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Dicer proteins function in RNA interference (RNAi) path-

ways 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 zinc-binding 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 cyto-

plasmic and leads to remarkable changes in gene expres-

sion 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 ther-

apeutic intervention with fungal diseases.
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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

(Grishok et al, 2001; Baulcombe, 2004; Huisinga and Elgin,

2009; van Wolfswinkel and Ketting, 2011). 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 (sRNAs) with members of the

Argonaute family of proteins, forming the core component of

a diverse set of protein–RNA complexes called RNA-induced

silencing complexes (RISCs; Carmell et al, 2002; Hutvagner

and Simard, 2008). To date, at least three classes of

RISC-associated sRNAs have been identified (Siomi and

Siomi, 2009): short interfering RNAs (siRNAs), microRNAs

(miRNAs) and PIWI-interacting 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 and 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 (dcr1þ , ago1þ and rdp1þ ,

respectively) result in loss of CTGS, chromosome segregation

defects, and greatly reduced levels of H3K9 methylation

(H3K9me) at centromeric repeats (Volpe et al, 2002, 2003;

Woolcock et al, 2011). siRNAs corresponding to hetero-

chromatic regions are loaded into an Argonaute-containing

complex referred to as RNA-induced transcriptional silencing

(RITS) complex in S. pombe (Reinhart and Bartel, 2002;

Verdel et al, 2004). Importantly, the RITS complex is physi-

cally linked to heterochromatin and this interaction, as well

as siRNA generation, depends on the histone H3K9 methyl-

transferase Clr4 (Motamedi et al, 2004; Cam et al, 2005;

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) tran-

scripts. Subsequently, RITS would recruit histone-modifying

enzymes such as Clr4, leading to the generation and spread-

ing of heterochromatin (Buhler et al, 2006; Moazed, 2009).

The biogenesis of siRNAs is mediated by Dcr1, which pro-

cesses double-stranded RNA (dsRNA) precursors endonucleoly-

tically. 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 localiza-

tion 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 nucleocytoplasmic trafficking

has been demonstrated for other proteins (Strehblow et al, 2002;
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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 (dsRBDþC33) with the corresponding secondary structures indicated (colour code is the same as in C, D). 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 colour-coded secondary structure elements: a1 in blue, b-strands 1–3 in
red-orange-yellow, a2 in green and a3 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 colour 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 grey and the C-terminal extension in red. Left panel: Same orientation of the domain as
in (C) and (D). Right panel: Side view.
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Chen et al, 2004; Gwizdek et al, 2004; Macchi et al, 2004).

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

export-promoting 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 localiza-

tion. 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

nucleocytoplasmic transport and not necessarily in substrate

binding.

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-term-

inal domain with NMR spectroscopy (1259–1374, long-

dsRBD construct; Figure 1B). We assigned backbone and

side-chain NMR chemical shifts using standard triple-reso-

nance experiments as described in Materials 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 pre-

liminary folds revealed a typical dsRBD fold for residues

1262–1341. 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 three cysteines and one histidine; highlighted in red

in 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 absorp-

tion spectroscopy (AAS) and mass spectrometry measure-

ments confirmed that the Dcr1 C-terminal domain containing

the dsRBD and the C33 indeed include one zinc ion per

molecule (Supplementary Figure S1; Table I). 15N{1H}-NOE

measurement (Supplementary Figure S2) further confirmed

that the first half of C33 fragment is structured and partici-

pates 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 r.m.s.d. of 0.46±0.12 Å for the NMR

ensemble of conformers. 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 char-

acteristic NOE pattern found in a-helices and b-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 S3).

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 Ne
(Supplementary Figure S4; 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 zinc-binding motif

The residues ranging from I1262 to D1341 form the dsRBD

core domain with the canonical abbba topology (Bycroft

et al, 1995; Kharrat et al, 1995), with the two a-helices

packed against the 3-stranded antiparallel b-sheet (Figure

1C and D). The residues of C33 that immediately follow

helix a2 are well structured (Figure 1C and D;

Supplementary Figure S2) and fold back on the dsRBD.

N1344 to L1347 fold in a short a-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 20–40 residues (Auld, 2001) with the most

abundant form being the C2H2 zinc fingers that adopt a

bba fold (Laity et al, 2001). To our knowledge, the present

ligand arrangement in the Dcr1 C-terminal domain is unpre-

cedented among zinc-binding domains. Rather than being an

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
mass with 1 Zn2+ (Da)

Atomic absorption spectroscopy
(zinc/protein ratio)

15 499.0±0.5 15 562.0±0.5 15 498.8 15 562.2 1.2±0.1

aThe long-dsRBD protein construct was analysed 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 and 50% acetonitrile) to observe the apo form of the protein. The expected
neutral mass of the holoprotein is calculated according to holo¼ apo+Zn2+–2H+, where MZn¼ 65.4 Da (Lei et al, 1998). For AAS, the protein
concentration was determined by UV absorbance at 280 nm taking a theoretical extinction coefficient e¼ 8940M�1 cm�1.
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independent fold of the dsRBD, this novel zinc-binding

domain is formed jointly by dsRBD and C33, and therefore

constitutes an 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 interac-

tions with residues from the dsRBD (helix 1, helix 2 and

the b-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 distri-

buted along the three helices together with other hydrophobic

residues of helix 1 (I1262 and V1266) bring the three

a-helices, as well as the hydrophobic surface of the b-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 cytoplas-

mic localization of the protein without changing the amount

of protein, similar to what we observed previously when C33

was deleted entirely (Figure 3A; Supplementary Figure S5A).

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 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 S5B).

To test whether disrupting the coordination of zinc has the

same functional consequences as deleting C33, we investi-

gated heterochromatic gene silencing and the generation of

centromeric siRNAs by quantitative RT–PCR and sRNA deep

Table II NMR experimental restraints and structural statistics

Distance restraints
Total NOE 2308

Intraresidue 520
Sequential 600
Medium range (|i–j|o5 residues) 521
Long range (|i–j|X5 residues) 667

Hydrogen bond 41

Zinc coordination restraints
Distance restraints 4
Bond angles 10
Dihedral angles 1

Structure statistics
NOE violations (mean±s.d.)

Number of NOE violations 40.2 Å 4.7±1.8
Maximum NOE violation (Å) 0.30±0.05

R.m.s.d. from average structurea (Å)
Backbone 0.46±0.12 Å
Heavy atoms 0.95±0.14 Å

Mean deviation from ideal covalent geometry
Bond length (Å) 0.007
Bond angles (deg) 0.9

Ramachandran analysis
Most favoured region 79.6%
Allowed region 20.2%
Disallowed region 0.2%

aProtein r.m.s.d. was calculated using residues 1262–1286,
1303–1353 for the ensemble of 20 refined structures.
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sequencing, respectively. Consistent with a failure to retain

Dcr1 in the nucleus, silencing of centromeric heterochroma-

tin and the generation of centromeric siRNAs were lost in

cells expressing Dcr1-SHSS (Figure 3B and C; Supplementary

Figure 6; Supplementary Table I). Concomitant with the

observed loss of silencing, H3K9 methylation was lost in

Dcr1-SHSS expressing cells (Figure 3D). In conclusion, co-

ordination of zinc by the C-terminus 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 (Strehblow et al, 2002;

Chen et al, 2004; Gwizdek et al, 2004; Macchi et al, 2004),

and it has been discussed that RNA may regulate this process

(Fritz et al, 2009). In canonical dsRBDs, both helix 1 and the

loop between b1 and b2 contact the minor groove of a dsRNA

helix (Supplementary Figure S7A; Ryter and Schultz, 1998;

Ramos et al, 2000; Wu et al, 2004; Stefl et al, 2010).

Interestingly, the dsRBD of Dcr1 has an unusually long loop

between b1 and b2 (14 residues compared with 4–6 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 (St Johnston et al, 1992;

Bass et al, 1994), the isolated domain (Figure 4A) binds

rather strongly to a regular A-form RNA helix (Kd¼ 0.8 mM,

with two dsRBDs bound per 24 bp dsRNA helix) (Figure 4B),

but binds only weakly to ssRNA or ssDNA (Supplementary

Figure S7B). The absence of binding to a regular B-form DNA

helix has been reported for various dsRBDs (Burd and

Dreyfuss, 1994; Fierro-Monti and Mathews, 2000; Saunders

and 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 (Kd¼ 1.5 mM), although only one

molecule is bound per dsDNA (Supplementary Figure S7B).

This raises the question of how this dsRBD can adapt to

bind both a B-form DNA helix and an A-form RNA helix.

We speculate that the unusually long b1–b2 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, Dloop 2 and R1322A in loop 4,

Figure 4A and Figure 1B, Supplementary Figure S5A for

stability) that can be predicted to be involved in RNA binding

based on previous structures of dsRBDs in complex with

dsRNA (Ryter and Schultz, 1998; Ramos et al, 2000; Wu et al,

2004; Stefl et al, 2006, 2010). 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 S7C). 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), GFP–Dcr1-K1265A or GFP–Dcr1-Dloop 2

(Figure 4E), demonstrating that nuclear import of Dcr1 is

unlikely to be dependent on binding of dsRNA via the
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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

importantly, nuclear localization of the mainly cytoplasmic

Dcr1DC33 could not be restored by mutating R1322 to alanine

(Figure 4D; Supplementary Figure S5A for stability). Thus,

the dsRBD of Dcr1 functions in nucleocytoplasmic 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 G; Supplementary Figure S6).

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
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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 S8

for the sequence alignment). This revealed a patch of con-

served 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 con-

served surface is important for Dcr1 localization, we mutated

residues in the centre of the surface (N1344A, Y1348A,

S1349A; belonging to C33) or at its periphery (R1334A;

belonging to a-helix 2). Whereas mutating R1334 to A did

not affect Dcr1 localization (Figure 5B), the three residues in

the middle of the putative protein–protein interaction surface

turned out to 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 localiza-

tion, neither in human nor in S. pombe cells (SE and MB,

unpublished observation), further corroborating our conclu-

sion 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, DICER1þC33 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 S9). Strikingly, many

of the dicers in which the four zinc-binding ligands are

present belong to human or plant pathogens (Figure 6A;

Supplementary Table II). This is particularly interesting

because an S. pombe mutant strain that fails to coordi-

nate zinc grows much more slowly and is less viable than

C
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wild-type or dcr1D cells (Figure 6B). Concomitantly, dramatic

changes in gene expression can be observed upon mutating

the zinc-coordinating residues but not upon deletion of the

dcr1þ 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

α1 β1

Secondary structure S. pombe

conserved CHCC motif

α2β2 β3 α3
Sec. struc.
S. pombe

CHCC motif

Schizosaccharomyces pombe
Coccidioides immitis
Aspergillus niger
Aspergillus oryzae
Aspergillus clavatus
Neosartorya fischeri
Aspergillus fumigatus
Aspergillus terreus
Chaetomium globosum

S. pombe
C. immitis
A. niger
A. oryzae
A. clavatus
N. fischeri
A. fumigatus
A. terreus
C. globosum

B

C
H
C
C

S
H
S
S

C

dcr1+ dcr1Δ dcr1ΔC33 dcr1SHSS

+1.5

–1.5

A

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 5� 6 matrix
on EMMc-agar plates and grown at 301C for B5–6 days. (C) Heatmap displaying the genes that were upregulated or downregulated at least
1.5-fold (P¼ 0.05) in dcr1SHSS cells compared with wild type on S. pombe tiling arrays. Artificially scaled expression values are shown for the
strains indicated. Three biological replicates were performed.

Dicer harbours a novel zinc-binding motif
P Barraud et al

The EMBO Journal VOL 30 | NO 20 | 2011 &2011 European Molecular Biology Organization4230



extended dsRBD embedding a novel zinc-binding motif that is

conserved among dicers in yeast. This zinc-binding motif is

formed jointly by two side chains of the dsRBD and two from

C33, and could represent a potential drug target for thera-

peutic intervention with fungal diseases. The insights gained

from this study have important implications for our mechan-

istic understanding of RNAi and will be discussed below.

Dcr1’s 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 C-terminal helix (a3, Figure 7A). This addi-

tional a-helix 3 is indispensable for the dsRBD fold and was

proposed to contribute indirectly to RNA binding by helping

position helix a1, 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 with other dsRBDs

(Figure 7B) like dsRBD2 of Xlrbpa (Ryter and 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 extended dsRBD with

others, one can see the different position of a-helix 1 relative

to the rest of the domain (Figure 7B and C). Furthermore, the

b-sheet of the Dcr1 dsRBD adopts a different curvature

compared with other dsRBDs due to the involvement in

the b2–b3 loop of H1312 in zinc coordination (Figure 7C).

In summary, the Dcr1 dsRBD is not only extended by C33 and

zinc coordination but also adopts a very distinct fold com-

pared with other dsRBDs. Remarkably, the Dcr1 dsRBD still

binds dsRNA strongly, despite an extended fold, an unusual

position of a-helix 1, and an unusually long b1–b2 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 se-

quence 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 struc-

tural 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 di-

rectly, C33 contributes to the overall fold of the C-terminus by

providing two of the four zinc-binding residues. These 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,
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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 Dcr1. Only if zinc coordination was

disrupted or C33 was completely missing, the export signal

would become exposed and Dcr1 rapidly exported. The

former model is particularly appealing to us because it

would allow regulation of nucleocytoplasmic 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 (Liu et al, 2003; Forstemann et al, 2005;

Saito et al, 2005). We speculate that dicer dsRBDs might

generally function in nucleocytoplasmic 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; Supplementary

Figure S9).

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 well conserved neither in amino-acid composition nor in

length (Supplementary Figure S9). 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; Supplementary Figure S9), suggesting the pre-

sence 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 environ-

ment. 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; Supplementary

Figure S9), thus forming a more classical hydrophobic core.

Finally, the high degree of conservation and its mutational

intolerance make the zinc-binding motif a prime antifungal

target. Ejection of zinc from HIV type 1 nucleocapsid protein

by disulphide benzamides or other molecules has been shown

to have an antiviral effect (Rice et al, 1995; Pannecouque

et al, 2010). Similarly, compounds reacting with the Dcr1

zinc-binding motif may offer new antifungal 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 301C 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 1258–1358 (short dsRBD) of S. pombe Dcr1 (Figure 1B),
were subcloned in E. coli expression vector pET28aþ between
NdeI and XhoI cloning sites. The constructs hold an 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
manufacturer0s 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
15NH4Cl and 13C-labelled glucose. All media were supplemented
with 0.1 mM ZnCl2. The cells were grown at 371C to OD600 B0.4,
cooled down at 181C and induced at OD600 B0.6 by adding
isopropyl-b-D-thiogalactopyranoside to a final concentration of
0.25 mM. Cells were harvested 20 h after induction by centrifuga-
tion. 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 for 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 an Ni-NTA 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, dialysed against
the NMR buffer (NaPi pH 7.0 25 mM, KCl 75 mM, DTT 2 mM and
ZnCl2 10 mM), and concentrated to B0.5 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 an 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 41C under stirring.
The protein solution was then dialysed against the NMR buffer and
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 mM 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
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processed using TOPSPIN 2.1 (Bruker) and analysed 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
spectrum 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 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
et al, 1998; Brunger, 2007) 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 four distance
restraints between the metal ion and the four ligand atoms that directly
contact the metal centre (Cysteine Sg and Histidine Ne), 10 bond angle
and 1 dihedral angle restraints that defined a tetrahedral coordination
sphere (Neuhaus et al, 1992). The 20 best energy structures were
analysed using PROCHECK-NMR (Laskowski et al, 1996). Structures
were visualized and figures were prepared using program MOLMOL
(Koradi et al, 1996) and PYMOL (http://www.pymol.org).

Atomic absorption spectroscopy
Samples of unlabelled long dsRBD purified from the soluble protein
fraction were extensively dialysed against ammonium acetate pH
7.0 100 mM, and analysed for Zn2þ content using an atomic
absorption spectrometer from Varian (model spectrAA 220 FS).
Zn2þ standards of 0–1.5 p.p.m. were prepared from a 1000 p.p.m.
calibrated stock solution in the same buffer as the protein sample.
Absorption measurement was repeated five times for standards and
sample. The relative standard deviation for each sample was o1%.

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
analysed at the Functional Genomics Center Zurich on an
electrospray time-of-flight mass spectrometer. Deconvoluted mass
spectra were obtained using the MaxEnt1 software.

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
50-GGGAUCAAUAUGCUAAGCGAUCCC-30 and RNArev being the
reverse complement). RNA was purified by anion-exchange high-
pressure liquid chromatography under denaturing conditions. The
two complementary RNA strands were mixed to a 1:1 ratio, heated
up at 951C for 5 min and slowly cooled down to allow formation of
dsRNA. DNA oligonucleotides of the same sequence (DNAfwd of
sequence 50-GGGATCAATATGCTAAGCGATCCC-30 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 (Micro-
Cal) calibrated according to the manufacturer’s instructions.
The samples of protein and nucleic acids were prepared in and
dialysed 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 mM of nucleic acid (dsRNA, dsDNA, ssRNA and ssDNA);
dsRBD and mutant concentrations in the syringe were between
90 and 130 mM. Titration experiments were done at 251C and
typically consisted of 35–45 injections, each of 6–8 ml volume
with a 5-min interval between additions. Stirring rate was
307 r.p.m. Raw data were integrated, corrected for non-specific
heats, normalized for the molar concentration. Three para-
meters were fitted (the association constant Ka, the binding
enthalpy DH 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 301C, diluted to 105 cells per ml, and
grown for 14–16 h at 301C to a concentration of about 5�106 cells
per 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.

RNA analysis
RNA isolation, quantitative real-time RT–PCR, tiling arrays, as well
as sRNA deep sequencing and analysis of the data were 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 five 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
coloured (0Clustalx0) 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 highlighted in red. Accessions in bold are
proteins expressed in human or plant pathogenic yeast as listed in
Supplementary Table II.

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).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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(ETH Zürich) for technical assistance with AAS; Heinz Gut and
Jeremy Keusch (FMI Basel) for help with construct design and
protein expression; and Irene Beusch (ETH Zürich) for her involve-
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