
LETTERS

Structural insights into mechanisms of the small RNA
methyltransferase HEN1
Ying Huang1, Lijuan Ji2, Qichen Huang1, Dmitry G. Vassylyev1, Xuemei Chen2 & Jin-Biao Ma1,3

RNA silencing is a conserved regulatory mechanism in fungi, plants
and animals that regulates gene expression and defence against
viruses and transgenes1. Small silencing RNAs of 20–30 nucleo-
tides and their associated effector proteins, the Argonaute family
proteins, are the central components in RNA silencing2. A subset of
small RNAs, such as microRNAs and small interfering RNAs
(siRNAs) in plants, Piwi-interacting RNAs in animals and siRNAs
in Drosophila, requires an additional crucial step for their matura-
tion; that is, 29-O-methylation on the 39 terminal nucleotide3–6. A
conserved S-adenosyl-L-methionine-dependent RNA methyltrans-
ferase, HUA ENHANCER 1 (HEN1), and its homologues are
responsible for this specific modification3–5,7,8. Here we report the
3.1 Å crystal structure of full-length HEN1 from Arabidopsis in
complex with a 22-nucleotide small RNA duplex and cofactor
product S-adenosyl-L-homocysteine. Highly cooperative recog-
nition of the small RNA substrate by multiple RNA binding
domains and the methyltransferase domain in HEN1 measures
the length of the RNA duplex and determines the substrate specifi-
city. Metal ion coordination by both 29 and 39 hydroxyls on the
39-terminal nucleotide and four invariant residues in the active site
of the methyltransferase domain suggests a novel Mg21-dependent
29-O-methylation mechanism.

HEN1 was first identified in a genetic screen as a floral pattering
gene and later found to be essential for Arabidopsis microRNA
(miRNA) accumulation in vivo9,10. Subsequently, HEN1 was demon-
strated to be a methyltransferase for miRNAs and all types of siRNAs
in plants3,11. The 29-O-methylation protects miRNAs and siRNAs
from 39-end uridylation and 39-to-59 exonuclease-mediated degra-
dation in Arabidopsis12,13. The plant HEN1 and its animal homolo-
gues share a highly conserved methyltransferase (MTase) domain14

(Fig. 1e) that is not closely related to any known RNA 29-O-MTases
according to a phylogenetic analysis15. Two putative RNA binding
modules, a double-stranded RNA binding domain (dsRBD) and a La
motif have been identified in the amino-terminal region of HEN1
(ref. 15). To understand the specific recognition of small RNA sub-
strates and the molecular mechanism of the 39-end 29-OH-specific
methylation by HEN1 and its homologues, we determined the crystal
structure of full-length Arabidopsis HEN1 in complex with a small
RNA duplex in the presence of the cofactor product adenosyl-L-
homocysteine (AdoHcy).

The recombinant full-length Arabidopsis HEN1 (residue 1–942)
was co-crystallized with AdoHcy and a 22-nucleotide small RNA
duplex containing a fully complementary 20-nucleotide segment
(Fig. 1f) derived from a natural substrate of HEN1, miR173/
miR173* (refs 3, 11) (Supplementary Fig. 2c). The crystal structure
was determined at 3.1 Å as described in Methods. The structure
revealed that Arabidopsis HEN1 binds to the small RNA substrate as
a monomer (Fig. 1), which is supported by results from gel filtration

experiments (Supplementary Fig. 2). The small RNA substrate
exhibits an A-form conformation in the ternary complex structure
and both duplex termini are specifically recognized by HEN1. The
HEN1 protein consists of five structural domains (Fig. 1e), four of
which directly interact with the small RNA substrate (Fig. 1a–c) with
the exception of the PPIase-like domain (PLD) which shows a high
degree of structural similarity to well characterized FK506-binding
proteins16. The A-form duplex of the small RNA substrate is bound
by two double-stranded RNA (dsRNA)-specific binding domains17,
dsRBD1 and dsRBD2. The [59-m:39-u] terminus containing the
39-end 2-nucleotide overhang of the strand that is not methylated
(u strand) (Fig. 1f) is bound by the La-motif-containing domain
(LCD). Meanwhile, the 39-end 2-nucleotide overhang of the strand
that is methylated (m strand) (Fig. 1f) is deeply buried into the active
site of the MTase domain (Fig. 1c). The interface between HEN1 and
the small RNA substrate buries a total solvent-accessible surface area of
,5,000 Å2 (Fig. 1c), of which dsRBD1, dsRBD2, LCD and the MTase
domain each contributes 31%, 13%, 17% and 33%, respectively.

Structure-based sequence alignment and structural superimposi-
tion revealed that both dsRBDs contain distinct long insertions in the
loop between b1 and b2 (Supplementary Fig. 4). The insertion in
dsRBD1 is well defined (Supplementary Fig. 4b), in which a conserved
hydrophobic patch stacks over the carboxy-terminal b-strand in the
MTase domain (Supplementary Fig. 4c). The insertion in dsRBD2 is
longer but less conserved than that in dsRBD1 in most plant HEN1
proteins (Supplementary Fig. 4a) and is completely disordered in the
current structure (Supplementary Fig. 4b). Three conserved RNA
binding motifs in canonical dsRBDs17 can be identified in dsRBD1
(Fig. 2a), whereas only two RNA binding motifs are identified in
dsRBD2 owing to the disordered loop between b1 and b2 (Fig. 2b).
As revealed by buried surface analysis, the interaction of dsRBD1 with
the RNA substrate is more extensive than that of dsRBD2. Compared
to dsRBD1, dsRBD2 shifts by approximately 3 Å away from the RNA
duplex, which may favour binding small RNA duplexes with bulges
that are common among miRNAs. The binding of the RNA duplex by
dsRBD1 has a key role in substrate recognition, as deletion of dsRBD1
markedly reduced the substrate binding by HEN1, as determined by a
cross-linking binding assay (Supplementary Fig. 5a), and its activity,
as revealed by a small RNA methyltransferase assay (Supplementary
Fig. 5b).

As predicted by bioinformatics analysis15, the N-terminal half of
the LCD contains a La motif fold (Supplementary Fig. 6) that has
been shown to specifically bind RNA 39 ends through synergistic
cooperation with an RNA recognition motif in the La protein18,19.
However, recognition of the [59-m:39-u] duplex terminus of the
small RNA substrates by the La motif and the C-terminal portion
of LCD in HEN1 (Fig. 1f) is different from that observed in the
human La protein20. The 39-terminal nucleotide binding pocket in
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the human La N-terminal domain (NTD)20 is occupied by two con-
served residues—H120 and P121—within a HEN1-specific insertion
(Supplementary Fig. 6c). The 2-nucleotide 39 overhang of the
u strand is looped out from the RNA duplex towards the first a-helix
of the La motif and the phosphate of the overhang is bound by Y109
from the first a-helix of the La motif (Fig. 2c). Mutation of Y109 to
alanine has no detectable effect on substrate binding or HEN1 activity
(Supplementary Fig. 5a, b), indicating that this interaction is not
essential for the interaction with small RNA substrates. This result
is also consistent with a previous study showing that mutation of the
39-end 2-nucleotide overhang of the u strand to either a 1-nucleotide
or 3-nucleotide overhang has no effect on HEN1 activity on the m
strand11.

Furthermore, W333, a conserved residue within a loop from the
C-terminal portion of the LCD, stacks over the base of the 59-terminal
nucleotide G1m (Fig. 2c), and the side chain of W333 occupies the
same position as the base of the antepenultimate nucleotide in the
structure of the La NTD–RNA complex20 (Supplementary Fig. 6c).
Therefore, W333 exactly stacks on H120 and P121 in the La motif of
the LCD, which may stabilize the stacking interaction between W333
and the 59-terminal nucleotide. This end-capping interaction has an
essential role in the recognition of small RNA substrates, because the
W333A mutant loses both RNA binding ability and small RNA
methyltransferase activity (Supplementary Fig. 5a, b). A similar inter-
action between small RNA duplex and tryptophan residues has been
observed in structures of the viral RNA silencing suppressor p19–small

RNA complexes21,22. In fact, p19 interferes with small RNA 39-end
methylation by HEN1 (ref. 23). In addition, recognition of the
[59-m:39-u] terminus by the LCD is also strengthened by a group of
positively charged residues that project side chains into the major
groove of the duplex terminus (Fig. 2c).

The MTase domain of HEN1 adopts a core a/b Rossmann struc-
ture, in which the cofactor product AdoHcy is bound as in classical
S-adenosyl-L-methionine (AdoMet)-dependent MTases24 (Fig. 3b).
The ribose ring of AdoHcy directly stacks over the 59-terminal nuc-
leotide U1u, and the 59 phosphate of the u strand is hydrogen bonded
to the side chain of S747 (Fig. 3b). Three conserved positively charged
residues—K749, R753 and K756—interact with the major groove of
the [59-u:39-m] terminus (Fig. 3b), enhancing the 59 phosphate inter-
action. These three positively charged residues and S747 are only
conserved in plant HEN1 proteins (Supplementary Fig. 7), indicating
that recognition of the 59-phosphate by the MTase domain is not
applicable to animal HEN1 homologues. The backbone phosphate
connecting the 2-nucleotide 39 overhang and the RNA duplex seg-
ment is anchored by a loop formed by six residues (F692 to F697)
within motif X of the MTase domain (Fig. 3a). In particular, two
non-bridged phosphodiester oxygens form hydrogen bonds with
main-chain amines of F692 and L697, respectively (Fig. 3a). The loop
structure is further stabilized by hydrophobic stacking interactions
between the side chains of F693 and L697 and by the hydrogen bond
formed by the side-chain amide of the invariant residue Q700 and the
carboxyl oxygen between tandem prolines P695 and P696 in the loop
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Figure 1 | Structures of HEN1 in complex with a small RNA duplex and
AdoHcy. a, Ribbon diagram of the complex. dsRBD, violet; La motif,
chocolate; LCD, wheat; dsRDB2, cyan; PLD, purple; MTase, green; linkers
including L1, L2 and L4, grey; RNA strand to be methylated (m strand), red;
RNA strand not to be methylated (u strand), blue; AdoHcy, yellow; Mg21,
brown. b, Ribbon diagram of the complex rotated by 90u about the
horizontal axis relative to a. c, d, Surface and surface charge views of HEN1

in the complex in the same orientation as a. e, Schematic representation of
the domains in HEN1 with the same colour codes as in a. The disordered L3
is represented by the dashed line. f, Sequences of the small RNA duplex used
in the co-crystallization. The m strand and u strand are coloured red and
blue, respectively, and the two termini, [59-m:39-u] and [59-u:39-m], are
indicated.
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(Fig. 3a). Most residues in this loop are invariant in the MTase
domains of both plant HEN1 and animal homologues (Supplemen-
tary Fig. 7), indicating that this specific interaction by the conserved
loop in motif X may also be applicable to animal HEN1 homologues.

The penultimate nucleotide A21m of the 2-nucleotide 39 overhang is
flipped out from the duplex and the base of A21m is stacked on the side
chains of the conserved residues R856 and L835 (Fig. 3a). The 39-end
nucleotide G22m is flipped back and its base is stacked over the ter-
minal base pair of the duplex (Fig. 3b, c). There are no intermolecular
hydrogen bonds between two bases of the 2-nucleotide 39 overhang
and the MTase domain, which is consistent with the non-sequence-
specific methyltransferase activity of HEN1. The backbone phosphate
of the 2-nucleotide 39 overhang is secured by two invariant, positively
charged residues R701 and R856 (Fig. 3). Mutation of either R701 or
R856 to alanine attenuates the methyltransferase activity of HEN1
(Supplementary Fig. 5b, c), indicating that these two residues are
important for the efficiency of HEN1 activity but are not essential.

The ribose ring of G22m is located in the centre of the active site of
the MTase domain, where both the 29 and 39 hydroxyls of G22m and
the side chains of four invariant residues (E796, E799, H800 and
H860) are coordinated to a metal ion, Mg21 (Fig. 3c, d and Sup-
plementary Fig. 8). The highly organized Mg21-mediated coordina-
tion precisely presents the 29 hydroxyl of the 39-terminal nucleotide
towards the Sd atom of AdoHcy (Fig. 3d), indicating that the 29-O-
methylation by HEN1 may be Mg21-dependent (Supplementary
Fig. 9). Treatment with increasing concentrations of EDTA that
chelates Mg21 in the reaction eventually eliminates HEN1 activity
(Supplementary Fig. 5d, f), suggesting that HEN1 is indeed a Mg21-
dependent small RNA methyltransferase. Mutation of any one or two
coordinated residues to alanines completely abolished HEN1 activity
(Supplementary Fig. 5b, c).

Previous biochemical studies3,11 defined the features of a small
RNA substrate that are strictly required for HEN1 activity: a length
of 19–25 nucleotides, a duplex with 2-nucleotide 39 overhang, and

free 29 and 39 hydroxyls on the 39 terminal nucleotide. The structure
of the HEN1–small RNA complex revealed that multiple domains
in HEN1 cooperate to bind small RNA substrates, which precisely
illuminates the RNA substrate specificity of HEN1 (Fig. 4). The
RNA substrate may be initially targeted by the N-terminal domain
dsRBD1 in HEN1, which allows HEN1 to only act on double-stranded
RNAs3. The recognition of an RNA duplex by a classical dsRBD spans
about 16 bp25. Thus, the small RNA duplexes produced in plant,
approximately 21–24 nucleotides long, are well targeted in the initial
recognition. The end-capping interaction by LCD is synergized by
dsRBD2, which, together with dsRBD1, forms a strong grip on the
duplex region of the small RNA substrate, and these interactions help
position the other duplex terminus towards the MTase domain. The
recognition of the 2-nucleotide 39 overhang by the MTase domain and
the coordination of both the 29 and 39 hydroxyls of the 39-terminal
nucleotide to Mg21 restrict the MTase domain within a limited range
where it can efficiently methylate the 29-hydroxyl on the 39-end nuc-
leotide. Overall, the preferred length of the small RNA substrates
recognized by HEN1 is determined by the distance between the active
site of the MTase domain and the 59-end-capping site in the LCD
(Fig. 4).

The mode by which HEN1 measures the length of the small RNA
substrate is similar to that of the RNase Dicer, a molecular ruler
cleaving the dsRNA substrate at a specified distance from the duplex
terminus recognized by the PAZ domain26, although the 39-end
recognition by HEN1 is different compared with that by the PAZ
domain27,28. Animal HEN1 homologues only act on single-stranded
small RNAs4,5,8, and their small RNA methyltransferase activities are
stimulated through interaction with Argonaute proteins4 (Y. Kirino,
personal communication). Thus, it is possible that animal HEN1
homologues adopt an alternative mode to recognize small RNA sub-
strates (Supplementary Fig. 10), but the mechanism of the Mg21-
dependent 29-O-methylation by the MTase domain is expected to be
conserved.
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METHODS SUMMARY

The cDNA of the full-length Arabidopsis HEN1 was cloned into the vector pET28

to result in an N-terminal 63 His tag and expressed in Escherichia coli BL21-

Gold(DE3). The protein was purified by affinity, ion exchange and gel filtration

chromatography and concentrated. HEN1 mutants were obtained with the

QuickChange site-directed mutagenesis kit (Stratagene) or a PCR-based method,

and verified by sequencing. RNA oligonucleotides used in the crystallization and

assays were ordered from Dharmacon or Integrated DNA Technologies and

purified by PAGE or HPLC. Small RNA duplexes were annealed before use.

Crystals of HEN1 in complex with the small RNA duplex and AdoHyc were

obtained by vapour diffusion with the reservoir solution of 15% PEG3350,

0.2 M sodium chloride, 0.01 M sodium bromide and 0.1 M phosphate-citrate,

pH 4.8. The 3.1 Å native data and the 3.4 Å MAD data were collected at beamlines

19BM and 23ID of Argonne National Laboratory, respectively (Supplementary

Table 1). The final model was refined on 3.1 Å native data to Rfree 28.8% and Rfactor

26.0% with good stereochemistry. Figures were prepared with Pymol (http://

www.pymol.org).

The in vitro small RNA methyltransferase assay was performed as previously

described29 with minor modifications. Briefly, 100ml methyltransferase reactions

were set up for annealed small RNA substrates and HEN1 mutants and monitored

by incorporation of the [14C]methyl group. To assay the Mg21-dependent

methyltransferase activity, Mg21 was omitted in all annealing buffer and reactions

except as indicated. Different amounts of Mg21 and EDTA were added into

individual reactions containing the HEN1 protein and were incubated at room

temperature for 15 min before adding small RNA substrates and [14C]-labelled

AdoMet. The in vitro RNA–protein crosslinking assay was carried out using iodo-

uridine-labelled small RNA substrates as described30.
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Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Protein expression and purification. DNA fragments corresponding to full-

length HEN1 were amplified from the cDNA and inserted into the pET28a vector

(Novagen) under NcoI and XhoI sites to result in an N-terminal His tag

(MGHHHHHH). A double point mutation L604P/K640R was introduced into

HEN1 during PCR amplification and L604P was reversed by site-directed

mutagenesis to result in the single mutant K640R. Because no differences in

methyltransferase activity were observed among the double mutant L604P/

K640R, the single mutant K640R and wild-type HEN1 (data not shown), if

not specifically indicated, the double mutant L604P/K640R and the single

mutant K640R were treated as wild-type HEN1 for protein purification and

crystallization in this study. Mutants W333A, E799A/H800A, H860A, R701A

and R856A were generated by a PCR-based overlap extension method. E796A,

H860Q, Y109A, H800Q as well as the correction of L604P were generated using

the QuikChange Lightning site-directed mutagenesis kit (Stratagene). The

N-terminal deletion mutant DN89 (90–942) was generated by PCR amplifica-

tion and subcloning. Primers for cloning and mutagenesis are listed in

Supplementary Table 2. The presence of the mutations was confirmed by

sequencing. The recombinant HEN1 proteins were expressed in E. coli BL21-

Gold(DE3) (Stratagene). After induction with 0.2 mM IPTG, the cells were

allowed to grow at 17 uC for 20 h. Collected cells were lysed by a C-3 cell disruptor

(Avestin) at 4 uC. Proteins were purified by affinity His-Trap column, ion-

exchange Q column, heparin column and size-exclusive column Superdex 200

(GE Healthcare). Further chromatography on a Mono-Q column (GE

Healthcare) was required to obtain high-quality proteins for crystallization.

Purified proteins were concentrated to 15 mg ml21 in a buffer containing

10 mM HEPES (pH 7.5), 50 mM KCl and 2 mM dithiothreitol (DTT), and flash

frozen in liquid nitrogen before storing at 280 uC. SeMet-labelled proteins were

produced by inhibiting endogenous methionine biosynthesis31 in M9 minimial

media supplemented with specific amino acids as well as SeMet, and purified as

for the native protein. All mutants were expressed and purified as described

above.

RNA preparations. Sequences of RNAs used in this study are listed in

Supplementary Table 3. All RNA oligonucleotides were synthesized from

Dharmacon or Integrated DNA Technologies and further purified with PAGE

or HPLC. The concentrations of the RNAs were measured by ultraviolet spec-

trometry at 260 nm; RNA duplexes used for crystallization and the cross-linking

assay were first annealed in a buffer of 30 mM HEPES-K, pH 7.5, 100 mM pot-

assium acetate, 2 mM magnesium acetate. RNA duplexes used for small RNA

methyltransferase assay were annealed in a buffer of 50 mM Tris-HCl, pH 7.6 and

100 mM KCl. Annealing was performed by heating the mixture for 5 min at 95 uC
and slowly cooling it to 37 uC followed by incubation for 2 h at 37 uC and 1 h at

24 uC in a thermal cycler. Annealing efficiency was examined by running the

anneal products on a 15% polyacrylamide native gel.

Crystallization and data collection. Both miR173/miR173* and miR173/

miR173*cm RNA duplexes were used to co-crystallize with HEN1 in the presence

of AdoHcy. Only miR173/miR173*cm gave out crystals with enough quality for

data collection. The ternary complex used for crystallization was prepared by

adding 20-fold excess of AdoHcy to HEN1 protein and incubating on ice for

0.5 h followed by the addition of twofold excess of RNA. The final concentration

of HEN1 in the complex is about 5 mg ml21. The initial screening was carried out

with commercial crystallization kits using Phoenix crystallization robot (Art

Robbins Instruments) and detected using Rock Imager 2 and Rock Maker

automated imaging system (Formulatrix). The preliminary hit was obtained at

condition number 36 of Wizard II Screen (Emerald Biosystems), 0.1 M

phosphate-citrate, pH 4.2, 10% PEG 3000 and 0.2 M NaCl. The crystals were

optimized using the hanging-drop vapour diffusion method at 20 uC and

Additive Screen (Hampton Research) was used during the optimization of initial

condition. Addition of NaBr (Additive Screen, No. 29) markedly improved the

quality of the crystals. Finally, the crystals were grown in the solution containing

0.1 M phosphate-citrate, pH 4.8, 15% PEG 3350 and 0.2 M NaCl and 0.01 M

NaBr. SeMet-labelled crystals were obtained under the same condition as for

the native crystals. Crystals were transferred into cryoprotectant solution with

20% glycerol and then flash-frozen in liquid nitrogen. Diffraction tests of collected

crystals were performed at 100 K using a Rigaku X-ray generator equipped with

R-AXIS IV11 detectors. A multi-wavelength anomalous dispersion (MAD) data

set to 3.4 Å was collected on a SeMet-labelled crystal at the Argonne National

Laboratory beamline 23ID-B. A native data set to 3.1 Å was collected at beamline

19BM, the Structural Biology Center at the Applied Photon Source. The diffrac-

tion data were processed and scaled with the HKL2000 package32. The data col-

lection and processing statistics are summarized in Supplementary Table 1.

Structure determination and refinement. Phase was determined by the mul-

tiple-wavelength anomalous dispersion method33 using 3.4 Å MAD data by

PHENIX package34. Out of a total of 26 sites, 18 selenium atoms were located

using the program HYSS in PHENIX34. Heavy atom refinement and MAD phas-

ing were carried out using programs SOLVE and RESOLVE in PHENIX34, and

the figure of merit after phasing improvement by program RESOLVE was

increased to 0.74 from initial 0.36. An initial model of HEN1 was manually built

with the programs O35 and Coot36 using the locations of SeMet positions as

guides. The model of the small RNA duplex was built based on the position of

the 59-phosphate that only exits in the miR173 strand. The initial model of the

complex was refined through alternating cycles using the program phenix.refine

in PHENIX. Non-crystallographic symmetry was used to restrain the core of two

domains in the asymmetric unit while more variation was allowed in the loop

regions. The final model was refined to the native data in the resolution range

20–3.1 Å using CNS version 1.2 (ref. 37) until the R/Rfree were 26.0/28.8 with

good stereochemistry. Ramachandran analysis showed that 87.2% of residues are

in most favoured regions, 12.8% of residues are in additional allowed regions,

and no residues in the generally allowed or disallowed regions. The final model

contains two double mutant L604P/K660R HEN1 molecules including residues

1–6, 213–215, 290–301, 411–454, 501–534, 542–551, 572–599, 839–850, 912–916

and 934–942 of chain A and residues 1–6, 292–303, 410–452, 501–519, 529–534,

540–546, 574–598, 840–851, 910–917 and 934–942 of chain D (Supplementary

Fig. 1), two miR173/miR173*cm duplexes, two AdoHcy, two Mg21, and 37

waters (Supplementary Table 1). Residue 535–541 of chain A and residue

535–539 of chain D are not certain owing to the poor electron density in the

middle of a long disordered region. The refined structure was validated using

PROCHECK38. Structural figures were prepared with PyMol (http://www.

pymol.org).

Small RNA methyltransferase assay. The in vitro small RNA methyltransferese

assay monitored by the incorporation of the [14C]-methyl group was performed

as previously described29 with minor modifications. A 100-ml methyltransferase

reaction was set up for the annealed small RNA substrate miR173/miR173* and

HEN1 mutants. The reaction mixture contained 50 mM Tris-HCl (pH 8.0),

100 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 2 mM DTT, 5% glycerol,

2 ml RNasin (40 U ml21; Promega), 0.5mCi S-adenosyl-L-[methyl-14C] methio-

nine (58.0 mCi mmol21; Amersham Pharmacia Biosciences), 5 mg purified

protein, and 1 nmol RNA substrate. After incubation at 37 uC for 2 h, the reac-

tion was stopped by adding 100-ml 23 proteinase K solution (100 mM Tris-HCl,

pH 8.0, 10 mM EDTA, 150 mM NaCl, 2% SDS, and 0.4 mg ml21 proteinase K)

followed by incubation at 65 uC for 15 min. The reaction was then extracted with

phenol/chloroform. To precipitate the small RNAs, 1 ml glycogen (5 mg ml21),

0.1 vol of 3 M NaOAc (pH 5.2), and 2.5 vol of ice-cold 100% ethanol were added

to the reaction. The mixture was stored at 280 uC for 2 h and centrifuged at 4 uC
for 30 min. The pellet was washed with 100 ml 70% cold ethanol. The RNAs in

the pellet were dissolved with 13 RNA loading buffer, heated at 95 uC for 5 min,

immediately put on ice, and loaded on to a 15% denaturing polyacrylamide gel

with 7 M urea. After electrophoresis, the gel was treated with an autoradiography

enhancer (En3hance from Perkin Elmer) following the manufacturer’s instruc-

tions and exposed to X-ray film at 280 uC. To assay the Mg21-dependent

methyltransferase activity, Mg21 was omitted in all annealing buffer and reac-

tions except as indicated. Different amounts of Mg21 and EDTA were added into

individual reactions containing the HEN1 protein and were incubated at room

temperature for 15 min before adding small RNA substrates and [14C]-labelled

AdoMet.

The in vitro RNA–protein photochemical crosslinking assay. Small RNA

miR173 with a 5-iodouracil (5IU) substitute at U1 or U21 (mutated from

A21) (Supplementary Table 3) was 59-end labelled using c-32P-ATP (NEN),

and annealed with miR173*cm or used as a single-stranded substrate. The

photochemical crosslinking assay was performed as described30. Typically,

20-ml reactions containing 0.2mM RNA and 2 mM HEN1 or mutants were placed

in a 1.5-ml microtube and incubated for 20 min on ice. Exposure to the ultra-

violet light source (Spectroline, lmax 5 312, 330mW cm22) was at a distance of

,2.5 cm, filtered through a polystyrene Petri dish for 10 min. Crosslinking

products added with 23 loading buffer were separated on 12% SDS-polyacry-

lamide gels, which were exposed to Storage Phosphor Screen (GE Healthcare)

and visualized using a Storm PhosphorImager (GE Healthcare).
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