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ABSTRACT

Argonaute proteins bind small RNAs and mediate cleavage of complementary target RNAs. The human Argonaute protein Ago4 is
catalytically inactive, although it is highly similar to catalytic Ago2. Here, we have generated Ago2-Ago4 chimeras and analyzed
their cleavage activity in vitro. We identify several specific features that inactivate Ago4: the catalytic center, short sequence
elements in the N-terminal domain, and an Ago4-specific insertion in the catalytic domain. In addition, we show that Ago2-
mediated cleavage of the noncanonical miR-451 precursor can be carried out by any catalytic human Ago protein. Finally,
phylogenetic analyses establish evolutionary distances between the Ago proteins. Interestingly, these distances do not fully
correlate with the structural changes inactivating them, suggesting functional adaptations of individual human Ago proteins.
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INTRODUCTION

The Argonaute protein family is highly conserved across spe-
cies, and its members directly interact with small regulatory
RNAs such as microRNAs (miRNAs), short interfering
RNAs (siRNAs), or Piwi interacting RNAs (piRNAs) (Hut-
vagner and Simard 2008; Meister 2013). Based on their
amino acid sequences, Argonaute proteins can be grouped
into the Ago clade (Ago proteins), the Piwi clade, and a
worm-specific (WAGO) clade. While WAGO clade members
have various different functions in worms (Yigit et al. 2006),
the Piwi clade members are testes-specific and interact with
piRNAs to repress transposable elements during spermato-
genesis (Siomi et al. 2011). The Ago proteins are ubiquitously
expressed and mainly bind miRNAs (Meister 2013).

All Argonaute proteins are characterized by a similar do-
main architecture composed of the N domain, the PIWI-
Argonaute-Zwille (PAZ) domain, the MID (middle domain),
and the P-element-induced wimpy testes (PIWI) domain
(Jinek and Doudna 2009). A short unstructured stretch of
amino acids precedes the N domain, and flexible linkers con-
nect both the N and PAZ as well as the PAZ and MID do-
mains. The N domain appears to be involved in small RNA
loading (Kwak and Tomari 2012), the PAZ domain anchors
the 3’ end of the small RNA (Lingel et al. 2003; Song et al.
2003; Yan et al. 2003; Ma et al. 2004 ), and the MID domain
the 5 end (Ma et al. 2005; Parker et al. 2005). The PIWI
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domain is structurally similar to RNase H, and indeed,
some Argonaute proteins are endonucleases and cleave target
RNAs that are fully complementary to the small RNA (Parker
et al. 2004; Song et al. 2004). In human, the four Ago clade
members (Agol, 2, 3, and 4) are expressed, but only Ago2
is an active endonuclease (referred to as Slicer); and a catalyt-
ic tetrad within the PIWI domain is crucial for enzymatic ac-
tivity (Liu et al. 2004; Meister et al. 2004; Nakanishi et al.
2012). In addition, we and others have recently shown that
not only the PIWI domain but also the N domain contributes
to slicer activity, presumably by helping to place the catalytic
center and the target RNA in an ideal position to each other
(Faehnle et al. 2013; Hauptmann et al. 2013; Nakanishi et al.
2013; Schiirmann et al. 2013). In these studies, the activities
of human Agol, 2, and 3 have been compared. Ago4, howev-
er, has not been analyzed so far.

To complete the analysis of the cleavage activity of the
human Ago proteins, we have performed swapping experi-
ments between Ago2 and Ago4. Using this approach, we suc-
ceeded to activate the slicer activity of Ago4. For activation of
the Ago4 PIWI domain, we restored the catalytic tetrad and
changed two short sequence elements. In order to activate
full-length Ago4, we replaced two elements within the N
domain by the Ago2 sequences. Surprisingly, phylogenetic
clustering does not correlate with the observed numbers of
sequence changes compared to active Ago2, thus suggesting
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evolution-driven functional adaptations of individual Ago
proteins.

RESULTS AND DISCUSSION

Catalytic activation of the Ago4 PIWI domain

The Ago4 PIWI domain lacks residues that are critical for
cleavage activity (DEGR instead of DEDH). In order to un-
ravel the structural basis for the cleavage incompetence of
Ago4, we first investigated the Ago4 PIWI domain. To ana-
lyze the PIWI domain independently, we inserted it into
the Ago2 backbone and reconstituted the DEDH motif,
thus generating a presumably active catalytic center (Fig.
1A). The FLAG/HA-tagged protein was expressed in HEK
293 cells, immunoprecipitated, and used for in vitro cleavage
of a radio labeled target RNA complementary to the endog-
enous miR-19b (Fig. 1B). However, the corrected catalytic
center (Ago2-4 DEDH) did not show any cleavage activity,

indicating that additional structural variations exist in the
Ago4 PIWI domain. In the Agol PIWI domain, a specific
region (cluster 2; cI2), which influences the activity of the cat-
alytic center, has been identified (Faehnle et al. 2013; Haupt-
mann et al. 2013; Nakanishi et al. 2013). Therefore, we
swapped this cluster to the Ago2 version (Ago2-4 DEDH
cl2) (Fig. 1A,B), but we did not observe significant cleavage
activity. A further sequence analysis of the Ago4 PIWI do-
main revealed an Ago4-specific insertion (Fig. 1A). Since
Ago2 does not contain this insertion, we deleted it from
the Ago4 PIWI domain. Again, the deletion had no effect
on the cleavage activity of the Ago4 PIWI domain (Ago2-4
DEDH A) (Fig. 1B). Strikingly, when both cluster 2 and
the Ago4-specific insertion were changed, the PIWI domain
of Ago4 acquired cleavage activity (Ago2-4 DEDH A cl2)
(Fig. 1B). The observed changes in cleavage activity are not
due to compromised small RNA binding since all mutants
bound endogenous miR-19b with equal efficiency (Fig.
1C). Of note, faint bands that are occasionally observed

with noncatalytic Ago versions are most

likely due to background binding of en-
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FIGURE 1. Several changes in the Ago4 PIWI domain activate its cleavage function. (A)
Schematic overview of the Ago domain organization and alterations applied to the Ago4 PIWI
mutants: (CI2) adjustment of cluster 2 to the Ago2 sequence; (A) deletion of Ago4 631-640.
(B) Cleavage assay of Ago2-4 PIWI mutants. F/H-tagged Ago constructs were expressed in
HEK 293 cells, immunoprecipitated, and incubated with a radiolabeled target RNA complemen-
tary to endogenous miR-19b. The cleavage product is indicated by an arrowhead. “T1” is a partial
digest of the target RNA with RNase T1. The region complementary to miR-19b is shown by a
black bar. Western blots (lower panels) were included to control for efficient immunoprecipita-
tion. (C) Northern blot of miR-19b coprecipitating with F/H-tagged Ago mutants. An anti-HA
western blot demonstrates immunoprecipitation of equal amounts of F/H-Ago proteins. (D) A
homology model of Ago4, modeled on the basis of the human Agol and Ago2 structures, illus-
trating the organization of the Ago4 (gray) catalytic center compared to Ago2 (light blue).

cleavage activity in the Ago4 full-length
context. However, although carrying
the activated PIWI domain, Ago4 full
length remained inactive (Ago4 PIWI+)
(Fig. 2B). Since we had assigned a crucial
role for cleavage to the N domain of Agol
and Ago3 (Hauptmann et al. 2013), we
analyzed the Ago4 N domain in more de-
tail. Swapping the Ago4 and Ago2 N do-
mains restored cleavage activity of Ago4
carrying the activated PIWI domain,
demonstrating that the remaining Ago4
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FIGURE 2. Additional alterations in two N-terminal regions generate a functional Ago4 slicer
enzyme. (A) Schematic overview of the Ago4 domain organization and Ago2 substitutions ap-
plied to the Ago4 N-terminal mutants. (B) Cleavage assay and IP controls of Ago4 N-terminal
mutants as described in Figure 1B. (C) Alignment of the N-terminal sequences of Agol—4.
Substituted parts are indicated in red, and bold sequence parts represent minimal substitutions.
Amino acid numbering follows the Ago2 sequence. (D) Analysis of mutant Ago4 miRNA binding
by northern blot (upper). Loading of equal amounts of immunoprecipitated F/H-Ago was as-

sessed by anti-HA western blotting (lower).

backbone does not affect cleavage (NT1) (Fig. 2A,B). In pre-
vious publications, we and others have found that two N-ter-
minal regions are critical for the activation of the PTWI
domains of other noncatalytic Ago proteins (Faehnle et al.
2013; Hauptmann et al. 2013; Schiirmann et al. 2013). In
Agol, substitution of the absolute N-terminal region was suf-
ficient for cleavage activity (Hauptmann et al. 2013).
Therefore, we swapped amino acids 1-48 of Ago4 to the
Ago2 sequence, but this alteration was not sufficient for full
activity although some activity was observed (NT2) (Fig.
2A,B,C). In addition, a second region in the N domain was
shown to affect cleavage activity, which we subsequently
changed to Ago2 (Hauptmann et al. 2013; Schiirmann
et al. 2013). Although changing the second region alone re-
sulted only in marginal cleavage activation (NT8) (Fig. 2A,
B), mutating both regions simultaneously resulted in full
cleavage reconstitution (NT3). To further narrow down the
responsible N-terminal regions, we reduced the first se-
quence to the FFEMD motif that has been reported for
Ago3 (Schiirmann et al. 2013) and kept the second region
constant (NT4-NT6). Indeed, this short motif is sufficient
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Ago2 is the only active human Ago pro-
tein, miR-451 is exclusively found in
Ago2 (Dueck et al. 2012). However, it is
not clear whether only the catalytic ac-
tivity or other Ago2-specific features are
required for miR-451 generation. To ad-
dress this question, we used Agoz_/ -
mouse embryonic fibroblasts (MEFs)
and cotransfected a miR-451 expressing
construct together with different human
active and inactive Ago variants (Fig. 3;
Hauptmann et al. 2013). As expected,
wt Ago2 but not a catalytically inactive
mutant (Ago2 DEDR) or wt Agol, 3, or
4 can rescue miR-451 expression. Strik-
ingly, all activated Ago versions (Agol cat, Ago3 cat, and
Ago4 cat) rescue miR-451 processing, indicating that only
a catalytically active Ago protein is required for miR-451

miR-451

FLAGMHA- o
tagged.

miF-421 P ——" T

EtBr

anti-HA

FIGURE 3. Ago requirement for miR-451 cleavage. Ago2-deficient
MEFs were cotransfected with a pSUPER construct expressing miR-
451 and catalytically inactive (lanes 2,4,6,8) or active (lanes 3,5,7,9)
Ago variants. miR-451 processing was assessed by northern blotting
(upper). In lane I, only miR-451 was transfected. For RNA quality
and equal loading control, the gel was stained with ethidium bromide
before blotting (middle). Ago expression levels were analyzed by anti-
FLAG IP followed by western blotting against the HA-tag (lower).
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expression (Fig. 3). Of note, background processing is ob-
served with all catalytically inactive mutants but not when
miR-451 is transfected alone (cf. lanes 1,2,4,6,8), suggesting
inefficient and artificial Ago binding followed by trimming
of the miR-451 precursors under these conditions.

Phylogenetic analysis of the four human Ago proteins

Our comprehensive analysis of the cleavage activity of the hu-
man Ago clade members Agol, Ago2, Ago3, and Ago4 re-
vealed four distinct structural hotspots that influence
cleavage activity (Fig. 4A). First, cleavage activity requires a
complete catalytic tetrad composed of DEDH. This feature
is present in Ago2 and Ago3 (Fig. 4A). Second, two structural
elements within the N domain are also required for cleavage
activity. While Agol only lost the first element, Ago3 and
Ago4 lack both sequences, thus affecting cleavage activity of
the PIWI domain (Fig. 4A, orange). Third, a short sequence
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FIGURE 4. Cleavage-defining elements and phylogeny of human
Agol—4. (A) Overview of the four human Argonaute proteins and the
alterations, which turned them into catalytically active enzymes. For
Agol and Ago2, the X-ray structures (PDB IDs 4KXT and 4EIl)
(Schirle and MacRae 2012; Nakanishi et al. 2013) are shown. Ago3
and Ago4 are depicted by homology models built on the published
Agol and Ago2 structures. All changes needed to turn the individual
Ago proteins into slicer enzymes are highlighted. The bound guide
RNA is shown in green. (B) Phylogenetic analysis of Argonaute sequenc-
es from Chordata. Insect sequences served as an outgroup. Posterior
probabilities of the tree branches indicate a high confidence level of
the tree. Evolutionary distance is defined by the scale bar, which repre-
sents substitutions per site. Gray areas indicate a summary of closely re-
lated Ago amino acid sequences from different species.

cluster in the PIWI domain (termed cluster 2) (Fig. 4A, blue)
affects an a-helix, which most likely leads to misorientation
of the catalytic center. Fourth, Ago4 acquired a short inser-
tion composed of two PB-strands located close to the gluta-
mate finger (E629) of the catalytic center (631-640) (Fig.
4A, yellow). Again, this insertion most likely misplaces active
site amino acids leading to cleavage inactivity.

In order to understand the evolutionary relationship of the
different human Ago clade proteins, we calculated a phyloge-
netic tree based on multiple Ago sequences from Chordata
(Fig. 4B; Supplemental Fig. 1). Based on our biochemical
analyses of slicer activities, we hypothesized that Ago3 might
be evolutionarily closest to Ago2 followed by Ago1l and Ago4.
As expected, Ago2 is in an exceptional position and clusters
apart from the other Ago proteins. Surprisingly, our phyloge-
netic tree reveals that Ago1 is more related to Ago2 than Ago3
to Ago2 (Fig. 4B), presumably suggesting Ago-specific func-
tional adaptations independent of the catalytic activity. Our
biochemical approaches together with the phylogenetic tree
allows for several interesting speculations on the evolution
of the human Ago clade members. First, all three noncatalytic
Ago proteins contain a cleavage incompatible NTI sequence,
suggesting that this might have been the first change that sep-
arated Ago2 from the other three Ago proteins. Second, Ago3
and Ago4 also contain cleavage incompatible NTII sequenc-
es, which could have been a second change that separated
Agol from Ago3 and Ago4. This model would imply, howev-
er, that the cluster 2 mutations in Agol and Ago4 occurred
independently of each other. Third and finally, active site
mutations as well as the Ago4-specific insertion may have oc-
curred after the separations.

MATERIALS AND METHODS

Argonaute constructs

FLAG- and HA-tagged human Ago2 and Ago4 as well as GFP were
described earlier (Meister et al. 2004). To improve expression, all
Ago4 sequences apart from the PIWI domain were cloned from a
codon-optimized construct (Valdmanis et al. 2012).

Single amino acid changes were inserted by site-directed muta-
genesis. Therefore, the whole plasmid was amplified with mutagenic
primers, and template DNA was removed by Dpnl digestion.

The substitution of longer sequence stretches was achieved by
generation of two PCR fragments that each carried the intended
alterations at the central and a restriction site at the external end.
The fragments were treated with NotI (5" fragment) or EcoRI (3’
fragment), phosphorylated with PNK, and ligated into a dephos-
phorylated and Notl/EcoRI-digested vector (three-way blunt-end
ligation).

For chimeric constructs, a terminal cloning primer and an inter-
nal chimeric primer were used to first amplify the shorter part of the
construct from the first template. The resulting product and the oth-
er terminal cloning primer were used to amplify the second part of
the construct from the second template.

Primer sequences for generation of the used Ago constructs are
listed in Supplemental Table 1.
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Cell culture, transfection, and cell lysis

HEK 293 cells were cultured under standard conditions (37°C, 5%
CO,) in Dulbecco’s modified Eagle’s medium (DMEM, Sigma) sup-
plemented with 10% FBS (Sigma) and penicillin—streptomycin.

Cells were grown on 15-cm plates for cleavage assays. Per sample,
one to two plates were calcium phosphate-transfected with 10 pg
plasmid DNA per plate. For miRNA binding assays, cells were grown
on 10-cm plates and transfected with 5 pg plasmid DNA per plate.

Cells were harvested 24—48 h after transfection, washed with PBS
once, and lysed in RIPA buffer (50 mM Tris/HCI pH 7.5, 150 mM
NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% [v/v] NP—40, 1 mM
NaF, 1 mM AEBSF, 0.5 mM DTT). The lysates were incubated on
ice for 20 min and cleared by centrifugation at 15,000¢ for 20 min
at 4°C.

In vitro Ago cleavage assays

Preparation of the cap->*P-labeled target RNA has been described
before (Meister et al. 2004). Briefly, a perfectly complementary
target RNA was in vitro transcribed from a PCR-amplified DNA
template, purified on an 8% urea gel (UreaGel System, National
Diagnostics), and gel-extracted. Approximately 1 pg RNA was la-
beled in the presence of 20 pCi a->*P-GTP, 25 uM S-Adenosyl me-
thionine, and guanylyltransferase. The product was again purified
on an 8% urea gel, extracted, precipitated in ethanol, and solved
in RNAse-free water.

Per cleavage sample, 25 pL FLAG M2 agarose beads (Sigma-
Aldrich, 50% slurry) were washed with PBS twice. Lysates were
added, and the samples were incubated for 3 h at 4°C. Immunopre-
cipitates were washed four times with IP wash buffer (50 mM Tris/
HCI pH 7.5, 300 mM NaCl, 5 mM MgCl,, 0.05% [v/v] NP-40, 1
mM NaF) and once with PBS. One fourth of each IP was used for
western blot analysis. Therefore, 2x Laemmli Buffer was added,
and the IPs were incubated for 5 min at 95°C. A half volume of these
samples was separated on 10% SDS-PAGE gels and semi-dry blotted
onto an Amersham Hybond ECL nitrocellulose membrane (GE
Healthcare). An anti-HA antibody (16B12, Covance, 1:1000) was
used to detect IP efficiency of the overexpressed Ago proteins.

The remaining part of the IPs was used for Ago cleavage assays.
Therefore, TM (3x TM: 200 mM KCI, 20 mM MgCl,, 25 mM
DTT, 5mM ATP; 1 mM GTP; 0.5 U/pL RiboLock RNase Inhibitor)
was added together with 1-2 Bq/cm® of a cap-’*P-labeled target
RNA complementary to miR-19b. Cleavage samples were incubated
for 90 min at 30°C. The reaction was stopped by addition of Protein-
ase K (0.4 pg/uL Proteinase K, 300 mM NaCl, 25 mM EDTA, 2%
SDS, 200 mM Tris pH 7.5). The RNA was extracted using aquaphe-
nol/chloroform/isoamyl alcohol (25:24:1, Roth) and precipitated
overnight with 20 pg glycogen RNA grade (Fermentas). The result-
ing pellet was washed once with 70% ethanol. The RNA was solved
in formamide loading dye and loaded onto an 8% sequencing gel
(UreaGel System, National Diagnostics and Sequi-Gen Sequencing
Cell, Bio-Rad). Gels were transferred onto Whatman filter papers,
vacuum-dried, and exposed to a screen.

miRNA binding assays and northern blotting

FLAG-IPs and RNA extraction were conducted as described for
cleavage assays. In contrast to cleavage assays, Proteinase K was add-
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ed directly after the IP washing steps. Total RNA was extracted and
analyzed for coprecipitating miRNAs by northern blotting. There-
fore, the RNA was separated on 12% urea gels (UreaGel Systems,
National Diagnostics) and semi-dry blotted onto an Amersham
Hybond-N membrane (GE Healthcare). The membrane was
EDC-crosslinked for 1 h at 50°C (Pall and Hamilton 2008) and pre-
hybridized with hybridization solution (5% SSC, 20 mM Na,HPO,
[pH 7.2], 7% SDS, 1x Denhardt’s solution). For miR-19b detection,
5 -TCAGTTTTGCATGGATTTGCACA-3 was used. Therefore,
20 pmol of the DNA oligo were PNK-labeled with 20 pCi y-*2P-
ATP. The probe was purified via a G-25 column (GE Healthcare)
and incubated with the membrane in hybridization solution over
night at 50°C. Blots were washed twice with 5x SSC, 1% SDS,
once with 1x SSC, 1% SDS, and wrapped in plastic wrap. Signals
were detected by exposure to a screen and scanning with the PMI
(Bio-Rad).

MEF Ago2~'~ rescues

The pSUPER plasmid encoding miR-451 shRNA has been described
before (Dueck et al. 2012). Ago1 and Ago3 minimal slicer constructs
(Agol N g4, Ago3 Mut5) and Agol—4 codon-optimized sequences
have also been described earlier (Valdmanis et al. 2012; Hauptmann
et al. 2013). For Ago4 analysis, Ago4 NT6 (Fig. 2A) has been used.
MEF Ago2™'~ cells (Liu et al. 2004) were cultured under standard
conditions and seeded into six-well plates in antibiotics-free medi-
um one day before transfection. Lipofectamine LTX and PLUS
Reagent (Thermo Fisher Scientific) were used for transfection.
Briefly, 2.5 pg DNA (2 x 2.5 pg DNA for cotransfections) were dilut-
ed in 500 pL Opti-MEM I Reduced Serum Medium, and 2.5 pL
PLUS Reagent were added and incubated for 5 min. Per sample,
17.5 pL Lipofectamine LTX were added and incubated for 25 min.
The cell culture medium was changed before addition of the trans-
fection solution. The cells were split to 10-cm plates after 10 h and
harvested after 48 h. Total RNA was extracted from half the cells us-
ing TRIzol (Thermo Fisher Scientific). Per sample, 10 pg total RNA
were loaded to 12% urea gels for northern blotting. 5-AACTC
AGTAATGGTAACG-3" was used for miR-451 detection. The re-
maining cells were lysed in RIPA buffer and used for a FLAG-IP
and western blotting.

Homology models

Homology models of Ago3 and Ago4 were built by using the stan-
dard homology modeling procedure of Yasara Structure (V
13.4.21) (Krieger et al. 2009). In short, initial 3D models were de-
duced from four, highly resolved 3D structures of Agol (PDB
IDs: 4KRE, 4KXT) and Ago2 (PDB IDs: 4EI1, 4F3T), which served
as templates (Jones 1999; Qiu and Elber 2006). Sequence identity as
determined by NEEDLE (Rice et al. 2000) for targets and templates
was at least 77%, which is a value allowing for the computation of
high quality models. Raw models were further refined by means
of loop modeling and side-chain optimization using a combination
of steepest descent and simulated annealing. Subsequently, the algo-
rithm combined the best scoring fragments to deduce the final ho-
mology models, which after energy minimization, had a Z-score of
—0.667 (Ago3) and —0.560 (Ago4); these values indicate good mod-
el quality. Homology models were analyzed and compared by using
PyMol (http:/www.pymol.org/).
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Phylogenetic analyses

Using human Ago1-4 sequences as query, homologs were collected
by means of BLAST (Boratyn et al. 2013) and the NCBI nr database.
Most similar hits were combined to a multiple sequence alignment
(MSA) by means of Jalview (Waterhouse et al. 2009) and MAFFT
(Katoh and Standley 2013). Identical sequences were removed by
pairwise comparison. Among the remaining hits, 53 sequences,
which represent a broad spectrum of Agol—4 proteins in Chordata,
were selected. In addition, 13 sequences of Argonautes or translation
initiation factors from insects were chosen as an outgroup. Supple-
mental Table 2 lists the species names, protein functions, and acro-
nyms used to label the tree.

Regions of uncertain alignment were removed from the MSA by
means of GBLOCKS (V 0.91b) (Castresana 2000). A phylogenetic
tree was computed by running eight chains of the Bayesian Monte
Carlo Markov Chain (MCMC) sampler implemented in phylo-
bayes/pb under the CAT model for 50,000 cycles (Lartillot et al.
2009). Then, a posterior consensus tree was deduced by means of
phylobayes/readpb from the last 1000 cycles of the eight MCMCs.
The tree depicted in Supplemental Figure 1 was plotted by means
of Dendroscope (Huson et al. 2007).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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