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The discovery of RNA-mediated gene-silencing pathways, includ-
ing RNA interference'~, highlights a fundamental role of short
RNAs in eukaryotic gene regulation*'® and antiviral defence'"'?.
Members of the Dicer and Argonaute protein families are
essential components of these RNA-silencing pathways'>".
Notably, these two families possess an evolutionarily conserved
PAZ (Piwi/Argonaute/Zwille) domain whose biochemical func-
tion is unknown. Here we report the nuclear magnetic resonance
solution structure of the PAZ domain from Drosophila melano-
gaster Argonaute 1 (Agol). The structure consists of a left-
handed, six-stranded (-barrel capped at one end by two a-helices
and wrapped on one side by a distinctive appendage, which
comprises a long $-hairpin and a short a-helix. Using structural
and biochemical analyses, we demonstrate that the PAZ domain
binds a 5-nucleotide RNA with 1:1 stoichiometry. We map the
RNA-binding surface to the open face of the $-barrel, which
contains amino acids conserved within the PAZ domain family,
and we define the 5'-to-3’ orientation of single-stranded
RNA bound within that site. Furthermore, we show that PAZ
domains from different human Argonaute proteins also bind
RNA, establishing a conserved function for this domain.

The three-dimensional structure of the minimal PAZ domain of
D. melanogaster Agol (residues 298—427) is well defined by nuclear
magnetic resonance (NMR) (Fig. 1a; see also Supplementary
Table 1). Its compact architecture is built on a left-handed, six-
stranded (-barrel core consisting of amino acid sequences con-
served within the PAZ domain family*® (Fig. 1b, c; see also
Supplementary Fig. 1). Helices o1 and o2 pack together to close
off one end of the barrel by forming interactions between Val 305,
Met 309 and Phe 333, and the hydrophobic core of the barrel. A long
B-hairpin (85-836) and a short helix o3 form a structural appendage
that is inserted between 34 and 37, and wraps around the rim of the
B-barrel along 38 (Fig. 1b, c). Although this appendage is an integral
part of the PAZ domain structure, residues in 85 and 36 exhibit high
dynamics (Supplementary Fig. 2). These structural elements are tied
together by the amino- and carboxy-terminal regions that form a
small anti-parallel §-sheet (31 and $10), emphasizing the modular
nature of this domain. Notably, although the conserved C-terminal
residues 430-464 (Supplementary Fig. 1) are predicted to be a long
a-helix, our NOE (nuclear Overhauser effects) analysis shows that
they are unstructured (Supplementary Fig. 2). Truncation of this
C-terminal segment did not affect the structure, confirming that it is
not essential for the isolated PAZ domain.

Sequence conservation implies that the 3-barrel also serves as the
structural core for other Argonaute family PAZ domains, and the
appendage may also be present with a 3-hairpin of variable length
(Supplementary Fig. 1). Significant variations exist in the loop
sequences of different PAZ domains, possibly reflecting differences
in cellular function. Dicer PAZ domains exhibit major sequence
deviations from the Argonaute PAZ domains in the 37-88 loop,
although they probably still adopt the basic $-barrel and o3
structure. The D. melanogaster Agol PAZ domain has a highly
positive electrostatic potential (Fig. 1d), but most of its Arg and Lys
residues are not conserved in other PAZ domains. Highly conserved
residues including Tyr 354, Pro 363 and Tyr 386 are clustered at the
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entrance of the 3-barrel (Figs 1c and 3a; see also Supplementary
Fig. 1), suggesting a possible functional site. Owing to the high level
of structural conservation, we define the 3-barrel and its associated
appendage as the PAZ fold.

Despite its suggested function in protein—protein interaction'’,
the 8-barrel core of the PAZ fold topologically resembles that of the
RNA-binding domain of Sm proteins* (Supplementary Fig. 3). We
explored the possibility of nucleic-acid binding using NMR
titration, and found that the Agol PAZ domain binds single-
stranded (ss)RNA oligonucleotides with high preference over
ssDNA counterparts (Fig. 2a). As demonstrated in two-dimensional
"H-""’N-HSQC (heteronuclear single quantum coherence) spectra
(Fig. 2b), the protein forms a 1:1 stoichiometric complex with a
5'-pUGACA ssRNA (dissociation constant (K4) approximately
1 M), a consensus sequence found at the 5" ends of microRNAs
(miRNAs)**. The PAZ domain binds this ssRNA marginally better
than the corresponding double-stranded (ds)RNA, and this inter-
action does not require the unstructured C-terminal segment (data
not shown). Moreover, the RNA binding appears independent of
sequence, as the protein binds equally well to different RNAs
including a 5'-pUGAGG derived from the 5' end of ler-7
miRNA?. The length of RNA does affect binding. Addition of
ssRNA longer than 9-11 bases, or of prototypical 21-nt siRNA
duplexes with 5’ phosphates and 2-nt 3’ overhangs, results in severe
line broadening of NMR signals for the vast majority of the PAZ
domain residues that is reversible with RNase treatment (data not

a 316

336

399

389

Figure 1 Three-dimensional structure of the D. melanogaster Ago1 PAZ domain.

a, Stereoview of the backbone atoms of 25 superimposed NMR-derived structures of the
PAZ domain (residues 298—430). The C-terminal unstructured residues (431-464) are
omitted for clarity. b, Ribbons depiction (side view) of a representative NMR structure. The
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shown). This line-broadening phenomenon may be explained by:
multiple PAZ domain molecules binding to a single RNA molecule,
forming a complex analogous to ‘protein beads on an RNA string’;
or by a single PAZ domain engaging in different modes of inter-
actions with a single RNA molecule (that is, ‘sliding’ through the
RNA sequence), resulting in coexistence of different complex
species. Both possibilities are consistent with the sequence-
independent RNA binding of the PAZ domain.

Short regulatory RNAs have characteristic 5 phosphate and 3’
hydroxyl groups, and 5 phosphorylation is required for incorpora-
tion into the RNA-induced silencing complex (RISC) in RNA
interference® . Indeed, comparison of the binding of the Agol
PAZ domain to 5'-pUGACA and 5'-UGACA revealed that although
the two ssRNAs use the same mode of interaction, as assessed by the
similar pattern of chemical shift perturbations, the 5° phosphoryl-
ated RNA results in additional resonance changes and reduced line
broadening for a subset of protein residues (Fig. 2c), possibly
indicative of higher affinity binding. Modification of the 5’ phos-
phate group by an amino-methylene (3-carbon) linkage* reduces
the binding affinity (K4 approximately 2 nM). These observations
suggest that 5' phosphorylation may contribute to the PAZ
domain—RNA interaction. Preliminary data using a 5" phosphory-
lated ssRNA with a 3'-biotin modification showed that immobilized
protein failed to pull down purified Ago2 PAZ domain (data not
shown). By NMR titration, this substrate had a reduced binding
affinity (K4 greater than 20 pM), suggesting that the 3’ end may also

Arg 352
Lys 410

Glu 374

orientation of b is similar to that in a. ¢, Top view of the PAZ domain. d, The surface
electrostatic potential (blue, positive; red, negative) of the PAZ domain calculated in
GRASP, displayed in the some orientation as €.
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play a role in PAZ domain interaction.

We further characterized the Agol PAZ domain—RNA interaction
with an RNA electrophoretic mobility shift assay (EMSA). However,
possibly due to Ago1’s high isoelectric point of 9.5 and the nature of
RNA interactions, the ribonucleoprotein complex was not directly
detected by EMSA. As shown in the NMR study, this PAZ domain
can form a 1:1 stoichiometric complex with short RNA (about 5-7
nucleotides), or a ‘protein beads on an RNA string’ complex with
longer RNA. In both cases, the complex is too positively charged at
pH 8.3 to migrate towards the positive electrode in an EMSA. This
reasoning seems consistent with the observation of a stable protein—
RNA complex in an EMSA with human Piwi-like 1 PAZ domain
(pI of 7.0; see below). Alternatively, this lack of detection of the
D. melanogaster Agol PAZ domain—RNA complex might be due to
the kinetic instability of the complex. However, we observed that the
free >*P-labelled RNA band decreases as a function of increasing
Agol PAZ domain concentration (Fig. 2d), indicating formation of
a protein—-RNA complex. This RNA binding could be effectively
competed away by unlabelled RNA of identical sequence, but to a
lesser extent by DNA (Fig. 2d). These data confirm that the
D. melanogaster Agol PAZ domain is able to interact with RNA
preferentially over DNA.

The PAZ domain residues that undergo chemical shift changes
upon RNA binding are localized at the open end of the 3-barrel and
the appendage, which together form an elongated binding groove
(Fig. 3a, b). This cleft contains many of the residues highly
conserved among PAZ domains. Because the PAZ domain binds
5' phosphorylated and 5’ hydroxyl ssRNA in a similar manner,
differential chemical shift perturbation analysis enabled us to define
the 5'-to-3" orientation of the ssRNA bound within this groove
(Fig. 2c). Out of a small number of residues, Gln 407 and Arg 355
showed the most profound differences in chemical shift pertur-
bations, suggesting that the 5’ end of a ssRNA molecule binds to a
site in the region of the 3334 loop and the end of 37. The 3" end
binding site possibly involves an aromatic cluster at a3 containing
the conserved Tyr 386, Phe 387 and Tyr 391 residues. End to end,
the RNA-binding groove spans approximately 35-40 A in length,
corresponding to the length of a 5-7-nucleotide RNA that forms a
stable 1:1 complex with the PAZ domain.

Using NMR, we probed the molecular nature of PAZ domain—
RNA interactions with UMP (uridine 5'-monophosphate). Despite
its low affinity (K4 approximately 2 mM), UMP is bound in the
predicted RNA-binding groove, as revealed by the structure of the
PAZ domain—-UMP complex (Fig. 3c, d). The 2’ and 3’ hydroxyl
groups are positioned to form hydrogen bonds with the backbone
atoms of His 411 and Thr 412 of 88 (Fig. 3d). The aromatic uracil
interacts with the terminal nitrogen of Lys 410, and the 5’ phosphate
of UMP is possibly coordinated by the nitrogen atoms of Arg 352.
The intermolecular NOEs to the ribose are greater in number (11
compared with 2) and intensity than those seen to the base,
indicating that recognition of UMP involves mostly the sugar
moiety rather than the base. These observations agree with our
finding of the PAZ domain preference of RNA over DNA and the
apparent lack of sequence dependence. As the intermolecular NOEs
observed for ssRNA also involve the same set of residues conserved
in sequence, the PAZ domain—-UMP complex structure provides
valuable insights into RNA recognition.

To investigate the molecular determinants of RNA binding by the
Agol PAZ domain, we performed site-directed mutagenesis on 15
amino acid residues that are localized to the RNA-binding groove
and conserved in the PAZ domain family. The effect of these
mutations on RNA binding was assessed by the ability of the
mutants to compete with wild-type PAZ domain for binding to
ssRNA (Fig. 3e; see also Supplementary Fig. 4). Individual mutation
of Tyr 354, Met 366, Lys 390, Arg 392, Arg 396 or Glu 417 to Ala did
not cause major reductions in RNA binding. However, point
mutation of His 346, Arg 352, Phe 369, Lys 385, Tyr 386, Phe 387,
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Tyr 391 or Lys 410 to Ala resulted in a greater than 50% loss of RNA
binding as compared with the wild type. Notably, R355A lost nearly
90% of the RNA-binding activity. The functionally important
residues as defined by mutagenesis are clustered in three regions
of the PAZ fold (Fig. 3a, e): (1) the $3—34 loop (Arg 355), a binding
site for the 5" end of ssRNA; (2) the rim of the 3-barrel orifice
formed by the 32—833 and 3738 loops (His 346, Arg 352 and
Lys 410), where UMP binds; and (3) the solvent-exposed basic and
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Figure 2 RNA binding of the D. melanogaster Ago1 PAZ domain. a, Superimposition of
"H-"®N-HSQC spectra of the PAZ domain (approximately 0.3 mM) in free form (black), with
5" phosphorylated ssDNA (5'-pTGACA; PAZ:ligand molar ratio 1:1.5) (blue) or 5’
phosphorylated ssSRNA (5'-pUGACA; 1:1.5) (red). p.p.m., parts per million.

b, Stoichiometry of PAZ domain—ssRNA binding. The amide signals of Glu 343 and
Leu 416 in the superimposed NMR spectra are colour-coded according to PAZ:RNA molar
ratio. ¢, Binding of 5" hydroxyl (blue) compared with 5" phosphorylated (red) ssSRNA
(UGACA). The PAZ:ssRNA molar ratio was 1:1.5. d, RNA electrophoretic mobility shift
assay, assessing the Ago1 PAZ domain interaction with RNA and DNA.
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Figure 3 Mapping the RNA-binding site of the D. melanogaster Ago1 PAZ domain.

a, Structure of the PAZ domain depicting residues (red spheres) conserved in the PAZ
domain family. b, Molecular surface of the protein highlighting residues that exhibit
backbone "H and '®N chemical shift perturbations on binding to sSRNA (5'-pUGACA;
PAZ:RNA 1:1.5). The orientation of the left panel is same as a. ¢, UMP binding site of the
PAZ domain—-UMP complex structure. d, Intermolecular NOEs between the PAZ domain
and UMP observed in a three-dimensional '*C-edited, '3C/"*N-filtered NOESY spectrum.

aromatic cluster at a3 (Lys 385, Tyr 386, Phe 387 and Tyr 391). The
large number and extended distribution of possible contact points
between the PAZ domain and RNA may explain the lack of a null
point mutant, and confirm our findings on the location and
geometry of the RNA-binding site in the PAZ fold.

To test whether RNA binding is a general function of the PAZ
domain, we prepared PAZ domains from different subgroups of
proteins within the large PAZ domain family. As predicted, the PAZ
domains from human Agol (elF2C1), Ago2 (eIF2C2) and Piwi-like
1 bind to ssRNA (Fig. 4a—c). Similar to D. melanogaster Agol, the
human PAZ domains bind RNA preferentially over DNA, and form

472

© 2003 Nature Publishing Group

Phe 369

Lys 410

Hd2#, Hy2# and Hy# represent specific side-chain hydrogen atoms in amino acid
residues. e, Mutational analysis of the PAZ domain. Effects of individual mutations on RNA
binding were assessed by an inhibition experiment described in the Methods and
Supplementary Fig. 2, and colour-coded according to their relative RNA-binding activities.
Results were normalized to 100% RNA-binding activity with the wild-type protein.

a 1:1 stoichiometric complex with 5-nucleotide ssSRNA. Moreover,
the Piwi-like 1 PAZ domain—RNA complex was directly detected by
EMSA (Fig. 4d). The band corresponding to the complex increases
as a function of protein concentration, whereas the free RNA signal
decreases accordingly. The Piwi-like 1 PAZ domain—RNA complex
was effectively competed away with unlabelled RNA, but not as well
with the corresponding DNA (Fig. 4d). From these results, we
conclude that RNA binding is a conserved function of the PAZ
domain.

The structure and RNA binding of the D. melanogaster Ago2 PAZ
domain reported in the accompanying paper®® are consistent with
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Figure 4 Conserved RNA binding of the PAZ domain. a—¢, Superimposition of "H-"°N-
HSQC spectra of the PAZ domains from human Ago1 (@), Ago2 (b) and Piwi-like 1 (€) in
free form (black) and with a 5’-pUGAGG ssRNA (red, PAZ:RNA 1:1).

the predictions from our study that the PAZ fold and RNA binding
are conserved in the PAZ domain family. The molecular nature and
specificity of DNA binding shown by the D. melanogaster Ago2
PAZ domain, which is in contrast to the preference of RNA over
DNA binding by the Agol PAZ domain demonstrated in our
study, however, remains to be evaluated for its possible biological
importance.

Our structure, mutagenesis and RNA mobility shift data of the
PAZ domain define this module as an RNA-binding domain,
thereby establishing the molecular function of this family. The
PAZ domain uses a six-stranded -barrel, similar to Sm proteins®'
but with an additional appendage, to bind both single- and double-
stranded RNA. Although RNA binding by the PAZ domain in vitro
does not appear to be sequence-dependent, in vivo specificity may
be conferred within the context of the full-length protein or through
accessory proteins within RISC. The unique features of short
regulatory RNAs, such as their length of approximately 22 nucleo-
tides and 5’ phosphate and 3' hydroxyl ends may contribute
to specificity’***?. Our data show that these 5" and 3’ ends may
enhance RNA binding by the PAZ domain, and that the binding
groove accommodates RNA of 5-7 nucleotides in length. These
findings may correlate with the 5' phosphorylation requirement of
siRNAs or miRNAs for their incorporation into RISC**%, as well as
the observed length of the 5’ end sequence conservation in miR-
NAs>?, O

Methods

Sample preparation

The PAZ domain of Drosophila Argonaute 1 (residues 297-464 or 297—433) was cloned
into a pET19b vector and expressed in Escherichia coli BL21(DE3) cells as an N-terminal
His,o-tagged protein. Uniformly '°N- and '*N/"*C-labelled proteins were prepared by
growing bacteria in minimal medium with ’NH,Cl and/or *Cs-glucose as the sole
nitrogen and carbon sources. Deuterated protein was generated by cell growth in 95%
?H,0. The PAZ domain was purified by nickel-NTA affinity chromatography. After
cleavage of the His,, tag, the protein was further purified by ion-exchange and size-
exclusion chromatography. Protein NMR samples (approximately 0.5 mM) were prepared
in 100 mM phosphate buffer of pH 6.5, 150 mM NaCl and 5 mM dithiothreitol (DTT)-d ;o
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d, RNA electrophoretic mobility shift assay assessing RNA binding of human Piwi-like 1
PAZ domain.

in H,O/?H,0 (9/1) or ?H,0. PAZ domains from the human proteins Agol (residues 218—
356), Ago2 (residues 220-358) and Piwi-like 1 (residues 604-910) were cloned into the
pET19b expression vector. These proteins were expressed and purified using a procedure
similar to that of the D. melanogaster Agol PAZ domain. Glutathione S-transferase
(GST)-Agol PAZ domain fusion proteins were expressed in bacteria using the pGEX-6P-1
vector, and purified by affinity chromatography.

NMR spectroscopy

The Agol PAZ domain containing residues 297-464 was used for structure determination.
All NMR spectra were acquired at 25 °C on a Bruker 500, 600, or 800 MHz spectrometer.
The backbone 'H, '°C and '°N resonances were assigned using standard three-
dimensional triple-resonance HNCA, HN(CO)CA, HN(CA)CB and HN(COCA)CB
experiments. The side-chain atoms were assigned from three-dimensional HCCH-
TOCSY, HCCH-COSY and (H)C(CO)NH-TOCSY data. The NOE-derived distance
restraints were obtained from '°N- or '*C-edited three-dimensional NOESY spectra. The
3J(HN,Ha) coupling constants measured from three-dimensional HNHA data were used
to determine ¢-angle restraints. Slowly exchanging amide protons were identified from a
series of two-dimensional N-HSQC spectra recorded after H,O/*H,0 buffer exchange.
The intermolecular NOEs used in defining the structure of the Agol PAZ domain-UMP
complex were detected in '*C-edited (F;), '>C/"*N-filtered (F5) three-dimensional
NOESY spectra.

Structure calculations

Structures of the PAZ domain were calculated with a distance geometry simulated
annealing protocol with X-PLOR™. Initial protein structure calculations were performed
with manually assigned NOE-derived distance restraints. Hydrogen-bond distance
restraints, generated from the H/D exchange data, were added at a later stage of structure
calculations for residues with characteristic NOE patterns. The converged structures were
used for the iterative automated NOE assignment by ARIA for refinement®'. Structure
quality was assessed with Procheck-NMR. The structure of the Agol PAZ domain-UMP
complex was determined using the free-form structure in addition to 13 intermolecular
NOE-derived distance restraints and four hydrogen-bond distance restraints.

RNA-binding assays

RNA and DNA oligonucleotide titration was performed by recording a series of two-
dimensional 'H-""N-HSQC spectra with a uniformly '*N-labelled PAZ domain (0.3 mM)
in the presence of increasing amounts of RNA or DNA ranging from 0 to 0.9 mM. The
protein sample and the RNA/DNA stock solutions were all prepared in the same buffer
containing 100 mM sodium phosphate, 150 mM NaCl and 5mM DTT-d, at pH 6.5.
Electrophoretic mobility shift assays were performed using a 26-nucleotide ssRNA
(5'-AUUUUG-UUGUCGAAAAUUGUACAUAA-3') labelled at the 5" end using T4
polynucleotide kinase and [y**P]ATP. The protein/RNA samples were run on native TBE
polyacrylamide gels and visualized by autoradiography. The concentration of the 5'
*2P_labelled ssRNA was 2 uM in each EMSA experiment with a PAZ domain protein of

473




letters to nature

0-15 pM. For the competition EMSA, the corresponding unlabelled 26-nucleotide RNA
or DNA of 0-30 pM was used in addition to the **P-labelled RNA and PAZ domain
protein.

Site-directed mutagenesis

Expression constructs for mutant proteins were generated using the QuikChange site-
directed mutagenesis kit (Stratagene). The presence of appropriate mutations was
confirmed by DNA sequencing. Mutant proteins were purified by affinity chromatography
using nickel-NTA columns (Qiagen). Proper folding of each PAZ domain mutant was
confirmed by NMR. Samples for the NMR competition assay were prepared by mixing
">N-labelled wild-type PAZ domain (0.2 mM), ssRNA oligonucleotide (5’ -pUGACA) and
unlabelled mutant PAZ domain with a molar ratio of 1:1:5.
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Specific cytotoxic T cells eliminate
cells producing neutralizing
antibodies

Oliver Planz, Peter Seiler, Hans Hengartner & Rolf M. Zinkernagel
Nature 382, 726-729 (1996).

The experiments in BALB/c mice using hybridoma technology
reported in this Letter indicated that neutralizing-antibody-
producing B cells and hybridomas could have been preferentially
infected by lymphocytic choriomeningitis virus (LCMV), whereas
B cells specific for the internal viral components were not. We
concluded that during LCMV infection, B cells specific for the viral-
surface antigens may be selectively and productively infected by
LCMV through the membrane-anchored neutralizing-antibody
receptor and are subsequently eliminated by virus-specific cytotoxic
T lymphocytes. These experiments were performed in normal or
CD8" T-cell-depleted BALB/c H-2¢ mice. In later experiments
designed to generalize these findings, we studied the infection
patterns of hybridomas using C57BL/6 mice, but the results were
variable and not conclusive. We also failed to observe a preferential
infection of B cells or of hybridomas generated from IgM or isotype-
switchable transgenic mice with a high percentage of neutralizing-
antibody-expressing B cells". In a third series of experiments with a
recombinant virus that combines the envelope glycoprotein from
vesicular stomatitis virus (VSV) with an LCMV replicon, we did not
detect a preferential CD8™ T-cell-dependent depletion of the anti-
VSV antibody response (D. Pinschewer et al., unpublished obser-
vations). We have also not so far been able to reproduce our original
findings in new experiments with LCMV and BALB/c (SPF) mice.
We therefore wish to alert the community to these problems until
further experiments have been performed. O
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