FW- CGGCAAGACG

CCCGTGGAAGCCGAG

This paper N/A

AGO2Y529E-RV- ACGCGCTTGAC

CTCGGCTTCCACGGGC

This paper N/A

AGO2E637A-FW-GCAGCAGCACC

GGCAGGCGATCATACAAG

This paper N/A

AGO2E637A-RV -GGCGGCCAGG

TCTTGTATGATCGCCTGCCGG

This paper N/A

miR-20a-5p UAAAGUGCUUAU

AGUGCAGGUAG

Dharmacon N/A

miR-20a-3p ACCUGCACUAUA

AGCACUUUAAG

Dharmacon N/A

60-nt miR-20a target RNA GGGA

GAAACAAAAAUACCUACCUGC

ACUAUAAGCACUUUACCAUCU

CAAACUUACUCAGA

Park et al., 2017b N/A

60-nt miR-20a mismatch target

RNA GGGAGAAACAAAAAUACCU

ACCUGCACUAAUAGCACUUUA

CCAUCUCAAACUUACUCAGA

Dayeh et al., 2018 N/A

Recombinant DNA

pFB-HTB Invitrogen Cat # 10584-027

pCAGEN Addgene Cat # 11160

SUMO fused pRSFDuet-1 Dayeh et al., 2018 N/A

Software and Algorithms

NAMD http://www.ks.uiuc.edu/Research/namd/ N/A

VMD http://www.ks.uiuc.edu/Research/vmd/ N/A

MDAnalysis https://www.mdanalysis.org N/A

iMOSFLM https://www.mrc-lmb.cam.ac.uk/harry/

imosflm/

N/A

PHASER McCoy et al., 2007 N/A

PHENIX www.phenix-online.org/ N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PyMol https://pymol.org/ N/A

Coot https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

N/A

Chimera https://www.cgl.ucsf.edu/chimera/ N/A

imageQuant https://www.gelifesciences.com/en/us/

shop/protein.../imagequant-tl-8-1-p-00110

N/A

Image studio https://www.licor.com/bio/image-studio/ N/A

Prism https://www.graphpad.com/scientific-

software/prism/

N/A

imageJ https://imagej.nih.gov N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Kotaro

Nakanishi (nakanishi.9@osu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO) supplemented with 10% (v/v) Fetal Bovine

Serum (FBS, Sigma-Aldrich) and 1% (v/v) Penicillin-Streptomycin (GIBCO) at 37�C with 5% CO2. Plasmids were transfected by

TransIT-X2 reagent (Mirus). For the AGO4 overexpression, Sf9 and Trichoplusia ni (Tni) cells were used for Bac-to-Bac Baculovirus

Expression System. Sf9 and Tni cells were grown in Grace’s Insect Medium (GIBCO) and ESF 921(Expression Systems). Refer the

KEY Resources Table for detail information of cell strains and medium.

METHOD DETAILS

Cloning, expression, and purification of AGO proteins and TNRC6B fragments
Recombinant AGO2 and AGO4 were purified from insect cells as previously reported (Park et al., 2017b). TNRC6B fragments were

cloned into a SUMO-fused pRSFDuet-1 vector (Novagen) and plasmids were transformed into BL21(DE3) E. coli cells. SUMO-fused

TNRC6B fragments were purified by two steps. After the homogenized cells were centrifuged for 1 hour, the supernatant was loaded

onto 5 mL HisTrap HP column (GE Healthcare) equilibrated with Buffer A (10 mM phosphate buffer pH 7.3, 1 M NaCl, 40 mM imid-

azole, 10 mM b-mercaptoethanol, 5% glycerol). The column was washed with Buffer A, followed by elution of the fragments over a

linear gradient to 50% of Buffer B (10 mM phosphate buffer pH 7.3, 1 M NaCl, 1.5 M imidazole, 10 mM b-mercaptoethanol, 5% glyc-

erol). The eluted samples were dialyzed against Buffer C (200mMNaCl, 20mMTris-HCl pH 7.5, 10mM b-mercaptoethanol) and then

concentrated by ultrafiltration. The concentrated proteins were loaded onto HiLoad 16/600 Superdex 75 column (GE Healthcare)

equilibrated with Buffer D (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 2 mM Dithiothreitol (DTT)). After concentration by ultrafiltration,

the purified SUMO-fused TNRC6B fragments were flash-frozen in liquid nitrogen and stored at �80�C. For in vitro cleavage assays,

a gene of FLAG-tagged AGO2 was cloned into a pCAGEN vector (Addgene). Mutants were subsequently generated from this

construct by site-directed mutagenesis with primers that were designed to anneal to the mutation site. The PCR products were

digested by Dpn1 (NEB) and then transformed into DH5a E. coli cells (InvitrogenTM). The mutations were verified by sequencing.

In our western blot analyses, all chimeras and mutants of AGO showed comparable expression levels in HEK293T cells without

degradation, indicating that they were properly folded.

Crystallization, structure determination and refinement
The purified AGO4 in Buffer E (10mMTris-HCl pH 8.0, 200mMNaCl, 5mMDTT) was crystallized at 20�C using the sitting-drop vapor

diffusion method in 450 mM lithium chloride, 100 mM MES buffer pH 6.0, 16% PEG6,000, 15 mM trimethylamine. Crystals were

soaked in cryoprotectant buffer (450 mM lithium chloride, 100 mM MES buffer pH 6.0, 16% PEG6,000, 15 mM trimethylamine,

20% (v/v) glycerol) and cryo-cooled in liquid nitrogen. Data were collected at the NE-CAT beamlines (Advanced Photon Source,

Chicago) and processed with iMOSFLM (Battye et al., 2011). Molecular replacement was performed with PHASER (McCoy et al.,

2007) using the crystal structure of AGO2 (PDB ID: 4OLA) as the search model. The structural model was refined using PHENIX

(Adams et al., 2010). All figures of structures and electrostatic surfaces were generated using PyMol (http://www.pymol.org/) and

Chimera (https://www.cgl.ucsf.edu/chimera/).
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Cell culture, transfection, cell lysis and western blot
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO) supplemented with 10% (v/v) Fetal Bovine

Serum (FBS, Sigma-Aldrich) and 1% (v/v) Penicillin-Streptomycin (GIBCO) under standard condition (37�C and 5% CO2). 10 mg of

pCAGEN plasmid encoding the FLAG-tagged AGO protein was transfected into one 10 cm plate using the TransIT-X2 reagent

(Mirus). Cells were harvested and weighed 48 hours after transfection. Cell pellets were resuspended in five-fold excess volume

(v/w) of Lysis Buffer (30 mM HEPES-KOH pH 7.4, 100 mM KOAc, 2 mMMg(OAc)2, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride,

EDTA-free protease inhibitor cocktail), and lysed by ultrasonication. Cell lysate (7 ml) was used for western blot analysis. 5 ml of SDS

loading buffer (125 mM Tris–HCl pH 6.8, 4% sodium dodecyl sulfate (SDS), 20% Glycerol, 0.04% Bromophenol blue, and 100 mM

b-mercaptoethanol) was mixed with the same volume of the cell lysates and incubated at 90�C for 1 min. The sample was separated

on 4%–12% gradient Bis-Tris gels (Life Technologies) and transferred to Amersham Hybond ECL nitrocellulose membranes

(GE Healthcare). Anti-FLAG antibody (F1804, Sigma-Aldrich, 1:1000 dilution), anti-TNRC6A antibody (A302-329A, BETHLY,

1:1000 dilution), anti-mouse antibody (IRDye 800CW Goat anti-Mouse IgG, LI-COR, 1:16 000 dilution), and anti-rabbit antibody

(IRDye 800CWGoat anti-Rabbit IgG, LI-COR, 1:16 000 dilution) were used as the primary and the secondary antibodies. The amount

of FLAG-AGO proteins in the cell lysate was normalized by western blot result, AGO was quantified by using a standard curve

generated with known amounts of recombinant FLAG-AGO3.

In vitro cleavage assay
An siRNA-like duplex of miR-20a and a 60-nt 50 cap-labeled target RNA were prepared as previously reported (Park et al., 2017b).

Based on the western blot data, 50 pmol of AGOmutants were incubated with 0.5 pmol of an siRNA duplex of miR-20a at 37�C for 1

hour for the RISC assembly, followed by immunoprecipitation (IP) with 20 ml of anti-FLAG M2 beads (Sigma-Aldrich) for 2 hours at

room temperature. The beads were washed eight times with IP-Wash Buffer (30 mM HEPES-KOH pH 7.4, 300 mM NaCl, 100 mM

KOAc, 2 mM Mg(OAc)2, 1% Triton X-100) and two times with 1x Cleavage Buffer (25 mM HEPES-KOH pH 7.4, 50 mM KOAc,

5 mM Mg(OAc)2, 5 mM DTT). The cleavage reaction was initiated by adding 0.5 pmol of 50 cap-labeled target RNAs in 1x cleavage

buffer and 5 U/mL RiboLock RNase Inhibitor (ThermoFisher) at 37�C for 1 hour. The reaction was stopped by adding 20 ml of quench-

ing dye (7 M urea, 1 mM EDTA, 0.05% (w/v) xylene cyanol, 0.05% (w/v) bromophenol blue, 10% (v/v) phenol). Cleavage products

were resolved on a 7 M urea denaturing 16% (w/v) polyacrylamide gel. The gels were dried on filter paper and analyzed by

phosphorimaging.

RISC maturation assay
pCAGEN vector encoding either of FLAG-AGO mutants were transfected into HEK293T cells as previously reported (Park et al.,

2017b). After 48 hours, 50 mg of the harvested cells were resuspended in 300 mL of Lysis Buffer (1% NP-40, 150 mM NaCl,

25 mM Tris-HCl pH 7.5, 2 mM EDTA, 0.5 mM DTT, 0.1% SDS, and 0.1% sodium deoxycholate). The cells were lysed with ultraso-

nication and centrifuged at 15,0003 g for 20min at 4�C. 5 mL of the lysate was resolved on an SDS-PAGE, and the FLAG-AGOmutant

was detected by western blot with anti FLAG antibody (Sigma-Aldrich). The amount of the FLAG-AGOmutant was quantified using a

standard curve of recombinant FLAG-AGO3. The lysate was adjusted so as to contain 50 pmol of FLAG-AGOmutant and then incu-

bated with 5 pmol of siRNA-like duplex of miR-20a whose guide strand was radiolabeled at its 50 end for 1 hour at 37�C. Then, FLAG-

AGOmutant was immunoprecipitated with 60 mL of anti-FLAGM2 beads (Sigma-Aldrich) for 2 hours at room temperature. The beads

were washed 8 times with Wash Buffer (300 mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM MgCl2, and 0.05% NP-40) and 2 times with

Cleavage Buffer (25 mM HEPES-KOH pH 7.5, 50 mM KCl, 5 mM MgCl2, 5 mM DTT, and 2 mM EDTA). AGO-bound RNAs were ex-

tracted from the beads using 200 mL of phenol-chloroform and then precipitated with ethanol. After centrifugation, the RNA pellets

were dissolved with 10 mL of 13 Annealing Buffer (30 mM HEPES-KOH pH 7.5, 100 mM KOAc, 1 mM EDTA) and native loading dye

(15%w/v of Ficoll, 2 mMMgCl2, 0.5 TBE). The samples were resolved on a 10%native gel to separate the single-stranded guide RNA

from the duplex. The intensity of pre-RISC (i.e., a complex of AGO with a duplex) and of mature RISC (i.e., a complex of AGO with a

guide) are Ipre-RISC and IRISC, respectively. The relative duplex loading and passenger ejection were calculated with these equations;

Itotal = Ipre--RISC + IRISC
ItotalðWTÞ = Ipre--RISCðWTÞ+ IRISCðWTÞ
ItotalðmutÞ = Ipre--RISCðmutÞ+ IRISCðmutÞ
Relative duplex loading=
ItotalðmutÞ
ItotalðWTÞ
passenger ejection=
Ipre--RISC
Itotal
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Filter binding assay
FLAG-AGOmutant (50 pmol) was incubated with 5 pmol of siRNA-like duplex of miR-20a for 1 hour at 37�C and immunoprecipitated

with anti-FLAGM2 beads for 2 hours at room temperature. After the beads were thoroughly washedwithWash Buffer as described in

the RISC maturation assay, FLAG-AGO mutant was eluted with 250 mg/ml of FLAG peptide (Sigma-Aldrich) overnight at 4�C. The
eluted AGOmutant was incubated with a 60-nt 50 cap-labeled mismatch target (GGGAGAAACAAAAAUACCUACCUGCACUAAUAG

CACUUUACCAUCUCAAACUUACUCAGA) for 1 hour at 37�C. After the reactions were put on Hybond ECL nitrocellulose mem-

branes (GE Healthcare) and Zeta-Probe Blotting Membranes (BIO-RAD), the membranes were washed with 1 3 Binding Buffer

(25 mM HEPES-KOH pH 7.5, 10 mM MgCl2, 3 mM DTT, and 125 mM NaCl2) and analyzed by phosphorimager.

Binding assay with TNRC6 fragments
The binding assays were performed with a Superdex 200 increase 10/300 GL column (GE Healthcare) equilibrated with Buffer F

(150 mM NaCl, 20 mM Tris-HCl pH 7.5, 2 mM DTT). The column was injected with 2 nmol of AGO protein, of a SUMO-fused

TNRC6 fragment, or their mixture incubated on ice for 30 min.

Simulation systems preparation
The crystallographic structures of human AGO4 (PDB ID: 6OON) and AGO2 (PDB ID: 4OLA) were used to build the systems for sim-

ulations (Table S2). Missing loops were not added and their ends were treated as non-neutral N and C termini. Hydrogen atoms were

automatically added to protein structures and crystallographic water molecules. Residues aspartate, glutamate, lysine, and

arginine were assumed to be charged. Histidine residues were assumed neutral, and their protonation state was chosen to favor

the formation of evident hydrogen bonds. Additional water molecules and randomly placed ions were used to solvate the systems

with 150mMNaCl. Two systemswere built for AGO4: i) AGO4CW protein + RNA + crystallographic water molecules, and ii) AGO4NCW
protein + RNA and no crystallographic waters inside of the LAKE1 cavity. For AGO2 only one system was built: AGO2CW protein +

RNA + crystallographic waters. All systems were built using the psfgen, solvate and ionize plugins of VMD (Humphrey et al., 1996).

MD simulations
All MD simulations were performed using NAMD 2.11 (Phillips et al., 2005), the CHARMM36 force field for proteins and nucleic acids

with the CMAP correction and the TIP3P model for water (Huang and MacKerell, 2013). A cutoff of 12 Å (with a switching function

starting at 10 Å) was used for van der Waals interactions along with periodic boundary conditions. The Particle Mesh Ewald method

was used to compute long-range electrostatic forces without cutoff and with a grid point density of > 1 Å�3. A uniform 2 fs integration

time stepwas used together with SHAKE. Langevin dynamics was utilized to enforce constant temperature (T = 300 or T = 310 K) with

a damping coefficient of 0.1 ps�1 unless otherwise stated. Constant pressure simulations (NpT) at 1 atm were conducted using the

hybrid Nosé-Hoover Langevin piston method with a 200 fs decay period and a 50 fs damping time constant. Initially the AGO4NCW,

AGO4CW and AGO2CW systems were subjected to 5000 steps of minimization followed by 200 ps of dynamics with the backbone of

the protein and the C20 atoms of the RNA restrained and by 1 ns of free dynamics in theNpT ensemble (T = 300 K, p = 1 atm, Langevin

damping coefficient g = 1 ps-1).

Definition of LAKE1 and LAKE2 for estimation of water dynamics parameters from the MD trajectories
Carefully tailored selections were defined for AGO4 and AGO2 in order to precisely monitor the water molecules that reside inside

LAKE1 and LAKE2 during the MD simulations and to avoid the inclusion of water molecules that are outside of the cavities. Water

molecules were considered to be inside the cavity if their oxygen atom was located within 4 Å of a selection of atoms. For LAKE1

of AGO4 this selection includes the side-chain atoms of residues 567, 568 and 858, the side-chain OH group of residue 617 or

the backbone oxygen atoms of residues 565, 614, 615 and 795. Similarly for LAKE1 of AGO2 the selection includes the side-chain

atoms of residue 576 and 623, the side-chain OH group of residues 625 and 805 or the backbone oxygen of residues 573, 622, 787,

789, 790, 791, 793, and 795. LAKE2 of AGO4 includes the side-chain atoms of residues 719, 725, 732, 761, and 764, the Cb atom of

residue 362 or the backbone atoms of residue 716. For AGO2, LAKE2 includes side-chain atoms of residue 730, the Cb atom of res-

idue 372 or the backbone atoms of residues 714, 715, 717 and 728.

Computation of survival probability of water molecules in MD simulations
Local translational and rotational mobility of water molecules can be related to the amount of time that amolecule is likely to remain in

a given region (Liu et al., 2004a). By measuring which fraction of molecules were in a given region at time t and remain there at a later

time t+t, the survival probability P(t) can be computed. The decay rate of P(t) depends on the size of the region and the mobility of

molecules within it and is calculated as follows:

PðtÞ= 1

Tn

XTn

t

Nðt; tÞ
NðtÞ

where N(t,t) is the number of particles that remain in the selection at time t + t, N(t) is the number of particles at time t, and Tn is the

number of time steps contributing to P(t).
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The survival probability was calculated from our trajectories using the water dynamics module of the MD-analysis library (Araya-

Secchi et al., 2014; Gowers et al., 2016; Michaud-Agrawal et al., 2011). Each P(t) was estimated for all the available time windows

(t = 1 to 100 ps) from four 20 ns segments of the 100 ns simulations excluding the first 20 ns. The data presented in Figure 3C

corresponds to P(t) averaged for each time window.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the assay data were quantified using ImageJ (https://imagej.nih.gov/ij/) and ImageQuant (GE Healthcare life Sciences). The dot

plots in Figures 1, 3, and 5 were generated by Prism software (GraphPad) and black bars on the graph show averages with indepen-

dent replicates shown as dots. The detail calculations were in the method section.

DATA AND CODE AVAILABILITY

The accession number for the crystal structure of human AGO4 reported in this paper is PDB: 6OON.
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Figure S1. Strategy for making AGO4 into a catalytically active enzyme (Related to Figure 1)  
(A) Differences in the construct used by Hauptmann et al. (left) and that used in the current study (right), both 

of which generate a catalytically active AGO4 mutant.  

(B) Simulated annealing Fo-Fc omit map contoured at 2.5 σ (blue mesh) around the guide RNA. Colors as in 

Figure 1B. 

(C) FLAG-AGO2, FLAG-AGO4 and their mutants were expressed in HEK293T cells and detected with anti-

FLAG antibody (left). Their protein amounts were adjusted based on the western blot (right) and used for target 

cleavage assay (Figure 1E).   

(D) Simulated annealing Fo-Fc omit map contoured at 2.2 σ (blue mesh) around α15 and β32 of AGO4. The 

disordered loop L2, including 4SI, is depicted as dotted lines. Colors as in (B). 

(E) RISC maturation assays of AGO4 and AGO4D4SI (Figure 1H and 1I). The lysates of HEK293T cells 

expressing either FLAG-AGO4 or FLAG-AGO4D4SI were adjusted by western blot so as to include 50 pmol of 

AGO, followed by incubation with miR-20a duplex. The duplex is composed of a 5¢ end labeled miR-20a and a 

fully complementary passenger strand that lacks a 5' monophosphate. After immunoprecipitation with anti-

FLAG beads, the AGO-bound RNAs were extracted and resolved on 10% native gel.  

 (F) Filter binding assay of MBP, AGO4, and AGO4D4SI. The lysates of HEK293T cells expressing either 

FLAG-MBP, FLAG-AGO4 or FLAG-AGO4D4SI were incubated with miR-20a duplexes and then 

immunoprecipitated with anti-FLAG beads. After the AGOs were eluted from the beads with FLAG peptides, 

the AGOs were incubated with 60-nt 5¢ cap labeled mismatch targets. The resultants were spotted on a 

nitrocellulose membrane and a nylon membrane. AGO4 without miR-20a was used as a control to subtract the 

non-specific bound targets (Figure 1J).  

(G) RISC maturation assays of AGO2 and AGO2-4SI (Figure 1K). The lysates of HEK293T cells expressing 

either FLAG-AGO2 or FLAG-AGO2-4SI were adjusted by western blot so as to include 50 pmol of AGO, 

followed by incubation with miR-20a duplex. The duplex is composed of a 5¢ end labeled miR-20a and a fully 

complementary passenger strand that lacks a 5’ monophosphate. After immunoprecipitation with anti-FLAG 

beads, the AGO-bound RNAs were extracted and resolved on 10% native gel. 
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Figure S2. Interactions of long TNRC6B fragments with AGO2 and AGO4 (Related to Figure 2) 
(A) Domain architecture of TNRC6B. Several long fragments were designed from the AGO-binding regions 

(pink) and expressed as SUMO-fused proteins.  

(B) Gel filtration analyses of AGO2 (blue), AGO4 (green), SUMO-fused TNRC6B fragment (pink), and a 

mixture of a TNRC6B fragment with either AGO2 or AGO4 (black). 
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Figure S3. Sequence alignment of human AGO paralogs (Related to Figure 2; Figure 3; Figure 4)  
Residue number and secondary structure of AGO4 are shown above the sequence. The four catalytic residues 

are highlighted with black columns. AGO4-specific residues in Trp Pocket-2 and -3 are boxed (green). 

Residues involved in van der Waals interactions between two PIWI subdomains are boxed (red). Domain 

linkers and loops forming LAKE1 and LAKE2 are labeled above the sequence. CL1 and CL2 are boxed (gray). 
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Figure S4. Interactions between MID domain and PIWI-helical subdomain (Related to Figure 3; Figure 4) 
(A) MID-PIWI domain architectures of AGO4 and NcQDE2. 

(B) Superposition of AGO4 and NcQDE2 on their MID domains results in a good alignment of their PIWI-helical 

subdomains. 

(C-D) Stereoviews of the interactions between the MID domain and PIWI-helical subdomain in AGO4 (C) and 

NcQDE2 (D). Colors as in (A). Water molecules and hydrogen bonds are depicted as spheres (cyan) and 

dotted lines, respectively. For clarity, only g1 of the bound guide RNA is shown in (C). The bound sulfate ion is 

drawn as a stick model (magenta) in (D). 

(E) A representative image of RISC maturation assay with siRNA duplex (Figure 3E).  
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Figure S5. Water-mediated hydrogen-bonding network (Related to Figure 5) 
(A) Locations of LAKEs (cyan) and the previously reported water molecules at the active site (red) and the 

target nucleotide-1 pocket (magenta).   

(B) Stereoview of water molecules bound to AGO4. The intensity of the blue color indicates the categories of 

the water molecule. Dark blue, cyan, and faint blue spheres indicate buried, cleft, and surface water molecules, 

respectively. 

(C-D) Stereoview of the internal water-mediated hydrogen-bonding network in LAKE2 (C) and LAKE1 (D). 

Water molecules and hydrogen bonds are depicted as cyan spheres and dotted lines, respectively. The bound 

RNA in (D) is drawn as a ball-and-stick model. Colors as in Figure 4C.   
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Figure S6. Residues and their interactions required for LAKE1 formation (Related to Figure 5) 
(A) A representative image of western blot analysis with anti-FLAG antibody. Expression levels of mutants 

were tested, and the amount of proteins were adjusted for the target cleavage assay. 

(B) A representative image of In vitro cleavage assay with miR-20a. All lysates were adjusted by western blots 

of (A) and the 5 µM AGO proteins were incubated with 50 nM siRNA-like duplex of miR-20a for RISC assembly. 

50 nM 5' cap-labeled target RNAs were used for the RNA cleavage reaction.   
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(C) A schematic of LAKE1. Conserved residues involved in the LAKE1 formation are shown. The internal water 

molecules and hydrogen bonds are depicted as spheres (cyan) and dotted lines (black), respectively. 

Hydrogen bonds not involving water molecules are colored in pink.  

(D-E) Interactions between the MID domain and linker MP through two asparagine residues seen in the full-

length AGO2 (D) (PDB ID: 4OLA) but not in the isolated AGO2 MID domain (E) (PDB ID: 3LUC).  

(F-G) A representative image of RISC maturation assays with siRNA-like duplex of miR-20a (Figure 5H-5J). 

(I) Stereoview of the two gates, Gate1 and Gate 2 (red circles), of the AGO4 LAKE1. Water molecules inside 

LAKE1 are colored in cyan. Two water molecules located just outside the two gates are colored in pink. 

Residues shaping the AGO4 LAKE1 can be categorized based on their roles; back wall (dark blue), middle wall 

(marine), gates (red), hydrophobic core (green), backbone (orange).  
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Figure S7. Sequence alignment of AGO- and PIWI-clade proteins (Related to Figure 7)  
Residues highlighted in red participate in the van der Waals interaction between two PIWI subdomains. 

Residues in colored boxes (linker MP: orange, L31 and L32: dark green, loop L4: bright green) have different 

properties between AGO and PIWI clades. Residue numbers of AGO4 and Siwi are shown above and below 

the sequence alignment, respectively. AGO-specific insert in L31 is colored in yellow (see Figure 7C-D). 
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Table S1. Detailed simulation statistics of LAKE1 and LAKE2 of AGO2cw and AGO4cw (Related to Figure 6) 
 
		 Number	of	water	molecules	 Avg.		

Occup.*	
t1		
(ps)	

t2	
(ps)	AGO	and		

Temp	 Cavity	 Mean	 SD	 Variance	 max	 min	 median	

AGO4cw	
300	K	

LAKE1	 10.3	 1.8	 3.2	 18	 5	 10	 10	±	2	 34.6	 3.6	
LAKE2	 7.3	 1.6	 2.7	 18	 3	 7	 7	±	2	 -	 -	

	           

AGO4cw	
310	K	

LAKE1	 10.2	 1.5	 2.3	 18	 6	 10	 10	±	2	 31.4	 3.2	
LAKE2	 6.1	 1.1	 1.3	 11	 2	 6	 6	±	1	 -	 -	

	           

AGO2cw	
300	K	

LAKE1	 12.7	 1.4	 2.1	 19	 8	 13	 13	±	1	 42.2	 3.5	
LAKE2	 4.7	 0.8	 0.6	 8	 2	 5	 5	±	1	 -	 -	

	           

AGO2cw	
310	K	

LAKE1	 12.6	 2.0	 4.0	 23	 6	 13	 13	±	2	 25	 2.8	
LAKE2	 5.7	 0.8	 0.7	 10	 3	 6	 6	±	1	 -	 -	

*Correspond to rounded up values of the mean ± sd number of water molecules in columns 3 and 4 
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Table S2. Details of simulated systems (Related to Simulation systems preparation section of STAR Methods) 

 
System # PDB tsim 

(ns) 
Type Ensemble Temp 

(K) 
Start Size 

#atoms 
Size 
(nm3) 

AGO4cw S1a 6OON 1.21 MinEQ NpT* 300 ------ 164,443 12x12x12 
AGO4cw S1b 6OON 100 EQ NpT 300 S1a 164,443 12x12x12 
AGO4cw S1c 6OON 100 EQ NpT 310 S1a 164,443 12x12x12 
AGO4ncw S2a 6OON 1.21 MinEQ NpT* 300 ------ 164,443 12x12x12 
AGO4ncw S2b 6OON 100 EQ NpT 300 S2a 164,443 12x12x12 
AGO4ncw S2c 6OON 61 EQ NpT 310 S2a 164,443 12x12x12 
AGO2cw S3a 4OLA 1.21 MinEQ NpT* 300 ------ 164,230 12x12x12 
AGO2cw S3b 4OLA 100 EQ NpT 300 S3a 164,230 12x12x12 
AGO2cw S3c 4OLA 100 EQ NpT 310 S3a 164,230 12x12x12 
Summary of all MD simulations. Asterisk (*) denotes simulations that consisted of 5000 steps of minimization, 
200 ps of dynamics with the backbone of the protein restrained (kbbr = 1 kcal mol-1 Å-2), and 1 ns of free 
dynamics in the NpT ensemble (g = 1 ps-1). 
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Table S3. Primer list (Related to Cloning, expression, and purification of AGO proteins and TNRC6B fragment 
section of STAR Methods) 
 
Oligonucleotides Source Identifier 
AGO2G595I/V615A-FW-
CAGCAGCCCGTCATCTTTCTGATAGCAGACGTCAC, 
CCATTGCCGCCGTGGCGGGCAGCATGGACGCC 

This paper N/A 

AGO2G595I/V615A-RV -
GGCGTCCATGCTGCCCGCCACGGCGGCAATGG, 
GGCGTCCATGCTGCCCGCCACGGCGGCAATGG 

This paper N/A 

AGO2Y420A-FW-
GCCGCCCTCCATCCTCGCCGGGGGCAGGAATAAAG
C 

This paper N/A 

AGO2Y420A-RV -
 GCTTTATTCCTGCCCCCGGCGAGGATGGAGGGCGG
C 

This paper N/A 

AGO2W435A-FW-
CCCTGTCCAGGGCGTCGCGGACATGCGGAACAAG
CAGT 

This paper N/A 

AGO2W435A-RV -
ACTGCTTGTTCCGCATGTCCGCGACGCCCTGGACA
GGG 

This paper N/A 

AGO2L565A-FW-
CAGACCCTGTCCAACCTCTGCGCGAAGATCAACGT
CAAGCTGGGA 

This paper N/A 

AGO2L565A-RV -
TCCCAGCTTGACGTTGATCTTCGCGCAGAGGTTGG
ACAGGGTCTG 

This paper N/A 

AGO2N568A-FW-
GTCCAACCTCTGCCTGAAGATCGCCGTC 

This paper N/A 

AGO2N568A-RV -
CGCCTCCCAGCTTGACGGCGATCTTCAGGCA 

This paper N/A 

AGO2N575A-FW-
GTCAAGCTGGGAGGCGTGGCCAAC 

This paper N/A 

AGO2N575A-RV -
CTGGGGCAGCAGGATGTTGGCCACGCCTCCC 

This paper N/A 

AGO2 L578A -FW- 
CTGGGAGGCGTGAACAACATCGCGCTGCCCCAGG
GCAGG 

This paper N/A 

AGO2 L578A -RV - 
CCTGCCCTGGGGCAGCGCGATGTTGTTCACGCCTC
CCAG 

This paper N/A 

AGO2S617A -FW- 
CCGCCGTGGTGGGCGCCATGGACGCCCACCCC 

This paper N/A 

AGO2S617A -RV - 
GGGGTGGGCGTCCATGGCGCCCACCACGGCGG 

This paper N/A 

AGO2Y625A -FW- CGCCCACCCCAATCGCGCCTGC This paper N/A 
AGO2Y625A -RV - 
CGCACGGTGGCGCAGGCGCGATTGGG 

This paper N/A 

AGO2Y805A-FW-TCCCAGCCAGCATACGCCGCTC This paper N/A 
AGO2Y805A-RV -
GGCCACCAGGTGAGCGGCGTATGCTGGCG 

This paper N/A 

AGO2-4SI-FW-
TGCAGCAGCACCGGCAGGAGATCTCCCAAGAGCTC
CTCTACAGTCAAGA 

This paper N/A 

AGO2-4SI-RV -
GCGGCCAGGTCTTGTATGATCTCTTGACTGTAGAG
GAGCTCTTGG 

This paper N/A 
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AGO4m-FW-
GACTTCCCGGCAGGAGATCTCCCAAGAGCTCCTCT
ACAGTCAAGA, 
GACTTCCCGGCAGGAGATCTCCCAAGAGCTCCTCT
ACAGTCAAGA, 
GGAGGGGTATCTGAGGGACAATTCCAGCAGGTTCT
CCACCACGAGTTGCTGGCCATCCGTG   

This paper N/A 

AGO4m-RV -
AACCATGTTAGTCAGGTCCTGGATGACCTCTTGACT
GTAGAGGAGCTCTTGG, 
CTTGCCCTAAATGCTACAAGATGGGCATAATATGCA
GGGGC, 
GGCCGGTAATCTTCTTCCAACTTGATACAGGCCTCA
CGGATGGCCAGCAACT           

This paper N/A 

AGO4mD4SI-FW- 
GTGCAGACTTCCCGGCAGGAGGTCATCCAGGACCT
GACTAA 

This paper N/A 

AGO4mD4SI-RV- 
TTAGTCAGGTCCTGGATGACCTCCTGCCGGGAAGT
CTGCAC 

This paper N/A 

TNRC6B-599-683-FW- 
GCGCGCCTCGAGTCAGAGCTCCCCCCATCCAGA     

This paper N/A 

TNRC6B-599-683-RV- 
GCGCGCGGATCCGATTGTCAGGCTGTCTTGCAGA      

This paper N/A 

TNRC6B-507-598-FW- 
GCGCGCGGATCCTCTCAGGGAGAATGGAAACAGC         

This paper N/A 

TNRC6B-507-598-RV- 
GCGCGCCTCGAGTCAAGGATGTGTGGGCCTGTACG   

This paper N/A 

TNRC6B-684-770-FW- 
GCGCGCGGATCCTCAGCCTCTACAGAGTGGAAAGA
CC 

This paper N/A 

TNRC6B-684-770-RV-
GCGCGCCTCGAGTCAAGACACAGGTTTACTTGCAG
AACTTTC    

This paper N/A 

TNRC6B-771-860-FW- 
GCGCGCGGATCCGGGTGGGGTGAAGGAGGG 

This paper N/A 

TNRC6B-771-860-RV-
GCGCGCCTCGAGTCACTCCAGCTGGAATTGGAAGG   

This paper N/A 

TNRC6B-869-916-FW-
GCGCGCGGATCCACTGTGGATAATGGTACTTCAGC
ATG 

This paper N/A 

TNRC6B-869-916-RV-
GCGCGCAAGCTTTCAGGGTTCCCCCCAGCTGG 

This paper N/A 

TNRC6B-616-636-FW- 
CAAATTAAGCAGGACACAGTGTGGTGACTCGAGTCT
GGTAAAGAAACCG 

This paper N/A 

TNRC6B-616-636-RV- 
CGGTTTCTTTACCAGACTCGAGTCACCACACTGTGT
CCTGCTTAATTTG  

This paper N/A 

TNRC6B-623-636-FW- 
ACAGAGAACAGATTGCTGCATCCTGGGGCCAAACT
CAAATTAAGC 

This paper N/A 

TNRC6B-623-636-RV- 
GCTTAATTTGAGTTTGGCCCCAGGATGCAGCAATCT
GTTCTCTGT 

This paper N/A 

TNRC6B-617-634-FW- 
GCGCGCGGATCCGTGCTCTCAAACACTGGCTGGG       

This paper N/A 

TNRC6B-617-634-RV-GCGCGCCTCGAGTCA 
AATGTCCCACACTGTGTCCTGC       

This paper N/A 
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TNRC6B-617-634(Q625E)-FW-
TCAAACACTGGCTGGGGCGAAACTCAAATTAAGCA
GGACACAGTGT       

This paper N/A 

TNRC6B-617-634(Q625E)-RV-
ACACTGTGTCCTGCTTAATTTGAGTTTCGCCCCAGC
CAGTGTTTGA 

This paper N/A 

TNRC6B-617-634(K629A)-FW- 
GCTGGGGCCAAACTCAAGCTAAGCAGGACACAGTG
TGGGA     

This paper N/A 

TNRC6B-617-634(K629A)-RV- 
TCCCACACTGTGTCCTGCTTAGCTTGAGTTTGGCCC
CAGC     

This paper N/A 

TNRC6B-617-634(Q630R)-FW- 
GGGGCCAAACTCAAATTAAGCGGGACACAGTGTGG
GACATTTGA 

This paper N/A 

TNRC6B-617-634(Q630R)-RV-
TCAAATGTCCCACACTGTGTCCCGCTTAATTTGAGT
TTGGCCCC 

This paper N/A 
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