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ABSTRACT: HYL1 is a double-strandedRNAbinding protein
involved in microRNA processing in plants. HYL1 enhances
the efficiency and precision of the RNase III protein DCL1
and participates in microRNA strand selection. In this work,
we dissect the contributions of the domains of HYL1 to the
binding ofRNA targets.We found that the first domain is the
main contributor to RNA binding. Mapping of the interac-
tion regions by nuclear magnetic resonance on the structure
of HYL1 RNA-binding domains showed that the difference
in binding capabilities can be traced to sequence divergence in
β2-β3 loop. The possible role of each domain is discussed in
light of previous experimental data.

Short noncoding RNA molecules have emerged as a major
mechanism of gene regulation in higher eukaryotes.MicroRNAs
(miRNAs), key members of the family of small noncoding RNA
regulators, consist of 21 nucleotide (nt) molecules processed from
endogenous transcripts. The mature miRNA functions within an
effector RNA-induced silencing complex (RISC), in which its
role is to recognize target mRNAs through base pair comple-
mentarity. The degree of complementarity determines whether
translation is inhibited or the target mRNA is broken down (1).

The biogenesis of miRNAs is a complex process with several
apparent differences between the mechanisms in plants and
animals (2, 3). miRNA precursors (pri-miRNAs) are transcribed
in the nucleus by RNA polymerase II. The actual miRNAs are
located within stem-loop structures in the pri-miRNA and are
released through the action of RNase III-type enzymes. In plants,
DICER-LIKE1 (DCL1) excises thematuremiRNA in a stepwise
manner aided by the dsRNA-binding proteinHYL1 and the zinc-
finger protein SERRATE (4-6). Finally, HEN1, a methyl trans-
ferase, methylates the 20-hydroxyl group of the 30 end of the
miRNA released, which is then incorporated into AGO com-
plexes (7, 8).

A number of studies suggest that HYL1 is a main player in
miRNA biogenesis in plants. Although not lethal, hyl1 null
mutations severely impair miRNA maturation and lead to an
accumulation of pri-miRNA (9). HYL1 was shown to interact
directly withDCL1 in vitro, and both proteins colocalize to small

nuclear bodies in live cells (4, 5). Even though DCL1 is itself
capable of processing pri-miRNA to give ≈21 nt products, the
cleavage is not specific. Precise excision of the miRNA from the
precursor is achieved only in the presence of both HYL1 and
SERRATE (6, 10). More recently, HYL1 was shown to partici-
pate inmiRNA strand selection (11). Sequence analysis of HYL1
shows that the protein contains two double-stranded RNA
binding domains (dsRBDs) separated by a short linker. Several
other accessory proteins involved in small RNA metabolism
also feature dsRBDs in the absence of a catalytic motif [e.g.,
DGCR8 (12), PACT, TRPB (13), and RDE-4 (14)]. dsRBDs
selectively bind dsRNA in a sequence-independentmanner that is
believed to be driven by recognition of the three-dimensional
(3D) structure of their cognate RNAs (15, 16). This behavior fits
nicely with the involvement of dsRBDs in the recognition of
miRNA precursors: pre-miRNAs do not share sequence simi-
larity but do display a common stem-loop structure. Todate, the
molecular mechanism of HYL1 function has remained elusive.
This work attempts to unveil the structural features of the
dsRNA-binding domains of HYL1 and their interactions with
miRNA precursors and processing intermediates.

We first produced three constructs of HYL1, one for each
dsRBD (residues 1-100 and 97-167, termedHYL1-1 andHYL1-
2, respectively) and one spanning both dsRBD domains (residues
1-167, termedHYL1-12). TheHYL1-12 construct has previously
been shown to be sufficient to rescue hyl1mutants in vivo (17). Size
exclusion chromatography and solution nuclear magnetic reso-
nance (NMR) studies indicated that the individual dsRBDs
and the double-domain construct are monomeric. Both isolated
dsRBDs yieldedwell-dispersed, 15NHSQC spectra. The spectra of
the individual dsRBDs combine to almost exactly reproduce
the spectrum of the double-domain construct (Figure 1 of the
Supporting Information), indicating that the dsRBDs in HYL1
behave as independently folding units and that no interdomain
interactions exist in the full-length protein. Assignment of back-
bone resonances for each of the single-domain constructs was
determined from a series of triple-resonance NMR experi-
ments (18). The backbone structure of each dsRBD was deter-
mined with CS-Rosetta using a total of four residual dipolar
coupling constraints per residue and the chemical shifts of back-
bone atoms (19, 20). The overall fold of both domains (Figure 1)
showed the canonical RβββR topology characteristic of dsRBDs.

To investigate the RNA binding capabilities of HYL1, we
performed gel retardation experiments using the three HYL1
constructs described and the minimal functional regions of
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miR319 andmiR172 precursors (Figure 2 and Figures 2-4 of the
Supporting Information) (21, 22).We observed that each isolated
domain can interact with precursor miRNAs, though HYL1-1
interacts more strongly (KD=740 nM) than HYL1-2 (KD>10
μM). The double-domain construct shows an affinity similar to
that of the first domain. These results suggest that HYL1-1 is the
dominant RNAbinding domain inHYL1 and that HYL1-2may
contribute to a lesser extent.

To identify the regions involved in RNA binding, we char-
acterized the interaction between HYL1 and RNA by solution
NMR spectroscopy. We recently demonstrated that Arabidopsis
thaliana miR319a is processed from loop to base, in contrast to
miRNA processing in animals. DCL1 performs four sequential
dicing events to release the miRNA-miRNA* duplex. The last
dicing step involves a processing intermediate that contains the
miRNA-miRNA* section and the base of the precursor (Figure
2 of the Supporting Information) (21). Processing of this inter-
mediate requires HYL1. It has also been shown that HYL1
participates in miRNA strand selection (12). These data suggest
the miRNA-miRNA* duplex is the smallest physiologically
relevant binding partner for HYL1. We therefore analyzed the

interaction of HYL1 with an RNA duplex encompassing the
miRNA-miRNA* region fromA. thalinanamiR319 (Figure 2 of
the Supporting Information). Both domains display changes in
the 1H-15N HSQC spectrum upon addition of the miR-
NA-miRNA* duplex. In HYL1-1, a subset of signals of the
free protein disappear, with the concomitant detection of a new
set of signals. This observation indicates the formation of a
protein-RNAcomplex that exists in slow exchange on theNMR
time scale. In contrast, in HYL1-2 the intensity of several signals
decreases without any major change in chemical shift, suggesting
the formation of a weaker complex in the intermediate exchange
regime. These data imply that HYL1-1 binds target RNA with a
higher affinity than HYL1-2 and are in agreement with the gel
retardation experiments. The perturbations induced upon RNA
binding in each dsRBD are mirrored in the double-domain
construct, indicating that both domains are functionally inde-
pendent in the context of the full-length HYL1 protein in both
free and RNA-bound forms (Figure 2B).

Residues of the first dsRBD of HYL1 that interact with RNA
were identified by observing which NMR signals were perturbed
upon addition of RNA (Figures 2B and 3 and Figures 5 and 6 of
the Supporting Information). The regions identified in HYL1-1
are coincident with the RNA binding motifs conserved in
canonical dsRBDs: residues in the N-terminal part of helix 1,
the β1-β2 loop, the β3-R2 loop, and the β1-β2 loop are the
most affected.

For the second dsRBD of HYL1, NMR spectra do not show
significant changes following the addition of RNA (Figure 2B).
Nevertheless, resonances from nuclei in theN-termini of helices 1
and 2 are substantially broadened, suggesting weak binding of
RNA in the intermediate exchange regime (Figures 5 and 6 of the
Supporting Information). It is noteworthy that in this domain the
β1-β2 loop, which is one of the main determinants of RNA
binding in dsRBDs, does not seem to be affected by the binding
of the RNA.

A. thaliana has four other proteins, termed DRB2-DRB5,
that share the same domain architecture as HYL1. The amino
acid sequence of the β1-β2 loop is conserved between dsRBD1
of HYL1 and all the dsRBDs of the DRB2-DRB5 proteins
(Figure 7 of the Supporting Information). However, there is little
conservation with the corresponding β1-β2 loop sequence
in dsRBD2 of HYL1. In contrast, this region of HYL1-2 is
well-conserved among HYL1 homologues of different plants
(Figure 7 of the Supporting Information).

There are several potential reasons that could explain the
disparity between the binding affinities determined for the two
dsRBDs of HYL1. The presence of two or more dsRBDs is

FIGURE 1: Solution structure ensembles of the dsRBDs of HYL1. The
10 lowest-energy conformers of HYL1-1 (A, residues 19-89) and
HYL1-2 (B, residues 104-173) domains are shown (BioMagResBank
entries 17143 and 17141 and Protein Data Bank entries 2l2n and 2l2m,
respectively). They superimpose with an average backbone pairwise
root-mean-square deviation of 1.51 ( 0.36 Å for HYL1-1 and 1.27 (
0.25 Å for HYL1-2. The structures are displayed with a color gradient
from the N-terminus (blue) to the C-terminus (red).

FIGURE 2: (A) Interaction of pre-miR319 with the three HYL1
constructs measured by electrophoretic mobility shifts. Protein con-
centrations from left to right were 0, 0.088, 0.28, 0.88, 2.8, 8.8, and
28 μM, respectively. (B) NMR mapping of the interaction of the
miR319-miR319* construct with HYL1-12. The secondary shifts
were calculated as [(Δδ15N/6)2 þ (Δδ1H)2]1/2. The secondary struc-
ture elements in the domains are shown schematically above panel B.

FIGURE 3: NMR mapping data represented on the structure of
HYL1-1. Residues with secondary shifts of >0.15 are colored red
and those with secondary shifts of >0.1 pink. Residues colored blue
show no signal in the HSQC spectrum.
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commonplace in RNA binding proteins and has been shown to
lead to an enhancement in the affinity for dsRNA through
cooperative interactions. In PKR, an interferon-induced human
protein kinase that contains two tandem dsRBDs, the affinity
of the double domain is 1 order of magnitude higher than
the affinity of the first dsRBD, which is in turn 1 order of
magnitude higher than the affinity of the second dsRBD (23).
Therefore, the function ofHYL1-2may be to increase the affinity
of the whole protein for the target RNA. Domain 2 could also
participate in protein-protein interactions necessary for the
recruitment of miRNA processing enzymes. Certain dsRBDs
have partially lost their dsRNA binding activity and function
instead as sites for protein dimerization or kinase activation, e.g.,
the second motif of PKR or the third motif of PACT (24-26). In
fact, HYL1-2 was recently shown to interact specifically with the
DUF283 domain of its partner protein, DCL1 (27). In light of the
interaction mapping and the sequence alignment data shown
here, it is tempting to speculate that the sequence differences in
the β1-β2 loop of dsRBD2 of HYL1 enable this domain to
perform a more specialized role, potentially involving protein-
protein rather than protein-RNA interactions.

While this work was under review, a paper describing a
structural and functional analysis of the dsRBDs of HYL1 was
published (28). The crystal structures of the free dsRBDs
reported by Yang et al. superimpose very well with the NMR
structures we report here (heavy backbone atom root-mean-
square deviations of 1.18 and 1.21 Å for HYL1-1 and HYL1-2,
respectively). Furthermore, the first dsRBD was also reported to
be the major RNA binding site in HYL1, and the RNA binding
surface identified in the reported crystal structure corresponds
well to what we observed in solution. Interestingly, Yang et al.
report that dimerization of the second dsRBD could be impor-
tant for the function of HYL1. In our hands, this noncanonical
dsRBD behaves exclusively as a monomer in solution, which
suggests that HYL1-2 is more likely to be involved in the
recognition of other proteins involved inmiRNA biogenesis (27).

In summary, we have shown that the two dsRBDs of HYL1
contribute differently to RNA binding. We have mapped the
regions of HYL1 that interact with RNA and determined the
backbone structure of the two dsRBDs of the protein. We have
ascertained that sequence divergence in the β1-β2 loop of
dsRBD2 has a role in the differential contribution of each
domain to RNA binding. These findings will guide further
research that aims to establish the molecular function of HYL1
in plant miRNA biogenesis.
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