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Eukaryotic Argonaute proteins induce gene silencing by small RNA-
guided recognition and cleavage of mRNA targets. Although structural
similarities between human and prokaryotic Argonautes are consistent
with shared mechanistic properties, sequence and structure-based
alignments suggested that Argonautes encoded within CRISPR-cas
[clustered regularly interspaced short palindromic repeats (CRISPR)-
associated] bacterial immunity operons have divergent activities.
We show here that the CRISPR-associated Marinitoga piezophila
Argonaute (MpAgo) protein cleaves single-stranded target sequences
using 5′-hydroxylated guide RNAs rather than the 5′-phosphorylated
guides used by all known Argonautes. The 2.0-Å resolution crystal
structure of an MpAgo–RNA complex reveals a guide strand binding
site comprising residues that block 5′ phosphate interactions. Using
structure-based sequence alignment, we were able to identify other
putative MpAgo-like proteins, all of which are encoded within CRISPR-
cas loci. Taken together, our data suggest the evolution of an Argo-
naute subclass with noncanonical specificity for a 5′-hydroxylated guide.
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Argonaute (Ago) proteins bind small RNA or DNA guides,
which provide base-pairing specificity for recognition and

cleavage of complementary nucleic acid targets. Members of this
protein family are present in all three domains of life (1). In eu-
karyotes, Argonautes are the key effectors of RNA interference
(RNAi) pathways that regulate posttranscriptional gene expression
(2–4). However, the role of Argonaute proteins in bacteria and ar-
chaea, which lack RNAi pathways, remains poorly understood (5).
Recent studies suggested that DNA-guided bacterial and ar-

chaeal Argonaute proteins are directly involved in host defense by
cleaving foreign DNA elements, such as DNA viruses and plasmids
(6, 7). In addition, a catalytically inactive Argonaute protein in
Rhodobacter sphaeroides (RsAgo) was demonstrated to use RNA
guides and possibly recruits an associated nuclease for subsequent
target cleavage (8). Despite these divergent modes of action, bac-
terial and archaeal Argonaute proteins adopt a highly conserved bi-
lobed architecture. Herein, an N-terminal and a PIWI-Argonaute-
Zwille (PAZ) domain constitute one lobe, whereas the other
lobe consists of the middle (MID) domain and the catalytic RNase
H-like P element–induced wimpy testis (PIWI) domain (9–15).
Molecular structures of a eukaryotic Argonaute MID domain and
an Archaeoglobus fulgidus Piwi (AfPiwi) enzyme bound to a guide
RNA showed the importance of the 5′-terminal base identity, as
well as the 5′ phosphate in guide strand binding, to Ago (10, 13–
17). Notably, recognition of the 5′ end of the guide in the MID
domain and guide strand preorganization for target interaction are
conserved across the entire Argonaute superfamily (1).
The nucleic acid-guided binding and cleavage activities of

Argonaute proteins are reminiscent of the activities of RNA-guided
proteins within CRISPR-Cas systems [clustered regularly inter-
spaced short palindromic repeats (CRISPR)-associated]. CRISPR-
Cas systems use the Cas1-Cas2 integrase complex to acquire viral
sequences into the CRISPR locus (18, 19). On CRISPR RNA

(crRNA) maturation (20–22), the resulting crRNAs assemble with
one or more Cas targeting proteins capable of binding and cleaving
foreign nucleic acids bearing a sequence complementary to the
guide RNA (23, 24). Notably, the majority of CRISPR-cas loci in
bacteria and archaea lack an Argonaute gene, and there is no ev-
idence of Argonaute participation in any CRISPR system to date
(25). However, in the genomes of several bacterial species, there is
an Ago protein encoded within a cas gene operon (Fig. 1A). Due to
their genomic context, we wondered whether these newly identified
Ago proteins might have evolved distinct functions within the
prokaryotic genome defense (26).
Here we show that the CRISPR-cas associated Marinitoga

piezophila Ago (MpAgo) uses 5′-hydroxylated guide RNAs that
are chemically distinct from the 5′-phosphorylated guide strands
used by all other Argonautes studied to date. The crystal struc-
ture of MpAgo bound to a guide RNA reveals the distinct
coordination of the terminal 5′-hydroxyl group and how the ca-
nonical Argonaute fold has evolved to include a MID domain
with unique 5′ end binding specificity. Based on structure based
sequence alignments, we were able to predict other CRISPR-cas
associated argonaute genes and show that one of these candi-
dates, the Argonaute protein from Thermotoga profunda, indeed
has a preference for 5′ hydroxylated RNA guides.
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Results
Genomic Colocalization and Coexpression of Mpago with cas1 and
cas2. Bioinformatic analysis revealed that prokaryotic Argo-
naute homologs colocalize within CRISPR-cas gene loci (5).
Our recent sequence analysis of available prokaryotic genomes
identified four examples of these putative operons (Fig. 1A).
One of these CRISPR-cas adjacent argonaute genes is found in
the genome of M. piezophila KA3, hereafter referred to as MpAgo.
MpAgo is encoded downstream of cas1 and cas2 and is separated
from cas2 by only 16 bp. Within this locus, a fourth gene is located
12 bp upstream of cas1 and is predicted to contain a primase domain
similar to that found in the small subunit of archaeal and eukaryotic
DNA primases (Pfam accession no. PF01896). Based on the com-
position of the neighboring cas interference operon, this locus be-
longs to CRISPR subtype III-B system (Table S1) (27). Furthermore,
three CRISPR arrays flanking the cas genes share a common
∼470-bp conserved leader sequence followed by an array of 36 bp
conserved repeats and varying numbers of ∼41 bp unique spacers,
suggesting an active CRISPR system.
As an initial test of Mpago gene expression, we used RT-PCR

using total RNA obtained fromM. piezophila cell lysate and PCR
primers to detect full-length gene products. We observed robust
amplification of the cas1, cas2, and ago gene products (Fig. 1B
and Fig. S1A). Furthermore, transcripts encoding cas1–cas2, as
well as cas2–ago, could be amplified, suggesting that cas1, cas2,
and ago constitute a single transcript. To test whether MpAgo is
expressed in its native host, we purified recombinant MpAgo

from Escherichia coli and generated an MpAgo-specific poly-
clonal antibody (Fig. S1 B and C). Using Western blot analysis,
low levels of soluble MpAgo were detected in M. piezophila cell
lysate (Fig. S1D). However, attempts to purify native protein using
immunoprecipitation were not successful, consistent with previous
reports of low Ago concentrations in bacteria and archaea (6–8).

5′ Hydroxyl RNA-Guided Cleavage of Single-Stranded DNA and RNA.
We next tested whether purified recombinant MpAgo is an active
enzyme using in vitro nucleic acid cleavage experiments. Because the
biological guides and targets for MpAgo are unknown, we tested
canonical 21 nucleotide (nt) RNA or DNA guides containing a 5′
phosphate or 5′ hydroxyl group for sequence-specific cleavage of
RNA or DNA target strands (Table S2). Strikingly, MpAgo uses a
5′-hydroxylated RNA guide to cleave both complementary single-
stranded RNA and DNA targets (Fig. 1C). This 5′ hydroxyl guide
preference has not been observed in other eukaryotic or prokaryotic
Argonaute homologs, all of which use 5′-phosphate–containing
RNA or DNA guides for target interference.
Cleavage of the target strand by MpAgo occurs after the 10th

nucleotide counting from the 5′ end of the guide strand, consistent
with previously characterized Ago homologs (9, 12, 28, 29). We also
observed weak cleavage activity whenMpAgo was programmed with
a 5′-phosphorylated RNA guide, resulting in products 1–2 nts longer
than for canonical cleavage counting from the 3′ end of the target.
This cleavage pattern is similar to that catalyzed by human Ago2
(hAgo2) when loaded with a 5′-hydroxylated RNA guide, which
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caused a shift of the cleavage site by one base in the 5′ direction
relative to its normal position (28). In vitro cleavage of a double-
stranded DNA target could not be detected (Fig. 1C).
We verified that alanine substitution of residue D516 (underline)

within the predicted DEDX motif in MpAgo (13), abolished de-
tectable cleavage activity (Fig. 2A). Furthermore, cleavage occurred
only with guide RNAs bearing sequence complementarity to the
substrate strand. We next tested substrate cleavage kinetics in the
presence of different divalent metal ions, which are required for Ago
activity (9, 29), to explore whether divalent metal ion identity con-
tributes to the discrimination between 5′ hydroxyl and 5′ phosphate
guide RNA termini (30) (Fig. S2A). In the presence of different
divalent metal ions (Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+,
and Zn2+), we found that the 5′ hydroxyl guide RNA preference
remained but overall substrate cleavage rates increased ∼10-fold in
the presence of MnCl2 compared with MgCl2 (Fig. S2A). With
these optimized cleavage conditions in hand, cleavage kinetics were
measured using either 5′-hydroxylated or 5′-phosphorylated guide
RNAs targeting perfectly complementary ssDNA and ssRNA targets
(Fig. 2B and Fig. S2B). The fastest reaction rates were observed for
5′-hydroxyl-RNA–guided ssDNA cleavage followed by 5′-hydroxyl-
RNA–guided ssRNA cleavage. We tested MpAgo cleavage effi-
ciency using guide RNAs of different lengths, revealing that RNAs
between 17 and 21 nt long supported similar rates of target strand
cleavage, and this cleavage efficiency was maintained in the presence
of longer guides (up to 40 nts in length) (Fig. 2C and Fig. S2C). In
contrast to observations for some other Argonaute proteins (31, 32),
we did not observe a preference for a 5′ end nucleotide as all guides
tested resulted in efficient target cleavage (Fig. 2D and Fig. S2D).

Crystal Structure of an MpAgo–Guide RNA Complex Explains 5′
Hydroxyl Preference. To determine how MpAgo has evolved to
use 5′ hydroxyl guide RNAs, we determined a 2.0-Å resolution
crystal structure of MpAgo bound to a 5′-hydroxylated guide
RNA (Fig. 3A and Table S3). Although the overall fold of MpAgo
is similar to previous Ago structures, significant divergence in both
the N and PAZ domains is consistent with bioinformatic analysis
showing that the N/PAZ lobe is the least conserved region of

Argonaute proteins (33) (Fig. S3A). In particular, the MpAgo PAZ
domain is smaller than that from Thermus thermophilus Argonaute
(TtAgo), and the N domain differs in both its secondary structure
and its orientation relative to the MID/PIWI lobe.
The 5′- and 3′-terminal nucleotides of the guide strand are

anchored in the MID and PAZ domains, respectively. The first
nucleotide is flipped into a compact pocket formed at the interface
of the MID and PIWI domains, precluding the base from any po-
tential interaction with a target strand. Interestingly, the MID
binding pocket of MpAgo is lined with hydrophobic residues (I383,
V387, P398, L635, Y636), which surround the 5′ hydroxyl group of
the guide strand (Fig. 3B, Left). This unique hydrophobic pocket is
distinct from all previously determined Ago–guide complex struc-
tures, which contain MID domains with several highly conserved
charged residues that coordinate a metal ion or interact directly
with the 5′ phosphate terminus (12–15) (Fig. 3B, Right).
In the absence of terminal phosphate interactions, the first

nucleotide of the guide strand remains anchored within the MID
binding pocket by two contacts (Fig. 3B, Left). The 5′ hydroxyl is
hydrogen bonded to the second phosphate group of the guide
backbone, and the inverted first base is coordinated by pi-stacking
with Y379, a residue in the canonical “nucleotide preference loop”
of the MID domain (16, 34). Although MpAgo did not exhibit a
significant preference for a specific 5′ guide nucleotide (Fig. 2D
and Fig. S2D), the adjacent amide and carbonyl of I380 are positioned
close enough to interact with the first base (Fig. S3B). This observa-
tion suggests that a majority of the stabilization energy is generated
from the stacking with Y379 rather than base-specific interactions.
The inability to bind a 5′ phosphate is also explained by

compression of the binding pocket due to the presence of an
ordered α-helix (α5) at the C terminus of the PIWI domain (Fig.
3 B and C). A surface representation of the MpAgo MID domain
binding pocket shows inadequate space to accommodate a 5′
phosphate (Fig. 3D). By contrast, the binding pocket of TtAgo is
both larger and solvent exposed (Fig. S3C). Previously, α5 of the
PIWI domain had only been observed in eukaryotic Argonautes
and showed no sequence homology to MpAgo. These eukaryotic
helices are positioned below α4 and further away from the
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Fig. 2. MpAgo cleaves ssDNA and ssRNA targets
and has no 5′ end nucleotide specificity. (A) In vitro
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plementarity; wt, wildtype MpAgo; mut, MpAgo
D516A variant. (B) Cleavage kinetics of ssDNA and
ssRNA targets using RNA-guided MpAgo. Results
from three independent experiments were quanti-
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binding pocket, leaving room for 5′ phosphate binding (14, 15).
Thus, the unique coordination of the 5′ nucleotides of the guide
within the MID domain, along with additional structural con-
striction by the PIWI domain, explain the preference for MpAgo
to use guides bearing a terminal 5′ hydroxyl group.

MpAgo Kinks the Guide RNA. Nucleotides 2–8 of Ago-bound guide
strands—the seed region—nucleate target base pairing due
to preorganization in an A-form–like geometry (3). However,
alignment of the MpAgo and TtAgo PIWI domains bound to
their respective guides reveals a unique conformation of the seed
region of the MpAgo-bound guide strand (Fig. 4A). Although
the first three 5′ nucleotides of the guides superimpose well, the
DNA guide in TtAgo extends into the PIWI domain, whereas the
MpAgo-bound guide arcs up toward the PAZ domain. The PAZ
residue Y166 disrupts the A-form trajectory of the guide, in-
troducing a sharp kink between nucleotides A6 and A7 that sepa-
rates the first six nucleotides from the rest of the MpAgo-bound
RNA (Fig. 4B). Human Argonaute 2 shows a similar but less pro-
nounced kink between bases 6 and 7, caused by I365, which extends
from the L2 linker rather than the PAZ domain (14, 15). The guide
strand following A7 is stabilized through phosphate backbone in-
teractions with multiple charged residues extending from the L1
linker (Fig. S4A). Flipped nucleotide A11 is stabilized through pi-
stacking with Y89 within the N domain (Fig. 4C). Base specific
contacts are made with A11 by N107, which extends from the L1

linker. As is typical of guide-bound Ago structures, nucleotides 12
through 19 are poorly ordered, but density reappears for nucleo-
tides 20 and 21 bound to the PAZ domain (12, 14, 15) (Fig. 4A).
Complementarity between the guide strand seed sequence and

the target sequence determines Ago cleavage specificity (35–37).
Because the MpAgo-bound guide RNA is kinked at the 3′ end of
the seed sequence, we tested whether target mismatches within
this region affect cleavage efficiency. Surprisingly, single mis-
matches at nucleotides 5, 7, and 8 of the guide showed the
greatest reduction in target cleavage, whereas mismatches at
positions 2–4 were less inhibitory (Fig. 4D and Fig. S4B). These
results suggest that complementary binding to the nucleotides
surrounding the kink could be necessary to release the contorted
strand and propagate binding to the 3′ end of the guide. Mutation
of Y166 to alanine had no effect on cleavage efficiency (Fig. S4C)
and it remains to be determined how the kink is formed.

Catalytically Competent DEDN Motif in the MpAgo PIWI Domain. The
PIWI domain of Argonaute proteins adopts an RNase H fold
and contains a conserved DEDX catalytic tetrad (where X is
commonly a His or Asp), which coordinates the two divalent
cations required for catalysis (13). However, in the precleavage
state of the enzyme, a glutamate residue (called glutamate fin-
ger) in the DEDX tetrad is located away from the active site in
an invariant linker region and moves into the catalytic pocket
only on release of the guide-strand 3′ end from the PAZ domain
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(13). Three of the four catalytic residues, D446, D516, and N624,
are apparent in the MpAgo structure, providing the first example, to
our knowledge, of an asparagine residue within the catalytic tetrad
of an active Argonaute protein (Fig. 4E). Two residues (E479 and
E482) are located close together in the linker of interest and are
thus both candidates to be the glutamate finger. We introduced
single alanine mutations at these five positions and tested the
resulting MpAgo variants in cleavage assays to verify the catalytic
residues. A single mutation at positions D446, E482, D516, or N624
abolished cleavage activity, whereas mutation of E479 had no effect,
suggesting that E482 is the catalytic glutamate (Fig. 4F).

An Argonaute Subfamily with 5′ Hydroxyl Guide Specificity. Com-
parison of guide strand-containing Argonaute protein structures
including hAgo2, TtAgo, and Archaeglobus fulgidus Piwi (AfPiwi)
reveals a conserved set of four amino acids in the MID domain,
[R/Y]-K-Q-K, that contributes to 5′ phosphate recognition on
the guide strand (10, 29, 38). To pinpoint residues important in
differential 5′ end recognition, we generated a structure-based
MID-domain alignment using the above protein sequences, as
well as those of R. sphaeroides Ago (RsAgo) and prokaryotic
Argonautes (pAgos) closely related to MpAgo (Fig. S5A). As
anticipated, RsAgo aligns well with TtAgo and contains residues
involved in guide-strand 5′ phosphate binding, consistent with
copurification of 5′-phosphorylated RNAs with RsAgo (8). By
contrast, amino acids responsible for 5′ phosphate coordination
are substituted with more hydrophobic residues in MpAgo. A
BLAST search against the Refseq protein database revealed two
putative pAgo sequences from Thermotoga profunda (TpAgo)
and Marinitoga sp. 1155 (MsAgo) that share greater than 40%
sequence identity with MpAgo (Fig. 1A and Fig. S5A). TpAgo
and MsAgo, which are also located within a CRISPR locus in an
operon similar to that for MpAgo, contain hydrophobic residues

at the positions responsible for guide-strand 5′ end binding. The
presence of similar hydrophobic residues suggests that TpAgo
and MsAgo are also capable of preferential binding to 5′-
hydroxylated RNAs, as seen in MpAgo. These two candidates also
share a conserved tyrosine (Y166 in MpAgo) in the PAZ domain
that kinks the guide RNA, suggesting that the guide strand in
these pAgos may also adopt a similar unique conformation. To
test the prediction that TpAgo preferentially uses 5′-hydroxylated
guide RNAs, we performed in vitro ssDNA cleavage experiments
using both 5′-hydroxylated and 5′-phosphorylated guide RNAs
(Fig. S5B). We observed a sixfold increase in cleavage efficiency
when TpAgo was programmed with a 5′-hydroxylated RNA
compared with cleavage with a 5′-phosphorylated guide RNA.

Discussion
Prokaryotic Argonaute proteins have been implicated in host
genome defense using divergent mechanisms (6–8). Although
TtAgo and PfAgo use small DNA guides to direct the cleavage of
target DNA strands, the RNA-guided RsAgo induces plasmid
degradation by an unknown, indirect mechanism. We present
here a third mechanism of target nucleic acid cleavage by a
bacterial Argonaute, in which MpAgo uses chemically distinct 5′
hydroxyl guide RNAs to bind and cleave single-stranded DNA
and RNA targets. MpAgo reveals a nucleic acid usage that is
distinct from the guide preference of previously studied Ago
proteins. First, it binds preferentially to small RNA guides, which
is uncommon for catalytically active pAgos. Second, MpAgo has a
strong preference for a terminal 5′ hydroxyl group on the guide
RNA. These properties hint at a previously unidentified mechanism
of guide generation and MpAgo loading. To date, the biogenesis of
guide RNAs or DNAs used by prokaryotic Agos is unknown.
Structural differences within the MID domain of MpAgo com-

pared with other Ago proteins explain the observed guide RNA
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preferences. Although all previously solved Ago structures contain
a charged binding pocket for guide-strand 5′ phosphate recogni-
tion, MpAgo instead contains a hydrophobic 5′ end binding pocket
devoid of charged residues. This pocket is compressed by an ad-
ditional C-terminal α-helix of the PIWI domain, not found in other
pAgo structures, that sterically hinders accommodation of a 5′
phosphate. The kinked guide-strand conformation, in which Y166
from the PAZ domain disrupts the A-form trajectory of guide
nucleotides 2–6, is distinct from the guide conformations observed
in other Ago structures. Nucleotides 2–4 remain solvent exposed
and thus competent for target scanning (37). Substrate binding to
this part of the guide could reposition the PAZ domain, enabling
base pairing to the rest of the guide. A similar mechanism has been
proposed for hAgo2, where helix 7 of the L1 linker disrupts the
guide strand at the same position as Y166 of MpAgo (38).
Structure-based alignments allowed us to identify and experi-

mentally test other pAgo family members predicted to have a 5′
hydroxyl binding preference, and these are also encoded within
CRISPR-cas operons. In vivo experimentation will be necessary to
determine the biological function of these Ago enzymes. In par-
ticular, it will be interesting to identify the biogenesis pathway of
the 5′-hydroxylated guide RNAs and determine how they are
loaded into the enzyme. Since “guilt by association” suggests that

these proteins have been hijacked by the CRISPR-Cas system,
MpAgo might provide another layer of complexity in the phage-
host arms race. Its unique guide RNA recognition specificity may
also be useful for applications including programmed RNA cap-
ture and cleavage in heterologous systems.

Materials and Methods
Details of the materials andmethods used in this study, including cloning and
protein purification, in vitro activity assays, immunoprecipitation, crystal-
lography, and a list of nucleic acids used, are provided in SI Materials
and Methods.
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SI Materials and Methods
Cloning and Purification of MpAgo and TpAgo. The sequence
encoding MpAgo was codon-optimized for expression in E. coli
and cloned into a custom pET-based expression vector using
ligation-independent cloning. The cloned construct encodes a
fusion protein containing an N-terminal His10-tag followed by an
Asn10-linker, Maltose Binding Protein (MBP), and a PreScission
protease (MpAgo) and TEV (TpAgo) cleavage site. Mutations
were introduced using QuikChange site-directed mutagenesis
and verified by DNA sequencing.
The WT and mutant proteins were expressed in E. coli strain

BL21(DE3) (New England Biolabs). For protein expression, cells were
grown in LB medium to an OD600 of 0.8, expression was induced by
addition of IPTG (isopropyl β-D-1-thiogalactopyranoside) to 0.4 mM
final concentration, and cells were incubated at 16 °C while shaking
for 16 h. The cell pellets were resuspended in 50 mM Tris·HCl, pH
7.5, 300 mM NaCl, 1 mM TCEP [Tris(2-carboxyethyl)phosphine],
5% (vol/vol) glycerol, 0.5% Triton X-100, and 10 mM imidaz-
ole, and supplemented with Complete protease inhibitor mixture
(Roche). Cells were lysed via sonication, and clarified lysate was
bound in batch to Ni-NTA agarose (Qiagen). The resin was washed
extensively with 50 mM Tris·HCl, pH 7.5, 300 mM NaCl, 1 mM
TCEP, 5% (vol/vol) glycerol, and 10 mM imidazole, and bound
protein was eluted in wash buffer containing 300 mM imidazole.
The His10-MBP affinity tag was removed by cleavage with PreScission
protease while the protein was dialyzed overnight at 4 °C against
50 mM Tris·HCl, pH 7.5, 300 mM NaCl, 1 mM TCEP, 5% (vol/vol)
glycerol, and 10 mM imidazole. The cleaved MpAgo protein was
separated from the fusion tag using a second Ni-NTA affinity step.
The protein was dialyzed into 50 mM Tris·HCl, pH 7.5, 150 mM
NaCl, 1 mM TCEP, and 5% (vol/vol) glycerol, applied to a 5-mL
Heparin HiTrap column (GE Life Sciences), and eluted with a linear
gradient of 0.15–1.2 M NaCl. Final purification was achieved by size
exclusion chromatography using a HiLoad 16/60 Superdex 200 col-
umn (GE Life Sciences) in 50 mM Tris·HCl, pH 7.5, 300 mM NaCl,
1 mM TCEP, and 5% (vol/vol) glycerol. Eluted protein was con-
centrated, flash-frozen in liquid nitrogen, and stored at −80 °C.

RNA in Vitro Transcription and Oligonucleotide Purification. RNAs
longer than 29 nt were in vitro transcribed usingT7RNApolymerase
and synthetic DNA templates carrying a T7 promoter sequence. All
DNAand shortRNAoligonucleotideswerepurchased fromIntegrated
DNA Technologies (IDT). All synthetic and in vitro transcribed
oligonucleotides used for cleavage assays and crystallography exper-
iments were gel-purified and quality checked before use (RNA and
DNA oligonucleotides used in this study are listed in Table S2).
Double-stranded DNA oligonucleotides were hybridized in 20 mM
Tris·HCl, pH 7.5, 100 mMKCl, and 5 mMMgCl2, incubated at 95 °C
for 30 s, slow-cooled at room temperature, and gel purified via native
PAGE.

In Vitro Cleavage Assays. Purified oligonucleotide (10 pmol) was
radiolabeled using T4 polynucleotide kinase (NEB) and [γ-32P]
ATP (Perkin-Elmer) in 1× T4 PNK buffer (NEB) at 37 °C for
30 min. The T4 PNK was heat inactivated at 65 °C for 20 min.
The labeling reactions were purified with illustra MicroSpin
G-25 columns (GE Life Sciences). For single turnover experiments,
MpAgo–RNA complexes were reconstituted by mixing 1 nM
MpAgo with a 1-nM guide strand in 10 mM Tris·HCl, pH 7.5,
150 mM NaCl, 2 mM MgCl2 or MnSO4, 2 mM DTT, and 5%
(vol/vol) glycerol and incubating at 37 °C for 30 min. Cleavage
reactions were initiated by addition of 0.1 nM radiolabeled DNA

or RNA substrates and performed at 60 °C; 10-μL aliquots were
removed at various time points and quenched by mixing with an
equal volume of formamide gel loading buffer supplemented
with 50 mM EDTA. Cleavage products were resolved by 12%
denaturing PAGE and visualized by phosphorimaging. Cleavage
experiments were tested in three independent experiments.
Percentage of cleavage was analyzed by densitometry using
ImageQuant (GE Healthcare), and the average of three in-
dependent experiments was plotted against time (Kaleidagraph
4.1). The data were fit by nonlinear regression analysis, and the
cleavage rates were calculated. Single turnover experiments with
TpAgo were performed under the similar conditions, with the
difference that 2 nM TpAgo was reconstituted with a 2-nM guide
strand followed by addition of 0.1 nM radiolabeled target.

MpAgo Immunoprecipitation. An antibody was generated by immu-
nizing a rabbit with 5 mg recombinant MpAgo (Josman, LLC).
Clarified rabbit serum was tested for desired antibody production by
both Western blot analysis and immunoprecipitation using E. coli
BL21(DE3) cells expressing recombinant MpAgo, as well as de-
tection of endogenous MpAgo in the host cell. For Western blot
analysis, Zirconia beads were added to E. coli cells resuspended in
PBS-T and lysed by vortexing for 10 min at 4 °C. After removing cell
debris by centrifugation, total protein concentration of the cleared
lysate was determined via Bradford. Twenty micrograms total protein
was boiled in SDS-sample buffer and resolved by SDS/PAGE before
transfer to a PVDFmembrane. Protein G purified anti-MpAgo rabbit
IgG (50 mg/mL IgG concentration) was diluted in blocking buffer and
incubated with the membrane overnight at 4 °C. After washing with
PBS-T, anti-rabbit antibody HRP conjugate was diluted in blocking
buffer and incubated with the membrane for 1 h at room temperature.
TheWestern blot was developed by adding Amersham ECL substrate
(GE Life Sciences) and visualized via chemiluminescence in a gel
imager (Bio-Rad Universal Hood II). The purified anti-MpAgo rabbit
IgG was further tested for immunoprecipitation of the folded protein.
His10-MBP–tagged MpAgo was expressed in a 10 mL BL21(DE3)
culture as described above; 50 μg anti-MpAgo rabbit IgG was diluted
in PBS and incubated with 20-μL Protein A DynaBeads (Life Tech-
nologies) for 15 min at 4 °C while rocking. DynaBeads were washed
extensively to remove unbound IgG before addition of His10-MBP–
tagged MpAgo-containing lysate. After binding for 1 h at room
temperature, Dynabeads were washed with PBS-T, and bound
protein was eluted in 50 mM glycine, pH 2.8. Eluted fractions were
immediately brought to neutral pH using 1 M Tris·HCl, pH 9, and
samples were analyzed via SDS/PAGE.

Selenomethionine Protein Expression and Purification. Selenome-
thionine-substituted protein was prepared as previously described
(39). Briefly, cultures were grown in M9 minimal media supple-
mented with 1 mM MgSO4, 100 μM CaCl2, 1 μg/mL thiamine, and
0.4% glucose. After growth at 37 °C to an OD600 of ∼0.5, cultures
were supplemented with leucine, isoleucine, and valine at 50 mg/L;
phenylalanine, lysine, and threonine at 100 mg/L; and selenome-
thionine (Acros Organics) at 75 mg/L. Cultures were grown at 37 °C
for an additional 20 min, cooled at 4 °C for 15 min, induced with
IPTG at a final concentration of 0.4 mM, and incubated while
shaking at 16 °C for ∼18 h. Selenomethionine-substituted pro-
tein was purified using identical conditions as native protein.

Crystallization and Structure Determination. Crystals were obtained
by hanging-drop vapor diffusion at 18 °C. Approximately 4 mg/mL
purified MpAgo was incubated with an equimolar amount of RNA
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on ice for 30 min. Original crystallization conditions were identified
by sparse-matrix screen using 400-nL drops set over 70-μL reservoir
solutions in a 96-well format. Final crystals for data collection were
grown in Easy-Xtal 15-well trays (QIAGEN) in 2-μL drops with a 1:1
ratio of protein and reservoir solution. Optimal crystallization condi-
tions were 0.1 M Hepes-NaOH, pH 7.5, and 27% (wt/vol) PEG 2000.
Crystals were transferred with a nylon loop to a new drop-

containing reservoir solution supplemented with 20% (vol/vol)
ethylene glycol as a cryoprotectant and incubated for ∼30 s before
flash freezing in liquid nitrogen. Selenomethionine crystals were
grown and harvested using similar conditions and optimized by
microseeding crushed native crystals. Native and anomalous data
were collected under cryogenic conditions at the Lawrence Berkeley
National Laboratory Advanced Light Source (Beamline 8.3.1).
X-ray diffraction data were processed with XDS andAIMLESS

(40) using the SSRL autoxds script (A. Gonzalez, SSRL, Stanford,
CA). Indexed crystals belonged to the space group P 1 with two
copies of MpAgo in the asymmetric unit. A single crystal was used
to collect two datasets at an energy midway between the peak/
inflection selenium absorbance energy (λ = 0.97964) and at a high-
energy remote (λ = 0.97197). Two rounds of collection were used,
one at a low dosage and the other at a 4× dosage. Data were
collected in inverse beam mode with consecutive collection at each
energy before crystal rotation. Initial phase determination was
performed using Multiple Anomalous Dispersion methods, and

five selenium sites were identified with HySS and PHENIX (41).
An initial map was calculated using SOLVE/RESOLVE (42)
that allowed placement of a homology PIWI domain model and
manual building of partial domains and poly-alanine sequence.
This partial structure was used as a search model to extend
phases with native data to 2.0 Å, and iterative rounds of manual
building in Coot (43) and refinement in PHENIX allowed model
completion (Table S3). X-ray data for refinement were extended
an additional ∼0.1 Å beyond an I/σ resolution cutoff of ∼2.0, as
determined by CC* correlation, Rpim parameters, and visual in-
spection of the resulting map (Fig. S3D) (44).

Sequence Alignments of MID and PIWI Domains. Sequences from
Homo sapiens Ago 2 (hAgo2, NP_036286), Archaeoglobus fulgidus
PIWI protein (AfPiwi, WP_048064369), Thermus thermophilus Ago
(TtAgo, WP_011174533), Rhodobacter sphaeroides Ago (RsAgo,
WP_044249552),Marinitoga piezophilaAgo (MpAgo,WP_014295921),
Thermotoga profunda Ago (TpAgo, WP_041081268), and Marinitoga
sp. 1155 Ago (MsAgo, WP_047265940) were collected from NCBI’s
Refseq protein database (45) and aligned using Promals3D (46).
Structural constraints resultant from a pairwise structural alignment of
MpAgo and TtAgo using PDBeFold (47) with the default settings and
structures of MpAgo and TtAgo (4N41) were used as input. The
alignment was generated in JalView (48) using the ClustalX coloring
scheme. Corresponding secondary structural elements were de-
termined from the structures of hAgo2 (4W5N) and MpAgo.
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Fig. S1. MpAgo is cotranscribed with Cas1 and Cas2 and is detectable under native conditions. (A) RT-PCR of the acquisition operon using M. piezophila cDNA.
Forward and reverse primers annealing to the ends of the individual genes of primase, cas1, cas2, and ago were used to amplify cDNA products. (B) (Left) Size
exclusion chromatogram and SDS/PAGE. WT MpAgo was purified using a Superdex 200 16/60 (GE Life Sciences) size exclusion column. (Right) Ion exchange
chromatogram and SDS/PAGE. To separate recombinant MpAgo from copurifying nucleic acid, the protein was further purified using a HiTrap Heparin (GE Life
Sciences) ion exchange column. (C) (Left) Immunoprecipitation of recombinantly expressed His10-MBP MpAgo in E. coli using immobilized polyclonal antibody
(ab) against MpAgo. (Right) Western blot analysis to test polyclonal antibody for its specificity against heterologously expressed MpAgo in E. coli cell lysate.
(D) Western Blot visualizing the presence of endogenous MpAgo using lysate of M. piezophila. Soluble MpAgo could be detected in the native organism.
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Fig. S2. Metal dependency of MpAgo and time course cleavage experiments. (A) (Upper) Dependency on divalent metal ions. ssDNA cleavage assays were
performed using 5′-hydroxylated (OH) and 5′-phosphorylated (p) RNA guides in the presence of 2 mM divalent cations or EDTA. Addition of Fe2+ and Co2+

caused aggregation of the reaction mixture and resulted in retention of nucleic acids in the wells. (Lower) Comparison of cleavage efficiencies in presence of
increasing MnCl2 and MgCl2 concentrations. ssDNA cleavage assays were performed in presence of 0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, and 5 mM MgCl2 or
MnCl2. Reactions were incubated at 60 °C for 2 h and resolved on a 12% denaturing PAGE before visualizing on a phosphoimager. (B) Representative de-
naturing PAGE showing the results of DNA and RNA cleavage kinetics in the presence of 2.5 mM MnCl2. Assays were performed in three independent rep-
licates, and time points were taken at 0, 0.5, 1, 2, 5, 10, 20, and 30 min. Cleavage efficiencies were quantified and plotted against time (Fig. 2B).
(C) Representative denaturing PAGEs (one of three independent experiments) showing MpAgo cleavage kinetics using RNA guides of different lengths.
Cleavage efficiencies and SDs were obtained from three independent experiments and plotted against time. (D) Representative denaturing PAGE (one of three
independent experiments) showing MpAgo cleavage kinetics with different nucleotides at the 5′ end of the guide and their respective ssDNA targets. Cleavage
efficiencies from three independent experiments were quantified and plotted against time (Fig. 2D).
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Fig. S3. Structural comparison of MpAgo and TtAgo. (A) TtAgo (3DLH, gray) and MpAgo (colored by domains) were aligned using their PIWI domains. The
PAZ domains differ in size, whereas the N domains diverge in orientation relative to the MID-PIWI lobe. (B) The peptide backbone of the nucleotide preference
loop within the MID domain (purple) forms H-bonds, depicted in black dotted lines, with U1 of the guide RNA, suggesting base specific interactions. (C) An
electrostatic heat map was generated in PyMOL and visualized via a surface representation for TtAgo. The absence of α5 opens up the MID binding pocket,
creating space for a 5ʹ phosphate. The ubiquitous blue surface around the binding pocket denotes the presence of several charged residues available for
interaction with the 5ʹ phosphate of the guide strand. (D) A simulated annealing omit map (Fobs−Fcalc) contoured at 3.5σ (green), generated for the first
nucleotide of the guide strand. The MpAgo structure was refined to 2.0 Å according to CC*, Rpim cut-offs and visual inspection of the resulting map (Left;
statistics in Table S1) (44), and placement of all major elements are supported using a more conservative cutoff of 2.1 Å (Right; with high-resolution shell
statistics of completeness = 84.4%, I/σ = 2.2, Rpim = 35.2).
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Fig. S4. Structural basis for noncanonical guide-RNA conformation. (A) Although the bases of C8 and C9 are unresolved, the (2Fobs−Fcalc) electron density map,
contoured at 1σ, of the ribose and phosphate backbone shows strong interactions with charged residues from the L1 linker (gray). (B) Representative de-
naturing PAGE (one of three independent experiments) showing MpAgo cleavage kinetics using ssDNA targets bearing single nucleotide mismatches at
positions 2–8. Cleavage efficiencies were quantified and observed maximum cleavage is shown for each single nucleotide mismatch (Fig. 4D). Error bars
represent SD from three independent experiments. (C) The protruding Tyrosine 166 was mutated to a smaller residue (alanine) and tested for cleavage activity
in a time course experiment.
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Fig. S5. Structure based sequence alignment of the MID and PIWI domain. (A) Structure-based sequence alignment of the 5′ end binding pocket. Residues
coordinating the 5′ phosphate in the TtAgo structure are highlighted with a black dot. Experimentally determined secondary structures for human Ago2 are
shown on top and are conserved for AfPiwi, TtAgo, and RsAgo; the experimentally determined secondary structures for MpAgo, which are also predicted to be
present in TpAgo and MsAgo, are shown in the middle. Residues are color-coded using Clustal X color scheme. (B) In vitro ssDNA cleavage of TpAgo pro-
grammed with either a 5′-hydroxylated or 5′-phosphorylated 21 nt RNA guide.

Table S1. List of M. piezophila subtype III-B cas genes

Accession number Gene product

AEX84842.1 Cas6
AEX84843.1–AEX84849.1 Cmr1-7
AEX84846.1 Predicted primase
AEX84847.1 Cas1
AEX84848.1 Cas2
AEX84849.1 MpAgo
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Table S2. List of nucleic acid sequences used in this study

No. Purpose Sequence 5′-3′

1 Oligo for preparing double-stranded T7 promoters for
in vitro transcription

TAATACGACTCACTATA

2 ssDNA template for transcribing RNA target GACCTCCTGATATACAACCTACTACCTCATTAATATCTAGATCATAGTTATAGTGAGTCGTATTA
3 ssRNA target GGACUAUGAUCUAGAUAUUAAUGAGGUAGUAGGUUGUAUAUCAGGAGGUC
4 50 nt ssDNA target GGACTATGATCTAGATATTAATGAGGTAGTAGGTTGTATNTCAGGAGGTC
5 50 nt ssDNA nontarget (reverse complement of 4) GACCTCCTGATATACAACCTACTACCTCATTAATATCTAGATCATAGTCC
6 30 nt ssDNA marker GGACTATGATCTAGATATTAATGAGGTAGT
7 37 nt ssDNA marker GGATCCTTTTATGTTGTAAGTTATGATATTACAAATG
8 ssDNA template for transcribing RNA marker ACTACCTCATTAATATCTAGATCATAGTTATAGTGAGTCGTATTA
9 30 nt RNA marker GGACUAUGAUCUAGAUAUUAAUGAGGUAGU
10 40 nt guide RNA UAUACAACCUACUACCUCAUUAAUAUCUAGAUCAUAGUCC
11 30 nt guide RNA UAUACAACCUACUACCUCAUUAAUAUCUAG
12 25 nt guide RNA UAUACAACCUACUACCUCAUUAAUA
13 21 nt guide RNA NAUACAACCUACUACCUCAUU
14 21 nt guide DNA TATACAACCTACTACCTCATT
15 20 nt guide RNA UAUACAACCUACUACCUCAU
16 19 nt guide RNA UAUACAACCUACUACCUCA
17 18 nt guide RNA UAUACAACCUACUACCUC
18 17 nt guide RNA UAUACAACCUACUACCU
19 16 nt guide RNA UAUACAACCUACUACC
20 15 nt guide RNA UAUACAACCUACUAC
21 14 nt guide RNA UAUACAACCUACUA
22 13 nt guide RNA UAUACAACCUACU
23 12 nt guide RNA UAUACAACCUAC GTTGTATC
24 50 nt ssDNA target, mismatch at position 2 GGACTATGATCTAGATATTAATGAGGTAGTAGGTTGTAACTCAGGAGGTC
25 50 nt ssDNA target, mismatch at position 3 GGACTATGATCTAGATATTAATGAGGTAGTAGGTTGTTTCTCAGGAGGTC
26 50 nt ssDNA target, mismatch at position 4 GGACTATGATCTAGATATTAATGAGGTAGTAGGTTGAATCTCAGGAGGTC
27 50 nt ssDNA target, mismatch at position 5 GGACTATGATCTAGATATTAATGAGGTAGTAGGTTCTATCTCAGGAGGTC
28 50 nt ssDNA target, mismatch at position 6 GGACTATGATCTAGATATTAATGAGGTAGTAGGTAGTATCTCAGGAGGTC
29 50 nt ssDNA target, mismatch at position 7 GGACTATGATCTAGATATTAATGAGGTAGTAGGATGTATCTCAGGAGGTC
30 50 nt ssDNA target, mismatch at position 8 GGACTATGATCTAGATATTAATGAGGTAGTAGCTTGTATCTCAGGAGGTC

The reverse complement of the T7 promoter is indicated in bold. N, permutations of all four nucleotides at this position.
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Table S3. Data collection and refinement statistics

Data collection MpAgo

MpAgo (SeMet)

Inflection/peak Remote

Space group P 1 P 1
Cell dimensions
a, b, c (Å) 50.88, 75.42, 102.21 50.75, 75.44, 101.71
α, β, γ (°) 110.87, 90.55, 90.09 110.72, 89.94, 90.09

Resolution (Å) 48.33–1.95 (1.98–1.95)* 48.98–2.99 (3.18–2.99)*
Rmerge (%) 8.2 (113.6) 11.5 (88.9) 11.5 (90.0)
Rpim (%) 4.8 (69.6) 4.9 (38.1) 4.9 (38.6)
I/σ 10.6 (1.2) 15.0 (2.6) 14.9 (2.5)
CC1/2 99.8 (36.9) 99.7 (66.2) 99.7 (67.3)
Completeness (%) 96.7 (82.1) 98.5 (95.1) 98.5 (95.0)
Redundancy 3.9 (3.5) 6.5 (6.3) 6.4 (6.3)
Refinement
Resolution (Å) 48.33–1.95
No. reflections 100,295 (4,224)
Rwork/Rfree 21.6/23.9

No. atoms
Protein 10,664
RNA 437
Water 625

Average B-factors (Å2)
Protein 42.9
RNA 58.8
Water 43.6

RMS deviations
Bond lengths (Å) 0.003
Bond angles (°) 0.578

Ramachandran
Favored (%) 96.4
Allowed (%) 3.4
Outliers (%) 0.2

Single crystals were used to collect native and anomalous datasets.
*Highest resolution shell is shown in parentheses.
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