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ABSTRACT

We have undertaken a systematic structural study
of Thermus thermophilus Argonaute (TtAgo) ternary
complexes containing single-base bulges positioned
either within the seed segment of the guide or target
strands and at the cleavage site. Our studies estab-
lish that single-base bulges 778, 5A6 and 4A5 on
the guide strand are stacked-into the duplex, with
conformational changes localized to the bulge site,
thereby having minimal impact on the cleavage site.
By contrast, single-base bulges 6’U7’ and 6’A7’ on
the target strand are looped-out of the duplex, with
the resulting conformational transitions shifting the
cleavable phosphate by one step. We observe a sta-
ble alignment for the looped-out 6’N7’ bulge base,
which stacks on the unpaired first base of the guide
strand, with the looped-out alignment facilitated by
weakened Watson—Crick and reversed non-canonical
flanking pairs. These structural studies are comple-
mented by cleavage assays that independently moni-
tor the impact of bulges on TtAgo-mediated cleavage
reaction.

INTRODUCTION

Much effort has been directed toward a mechanistic un-
derstanding of the role of Argonaute (Ago) proteins in
RNA silencing (1-6). Ago proteins accommodate guide
strands that function as templates for pairing and subse-
quent cleavage of complementary target strands. Insights
into Ago-mediated nucleation, propagation and cleavage of

target strands has emerged from structural studies of Ther-
mus thermophilus Ago (TtAgo) binary complexes with 5'-
phosphorylated DNA guide strands (7) and ternary com-
plexes with added RNA (8) and DNA (9) target strands. Re-
cent functional studies have demonstrated that 7tAgo acts
as a barrier for the uptake and propagation of foreign DNA,
thereby functioning in host defense by a DNA-guided DNA
interference pathway (10). Related insights into host de-
fense have independently emerged from functional studies
undertaken on Rhodobacter sphaeroides Ago ternary com-
plexes (11). These studies on prokaryotic Ago complexes
have been extended to binary complexes of eukaryotic Agos
with bound RNA guide strands from budding yeast (12)
and humans (13,14) and on ternary complexes with added
RNA targets on human Ago2 (15). The structural research
has highlighted the role of the MID and PIWI domains
in recognizing the 5'-phosphate (16,17) and the PAZ do-
main in recognizing the 3’-ends (18,19) of the guide respec-
tively, and the conserved acidic residues positioned within
the RNase H fold of the PIWI domain (20-22) in catalytic
cleavage activity. In addition, conformational transitions
have been identified on proceeding from the structure of
Ago in the free state, to its binary complex with guide strand
and ternary complex with added target strand (7,8,15). Sev-
eral reviews have highlighted the structural basis underlying
the role of prokaryotic and eukaryotic Ago proteins in RNA
silencing (23-25).

Mismatches and bulges (reviewed by Hermann (26)) are a
common feature of miRNA-target-RNA interactions (re-
viewed by Bartel (27)) and it has remained a challenge as to
how these helical imperfections are accommodated within
the nucleic acid-binding channel of the Ago scaffold and
how the resulting structural distortions impact on the po-
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sitioning of the scissile phosphate relative to the catalytic
acidic residues lining the binding pocket of the RNase H-
like PIWI domain fold. Towards this goal, we have gener-
ated and solved crystal structures of 7tAgo ternary com-
plexes containing single base bulges positioned within the
seed segment on both guide and target strands and posi-
tioned within the cleavage site on the target strand. These
structural studies have allowed us to differentiate between
stacked-in and looped-out alignments of the bulge base, and
in addition have provided insights into potential long-range
perturbations associated with single bulge base sites. Most
importantly, our studies highlight the identification of a sta-
ble conformation involving a looped-out bulge between po-
sitions 6’ and 7 on the target strand.

These structural studies have been complemented by
cleavage assays undertaken at elevated temperatures for op-
timal cleavage that provide an independent measure of the
ability of the TtAgo scaffold to accommodate bulges on the
guide and target strands within the seed segment and their
impact on site-specific cleavage of the target strand.

MATERIALS AND METHODS
Crystallization and data collection

Wild-type and mutant 7. thermophilus Ago were prepared
as described previously (7). Oligodeoxynucleotides were
purchased from Invitrogen. RNA oligonucleotides were
purchased from Dharmacon. For crystallization, 7. ther-
mophilus Ago was mixed with 5'-phosphorylated 21-mer
guide DNA at 1:1.2 molar ratio, followed by addition of tar-
get DNAs or RNAs at a 1.0 molar ratio to the binary mix-
ture, to form the ternary complex. All crystals were grown
at 35°C.

Diffraction data were collected on beamline NE-CAT
ID-24C at the Advanced Photon Source (APS), Argonne
National Laboratory and beamline X-29 at the Brookhaven
National Laboratory. All data sets were integrated and
scaled with the HKL2000 suite (28) and data processing
statistics are summarized in Supplementary Tables S1 and
S2.

Crystals of catalytic N546 mutant Ago complexed with
7T8 bulge-containing guide DNA and 16-nt target DNA
were grown from 3.0 M NaAc-3H,O, 100 mM Bis-Tris
propane, pH 7.0-7.2. Crystals of catalytic N546 mutant
Ago complexed with 5A6 bulge-containing guide DNA and
16-nt target DNA were grown from 2.8 M Na-acetate, pH
7.0, 0.1 M Tris—Cl, pH 8.0 and 0.15 M glycine. Crystal of
wild-type Ago complexed with 4A5 bulge-containing guide
DNA and 16-nt target DNA were grown from 2.6 M Na-
acetate, pH 7.0, 0.1 M Tris—Cl, pH 7.4 and 0.2 M glycine.

Crystals of catalytic N546 mutant Ago complexed with
6’U7 bulge-containing target RNA were grown from 1.0
M (NH4),;SOy4, 0.1 M KCI, 10 mM MgCl,, 50 mM Bis—
Tris pH 6.5 by hanging-drop method. Crystals of catalytic
N546 mutant Ago complexed with 6’A7’ bulge-containing
target RNA were grown from 2.0 M Na-formate and 0.1 M
Tris—Cl pH 7.2-7.5. Crystals of catalytic N546 mutant Ago
complexed with 9°U10’ bulge-containing target RNA were
grown from 3.1 M NHgy-acetate, 0.1 M Bis—Tris propane,
pH 7.3.

Structure determination and refinement

The structures of the complexes were solved by molecular
replacement with the program PHASER (29). The domains
of the Ago-21-mer guide DNA binary complex structure
(7) without the linkers were used as search models. Model
building was done using COOT (30), and refinement was
done with CNS (31) and PHENIX (32). The final Figures
were created with Pymol (http:/pymol.sourceforget.net/).
The refinement statistics for all the Ago mutants and wild-
type complexes are summarized in Supplementary Tables
S1 and S2.

Oligonucleotides

DNA guide let-7, 5-TGAGGTAGTAGGTTGTATAGT;
4A5, 5-TGAGAGTAGTAGGTTGTATAGT; 4C5, 5-T
GAGCGTAGTAGGTTGTATAGT; 4GS, 5-TGAGG
GTAGTAGGTTGTATAGT; 4TS5, 5-TGAGTGTAGTA
GGTTGTATAGT; 5A6, 5-TGAGGATAGTAGGTTGT
ATAGT; 5C6, 5-TGAGGCTAGTAGGTTGTATAGT;
5G6, Y-TGAGGGTAGTAGGTTGTATAGT; 5T6, 5'-T
GAGGTTAGTAGGTTGTATAGT,; 7A8, 5-TGAGGTA
AGTAGGTTGTATAGT; 7C8, 5-TGAGGTACGTAGG
TTGTATAGT; 7G8, 5-TGAGGTAGGTAGGTTGTAT
AGT; 7T8, 5-TGAGGTATGTAGGTTGTATAGT. DN
A target let-7, 5-TATACAACCTACTACCTCG; 6’A7’,
5’-TATACAACCTACTAACCTCG; 6’C7’, 5-TATAC
AACCTACTCACCTCG; 6'G7’, 5-TATACAACCTACT
GACCTCG; 6'T7, 5-TATACAACCTACTTACCTCG;
TA8, 5Y-TATACAACCTACATACCTCG; 7°C8’, 5-T
ATACAACCTACCTACCTCG; 7GS8’, 5-TATACAACC
TACGTACCTCG; 7'T8’, S-TATACAACCTACTTACC
TCG; 9'T10°, 5-TATACAACCGTTCTACCTCG. RN
A target let-7, 5-UAUACAACCUACUACCUCG; 6’U
7, 5-UAUACAACCUACAUACCUCG; 6’A7’, 5-UAU
ACAACCUACUAACCUCG; 9’U10’, S-UAUACAACC
GUUCUACCUCG.

Guide and target oligonucleotides were 5'-
phosphorylated using T4 polynucleotide kinase and
non-radioactive ATP or y-3>P-ATP, respectively, followed
by size exclusion chromatography over G25 columns (GE
Healthcare illustra Microspin) or purification using a 15%
denaturing polyacrylamide gel, respectively.

In vitro cleavage assays of TtAgo

First, 5 wM recombinant 7TtAgo was loaded with 0.5 pM
guide DNA in 10 mM HEPES-KOH, pH 7.5, 100 mM
NaCl, 5 mM MgCl,, for 30 min at 55°C in a volume of 10
wl per reaction. Then, 0.5 uM 5'-¥’P-radiolabeled DNA or
RNA target was added, and incubation continued at 75°C
for indicated times. Reactions were terminated by addition
of an equal volume of stop solution, containing 8 M urea,
50 mM EDTA, and 0.3 mg/ml bromophenol blue. Prod-
ucts were heated for 5 min at 95°C, placed on ice for 2 min,
resolved on 15% denaturing polyacrylamide gels, and visu-
alized by phosphorimaging. Signal quantitation was per-
formed with ImagelJ software (http://imagej.nih.gov/ij). Hy-
drolysis of input RNA was performed in 0.1 M NaOH
at 95°C for 1 min. Hydrolysis products carry a 2',3'-cyclic
phosphate that also convert to 2’ or 3’ monophosphates and
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run faster than the respective 7tAgo cleavage products that
carry a 3’ hydroxyl.

RESULTS

We have undertaken a combined structural and enzymatic
cleavage investigation to evaluate the impact of single base
bulges positioned within the seed segment on the guide and
target strands and at the cleavage site, both on the align-
ment and perturbation of the guide-target duplex within
the TtAgo scaffold. Towards this end, we investigated the
crystallization propensity of 7tAgo ternary complexes con-
taining single base pyrimidine and purine bulges and report
below on several systems that yielded diffraction quality
crystals of bulge-containing 7tAgo ternary complexes. The
study initially outlines three examples of bulges at three dif-
ferent positions within the seed segment of the guide strand,
and is followed by two examples of bulges within the seed
segment of the target strand. Finally, an example is pre-
sented of a bulge positioned within the cleavage site of the
target strand. The structural studies on ternary complexes
reported below were primarily undertaken on the N546 cat-
alytic mutant of 7tAgo (to prevent target strand cleavage)
bound by a 5'-phosphorylated 21-mer DNA guide (22-mer
in case of a bulged base) and complementary 19-mer DNA
and RNA targets (20-mer in case of a bulged base).

Both structural and functional studies have established
that TtrAgo containing a 5’-phosphorylated DNA guide can
cleave both RNA and DNA targets (8-10). We have previ-
ously undertaken structural studies on 7tAgo ternary com-
plexes on both DNA (9) and RNA (8) targets. Our ini-
tial structural studies with bulge bases positioned within
the seed segment and the cleavage site on the target strand
were undertaken with RNA targets. Subsequent studies on
bulge bases within the seed segment on the guide strand
were undertaken with DNA targets, given the advantage
of DNA targets being more stable than their RNA coun-
terparts. The TrAgo-mediated cleavage assays were under-
taken on the same bulge-containing guide-target duplexes
for which crystal structures were available and performed
at 75°C as required for optimal activity of this thermophilic
Ago system.

Structures of single base bulges within seed segment of the
guide strand

Structural studies of single base bulges within the seed seg-
ment of the guide strand were undertaken on 7tAgo ternary
complexes containing DNA guide and DNA target strands.
These include bulges between positions 7 and § on the guide
strand (designated 7T8 bulge), as well as 4A5 and SA6 bulge
sites.

7T8 bulge. We have solved the 2.9 A crystal structure of
the TtAgo (D546N catalytic mutant) ternary complex con-
taining a bulged thymine between positions 7 and 8§ on the
guide strand (designated 7T8 bulge; Figure 1A; x-ray statis-
tics listed in Supplementary Table S1). The 2Fo-Fc electron
densities for the entire duplex and for the segment centered
about the stacked-in T bulge site in the ternary complex are
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shown in Supplementary Figure S1A (in stereo) and 1, re-
spectively. It should be noted that the PAZ domain is disor-
dered and could not be traced in this complex (Figure 1B).
The key observation is that the T bulge stacks into the du-
plex between A7 and G8 on the guide strand (Figure 1C
and Supplementary Figure S1B), where it positioned be-
tween weakened flanking Watson—Crick A7-T7” and G8-
C8’ base pairs (Supplementary Figure S1C; see schematic
in Figure 1A, lower panel; weakened base pairs labeled by
dashed lines).

We have compared the relative positioning of the cleav-
able phosphate and the catalytic tetrad in the 7T8 bulge (in
blue) relative to control lacking a bulge (in silver) at the
Ago ternary complex level (Figure 1D). Notably, there is
minimal distortion at the 10’11’ cleavage site on the target
strand (Figure 1D) as a result of a stacked-in T bulge be-
tween bases 7 and 8 of the guide strand in the ternary Ago
complex. In addition, we have superposed the entire guide-
target duplex of the 7T8 bulge (in blue) relative to control
lacking a bulge (in silver) and minimal differences were ob-
served (cleavage site indicated by red arrow) as shown in a
stereo view in Figure 1E. Similarly, we have compared sur-
face views of Ago in non-bulge containing control and 7T8
bulge-containing ternary 7tAgo complexes in Supplemen-
tary Figure S1d and e, respectively, and observed minimal
differences aside from the disordered PAZ domain in the
7TA bulge-containing ternary complex.

4A5 bulge. We next solved the 3.1 A structure of a TtAgo
ternary complex containing an adenine bulge between po-
sitions 4 and 5 (4A5 bulge) within the seed segment of the
guide strand. Attempts to obtain diffraction quality crystals
for the ternary complex using the D546N catalytic mutant
of TtAgo were unsuccessful, and hence the structure was
solved for the ternary complex using wild-type TtAgo (Fig-
ure 1F, top panel; X-ray statistics in Supplementary Table
S1). The overall structure of the complex is shown in Sup-
plementary Figure S2A, with the PAZ domain traceable in
this complex. The bulged adenine stacks into the duplex
for the 4AS5 bulge (Figure 1G and Supplementary Figure
S2B). We observe weakening of G5-C5” Watson—Crick base
pair flanking the inserted adenine (Supplementary Figure
S2C; see schematic in Figure 1F, boxed bottom panel) and
a cleaved phosphodiester bond at the 10°-11" step for the
4A5 bulge-containing TtAgo (wild-type) ternary complex
(Figure 1H and Supplementary Figure S2D). We also ob-
serve a pair of Mg®" ions at the cleavage site (Figure 1H
and Supplementary Figure S2D).

5A6 bulge. 'We also solved the 2.8 A structure of a TtAgo
(D546N catalytic mutant) ternary complex containing an
adenine bulge between positions 5 and 6 (5A6 bulge) within
the seed segment of the guide strand (Figure 2A, top panel;
X-ray statistics in Supplementary Table S1). The overall
structure of the complex is shown in Supplementary Figure
S2E, with the PAZ domain also traceable in this complex.
The bulged adenine stacks into the duplex for the SA6 bulge
(Figure 2B and Supplementary Figure S2F), with minimal
impact in the positioning of the cleavable phosphate at po-
sition 10°~11" on the target strand (Figure 2C). We observe
weakening of G5-C5” Watson—Crick base pair flanking the
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Figure 1. Crystal Structure of 7tAgo Bound to 5'-phosphorylated 22-nt Guide DNA and 19-nt Target DNA Containing a 7T8 (7tAgo D546N Catalytic
Mutant) and 4A5 (TtAgo Wild-type) Bulges Positioned Within the Seed Segment on the Guide Strand. (A) Sequence of the guide DNA-target DNA
duplex (top panel), with the actual alignment of the bulge in the crystal structure of the ternary complex (bottom boxed panel), where a thymine stacks
into the duplex between positions 7 and 8 of the guide strand. The traceable segments of the nucleotides of the guide DNA and target DNA in the structure
of the ternary complex are shown in red and blue, respectively. The dashed lines show weakened Watson—Crick pairs. (B) 2.9 A structure of TtAgo (N546
catalytic mutant) bound to 5'-phosphorylated 22-nt guide DNA (in red) and 19-nt target DNA (in blue) containing a 7T8 bulge positioned on the guide
strand within the seed segment. There is one molecule of the complex in the asymmetric unit. The PAZ domain is disordered and the 3’-end of the guide
strand cannot be monitored in the complex. (C) A stick representation of the bulge site and two flanking base pairs, with the stacked-in thymine highlighted
in biscuit color in the 7T8 bulge-containing ternary complex. (D) The positioning of the DNA target strand of the control containing no bulge (in silver)
and in the 7T8 bulge (in blue) relative to the catalytic residues (D478, D660, ES12 and D546N mutant) of the RNase H fold of the PIWI domain in the
TtAgo ternary complex. The catalytic residues are equidistant from the phosphate linking the 10’-11" step (colored in magenta) in the control (in silver)
and 7T8 bulge (in blue)-containing Ago ternary complexes. (E) Superposition of the guide-target duplex containing no bulge (in silver) and 7T8 bulge (in
blue) in Ago ternary complexes. The guide strand is labeled g and the 10’-11° phosphate at the cleavage site on the target strand is indicated by a red arrow.
(F) Sequence of the guide DNA-target DNA duplex (top panel), with the actual alignment of the bulge in the crystal structure of the ternary complex
(bottom boxed panel), where a adenine stacks into the duplex between positions 4 and 5 of the guide strand. Wild-type 7tAgo was used to generate crystals
of this complex. (G) A stick representation of the bulge site and two flanking base pairs, with the stacked- in adenine highlighted in biscuit color in the
3.1 A structure of the 4A5 bulge-containing ternary complex. There is one molecule of the complex in the asymmetric unit and the 3'-end of the guide
strand is inserted into the PAZ pocket of an adjacent molecule in the crystal lattice (not shown). (H) The positioning of the DNA target strand of the 4AS5
bulge (in blue) relative to the catalytic residues (D478, D660, ES12 and D546) of the RNase H fold of the PIWI domain in the wild-type TtAgo ternary
complex. Note that the backbone has cleaved at the 10°~11 step in the target strand and that a pair of Mg?" cations were identified at the cleavage site in
the wild-type TtAgo ternary complex.
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Figure 2. Crystal structures of TtAgo (TtAgo D546N catalytic mutant) bound to 5’-phosphorylated 22-nt guide DNA and 19-nt target DNA containing
a 5A6 bulge positioned on the guide strand within the seed segment and conformational adjustments on proceeding from control to SA6 bulge-containing
ternary complexes. (A) Sequence of the guide DNA-target DNA duplex (top panel), with the actual alignment of the bulge in the crystal structure of the
ternary complex (bottom boxed panel), where an adenine stacks into the duplex between positions 5 and 6 of the guide strand. (B) A stick representation
of the bulge site and two flanking base pairs, with the stacked- in adenine highlighted in biscuit color in the 2.8 A structure of the SA6 bulge-containing
ternary complex. There are two molecules of the complex in the asymmetric unit and the 3’-end of the guide strand is inserted into the PAZ pocket of
an adjacent molecule in the crystal lattice (not shown). (C) The positioning of the DNA target strand of the control containing no bulge (in silver) and
in the SA6 bulge (in magenta) relative to the catalytic residues (D478, D660, ES12 and D546N mutant) of the RNase H fold of the PIWI domain in the
TtAgo ternary complexes. The catalytic residues are equidistant from the phosphate linking the 10°-11" step (colored in red) in the control (in silver) and
SA6 bulge (in magenta)-containing Ago ternary complexes. (D, E) Superposition of the seed and cleavage site segments of the guide-target duplex in the
no-bulge control (in silver) and 5A6 bulge-containing (in magenta) Ago ternary complexes. The segment spans 1-1’ to 14-14’ in panel D and spans 5-5' to
8-8” in panel E. (F) Schematic emphasizing base tilting of the guide strand between 5-5" and 11-11" pairs in the duplex of the 5A6 bulge-containing Ago
ternary complex (in magenta), relative to the duplex of the no-bulge control ternary complex (in silver).

with minimal change in the position of the target strand at
the 10’-11" cleavage site.

inserted adenine (Supplementary Figure S2G; see schematic
in Figure 2A, boxed bottom panel) and an intact phospho-
diester bond at the 10°-11" step for the 5A6 bulge-containing
TtAgo (D546N catalytic mutant) ternary complex (Figure
2C and Supplementary 2H).

We have superposed the control duplex lacking the bulge
(in silver, Figure 2D and E) with the duplex containing the

Structure of single base bulges within seed segment of the tar-
get strand

SA6 bulge (in magenta, Figure 2D and E) and note that
stacking-in of the adenine in the 5A6 bulge results in tilt-
ing of the base pairs from 6-6 to 12-12’ in the SA6 bulge-
containing Ago ternary complex (in magenta, Figure 2F),

Structural studies of single base bulges within the seed
segment of the target strand were undertaken on 7tAgo
ternary complexes containing DNA guide and RNA tar-
get strands. These include bulges containing an adenine be-
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tween positions 7’ and 8’, as well as between 6” and 7° on
the target strand.

6'U7’ bulge. Our initial studies focused on a bulge se-
quence that was designed to contain a bulged adenine be-
tween positions 7’ and 8’ on the target RNA strand (Figure
3A, top panel), but following structural analysis was found
instead to contain a bulged uracil between positions 6’ and
7’ on the target strand (Figure 3A, boxed bottom panel).
Henceforth, this bulge-containing sequence will be labeled
6’U7’ bulge. We have solved the 2.8 A crystal structure of
the TtAgo (D546N catalytic mutant) ternary complex con-
taining a 6’U7’ bulge. The overall structure of the complex
is shown in Figure 3B (X-ray statistics listed in Supplemen-
tary Table S2), with the packing arrangement of two ternary
complexes in the crystal lattice shown in Supplementary
Figure S3A. We were able to trace the DNA guide strand
along its entire length from positions 1 to 21 (Figure 3B),
with its 3’-end anchored in the PAZ domain of the second
adjacent Ago molecule in the crystal lattice (Supplementary
Figure S3A). The bound RNA target can be traced from po-
sitions 2’ to 16’ in the ternary complex (Figure 3B and Sup-
plementary Figure S3B), and we can also confidently trace
the electron density in the vicinity of the bulge site (Supple-
mentary Figure S3C). To our surprise, it is the uracil that is
3’ to the putative bulged adenine on the target strand, that
is looped-out of the duplex (Figure 3C and Supplementary
Figure S3C; schematic in Figure 1A, bottom boxed panel)
and stacks over the unpaired first base at the 5'-end of the
guide strand (Figure 3d and e), and is further anchored in
place through a hydrogen bond with an Asn side chain (Fig-
ure 3E).

The looped-out uracil is flanked by a weakened Watson—
Crick A-U (Figure 3F, top panel; designated by a dashed
line in Figure 3A, boxed bottom panel) and reversed
Watson—Crick edge-aligned non-canonical AeA (Figure
3F, bottom panel; designated by an x in Figure 3A, boxed
bottom panel) pairs, with the localized distortion within
this segment of the seed region propagated to the cleavage
site. Conformational perturbations are observed for both
the guide-target duplex and the PAZ domain on proceed-
ing from Ago ternary complex with control RNA target
(in silver, Figure 3G) to that with 6’U7’ bulge-containing
RNA target (in green, Figure 3G). As a result the 6’'U7’
bulge-containing duplex exhibits a wider groove and a
compression-related shift by one base pair within the guide
(5-13)etarget (5'-13) segment of the duplex (Figure 3G).
These changes are also accompanied by a conformational
transition within the PAZ domain (see red arrow, Figure
3G; see also surface views of Ago in non-bulge contain-
ing control and 6’U7’ bulge-containing ternary 7tAgo com-
plexes in Supplementary Figure S3d and S3e, respectively).
Thus, the phosphate at the 10°~11" step in the 6’U7’ bulge-
containing duplex is no longer positioned opposite the cat-
alytic tetrad (D478, D660, E512 and N546 mutant), result-
ing in the cleavage site being shifted by one phosphate to-
wards the 11°-12° position (Figure 3H). This shift in the
cleavage site can also be visualized following superposi-
tion of the control (in silver) and 6’U7’-bulge (in green)-
containing Ago ternary complexes, as shown schematically
in Figure 3J.

These structural results provide insights regarding the
specificity of target recognition and illustrate how what was
assumed to be a 7’A8’ bulge in the target strand (Figure 3A,
upper panel) turned out instead to be a 6’U7’ looped-out U
bulge (Figure 3A, lower boxed panel), that was accommo-
dated by long range perturbations in the positioning of the
guide-target duplex (Figure 3H-J) within the nucleic acid-
binding channel of the Ago scaffold.

6'A7’ bulge. We have also solved the 3.2 A crystal struc-
ture of the TtAgo ternary complex containing a bulged ade-
nine between positions 6’ and 7’ on the target strand (desig-
nated 6’A7’ bulge; Figure 4A, top panel). The overall struc-
ture (Supplementary Figure S3F), packing arrangement
and crystallographic statistics (Supplementary Table S2) are
the same for the structures of the ternary complexes con-
taining the 6’U7" bulge (Figure 3A, bottom boxed panel)
presented above and the 6’A7” bulge (Figure 4A, bottom
boxed panel). The extra adenine is looped-out of the du-
plex (Figure 4B and Supplementary Figure S3G) and stacks
over the unpaired first base at the 5'-end of the guide strand
(Figure 4C, D and Supplementary Figure S3G). The looped
out adenine is hydrogen bonded to the side chain of a Met
413 (Figure 4D). The T6—A6’ pair on one side of the 6’A7’
bulge adopts the weakened Watson—Crick alignment stabi-
lized by one hydrogen bond (Figure 4E, top panel), while
the A7eU7’ pair on the other side adopts a reversed AeU
alignment stabilized by one hydrogen bond (Figure 4E, bot-
tom panel), resulting in the sequence alignment shown in
Figure 4A, boxed bottom panel (dashed line indicates weak-
ened Watson—Crick pairing and x indicates reversed pair-
ing). Further, the localized distortion associated with the
looped-out 6’A7” adenine bulge on the target strand in the
seed segment is propagated to the cleavage site, such that the
cleavage site is once again shifted by one phosphate towards
the 11°-12’ position (Figure 4F; control in silver and 6’A7’
bulge in salmon).

Structure of single base bulge at the cleavage site of the target
strand

We next focused our attention from single bulges inserted
into the seed segment of the RNA target strand to a single
bulge centered about the cleavage site on the RNA target
strand.

9'UI0" bulge. These efforts addressed a 7TtAgo ternary
complex containing a bulged guanine between positions 10
and 11’ on the target strand (Figure 5A, top panel), but
following structural analysis was found instead to contain
a bulged uracil between positions 9” and 10’ on the target
strand (Figure 5A, boxed bottom panel). Henceforth, this
bulge-containing sequence will be labeled 9’U10” bulge. We
have solved the 2.9 A crystal structure of the 7tAgo ternary
complex containing a 9°U10’ bulge (Figure 5B; X-ray statis-
tics listed in Supplementary Table S2), with the 3’-end of the
guide strand anchored in the PAZ domain of a second ad-
jacent Ago molecule in the crystal lattice (Supplementary
Figure S4A).

The segment spanning the 10’-11’ cleavage site is aligned
such that a uracil is looped-out of the helix (Figure 5C, D
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Figure 3. Crystal structure of TtAgo (D546N catalytic mutant) bound to 5'-phosphorylated 21-nt guide DNA and 20-nt target RNA containing a 6’'U7’
bulge positioned on the target strand within the seed segment and conformational adjustments on proceeding from control to 6’U7’ bulge-containing
ternary complexes. (A) Sequence of the intended guide DNA-target RNA duplex (top panel), with the actual alignment of the bulge in the crystal structure
of the ternary complex (bottom boxed panel), where an adjacent uracil loops out of the duplex between positions 6’ and 7° of the target strand. The traceable
segments of the nucleotides of the guide DNA and target RNA in the structure of the ternary complex are shown in red and blue, respectively. The dashed
line for the T6-A6’ pair represents a weakened Watson—Crick pair stabilized by one hydrogen bond, while x shown for the A7e A7’ pair represents a reversed
non-canonical pairing alignment. (B) 2.8 A structure of TtAgo (D546N catalytic mutant) bound to 5'-phosphorylated 21-nt guide DNA (in red) and 20-nt
target RNA (in blue) containing a 6’U7’ bulge positioned on the target strand within the seed segment. The black arrow points to the looped out bulge base.
There is one molecule of the complex in the asymmetric unit and the 3’-end of the guide strand is inserted into the PAZ pocket of an adjacent molecule
in the crystal lattice (see Supplementary Figure S3A). (C) A stick representation of the bulge site and two flanking base pairs on either side, with the
looped out uracil highlighted in biscuit color in the 6’U7’ bulge-containing ternary complex. Note the opposing directionalities of the sugar ring oxygens
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and sterco view in Supplementary Figure S4B; density is
observed for the sugar but not for the base of the looped-
out uracil) and is flanked by T9e¢U9’ and sheared A10eG10’
non-canonical pairs (Supplementary Figure S4C), as shown
schematically in Figure 5A, boxed lower panel (dots repre-
sent non-canonical pairs). The positioning of the cleavable
phosphate (colored in red) in the 9°U10’ bulge Ago ternary
complex (in magenta, Figure 5E) is compared with its coun-
terpart in the no-bulge control guide-target duplex (in silver
color, Figure 5E). There is considerable distortion of the tar-
get strand at and in the vicinity of the 10’-11’ cleavage site,
with the cleavable phosphate shifted further away from the
catalytic triad in the 9°U10’ bulge-containing ternary com-
plex (in magenta, Figure SE) compared to its control coun-
terpart ternary complex (in silver, Figure SE). The extent of
conformational perturbation can be compared in a stereo
view following superposition of the guide-target duplex in
Ago ternary complexes containing the 9°U10’ bulge (in ma-
genta, Figure 5F; g stands for guide strand and red arrow
indicates cleavage site) compared with the control guide-
target duplex lacking the bulge (in silver, Figure SF). Such a
perturbation of the duplex towards the 3’-end of the guide
can also be observed in surface views of Ago in control and
9’U10’ bulge-containing ternary 7tAgo complexes of Sup-
plementary Figure S4D and E (see boxed regions), respec-
tively.

Cleavage activity of 7tAgo ternary complexes containing
bulges within the seed segment of the guide strand

To determine the effect of structurally characterized bulges
on cleavage activity, we performed in vitro cleavage assays
for TtAgo ternary complexes at 75°C considering that cleav-
age at 35°C or 55°C was less effective (8,10). We initially
studied single-base insertions in the guide strand within the
seed segment of a DNA guide-DNA target context as indi-
cated by shaded silver segment in Figure 6A. While inser-
tion of adenosine 4A5 or 5A6 resulted in a 3.6- and 12-fold
reduction of cleavage activity at the canonical site between
bases 10’ and 11°, respectively, insertion of thymidine 7T8
did not result in detectable cleavage (Figure 6B, left panel).
Guide 4AS5 also produced a minor cleavage product, one nu-
cleotide longer than the canonical product. While the cleav-
age activity for 4A5 and 5A6 was predicted from structural
results, the absence of cleavage for 7T8 bulged guide was not
anticipated. To evaluate the unexpected loss of activity for
guide 7T8, for which the structural analysis revealed that the
bulged nucleotide could be stacked within the duplex and

lead to minimal distortion near the cleavage site, we exam-
ined the effect of all other possible nucleotide insertions at
this position (Figure 6C). These substitutions showed a sur-
prising range of activity. While guide 7G8 cleavage activity
was merely 1.5-fold reduced, guides 7C8 and 7A8 showed a
7.8-and 16-fold reduction, respectively. We also investigated
the effect of temperature on cleavage activity by 7T8, hy-
pothesizing that the ternary complex with the bulged guide
might have a lower free energy at a lower temperature. How-
ever, we did not note any detectable cleavage activity at
55°C. Prolonged incubation for 3 hours at either 55°C or
75°C did not increase the yield of cleaved target (data not
shown).

As the identity of the inserted nucleotide between guide
positions 7 and 8 affected cleavage activity differently (Fig-
ure 6C), we also examined the effect of every possible nu-
cleotide insertion at 4N5 and SNG6 sites on the guide strand
in a DNA guide-DNA target context (Supplementary Fig-
ure S5A and S5B). Bulges 4N5 not only reduce cleavage ac-
tivity, but also affect accuracy as indicated by the appear-
ance of minor cleavage products indicated by gray arrow-
heads, regardless of the identity of the inserted nucleotide
(Supplementary Figure S5A). Bulge 5N6 substantially re-
duce cleavage activity and minor cleavage products, if gen-
erated, remain undetectable (Supplementary Figure S5B).
Our results confirm that there is a nucleotide dependence
on the efficiency of cleavage, without any clear a priori pref-
erence for specific nucleotides.

Cleavage activity of TtAgo ternary complexes containing
bulges within the seed segment and adjacent to the cleavage
site of the target strand

We next studied single-base insertions on the target strand
within the seed segment and adjacent to the cleavage site in
a DNA guide-DNA target context as indicated by shaded
cyan segment in Figure 6A. Overall, bulges in the seed re-
gion of target DNA preserved cleavage between bases 10’
and 11" (Figure 6B, right panel). Target 6'T7" showed a
mere 1.3-fold reduction in cleavage efficiency compared to
unmodified let-7 target, while target 6’A7’ cleavage was re-
duced 2.5-fold. Target 9°U10’°, with placement of the bulge
directly adjacent to the cleavage site, resulted in drastic
reduction of activity (24-fold). Although cleavage activity
for 6'T7’ and 6’A7’, and lack of cleavage for 9°U10’ were
expected from structural observations, the position of the
cleavage site for 6’'U7’ and 6’A7’ between bases 10’ and 11°
was not.

(in cyan) on either side of the bulge site. (D) An overall view highlighting the looped-out uracil of the target RNA and its stacking on sheared-apart base
1 of the guide DNA in the 6’U7’ bulge-containing ternary complex. (E) Stacking of the looped our uracil with unpaired first base of the guide strand and
hydrogen bonding with the side chain of Asn436 in the 6’U7’ bulge-containing ternary complex. (F) An omit map (30) identifying pairing alignment for
the weakened Watson-Crick A6eU6’ pair (top panel) and the reversed A7eA7’ pair (bottom panel) flanking the bulged looped out uracil in the 6’U7’
bulge-containing ternary complex. (G) Superposition of the PAZ domain and guide-target duplex containing no bulge (in silver) and 6’U7’ bulge (in green)
in Ago ternary complexes. A red arrow indicates the large conformational transition observed for the PAZ domain on proceeding from the no bulge (in
silver) to 6’U7’ bulge (in green) ternary complexes. (H) The positioning of the RNA target strand in the no bulge-containing control (in silver) and in the
6’U7’ bulge-containing (in green) Ago ternay complexes relative to the catalytic residues of the RNase H fold of the PIWI domain in the complex. The
catalytic residues are distant from the phosphate linking the 10’-11" step (colored in magenta) and closer to the phosphate linking the 11’-12" step in the
6’U7’ bulge-containing Ago ternary complex (in green). (I) Superposition of the seed and cleavage site segments of the guide-target duplex in the no-bulge
control (in silver) and 6’U7’ bulge-containing (in green) Ago ternary complexes. (J) Schematic emphasizing base displacement of the target strand between
5-5"and 11-11" pairs in the duplex of the 6’U7’ bulge-containing Ago ternary complex (in green), relative to the duplex of the no-bulge control ternary

complex (in silver).
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Figure 4. Crystal structure of 7tAgo (D546N catalytic mutant) bound to 5'-phosphorylated 21-nt guide DNA and 20-nt target RNA containing a 6’A7
bulge positioned within the seed segment on the RNA target strand and alternate alignments of guanine bulge associated with pairing of miR-124 guide
and its complementary mRNA target. (A) Sequence of the guide DNA-target RNA duplex (top panel), with the actual alignment of the bulge in the crystal
structure of the ternary complex (bottom boxed panel), where the adenine loops-out of the duplex between positions 6" and 7 of the target strand. The
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We also examined the effect of every possible nucleotide
insertion at 6’N7’ and 7°N8’ sites on the target strand in
a DNA guide-DNA target context (Supplementary Figure
S6A and S6B). Our results confirm that there is a nucleotide
dependence on the efficiency of cleavage, without any clear
a priori preference for specific nucleotides.

We also performed cleavage assays on RNA targets with
bulges within the seed segment or adjacent to the cleavage
site in a DNA guide-RNA target context (Figure 7A), as
used for structural studies reported in earlier sections. Since
RNA is susceptible to divalent-cation-mediated hydrolysis,
especially at higher temperatures, we reduced incubation
times to minimize hydrolytic degradation. Similar to DNA
targets (Figure 6B, right panel), bulges in the seed region
of the target RNA (6’U7” and 6’A7’) directed cleavage be-
tween bases 10’ and 11° (Figure 7B, red arrowheads), and a
bulge adjacent to the cleavage site abolished activity.

DISCUSSION

Though attempts were made to introduce single base bulges
at various positions on the guide and target strands span-
ning both the seed segment and the cleavage site in the con-
text of the TtAgo ternary complex, we were only able to
grow diffraction quality crystals and solve the structures for
a subset of bulge-containing ternary complexes as outlined
above in the results section. Despite the limitations of a fi-
nite set of structures, important conclusions can be reached
on what contributes to formation of a stable bulge site, as
well as the range of bulge-induced long-range helical pertur-
bations that could result in altered positioning of the cleav-
age site.

Stacked-In versus Looped-Out bulge alignments in 77Ago
ternary complexes

Single base bulges can either stack-in or be looped-out of
the duplex (26). In the case of TtAgo ternary complexes, in-
termolecular contacts between the guide-target duplex and
the Ago protein could contribute to the alignment of the
bulged base. There are extensive intermolecular contacts be-
tween the seed nucleotides of the guide strand and amino
acids of TtAgo in the ternary complex (8,9), severely lim-
iting the space available for accommodating a looped-out
base. Therefore, it was anticipated that single base bulges

7T8 (Figure 1A), 4AS5 (Figure 1F) and 5A6 (Figure 2A) on
the DNA guide strand would most likely stack into the du-
plex, as observed from the structures of their ternary 7tAgo
complexes (Figures 1C, G and 2B, respectively).

By contrast, there are no contacts between the seed nu-
cleotides of the target strand and amino acids of 7tAgo in
the ternary complex (8,9), and hence there is ample space
for a bulged base to loop-out of the duplex. It is therefore
not surprising that 6’U7’ (Figure 3A) and 6’A7’ (Figure 4A)
bulges on the RNA target strand loop-out of the duplex in
their TtAgo ternary complexes (Figures 3C and 4B, respec-
tively).

There are contacts between the 10° and 11° step at the
cleavage site on the target strand and amino acids of TtAgo
in the structure of ternary complex (8,9). Hence, if the uracil
were to loop out in the 9°U10’ duplex, there would have to
be conformational changes to overcome steric clashes with
the amino acids of the Ago protein. Indeed, looping out
of the uracil within the 9°U10’ bulge resulted in shifting of
the 10°-11" phosphodiester linkage away from the catalytic
triad in this bulge-containing duplex (in magenta, Figure
5E) compared to its control counterpart lacking the bulge
residue (in silver, Figure SE).

Structure-based bulge-induced long-range helical perturba-
tions and altered positioning of cleavage site

We observe a range of bulge-induced long-range helical per-
turbations and altered positioning of the cleavage site in
the structures of the bulge-containing 7tAgo ternary com-
plexes reported in this study. Unexpectedly, the seed seg-
ment 7T8 bulge on the guide strand exhibited the least per-
turbation (Figure 1E; 7T8 in blue and control in silver) and
the relative positions of the cleavable 10’-11° phosphate on
the target strand and the catalytic tetrad were essentially in-
distinguishable from their control counterpart lacking the
bulge residue (Figure 1D; 7T8 in blue and control in silver).
The T residue of 7T8 of the guide strand stacked into the
duplex and the conformational adjustments appear to be
localized and did not extend to the cleavage site. The same
stacked-in alignment and minimal conformational pertur-
bation at the cleavage site was also observed for 4A5 (Figure
1G, H) and 5A6 (Figure 2B, C) bulges on the DNA guide
strand in TrAgo ternary complexes. Indeed, cleavage was
observed at the 10’11’ step of the target strand in the crys-

traceable segments of the nucleotides of the guide DNA and target RNA in the structure of the ternary complex are shown in red and blue, respectively.
The dashed line shown for T6-A6" represents a weakened Watson—Crick pair stabilized by one hydrogen bond. The x shown for A7eU7’ represents a
reversed non-canonical pairing alignment. (B) A stick representation of the bulge site and two flanking base pairs, with the looped out adenine highlighted
in biscuit color in the 6’A7’ bulge-containing ternary complex. Note the opposing directionalities of the sugar ring oxygens (in cyan) on either side of the
bulge site. (C) An overall view highlighting the looped-out adenine of the target RNA and its stacking on the unpaired first base of the guide DNA in the
6’A7 bulge-containing ternary complex. (D) Stacking of the looped our adenine with sheared-apart base 1 of the guide strand and hydrogen bonding with
the side chain of Met413 in the 6’A7’ bulge-containing ternary complex. (E) Omit maps (30) identifying pairing alignment of the weakened Watson—Crick
T6eA6’ pair stabilized by one hydrogen bond (denoted by dashed line in panel A, boxed bottom panel) and reversed A7e¢U7’ pair (denoted by x in panel
A, boxed bottom panel) flanking the looped-out adenine in the 6’A7’ bulge-containing ternary complex. (F) The positioning of the RNA target strand of
the control Ago ternary complex containing no bulge (in silver) and in the 6’A7’ bulge (in salmon) relative to the catalytic residues (D478, D660, E512 and
D546N mutant) of the RNase H fold of the PIWI domain in the complex. The catalytic residues are distant from the phosphate linking the 10’-11" step
(colored in magenta) and closer to the phosphate linking the 11’-12’ step in the 6’A7’ bulge (in salmon)-containing Ago ternary complex. (G) The guanine
bulge is positioned at 5’G6’ on the target strand following the analysis by Chi ez al. (2012). The dots represent non-canonical pairs. (H) An alternate
alignment where the guanine bulge is positioned at 6’G7’ on the target strand based on structural studies on relabelled 6’U7” and 6’A7’ bulges on the target
strand of Ago ternary complexes reported in this study. The structural studies would predict that the bulged G positioned between 6’ and 7° would loop
out of the duplex and stack on base 1 of the guide strand and that the C6eG6’ pair would adopt a weakened Watson—Crick alignment (labelled by a dashed
line), while the A7¢C7’ pair would adopt a reversed non-canonical pairing alignment (labelled with an x).
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Figure 5. Crystal structure of 7tAgo containing D546N catalytic mutant bound to 5'-phosphorylated 21-nt guide DNA and 20-nt target RNA containing
a 9’U10’ bulge positioned on the target strand within the cleavage site segment. (A) Sequence of the guide DNA-target RNA duplex (top panel), with
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tal structure of the 4A5 bulge-containing DNA guide-DNA
target duplex in the presence of wild-type TtAgo (Figure 1H
and Supplementary Figure S2D).

By contrast, a pronounced conformational change was
observed at the cleavage site for the 6’U7” and 6’A7’ bulges
within the seed segment on the RNA target strand, where
the bases are looped-out of the helix. In both these cases,
a notable widening of the groove and a pronounced con-
formational change in the PAZ domain was observed rela-
tive to the control duplex (shown for 6’U7’ bulge in Figure
31). This transition was accompanied in both cases by repo-
sitioning of the target strand sugar-phosphate backbone,
such that the 11°-12’ step rather than the 10°-11" step, is
positioned opposite the catalytic tetrad in the 6’U7’ (Figure
3H) and 6’A7’ (Figure 4F) bulge TtAgo ternary complexes.

The largest conformational change was observed for the
9’U10’ bulge (Figure SA, bottom panel) flanking the cleav-
age site on the target strand. The U is looped out of the helix
and directed towards the catalytic residues, such that the re-
sulting perturbations contribute to an increased separation
of the backbone phosphate linking positions 10’ and 11” on
the target strand from the catalytic triad residues (Figure
SE). Indeed, the trajectory of the guide DNA-target RNA
duplex changes dramatically on proceeding from the con-
trol duplex (Figure SF, in silver) to the 9°U10’-bulge con-
taining duplex (Figure SF, in magenta).

Cleavage-compatible conformations adopted by seed segment
bulge-containing 77Ago ternary complexes

Our previous structural studies on 7tAgo complexes with
bound 5-phosphoryated DNA guide strand to form binary
complexes (7) and with added RNA target strands of vari-
able length to form ternary complexes (8) (highlighted the
need to release the 3’-end of the guide from the PAZ pocket
with increased RNA target length so as to switch TtAgo
from a cleavage-incompatible to a cleavage-compatible con-
formation. The same was later shown to hold TrAgo ternary
complexes containing guide DNA and target DNA strands
(9). This criterion cannot be used in the current bulge-
containing TtAgo ternary complexes since the 5'-phosphate
and 3’-ends of the guide strand are not anchored in MID
and PAZ pockets respectively of the same Ago protein for
the 6’U7’ (Supplementary Figure S3A), 6’A7" and 9°U10’
(Supplementary Figure S4A) bulges on the target strand.
Recently, it has been shown that a Glu adopts an exter-
nal ‘cleavage-incompatible’ conformation but inserts into

the catalytic pocket to complete a catalytic tetrad on gen-
eration of a ‘cleavage-compatible’ conformation (9,12). We
observe the catalytic Glu inserted into the catalytic pocket
in the 6’U7’ (Figure 3B) and 6’A7’ (Supplementary Figure
S3F), as well as in the 7T8 (Figure 1B), 4A5 (Supplemen-
tary Figure S2A), and 5SA6 (Supplementary Figure S2E)
bulge-containing ternary complexes indicative of genera-
tion of cleavage-compatible conformations. By contrast, in
the 9°U10’ bulge-containing Ago ternary complex, the Glu
is directed outwards from the catalytic pocket (Figure 5B),
indicative of a ‘cleavage-incompatible’ conformation.

Factors contributing to stable conformation for seed segment
bulges on guide strand

Our structural studies have established that 7T8 (Figure
1C), 4AS (Figure 1G) and 5A6 (Figure 2B) bulges posi-
tioned within the seed segment of the guide strand all stack
into the duplex with minimal perturbation in 7tAgo ternary
complexes. Such alignments are stabilized by stacking of
the inserted bulged base with somewhat weakened adja-
cent Watson—Crick base pairs. Such a stacked-in alignment
involves localized conformational changes and minimally
perturbs the intermolecular contacts between the seed seg-
ment of the guide strand and the backbone and side chains
of the Ago scaffold.

Factors contributing to stable conformation for 6’N7’ bulge
on target strand

Our structural studies have identified a stable conforma-
tion adopted by bulge bases at 6’'U7 (Figure 3A, bottom
panel) and 6’A7" (Figure 4A, bottom panel) steps span-
ning the seed segment of the target strand in 7tAgo ternary
complexes. The common theme in these structures includes
looping-out of the base between positions 6° and 7’ of the
target strand in both cases (Figures 3D, E and 4C, D), in
the process retaining the weakened Watson—Crick base pair
in the flanking 6-6 position, but generating a reversed non-
canonical alignment in the flanking 77 position (Figures
3A and 4A, boxed bottom panels). Such adjacent position-
ing of locally anti-parallel (Watson—Crick pair) and paral-
lel (reversed non-canonical pair) helical segments facilitates
looping out of the base positioned between them (Figures
3C and 4B).

The 6’U7’ (Figure 3C-F) and 6’A7’ (4B-E) bulges posi-
tioned within the seed segment of the target strand, adopt

the actual alignment of the bulge in the crystal structure of the ternary complex (bottom boxed panel), where an adjacent uracil loops out of the duplex
between positions 9" and 10’ of the target strand. The traceable segments of the nucleotides of the guide DNA and target RNA in the structure of the ternary
complex are shown in red and blue, respectively. The dots shown for T9eU9” and A10eG10’ (lower panel) represent non-canonical pairing alignments, with
the latter forming a non-canonical sheared GeA pair. (B) 2.9 A structure of TtAgo containing N546 catalytic mutant bound to 5'-phosphorylated 21-nt
guide DNA (in red) and 20-nt target RNA (in blue) containing a 9’U10’ bulge positioned on the target strand within the seed segment. The black arrow
points to the looped out bulge base. There is one molecule of the complex in the asymmetric unit and the 3’-end of the guide strand is inserted into the PAZ
pocket of an adjacent molecule in the crystal lattice (not shown). (C) A stick representation of the bulge site spanning T9¢U9” and A10eG10’ non-canonical
pairs, with the looped out uracil highlighted in biscuit color in the 9°U10’ bulge-containing ternary complex. (D) A stick representation of the bulge site of
the guide-target duplex, with the looped out uracil highlighted in biscuit color in the 9°U10’ bulge-containing ternary complex. Note that the looped out
uracil is directed towards the catalytic residues. (E) The positioning of the RNA target strand of the control Ago ternary complex containing no bulge (in
silver) and in the 9°U10’ bulge (in magenta) relative to the catalytic residues (D478, D660 and D546N mutant) of the RNase H fold of the PIWI domain
in the complex. The catalytic residues are distant from the phosphate linking the 10’-11" step (colored in magenta) in the 9°U10’ bulge-containing Ago
ternary complex (in magenta). (F) Superposition of the guide-target duplex containing no bulge (in silver) and 9’U10’ bulge (in magenta) in Ago ternary
complexes. The guide strand is labeled g and the 10°-11" phosphate at the cleavage site on the target strand is indicated by a red arrow.
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Figure 6. Effect of bulges on DNA cleavage. (A) Schematic representation
of guide and target DNAs. The guide strand 5’ phosphate and the radio-
labeled 32P-phosphate of the target strand are indicated. The locations of
nucleotide insertions in guide and target strands are in-between gray and
blue highlighted nucleotides, respectively. The red arrowhead indicates the
canonical cleavage site located between position 10’ and 11” of the target
strand. (B) Effect of bulges on DNA cleavage. TtAgo was pre-incubated
with 5" phosphorylated guide DNAs at 55°C for 30 min prior to addition
of 5’ radiolabeled DNA substrate, followed by incubation at 75°C for in-
dicated times. Cleavage products were resolved on a 15% denaturing poly-
acrylamide gel. The bulge positions are indicated according to structural
studies. The fraction of target cleaved was quantified by phosphorimaging
and shown at the bottom. The cleavage fraction corresponding to the mi-
nor product observed for the 4A5 guide is indicated in parenthesis below
the fraction of the major product. (C) Effect of the identity of guide inser-
tions on DNA cleavage. Cleavage assays were performed for every possible
insertion between positions 7 and 8 on the guide DNA. The reduction in
TtAgo activity in comparison to (C) is due to an additional freeze-thaw
cycle of the TtAgo enzyme, which results in partial loss of activity.
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Figure 7. Effect of bulges on RNA cleavage. (A) Schematic representation
of guide DNA and target RNAs. (B) 7tAgo was pre-incubated with 5
phosphorylated guide DNA at 55°C for 30 min prior to addition of 5’ ra-
diolabeled RNA substrates, followed by incubation at 75°C for indicated
times. Products were resolved on a 15% denaturing polyacrylamide gel.
Red arrowheads indicate the cleavage site. The sequence of let-7 is shown
on the left to annotate the hydrolysis and cleavage positions. The bulge
positions are indicated according to structural studies and inserted nu-
cleotides are shown in blue. H, alkaline hydrolysis ladder of 5" labeled tar-
get RNA. Hydrolysis yields terminal 2’,3'-cyclic phosphate, which further
hydrolyze to 2’- and 3’-monophosphate. These distinctly charged products
resolve towards the bottom of the gel into double bands and are grouped
by brackets. TtAgo cleavage products carry a 3’-OH and therefore migrate
slower than the RNA hydrolysis products of the same sequence.

very similar conformations in their 7tAgo ternary com-
plexes. The single base bulges are looped out of the tar-
get strand and stack on the unpaired first base of the guide
strand, with both stacking and hydrogen bonding stabiliz-
ing this alignment (Figures 3E and 4D). These structural
contributions on 6’N7’ bulges in eubacterial 7tAgo ternary
complexes can be compared with proposed stable G-bulge
sites within the seed segment of target strands identified
from a genome-wide map of miRNA interaction sites in
mouse brain using the HITS-CLIP approach (33). Essen-
tially, these authors noted the high propensity of G-bulge
sites spanning position 5’G6’ on the target strand as shown
for the 5-UGGCCUU-3" motif matched to miRNA-124
(Figure 4G). However, our structural studies imply consid-
eration of an alternate alignment, whereby the G-bulge site
could span position 6’G7’ (Figure 4H, boxed bottom). Our
structural studies outlined in this paper on 6’'U7’ and 6’A7’
bulges in the context of the TrAgo ternary complexes, favor
the 6’G7’ alignment over the earlier proposed 5°G6’ align-
ment (33). In addition, based on our structural studies, we
would predict that the G-bulge would loop out (between po-
sitions 6’ and 7°) of the duplex and be flanked by a weakened
Watson—Crick C6-G6’ pair (Figure 4H; dashed line repre-
sents a weakened pair) and a reversed A7e¢U7’ pair (Fig-
ure 4H, x symbol represents reversed alignment). It should
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be pointed out that our structural studies on eubacterial
TtAgo ternary complexes involve guide DNA and target
RNA, while the earlier HITS-CLIP studies on eukaryotic
mouse Ago ternary complexes involved guide RNA and tar-
get RNA (33).

Cleavage activity and position in bulge-containing 7rAgo
ternary complexes

Prior structural and functional studies established that
TtAgo uses a 5’ phosphorylated guide DNA to cleave both
DNA and RNA targets (8-10). However, the accommoda-
tion of bulges as they may arise in hybridization to imper-
fectly complementary targets has not been studied in this
particular system readily amenable to structural and func-
tional studies. In mammalian Ago systems a G bulge at po-
sition 6’ was well tolerated for specific miRNA-target RNA
seed interactions (33), yet in vivo biological effects of such
non-canonical pairing in the broader context of many miR-
NAs appear much less or not at all important (34,35). These
observations prompted us to study the accommodation of
nucleotide bulges by 7tAgo and the downstream effects on
cleavage activity and cleavage position.

Cleavage assays revealed that irrespective of the sequence
and position of the bulge a reduction in cleavage activity
was observed. However, the loss in activity varied widely
from a mere 1.3-fold reduction to undetectable cleavage,
equivalent to a greater than 50-fold reduction, as defined
by the detection range of our assay. Our functional anal-
ysis focused on bulge positions with structural information
available, including nucleotide positions 4-6 and 7-8 for the
guide, and 6-8 and 9-10 for the target. Among the bulge-
accommodating structures predicting activity by not per-
turbing the geometry of the cleavage site, several interest-
ing exceptions were encountered that argue for a complex
interplay of kinetic and thermodynamic factors ultimately
responsible for the occasional discrepancies between struc-
tural and biochemical studies.

The 7T8 guide bulge did not support cleavage (Figure
6), while the structure revealed that it was accommodated
within the stacked helix without propagating distortions af-
fecting the geometry of the cleavage site or cleavage posi-
tion. However, when we tested the influence on activity of
other nucleotides at this position, we were surprised to ob-
tain a nearly complete rescue of activity for bulge 7G8, fol-
lowed by a 7.8-fold reduction for 7C8, while activity for 7A8
was even further reduced (Figure 6C). This indicated that
there was no clear preference for accommodating purines
over pyrimidines at this position, even though purines may
offer a larger surface for duplex-stabilizing stacking inter-
actions. It is important to also keep in mind that the tem-
peratures at which crystals are formed are well below the
temperature we can detect cleavage activity.

The accommodation of 6’A7” and 6’U7’ target strand
bulges in our structures predicted cleavage, with position-
ing of the scissile phosphate one nucleotide downstream of
the canonical cleavage site when counting from the 5’ end of
the guide. While cleavage was indeed only slightly reduced
for both bulged targets, the cleavage site remained the same
as for unmodified target. We currently have no explanation
for this discrepancy related to cleavage position on the tar-

get strand between conclusions reached from structural and
enzymatic studies.

In only one instance, with guide bulge 4AS and unmodi-
fied target, did we observe the simultancous appearance of a
canonical and a minor alternative cleavage site (Figure 6B,
left panel), supporting the general structural finding that ac-
commodation of bulges can also lead to repositioning of the
cleavage site. Surprisingly, the structure in this case (Figure
1G) showed no indication for alternative positioning of the
cleavage site. Together, these findings indicate that the cleav-
age site position for bulged duplexes cannot always be read-
ily inferred from structural studies and requires biochemical
analysis. They should also caution computational biologists
for adapting rules predicting biological activity for bulged
miRNA-mRNA duplexes involving Ago proteins.

In summary, our biochemical studies expand the guide
and target repertoire supporting Ago-protein-mediated
cleavage using bulged guides and targets. We observed a
wide range of sequence- and position-dependent activity
not always in complete agreement with structural studies,
thus underscoring the importance of functional assays.
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The structures of ternary complexes of 7. thermophilus Ago
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