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The endonuclease Argonaute2 (Ago2) mediates the degrada-
tion of the target mRNA within the RNA-induced silencing
complex. We determined the binding and cleavage properties of
recombinant human Ago2. Human Ago2 was unable to cleave
preformed RNA duplexes and exhibited weaker binding affinity
for RNA duplexes compared with the single strand RNA. The
enzyme exhibited greater RNase H activity in the presence of
Mn>* compared with Mg®*. Human Ago2 exhibited weaker
binding affinities and reduced cleavage activities for antisense
RNAs with either a 5'-terminal hydroxyl or abasic nucleotide.
Binding kinetics suggest that the 5’-terminal heterocycle base
nucleates the interaction between the enzyme and the antisense
RNA, and the 5'-phosphate stabilizes the interaction. Mn>*
ameliorated the effects of the 5'-terminal hydroxyl or abasic
nucleotide on Ago2 cleavage activity and binding affinity.
Nucleotide substitutions at the 3’ terminus of the antisense
RNA had no effect on human Ago2 cleavage activity, whereas
2'-methoxyethyl substitutions at position 2 reduced binding
and cleavage activity and 12—-14 reduced the cleavage activity.
RNase protection assays indicated that human Ago2 interacts
with the first 14 nucleotides at the 5'-pole of the antisense RNA.
Human Ago2 preloaded with the antisense RNA exhibited
greater binding affinities for longer sense RNAs suggesting that
the enzyme interacts with regions in the sense RNA outside the
site for antisense hybridization. Finally, transiently expressed
human Ago2 immunoprecipitated from HeLa cells contained
the double strand RNA-binding protein human immunodefi-
ciency virus, type 1, trans-activating response RNA-binding
protein, and deletion mutants of Ago2 showed that trans-acti-
vating response RNA-binding protein interacts with the PIW1I
domain of the enzyme.

RNA interference is a mechanism by which double-stranded
RNA triggers the loss of RNA of homologous sequence (1).
Long double strand RNAs are processed by the double strand
endonuclease Dicer into short RNA duplexes (siRNA)® ranging
from 21 to 23 nucleotides in length (2). The double strand
RNA-binding proteins Dicer and human immunodeficiency
virus, type 1, trans-activating response RNA-binding protein
(TRBP) transfer the siRNAs to the RNA-induced silencing
complex (RISC) (3). The antisense strand of the siRNA binds to

51 The on-line version of this article (available at http://www jbc.org) contains
supplemental Figs. 1-4.
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the RISC endonuclease Argonaute 2 (Ago2), which then cleaves
the target mRNA at a single phosphodiester bond bridging the
ribonucleotides opposing the 10th and 11th nucleotide from
the 5’ terminus of the antisense strand (4-11).

The structure-activity relationships of siRNAs in human cul-
tured cells have been studied extensively, but these types of
studies offer few insights into the underlying mechanisms con-
tributing to the observed activities of the siRNA and, in partic-
ular, their interaction with the RISC endonuclease human
Ago2. Surprisingly, the little that is known about the interaction
between human Ago2 and the substrate comes from a single
report describing the preliminary characterization of recombi-
nant human Ago2 (11). Specifically, human Ago2 cleavage
activity was magnesium-dependent, and the antisense RNA
containing a phosphate at the 5’ terminus exhibited greater
cleavage activity compared with the antisense RNA with a
5'-hydroxyl. The enzyme was unable to cleave a DNA target or
use a DNA antisense strand to trigger the cleavage of a comple-
mentary RNA (11). In addition, UV cross-linking experiments
showed that single strand but not double strand RNA was able
to cross-link with the recombinant enzyme. Finally, unlike
RISC activity from cellular extracts, which has been shown to
catalyze multiple rounds of cleavage, recombinant Ago2 exhib-
ited single-turnover kinetics (11, 12).

The architecture of the human Ago2 protein consists of a
PIWI domain at the amino terminus, a centrally located Mid
domain and a PAZ domain at the carboxyl terminus (13-17).
The PIWI domain constitutes the catalytic domain of the
enzyme and exhibits a three-dimensional structure similar to
RNase H, sharing the same aspartic acid-aspartic acid-glutamic
acid (DDE) catalytic triad and metal cofactor requirements (10,
16, 17). Recently, the structures of argonaute from Thermus
thermophilus and Archaeoglobus fulgidus bound to the anti-
sense strand have been solved (15, 18). The structures show that
the PAZ, Mid, and PIWI domains form an extended nucleic
acid binding surface for the antisense strand. In addition, a
basic binding pocket positioned within the Mid domain and a
basic cleft in the PIWI domain were shown to bind, respec-
tively, the 5'-terminal phosphate and the backbone at the
5'-pole of the antisense strand (15, 18). Aside from the two
3'-terminal nucleotides of the antisense strand, which were
shown to bind a hydrophobic pocket within the PAZ domain,
no interactions were observed between the enzyme and the
3'-pole of the antisense strand. An important difference
between the structures of the two prokaryotic proteins was that
the A. fulgidus protein contained a tyrosine residue positioned
in the basic binding pocket, which formed a stacking interac-
tion with the heterocycle base of the 5'-terminal nucleotide in
the antisense strand. The human Ago2 protein appears to differ
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significantly from the prokaryotic argonaute proteins in that
the key amino acids that make up the nucleic acid binding sur-
face of the prokaryotic proteins are not conserved in the human
enzyme. Consequently, the structures of the prokaryotic pro-
teins appear to offer limited insights into the interaction
between the human enzyme and the antisense strand of the
siRNA.

Given that Ago2 is responsible for the siRNA-mediated
cleavage of the target RNA, understanding the properties
important for the interaction between the antisense strand and
Ago2 could lead to the identification of siRNA configurations
with improved potency. To better understand the substrate
specificity of human Ago2, we determined the cleavage activi-
ties, binding affinities, and binding kinetics of human Ago2 for
various antisense oligonucleotides. The antisense oligonucleo-
tides were designed to evaluate the interaction between human
Ago2and various regions in the antisense RNA, including the 5’
and 3’ termini and 2'-hydroxyl. The activities and binding
affinities were compared for two different preparations of the
enzyme as follows: a human Ago2 protein containing a gluta-
thione S-transferase tag (GST-Ago2) that was expressed in
insect cells and purified to homogeneity and an HA-tagged pro-
tein that was expressed in HeLa cells and immunoprecipitated
with HA antibody (HA-Ago2). In addition, we evaluated the
effects of divalent cation metals on the substrate specificity of
human Ago2. Finally, we identified endogenous TRBP in the
immunoprecipitated HA-Ago2 preparation and demonstrated
using deletion mutants that the PIWI domain of Ago2 interacts
with TRBP.

MATERIALS AND METHODS

Preparation of Oligonucleotides and *’P-Labeled Substrate—
Synthetic ribonucleotide, deoxyribonucleotide, and 2-methoxy-
modified oligonucleotides were manufactured by Dharmacon
Research, Inc. (Lafayette, CO). Antisense oligoribonucleotides
containing abasic and 2'-methoxyethyl substitutions were syn-
thesized as described previously (19 -21). The oligonucleotides
were 5'-end-labeled with **P using 10 units of T4 polynucle-
otide kinase (Promega, WI), 200 pmol (5000 Ci/mmol)
[a-**P]ATP (GE Healthcare), 40 pmol of oligonucleotide, 40
mM Tris, pH 7.5, 10 mm MgCl,, and 5 mm DTT. The kinase
reaction was incubated at 37 °C for 30 min. The oligonucleo-
tides were 3’-end-labeled using [**P]cytidine bisphosphate and
RNA ligase as described previously (22). The labeled oligonu-
cleotide was purified by electrophoresis on a 12% denaturing
polyacrylamide gel (23). The specific activity of the labeled oli-
gonucleotide is ~3000-8000 cpm/fmol.

Preparation of Human HA-Ago2 Expression Vector—cDNA
encoding full-length human Ago2 was generated by reverse
transcription-PCR from HeLa-extracted total RNA. Human
Ago2 with an amino-terminal HA epitope was generated by
PCR with the following primers: phCMV2-3'_E2 (5'-TAA
CAA TGT ACC CAT ACG ATG TTC CGG ATT ACG CTT
ACT CGG GAG CCG GCC CCG CAC TTG-3') and
phCMV2-3'_E2 (5'-CCC GGG CCC GCG GTA CCG TCG
ACT GCA GAA TTA AGC AAA GTA CAT GGT GCG CAG
AGT GT-3’). Plasmid pE2_N-HA was constructed by homolo-
gous recombination of the human Ago2 PCR product gener-
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ated from the HeLa cDNA with a linear phCMV-2/Xi vector
according to the manufacturer’s protocol (Gene Therapy
Systems).

Preparation of Recombinant Human GST-Ago2—cDNA
from the previously described amino-terminal hAgo2 plasmid
construct was subcloned into the pGEX-3x vector (GE Health-
care) using the 5" BamHI and 3" EcoRIsites. DNA from the PCR
amplification of the GST-Ago2 fusion DNA using 5" EcoRI and
3’ NotI primers was subcloned into the EcoRI and NotlI sites of
the baculovirus shuttle vector pENTR2B (Invitrogen). The
shuttle vector was subsequently transferred into baculovirus
using BaculoDirect baculovirus expression system (Invitrogen)
for generation of high viral titers in Sf9 insect cells. Sf9 cells
were plated at 107 cells per 3 ml and infected with three viruses
per cell. After 72 h the infected cells were harvested using cell
scrapers and gently lysed in lysis buffer (Dulbecco’s phosphate-
buffered saline solution, 0.5% Nonidet P-40, 1 mm DTT, prote-
ase inhibitors). Lysate was then centrifuged at 10,000 X g for 30
min after which time the pellet was resuspended and subjected
to sonication. Both supernatant and sonicated pellet fractions
were run over a GST affinity purification column on a AKTA
basic high pressure liquid chromatograph (Amersham Bio-
sciences). Human GST-Ago2 protein recovered by this method
yielded purities greater than 95% (supplemental Fig. 1).

Cleavage Activity and Binding Assays for Recombinant
Human GST-Ago2—For human GST-Ago2 cleavage activity, 1
ng of recombinant Ago2 was incubated with 10 nM antisense
oligoribonucleotide in cleavage buffer (10 mm Tris, pH 7.5, 100
mm KCl, 2 mm MgCl,, protease inhibitor, and 0.5 mm DTT) for
2 h at 37°C. 0.1 nm **P-labeled target RNA was added, and
cleavage reactions were quenched at 30 min in gel loading
buffer (Ambion, TX). Cleavage products were resolved by
denaturing PAGE and quantitated with Storm 850 Phosphor-
Imager (GE Healthcare). The errors reported for the cleavage
activities are based on three trials.

The binding affinity for recombinant human GST-Ago2 was
determined using homologous and competitive saturation.
Briefly, >*P-labeled oligoribonucleotide was incubated with 1
ng of GST-Ago2 enzyme in the presence of increasing concen-
trations of unlabeled homologous oligoribonucleotide or com-
petitor oligoribonucleotide. The enzyme was added to 50 ul of
Miltenyi Biotec uMACS Anti-GST Microbeads (Auburn, CA)
and allowed to bind for 2 h. The beads were then loaded onto
paramagnetic columns supplied by Miltenyi, and unbound **P-
labeled oligoribonucleotide was washed away with 1 ml of
cleavage buffer. The remaining, i.e. bound, radioactivity was
counted in a scintillation counter, and the bound counts were
plotted as a function of the concentration of the unlabeled oli-
goribonucleotide. The dissociation constants (K ) were calcu-
lated from nonlinear least squares fit of the data to the equation
for the one-site binding hyperbola (Y = B, .-X/K, + X, where
B, .« is maximum binding and K, is the concentration of unla-
beled oligoribonucleotide at half-maximal binding). The errors
reported for the binding affinities are based on three trials.

The association (k;) and dissociation (k_,) rates for the bind-
ing of the oligoribonucleotide to Ago2 were determined by add-
ing **P-labeled oligoribonucleotide to the enzyme coupled to
the GST beads and quenching the reactions at various time
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points by washing the unbound oligoribonucleotide off the
beads. The bound counts were plotted as a function of time, and
the observed association rate (k,,,,) was calculated from nonlin-
ear least squares fit of the data to the equation for the one-site
binding hyperbola (Y = B, ‘X/K,,, + X, where B, is maxi-
mum binding, and k_, is the amount of time required for the
oligoribonucleotide to reach half-maximal binding). The &,
were plotted as a function oligoribonucleotide concentration,
and the slope and y intercept from the linear least squares fit of
the data were used to calculate, respectively, the k; and k_;.

The binding affinity of Ago2 containing the 19-nucleotide
antisense RNA for various target sense RNAs were determined
as described above with the exception that the enzyme coupled
to the GST beads was incubated with 1 um antisense RNA, and
the unbound antisense RNA was washed away prior to adding
the **P-labeled sense target RNA. The data were analyzed as
described above, and the errors reported for the binding affin-
ities are based on three trials.

Cleavage Activity and Binding Assays for Immunoprecipi-
tated HA-Ago2—The Hela cell line (CCL-2) used in these
experiments was obtained from the American Type Culture
Collection (Manassas, VA) and was cultured in Dulbecco’s
modified Eagle’s medium-high glucose (Invitrogen) supple-
mented with 10% fetal bovine serum (Invitrogen). HeLa cells
were seeded at an initial density of 3,200,000 cells/150-mm
plate (BD Biosciences) on the day prior to the transfection and
incubated at 37 °C and 10% CO,, in Dulbecco’s modified Eagle’s
medium-high glucose containing 10% fetal bovine serum. The
next day, plasmid pE2-N-HA was delivered to cells (typically at
70-75% confluency) using Effectene transfection reagent (Qia-
gen) according to the manufacturer’s instructions and incu-
bated for 24 h at 37 °C. Cells were combined into a 15-ml con-
ical tube upon harvesting with trypsin, washed twice with 1 ml
of cold phosphate-buffered saline, and centrifuged at 1000 X g.
The cell pellet was resuspended in 500 ml of lysis buffer (150
mMm NaCl, 0.5% Nonidet P-40, 2 mm MgCl,, 2 mm CaCl,, 20 mm
Tris, pH 7.5) that contained a Complete mini protease inhibitor
tablet (Roche Applied Science) and 1 mm DTT, then passed 10
times through a 1-cc U-100 insulin syringe (BD Biosciences).
All lysate supernatants were clarified using a 10,000 X g clear-
ing spin for 10 min, and protein concentrations were deter-
mined using QuickStart Bradford protein assay (Bio-Rad).

1.8 and 0.18 mg of total protein was added for, respectively,
the cleavage activity and binding assays to 50 ul of Miltenyi
Biotec uMACS anti-HA microbeads (Auburn, CA) and allowed
to bind for 2 h. The beads were then loaded onto paramagnetic
columns supplied by Miltenyi and washed with 1 ml of cleavage
buffer. The cleavage activities and binding affinities for immu-
noprecipitated human HA-Ago2 were determined as described
above.

RESULTS

Purified (GST-Ago2) and Immunoprecipitated (HA-Ago2)
Recombinant Human Ago2 Preparations Exhibit Similar Sub-
strate Specificities—The cleavage activities for human Ago2
were determined for two different preparations of the enzyme
as follows: a human Ago2 protein containing a glutathione
S-transferase tag (GST-Ago2) that was expressed in insect cells
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FIGURE 1. Cleavage activity of human Ago2 for preformed RNA duplexes
and single strand RNA. A, denaturing PAGE of 40-nucleotide sense RNA
digested with human Ago2. Lanes 1 and 2, 19-nucleotide antisense RNA and
40-nucleotide sense RNA were annealed for 1 h prior to incubation with,
respectively, GST-Ago2 or HA-Ago2 for 1 h. Lanes 3 and 4, 19-nucleotide anti-
sense RNA was incubated with, respectively, GST-Ago2 or HA-Ago2 for 1 h
prior to incubation with the 40-nucleotide sense RNA for an additional 1 h. T7,
40-nucleotide sense RNA digested with RNase T1 for 10 min at 24 °C. The
positions of the T1 digestions adjacent to guanidine residues are shown next
to the ladder. Arrow indicates the position of the human Ago2 cleavage site.
The sequences of the 19-nucleotide antisense RNA and 5'->?P-labeled (p)
40-nucleotide sense RNA are shown below the gel. B, denaturing polyacryl-
amide gel of 19-nucleotide sense RNA digested with GST-Ago2. Lane 1, 19-nu-
cleotide antisense RNA was incubated with GST-Ago2 for 1 h prior to incuba-
tion with the 19-nucleotide sense RNA for an additional 1 h. Lane 2,
19-nucleotide antisense RNA and 19-nucleotide sense RNAs were annealed
for 1 h prior to incubation with GST-Ago2 for 1 h. Arrow indicates the position
of the human Ago2 cleavage site. The sequences of the 19-nucleotide anti-
sense RNA (top sequence) and 5’->?P-labeled (p) 19-nucleotide sense RNA
(bottom sequence) are shown below the gel.

and purified to homogeneity and an HA-tagged protein that
was expressed in HeLa cells and immunoprecipitated with an
HA antibody (HA-Ago2) (supplemental Fig. 1). Fig. 1 shows the
cleavage activities of purified GST-Ago2 and immunoprecipi-
tated HA-Ago2 enzyme preparations in which the enzymes
were presented with the 19-nucleotide antisense RNA prior to
adding the 40-nucleotide target RNA or with preformed RNA
duplexes containing the 19-nucleotide antisense RNA annealed
to either a 19- or 40-nucleotide sense RNA. Cleavage of the
target RNA was only observed for the reactions in which either the
HA-Ago2 or GST-Ago2 enzyme preparations were incubated
with the antisense RNA prior to adding the target sense RNA (Fig.
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TABLE 1
Dissociation constants for human Ago2 preparations binding to single and double strand RNA

The dissociation constants (K,) for recombinant (GST-Ago2) and immunoprecipitated (HA-Ago2) Ago2 binding to 19-nucleotide antisense RNA (19-as), 19-nucleotide
antisense RNA (19-as) hybridized to 40-nucleotide sense RNA (40-s), and 19-nucleotide antisense RNA (19-as) hybridized to 19-nucleotide sense RNA (19-s) were
determined as described under “Materials and Methods.” The errors reported for the Ago2 binding affinities are based on three trials.

Antisense (5'—3’) K, (nM)
Configuration Sense (3'—5') GST-Ago2 HA-Ago2
19-as PUUGUCUCUGGUCCUUACUU 83 = 5 61 = 13
19-as/40-s PUUGUCUCUGGUCCUUACUU 6065 * 327 >1000
AUCAAUGAGGGAAAAACAGAGACCAGGAAUGAAGGGGUAU
19-as/19-s PUUGUCUCUGGUCCUUACUU 6297 * 209 >1000
AACAGAGACCAGGAAUGAA
A Cc the antisense RNA (Fig. 1, A and B).
i No cleavage activity was observed
Tl 1 2 3 4 5 6 Lane n Antisense Strand A
1 17 PUUGUCUCUGGUCCUUAC fOI' elther the GST-Ag02 or
2 19 | puucucucuceuccuuacuy HA-Ago2 preparations containing
3 21 | puueuCUCUGGUCCUUACUUCC the preformed 19/19 or 19/40
4 23 | puuGuCuCUGGUCCUUACUUCCCC nucleotide RNA duplexes (Fig. 1, A
5 25 PUUGUCUCUGGUCCUUACUUCCCCAU and B).
G 6 19 | OH-UUGUCUCUGGUCCUUACUU To better understand the lack of
G,” 7 cleavage activity observed for the
CN ‘w —— preformed RNA duplexes, we
G~ determined the binding affinities
G — - of the Ago2 preparations for the
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FIGURE 2. Cleavage activities for human Ago2 containing various length antisense RNAs. A, denaturing
PAGE of 40-nucleotide sense RNA digested with GST-Ago2 containing the antisense RNAs shown in C, ranging
in length from 17 to 25 nucleotides. B, denaturing PAGE of 40-nucleotide sense RNA digested with HA-Ago2
containing the antisense RNAs shown in C. Antisense RNA was incubated with Ago2 for 1 h prior to incubation
with the 40-nucleotide sense RNA for an additional 1 h. T7,40-nucleotide sense RNA digested with RNase T1 for
10 min at 24 °C. The positions of the T1 digestions adjacent to guanidine residues are shown next to the ladder.
Arrows indicate the position of the human Ago2 cleavage site. C, sequences of the antisense RNAs with the
corresponding lane designations. The 19-nucleotide antisense RNA contained either a 5’-phosphate (p) or
5'-hydroxyl (OH). The 19-nucleotide antisense RNA containing a 5’-phosphate corresponds to the antisense
RNA in Fig. 1. D, percent sense RNA cleaved with GST-Ago2 (solid bar) or HA-Ago2 (hatched bar). The standard
errors reported for the Ago2 cleavage activities are based on three experiments. The antisense RNA sequences
tested and corresponding lane designations are described in C.

1, A and B). Both enzyme preparations produced the canonical
cleavage site for Ago2, i.e. a single cleavage site on the sense RNA
opposing the 10th and 11th nucleotides from the 5’ terminus of
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single and double strand RNAs
tested in Fig. 1. Both the GST-
Ago2 and HA-Ago2 enzyme prep-
arations exhibited significantly
tighter binding affinities for the
single strand RNA compared with
the RNA duplexes (Table 1). Spe-
cifically, Ago2 bound the single
strand RNA (19-as) 70-100-fold
tighter than the RNA duplexes
(19-as/40-s and 19-as/19-s) (Table
1). The weak binding affinity of
human Ago2 for double strand
RNA is consistent the lack of Ago2
cleavage activity observed for the
RNA duplexes.

The optimum length of the anti-
sense RNA for human Ago2 cleavage
activity was determined for the GST-
Ago2 and HA-Ago2 enzyme prepara-
tions (Fig. 2). The length of the anti-
sense RNA was increased from 17 to
25 nucleotides in two nucleotide
increments by introducing addi-
tional ribonucleotides to the 3’ ter-
minus of the RNA, and the resulting
antisense RNAs were incubated

with the enzyme preparations prior to adding the **P-labeled
target (Fig. 2C). Similar cleavage sites were observed for both
the GST-Ago2 and HA-Ago2 preparations containing the var-
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PIWI domain, and the second is
positioned at the basic binding
pocket in the Mid domain, which
was shown to interact with the 5’
terminus of the antisense RNA (10,
15-18). To better understand the
roles of the divalent metal in both
binding of the enzyme to the anti-
sense RNA and catalysis of the sense
RNA, the cleavage activities of
human Ago2 containing various
antisense oligonucleotides were
determined in the presence of either
magnesium or manganese. Addi-
tionally, nucleotide substitutions
were introduced at the 5’ terminus
of the antisense RNA to evaluate the
interaction of the antisense RNA
with the basic binding pocket of the
enzyme. The modifications at the 3’
terminus of the antisense RNA were
designed to evaluate the interaction
between the antisense RNA and the

B
50+ 5 Antisense Strand (5'+3’)
19-as __ pUUGUCUCUGGUCCUUACUU
g 404 1 Bn p/G pGUGUCUCUGGUCCUUACUU
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~Eal 7R /B
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o g g g D ? 5 OHa  OH-aUGUCUCUGGUCCUUACUU
ol IR |78 7BRZE 787 OMaa  OH-aaGUCUCUGGUCGUUAGUU
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O Y ¥ ¢
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FIGURE 3.Influence of divalent cations and composition of the 3’ and 5’ terminus in the antisense RNA on
human Ago2 cleavage activity. A, percent cleaved of the 40-nucleotide sense RNA by GST-Ago2 containing
antisense sRNAs with various 5’-terminal substitutions (shown in B) in the presence of Mg?* (solid bar) or Mn**
(hatched bar). B, sequences of the unmodified 19-nucleotide antisense RNA (19-as) and antisense RNAs con-
taining the following 5'-terminal substitutions: 5’-phosphorylated guanidine (p/G), 5'-phosphorylated abasic
substitutions (p/a and p/aa), 5'-dephosphorylated uridine (OH/U), or 5'-dephosphorylated abasic substitu-
tions (OH/a and OH/aa). C, percent cleaved of the 40-nucleotide sense RNA by GST-Ago2 containing antisense
sRNAs with various 3'-terminal substitutions (shown in D) in the presence of Mg?" (solid bar) or Mn** (hatched
bar). D, sequences of the unmodified 19-nucleotide antisense RNA (79-as) and 21 (/27) nucleotide antisense
RNAs containing the following 3'-terminal substitutions: riboadenine (AA), abasic residues (aa), deoxyriboad-
enine (4AA), or deoxyribothymidine (,77). The errors reported for the Ago2 cleavage activities are based on

three trials.

ious length antisense RNAs (Fig. 2, A and B). The cleavage activ-
ities for both enzyme preparations exhibited a bell-shaped
response with respect to antisense RNA length, with the 19-
and 21-nucleotide antisense RNAs resulting in the greatest
cleavage of the sense RNA (Fig. 2D). We also show that the
GST-Ago2 and HA-Ago2 enzyme preparations containing the
19-nucleotide antisense RNA with a 5'-terminal hydroxyl
exhibited significantly weaker cleavage activity compared with
the 19-nucleotide antisense RNA containing a 5’-phosphate
(Fig. 2). Taken together, these data suggest that the GST-Ago2
enzyme expressed and purified from insect cells and HA-Ago2
preparation expressed and immunoprecipitated from HeLa
cells using HA antibody exhibit similar cleavage and binding
specificities for single and double strand RNAs, and the GST tag
of the purified enzyme appears to have no effect on the cleavage
activity of the enzyme.

Divalent Cations Affect the Binding Specificity and Cleavage
Activity of Human Ago2—The crystal structures of Ago2 indi-
cate that the enzyme contains two metal-binding sites as fol-
lows: the first is positioned at the DDE catalytic triad in the
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PAZ domain of Ago2.

The antisense RNAs containing
various 5'-terminal substitutions
are shown in Fig. 3B. Similar cleav-
age activities were observed for
human Ago2 containing the un-
modified antisense RNA (19-as)
with a uridine residue at the 5’ ter-
minus compared with the RNA with
a guanidine substitution (p/G) in
the presence of either Mg®>" or
Mn?" (Fig. 3, A and B). In the pres-
ence of Mg>*, reduced human Ago2
cleavage activities were observed for
the enzyme containing the anti-
sense RNAs with abasic substitution (p/a, p/aa) (Fig. 3, A and B).
In addition, a significant reduction in Ago2 cleavage activity
was observed for the antisense RNAs containing a 5'-hydroxyl
(e.g¢ OH/U, OH/a, and OH/aa) (Fig. 3, A and B).

In contrast, Mn>" appeared to ameliorate the effects of the
abasic and dephosphorylated antisense RNAs on human Ago2
cleavage activity. For example, the Ago2 cleavage activities for
the antisense RNAs containing the abasic and 5'-hydroxyl sub-
stitutions (p/a, p/aa, and OH/U) were ~2-fold greater in the
presence of Mn>" compared with the cleavage activities of
these antisense RNAs in the presence of Mg>* (Fig. 3, 4 and B).
Additionally, significantly greater Ago2 cleavage activities were
observed for the antisense RNAs containing the abasic substi-
tutions and a 5'-hydroxyl (e.g. OH/a and OH/aa) in the pres-
ence of Mn>" compared with the cleavage activities of these
antisense RNAs in the presence of Mg>* (Fig. 3, A and B).
Importantly, in the presence of Mn>* only a slight reduction in
the Ago2 cleavage activity was observed for the antisense RNA
containing the 5’-hydroxyl (OH/U) compared with the unmod-
ified antisense RNA (19-as) (Fig. 3, A and B). Again, these data
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suggest that the enhanced Ago2 cleavage activities observed for
the antisense RNAs containing either a 5'-terminal hydroxyl or
abasic residue in the presence of Mn>* compared with Mg>"
are consistent with the metal affecting the interaction between
the basic binding pocket of the enzyme and the antisense RNA.

The binding affinities of human Ago2 for the antisense RNAs
with the 5’-substitutions correlated with the cleavage activities
observed for Ago2 containing these antisense RNAs. In the
presence of Mg>*, ~3-fold lower cleavage activities and 5-fold
weaker binding affinities were observed for Ago2 containing
either the OH/U or p/a antisense RNAs compared with the
unmodified antisense RNA (19-as) (Fig. 3, A and B, and Table
2). In the presence of Mn>*, comparable Ago2 cleavage activi-
ties and binding affinities were observed for the p/a and 19-as
antisense RNAs, whereas the slight reduction in the Ago2
cleavage activity observed for the OH/U antisense RNA corre-
sponded with a slightly weaker binding affinity of human Ago2
for the this antisense RNA compared with the 19-as RNA (Fig.
3, A and B, and Table 2).

The binding kinetics of Ago2 for the antisense RNAs with the
5'-terminal substitutions are shown in Table 3. The association
(k;) and dissociation (k_,) constants observed for Ago2 binding
the OH/U antisense RNA were, respectively, 3- and 15-fold
faster compared with the 19-as antisense RNA (Table 3). In
contrast, a slightly faster k_, and ~10-fold slower k, were
observed for Ago2 binding the p/a antisense RNA compared
with the 19-as RNA (Table 3). Taken together, these data sug-
gest that the weaker K, value observed for human Ago2 binding
to the single abasic (p/a) antisense RNA was the result of a

TABLE 2

Effect of divalent cations on the binding affinity of human Ago2 for
various antisense oligonucleotides

The dissociation constants (K,) for human Ago2 containing the various antisense
oligonucleotide configurations in the presence of either Mg>" or Mn** were deter-
mined as described under “Materials and Methods.” Sequences of the unmodified
19-nucleotide antisense RNA (19-as) and antisense RNAs containing 5'-hydroxyl
(OH), abasic residue (p/a), or deoxyribonucleotides substitutions (,N). The errors
reported for the Ago2 binding affinities are based on three trials.

Kq (nM)

Configuration Guide Strand (5'—3’) Mg? Mn?
19-as pUUGUCUCUGGUCCUUACUU 835 1169
OHU OH-UUGUCUCUGGUCCUUACUU 395+19 146 +22

pla paUGUCUCUGGUCCUUACUU 225+31 13417
DNA PaTaTaGaT4CaTaCuTaGaGaTaCuaCuTaTaACTaT 565 +27 162+ 30
TABLE 3

Binding kinetics of human Ago2 for various antisense oligonucleotides

slower association rate (k,) of the enzyme for the p/a antisense
RNA compared with the 19-as RNA (Table 3). In contrast, the
weaker binding affinity observed for the OH/U antisense RNA
was due to a faster dissociation rate (k_,) of the Ago2 for the
OH/U RNA compared with the 19-as RNA.

Unlike the substitutions at the 5’ terminus of the antisense
RNA, substitutions at the 3’ terminus in the presence of either
of the divalent metals appeared to have no effect on human
Ago2 cleavage activity. For example, the substitution of the
3'-terminal uridine residues of the antisense RNA with
adenines appeared to have no effect on the cleavage activity of
human Ago? in the presence of either Mg>* or Mn>" (Fig. 3, C
and D). Similarly, the antisense RNAs containing additional
uridine, abasic, adenine ribose, or deoxyribose dinucleotides
exhibited similar cleavage activities in the presence of either
Mg>" or Mn>* (Fig. 3, C and D).

To further explore the influence of the divalent metals on the
interaction between the antisense RNA and the enzyme, suc-
cessive deoxyribonucleotide substitutions were introduced at
the 5'-pole of the antisense oligonucleotide (Fig. 4). In the pres-
ence of Mg>", similar cleavage activities were observed for
Ago2 containing the antisense oligonucleotides with the
5'-phosphate and 2—10 DNA residues at the 5’-pole compared
with the unmodified antisense RNA with a 5'-phosphate (Fig. 2,
A and D, and Fig. 4, A and D). A significant reduction in cleav-
age activity was observed for Ago2 containing the antisense
with all DNA residues and a 5'-phosphate (Fig. 4, A and D). A
similar trend was observed for the antisense oligonucleotides
containing DNA substitutions and a 5’'-hydroxyl, although the
cleavage activities for Ago2 containing these antisense oligonu-
cleotides were significantly weaker than the activities observed
for the antisense oligonucleotides with a 5'-phosphate (Fig. 4, A
and D).

Again, Mn*>" appeared to ameliorate the effects of the 5'-hy-
droxyl and DNA substitutions on human Ago2 cleavage activ-
ity. For example, only a slight reduction in cleavage activity was
observed for Ago2 containing the antisense DNA and a
5’-phosphate, suggesting that in the presence of Mn** Ago2
exhibits significant RNase H activity (Fig. 4, B and D). In addi-
tion, no reduction in the cleavage activities for Ago2 containing
the antisense oligonucleotides with a 5’-hydroxyl and 2-4
deoxyribonucleotide substitutions were observed compared
with the same antisense oligonucleotides containing a 5'-ter-

The dissociation (K ;,..s,), association rate (k,), and dissociation rate constants (k_,) of human Ago2 for the various antisense oligonucleotide configurations were

a

determined as described under “Materials and Methods.” The calculated dissociation constants (K,,.,) were calculated from the measured association and dissociation rate

constants, where K, = k_,/k;.

Configuration Structure (5'—3’) Ka(NM) measy  Ka(NM) caicy ki (Ms™) k4 (s™)
19-as pUUGUCUCUGGUCCUUACUU 83+5 57 1.2X10° 6.8X10°
OHM UUGUCUCUGGUCCUUACUU 395+ 19 319 3.1X10°  9.9X1072
p/a paUGUCUCUGGUCCUUACUU 225 + 31 273 1.1X10* 3.0Xx10%
DNA PTaTaGaTdCaTdCaTaGuGaTdCuCuTaTaAdCaTaTy 565 + 27 505 8.9X10°  4.5X10°
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FIGURE 4. Influence of divalent cations on the cleavage activities of human Ago2 containing antisense
RNA with deoxyribonucleotide substitutions. A, denaturing PAGE of 40-nucleotide sense RNA digested
with GST-Ago2 containing antisense RNAs with various deoxyribonucleotide substitutions in the presence of
Mg?*. B, denaturing PAGE of 40-nucleotide sense RNA digested with GST-Ago2 containing antisense RNAs
with various deoxyribonucleotide substitutions in the presence of Mn?". Antisense RNA was incubated with
Ago2 for 1 h prior to incubation with the 40-nucleotide sense RNA for an additional 1 h. Arrows indicate the
position of the human Ago2 cleavage site. C, sequences of the antisense oligonucleotides with the correspond-
ing lane designations. The antisense oligonucleotides contained either a 5'-phosphate (p) or 5'-hydroxyl (OH)
and DNA substitutions (underlined). D, percent cleaved of the 40-nucleotide sense RNA by GST-Ago2 contain-
ing the antisense sequences shown in C in the presence of either Mg?* (solid bar) or Mn*" (hatched bar). The

errors reported for the Ago2 cleavage activities are based on three trials.

minal phosphate (Fig. 4, Band D). The observed RNase H activ-
ity was determined by incubating the GST-Ago2 enzyme bound
to paramagnetic beads with the antisense DNA and washing the
unbound DNA prior to adding the target sense RNA. Given that
RNase H has been shown to bind preformed RNA/DNA het-
eroduplexes but not single strand DNA oligonucleotides, it is
unlikely that the RNase H activity observed for human Ago2 is
because of RNase H contamination from the host cells (24, 25).
To ensure that the GST-Ago2 preparation did not contain an
RNase H contaminant, the GST-Ago2 enzyme was incubated
with the preformed antisense DNA/sense RNA heteroduplex in
the presence of Mn>*. No cleavage activity was observed for the
GST-Ago2 enzyme in the presence of the preformed heterodu-
plex (supplemental Fig. 2). In addition, the GST-Ago2 prepara-
tion did not bind the preformed RNA/DNA heteroduplex (sup-
plemental Fig. 2). These data combined with the purity of the
GST-Ago2 preparation suggest that human Ago2 is responsible
for the observed RNase H activity (supplemental Fig. 1).

The divalent metal-dependent cleavage activities observed for
Ago2 containing the antisense DNA were consistent with the
metal-dependent binding affinities of the enzyme for the antisense
DNA (Table 2). For example, the dissociation constants (K;) of
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Ago2 for the antisense DNA and
unmodified antisense RNA (19-as)
were, respectively, 565 and 83 nM in
the presence of Mg>* (Table 2). In
contrast, a smaller differenceinthe K,
values was observed for human Ago2
binding to the same antisense oligo-
nucleotides in the presence of Mn**
(eg K, of 162 nm for the DNA com-
pared with 116 nw™ for the 19-as RNA)
(Table 2). Additionally, the antisense
DNA exhibited a similar k_; and
~10-fold slower k; compared with
the 19-as RNA (Table 3). These data
suggest that the weaker K, value
observed for human Ago2 binding to
the antisense DNA compared with
the antisense RNA was the result of a
slower association rate (k; ).

Positional Effects of 2'-Ribose
Modifications in the Antisense RNA
on Human Ago2 Activity—The
cleavage activities for human
Ago2 containing antisense RNAs
with 2'-methoxyethyl (2'-MOE)
substitutions are shown in Fig. 5.
Similar Ago2 cleavage activities
were observed for the antisense
RNAs containing three successive
2'-MOE substitutions at positions
6-8, 9-11, 15-17, and 17-19
compared with the unmodified
antisense RNA (0) (Fig. 5). In con-
trast, significantly lower cleavage
activities were observed for the anti-
sense RNAs containing 2'-MOE
substitutions at positions 3-5 and 12-14 compared with the
unmodified antisense RNA. No Ago2 cleavage activity was
observed for the antisense RNA containing 2'-MOE substitu-
tions at positions 1-3 (Fig. 5). To identify the specific 2'-MOE
substitution responsible for the reduction in Ago2 cleavage
activity, single 2'-MOE substitutions were introduced at posi-
tions 1-3 and 12-14 (Fig. 5). Significantly lower Ago2 cleavage
activities were observed for the antisense RNAs containing a
single 2'-MOE substitution at positions 2, 13, and 14, whereas
2'-MOE substitutions at positions 1, 3, and 12 appeared to have
no effect on the cleavage activity (Fig. 5).

To better understand the effects of 2'-MOE substitutions on
the activity of human Ago2, we determined the binding affinity
of Ago2 for the antisense RNAs containing 2'-MOE substitu-
tions at positions 1-3 and 12—14 (Table 4). Comparable bind-
ing affinities were observed for the antisense RNA containing
the 2’-MOE substitutions at positions 12—14 compared with
the unmodified antisense RNA. In contrast, the binding affinity
of Ago2 for the antisense RNA containing 2'-MOE substitu-
tions at positions 1-3 was ~3-fold weaker compared with the
unmodified antisense RNA (Table 4). Taken together, these
data suggest that the loss in Ago2 cleavage activity observed for
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Position Sequence (5’ - 3°)

0 UUGUCUCUGGUCCUUACUU
17-19 UUGUCUCUGGUCCUUACUU
15-17 UUGUCUCUGGUCCUUACUU
12-14 UUGUCUCUGGUCCUUACUU
9-11 UUGUCUCUGGUCCUUACUU

6-8 UUGUCUCUGGUCCUUACUU
3-5 UUGUCUCUGGUCCUUACUU
1-3 UUGUCUCUGGUCCUUACUU

12 UUUGUCUCUGGUCCUUACUU
13 UUUGUCUCUGGUCCUUACUU
14 UUUGUCUCUGGUCCUUACUU
1 UUUGUCUCUGGUCCUUACUU
2 UUUGUCUCUGGUCCUUACUU
3 UUUGUCUCUGGUCCUUACUU

FIGURE 5. Effect of 2'-methoxyethyl substitutions in the antisense RNA
on human Ago2 cleavage activity. A, denaturing PAGE of 40-nucleotide
sense RNA digested with GST-Ago2 in the absence of antisense strand (none)
and containing the antisense RNAs with 2’-methoxyethyl substitutions at
various positions, counting from the 5’ terminus of the antisense RNA. The
unmodified antisense RNA (0) corresponds to the 19-as RNA shown in Figs.
1-3. Arrow indicates the position of the human Ago2 cleavage site.
B, sequences of the modified antisense RNAs containing the 2’-methoxyethyl
substitutions at various positions (underlined).

TABLE 4

Binding affinity of human Ago2 for antisense RNA containing
2’'-methoxyethyl substitutions

The dissociation constants (K,) for human Ago2 containing the unmodified anti-
sense RNA (0) and antisense RNA with 2'-methoxyethyl substitutions (underlined)
were determined as described under “Materials and Methods.” The errors reported
for the Ago2 binding affinities are based on three trials.

Position  Sequence (5’ - 3’) Ky (nM)
0 UUGUCUCUGGUCCUUACUU 324 +77
1-3 UUGUCUCUGGUCCUUACUU 1059 + 56
12-14 UUGUCUCUGGUCCUUACUU 234 +94

the antisense RNA containing 2'-MOE substitutions at posi-
tions 1-3 appears to be due to the 2'-MOE residues interfering
with the binding of antisense RNA to Ago2. In contrast, the
2’'-MOE substitutions at positions 12—14 appeared to have no
effect on binding of the antisense RNA to the enzyme suggest-
ing that the loss in Ago2 cleavage activity was due to the
2'-MOE residues interfering with catalysis. In addition, posi-
tions in the antisense RNA that were sensitive to 2'-MOE sub-
stitutions (e.g. positions 1-3 and 12—14) are consistent with an
RNase protection assay in which the antisense RNA was treated
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TABLE 5

Binding affinity of human Ago2 with the antisense RNA for various
length sense RNAs

Human Ago2 was incubated with the 19-nucleotide antisense RNA for 1 h prior to
adding the sense RNA and the binding affinities (K,) of human Ago2 containing the
19-nucleotide antisense RNA for various length complementary target RNAs were
determined as described under “Materials and Methods.” The errors reported for
the Ago2 binding affinities are based on three trials.

n Structure (3'—5’) Ka (nM)
19 AACAGAGACCAGGAAUGAA 204 +9
20 AAACAGAGACCAGGAAUGAA 104 + 14

29 GGAAAAACAGAGACCAGGAAUGAAGGGGU 437

29 GGAAACCACACACAACAACCGACCGGGGU >10000

with single strand-specific endoribonucleases in either the
presence or absence of human Ago2 (supplemental Fig. 3). Spe-
cifically, only the first 14 nucleotides from the 5’ terminus of the
antisense RNA were protected from RNase degradation sug-
gesting that human Ago2 does not appear to interact with the
remaining five 3'-most nucleotides.

Human Ago2 Appears to Interact with Regions in the Target
RNA Adjacent the Hybridization Site of the Antisense RNA—
The binding affinity of human Ago2 containing the 19-nucleo-
tide antisense RNA was determined for 19-, 20-, or 29-nucleo-
tide-long sense RNAs (Table 5). The 19-nucleotide sense RNA
is length-matched to the antisense RNA, whereas the 20-nucle-
otide sense RNA contains an additional adenine residue at the
3’ terminus and the 29-nucleotide sense RNA contains five
additional residues at both the 3’ and 5’ termini (Table 5).
Human Ago2 containing the antisense RNA exhibited a K, of
204 n™ for the length-matched 19-nucleotide sense RNA. A 2-
and 5-fold tighter binding affinity was observed for, respec-
tively, the 20 and 29-nucleotide sense RNAs compared with the
19-nucleotide sense RNA (Table 5). The enhanced binding
affinities observed for the longer sense RNAs suggest that the
enzyme is interacting with regions on the target RNA adjacent
to the site of hybridization for the 19-nucleotide antisense
RNA. To ensure that the observed binding affinities for the
sense RNAs were for Ago2 programmed with the antisense
RNA and not Ago2 alone, we determined the binding affinity of
Ago2 containing the 19-nucleotide antisense RNA for a 29-nu-
cleotide sense RNA with no sequence complementarity to the
antisense RNA (Table 5). Human Ago2 containing the anti-
sense RNA was unable to bind the noncomplementary sense
RNA (Table 5).

Endogenous TRBP Binds the PIWI Domain of Immunopre-
cipitated Human Ago2—Denaturing PAGE analysis of the HA-
Ago?2 preparation that was expressed in HeLa cells and immu-
noprecipitated using HA antibody revealed several additional
protein bands associated with the immunoprecipitated
HA-Ago2 (data not shown). Western blot analysis using anti-
bodies against human Ago2, Dicer, and the immunodeficiency
virus TRBP identified the Ago2 and TRBP proteins but not the
human Dicer protein suggesting that the HA-Ago2 enzyme was
binding endogenous TRBP (Fig. 6, B and C). To determine
whether the observed binding interaction between human
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FIGURE 6. Characterization of the interaction between human Ago2 and
TRBP. A, human Ago2 deletion mutants. Amino acid residues are numbered
from the amino terminus of the enzyme. Human Ago2 deletion mutant 1 (D1)
consists of amino acids 233-859 and contains the PAZ, Mid, and PIWI
domains of the enzyme. Human Ago2 deletion mutant 2 (D2) consists of
amino acids 371-859 and contains the Mid and PIWI domains. Human Ago2
deletion mutant 3 (D3) consists of amino acids 517-859 and contains the PAZ
domain. B, Western blot analysis of HA-Ago2 expressed and immunoprecipi-
tated from Hela cells using HA antibody and probed with human Ago2 anti-
body. Lane 1, Hela cell lysate; lane 2, immunoprecipitate from cells not trans-
fected with HA-Ago2 plasmid; lanes 3-6, immunoprecipitates from cells
transfected with, respectively, HA-Ago2, HA-D1, HA-D2, and HA-D3 plasmids.
C, Western blot analysis of HA-Ago2 expressed and immunoprecipitated from
HelLa cells using HA antibody and probed with human TRBP antibody. Lane 1,
molecular weight ladder; lane 2, immunoprecipitate from cells not trans-
fected with HA-Ago2 plasmid; lane 3, purified recombinant TRBP; lanes 4-7,
immunoprecipitates from cells transfected with, respectively, Ha-Ago2,
HA-D1, HA-D2, and HA-D3 plasmids.

Ago2 and TRBP involves a nucleic acid intermediary (e.g. single
or double strand RNA), the immunoprecipitated HA-Ago2 was
treated with either a single or double strand specific RNase,
washed, and evaluated by Western blot analysis as described
under “Materials and Methods.” The immunoprecipitated HA-
Ago2 preparations treated with the RNases contained TRBP
suggesting that human Ago2 likely binds endogenous TRBP
through protein-protein interactions and not through an RNA
bridge (supplemental Fig. 4).

To identify the regions of Ago2 that are interacting with
TRBP, deletion mutants of HA-Ago2 were prepared in which
either the amino-terminal region of the protein (D1), the ami-
no-terminal region and the PAZ domain (D2), or the amino-
terminal region PAZ and Mid domains were deleted (D3) (Fig.
6A). The deletion mutants were cloned into the cytomegalovi-
rus expression vector and then transfected into HeLa cells and
immunoprecipitated using HA antibody (Fig. 6B). All three
deletion mutants of HA-Ago2 co-immunoprecipitated TRBP
suggesting that TRBP was binding to the PIWI domain of Ago2
(Fig. 6C). In addition, the signal observed for the TRBP protein
correlated with the level of HA-Ago2 expression (Fig. 6, B and
C). For example, the highest TRBP level was observed for the
immunoprecipitation of the D2 mutant, which also exhibited
the highest expression level of the HA-Ago2 mutants. The D1
mutant, on the other hand, exhibited both the lowest expres-
sion level and lowest TRBP signal, whereas the D2 mutant
exhibited an intermediate expression level and corresponding
intermediate TRBP signal. Finally, TRBP does not appear to
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influence cleavage activities and binding specificities of human
Ago2 given that the GST-Ago2 and HA-Ago2 preparations
exhibited similar cleavage activities and binding specificities
(Figs. 1 and 2 and Table 1).

DISCUSSION

Substrate Specificity of Human Ago2—We show that recom-
binant human Ago2 does not cleave preformed RNA duplexes,
including a 19-bp siRNA-like duplex and an RNA duplex con-
sisting of a 19-nucleotide antisense RNA hybridized to a 40-nu-
cleotide sense RNA (Fig. 1). The lack of cleavage of the pre-
formed duplexes is because of the fact that human Ago2
selectively binds single strand RNA relative to double strand
RNA, exhibiting an ~2 orders of magnitude tighter binding
affinity for the antisense RNA compared with the RNA
duplexes (Table 1). These observations are consistent with pre-
vious reports in which single strand but not double strand RNA
was able to cross-link with human Ago2 (11).

In human cells, the antisense RNA associated with Ago2 is
generated by the endonuclease Dicer, which processes long
double strand RNAs into short effector double strand RNAs (1,
2). Given the observed binding and cleavage specificity of
human Ago2 and that the cleavage products of human Dicer
consist of double strand RNAs, our data suggest that the trans-
location of the Dicer product to Ago2 requires additional fac-
tors to either unwind the double strand RNA product or facil-
itate binding of the double strand RNA product to Ago2, which
could then cleave the sense strand of the duplex in a manner
similar to that described for Ago2 from Drosophila (26, 27).

The human HA-Ago2 protein expressed and immunopre-
cipitated from HeLa cells was also unable to cleave the pre-
formed duplexes and exhibited binding specificities similar to
the recombinant GST-Ago2 enzyme (Fig. 1 and Table 1). The
HA-Ago2 preparation contained the human immunodefi-
ciency virus TRBP but not Dicer suggesting that TRBP alone
was insufficient to facilitate the translocation of the RNA
duplex to Ago2 (Fig. 6). Previous reports suggest that Dicer and
TRBP, which together constitute the minimum RISC loading
complex, translocate the Dicer cleavage products to Ago2 (2—4,
28 —34). The addition of recombinant human Dicer to the HA-
Ago2 preparation had no effect on the ability of the enzyme to
cleave a preformed duplex (data not shown). Only when the
siRNA duplex was transfected into HeLa cells expressing the
HA-Ago2 protein was the immunoprecipitated HA-Ago2
preparation able to cleave the **P-labeled target RNA (data not
shown). Therefore, the endogenous cellular factors required to
convert the RNA duplex to the active moiety appear to associ-
ate with the transiently expressed HA-Ago2 enzyme in the cell
but not with the immunoprecipitated HA-Ago2 preparation.
Finally, consistent with a previous report, the HA-Ago2 prepa-
ration exhibited single-turnover kinetics similar to that
observed for the GST-Ago2 enzyme suggesting that TRBP did
not alter the cleavage kinetics of the enzyme (data not shown)
(11). This suggests that in the cell other factors must be respon-
sible for removing the cleavage products from Ago2 or that
Ago2 cleavage is not necessary to cause degradation of the
mRNA.
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Nature of the Interaction between the Antisense RNA and
Human Ago2—Our data suggest that human Ago2 interacts
with the 5'-pole and not the 3’ terminus of the antisense RNA.
First, the RNase protection assay showed that human Ago2
protected the 5'-pole and not the 3’ terminus of the antisense
RNA from ribonuclease degradation (supplemental Fig. 3). Sec-
ond, nucleotide substitutions, including abasic nucleotides
positioned at the 3’ terminus of the antisense RNA, had no
effect on human Ago2 cleavage activity (Fig. 3, C and D). The
architecture of the human Ago2 protein consists of a PIWI,
Mid, and PAZ domains, which together form an extended
nucleic acid binding surface for the antisense RNA (13-18). A
basic binding pocket, positioned within the Mid domain, binds
the 5’ terminus of the antisense strand, and a hydrophobic
pocket within the PAZ domain binds the two 3’-terminal
nucleotides of the antisense strand (13—-18). Based on these
structures, our data suggest that the antisense RNA interacts
with the Mid and PIWI domains but not the PAZ domain of the
enzyme. Interestingly, Ago2 containing the 25-nucleotide anti-
sense RNA exhibited lower Ago2 cleavage activity compared
with the 19-23-nucleotide antisense RNAs suggesting that
beyond a certain length, additional nucleotides at the 3’ termi-
nus of the antisense RNA interfere with the interaction between
the antisense RNA and the enzyme (Fig. 2).

The observed biochemical properties for the interaction
between the 5'-pole of the antisense RNA and human Ago2
indicated that both the 5'-terminal phosphate and heterocycle
base of the antisense RNA were important for binding to the
enzyme (Fig. 2, Fig. 3, A and B, and Table 3). The tighter binding
affinity observed for the antisense RNA with the 5’-phosphate
was due to both a slightly slower association rate (k;) and sig-
nificantly slower dissociation rate (k_;) compared with the
antisense RNA with the 5'-hydroxyl (Table 3). In addition, the
weaker binding affinities observed for the antisense RNAs con-
taining the abasic residues were due to a slower k; (Table 3).
The structures of the Argonaute proteins show that the 5'-ter-
minal phosphate of the antisense RNA forms electrostatic
interactions with a divalent metal and two lysine residues posi-
tioned within the basic binding pocket of the enzyme (15, 18).
Furthermore, the heterocycle base of the 5'-terminal nucleo-
tide of the antisense RNA formed a stacking interaction with a
tyrosine residue positioned in the basic binding pocket (15).
This tyrosine residue is also conserved in human Ago2 (15).
Consequently, the slower k; observed for the antisense RNA
containing the 5'-phosphate is presumably because of the coor-
dination of the phosphate with the divalent metal and basic
amino acids within the binding pocket. In addition, the slower
k_, suggests that once positioned within the basic binding
pocket, the 5'-phosphate serves to stabilize the interaction
between the antisense RNA and human Ago2. The slower &,
observed for human Ago2 binding the antisense RNA with aba-
sic substitutions suggests that the heterocycle base of the 5'-ter-
minal nucleotide functions as a lure to nucleate the interaction
between the 5’ terminus of the antisense RNA and the basic
binding pocket of the enzyme. Interestingly, the antisense RNA
containing two abasic residues at the 5’ terminus exhibited an
~2-fold lower Ago2 cleavage activity compared with the anti-
sense RNA with a single abasic substitution (Fig. 3, A and B).
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Examination of the structure from the A. fulgidus protein indi-
cates that the heterocycle base of the nucleotide at the second
position from the 5’ terminus of the antisense RNA does not
appear to interact with the protein (15). Thus, the effect of the
second abasic substitution on the cleavage activity of human
Ago2 suggests that the human enzyme may exhibit a different
structure than that observed for the A. fulgidus protein.

The observed effects of the 5'-terminal phosphate and het-
erocycle base of the antisense RNA on the cleavage activity and
binding affinity of human Ago2 were less pronounced in the
presence of Mn”>* compared with Mg®" (Fig. 3A and Fig. 4B
and Table 2). The metal-dependent effects on the interaction of
the 5’ terminus of the antisense RNA with human Ago2 is likely
due to the observed coordination of a divalent metal within the
basic binding pocket (15, 18). Although Mn** and Mg** are
similar in size, the metals exhibit different coordination prop-
erties. For example, the coordination of these metals with Esch-
erichia coli RNase H shows a single Mg>" ion at the catalytic
site of the enzyme, whereas the same site was able to accommo-
date two Mn>* ions (35-37). The Mg>" ion formed an outer
sphere (water-mediated) coordination with the E. coli enzyme,
whereas the Mn>* ions formed an inner sphere (non-water-
mediated) coordination, resulting in smaller distances between
the Mn>" ion and the coordinating amino acids relative to
Mg>* (37). In the case of human Ago2, the coordination differ-
ences between the metals likely change the spatial orientation
of the surrounding amino acids, thereby changing the interac-
tion between the basic binding pocket of the enzyme and the
antisense RNA.

The 2'-sugar substitutions also affected the interaction
between human Ago2 and the antisense RNA (Fig. 5). In the
case of the 2’'-MOE substitution at position 2, the reduction in
Ago2 cleavage activity was because of a weaker binding affinity
of the enzyme for the modified antisense oligonucleotide (Fig. 5
and Table 4). This observation is consistent with the structures
of the Argonaute proteins that show that the 2’-hydroxyl of the
5'-terminal nucleotide was positioned toward the solvent and
away from the enzyme, and the 2'-hydroxyl of the second
nucleotide from the 5’ terminus of the antisense RNA was posi-
tioned adjacent to the enzyme (15, 18). Therefore, large 2’-moi-
eties such as 2'-MOE positioned at the 5'-terminal nucleotide
should have no effect on the interaction with the enzyme,
whereas 2'-substitutions at position 2 would likely cause steric
interference with the enzyme. The 2'-MOE substitutions at
positions 13 and 14 also inhibited Ago2 cleavage activity, but in
this case the 2'-MOE residues appeared to have no effect on
binding of human Ago2 for the antisense RNA (Fig. 5 and Table
4). The PIWI domain constitutes the catalytic domain of the
enzyme and exhibits a three-dimensional structure similar to
RNase H, sharing the same DDE catalytic triad and metal cofac-
tor requirements (10, 16, 17). The co-crystal structure of the
PIWI domain with an antisense RNA shows a kinked structure
in the backbone of the antisense RNA between the 10th and
11th nucleotides opposing the catalytic site of the enzyme (18).
Based on these observations, the 2’-MOE substitutions at posi-
tions 12—14 likely effect the interaction of the antisense RNA
with the catalytic site of the enzyme.
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The observed effects of the divalent metals on the cleavage
activities of human Ago2 containing antisense DNA appear to
involve the metal coordinated at the catalytic site of the
enzyme. For example, human Ago2 exhibited a greater binding
affinity for the antisense DNA in the presence of Mn*" com-
pared with Mg>™ (Table 2). The weaker binding affinity of Ago2
for the antisense DNA in the presence of Mg>* appeared to be
due to a slower k; suggesting that a structural reorganization of
either the antisense DNA or the enzyme may be required for
either binding the antisense DNA or cleavage of the target
RNA. In fact, the differences in the helical geometries between
double strand RNA and a DNA/RNA heteroduplex are pre-
dicted to have a profound effect on the precise positioning of
the internucleotide phosphates relative to the enzyme. Specifi-
cally, the DNA/RNA heteroduplexes exhibit a minor groove
width that is ~2 A narrower compared with double strand RNA
(38-40). In addition, both the axial rise per nucleotide and
internucleotide phosphate distance for the DNA/RNA hetero-
duplex is ~0.5 A longer compared with double strand RNA,
and given that Ago2 cleaves the target RNA 10 bp from the 5’
terminus of the antisense strand, the increased phosphate dis-
tances equate to an ~5-A increase in the distance between the
5’ terminus of the antisense strand of the duplex and the cleav-
age site. Interestingly, human Ago2 containing the antisense
DNA cleaved the target RNA at the same position in the pres-
ence of Mn>" (e.g. between the 10th and 11th bp from the 5’
terminus of the antisense RNA), compared with the enzyme
containing the antisense RNA (Fig. 4). Presumably, the coordi-
nation differences between the Mn?>"* and Mg** could alter the
structure of the catalytic site of human Ago2 sufficiently to
accommodate the structural differences between the duplexes
and enable cleavage of the sense RNA bound to antisense DNA.

How Is the RNA Translocated from the RISC Loading Com-
plex to Human Ago2?—QOur data offer additional insights into
how the RNA may be transferred from the RISC loading com-
plexto Ago2.Ina previous report we demonstrated that human
Dicer is capable of binding short single strand and double
strand RN As with affinities comparable with substrate and that
Dicer interacts predominantly with the 3'-overhang of the dou-
ble strand RNA and 3’ terminus of the single strand RNA, likely
involving the PAZ domain of Dicer (41). In addition, the posi-
tion of the 3'-overhang in the siRNA appeared to dictate which
strand of the siRNA was loaded into the human HA-Ago2
enzyme expressed and immunoprecipitated from HeLa cells
(41). Here we show that human Ago2 binds to the 5'-pole and
not the 3’ terminus of the antisense RNA and that this interac-
tion likely involves the Mid and PIWI domains of the enzyme.
Taken together these data suggest several possible routes by
which the translocation of the siRNA from Dicer to Ago2 could
occur. First, following Dicer cleavage, additional factor(s) pro-
mote dissociation of the two strands, and Dicer retains the sin-
gle strand antisense RNA at its 3’ terminus, transferring the
RNA to Ago2 via the 5" terminus where the heterocycle base of
the 5’-terminal nucleotide lures the 5’-terminal phosphate to
the basic binding pocket of Ago2. Once introduced to the
pocket, the 5’-terminal phosphate then stabilizes the interac-
tion between the antisense RNA and the enzyme. Alternatively,
following Dicer cleavage, Dicer retains the RNA duplex via the
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3'-overhang and along with other factor(s) loads the double
strand RNA onto Ago2, which then cleaves the sense strand
promoting its release from the enzyme. In addition, TRBP may
function as an intermediary in this process, binding to the PIW1
domain of human Ago2 and using one of its three double strand
RNA binding domains to position the siRNA in close proximity
to the catalytic domain of Ago2 (Fig. 6) (3). Chendrimada et al.
(3) showed that TRBP plays an important role in the activities of
siRNAs as reduction of TRBP protein expression reduced the
activities of siRNAs. In Drosophila, cross-linking studies
between Dicer-2 and the TRBP paralog R2D2 bound to the
siRNA indicated that Dicer-2 was positioned adjacent to the 5’
terminus of the sense strand, and R2D2 was positioned adjacent
to the 5’ terminus of the antisense strand (42). In human cells,
TRBP may play a similar role.

Finally, in addition to its role as an endonuclease, Ago2 may
serve additional functions, namely facilitating the hybridization
of the antisense RNA to the target RNA. For example, human
Ago2 containing the 19-nucleotide antisense RNA exhibited
greater binding affinities for longer sense RNAs suggesting that
the enzyme is forming additional interactions with regions on
the sense RNA outside the site of hybridization for the antisense
RNA (Table 5). The additional contacts with the target RNA
would be particularly advantageous in the case of microRNA-
mediated gene silencing, where Ago2 functions primarily as a
delivery device and not as an endonuclease for the microRNA
to cleave the target mRNA. Specifically, microRNAs exhibit
multiple mismatched base pairs with the target RNA at the
nucleotides positioned adjacent to the catalytic site of the
enzyme and therefore do not trigger Ago2-dependent cleavage
of the target RNA. Given that microRNAs form mismatched
base pairs with the target RNA, the enhanced binding affinity
observed for Ago2 would enhance the affinity of the microRNA
for the target mRNA. In the case of siRNAs, the enhanced bind-
ing affinity may have a deleterious effect, thus enhancing the
potential for greater off-target effects of the siRNA. Clearly
more work needs to be done to better understand how micro-
RNAs and siRNA interact with and promote the degradation of
the target mRNA and the factors that lead to the degradation of
off-target RNAs.
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