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SUMMARY

RNaseIII ribonucleases act at the heart of RNA
silencing pathways by processing precursor RNAs
into mature microRNAs and siRNAs. In the ﬁssion
yeast Schizosaccharomyces pombe, siRNAs are
generated by the RNaseIII enzyme Dcr1 and are
required for heterochromatin formation at centromeres. In this study, we have analyzed the subcellular localization of Dcr1 and found that it accumulates in the nucleus and is enriched at the nuclear
periphery. Nuclear accumulation of Dcr1 depends
on a short motif that impedes nuclear export
promoted by the double-stranded RNA binding
domain of Dcr1. Absence of this motif renders Dcr1
mainly cytoplasmic and is accompanied by remarkable changes in gene expression and failure to
assemble heterochromatin. Our ﬁndings suggest
that Dicer proteins are shuttling proteins and that
the steady-state subcellular levels can be shifted
toward either compartment.
INTRODUCTION
In eukaryotes, small RNAs (sRNAs) function in RNA interference
(RNAi) and related RNA silencing mechanisms to regulate gene
expression and development, to combat viruses and mobile
genetic elements, and to maintain genomic integrity (Baulcombe, 2004; Grishok et al., 2001; Huisinga and Elgin, 2009;
Mochizuki et al., 2002). At least three classes of sRNAs have
been identiﬁed so far: short interfering RNAs (siRNAs), microRNAs (miRNAs), and PIWI-interacting RNAs (piRNAs; Siomi
and Siomi, 2009). These sRNAs associate with members of the
Argonaute family of proteins, which function as the core components of a diverse set of protein-RNA complexes called RNAinduced silencing complexes (RISCs; Carmell et al., 2002; Hutvagner and Simard, 2008; Pratt and Macrae, 2009). The sRNAs
guide RISCs to homologous sequences by base-pairing interactions, which commonly results in inactivation of the target
sequence by various mechanisms.
Whereas sRNAs usually function posttranscriptionally, they
have also been implicated in chromatin-dependent gene
silencing mechanisms (CDGS; Moazed, 2009). The role of

sRNAs in CDGS has been well studied in the ﬁssion yeast Schizosaccharomyces pombe (S. pombe), which contains single
genes encoding the RNAi proteins Argonaute, Dicer, and RNAdependent RNA polymerase (ago1+, dcr1+, and rdp1+, respectively). Deletion of any of these genes results in loss of heterochromatic gene silencing, markedly reduced levels of H3K9
methylation (H3K9me) at centromeric repeat regions, and chromosome segregation defects (Provost et al., 2002b; Volpe et al.,
2002). S. pombe expresses endogenous siRNAs, most of which
correspond to heterochromatic regions and are found in an
Argonaute-containing complex, called the RNA-induced transcriptional silencing complex (RITS) (Reinhart and Bartel, 2002;
Verdel et al., 2004). Importantly, both RITS and the Rdp1-containing complex RDRC are physically linked to heterochromatin,
and their interaction as well as siRNA generation depends on the
histone H3K9 methyltransferase Clr4 (Cam et al., 2005; Motamedi et al., 2004; Sugiyama et al., 2005; Volpe et al., 2002).
These and other observations led to a model in which the association of the RITS complex with chromatin involves base-pairing
between siRNAs and chromatin-associated long noncoding
RNAs. The associated RITS complex would then recruit the
histone methyltransferase Clr4 to methylate H3K9. Subsequently, RITS association with chromatin is further stabilized
by binding of its subunit Chp1 to H3K9me and results in high
levels of H3K9me and spreading of heterochromatin (Buhler
et al., 2006; Djupedal et al., 2005; Kato et al., 2005; Motamedi
et al., 2004; Noma et al., 2004; Schalch et al., 2009).
The biogenesis of siRNAs in S. pombe involves endonucleolytic processing of double-stranded RNA (dsRNA) precursors
by Dcr1. This enzyme belongs to the RNaseIII family of enzymes,
which also includes the miRNA-processing enzyme Drosha
(Jinek and Doudna, 2009). RNaseIII orthologs have been divided
into two classes: class I, which comprises enzymes that contain
a single catalytic RNaseIII and a dsRNA-binding domain (dsRBD)
and which function as homodimers, and class II, which encompasses enzymes bearing two catalytic RNaseIII domains active
as monomers (Jaskiewicz and Filipowicz, 2008; Macrae et al.,
2006; Zhang et al., 2004). The simplest RNaseIII enzymes are
found in prokaryotes and fungi and belong to class I. Drosha
and Dicer RNAi proteins belong to class II and are important
for the generation of miRNAs and siRNAs in animals (Bernstein
et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001; Lee
et al., 2003). Both Dicer and Drosha proteins contain two tandemly arranged RNaseIII domains followed, in most cases, by
a single dsRBD in the carboxyl terminus. In addition to these
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domains, Dicer enzymes usually have an amino-terminal helicase domain, followed by a small domain of unknown function
(DUF283) and a Piwi Argonaute Zwilli (PAZ) domain (Jinek and
Doudna, 2009). However, this domain architecture and the
requirement of individual domains for sRNA biosynthesis can
differ among Dicers from different species (Jaskiewicz and Filipowicz, 2008).
Furthermore, the subcellular localization and function of
Dicers can vary from organism to organism. In plants, GFPfusions of DCL1, DCL3, and DCL4 localize to the nucleus,
consistent with the nuclear role of these Dicer proteins (Hiraguri
et al., 2005; Xie et al., 2004). On the other hand, human Dicer has
been localized in the cytoplasm, where it processes pre-miRNAs
into mature miRNAs and exogenous dsRNAs into siRNAs (Billy
et al., 2001; Provost et al., 2002a). The subcellular localization
of S. pombe Dcr1, whose function is clearly nuclear, has been
ambiguous. It has been reported to localize almost exclusively
to the cytoplasm (Carmichael et al., 2006; Matsuyama et al.,
2006), and attempts to crosslink it to heterochromatin have not
been successful (Volpe et al., 2002). On the other hand, experimental evidence has indicated that Dcr1 is a component of
a self-reinforcing loop driving heterochromatin assembly in cis
at centromeric repeats, which would favor nuclear localization
of Dcr1 (Buhler and Moazed, 2007; Cam et al., 2009; Sugiyama
et al., 2005).
In this study, we show that Dcr1 localizes in perinuclear foci
which are associated with nuclear pores. We ﬁnd that Dcr1
has the ability to shuttle between the nucleus and the cytoplasm,
and we demonstrate that restriction of S. pombe Dcr1 to the
nucleus is obligatory for the assembly of heterochromatin at
centromeric repeats. Nuclear retention of Dcr1 is mediated by
a 33 amino acid motif which also functions to prevent promiscuous activity of Dcr1.

RESULTS
S. pombe Dcr1 Localizes Mainly Perinuclearly
Dcr1 is essential for the biogenesis of endogenous siRNAs and
the assembly of heterochromatin at centromeric repeats in
S. pombe (Volpe et al., 2002). Conﬂicting data exist about
subcellular localization, despite its nuclear function. Therefore,
we set out to perform live-cell imaging in order to localize Dcr1
in time and space.
We generated strains expressing Dcr1 fused to GFP under the
control of its own or three different versions of the thiaminecontrollable nmt1 (3x, 41x, 81x) promoter. The 3x, 41x, and
81x nmt1 promoters are strong, intermediate, and weak, respectively, and they are all repressed when cells are grown in the
S. pombe medium YES (Forsburg, 1993). Although not detectable when driven by Dcr1’s own or the nmt1(81x) promoter,
weak GFP-Dcr1 signals were obtained by using the nmt1(41x)
promoter under repressive conditions (Figure 1A). These signals
were mainly detected at the nuclear periphery (Figure 1A). Expressing GFP-Dcr1 from the stronger nmt1(3x) promoter (see
Figure S1 available online) did not result in any changes in this
localization pattern when the cells were grown under repressive
conditions (Figure 1A). For easier detection, subsequent experiments were therefore performed with strains driving GFP-Dcr1

expression by the nmt1(3x) promoter, repressed by thiamine
present in YES.
An inherent risk of live-cell imaging is a possible protein mislocalization caused by the ﬂuorescent tag or overexpression of
the fusion protein. For Dcr1, the GFP tag is unlikely to affect
localization, as the same localization pattern was observed
when using other ﬂuorescent proteins (Figure 3D and data not
shown). In addition, all our GFP fusion proteins were fully
functional for heterochromatic gene silencing as assessed by
5-Fluoroorotic Acid (5-FOA) silencing assays and quantitative
real-time RT-PCR (qRT-PCR) (Figures 1B and 1C). Importantly,
we observed that massive overexpression of Dcr1 results in
mainly cytoplasmic localization (Figure S1C). In contrast, mainly
nuclear localization was observed if the GFP-Dcr1 fusion
proteins were expressed at modestly higher levels than endogenous promoter-driven Dcr1-GFP (Figure 1A and Figure S1). From
these results, we conclude that the S. pombe Dcr1 protein is
mainly localized at the nuclear periphery.
Dcr1 Is Associated with Nuclear Pores
Intriguingly, we found GFP-Dcr1 to be enriched in perinuclear
foci throughout the cell cycle (Figure 1A). Since Dcr1 is thought
to act in cis to assemble heterochromatin, we speculated that
the perinuclear foci represent Dcr1 localized at heterochromatic
loci. However, this seems unlikely because we always observed
more Dcr1 than Swi6 foci (Figure 2A). Importantly, Dcr1 foci did
not colocalize with Cnp1, which is consistent with previous
observations that Dcr1 cannot be crosslinked to centromeres
(Volpe et al., 2002; M.B., unpublished data) (Figure 2B). In addition, Dcr1 localization was affected neither by clr4 nor swi6
deletion (Figure 2C), further indicating that Dcr1 localization is
not dependent on heterochromatin. Finally, deleting genes
involved in the S. pombe RNAi pathway, such as Ago1 or
Rdp1, did not affect Dcr1 localization (Figure 2C). Together,
these results show that Dcr1 localizes to the nuclear periphery
irrespective of a functional RNAi or heterochromatin assembly
pathway.
The punctuate rim-like staining around the nucleus observed
for GFP-Dcr1 is reminiscent of the localization pattern of nuclear
pore complexes (NPCs) (Bai et al., 2004). To test a possible
association of Dcr1 with NPCs, we deleted the gene nup120+
in strains expressing GFP-Dcr1. Nup120 is part of the scaffold
‘‘Y complex,’’ and its absence leads to a NPC clustering phenotype in S. pombe (Figure 3A; Bai et al., 2004). We observed
a clear Dcr1 clustering phenotype in nup120D cells, demonstrating that Dcr1 is associated with NPCs (Figure 3B). To
assess whether Dcr1 localizes on the nuclear or cytoplasmic
side of the nuclear membrane, we compared localization of
the nuclear membrane marker Cut11 (West et al., 1998) and
Dcr1 tagged with mCherry and GFP, respectively. This analysis
revealed that Dcr1 localized more proximal to the nucleoplasm
than Cut11 (Figure 3C and data not shown). The same was
observed when we compared localization of Dcr1 with the
NPC component Nup107 (Figures 3A and 3D; Chen et al.,
2004b). This result was not a consequence of the different
diffraction patterns of GFP and mCherry, because exchanging
the two ﬂuorescent tags did not change the localization pattern
(Figure 3D). Thus, Dcr1 is a bona ﬁde nuclear protein that associates with NPCs.
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Figure 1. Dcr1 Localizes at the Nuclear Periphery
(A) Microscopy of living S. pombe cells expressing C-terminally GFP-tagged Dcr1 driven from the endogenous promoter (i) and N-terminally tagged GFP-Dcr1,
driven from (ii) nmt1-81x, (iii) nmt1-41x, or (iiii) nmt1-3x promoters, grown under repressive conditions (i.e., in YES medium) at 30 C. For comparison of different
expression levels, see western blot analysis shown in Figure S1A. Scale bars = 2 mm.
(B) Silencing assay showing that GFP-tagged Dcr1 versions shown in (A) are fully functional for heterochromatic silencing of a centromeric ura4+ reporter
(imr1R::ura4+).
(C) Quantitative real-time RT-PCR showing that centromeric repeat regions are efﬁciently silenced in the GFP-Dcr1-expressing cells. Cells were grown under the
same conditions as in (A). cendg and cendh RNA levels are shown relative to dcr1+ cells and were normalized relative to act1+ RNA. Error bars represent standard
deviations (STDEV). See also Figure S1.

The C Terminus of Dcr1 Mediates Nuclear Localization
and Is Required for Heterochromatin Assembly
Fission yeast Dcr1 contains an N-terminal helicase/ATPase
domain, followed by a DUF283, two RNaseIII domains, and
a long C-terminal domain that bears a divergent dsRBD (Figure 4A; Colmenares et al., 2007). Importantly, the helicase,
RNaseIII, and C-terminal domains are all critical for centromeric
silencing and RNAi in vivo, whereas the C terminus is not
required for dsRNA processing in vitro (Colmenares et al.,
2007). This ﬁnding, together with the fact that nuclear localization
of Dcr1 is RNAi- and heterochromatin independent, led us to
speculate that speciﬁc regions of Dcr1 mediated subcellular
localization and that proper localization would be necessary for
centromeric siRNA generation in vivo.
One part of Dcr1 that is required for silencing in vivo but is not
essential for dsRNA processing in vitro is its 103 amino acid long
C terminus (C103; Colmenares et al., 2007). This C terminus

contains the enzyme’s dsRBD and a 33 amino acid extension
(C33, Figure 4A and Figure S2). To test the possibility that
C103 mediates subcellular localization of Dcr1, we generated
a strain expressing GFP-tagged Dcr1 lacking C103 (GFPDcr1DC103). In contrast to full-length GFP-Dcr1, GFPDcr1DC103 localization was mainly cytoplasmic (Figures 4B
and 7C). To determine the contribution of C33, we repeated
this analysis on GFP-tagged Dcr1 lacking C33. Importantly,
deletion of C33 resulted in the same if not even stronger loss
of nuclear localization phenotype as observed for the C103 deletion without affecting protein stability (GFP-Dcr1DC33) (Figures
4B, 6B, and 6E; Figure S2). Loss of heterochromatic gene
silencing has been previously demonstrated for Dcr1DC103
(Colmenares et al., 2007). Similarly, silencing of centromeric
heterochromatin and the generation of centromeric siRNAs
were abolished in cells expressing Dcr1DC33 (Figures 4C–4F
and 5D–5H). The observed loss of silencing was due to a failure
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Figure 2. Dcr1 Foci Form Independently of RNAi and Heterochromatin
(A) Two-color live-cell imaging of GFP-Dcr1 with Swi6-tdTomato.
(B) Two-color live-cell imaging of GFP-Dcr1 with Cnp1-mCherry (Cnp1 is
a centromere-speciﬁc histone variant).
(C) Live-cell imaging of GFP-Dcr1 in mutant backgrounds as indicated. Scale
bars = 2 mm.

in assembly of heterochromatin at centromeric repeats because
H3K9 methylation was also affected in dcr1DC33 cells
(Figure 4D). Thus, we have identiﬁed a short C-terminal motif
(C33), which mediates nuclear localization of Dcr1 and is
required for the assembly of heterochromatin at centromeric
repeats.
Gene Expression Proﬁles Change in the Absence
of Nuclear Dcr1
Interestingly, we observed that cells expressing Dcr1DC33 grew
more slowly, are less viable than wild-type (Figure 4C; Figures
S2D and S2E), and show morphological abnormalities (data
not shown). Importantly, these phenotypes could not be
observed in dcr1D cells, suggesting that deletion of C33 created
a gain-of-function allele. To test this, we hybridized total RNA
from wild-type, dcr1D, and dcr1DC33 cells to S. pombe tiling
arrays. Consistent with previous studies (Hansen et al., 2005;
Provost et al., 2002b), we observed that RNA levels, except for

Figure 3. Dcr1 Localizes in NPC-Associated Foci at the Inner Side
of the Nuclear Envelope
(A) Cartoon showing the modular assembly of the NPC (adapted from
Brohawn et al. [2009]). The positions of nucleoporins shown in (C) and (D)
are indicated. Nup107 and Nup120 are part of the scaffold ‘‘Y complex’’ (light
blue). Cut11 is an integral nuclear membrane nucleoporin (West et al., 1998).
Gray, FG-Nups; green, membrane attachment; red, nuclear basket; orange,
nuclear membrane.
(B) GFP-Dcr1 foci cluster in nup120D cells. Nup120 is required for normal
distribution of NPCs, which have been shown to cluster in nup120D cells
(Bai et al., 2004).
(C) Two-color live-cell imaging of GFP-Dcr1 with Cut11-mCherry.
(D) Two-color live-cell imaging of GFP-Dcr1 with Nup107-mCherry (upper
panels) or mCherry-Dcr1 with Nup107-GFP (lower panels). Scale bars = 2 mm.

centromeric repeat transcripts, were not much different from
wild-type in dcr1D cells. In contrast, many more genes were
differentially expressed in dcr1DC33 than in dcr1D cells when
compared to wild-type (Figures 5A and 5B).
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The observation that dcr1DC33 and dcr1D gene expression
proﬁles differ (Figures 5A–5C and 7E) is consistent with the
idea that dcr1DC33 is a gain-of-function allele and may be
responsible for the slow growth of this mutant. It is possible
that this is a consequence of localizing Dcr1 to the cytoplasm,
where it might promiscuously process a variety of RNA
substrates. If this were the case, one would expect to identify
siRNAs speciﬁc to dcr1DC33 cells. Therefore, we generated
small RNA libraries from total RNA isolations of wild-type,
dcr1D, and dcr1DC33 cells and subjected them to highthroughput sequencing. As expected from the northern blot
shown in Figure 4F, only very few reads from either dcr1D or
dcr1DC33 cells mapped to centromeric repeats (Figures 5D
and 5E). Interestingly, almost no reads could be found which
were speciﬁc to dcr1DC33 cells, and the small RNA proﬁles for
dcr1D and dcr1DC33 appeared very similar (Figures 5D and
5F–5H), suggesting that Dcr1DC33 can affect gene expression
independently of its dsRNA processing activity. This was
conﬁrmed by our ﬁnding that the dcr1DC33-speciﬁc gene
expression proﬁle did not revert to a dcr1D proﬁle upon inactivation of the RNaseIII active sites (dcr1DC33**) (Figure 5C; Colmenares et al., 2007). Thus, we conclude that Dcr1 can inﬂuence
gene expression independently of its catalytic activity.
Dcr1DC33 Is a Shuttling Protein
Relocation of C-terminally truncated Dcr1 (GFP-Dcr1DC33) from
the nucleus to the cytoplasm led us to hypothesize that C33
could act as a nuclear localization signal (NLS). To directly test
this, we fused C33 to a GFP-LacZ reporter construct, which
had previously been shown to localize throughout the cell
(Dang and Levin, 2000). In contrast to the SV40 NLS, S. pombe
C33 did not lead to an enhanced nuclear localization of the
GFP-LacZ reporter (Figure 6A). Therefore, C33 is not sufﬁcient
for nuclear localization, and, hence, is unlikely to be an NLS.
Surprisingly, although the SV40 NLS was sufﬁcient for nuclear
accumulation of a GFP-LacZ reporter (Figure 6A), this sequence,
added either C- or N-terminally, was not able to restore nuclear
localization of GFP-Dcr1DC33 (Figures 6B and 6E and data not
shown). Moreover, consistent with our observations above that
note the importance of nuclear Dcr1 localization for silencing,
the addition of a C-terminal NLS to Dcr1DC33 was unable to
restore silencing when expressed from Dcr1’s endogenous
promoter (Figure 6C). However, strong overexpression of
Dcr1DC33 fully rescued loss of silencing of a centromeric
ura4+ reporter (Figure S2B). Furthermore, we observed partial
rescue of heterochromatic gene silencing upon mild overexpression of Dcr1DC33, which was further improved by adding an

Figure 4. The 33 Most C-Terminal Amino Acids Restrict Dcr1 to the
Nucleus and Are Essential for H3K9 Methylation and Silencing
(A) Domain architecture of S. pombe Dcr1 (not drawn to scale). C33 and C103
indicate the last 33 and 103 amino acids of Dcr1, respectively.
(B) Live-cell imaging of full-length and C-terminal truncations of GFP-Dcr1.
Scale bars = 2 mm.
(C) Silencing assay with Dcr1DC33 expressed from its endogenous promoter
showing that the truncated protein cannot silence a heterochromatic ura4+
reporter gene (imr1R::ura4+).
(D) ChIP experiment showing that the C33-truncated version of Dcr1 expressed from its endogenous promoter loses H3K9me2 of a heterochromatic

ura4+ transgene (imr1R::ura4+). Fold-enrichment values from one representative experiment, normalized to act1+, are shown. The value for clr4D cells was
set to 1.
(E) Quantitative real-time RT-PCR with the same strains as in (D) showing that
the C33-truncated version of Dcr1 cannot silence cendh centromeric repeats.
The value for wild-type cells (dcr1+) was set to 1. (D and E) Error bars represent
standard deviations (STDEV).
(F) Northern blot analysis performed with total RNA preparations enriched for
RNAs <200 nt from the same strains as in (D). The membrane was probed with
50 end-labeled DNA oligos speciﬁc for centromeric siRNAs, and the loading
control snoR69. See also Figure S2.
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Figure 5. Gene Expression- and siRNA-Proﬁles in Different Dcr1 Mutants
(A) Venn diagrams showing the number of genes upregulated at least 1.5-fold in dcr1D or dcr1DC33 cells compared to wild-type (p = 0.05) on S. pombe tiling
arrays.
(B) Venn diagrams showing the number of genes downregulated at least 1.5-fold in dcr1D or dcr1DC33 cells compared to wild-type (p = 0.05) on S. pombe tiling
arrays. (A and B) Six biological replicates were analyzed.
(C) Heatmap displaying the genes which were up- or downregulated at least 2-fold (p = 0.05) in dcr1DC33 cells compared to wild-type on S. pombe tiling arrays.
Artiﬁcially scaled expression values are shown for the strains indicated (1.5 is set for the gene with the lowest expression, and +1.5 is set for the gene with the
highest expression). Two or more biological replicates were performed.
(D) Classiﬁcation of the sequence reads obtained from deep-sequencing of small RNA libraries derived from wild-type, dcr1D, and dcr1DC33 cells. The numbers
indicate the weighted number of sequenced reads for every class.
(E) Sequence reads mapping to the centromere of chromosome 3 displayed on a genome browser (Affymetrix) for wild-type, dcr1DC33, and dcr1D cells. The
y axis displays the log(2) of the weighted number of reads. Asterisks indicate tRNA genes.
(F–H) Pie chart illustrating percentages for the individual small RNA classes relative to the total amount of small RNAs sequenced for each condition.

SV40 NLS (Figure 6D). These results strongly suggested that the
SV40 NLS did promote nuclear import of Dcr1DC33, although it
never accumulated to high levels in the nucleus due to faster
export kinetics. To directly test this, we performed ﬂuorescence
loss in photobleaching (FLIP) experiments, where we bleached

the cytoplasm of cells expressing GFP-Dcr1DC33 or NLSGFP-Dcr1DC33 while measuring ﬂuorescence in the nucleus.
Cytoplasmic bleaching resulted in a rapid decrease of nuclear
ﬂuorescence, demonstrating that GFP-Dcr1DC33 and NLSGFP-Dcr1DC33 are shuttling proteins (Figures 6E and 6F).
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Figure 6. Dcr1DC33 Is a Shuttling Protein
(A) Live-cell imaging of wild-type strains transformed with the indicated plasmids.
(B) Live-cell imaging of GFP-Dcr1DC33- and NLS-GFP-Dcr1DC33-expressing cells. Scale bars = 2 mm.
(C) Quantitative real-time RT-PCR showing that Dcr1DC33-NLS fails to silence centromeric repeats when expressed from its endogenous promoter.
(D) Quantitative real-time RT-PCR showing that moderate overexpression of GFP-Dcr1DC33 or NLS-GFP-Dcr1DC33 results in partial rescue of silencing. cendg,
cendh, and imr1R::ura4+ RNA levels are shown relative to dcr1+ cells and were normalized relative to act1+ RNA. (C and D) Error bars represent standard
deviations (STDEV).
(E and F) Nuclear ﬂuorescence loss in (cytoplasmic) photobleaching (FLIP) of different GFP-tagged Dcr1 alleles. (E) Representative images of FLIP. (F) The mean
ﬂuorescence of the nucleus was determined (illustrated by red circle in [E], Ø1 mm) 15 s before, immediately before, and nine times after photobleaching the
cytoplasm in 15 s intervals (rectangle = bleach area; bleach iterations = 50). Each value represents the average of R3 individual recordings. Error bars represent
standard error of the mean (StDev/SQRT(n)). See also Figure S4.

In conclusion, our results demonstrate that ﬁssion yeast Dcr1
has the ability to shuttle between the nucleus and the cytoplasm
and is very efﬁciently exported to the cytoplasm if the 33 most
C-terminal amino acids are missing. Therefore, rather than
acting as an NLS, C33 functions as a nuclear retention signal
by inhibiting nucleocytoplasmic export of Dcr1.

The Dcr1 dsRBD Mediates Nucleocytoplasmic
Trafﬁcking
Our results suggested that Dcr1 contains nuclear import as well
as export signals, although we were not able to predict them.
Interestingly, several proteins harboring dsRBDs exhibit nucleocytoplasmic shuttling, and a dsRBD itself can mediate import
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Figure 7. The Dcr1 dsRBD Mediates Nucleocytoplasmic Trafﬁcking
(A and B) FLIP was performed with cells expressing GFP-lacZ, GFP-lacZ-dsRBD, and GFP-lacZ-dsRBD+C33 as in Figure 6.
(C) Live-cell imaging from cells expressing GFP-Dcr1DC103 or NLS-GFP-Dcr1DC103. Scale bars = 2 mm.
(D) Quantitative real-time RT-PCR to detect heterochromatic RNAs from the strains indicated. cendg, cendh, and imr1R::ura4+ RNA levels are shown relative to
GFP-dcr1+ cells and were normalized to act1+ RNA. Error bars represent standard deviations (STDEV).
(E) Heatmap displaying the genes which were up- or downregulated at least 2-fold (p = 0.05) in the indicated strains compared to wild-type on S. pombe tiling
arrays. Artiﬁcially scaled expression values are shown for the strains indicated (1.5 is set for the gene with the lowest expression, and +1.5 is set for the gene with
the highest expression). Two to six biological replicates were performed. See also Figure S3.

and/or export (Chen et al., 2004a; Fritz et al., 2009; Gwizdek
et al., 2004; Macchi et al., 2004; Strehblow et al., 2002). This
led us to test whether the dsRBD of Dcr1 might generally function
in nucleocytoplasmic trafﬁcking. Indeed, adding the dsRBD of
Dcr1 to a GFP-LacZ reporter resulted in strongly reduced nuclear
signal (Figure 7A). This residual nuclear ﬂuorescence was
further decreased upon cytoplasmic photobleaching, whereas
nuclear ﬂuorescence in GFP-LacZ-expressing cells was not
greatly affected (Figures 7A and 7B). This result veriﬁed that
the dsRBD can function as an export signal. Importantly, C33
did not greatly affect export of GFP-LacZ-dsRBD (dsRBD+C33,
Figures 7A and 7B). Thus, C33 can only function efﬁciently as
a nuclear retention signal in the context of full-length Dcr1.
If the dsRBD operates solely as an export signal, GFPDcr1DC103 would be expected to localize in the nucleus.
However, we observed only slightly more nuclear staining for
GFP-Dcr1DC103 compared to GFP-Dcr1DC33 (Figures 4B and
7C and data not shown), and a wild-type Dcr1 localization
phenotype could only be restored after adding an SV40 NLS
(Figure 7C). Furthermore, nuclear ﬂuorescence was not greatly
affected in FLIP experiments performed with cells expressing

GFP-Dcr1DC103 (Figure S3). These results pointed out that the
dsRBD also functions in nuclear import, likely in cooperation
with another putative nuclear import-promoting element on
Dcr1. Therefore, the dsRBD mediates shuttling of Dcr1 which
is under the control of C33.
C33 Prevents Promiscuous Activity of Dcr1
Adding an NLS to GFP-Dcr1DC103 restored the formation of
perinuclear foci (Figure 7C), showing that neither the dsRBD
nor C33 is required for this localization pattern. Expression of
NLS-GFP-Dcr1DC103 also fully restored heterochromatic gene
silencing (Figure 7D), demonstrating that nuclear localization of
Dcr1 lacking a dsRBD is sufﬁcient for RNAi-mediated heterochromatin assembly. In contrast, gene expression proﬁles for
Dcr1DC103, either with or without an SV40 NLS, were not
much different from Dcr1DC33 (Figure 7E). Thus, lacking C33
per se seems to be responsible for the observed gain-of-function
phenotype, independent of subcellular localization or dsRNA
processing activity. Therefore, we conclude that C33, in addition
to functioning as a nuclear retention signal, also prevents Dcr1
from functioning promiscuously.
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DISCUSSION
In this study, we have analyzed the subcellular localization of the
ﬁssion yeast Dcr1 enzyme and found that it accumulates in
perinuclear foci associated with NPCs throughout the cell cycle.
Our ﬁndings highlight that proper subcellular localization of Dcr1
is obligatory for RNAi-mediated heterochromatin assembly in
S. pombe and reveal mechanistic insights into how this is
achieved. Below, we discuss the implications of these ﬁndings
for the mechanism of RNAi-mediated heterochromatin formation
and the subcellular organization of RNA silencing.
Nuclear RNAi
Unlike in animals, it is not clear whether siRNAs in S. pombe also
function in classical, cytoplasmic posttranscriptional gene
silencing (PTGS) (Buhler et al., 2006; Sigova et al., 2004). Rather,
RNA silencing seems to be functionally restricted to the nucleus
in S. pombe (Moazed, 2009). Therefore, earlier ﬁndings that Dcr1
is predominantly cytoplasmic were difﬁcult to reconcile with
current models of RNAi-mediated heterochromatin assembly in
ﬁssion yeast (Carmichael et al., 2006; Matsuyama et al., 2006).
We found that massive overexpression of Dcr1 causes growth
defects and strong cytoplasmic staining (Figure S1 and data
not shown), which may explain why cytoplasmic localization
has been previously reported for Dcr1 (Figure S1; Carmichael
et al., 2006; Matsuyama et al., 2006). When Dcr1 was expressed
at more moderate levels, we observed a clear nuclear accumulation. Such localization is required for proper centromeric siRNA
generation and heterochromatin assembly. Thus, we propose
that heterochromatic siRNA biogenesis occurs in the nucleus.
We cannot, at present, rule out additional Dcr1 functions in the
cytoplasm.
Current models for RNAi-mediated heterochromatin assembly
in S. pombe propose that siRNAs are generated in cis, i.e., at
heterochromatic repeats at centromeres. Importantly, we have
not been able to demonstrate a persistent colocalization of
Dcr1 with the centromere-speciﬁc histone variant Cnp1, raising
the question of whether siRNA generation might occur elsewhere in the nucleus. Consistent with such a model, neither
Dcr1 nor components of the ARC complex, which receives the
double-stranded siRNAs from Dcr1, can be crosslinked to chromatin (Buker et al., 2007; Volpe et al., 2002). It is possible that
siRNA generation might occur in a specialized nuclear compartment, possibly in the observed peripheral Dcr1 foci. We note that
the formation of these foci depends neither on the dsRBD nor
C33 (Figure 7C). Thus, neither shuttling nor dsRNA binding is
required for targeting Dcr1 to the nuclear periphery.
The Dcr1 foci are reminiscent of subnuclear bodies described
in Arabidopsis thaliana, although these have been found to be
associated with the nucleolus (Fang and Spector, 2007;
Li et al., 2006, 2008; Pontes et al., 2006; Song et al., 2007). Plant
Cajal- and AB-bodies are rich in RNA-directed DNA methylation
(RdDM)-speciﬁc proteins and appear to be required to fully
silence genes by RdDM (Li et al., 2008). Furthermore, in contrast
to animals, miRNA biogenesis in plants is carried out solely in the
nucleus in so-called dicing (D-) bodies. It has been proposed that
the formation of D-bodies in Arabidopsis is crucial for the generation of miRNAs (Fang and Spector, 2007; Papp et al., 2003). The
perinuclear Dcr1 foci observed in S. pombe resemble such

D-bodies, as only Dcr1 and none of the other RNAi proteins
exhibited this localization pattern (data not shown). However,
Dcr1 foci are distinct from plant D-bodies in that they are associated with NPCs.
In summary, we speculate that siRNA biogenesis might occur
in discrete nuclear bodies in S. pombe. Such compartmentalization could ensure proper assembly of silencing complexes and
prevent illegitimate events from occurring elsewhere, thereby
increasing the ﬁdelity of RNA silencing. However, the relevance
of Dcr1 foci for a functional RNAi-mediated heterochromatin
assembly pathway and the exact mechanism of their formation
demand further study.
Nucleocytoplasmic Shuttling of Dicer
Our study revealed that Dicer proteins may have the ability to
shuttle between the nucleus and the cytoplasm. This shuttling
is mediated by the dsRBD and can be inﬂuenced by additional
sequences. In S. pombe, this additional sequence is contained
in the extended C terminus (C33) of Dcr1 and provides a means
of regulation of its nucleocytoplasmic distribution. It will be interesting to see whether cellular localization of other RNaseIII
enzymes with extended C termini is regulated in a way similar
to what we observe for ﬁssion yeast Dcr1.
Intriguingly, nucleocytoplasmic shuttling that is dependent on
the dsRBD can also be observed for human Dicer (M. Doyle and
W. Filipowicz, personal communication). Strikingly, only Dcr1
but not human Dicer has an extended C terminus, which may
explain why human Dicer localizes mainly to the cytoplasm (Billy
et al., 2001; Provost et al., 2002a). Based on these results, we
propose that Dicer proteins in general might have the ability to
shuttle between the nucleus and the cytoplasm and that the
steady-state subcellular levels can be shifted toward either
compartment. This regulation could be achieved by interacting
proteins or cis-motifs that either promote or inhibit nuclear
export/import. For S. pombe Dcr1, we favor the second possibility. We suggest that C33 might inﬂuence the structural conformation of Dcr1 such that the export-promoting features of the
dsRBD are masked, resulting in nuclear retention of Dcr1, an
intriguing hypothesis that needs to be directly tested by future
structural work. Future studies will also be required to elucidate
the precise import/export pathways that mediate Dicer shuttling.
We note that this is neither Crm1- nor Exp5 dependent in
S. pombe, as leptomycin B (LMB) treatment and/or deletion of
a putative exportin 5 homolog (SPAC328.01c) did not noticeably
affect the subcellular localization of Dcr1DC33 (Figure S4).
EXPERIMENTAL PROCEDURES
Strains and Plasmids
Fission yeast strains used in this study are described in Supplemental Experimental Procedures and were grown at 30 C in YES. If transformed with plasmids (see Supplemental Experimental Procedures), strains were grown in
EMMc-leu medium containing 5 mg/ml thiamine. All strains were constructed
following a standard PCR-based protocol (Bahler et al., 1998). GFP-LacZ
constructs were cloned by fusion PCR-based assembly of the inserts and
subsequent PacI/NotI ligation into pREPN-3xFLAG (Buker et al., 2007).
pREP1-3xFLAG-Dcr1DC33 was constructed by exchanging Dcr1 with
Dcr1DC33 by BglII/NotI cloning into pREP1-3xFLAG-Dcr1 (Colmenares
et al., 2007). Primer sequences used for cloning are available upon request.
Constructs on plasmids and in yeast strains were conﬁrmed by sequencing.
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Yeast Live-Cell Fluorescence Microscopy
If not speciﬁed differently, S. pombe precultures were grown in YES (sterile
ﬁltered components only) for 8 hr at 30 C, diluted to 105 cells/ml, and grown
for 1416 hr at 30 C to a concentration of about 53106 cells/ml. Microscopy
was performed on cells spread on agarose patches containing YES medium
with 3% glucose. Images were captured on a Delta Vision built of an Olympus
IX70 wideﬁeld microscope equipped with a CoolSNAP HQ2/ICX285 camera.
Image stacks of 12–15 mm Z-distance were acquired with a Z-step size of
0.2 mm and deconvolved using the softworks (Delta Vision) software.
Confocal Microscopy and FLIP
Cells expressing the plasmid-encoded fusion proteins GFP-lacZ, GFPlacZ+dsRBD, and GFP-lacZ+dsRBD+C33 were grown in PMGc-Leu supplemented with 1 mg/ml thiamine for 6–8 hr. From this preculture, cells were
diluted into fresh medium to a concentration of 73105 cells/ml and grown
for 14 hr. Strains with genomic modiﬁcations of the dcr1+ locus were grown
in YES for 6–8 hr. This preculture was diluted to 0.5–13105 cells/ml into fresh
medium and grown for 14 hr. G2 cells were imaged in liquid media using a ludin
chamber and Bandeiraea simplicifolia (Sigma L7508, 1 mg/ml solution) coated
coverslips. Bleaching was performed on a Zeiss LSM510 microscope. The
pinhole was set to 1 airy unit corresponding to 0.7 mm optical thickness. The
mean ﬂuorescence of nuclei was determined using the ImageJ software.
The values were normalized to control neighboring nuclei and to the ﬁrst
time point.

RNA Isolation and cDNA Synthesis for qRT-PCR
Cells were harvested at OD600 = 0.5, washed once in water, and ﬂash frozen in
liquid nitrogen. RNA was isolated using the Absolutely RNA Miniprep Kit from
Stratagene (#400805) with the following modiﬁcation: 600 ml lysis buffer, 4.2 ml
Mercaptoethanol, and 500 ml glass beads were added to the pellet, and cells
were bead-beaten for 1 min. The cleared lysate was collected, and RNA isolation was continued according to the supplier’s manual. cDNA was synthesized
using random hexamers with the AfﬁnityScript MultipleTemperature cDNA
Synthesis Kit from Stratagene (#200436).

Quantitative RT-PCR/PCR
Quantitative PCR was performed on a 7500 Fast Real-Time PCR System
(Applied Biosystems #4351106) using the Fast SYBR Green Master Mix
(Applied Biosystems #4385612). Relative RNA levels were calculated from
CT values according to the DCT method and normalized to act1+ mRNA levels.
Primer pairs used for PCR reactions can be found in the Supplemental Experimental Procedures.

Generation of Small RNA Libraries for High-Throughput Sequencing
Total RNA was isolated from cells harvested at OD600 = 0.5 using the hot
phenol method (Leeds et al., 1991) and subjected to size fractionation using
RNeasy Midi columns (QIAGEN) as previously described (Buhler et al., 2006).
17–30 nt small RNAs were PAGE puriﬁed and were cloned based upon the
preactivated, adenylated linkering method described previously (Lau et al.,
2001) using a mutant T4 RNA ligase (Rnl21-249) (Ho et al., 2004). All samples
were barcoded at the 30 end of the 50 adaptor using a hamming distance
two code with a 30 cytosine (AAAC, ACCC, AGGC, ATTC, CACC, CCGC,
CGTC, CTAC, GAGC, GCTC, GGAC, GTCC, TATC, TCAC, TGCC, TTGC)
and sequenced in one lane of an Illumina GA2 instrument.
In Silico Analysis of Sequencing Data
Individual reads were assigned to their sample based on the ﬁrst four nucleotides containing the barcode. The 30 adaptor was removed by aligning it to the
read allowing one or two mismatches in preﬁx alignments of at least seven or
ten bases, respectively. Low-complexity reads were ﬁltered out based on their
dinucleotide entropy (removing <1% of the reads). All the reads that were
shorter than 14 nucleotides were removed. Alignments to the S. pombe
genome (May 8, 2009, http://www.sanger.ac.uk/Projects/S_pombe/) were
performed by the software bowtie (version 0.9.9.1) (Langmead et al., 2009)
with parameters -v 2 -a -m 100, tracking up to 100 best alignment positions
per query and allowing at most two mismatches. To track genomically untemplated hits (e.g., exon-exon junctions or missing parts in the current assembly),
the reads were also mapped to an annotation database containing known
sequences (http://www.sanger.ac.uk/Projects/S_pombe/). In that case, all
best hits with at most two mismatches were tracked. Each alignment was
weighted by the inverse of the number of hits. In the cases where a read had
more hits to an individual sequence from the annotation database than to
the whole genome, the former number of hits was selected to ensure that
the total weight of a read does not exceed one. Genomic read coverage plots
were based on weighted alignments.
ACCESSION NUMBERS
Tiling array and deep sequencing data are deposited at GEO (http://www.ncbi.
nlm.nih.gov/geo, accession numbers GSE18440 and GSE18582, respectively).
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Figure S1, related to Figure 1. Assessment of GFP-Dcr1 expression
levels under different conditions and cytoplasmic Dcr1 as a result of
massive overexpression of GFP-Dcr1
(A) Western blot analysis comparing the expression levels of GFP-Dcr1
expressed from different versions of the nmt1 promoter and Dcr1-GFP driven
by its endogenous promoter. Tubulin was used as a loading control.
(B) Western blot analysis comparing the expression levels of GFP-Dcr1 from
cells grown under repressed conditions in YES (thiamine present) or grown
under non-repressed conditions in EMMc. Tubulin was used as a loading
control.
(C) Live cell microscopy of a 
 cell expressing N-terminally GFPtagged Dcr1 driven from the nmt1(3x) promoter. Cells were grown under nonrepressive conditions (i.e. in EMMc medium) at 30°C, resulting in massive
overexpression of GFP-Dcr1. Scale bar = 2m. Compare this Figure with
Figures 1A iii and iiii. This shows that GFP-Dcr1 localizes in perinuclear foci
when expressed at more moderate levels. Note that previous studies, which
demonstrated mainly cytoplasmic localization for Dcr1 (as shown in (C)), were
performed with plasmid encoded,   promoter driven Dcr1-GFP, or from a
single copy genomic integration of Dcr1-YFP expressed from the nmt1(3x)
promoter under non-repressed conditions (Matsuyama et al., 2006). Both
approaches lead to a massive overproduction of Dcr1.   promoter-driven
expression of Dcr1-GFP can be expected to be at least 800-fold or 160-fold
stronger than nmt1(41x)-or nmt1(3x)-driven expression under repressive
conditions, respectively (Forsburg, 1993). Expression from the nmt1(3x)
promoter is ~300-fold stronger in non-repressed compared to repressed
conditions (S1B; Forsburg, 1993).

Figure S2, related to Figure 4. Silencing, protein stability, and cell
growth assessed for cells expressing Dcr1C33
(A) C-terminal structure of dicer homologues. Protein sequences were
collected from UniProtKB (release15.6; The UniProt Consortium, 2009).
Isoforms were ignored, as they had no differences in the C-terminal regions.
The C-terminal region is defined as the sequence after the second RNaseIII
domain (represented here as blue fragments), which was determined by a
scan against the Pfam database (release 23.0; Finn et al., 2008). The number
and location of double-stranded RNA binding motifs (represented as red bars)
within the C-Terminal fragments were determined by using the Pfam dsrm
(PF00035)Hidden Markov Model (allowing E-values of up to 0.54 in the case
of the 
sequence). Amino acid sequences following the (potential)
double-stranded RNA binding motifs are displayed in capital letters.
(B) Overexpression of Dcr1C33 rescues silencing of a centromeric  
reporter (  ). Serial 10-fold dilutions of the strains indicated were

plated on PMGc-leu (non selective, NS) or on PMGc-leu plates containing 2
mg/mL 5-FOA, a substance toxic for cells which express  .
(C) Western blot showing that protein stability of GFP-Dcr1 is not affected by
deleting C33. Tubulin served as a loading control.
(D) 6x5 single haploid cells for each indicated strain were dissected onto YES
plates and grown at 30°C for ~2-3 days.
(E) Growth of wild type, ,  and cells was monitored
for 32h by OD600 measurements every 2 hours. Over-night cultures grown in
YES were diluted to OD600=0.03 in YES.

Figure S3, related to Figure 7. Nuclear fluorescence is not greatly
affected after cytoplasmic photobleaching in Dcr1 and Dcr1C103
expressing cells
Representative images of nuclear fluorescence loss in (cytoplasmic)
photobleaching (FLIP) of cells expressing GFP-Dcr1 and GFPDcr1C103
(GFP-Dcr1 images are also shown in Figure 6). White arrow indicates the
bleached cell. Bleach iterations = 50.

Figure S4, related to Figure 6. NLS-GFP-Dcr1DC33 does not accumulate
in the nucleus after exp5 deletion and/or LMB treatment
Live cell microscopy of   cells expressing NLS-GFP-Dcr1C33.
Where indicated, cells were grown for 3 hours in 100 ng/ml Leptomycin B
(LMB) prior to live cell imaging. Scale bar = 2 m.
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Plasmids used in this study
Name

common name

pMB279
pMB428
pMB429
pMB430
pMB432
pMB434

pREP1-3xFLAG-Dcr1C33-Leu+
p3-nmt1-gfp-LacZ-Leu+
p3-nmt1-nls-gfp-LacZ-Leu+
p3-nmt1-gfp-LacZ-Dcr1-C103-Leu+
p3-nmt1-gfp-LacZ-Dcr1-dsRBD-Leu+
p3-nmt1-gfp-LacZ-Dcr1-C33-Leu+

Primers used for qRT-PCR
Name

Sequence

Cendg fwd
Cendg rev
Cendh fwd
Cendh rev
Ura4 fwd
Ura4 rev
Act fwd
Act rev

AAGGAATGTGCCTCGTCAAATT
TGCTTCACGGTATTTTTTGAAATC
GTATTTGGATTCCATCGGTACTATGG
ACTACATCGACACAGAAAAGAAAACAA
TACAAAATTGCTTCTTGGGCTCAT
AGACCACGTCCCAAAGGTAAAC
TCCTCATGCTATCATGCGTCTT
CCACGCTCCATGAGAATCTTC
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ABSTRACT

Dicer proteins function in RNA interference (RNAi) pathways by generating small
RNAs (sRNAs). Here we report the solution structure of the C-terminal domain of
Schizosaccharomyces pombe Dicer (Dcr1). The structure reveals an unusual
double-stranded RNA binding domain (dsRBD) fold embedding a novel zincbinding motif that is conserved among dicers in yeast. Although the C-terminal
domain of Dcr1 still binds nucleic acids, this property is dispensable for proper
functioning of Dcr1. In contrast, disruption of zinc coordination renders Dcr1
mainly cytoplasmic and leads to remarkable changes in gene expression and loss
of heterochromatin assembly. In summary, our results reveal novel insights into
the mechanism of nuclear retention of Dcr1 and raise the possibility that this new
class of dsRBDs might generally function in nucleo-cytoplasmic trafficking and
not substrate binding. The C-terminal domain of Dcr1 constitutes a novel
regulatory module that might represent a potential target for therapeutic
intervention with fungal diseases.

Keywords:
Dicer / dsRBD / heterochromatin / RNA interference / zinc-binding domain
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INTRODUCTION
RNA interference (RNAi) designates a set of conserved pathways found in many
eukaryotes. These pathways are involved in various processes ranging from the control
of gene expression to silencing of mobile genetic elements, combating viruses and
maintaining genomic integrity (Baulcombe, 2004; Grishok et al, 2001; Huisinga & Elgin,
2009; van Wolfswinkel & Ketting). Additionally, RNAi is also being pursued as a
promising tool for the treatment of human diseases. Common to all RNAi pathways is
the association of small RNAs (sRNA) with members of the Argonaute family of proteins,
forming the core component of a diverse set of protein-RNA complexes called RNAinduced silencing complexes (RISCs; Carmell et al, 2002; Hutvagner & Simard, 2008).
To date, at least three classes of RISC-associated sRNAs have been identified (Siomi &
Siomi, 2009): short interfering RNAs (siRNAs), microRNAs (miRNAs) and PIWIinteracting RNAs (piRNAs). These sRNAs guide the RISCs through base-pairing
interactions to homologous sequences, which usually results in reduced activity of the
target sequence (Ghildiyal & Zamore, 2009).
In Schizosaccharomyces pombe (S. pombe) the RNAi pathway functions in association
with chromatin to trigger co-transcriptional gene silencing (CTGS) and the formation of
heterochromatin. Deletions of any of the three genes encoding the RNAi proteins Dicer,
Argonaute and RNA-dependent RNA polymerase (dcr1+, ago1+ and rdp1+, respectively)
result in loss of CTGS, chromosome segregation defects, and greatly reduced levels of
H3K9 methylation (H3K9me) at centromeric repeats (Volpe et al, 2003; Volpe et al,
2002; Woolcock et al, 2011). siRNAs corresponding to heterochromatic regions are
loaded into an Argonaute-containing complex referred to as RNA-induced transcriptional
silencing (RITS) complex in S. pombe (Reinhart & Bartel, 2002; Verdel et al, 2004).
Importantly, the RITS complex is physically linked to heterochromatin and this
interaction,

as

well

as

siRNA

generation,

depends

on

the

histone

H3K9

methyltransferase Clr4 (Cam et al, 2005; Motamedi et al, 2004; Sugiyama et al, 2005).
These and other observations have led to a model in which the association of the RITS
complex with chromatin is proposed to involve base-pairing between siRNAs and the
nascent RNA polymerase II (RNApII) transcripts. Subsequently, RITS would recruit
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histone-modifying enzymes such as Clr4, leading to the generation and spreading of
heterochromatin (Buhler et al, 2006; Moazed, 2009).
The biogenesis of siRNAs is mediated by Dcr1, which processes double-stranded RNA
(dsRNA) precursors endonucleolytically. Resembling canonical Dicers in animals, S.
pombe Dcr1 contains an N-terminal helicase/ATPase domain, followed by a DUF283
domain, a Platform domain (Macrae et al, 2006) and a PAZ-like domain, two RNase III
domains, and a long C-terminal domain that bears a divergent double-stranded RNA
binding domain (dsRBD) and a short motif referred to as C33 (Figure 1A). Notably, the
C-terminus of Dcr1, comprising the dsRBD and C33, is dispensable for processing
dsRNA in vitro but not in vivo, where it functions to control the subcellular localization of
Dcr1 (Colmenares et al, 2007; Emmerth et al, 2010). We have shown previously that
C33 functions to counteract dsRBD-mediated export of Dcr1 to the cytoplasm, resulting
in nuclear accumulation of Dcr1. This is crucial for a functional RNAi pathway and
establishment of heterochromatin in S. pombe, as mutations rendering Dcr1 cytoplasmic
abolish siRNA generation and the methylation of H3K9 (Emmerth et al, 2010).
That dsRBDs can mediate nucleo-cytoplasmic trafficking has been demonstrated for
other proteins (Chen et al, 2004; Gwizdek et al, 2004; Macchi et al, 2004; Strehblow et
al, 2002). However, mechanistically this process is poorly understood. For instance, it is
not clear to what extent binding to dsRNA contributes to this rather unexpected function
of dsRBDs. Similarly, how C33 of Dcr1 contributes to the inhibition of the exportpromoting activity of the dsRBD remains unknown. To address these questions, we
determined the NMR solution structure of the C-terminal domain of Dcr1. Although the
structure reveals a typical dsRBD fold, additional structural elements are present. This
includes a novel zinc-binding motif, formed by four residues that are encoded in both the
dsRBD and C33. We demonstrate that zinc coordination by this motif is required for
the formation of a protein-protein interaction surface that is required for proper Dcr1
localization. Surprisingly, although the dsRBD binds to dsRNA strongly, this property is
dispensable for proper functioning of Dcr1 in the S. pombe RNAi pathway. This raises
the possibility that dicer dsRBDs might generally function in nucleo-cytoplasmic
transport and not necessarily substrate binding.
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RESULTS

The dsRBD of Dcr1 embeds an unexpected zinc-binding motif
To obtain novel insights into the role of C33 in promoting nuclear accumulation of Dcr1,
we studied the Dcr1 C-terminal domain with NMR spectroscopy (1259-1374, long
dsRBD construct; Figure 1B). We assigned backbone and side-chain NMR chemical
shifts using standard triple-resonance experiments as described in Material and
Methods and could achieve 80.1 % of proton assignment. NOE distance restraints were
obtained from four NOESY spectra and used to run initial structure calculations. As
expected, the preliminary folds revealed a typical dsRBD fold for residues 1262 to 1341.
More surprisingly, the first half of C33 appeared to contact the dsRBD. Strikingly, we
observed that four side-chains with two residues from the dsRBD and two from C33 (in
total 3 cysteines and 1 histidine; highlighted in red on Figure 1B) appear in close
proximity in this preliminary structure, strongly suggesting that these four side-chains
might be coordinating a zinc ion. Subsequent atomic absorption spectroscopy (AAS) and
mass spectrometry measurements confirmed that the Dcr1 C-terminal domain
containing the dsRBD and the C33 indeed include one zinc ion per molecule
(Supplementary Figure 1 and Table I).

15

N{1H}-NOE measurement (Supplementary

Figure 2) further confirmed that the first half of C33 fragment is structured and
participates in the overall fold of the domain, while the last 16 residues (1359-1374) are
flexible. To reduce signal overlap and therefore improve the precision of the structure,
we decided to investigate a construct lacking the last 16 residues of Dcr1 (1259-1358,
short dsRBD construct; Figure 1B). Also, ZnCl2 was added during the protein
preparation, which helped to stabilize the recombinant short dsRBD construct and
improved the overall quality of the NMR spectra.

Final protein structure determination
The NMR solution structure of the Dcr1 C-terminal domain (1259-1358, short dsRBD
construct) was determined using 2308 NOE-derived constraints. The structure is very
precise with a backbone rmsd 0.46 ± 0.12 Å for the NMR ensemble of conformers.
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Hydrogen-bonded amides were established as slowly exchanging protons in the
presence of D2O. Their hydrogen-bond acceptors were identified from preliminary
structures as well as from analysis of the characteristic NOE pattern found in -helices
and -sheets. Characteristic NOE contacts between the ligands of the zinc ion further
confirmed the composition of the coordination sphere that involves C1275 and H1312
from the dsRBD, and C1350 and C1352 from C33 (Supplementary Figure 3). In addition,
long-range 1H-15N HSQC shows a characteristic pattern of cross peaks that allowed us
to unambiguously identify H1312 as coordinating the zinc ion via its N (Supplementary
Figure 4; Legge et al, 2004; Pelton et al, 1993). Therefore, we added distance
constraints to the four zinc-binding residues to impose a tetrahedral coordination around
the zinc ion. NMR experimental constraints and refinement statistics are presented in
Table II.

The Dcr1 C-terminal domain adopts an extended dsRBD fold due to a novel zincbinding motif
The residues ranging from I1262 to D1341 form the dsRBD core domain with the
canonical  topology (Bycroft et al, 1995; Kharrat et al, 1995), with the two helices packed against the 3-stranded anti-parallel -sheet (Figure 1C and D). The
residues of C33 that immediately follow helix 2 are well structured (Figure 1C and D
and Supplementary Figure 2) and fold back on the dsRBD. N1344 to L1347 fold in a
short  helical turn (helix 3) that is followed by C1350 and C1352 coordinating zinc with
C1275 and H1312 from loop 1 and loop 3 of the dsRBD, respectively (Figure 1C and D).
This zinc-binding site is unusual because of the long spacing between the first and the
last residue coordinating the zinc atoms (76 residues) as well as the spacing between
the individual coordinating side-chains (C-X36-H-X37-C-X-C). Typically, zinc-binding
motifs are found within 20 to 40 residues (Auld, 2001) with the most abundant form
being the C2H2 zinc fingers that adopt a  fold (Laity et al, 2001). To our knowledge,
the present ligand arrangement in the Dcr1 C-terminal domain is unprecedented among
zinc-binding domains. Rather than being an independent fold of the dsRBD, this novel
zinc-binding domain is formed jointly by dsRBD and C33 and therefore constitutes an
6

   

extended dsRBD fold (Figure 1E).
Binding of zinc to a protein is unlikely to sustain the large entropy changes that would
result from the ordering of a very mobile peptide chain (Auld, 2001). Thus, in addition to
the CHCC zinc-binding motif, other structural elements are required to maintain proper
folding of the C-terminus. Indeed, the short segment joining helix 2 to the C-X-C part of
the zinc-binding motif contains three hydrophobic residues (L1346, L1347 and Y1348)
that form hydrophobic interactions with residues from the dsRBD (helix 1, helix 2 and the
-sheet, Figure 2). The two leucines interact with other leucine side-chains, constituting
most of the hydrophobic core of the protein. Importantly, five leucine residues distributed
along the three helices together with other hydrophobic residues of helix 1 (I1262 and
V1266) bring the three -helices, as well as the hydrophobic surface of the -sheet,
which is mainly composed of aromatic residues, in close contact (Figure 2). Most
surprisingly, the side-chain of R1311 is also buried in the hydrophobic core of the
protein, in close proximity to the zinc coordination site (Figure 2). The vicinity of this
positively charged arginine to the CHCC motif would counterbalance the overall -1 net
charge of a zinc ion coordinated by three deprotonated cysteines.

Zinc coordination is required for nuclear localization of Dcr1
We have previously demonstrated that C33 functions to counteract dsRBD-mediated
export of Dcr1 to the cytoplasm, resulting in nuclear accumulation of Dcr1 (Emmerth et
al, 2010). This could be achieved by binding of C33 to a putative nuclear retention factor.
However, our structural analysis strongly suggests that C33 rather contributes to the
overall folding of the C-terminus of Dcr1 by providing two cysteines to form the newly
identified zinc-binding domain. To test whether disruption of zinc coordination would
result in a similar phenotype as deleting C33, we mutated the three cysteines in the
CHCC motif of endogenous Dcr1 into serines (Dcr1-CHCC to Dcr1-SHSS). This resulted
in mainly cytoplasmic localization of the protein without changing the amount of protein,
similar to what we observed previously when C33 was deleted entirely (Figure 3A and
Supplementary Figure 5A). Therefore, it appears that it is the extended dsRBD structure
formed upon zinc coordination, rather than the amino acid sequence of C33 per se, that
7

   

is responsible for preventing nuclear export of Dcr1. This is further supported by our
observation that deletion of the last 16 amino acids of Dcr1 did not lead to a change in
localization of the protein (Supplementary Figure 5B).
To test whether disrupting the coordination of zinc has the same functional
consequences as deleting C33, we investigated heterochromatic gene silencing and the
generation of centromeric siRNAs by quantitative RT-PCR and sRNA deep-sequencing,
respectively. Consistent with a failure to retain Dcr1 in the nucleus, silencing of
centromeric heterochromatin and the generation of centromeric siRNAs were lost in cells
expressing Dcr1-SHSS (Figure 3B and C, Supplementary Figure 6 and Supplementary
Table I). Concomitant with the observed loss of silencing, H3K9 methylation was lost in
Dcr1-SHSS expressing cells (Figure 3D). In conclusion, coordination of zinc by the Cterminus of Dcr1 is required for its nuclear retention and thus RNAi-mediated
heterochromatin assembly.

The Dcr1 dsRBD binds dsRNA and dsDNA
It has been demonstrated for other dsRBDs that they can mediate protein import and/or
export (Chen et al, 2004; Gwizdek et al, 2004; Macchi et al, 2004; Strehblow et al,
2002), and it has been discussed that RNA may regulate this process (Fritz et al, 2009).
In canonical dsRBDs, helix 1 and the loop between 1 and 2 both contact the minor
groove of a dsRNA helix (Supplementary Figure 7A) (Ramos et al, 2000; Ryter &
Schultz, 1998; Stefl et al; Wu et al, 2004). Interestingly, the dsRBD of Dcr1 has an
unusually long loop between 1 and 2 (14 residues compared to 4 to 6 residues in
most dsRBDs), raising the question as to whether the C-terminal domain of Dcr1 would
bind dsRNA at all. We thus investigated the nucleic acid binding properties of the
extended dsRBD by isothermal titration calorimetry (ITC). Similar to canonical dsRBDs
(Bass et al, 1994; St Johnston et al, 1992), the isolated domain (Figure 4A) binds rather
strongly to a regular A-form RNA helix (Kd = 0.8 μM, with two dsRBDs bound per 24 bp
dsRNA helix) (Figure 4B), but binds only weakly to ssRNA or ssDNA (Supplementary
Figure 7B). The absence of binding to a regular B-form DNA helix has been reported for
various dsRBDs (Burd & Dreyfuss, 1994; Fierro-Monti & Mathews, 2000; Saunders &
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Barber, 2003), although competition binding studies revealed that some dsRBDs can
also bind to dsDNA, albeit with weaker affinity (Bass et al, 1994). Surprisingly, the
extended dsRBD of Dcr1 showed a fairly strong affinity to a regular B-form DNA helix
(Kd = 1.5 μM), although only one molecule is bound per dsDNA (Supplementary Figure
7B). This raises the question of how this dsRBD can adapt to bind both a B-form DNA
helix as well as an A-form RNA helix. We speculate that the unusually long 1-2 loop
and the unusual position of helix 1 relative to the rest of the domain (see discussion)
might be responsible for this dual binding capacity.

RNA binding by the extended dsRBD is dispensable for proper functioning of
Dcr1
Having shown that the extended dsRBD of Dcr1 binds dsRNA with high affinity, we set
out to test if RNA binding is important for import/export-promoting activity of the dsRBD
of Dcr1. We created mutations in three regions of the dsRBD (K1265A in helix 1, loop 2
and R1322A in loop 4, Figure 4A and Figure 1B, Supplementary Figure 5A for stability)
that can be predicted to be involved in RNA binding based on previous structures of
dsRBDs in complex with dsRNA (Ramos et al, 2000; Ryter & Schultz, 1998; Stefl et al;
Wu et al, 2004). As expected, none of these dsRBD mutants could bind dsRNA in vitro
(Figure 4C), despite being properly folded (as shown by 1D 1H NMR spectra). This
further demonstrates that the extended dsRBD of Dcr1 binds RNA in a canonical mode
despite its rather unusual structural features. Moreover, binding to dsDNA is also lost in
these three mutants (Supplementary Figure 7C). This allowed us to generate mutant
strains expressing Dcr1 that has lost its ability to bind dsRNA via the extended dsRBD.
Interestingly, nuclear localization of Dcr1 was not affected in any of the three mutant
strains GFP-Dcr1-R1322A (Figure 4D), -K1265A or -loop 2 (Figure 4E), demonstrating
that nuclear import of Dcr1 is unlikely to be dependent on binding of dsRNA via the
extended dsRBD. Instead, one might speculate that dsRNA binding could be important
to mediate the rapid export observed in the absence of C33 or of a functional CHCC
motif. However, this is also highly unlikely because we assume that a dsRBD lacking
C33 or the zinc-binding motif is unstructured and therefore cannot bind RNA. Most
9

   

importantly, nuclear localization of the mainly cytoplasmic Dcr1C33 could not be
restored by mutating R1322 to alanine (Figure 4D, Supplementary Figure 5A for
stability). Thus, the dsRBD of Dcr1 functions in nucleo-cytoplasmic trafficking
independently of its affinity for dsRNA.
Surprisingly, we found that dsRNA binding through the dsRBD is also dispensable for
heterochromatin silencing and siRNA generation (Figure 4F and 4G, Supplementary
Figure 6). Consistent with this observation, in vitro processing of dsRNA into siRNAs by
Dcr1 has previously been shown not to require the extended dsRBD (Colmenares et al,
2007). Therefore, rather than substrate binding and processing, the main function of the
unusual and elongated dsRBD of Dcr1 appears to be to regulate the subcellular
localization of Dcr1 independently of its affinity for dsRNA.

The extended dsRBD of Dcr1 exposes a protein interaction surface that functions
in nuclear retention
Our finding that mutating the zinc coordination motif has the same functional
consequences as deleting C33, together with the fact that mutations in the zinc-binding
motif render the protein insoluble in vitro, strongly suggested that coordination of zinc is
required for the proper folding of the protein. Because nuclear retention of Dcr1 is lost in
both C33 and CHCC mutants, and loss of RNA binding does not affect nuclear
localization, we speculated that an exposed protein surface unique to the extended
dsRBD might be crucial for this nuclear retention.
In order to identify such a putative protein interaction surface, we aligned the sequence
of the C-terminal domain of S. pombe Dcr1 with the two closest annotated proteins (S.
octosporus Dcr1 and S. cryophilus Dcr1; 31 % and 33 % sequence identity respectively;
see Supplementary Figure 8 for the sequence alignment). This revealed a patch of
conserved residues (shown in red in Figure 5A) that cluster on one side of the domain
around the third most N-terminal residue of C33 (N1344). In order to test whether this
conserved surface is important for Dcr1 localization, we mutated residues in the center
of the surface (N1344A, Y1348A, S1349A; belonging to C33) or at its periphery
(R1334A; belonging to -helix 2). Whereas mutating R1334 to A did not affect Dcr1
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localization (Figure 5B), the three residues in the middle of the putative protein-protein
interaction surface turned out be crucial for proper Dcr1 localization resulting in reduced
nuclear localization when mutated singly and in a complete loss of nuclear localization
when mutated together (Figure 5C and D).
These results are consistent with the idea that nuclear accumulation of Dcr1 is mediated
by binding to a putative nuclear retention factor, which is likely to be mediated by this
conserved surface. Importantly, C33 is required to establish the Dcr1 protein-protein
interaction surface by contributing residues that are either important for the folding of the
extended dsRBD or that belong to the exposed protein-protein interaction surface itself.

The novel zinc-binding motif is conserved in yeast dicers
In contrast to S. pombe Dcr1, human Dicer (DICER1) localizes mainly to the cytoplasm
(Billy et al, 2001; Provost et al, 2002). Strikingly, only Dcr1 but not DICER1 has an
extended C-terminus and we have therefore previously attempted to restrict DICER1 to
the nucleus by the addition of C33 to its C-terminus. However, this had no effect on
DICER1 localization, neither in human nor in S. pombe cells (S.E. and M.B. unpublished
observation), further corroborating our conclusion that C33 is unlikely to bind a nuclear
retention factor on its own. With the structure of the Dcr1 dsRBD solved, our failure to
restrict DICER1 to the nucleus can be explained. Because C1275 and H1312 in the
dsRBD of Dcr1 are not conserved in the dsRBD of DICER1, addition of C33 is not
sufficient to coordinate zinc. Thus, DICER1+C33 cannot fold into an extended dsRBD as
observed for the C-terminus of Dcr1.
Intrigued by this difference between the two proteins, we performed a refined search for
proteins with at least one RNase III domain, followed by a dsRBD and a C-terminal
extension of at least 15 amino acids, and looked for the presence of a potential zinc
coordination motif similar to the one found in S. pombe Dcr1. This search revealed 39
proteins of the dicer family in which the CHCC motif is found. Surprisingly, except for the
CHCC motif, most amino acids of the dsRBD or C33 differ between S. pombe and other
dicer proteins (Supplementary Figure 9). Strikingly, many of the dicers in which the four
zinc-binding ligands are present belong to human or plant pathogens (Figure 6A and
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Supplementary Table II). This is particularly interesting because a S. pombe mutant
strain that fails to coordinate zinc grows much more slowly and is less viable than wildtype or dcr1 cells (Figure 6B). Concomitantly, dramatic changes in gene expression
can be observed upon mutating the zinc-coordinating residues but not upon deletion of
the dcr1+ gene (Figure 6C), in accordance with our previous observation that a
functional C33 prevents Dcr1 from acting promiscuously (Emmerth et al, 2010). Thus, if
growth would be similarly reduced in pathogenic yeasts, disruption of zinc coordination
by Dcr1 in these organisms might represent an appealing strategy to fight pathogenic
fungi.

DISCUSSION
In this study, we determined the solution structure of the C-terminal domain of S. pombe
Dcr1 which revealed an extended dsRBD embedding a novel zinc-binding motif that is
conserved among dicers in yeast. This zinc-binding motif is formed jointly by two sidechains of the dsRBD and two from C33, and could represent a potential drug target for
therapeutic intervention with fungal diseases. The insights gained from this study have
important implications for our mechanistic understanding of RNAi and will be discussed
below.

Dcr1s dsRBD is an elongated, non-canonical dsRBD
In this study we found that the Dcr1 C-terminal domain adopts an extended dsRBD
structure. Similarly, the dsRBD of the budding yeast RNase III protein Rnt1p has an
extended fold with the region immediately C-terminal to the dsRBD forming a long Cterminal helix (3, Figure 7A). This additional -helix 3 is indispensable for the dsRBD
fold and was proposed to contribute indirectly to RNA binding by helping position helix
1, which is the primary determinant of RNA recognition by Rnt1p (Leulliot et al, 2004;
Wu et al, 2004). Despite this additional element, the dsRBD of Rnt1p adopts a very
similar dsRBD fold compared to other dsRBDs (Figure 7B) like dsRBD2 of Xlrbpa (Ryter
& Schultz, 1998) or the two dsRBDs of ADAR2 (Stefl et al, 2006). This is not what we
observe in the structure of the dsRBD of S. pombe Dcr1. By comparing the Dcr1
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extended dsRBD with others, one can see the different position of -helix 1 relative to
the rest of the domain (Figure 7B and 7C). Furthermore, the -sheet of the Dcr1 dsRBD
adopts a different curvature compared to other dsRBDs due to the involvement in the
23 loop of H1312 in zinc coordination (Figure 7C). In summary, the Dcr1 dsRBD is
not only extended by C33 and zinc coordination but adopts a very distinct fold compared
to other dsRBDs. Remarkably, the Dcr1 dsRBD still binds dsRNA strongly, despite an
extended fold, an unusual position of -helix 1, and an unusually long 1-2 loop. These
unique features might explain why the Dcr1 dsRBD also binds dsDNA. Finally, we note
that it is possible that a regular dsRNA might not be the optimal RNA target of the Dcr1
dsRBD. Similar to the dsRBD of Rnt1p that recognizes AGNN tetraloops (Leulliot et al,
2004; Wu et al, 2004), or dsRBDs of ADAR2 that have been shown to be partly
sequence-specific (Stefl et al, 2010), the dsRBD of Dcr1 might preferentially recognize a
particular RNA motif. It will be interesting to investigate such RNA sequence and/or
structural preferences of the Dcr1 dsRBD in future studies.

Mechanism of nuclear retention
In our previous study we demonstrated that the C-terminus of Dcr1 functions to control
the subcellular localization of Dcr1. We have shown that the dsRBD can function as a
strong nuclear export signal, which is under negative control by C33 (Emmerth et al,
2010). The C-terminal structure of Dcr1 determined in this study provides an elegant
explanation for why our previous attempts to use C33 as a nuclear retention signal on
heterologous proteins have failed. Rather than interacting with a nuclear retention factor
directly, C33 contributes to the overall fold of the C-terminus by providing two of the four
zinc-binding residues. This results in the formation of a putative protein-protein
interaction surface that is characterized by a patch of conserved residues that cluster
around the side-chain of N1344 at the beginning of helix 3. This protein interaction
surface would allow the attachment of Dcr1 to an as yet unidentified nuclear protein,
resulting in nuclear accumulation of Dcr1. Even though we favour such a model, we
cannot rule out the possibility that export-promoting features of the dsRBD are buried in
the overall fold of the C-terminus and that this also contributes to nuclear retention of
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Dcr1. Only if zinc coordination was disrupted or C33 was completely missing, would the
export signal become exposed and Dcr1 rapidly exported. The former model is
particularly appealing to us because it would allow regulation of nucleo-cytoplasmic
localization of Dcr1 via modulating the interaction between Dcr1 and the nuclear
retention factor. This is an intriguing possibility, which we will investigate more closely in
our future studies.

The role of dicer dsRBDs
The solution structure of the Dcr1 dsRBD allowed us to design specific mutations that
interfere with binding to dsRNA without disturbing the overall structure of the domain.
Intriguingly, we found that key residues in the dsRBD that are required for dsRNA
binding are dispensable for proper functioning of Dcr1 in the RNAi pathway. This is
surprising because one would assume that dicer proteins contain dsRBDs to get a hold
on their dsRNA substrates. Thus, rather than substrate binding and processing, the main
function of the Dcr1 dsRBD appears to be regulation of the subcellular localization of
Dcr1 independently of its affinity for dsRNA. Interestingly, dicer proteins in animals are
known to interact with other dsRBD-containing proteins, such as DICER1 with TRBP
(Chendrimada et al, 2005; Haase et al, 2005), or Drosophila Dcr-1 and Dcr-2 with
Loquacious and R2D2, respectively (Forstemann et al, 2005; Liu et al, 2003; Saito et al,
2005). We speculate that dicer dsRBDs might generally function in nucleo-cytoplasmic
transport and not necessarily substrate binding. Dicers in some organisms might
therefore have acquired auxiliary dsRBD proteins that would increase their specificity or
efficiency in dsRNA processing.

Conservation of the zinc-binding motif
The unusual spacing between C and H residues in the zinc-binding motif makes it
difficult to search for homologies. Therefore, we restricted our analysis to proteins with at
least one RNase III domain, followed by a dsRBD and a C-terminal extension of at least
15 amino acids. This analysis revealed that the CHCC zinc-binding motif is highly
conserved in the C-terminal domains of yeast dicers (Figure 6 and Supplementary
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Figure 9).
Whereas the CHCC zinc-binding motif is highly conserved, the remaining sequences
can be rather divergent even within the yeast group. The region between helix 2 and the
C-X-C motif, as well as the sequence that follows the C-X-C motif, is neither well
conserved in amino acid composition nor in length (Supplementary Figure 9). For
example, the region between helix 2 and the C-X-C motif in S. pombe Dcr1 is three
amino acids shorter than in many other dicer sequences (Figure 6A and Supplementary
Figure 9), suggesting the presence of an additional turn to helix 3 in other species. We
also noted the presence of a buried arginine (R1311) side-chain in the core of the S.
pombe domain, whose positive charge would not be favourable in such a hydrophobic
environment. However, we note that the vicinity of the CHCC zinc-binding site, with an
overall -1 net charge, is likely to counterbalance this positive charge. Interestingly, in any
other CHCC zinc-binding motif-containing dsRBD, this arginine is replaced by a
hydrophobic residue (Figure 6A and Supplementary Figure 9), thus forming a more
classical hydrophobic core.
Finally, the high degree of conservation and its mutational intolerance make the zincbinding motif a prime antifungal target. Ejection of zinc from HIV type 1 nucleocapsid
protein by disulfide benzamides or other molecules has been shown to have an anti-viral
effect (Pannecouque et al; Rice et al, 1995). Similarly, compounds reacting with the Dcr1
zinc-binding motif may offer new anti-fungal strategies to cope with the increasing
incidence of invasive mycoses.

MATERIALS and METHODS
Strains and Plasmids
Fission yeast strains used in this study are listed in Supplementary Data and were
grown at 30 °C in YES. All strains were constructed following a standard PCR-based
protocol (Bahler et al, 1998) and confirmed by sequencing. For protein expression, the
different constructs, consisting of residues 1258-1374 (long-dsRBD) or residues 12581358 (short-dsRBD) of S. pombe Dcr1 (Figure 1B), were sub-cloned in E. coli
expression vector pET28a+ between NdeI and XhoI cloning sites. The constructs hold a
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N-terminal tag whose sequence MGSSHHHHHHSSGLVPRGSHM includes a 6 histidine
stretch used for protein purification. Mutagenesis was performed using the Quickchange
Kit (Stratagene) following the manufacturer's recommendations.

Protein expression and purification
Proteins were overexpressed in BL21(DE3) Codon-plus (RIL) cells in either LB media or
M9 minimal media supplemented with

15

NH4Cl and

13

C-labeled glucose. All media were

supplemented with 0.1 mM ZnCl2. The cells were grown at 37 °C to OD600 ~0.4, cooled
down

at

18

°C

and

induced

at

OD600

~0.6

by

adding

isopropyl--D-

thiogalactopyranoside to a final concentration of 0.25 mM. Cells were harvested 20 h
after induction by centrifugation. The protein of interest was purified from both the
soluble and insoluble fraction of E. coli. Cell pellets were resuspended in lysis buffer
(Tris-HCl pH 7.5 50 mM, NaCl 500 mM, imidazole 20 mM, ZnCl2 0.1 mM, DTT 1 mM,
Tween-20 0.2 %), and lysed by sonication. Cell lysates were centrifuged 30 min at
45,000 g. When the protein is expressed in LB media, about 40 % remains in the soluble
fraction, whereas it expresses almost exclusively in the inclusion bodies when
expressed in M9 minimal media. On the one hand, the supernatant was loaded on a NiNTA column on a ÄKTA Prime purification system (Amersham Biosciences), and the
protein of interest was eluted with an imidazole gradient. The fractions containing the
protein were pooled, dialyzed against the NMR Buffer (NaPi pH 7.0 25 mM, KCl 75 mM,
DTT 2 mM and ZnCl2 10 μM), and concentrated to ~0.5 mM using Vivaspin 5000 MWCO
(Sartorius Stedim Biotech). On the other hand, the pellet was dissolved in 6 M
guanidinium chloride and DTT was added to a final concentration of 1 mM. The
resuspended proteins from the insoluble fraction were then loaded on a Ni-NTA column
equilibrated with Tris-HCl pH 7.5 50 mM, guanidinium chloride 4 M. The bound protein
was then eluted with an imidazole gradient. The fractions containing the protein of
interest were pooled, concentrated and subjected to a refolding protocol. Shortly, small
amounts of purified protein were added step by step in a large amount of refolding buffer
(Tris-HCl pH 7.5 50 mM, KCl 300 mM, 2-mercaptoethanol 1 mM and ZnCl2 0.1 mM) at 4
°C under stirring. The protein solution was then dialyzed against the NMR buffer and
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concentrated as for the protein purified from the soluble fraction. The protein purified
from the insoluble fraction gives exactly the same 1H NMR spectrum as the one purified
from the soluble fraction. This shows that both proteins adopt the same structure and
thus validate our refolding protocol.

NMR Spectroscopy
All NMR spectra were recorded at 298 K in a buffer containing 25 mM NaPi pH 7.0, 75
mM KCl, 2 mM DTT, 10 μM ZnCl2 on Bruker AVIII-500 MHz, AVIII-600 MHz, AVIII-700
MHz and Avance-900 MHz spectrometers (all equipped with a cryoprobe). The data
were

processed

using

TOPSPIN

2.1

(Bruker)

and

analyzed

with

Sparky

(http://www.cgl.ucsf.edu/home/sparky/). Protein resonances were assigned using 2D
(1H-15N)-HSQC, 2D (1H-13C)-HSQC, 3D HNCA, 3D HNCACB, 3D CBCA(CO)NH, 3D
TOCSY-(1H-15N)-HSQC, 3D (H)CCH-TOCSY, 3D NOESY-(1H-15N)-HSQC and two 3D
NOESY-(1H-13C)-HSQC optimized for the observation of protons attached to aliphatic
carbons and to aromatic carbons, respectively. In addition, the assignment of aromatic
protons was conducted using 2D (1H-1H)-TOCSY and 2D (1H-1H)-NOESY measured in
D2O. We recorded all 3D NOESY spectra with a mixing time of 150 ms and the 2D
NOESY spectra with a mixing time of 120 ms. Long-range 1H-15N HSQC spectra was
measured at 600 MHz and the delay during which 15N and 1H signals become antiphase
was set to 22 ms to refocus magnetization arising from 1JNH couplings (Pelton et al,
1993) .

Protein structure determination
Automated NOE cross-peak assignments (Herrmann et al, 2002a) and structure
calculations with torsion-angle dynamics (Guntert et al, 1997) were performed using the
macro noeassign of the software package CYANA 2.1 (Guntert, 2004). Peak lists of the
four NOESY spectra were generated as input with the program ATNOS (Herrmann et al,
2002b) and manually cleaned to remove artefact peaks. The input also contained 41
hydrogen-bond restraints and restraints that defined the coordination geometry around
the zinc. Hydrogen bonded amides were identified as slowly exchanging protons in
17

   

presence of D2O. Their bonding partner was identified from preliminary structures. We
calculated 100 independent structures that we refined in a water shell with the program
CNS 1.21 (Brunger, 2007; Brunger et al, 1998) using a water-refinement protocol
successfully employed to refine a large set of NMR structures calculated with CYANA
(Nederveen et al, 2005). The coordination geometry around the zinc has been defined
with 4 distance restraints between the metal ion and the four ligand atoms that directly
contact the metal center (Cysteins S and Histidine N), 10 bond angle and one dihedral
angle restraints that defined a tetrahedral coordination sphere (Neuhaus et al, 1992).
The 20 best energy structures were analyzed using PROCHECK-NMR (Laskowski et al,
1996). Structures were visualized and figures were prepared using program MOLMOL
(Koradi et al, 1996) and PYMOL (www.pymol.org).

Atomic Absorption Spectroscopy
Samples of unlabeled long-dsRBD purified from the soluble protein fraction, were
extensively dialyzed against Ammonium acetate pH 7.0 100 mM, and analyzed for Zn2+
content using an atomic absorption spectrometer from Varian (model spectrAA 220 FS).
Zn2+ standards of 0—1.5 ppm were prepared from a 1000 ppm calibrated stock solution
in the same buffer as the protein sample. Absorption measurement was repeated 5
times for standards and sample. The relative standard deviation for each sample was
below 1 %.

Mass Spectrometry
Samples for mass spectrometry were prepared either under denaturing conditions in
aqueous 50 % acetonitrile and 0.1 % formic acid to a final pH of 2.0 to assess the mass
of the apo form of the protein, or under native conditions in 10 mM ammonium acetate
pH 7.0 to measure the mass of the holo form. Samples were analyzed at the Functional
Genomics Center Zurich on an electrospray time-of-flight mass spectrometer.
Deconvoluted mass spectra were obtained using the MaxEnt1 software.
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Nucleic acid samples used in ITC binding assays
To assess the nucleic acid binding properties of the dsRBD, we produced two
complementary RNA fragments of arbitrary sequence by in vitro transcription with T7
polymerase (RNAfwd of sequence 5' GGGAUCAAUAUGCUAAGCGAUCCC 3' and
RNArev being the reverse complement). RNA was purified by anion-exchange highpressure liquid chromatography under denaturing conditions. The two complementary
RNA strands were mixed to a 1:1 ratio, heated-up at 95 °C for 5 min and slowly cooled
down to allow formation of dsRNA. DNA oligonucleotides of the same sequence
(DNAfwd of sequence 5' GGGATCAATATGCTAAGCGATCCC 3' and DNArev being the
reverse complement) were purchased from Microsynth AG (Switzerland) and purified by
anion-exchange high-pressure liquid chromatography under denaturing conditions. The
dsDNA duplex was formed as described for the dsRNA. ITC experiments with ssRNA
and ssDNA were performed with RNAfwd and DNAfwd respectively.

Isothermal titration calorimetry
ITC experiments were performed on a VP-ITC instrument (MicroCal) calibrated
according to the manufacturer's instructions. The samples of protein and nucleic acids
were prepared in and dialyzed against the ITC buffer (NaPi pH 7.0 25 mM, KCl 75 mM,
2-mercaptoethanol 2 mM). The concentration of protein and nucleic acid was determined
using OD absorbance at 280 and 260 nm, respectively. The sample cell (1.4 mL) was
loaded with 2 μM of nucleic acid (dsRNA, dsDNA, ssRNA, ssDNA); dsRBD and mutant
concentration in the syringe were between 90 and 130 μM. Titration experiments were
done at 25 °C and typically consisted of 35-45 injections, each of 6-8 μL volume with a
5-min interval between additions. Stirring rate was 307 r.p.m. Raw data were integrated,
corrected for nonspecific heats, normalized for the molar concentration. Three
parameters were fitted (the association constant Ka, the binding enthalpy H and the
number of site N) using the equation for 1:1 binding model.

Yeast live-cell fluorescence microscopy
S. pombe pre-cultures were grown in YES (sterile filtered components only) for 8 h at 30
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°C, diluted to 105 cells/mL, and grown for 14-16 h at 30 °C to a concentration of about
5106 cells/mL. Microscopy was performed on cells spread on agarose patches
containing YES medium with 3 % glucose. Images were captured on a Delta Vision built
of an Olympus IX70 widefield microscope equipped with a CoolSNAP HQ2/ICX285
camera. Image stacks of 12–15 m Z-distance were acquired with a Z-step size of 0.2
m and deconvolved using the softworks (Delta Vision) software.

RNA analysis
RNA isolation, quantitative real-time RT-PCR, tiling arrays, as well as small RNA deep
sequencing and analysis of the data was performed as described (Emmerth et al. 2010).

Multiple sequence alignment
All entries in UniProtKB (release 2010_10) were searched for Pfam domain PF00636
(RNase3). Sequences containing one or more RNase3 domains were cut after the (last)
predicted RNase3 domain, and the Pfam domain PF00035 (double-stranded RNA
binding motif) was aligned to the remaining C-terminal part. The fragments were further
selected for the presence of at least 15 amino acids following the putative RNA binding
motif and the presence of a Cys, followed by a His followed by Cys-X-Cys distributed
over the whole length of the fragment. The distances between the first Cys and the His,
and the His and the Cys-X-Cys in the remaining 58 fragments were manually compared
with the numbers from S. pombe and S. japonicus. Thereby, another 15 proteins were
eliminated. Only one protein was selected from proteins originating from the same
species, but different strains. Proteins originating from the same species and the same
strain, which were only different in 5 amino acids were reduced to one fragment as well.
At this stage, C5WYA8 (a putative uncharacterized protein from Sorghum bicolor, the
last non-fungi sequence) was removed, as it distorted the multiple sequence alignment
created with Clustalw2 (Larkin et al, 2007). The multiple sequence alignment was
manually adjusted and colored ('Clustalx') with Jalview (Waterhouse et al, 2009) and
sequences to the left and the right of the dsRNA binding motif were removed as
indicated in the figure. The UniProt accession for the S. pombe dicer protein is
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highlighted in red. Accessions in bold are proteins expressed in human or plant
pathogenic yeast as listed in Supplementary Table II.

SUPPLEMENTARY DATA
Supplementary data are available online.

ACCESSION NUMBERS
The chemical shifts of Dcr1 dsRBD have been deposited in the BioMagResBank under
accession number 17315. The coordinates of the structure have been deposited in the
Protein Data Bank under accession code 2L6M.
Tiling

array

and

deep

sequencing

data

are

deposited

at

GEO

(http://www.ncbi.nlm.nih.gov/geo, accession numbers GSE30586, and GSE30549,
respectively).
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FIGURE LEGENDS
Figure 1
NMR-solution structure of the Dcr1 C-terminus
(A) Domain architecture of S. pombe Dcr1 (not drawn to scale).
(B) Sequence of the C-terminus (dsRBD + C33) with the corresponding secondary
structures indicated (color-code is the same as in Figure 3). The CHCC zinc coordination
motif is highlighted in red. Arrows indicate the C-terminal ends of the different constructs
used for structure determination. The residues highlighted in yellow are involved in
dsRNA binding. Amino acid numbers refer to the S. pombe Dcr1 protein (UniprotKB
Q09884).
(C) NMR ensemble. Overlay of the 20 final structures with color-coded secondarystructure elements: 1 in blue, -strands 1-3 in red-orange-yellow, 2 in green and 3 in
purple. The four zinc ligands (C1275, H1312, C1350 and C1352) are represented as
sticks in light-blue. The zinc ion is represented as a black dot.
(D) Cartoon representation of the lowest-energy structure. The same color code is used
for secondary structure elements. The zinc ion is represented as a grey sphere.
(E) Visualization of the extended dsRBD fold on the protein surface. The canonical
elements of the dsRBD are represented in gray and the C-terminal extension in red.
(Left panel). Same orientation of the domain as in (A) and (B). (Right panel) Side view.

Figure 2
Close-up view of the hydrophobic core of the domain.
(A) Front view. (B) Side view.
Side-chains belonging to the three  helices and to the  sheet are shown as green and
yellow sticks, respectively. The four zinc ligands are colored in light-blue. The zinc ion is
represented as a black dot.
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Figure 3
Structuring of the C-terminus of Dcr1 via coordination of zinc is essential for RNAimediated heterochromatin formation.
(A) Live-cell imaging of wild-type GFP-Dcr1 and the zinc motif mutant GFP-Dcr1-SHSS.
Scale bars = 2 μm.
(B) Quantitative real-time RT-PCR showing that dcr1-SHSS cannot silence centromeric
repeats. cendg, cendh and imr1R::ura4+ RNA levels were normalized to act1+ RNA and
are shown in relation to dcr1+ cells. Error bars represent standard deviations (STDEV).
(C) Total small RNA profiles of wild-type, dcr1 and dcr1-SHSS cells as determined by
Illumina Sequencing. Major small RNA classes relative to the total amount of small
RNAs sequenced are indicated. See Supplementary Table I for read numbers.
(D) ChIP experiment showing that mutations in the zinc coordinating motif of Dcr1 (Dcr1SHSS) abolish H3K9 methylation at a centromeric ura4+ transgene (imr1R::ura4+).
Fold-enrichment values from one representative experiment, normalized to act1+, are
shown. The value for dcr1 cells was set to 1. Error bars represent standard deviations
(STDEV).

Figure 4
Key residues in the dsRBD that are required for dsRNA binding are dispensable for
proper functioning of Dcr1 in the RNAi pathway.
(A) Location of residues important for the binding of dsRNA.
(B) Affinity of the Dcr1 dsRBD for dsRNA as determined by ITC.
(C) ITC measurements with dsRNA and Dcr1 dsRBD mutants (R1322A, loop 2 and
K1265A). Data for loop 2 and K1265A are shifted on the y-axis for clarity.
(D) Live-cell imaging of GFP-Dcr1-R1322A and GFP-Dcr1-R1322A-C33. Scale bars =
2 μm.
(E) Live-cell imaging of GFP-Dcr1-loop2. Scale bars = 2 μm.
(F) Quantitative real-time RT-PCR showing that heterochromatic gene silencing is not
affected in dsRBD mutants that cannot bind dsRNA. cendg, cendh and imr1R::ura4+
RNA levels are shown relative to dcr1+ cells and were normalized to act1+ RNA. Error

32

   

bars represent standard deviations (STDEV).
(G) Size distribution and the 5'-most nucleotide of centromeric sRNAs from dcr1+ and
dcr1-loop2 cells.

Figure 5
A cluster of conserved residues is required for proper localization of Dcr1.
(A) Solvent exposed residues with conserved biochemical properties among S. pombe,
S. octosporus and S. cryophilus are displayed in color on the surface of the domain.
Residues that might be conserved for dsRNA binding are shown in yellow, H1312 which
is conserved for zinc coordination is colored in blue. All other residues are shown in red.
(Left) Front view. (Right) Back view.
(B) Live-cell imaging of GFP-Dcr1-R1334A. Scale bars = 2 μm.
(C) Live-cell imaging of GFP-Dcr1-Y1348A, GFP-Dcr1-N1344A, and GFP-Dcr1-S1349A.
Scale bars = 2 μm.
(D) Live-cell imaging of a strain expressing GFP-Dcr1 containing the mutations Y1348A,
N1344A, S1349A (GPF-Dcr1-triple). Scale bars = 2 μm.

Figure 6
Mutations in the conserved zinc coordination motif of Dcr1 are toxic in S. pombe.
(A) Conservation of the Dcr1 CHCC motif in dicer proteins of human pathogenic yeasts.
The highly conserved residues are indicated by asterisks. Amino acid numbers refer to
the S. pombe Dcr1 protein (UniprotKB Q09884).
(B) Single wild-type (CHCC) and zinc coordination motif mutant (SHSS) cells were
dissected onto a 5x6 matrix on EMMc-agar plates and grown at 30 °C for ~5-6 days.
(C) Heatmap displaying the genes that were up- or downregulated at least 1.5-fold
(p=0.05) in dcr1SHSS cells compared to wild-type on S. pombe tiling arrays. Artificially
scaled expression values are shown for the strains indicated. Three biological replicates
were performed.
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Figure 7
Structural comparison with other dsRBDs.
(A) Structures of Xlrbpa dsRBD2 in gray (PDB code 1DI2), human ADAR2 dsRBD1 in
green (PDB code 2L3C) and yeast RNase III Rnt1p in red (PDB code 1T4O) were
superimposed over C atoms over the entire domain. S. pombe Dcr1 dsRBD in blue
was superimposed with the other structures over C atoms of the C-terminal part of strand 3, 3-2 loop and helix 2 in order to emphasize the differences in the position and
the relative orientation of helix 1 and the -sheet surface.
(B) Relative position of helix 1 and helix 2. Only helices are displayed as ribbon. (Left
panel) Xlrbpa dsRBD2 and A. aeolicus RNase III (PDB code 1RC7) are displayed in
gray, human ADAR2 dsRBD1 in green, and S. pombe Dcr1 dsRBD in blue. (Right panel)
Yeast RNase III Rnt1p is displayed in red, and S. pombe Dcr1 dsRBD in blue.
(C) Superposition of Xlrbpa dsRBD2 in yellow and S. pombe Dcr1 dsRBD in blue over
C atoms of the C-terminal part of -strand 3, 3-2 loop and helix 2, showing the
unusual position of helix 1 and the -sheet relative to helix 2.
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TABLES
Table I
Zinc binding determination by ESI-MS and Atomic Absorption Spectroscopya
observed apoprotein
mass (Da)

observed holoprotein
mass (Da)

expected apoprotein
mass (Da)

expected holoprotein
2+
mass with 1 Zn (Da)

atomic absorption
spectroscopy
(zinc/protein ratio)

15499.0 ± 0.5

15562.0 ± 0.5

15498.8

15562.2

1.2 ± 0.1

a

the long-dsRBD protein construct was analyzed for bound metal by ESI-MS in 10 mM ammonium
acetate at pH 7.0 to observe the holo form of the protein and under denaturing conditions (0.1 % formic
acid, 50 % acetonitrile) to observe the apo form of the protein. The expected neutral mass of the
2+
+
holoprotein is calculated according to holo = apo + Zn - 2H , where MZn=65.4 Da (Lei et al, 1998). For
AAS, the protein concentration was determined by UV absorbance at 280 nm taking a theoretical
-1
-1
extinction coefficient  = 8940 M cm .
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Table II
NMR experimental restraints and structural statistics
Distance restraints
Total NOE
Intraresidue
Sequential
Medium range (li-j| < 5 residues)
Long range (li-j|  5 residues)
Hydrogen bond

2308
520
600
521
667
41

Zinc coordination restraints
Distance restraints
Bond angles
Dihedral angles

4
10
1

Structure statistics
NOE violations (mean ± s.d.)
Number of NOE violations > 0.2 Å
Maximum NOE violation (Å)

4.7 ± 1.8
0.30 ± 0.05

R.m.s.d. from average structurea (Å)
Backbone
Heavy atoms

0.46 ± 0.12 Å
0.95 ± 0.14 Å

Mean deviation from ideal covalent geometry
Bond length (Å)
Bond angles (°)
Ramachandran analysis
Most favored region
Allowed region
Disallowed region

0.007
0.9

79.6 %
20.2 %
0.2 %

a

Protein r.m.s.d. was calculated using residues 1262-1286,1303-1353 for the ensemble of 20 refined
structures.
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Supplementary Data
An Extended dsRBD with a Novel Zinc-Binding Motif Mediates Nuclear
Retention of Fission Yeast Dicer
Pierre Barraud, Stephan Emmerth, Yukiko Shimada, Hans-Rudolf Hotz,
Frédéric H.-T. Allain, and Marc Bühler
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Supplementary Figures

Supplementary Figure 1.
The C-terminal domain of Dcr1 binds one zinc ion per protein domain.
(A) ESI-TOF deconvoluted spectrum obtained under non-denaturing conditions (10 mM
ammonium acetate pH 7.0). (B) ESI-TOF deconvoluted spectrum obtained under
denaturing conditions (50 % acetonitrile and 0.1 % formic acid pH 2.0). Minor peaks
come from acetylation, -N-gluconoylation of the histidine tag and phosphorylation.
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Supplementary Figure 2.
Residues of C33 following the canonical dsRBD fold are structured.
15
N{1H}-NOE values plotted against the Dcr1 dsRBD sequence showing that the
residues following the canonical dsRBD fold are structured. Values for residues marked
with black squares could not be determined due to resonance overlap. Residues marked
with an asterisk correspond to the one for which the amide assignment is missing. The
secondary structure elements are represented as rectangles above the diagram. The
color code refers to the one used in Figure 1.
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Supplementary Figure 3.
Coordination sphere around the zinc. (A-C) NOE contacts supporting the
coordination sphere around the zinc ion. (A) Slice of the aliphatic 3D NOESY-(1H-13C)HSQC showing contacts between C1352 and C1275. (B) Slice of the aliphatic 3D
NOESY-(1H-13C)-HSQC showing contacts between C1352 and C1275. (C) Region of the
2D (1H-1H)-NOESY showing contacts between H1312 H1 and C1350 and C1352.
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Supplementary Figure 4.
Long-range 1H-15N HSQC spectrum for the determination of the coordination
mode of histidine 1312.
The pattern of cross peaks for H1312 is uniquely compatible with protonation on N1
and therefore coordination through the N2 atom (c.f. Legge et al. (2004) J. Mol. Biol.
343, 1081-1093). The other peaks correspond to histidines from the N-terminal 6histidine tag and to histidines present in the unstructured loop 2 (See Figure 1B). The
pattern is characteristic of the histidine tautomer protonated on the N2.
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Supplementary Figure 5.
Western blot analysis and imaging of GFP-Dcr1-C16. (A) Western blot showing that
stability is not affected for the zinc coordination motif mutant or the RNA-binding
mutants. (B) Live-cell imaging of GFP-Dcr1-C16. Scale bars = 2 μm.
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Supplementary Figure 6.
Size distribution and the 5'-most nucleotide of major classes of sRNAs sequenced from dcr1+, dcr1, dcr1loop2,
and dcr1-SHSS cells.
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Supplementary Figure 7.
The Dcr1 dsRBD binds preferentially to dsRNA. (A) Regions of interaction between a
classical dsRBD and a dsRNA target shown on the structure of ADAR2 dsRBD1 in
complex with RNA (PDB code 2L3C). The three regions of interactions are represented
in red on the protein structure (helix 1 and loop 1-2 interact with the minor groove at
one turn of interval and the N-terminal part of helix 2 interacts across the major groove).
(B) ITC measurements of S. pombe Dcr1 dsRBD with different nucleic acid targets.
From left to right: dsRNA (24 bp), dsDNA (24 bp), ssRNA (24 nt) and ssDNA (24 nt). (C)
ITC measurements with dsDNA and Dcr1 dsRBD mutants (R1322A, loop 2 and
K1265A).
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Supplementary Figure 8.
Identification of the solvent exposed and conserved residues of Dcr1 dsRBD.
Black arrows show residues with a solvent exposed side chain and conserved
biochemical properties among S. pombe, S. octosporus and S. cryophilus. Those
residues are displayed in color on Figure 7A. Residue numbers refer to the S. pombe
Dcr1 protein (UniprotKB Q09884).
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Supplementary Figure 9.
Conservation of CHCC motif in C-termini of RNase III enzymes. Alignment of all annotated RNase III proteins with
C termini that contain the CHCC motif. UniProt accession for the S. pombe Dcr1 protein is highlighted in red. Accessions
in bold are proteins expressed in human or plant pathogenic yeast as listed in Supplementary Table II.

  
  

  

  

Supplementary Table I
Small RNAs sequenced from wild-type and Dcr1 mutant cells

rRNA+
rRNAtRNA+
tRNAsnRNA+
snRNAsnoRNA+
snoRNA3UTR+
3UTR5UTR+
5UTRmRNA+
mRNAintron+
introncentromeric+
centromerictelomeric+
telomericmating_type_region+
mating_type_regionrep_origin+
rep_originpseudogene+
pseudogeneLTR+
LTRwtf+
wtfmisc_RNA+
misc_RNAunknown_non-repeat

dcr1+
reads
437259
1122
544340
460
5728
26
2074
201
14172
1312
2835
163
126176
12114
10031
465
401625
15473
1
3
798
1315
56
5
316
261
138
55
450
6
18258
5558
303920

%

dcr1
reads

23
0.1
29
0
0.3
0
0.1
0
0.7
0.1
0.1
0
6.6
0.6
0.5
0
21
0.8
0
0
0
0.1
0
0
0
0
0
0
0
0
1
0.3
16

345175
158
719518
244
7382
4
1165
112
6866
533
1301
56
64120
5243
7536
324
7123
1357
0
1
8
17
21
1
35
14
75
45
298
4
11769
861
103173

%

dcr1SHSS
reads

%

dcr1 loop2
reads

%

27
0
56
0
0.6
0
0.1
0
0.5
0
0.1
0
5
0.4
0.6
0
0.6
0.1
0
0
0
0
0
0
0
0
0
0
0
0
0.9
0.1
8

693100
739
1752112
365
9529
12
2938
338
10732
439
2269
138
117254
6013
10126
1006
9712
2286
0
1
2
7
20
2
89
21
81
30
435
5
19463
1255
148691

25
0
63
0
0.3
0
0.1
0
0.4
0
0.1
0
4.2
0.2
0.4
0
0.3
0.1
0
0
0
0
0
0
0
0
0
0
0
0
0.7
0
5.3

499969
451
2155557
226
5786
22
2136
326
11557
1042
2627
194
135565
10885
15736
432
382979
15895
2
0
756
1292
59
12
315
204
104
72
539
5
23950
3151
274583

14
0
61
0
0.2
0
0.1
0
0.3
0
0.1
0
3.8
0.3
0.4
0
11
0.4
0
0
0
0
0
0
0
0
0
0
0
0
0.7
0.1
7.7

2789210
100
3546429
100
sum 1906716 100 1284539 100
Weighted number of small RNA reads for different genomic features from deep sequencing of total sRNAs
in wild-type, dcr1, dcr1-SHSS, and dcr1loop2 mutant cells.
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Supplementary Table II
Pathogenic yeasts expressing at least one dicer protein containing the CHCC motif
Accession
Q5KKA8
Q2H0G2
C5PD40
Q1DKI1
C5JNK5
C6HL09
D4AJB0

Organism
Cryptococcus
neoformans
Chaetomium
globosum
Coccidioides
posadasii
Coccidioides immitis
Ajellomyces
dermatitidis
Ajellomyces
capsulata
Arthroderma
benhamiae

B8NLR3

Aspergillus flavus

Q2U6C4
A2RAF3

A1DE13
A1CBC9

Aspergillus oryzae
Aspergillus niger
Aspergillus
fumigatus
Neosartorya fischeri
Aspergillus clavatus

Q0CW42

Aspergillus terreus

B6Q4H4

Penicillium marneffei

Q4WVE3

Pathology
Cryptococcosis (opportunitstic infection in HIV+ patients, fungal
meningitis)
Peritonitis, Onychomycosis
Coccidioidomycosis (California Disease, Valley Fever)
Coccidioidomycosis (California Disease, Valley Fever)
Blastomycosis (Chicago disease, Gilchrist's disease)
Darling's Disease
Dermatophytosis (Ringworm)
Aspergillosis (lung, occasionally identified as the cause of corneal,
otomycotic and nasoorbital infections )
Aspergillosis (only occasionlly pathogenic though)
Aspergillosis
Major cause of Aspergillosis (both invasive and allergic
Aspergilloses), Mycotoxicosis, Farmer's Lung
Aspergillosis
Aspergillosis, Mycotoxicosis
Aspergillosis of the lungs and or disseminated aspergillosis,
Onychomycosis, Mycotoxicosis (thermotolerant yeast)
Penicilliosis (third most common opportunistic infection in HIV+
patients)

Trichophyton
Dermatophytosis (Ringworm)
verrucosum
Nectria
C7Z430
Plant diseases, opportunistic infections in animals
haematococca
Verticillium alboC9S7J2
Verticillium Wilt Disease
atrum
Cryphonectria
Q2VF19
Chestnut Blight
parasitica
Magnaporthe
A4RKC3
Blast Disease (rice)
grisea
Botryotinia
A6SBX3
Gray mold disease
fuckeliana
Sclerotinia
A7F817
White Mold
sclerotiorum
Pyrenophora triticiB2WFV3
Tan spot
repentis
Phaeosphaeria
Q0UI93
Glume blotch (major pathogen of wheat)
nodorum
Mucor c. f.
C6H0M5
plant diseases
lusitanicus
B8PDI4
Postia placenta
destructive decay of wood in buildings and other structures
UniProt release 2010_10 - Oct 5, 2010. Gold, human or animal pathogens. Yellow, plant pathogens.
D4D7V1
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Strains used in this study
Strain

Genotype

SPB80
SPB81
SPB287
SPB278
SBP777

h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+ dcr1::TAP-Kan
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+ dcr1-C33::Nat
h+ leu1-32 ura4-D18 ade6-216 imr1R(NcoI)::ura4+ Kan-nmt1P3-GFP::dcr1+
h+ leu1-32 ura4-D18 ade6-216 imr1R(NcoI)::ura4+
Kan-nmt1P3-GFP::dcr1-SHSS::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+ dcr1-SHSS::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+
Kan-nmt1P3-GFP::dcr1-C16::Nat
h+ leu1-32 ura4-D18 ade6-216 imr1R(NcoI)::ura4+
Kan-nmt1P3-GFP::dcr1-loop2::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+ dcr1-loop2::Nat
h+ leu1-32 ura4-D18 ade6-216 imr1R(NcoI)::ura4+
Kan-nmt1P3-GFP::dcr1-C16::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+ dcr1-C16::Nat
h+ leu1-32 ura4-D18 ade6-216 imr1R(NcoI)::ura4+
Kan-nmt1P3-GFP::dcr1-R1322A::Hph
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+ dcr-R1322A::Hph
h+ leu1-32 ura4-D18 ade6-216 imr1R(NcoI)::ura4+
Kan-nmt1P3-GFP::dcr1-R1322A-C33::Hph
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+ dcr-K1265A::Hph
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+
Kan-nmt1P3-GFP::dcr1-Y1348A::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+
Kan-nmt1P3-GFP::dcr1-R1334A::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+
Kan-nmt1P3-GFP::dcr1-S1349A::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+
Kan-nmt1P3-GFP::dcr1-N1344A::Nat
h+ leu1-32 ura4-D18 ori1 ade6-216 imr1R(Nco1)::ura4+
Kan-nmt1P3-GFP::dcr1-Y1348A-N1344A-S1349A::Nat

SPB776
SPB773
SBP771
SPB770
SBP773
SPB772
SPB919
SPB918
SPB919
SPB949
SPB775
SPB1079
SPB1080
SPB1082
SPB1116

Source

1 = Bühler lab strain collection, 2 = obtained from Danesh Moazed
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