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which is the start site for replication and
transcription (25).

Electron micrographs of nucleocapsids from
measles virus (Paramyxoviridae) and Marburg
virus (Filoviridae), as well as an RNA-free crystal
structure from the Borna virus (Bornaviridae)
nucleoprotein, suggest that these nucleoproteins
also adopt a two-domain structure (26, 27).
This suggests that these enveloped viruses use
an RNA-sequestering mechanism similar to
that observed for the rabies virus N-RNA
complex. The N-RNA polymer has thus
evolved as the ideal template for the polymer-
ase activity, which exposes the genomic RNA
only temporarily to the host cell defense
systems during replication. The tight sequester-
ing of RNA observed in the crystal structure
suggests further that the closed N-RNA confor-
mation might be stabilized or frozen by small
molecules, which could thus act as antiviral
agents preventing rabies virus replication.

Note added in proof: This version of the
manuscript is slightly changed relative to the
version that was published Science Express
on June 15. Improved refinement of the
structure led to a better definition of the
following regions, which have been changed
accordingly: the N terminus, including the
hairpin leading to helix 1; Tyr!¢!, Arg!%8, and
Arg** contacting the RNA; as well as helices
13 to 16 of the C-terminal domain. None of

the changes made influences the overall
conformation of the structure or any of the
conclusions drawn from the structure.
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Characterization of the piRNA
Complex from Rat Testes

Nelson C. Lau,™ Anita G. Seto,** Jinkuk Kim,*> Satomi Kuramochi-Miyagawa,*
Toru Nakano,* David P. Bartel,>> Robert E. Kingstont

Small noncoding RNAs regulate processes essential for cell growth and development, including mRNA
degradation, translational repression, and transcriptional gene silencing (TGS). During a search for
candidate mammalian factors for TGS, we purified a complex that contains small RNAs and Riwi, the rat
homolog to human Piwi. The RNAs, frequently 29 to 30 nucleotides in length, are called Piwi-
interacting RNAs (piRNAs), 94% of which map to 100 defined (<101 kb) genomic regions. Within these
regions, the piRNAs generally distribute across only one genomic strand or distribute on two strands
but in a divergent, nonoverlapping manner. Preparations of piRNA complex (piRC) contain rRecQ1,
which is homologous to gde-3 from Neurospora, a gene implicated in silencing pathways. Piwi has been
genetically linked to TGS in flies, and slicer activity cofractionates with the purified complex. These
results are consistent with a gene-silencing role for piRC in mammals.

ene-silencing pathways guided by small

RNAs, essential for maintaining proper

cell growth and differentiation, operate at
either the transcriptional or posttranscriptional
level (/). Posttranscriptional gene silencing acts
through mRNA destabilization or inhibition of
mRNA translation (), whereas TGS represses
gene expression by altering chromatin conforma-
tion (2). Each pathway uses a core complex con-
taining small RNA associated with a member of
the Argonaute (Ago) protein family; however, the
different mechanistic needs of each pathway

require differences in complex composition. Al-
though RNA-mediated TGS has been studied in
fission yeast and other eukaryotes (2—5), the mech-
anism of this process in mammals remains elusive.

To identify candidate complexes for TGS in
mammals, we exploited the previous obser-
vations that TGS might use small RNAs longer
than the 21- to 23-nucleotide (nt) microRNAs
(miRNASs). In Arabidopsis, Tetrahymena, Dro-
sophila, and zebrafish, RNAs that are 24 nt and
longer have been associated with TGS and/or
genomic repeats, which are often silenced (6-11).

In Drosophila, these repeat-associated small
interfering RNAs (rasiRNAs) are enriched in the
testis (6, 12). Therefore, we prepared extract from
rat testes and fractionated it on an ion-exchange Q
column, monitoring the small RNAs. A peak of
small RNAs longer than a 22-nt marker eluted in
mild salt conditions, which suggested the presence
of a novel ribonucleoprotein complex (Fig. 1A).
To characterize the small RNAs, we sequenced
cDNA libraries made from flowthrough and
eluate fractions, obtaining 61,581 reads from
the eluate that matched perfectly to the Rattus
norvegicus genome (13). In contrast to the
flowthrough RNAs, which were mostly miRNAs
(69%), the eluate RNAs derived primarily from
regions of the genome not previously thought to
be expressed (Fig. 1A). Some eluate reads
matched expressed sequence tags (EST) (11%),
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but only a small fraction matched annotated genome is annotated as repeats (/3), the eluate

mRNAs (< 1.1%). Some also matched repeats
(20%), but when considering that ~40% of the

reads were depleted in repeat sequences and
thus, as a class, did not represent rasiRNAs.
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Fig. 2. Purification of a native small RNA-containing complex revealed Riwi
and rRecQ1. (A) Schematic of piRC fractionation steps from rat testes extract.
Numbers represent potassium acetate (KOAc) concentration (mM). (B)
Proteins from the peak fraction of piRC (Superdex-200 column) were
resolved on a gel and silver stained. Bands were excised and identified by
mass spectrometry to be Riwi and rRecQ1 (See fig. S1). (C) Small RNAs, Riwi,
and rRecQ copurify after five steps of chromatographic separation. Final

The eluate RNAs were mostly 25 to 31 nt in
length (Fig. 1A), and Northern blot analysis
indicated a testis-specific expression pattern
(Fig. 1B). Most eluate RNAs began with a 5
uridine (~84%), but no other sequence features or
motifs were detected. A dominant subpopulation
at 29 to 30 nt was observed (Fig. 1C); however,
these 29- to 30-nt oligomers could not be
distinguished from most of the remaining eluate
reads by other criteria, including 5 nucleotide,
genomic locus, and annotation. Thus, all the
eluate RNAs that did not match annotated
noncoding RNAs (miRNA, tRNA, rRNA, and
snRNA) were considered together as representing
a single newly identified class of small RNAs.

To understand potential functions for these
RNAs, we purified the associated proteins. By
monitoring the RNAs, we developed a five-step
scheme to purify the native complex to near
homogeneity (Fig. 2, A and B). Mass spec-
trometry of the purified complex identified the
rat homologs to Piwi (Riwi) and the human
RecQl protein (Fig. 2 and fig. S1). Western
blotting confirmed the copurification of Riwi
and rRecQ1 with the small RNAs (Fig. 2C, but
see also independent purification described
below). We designate RNAs found with rat
Piwi to be Piwi-interacting RNAs (piRNAs)
and the complex to be the piRNA complex
(piRC).

To gain insight into the origins of piRNAs,
we examined the genomic loci from which
they presumably derived. About two-thirds of
the piRNA sequences each perfectly matched
a single locus, and in some cases that specific
locus was matched by multiple reads (up to
149). For the remaining one-third of the
reads, which each mapped to multiple loci
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Superdex-200 column fractions were assayed for the presence of small RNAs,
Riwi, or rRecQ1. (Top) Small RNAs were end-labeled and resolved on a gel.
(Middle and bottom) Western blots probed with antibodies to Miwi (mouse
Piwi) and to hRecQ1. Elution profile of protein size markers from Superdex-
200 column indicated above. (D) Phylogenetic comparison of RecQ DNA
helicase family members revealed Neurospora QDE-3 to be a close homolog
to rRecQ1.
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(up to 25,044 loci), we normalized the
number of reads by the number of genomic
hits and assigned this normalized hit count
equally to all the loci; thus, a piRNA read
with four perfect genomic hits contributed a

quarter of a count to each of its four loci.
Counts were integrated into bins and plotted
across each chromosome. The majority of
counts (94%) fell into 100 genomic clusters
that each contained at least 20 uniquely

REPORTS

mapping reads (table S1). As exemplified by
four clusters on chromosome 20 (Fig. 3A)
and illustrated for all 100 clusters (fig. S2),
the clusters distributed across the genome;
however, some chromosomes were underrepre-
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Fig. 3. Genomic characteristics of rat piRNAs. (A) Chromosomal view indicating the
number of piRNA reads mapping to clusters on chromosome (chr) 20 [(27)]. (B)
Medium-resolution view of clusters 1, 15, and 26. Horizontal bars above and below
the histograms indicate regions orthologous to mouse regions that also produce
piRNAs (indicated if the bin matches >2 uniquely mapping mouse piRNAs) (tables
S1 and S3). An asterisk denotes a group of piRNAs from cluster 15 that perfectly
mapped to more than one locus in the genome. (C) High-resolution view centered
on the gap region that separates minus- and plus-strand piRNA hits in cluster 1.
Horizontal bars represent individual piRNAs. (D) Northern blot analysis with probes

piRNA reads per nucleotide

piRNA reads per nucleotide

to the indicated clusters, testing strand-specific piRNA expression (left and middle)
and cross-hybridization to mouse and human testes RNAs (right). Migration of RNA
markers is indicated (far right). Blots were stripped and reprobed to let-7
miRNA (loading control). (E) piRNA conservation analysis. Orthologous rat
and mouse clusters were identified, and rat residues were binned based on
the number of matching rat piRNA reads. The estimated substitution rate per
residue (left) and estimated insertion/deletion rate (right), comparing rat to
mouse, was calculated for each bin. Error bars indicate 95% confidence
intervals of the estimates (27).
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sented in piRNA hits and clusters (fig. S2B).
These clusters spanned 1 to 101 kb (table S1)
and in aggregate made up less than 0.1% of the
rat genome.

Known silencing RNAs (siRNAs and miRNAs)
derive from double-stranded RNA precur-
sors or foldback structures (/). In contrast,
piRNAs of most clusters mapped exclusively
to either the plus or minus genomic strand in
irregular, sometimes overlapping, patterns, with
no evidence of extensive foldback structures
or double-stranded origins (Fig. 3B). Sixteen
clusters, such as cluster 1 (Fig. 3, B and C),
contained regions of minus- and plus-strand hits
that were juxtaposed with each other but
separated by a gap of ~100 to 800 base pairs
(bps), an orientation that suggests divergent, bi-
directional transcription, starting within the gap
that separated the two distributions (table S1).
Only two clusters had hits that suggested con-
vergent or overlapping transcription (table S1,
clusters 31 and 38). Northern blot analysis con-
firmed that piRNAs derived predominantly from
one of the two genomic strands (Fig. 3D).
Reverse transcription polymerase chain reaction
results suggested that longer transcripts of the
same polarity, perhaps piRNA precursors, also
derived from these regions (fig. S3).

Analogous production of piRNAs from at
least 94 clusters occurred in the mouse, as
indicated by the analysis of 68,794 piRNA reads
generated in the same manner as those of the rat
(Fig. 3B, fig. S4, and tables S3 and S4). Most of
the mouse clusters were homologous to rat
clusters, with strikingly similar strand specificity
and abundance profiles (Fig. 3B and tables S1
and S3). Nonetheless, their sequence conservation
was low. Probes against rat clusters 4 and 6
hybridized only weakly to mouse piRNAs, as
expected by the numerous point substitutions in
the orthologous mouse piRNAs (Fig. 3D and fig.
S5). Overall, the single-nucleotide substitution
rate of the piRNA clusters was within the 15 to
20% expected for neutral residues (/3).
Nevertheless, residues represented by more
reads had lower substitution and insertion/
deletion rates, indicating detectable evolution-
ary pressure to conserve the sequence of the
abundant piRNAs (Fig. 3E). We conclude that
the production of piRNAs is highly con-
served, but the sequence identities of the
piRNAs are only weakly conserved. The
weak conservation favors models in which
piRNAs target the loci/transcripts that corre-
spond to the same loci from which they
derive.

We characterized two potential biochemical
functions of piRC suggested by activities pre-
viously attributed to RecQ and Ago family mem-
bers. Human RecQ1 is an adenosine triphosphate
(ATP)—dependent DNA helicase (/4). Both
adenosine triphosphatase (ATPase) and DNA
unwinding activities followed the rRecQ1 pro-
tein of piRC (Fig. 4, A and B, and fig. S6). Riwi
contains the catalytic residues that other Ago
proteins use for RNA-guided cleavage of target
RNAs (15) (fig. STA). Using a substrate com-
plementary to a piRNA, we detected cleavage
activity, peaking with fractions containing Riwi
and piRNAs (Fig. 4D). However, it was not
robust, perhaps because of the small representa-
tion of the cognate piRNA in the diverse
population of piRNAs (<0.2%).

Our purification of piRC uncovered a novel
class of small RNAs and identified as copur-
ifying factors Riwi and rRecQl, two proteins
with intriguing functions genetically deter-
mined in other species. Piwi represents a
subclade of the Ago family of proteins (/6)
and was first discovered to regulate germ stem
cell maintenance in Drosophila (17). Subse-
quently, mammalian Piwi members were found
to regulate germ cell maturation (/8, /9). Dro-
sophila piwi mutants are also defective in small

Fig. 4. piRC fractions A fract# 25 26 27 28 29 30 31 32 33 c 80
contained ATP-dependent 1004 i

DNA helicase and slicer 90 -  Riwi

activities. (A) Visualiza- 801

tion of proteins (top, 704 : - ' L 'RecQ1 _g
silver stain) and end- 60+ a
labeled small RNAs (bot- =
tom) in fracﬁons from fract# 25 26 27 28 29 30 31 32 33 g
final Superdex-200 col- 2
umn (independent puri- ?,%

fication from that shown . iRNAs

in Fig. 2C). Size stan- . . . ]p

dards indicated on left. 22 & 4

(B) Fractions containing nt

rRecQ1 exhibit ATPase
activity. Fractions were
incubated with radiola-

5 [ [

B fract# 25 26 27 28 29 30 31 32 33 Buffer

beled ATP. Free phos-
phate generated by
ATPase activity was sep-
arated from unhydro-
lyzed ATP on thin-layer

fract# 25 26 27 28 29 30 Buffer
time ae—— ] —— J——"1]

chromatography. (C)

Fractions containing rRecQ1l exhibited DNA unwinding activity. Fractions were
incubated with a DNA substrate containing a 17-bp duplex. Reactions were resolved _'
on a native gel. Appearance of the faster migrating radiolabeled 17-nt oligomers
indicated DNA duplex unwinding. (D) Fractions containing Riwi and piRNAs exhibit
slicer activity. Cap-labeled substrates, complementary to piRNA or miRNA (negative
control) sequences, and cleavage products were resolved on a gel. The GenBank

accession number for piR-142847 is DQ727525.
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RNA-dependent transgene and retrotransposon
silencing (20, 21) and lose the inability to lo-
calize heterochromatic proteins, including the
repressive  Polycomb-group proteins (22, 23).
Tetrahymena Piwi (TIWI) is needed for siRNA-
mediated DNA elimination (24).

In Neurospora, a screen for mutants in quell-
ing (gene silencing during vegetative growth)
identified both QDE-2, an Ago-family protein,
and QDE-3, a RecQl homolog (25, 26). When
compared with RecQ homology in mammals and
other organisms, Neurospora QDE-3 resided in
the same clade as rRecQl1 (Fig. 2D and fig.
S7B). rRecQl did not always precisely cofrac-
tionate with Riwi and the piRNAs during our
final purification step (Fig. 4A). The lack of
tight association of rRecQ1 might have reflected
conditions specific to this step or might indicate
that rRecQ1 is generally less tightly associated
with piRNAs than is Riwi. Perhaps rRecQl is
not critical for piRC function. However, the
genetic links between the QDE-2 and QDE-3
silencing factors suggest that the biochemical
association between Riwi and rRecQl has
biological importance and, furthermore, implies
a gene-silencing function for piRC. Addressing
the functions of piRC and the biogenesis and
localization of the piRNAs will be important

questions for elucidating the potential for piRC to
regulate the genome.
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Aneuploidy and Isochromosome
Formation in Drug-Resistant

Candida albicans

Anna Selmecki,> Anja Forche,* Judith Berman®

2%

Resistance to the limited number of available antifungal drugs is a serious problem in the
treatment of Candida albicans. We found that aneuploidy in general and a specific segmental
aneuploidy, consisting of an isochromosome composed of the two left arms of chromosome 5, were
associated with azole resistance. The isochromosome forms around a single centromere flanked by
an inverted repeat and was found as an independent chromosome or fused at the telomere to a
full-length homolog of chromosome 5. Increases and decreases in drug resistance were strongly
associated with gain and loss of this isochromosome, which bears genes expressing the enzyme in
the ergosterol pathway targeted by azole drugs, efflux pumps, and a transcription factor that
positively regulates a subset of efflux pump genes.

andida albicans is the most prevalent
‘ human fungal pathogen and is especially

problematic in immune-compromised
individuals. Azoles are antifungal drugs used
extensively in the therapy of C. albicans infec-
tions because they cause few side effects.
Resistance to azoles arises during long-term
low-level prophylactic treatment regimes (/).
The evolution of azole-resistance can occur via
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different pathways, e.g., increased activity of
transcription factors that regulate drug pumps
(2) or mutations in the ergosterol biosynthetic
pathway (3), and may be facilitated by the heat
shock protein Hsp90 (4). Although C. albicans
does not have a complete sexual cycle, surveys
of clinical strains suggest that it tolerates
genome flexibility that generates a moderate
level of selectable genetic diversity (5—11).
We adapted comparative genome hybridiza-
tion (CGH) arrays for the analysis of gene copy
number at all loci (/0) for 70 azole-resistant and
azole-sensitive strains from clinical and labora-
tory sources (table S1). We found 37 aneuploid
chromosomes in 23 strains (Fig. 1A, black and

white bars). Aneuploidy was seven times as
prevalent in fluconazole-resistant [FIuR, mini-
mum inhibitory concentration (MIC) > 4] (21
out of 42 strains) as in fluconazole-sensitive
(FluS, MIC < 4) (2 out of 28 strains) isolates.
Aneuploidy, primarily trisomy, was most prev-
alent on chrS (15 events), which also exhibited
a high level of segmental aneuploidy (8 events)
(Fig. 1A, gray bars) (10).

All eight FluR strains with a chr5 segmental
aneuploidy displayed distinctive features by
CGH: increased gene copy number on the left
arm of the chromosome; one or two copies of
genes on the right arm of the chromosome; and,
most strikingly, the breakpoint between the two
arms was identical (Fig. 1B). This common
breakpoint was located between open reading
frames orf19.3161 and orf19.4219, which flank
a gap between contigs 19.10170 and 19.10202
in the version 19 assembly of the genome
sequence. We sequenced the region between
these two contigs (fig. S1) from strains carrying
either one of the two chr5 homologs, which
allowed us to distinguish alleles found in this
partially heterozygous region of the genome.
The sequence gap was within one arm of an
inverted repeat flanking the binding site for
Csedp, the histone H3 variant that is necessary
for centromere function (/2) (Fig. 1B, diagram).

The combination of CGH data and Southern
blot analysis revealed an isochromosome (two
identical chromosome arms flanking a centro-
mere) in the eight strains with extra copies of
chrSL. An isochromosome composed of two
chr5L arms should include a unique fragment,
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