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ABSTRACT

RNA interference (RNAIi) is a gene-silencing path-
way that can play roles in viral defense, trans-
poson silencing, heterochromatin formation and
post-transcriptional gene silencing. Although absent
from Saccharomyces cerevisiae, RNAi is present
in other budding-yeast species, including Nau-
movozyma castellii, which have an unusual Dicer
and a conventional Argonaute that are both required
for gene silencing. To identify other factors that act
in the budding-yeast pathway, we performed an un-
biased genetic selection. This selection identified
Xrn1p, the cytoplasmic 5'-to-3’ exoribonuclease, as
a cofactor of RNAi in budding yeast. Deletion of
XRN1 impaired gene silencing in N. castellii, and
this impaired silencing was attributable to multiple
functions of Xrn1p, including affecting the compo-
sition of siRNA species in the cell, influencing the
efficiency of siRNA loading into Argonaute, degrada-
tion of cleaved passenger strand and degradation of
sliced target RNA.

INTRODUCTION

RNA interference (RNAI), a gene-silencing pathway trig-
gered by double-stranded RNAs (dsRNAs), can play im-
portant roles in viral defense, transposon silencing and host
gene regulation (1,2). In this pathway, dSRNAs originating
from viruses, transposons, or cellular loci are initially pro-
cessed by the ribonuclease (RNase) I1I enzyme Dicer into
~21-23-nucleotide (nt) small interfering RNAs (siRNAs)
that are paired to each other with 2-nt 3’ overhangs char-
acteristic of RNase III-mediated cleavage. The siRNA du-
plexes are then loaded into the RNAI effector endonuclease
Argonaute, after which one siRNA strand, designated the

passenger strand, is cleaved by Argonaute and discarded (or
is occasionally discarded without cleavage), thereby gener-
ating the mature RNA-induced silencing complex (RISC).
Within RISC, the remaining strand, designated the guide
strand, pairs with single-stranded RNAs (ssRNAs) to direct
the Argonaute-catalyzed slicing of these target transcripts
(1,3-4).

Although conserved in most eukaryotes, RNAI is absent
from the model budding-yeast species, Saccharomyces cere-
visiae (5,6). Indeed, the loss of RNAI has allowed S. cere-
visiae and some other fungal species the opportunity to har-
bor Killer, a dsSRNA element that encodes a toxin that kills
neighboring yeast cells that lack Killer (7). RNAI is present
in related budding-yeast species, including Naumovozyma
castellii and Vanderwaltozyma polyspora (formerly Saccha-
romyces castelllii and Kluyveromyces polysporus, respec-
tively), which consequently do not have Killer dsRNA (7,8).
Naumovozyma castellii produces siRNAs that map to hun-
dreds of endogenous loci, a majority of which correspond to
transposable elements and Y’ subtelomeric repeats (8). Nau-
movozyma castellii and other budding yeast thought to have
retained RNAI possess a non-canonical Dicer gene (DCRI)
and a canonical Argonaute gene (4GOI), which are, respec-
tively, essential for the production and function of siRNAs
in N. castellii (8). These two genes are also sufficient for the
reconstitution of RNAi in S. cerevisiae (8).

In species outside the budding-yeast lineage, factors in
addition to Dicer and Argonaute support RNAi pathways.
For example, RNA-dependent RNA polymerases (RARPs)
are required for RNAI and related pathways in nematodes,
some fungi, and plants (9-15). These enzymes synthesize
complementary RNAs either to initiate or to amplify the
RNAI response (9,16). Other factors are involved in the
loading and maturation of RISC. In Drosophila, R2D2
(named for its two dsRNA-binding domains and associ-
ation with Dicer-2) associates with Dicer-2, and this het-
erodimer binds to, recognizes the thermodynamic asym-

*To whom correspondence should be addressed. Tel: +1 617 258 5287; Email: dbartel@wi.mit.edu

Present addresses:
David E. Weinberg, Freenome, South San Francisco, CA 94080, USA.

Ines A. Drinnenberg, Institut Curi-PSL Research University, CNRS, Sorbonne Université, UMR3664, F-75005, Paris, France.

© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-4172-2187
http://orcid.org/0000-0002-9348-1709
http://orcid.org/0000-0002-9649-0352
http://orcid.org/0000-0003-3704-2899
http://orcid.org/0000-0002-3872-2856

metry of, and facilitates, with the help of Hsc70/Hsp90
chaperone machinery, the loading of siRNA duplexes into
Ago2 (17-23). HSP90 has also been implicated in siRNA
loading into AGO1 in plants (24). In human cells, TRBP
(HIV transactivating response element binding protein),
like R2D2 in flies, can help to recruit siRNA-containing
Dicer to AGO2 (18,25-26). In the filamentous fungus Neu-
rospora crassa, the QIP exonuclease removes the passenger
strand during RISC activation (27) and in Drosophila and
human, the C3PO endonuclease is reported to have a similar
activity that degrades the cleaved passenger strand during
RISC maturation (28).

Another factor that can enhance the efficiency of RNAI
is the Xrnl 5'-to-3" exonuclease. Xrnl is a member of a
family of enzymes broadly involved in eukaryotic transcrip-
tion and RNA metabolism (e.g. processing and degrada-
tion) (29). Xrnl is primarily cytosolic and degrades RNA
species possessing a 5" monophosphate, including mRNA-
decay intermediates. Xrnl orthologs in Arabidopsis and
Drosophila enhance RNAi by degrading the 3’ slicing prod-
ucts of RISC (30,31). Likewise, in human cells, XRNI1 de-
grades the 3’ slicing fragments and acts together with the
exosome to degrade the 5’ slicing fragments of mRNAs tar-
geted by siRNAs (32). By degrading the slicing products of
RISC, Xrnl orthologs likely relieve product inhibition and
facilitate multiple turnover of the enzyme. In Caenorhabdi-
tis elegans, xrn-1 has also been implicated as being involved
in RNAI (33), and its knockdown is associated with the ac-
cumulation of certain passenger strands in the microRNA
(miRNA) pathway (34), an RNA-silencing pathway that de-
rives from the more basal RNAi pathway (35).

Although the only known protein components of the
budding-yeast RNAi pathway were Dicer and Argonaute
(Dcerlp and Agolp), we reasoned that, as observed in ani-
mals, plants and other fungi, one or more additional factors
might be important for either siRNA production, duplex
loading, RISC maturation, or silencing efficiency in yeast.
If such a factor did exist, the ability to reconstitute RNAI
in S. cerevisiae by adding only DCRI and AGO! indicated
that the additional factor either was not essential for RNAi
or had other functions in budding yeast, leading to its reten-
tion in S. cerevisiae after loss of the RNAIi pathway. Based
on the success of genetic screens and selections in other
systems, including Arabidopsis, C. elegans and Drosophila,
which provided early insight into the core components of
the RNAIi pathway and identified additional factors that in-
fluence RNAI efficacy (36-46), we implemented a genetic se-
lection in N. castellii to identify mutants with reduced RNAi
activity. This selection identified mutants in the gene encod-
ing Xrnlp. Employing RNA sequencing and biochemical
assays, we found Xrn1p acts at multiple steps of the pathway
to enhance the efficiency of RNAI in budding yeast. These
steps included affecting siRNA populations and loading of
siRNA duplexes into Argonaute—steps for which it had not
been previously reported to play a role in any species.

MATERIALS AND METHODS
Growth conditions and genetic manipulations

Naumovozyma castellii was grown at 30°C on standard S.
cerevisiae liquid and solid media (YPD and SC), unless oth-
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erwise indicated. Transformations were performed as de-
scribed (8), with the following modifications: The transfor-
mation mix (cells + DNA + PEG + lithium acetate) was
incubated at 23°C for 30 min with rotation and without
dimethyl sulfoxide. The mixture was then incubated at 37°C
for 20 min, resuspended and plated on selective media.

Plasmid and strain construction

Plasmid and strain construction is detailed in the supple-
mentary materials, and lists of plasmids and strains gener-
ated in this study are provided (Supplementary Tables S5
and S6).

EMS mutagenesis and selection

Mutagenesis of DPB537, the N. castellii genetic-selection
strain, with ethyl methane sulfate (EMS) was carried out
as described (47), except scaled-up 10-fold. An overnight
YPD culture of N. castellii was used to inoculate a large
YPD (~150 ml) culture that was grown until ODggy 1.0,
split equally into aliquots that contained ~2.1 x 10° cells,
one of which was incubated with 300 wl EMS and the other
which was incubated with 300 pl sodium phosphate buffer.
The ODyg of each culture was measured and was used to
calculate the dilutions needed to plate 100 mutagenized or
control cells on separate YPD plates to determine the death
rate of cells in the mutagenesis. Mutagenized cells were split
into four equal aliquots and plated on SGal — His, — Leu, —
Ura (drop-out media); SD — His, — Leu, — Ura (drop-out me-
dia); SM (synthetic minimal) + 2% galactose + Lys (SGal
+ Lys) (drop-in media); and SM (synthetic minimal) + 2%
glucose + Lys (SD + Lys) (drop-in media) agar plates (245 x
245 mm). These plates were incubated at 25°C until colonies
formed.

Flow cytometry and mating of RNAi mutant strains

A culture of each mutant strain that had grown on selec-
tive media was inoculated in 200 pl inducing SC media
(2% galactose) in a 96-well plate and grown to saturation.
Fresh cultures were then inoculated at ODgg 0.2 with cells
from the saturated cultures and were grown until all strains
were in log phase (~6 h). Cells were analyzed using FAC-
SCalibur (BD Biosciences), and data were processed with
CellQuest Pro (BD Biosciences) and FlowJo (Tree Star). For
each experiment, a gate for eGFP fluorescence was defined
using the wild-type (WT) genetic-selection strain (DPB537)
as a negative control to define the boundaries of the gate.
Strains for which > 0.5% of the population was in the
eGFP-positive gate were carried forward for complemen-
tation analysis.

Matings of candidate N. castellii RNAi-mutant strains
with WT (DPB079), Aagol (DPB325), Adcrl (DPB534)
and Axrnl (DPB535) strains were performed by mixing
equal volumes (100 wl) of saturated YPD cultures in a
round-bottom 96-well plate and incubating at 30°C for 24 h.
Diploid cells were then selected by plating these mixed sat-
urated cultures on SD — Ade, — Lys agar plates (for RNAi
mutants x DPB325) or SD — Met, — Lys agar plates (for
all other matings). Flow cytometry was performed as with
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the haploid mutant strains, except with no gating for eGFP
positive cells. Diploid strains presented in Figure 1D were
created from matings of the WT genetic-selection strain
(DPB537) and its derived RNAi-mutant strains with a WT
strain (DPB079) or a Axrnl strain (DPB535) of the oppo-
site mating type. The diploid XRNI-knockout strain was
created by mating strain DPB541 with strain DPB510.

Genome sequencing and analysis

Genomic DNA was isolated as described (48) from satu-
rated YPD cultures of the N. castellii genetic-selection strain
(DPB537) and RNAi-mutant strains. DNA concentration
was calculated using the Qubit dSDNA HS (High Sensitiv-
ity) Assay Kit (Invitrogen Q32854) with an Invitrogen Qubit
Fluorometer. Genomic DNA libraries were prepared with
either the Nextera DNA Library Preparation Kit (Illumina)
or the QIAseq FX DNA Library Kit (QIAGEN 180475)
and sequenced using Illumina SBS. Single-end sequencing
was performed on the HiSeq platform, and paired-end se-
quencing was performed on the HiSeq or NextSeq plat-
forms. A complete description of the genome sequencing
analysis is detailed in the supplementary materials.

Agolp-Xrnlp co-immunoprecipitation

Overnight YPD cultures of haploid strains DPB215,
DPB220, DPB221 were grown, diluted to ODgy 0.2 in
150 ml YPD, and then grown until ODgyy 0.8. Cultures
were harvested by centrifugation, washed with 25 ml cold
phosphate-buffered saline (PBS), transferred to an Eppen-
dorf tube in 750 wl cold PBS and resuspended in one vol-
ume IP buffer (50 mM HEPES pH 7.6, 300 mM NacCl,
5 mM MgCl,, 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 0.1 mM EGTA, 5% glycerol, 0% NP-40, PMSF
with 2 cOmplete protease inhibitor cocktail tablets (Roche
04693116001) per 50 ml of buffer). Cells were lysed with
acid-washed glass-bead beatings of 4 x 45 s with >4 min
between bead beatings. The beads were removed via low-
speed centrifugation, four volumes of IP buffer were added
and cell debris was removed by centrifuging the extract at
21 000 x g for 5 s. The extract was cleared by centrifug-
ing twice at 10 000 x g for 5 min and retaining the super-
natant. Absorbance readings (260 nm) of 1:10 dilutions of
the lysate were performed with a Nanodrop (Thermo Scien-
tific). The amount of extract needed for 30 A260 units for
each lysate was aliquoted, IP buffer was added to 990 .l
and 10 pl RNase A/T1 cocktail (Ambion) or SUPERase-
In was added. 0.3 A260 units of lysate was removed as the
1% input samples, the volume to was raised to 10 wl with
IP buffer and then incubated at 4°C for 12 h. A total of 20
wl of EZview Red ANTI-FLAG M2 Affinity Gel (Sigma
F2426) was added to lysates from strain DPB215 + RNase
and DPB221 or 20 pl of EZview Red Anti-HA Affinity Gel
(Sigma E6779) was added to lysates from strain DPB215 +
RNase and DPB220. The lysates were incubated at 4°C for
12 h. The affinity agarose was sedimented by centrifugation,
and the supernatant was removed. For the analysis to con-
firm RNA degradation, 3 A260 = 100 wl (10%) of super-
natant was saved, and additionally 10 pl of the supernatant
was saved for 1% supernatant samples. The affinity agarose

was washed four times with IP buffer (each wash, 800 wl
centrifuged 10 000 x g for 5 min), and the residual buffer
was removed with a needle. A total of 100 pl 1 x Laemmli
buffer (Bio-Rad 1610737) + 2.5% beta-mercaptoethanol
(bME) was added to the affinity agarose for each sample. A
total of 10 pl 2x Laemmli buffer + 2.5% bME and 80 I 1 x
Laemmli buffer + 2.5% bME was added to the input and su-
pernatant samples. All samples were incubated at 90°C for
5 min, and then were centrifuged at room temperature for
five min at 10 000 x g. All samples were run on a 4—-12% Bis-
Tris gel in MOPS buffer. The proteins were transferred from
the gel to a PVDF membrane (Invitrogen LC2002), each
blot was probed with anti-HA7 (1:2000) (Sigma H3663) and
anti-Flag BioM2 (1:2000) (Sigma F9291) overnight at 4°C,
and probed with the secondary antibody anti-mouse IgG
HRP (1:5000) (Amersham NXA391) for 1-2 h at room tem-
perature. The blots were stripped with 100 mM bME, 2%
sodium dodecyl sulphate, 62.5 mM Tris pH 6.8 at 50°C for
30 min, shaking every 10 min. For the RNA-degradation
analysis, samples containing 100 wl of supernatant were
phenol extracted, precipitated and resuspended in 45 .l wa-
ter. A total of 1 wl of the RNA sample was added to 2 .l wa-
ter, and then 3 wl 2x glyoxal loading dye was added. Sam-
ples were then incubated at 50°C for 30 min to denature the
RNA and then placed on ice. Samples were resolved on a
1% agarose gel run in NorthernMax-Gly Gel Prep/Running
Buffer (Invitrogen AM8678) and visualized with a Chemi-
Doc MP Visualization System (Biorad).

Agolp, Dcp2p, Xrnlp in vivo imaging

YPD cultures of strains DPB231 and DPB234 were grown
overnight at 25°C. These overnight cultures were split in
two, harvested by centrifugation, washed with CSM with
or without glucose, resuspended in CSM with or without
glucose and grown at 25°C for 1 h before imaging. About
488-543-nm lasers on a Zeiss LSM 510 confocal microscope
were used to excite GFP and mCherry, respectively. Images
were edited with ImagelJ (49).

Small-RNA sequencing, RNA-seq and analysis

Total RNA was isolated from N. castellii strains DPB220,
DPB228, DPB622, DPB537 and DPB541. For small-RNA
sequencing, 0.5 nM of four small RNA oligonucleotides (xtr
miR-427, 5-GAAAGUGCUUUCUGUUUUGGGCG;
dme miR-14, 5Y-GGGAGCGAGACGGGGACTCACT;
Synthetic_siRNA_1_Guide, S-UAGUGCAGGUAGG
UAUUUUUGUU; Synthetic_siRNA _1_Passenger,
5-CAAAAAUACCUACCUGCACUAUA) were added
to 10 pg of total RNA for use as internal standards. Small-
RNA cDNA libraries were prepared as described (50), ex-
cept 9-26-nt RNAs were isolated and sequenced, using 9-nt
and 26-nt RNA radiolabeled standards (5-AAACCAGUC
and 5 -AGCGUGUACUCCGAAGAGGAUCCAAA) to
follow ligations and purifications.

For RNA-seq, 0.5 ng of two mRNAs (chloramphenicol
and firefly luciferase) were added to 5 ug of total RNA for
use as internal standards. Ribosomal RNA was depleted
from the samples using Ribo-Zero Gold rRNA Removal
Kit (Yeast) (Illumina, MRZY1324). RNA cDNA libraries



were prepared using NEXTflex rapid directional mRNA-
seq kit (Bioo Scientific, NOVA-5138-10). Libraries were
sequenced using the Illumina SBS platform. Reads were
mapped to the N. castellii genome, and those that mapped
to small-RNA clusters (Supplementary Table S4) were frac-
tionally counted. A complete description of the small-RNA
sequencing and RNA-seq analysis is detailed in the Supple-
mentary Materials.

RNA and protein purification

A complete description of the purification of RNAs and
proteins used in in vitro assays is detailed in the Supplemen-
tary Materials.

siRNA-binding assay

Proteins and RNAs were diluted in siRINA-binding buffer
(50 mM Hepes pH 7.6, | mM EGTA, 1 mM EDTA, S mM
magnesium acetate, 10% glycerol, 300 mM potassium gluta-
mate, 10 mM NaCl, 0.01% NP-40, 5SmM DTT added fresh).
About 10x RNA mix (10 nM miR-20a siRNA duplex with
a 5-radiolabeled guide strand, 100 nM unlabeled miR-20a
siRNA duplex, 1 pM capped target RNA, 1 puM tRNA
from baker’s yeast (Sigma-Aldrich R5636), 1 .l SUPERase-
In RNase Inhibitor (Invitrogen AM2696) per 20 wl RNA
mix) was made, and 1.1 pl of this mix was added to a 1.5 ml
G-tube siliconized microcentrifuge tube (BIO PLAS Inc.,
4165SL). 1.1x protein mixes contained either no protein,
222 nM mut. Xrnlp, 222 nM WT Xrnlp, 111 nM WT
Agolp, 111 nM WT Agolp and 222 nM mut. Xrnlp, or
111 nM WT Agolp and 222 nM WT Xrnlp. Each protein
mix was pre-incubated at 30°C for 5 min before adding 9.9
wl of the protein mix to the RNA mix. After incubation
at 30°C for the indicated time, 10 wl of each reaction was
removed and analyzed using a layered nitrocellulose—nylon
filter-binding assay (51). Radiolabeled RNA was visualized
by phosphorimaging (Fujifilm BAS-2500) and quantified
using Multi Gauge (Fujifilm) software.

Passenger-strand-cleavage and target-slicing assays

For both assays, proteins and RNAs were diluted in the
siRNA-binding buffer. For the combined passenger-strand
and target-slicing assay in Figure 4A-D, 5x RNA mix
(5 nM miR-20a duplex with a 5-radiolabeled passenger
strand, 50 nM unlabeled miR-20a siRNA duplex; ~500 nM
cap-radiolabeled target RNA, 500 nM capped target RNA,
500 nM tRNA from baker’s yeast and 1 wl SUPERase-In
RNase Inhibitor per 20 pl RNA mix) was made, and 2 .l
of this RNA mix was added to a 1.5 ml G-tube siliconized
microcentrifuge tube. About 1.25x protein mixes contained
either no protein, 250 nM mut. Xrnlp, 250 nM WT Xrnlp,
125 nM WT Agolp, 125 nM WT Agolp and 250 nM mut.
Xrnlp, or 125 nM WT Agolp and 250 nM WT Xrnlp.
Each protein mix was pre-incubated at 30°C for 5 min be-
fore adding 8 w1 of the protein mix to the RNA mix. After
incubation at 30°C for the indicated time, 2 wl of the reac-
tion was removed and quenched by adding to 5 wl of urea
loading buffer (8M urea pH 8.0, 25 mM EDTA, 0.025%
xylene cyanol, 0.025% bromophenol blue) and 3 wl water.
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For the assay of passenger-strand cleavage in Supplemen-
tary Figure S3A-C, the reactions were carried out as above,
except no target was added to the RNA mix and the miR-
20a siRNA duplex contained a 3’-cordycepin-labeled pas-
senger strand.

For the Ago1p-RISC target-slicing assay in Figure 6A—C,
10x RNA mix (10 nM cap-radiolabeled target RNA, 1 uM
capped target RNA, 1 wM tRNA from baker’s yeast and
1 pnl SUPERase-In RNase Inhibitor per 20 nl RNA mix)
was made and 1 wl of this RNA mix was added to a 1.5
ml G-tube siliconized microcentrifuge tube. 1.1x protein
mixes contained either no protein, 11.1 nM Agolp-RISC,
11.1 nM Agolp-RISC and 11.1 nM mut. Xrnlp, 11.1 nM
Agolp-RISC and 11.1 nM WT Xrnlp, 11.1 nM Agolp-
RISC and 33.3 nM mut. Xrnlp, 11.1 nM Agolp-RISC and
33.3nM WT Xrnlp, 11.1 nM Agolp-RISC and 111.1 nM
mut. Xrnlp, or 11.1 nM Agolp-RISC and 111.1 nM WT
Xrnlp. Each of the protein mixes was pre-incubated at 30°C
for 20 min, before adding 9 wl of the protein mix to the RNA
mix. After incubation at 30°C for the indicated time, 2 .l of
each reaction was removed and quenched as for the com-
bined assay. For the Ago1-RISC target-slicing assay in Fig-
ure 6D-F, the reactions were carried out as above, except
the target was 3’-cordycepin-labeled.

To assess cleavage and slicing, RNAs were resolved on de-
naturing (7.5 M urea) 20% polyacrylamide gels, and radio-
labeled cleavage products were visualized and quantified by
phosphorimaging as above. At each time point, the fraction
product was measured as F}, = product/(product + sub-
strate). For Figure 6F, the fraction product was measured
as F, = product/(product + substrate + degradation inter-
mediate). For Figure 6C, the multiple-turnover slicing data
were fit in Prism 8 (GraphPad) to the burst and steady-state
equation (52,53),

2
F(t)=E x a—z (1 —e @) 4 E x ab t,
(a+b) a+b

Where F(t) is target cleaved over time, E is the enzyme con-
centration, and « and b are rate constants (reported as k;
and k,, respectively) according to the following scheme,

E+S% E.-PL E4P

RESULTS
XRNI is a component of the budding-yeast RNAi pathway

A genetic selection was designed to discover novel compo-
nents of the RNAi pathway in N. castellii. This selection
centered on an N. castellii strain that expressed RNA hair-
pins that were processed by Dicer to produce siRNAs tar-
geting HIS3, URA3 and GFP mRNAs expressed from ex-
ogenous genes that had been integrated into the genome
(Figure 1A). The hairpin and GFP genes were under the
control of the S. cerevisiae GALI and URA3 promoters, re-
spectively, and the HIS3 and URA3 genes, together with
their promoters, were obtained from S. cerevisiae and re-
placed their N. castellii counterparts in the genome of the se-
lection strain. Because this parental strain was engineered to
deploy the RNAI pathway to silence HIS3 and URA3, it did
not grow on media lacking histidine and uracil. This strain
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Figure 1. Genetic selection identifying XRN/ as an enhancer of the RNAi pathway in budding yeast. (A) Schematic of the genetic selection. At the left
are the six genomic insertions of the parental selection strain. Two of these insertions provided an additional copy of the AGO! and the DCRI genes
(black and red boxes, respectively), each added under control of their native promoters. Three of the insertions provided silencing constructs against HIS3,
URA3 and GFP genes (purple, blue and green convergent arrows, which indicate regions giving rise to palindromic transcripts that form hairpins) under
control of the Saccharomyces cerevisiae GALI promoter (Pg417). These three insertions also provided S. cerevisiae LEU2, HIS3 and URA3 genes (orange,
purple and blue boxes, respectively) under control of their S. cerevisiae promoters, which replaced their endogenous Naumovozyma castellii orthologs. The
sixth insertion provided an exogenous GFP gene (green box) under control of the S. cerevisiae URA3 promoter. The haploid selection strain was mutated
with EMS, and mutants able to grow on media that lacked Leu, His and Ura were isolated and screened by flow cytometry for their ability to silence GFP.
Mutant strains able to silence GFP were subjected to a complementation analysis in which they were mated with N. castellii WT, Aagol and Adcrl strains,
and the resulting diploid strains were screened by flow cytometry for their ability to silence GFP. Strains for which the ability to silence GFP was restored
in each of the three matings were carried forward as RNAi mutant strains, with the complementation analysis indicating that they each had one or more
recessive mutations that reduced silencing and fell outside of AGOI and DCRI. (B) Growth of RNAi mutant strains but not the parental strain on selective
media. Representative RNAi mutant strains were serially diluted, plated on either non-selective media (SC (2% galactose)) or selective media (SGal — His,
— Leu, — Ura), and allowed to grow for 12 days. For each strain, 10° cells were plated in the leftmost spot, and dilutions were each 10-fold. (C) Ability
of mutations in both XRNI and SRBS to confer growth of the selection strain on selective media. Assays compared the growth of single mutant strains
(Axrnl or Asrb8) to that of the double-mutant strain (Asrb8 Axrnl), which were each constructed in the background of the selection strain. Cells were
allowed to grow for 10 days; otherwise, as in B. (D) Results of complementation analysis of RNAi mutant strains that had mutations in XRNI. Shown
are histograms of GFP fluorescence measured by flow cytometry in WT x WT (gray), Axrnl x Axrnl (green), RNAi mutant x WT (orange) and RNAI
mutant x Axrn/ (blue) diploid strains. All strains were induced. (E) An intermediate effect on GFP silencing observed upon disruption of XRN/. Shown
are histograms of GFP fluorescence measured by flow cytometry in WT, Aagol, Adcrl, Axrnl, Adcp2 and Aski3 haploid strains that either lacked the
GFP gene (gray), contained GFP but had no silencing construct (green), or contained both GFP and a GFP-silencing construct (blue). All strains were
induced.



was mutagenized with ethyl methane sulfonate (EMS), and
the cells were plated on media lacking histidine and uracil
with the goal of identifying mutants that had a His+ and
Ura+ phenotype because they no longer efficiently silenced
HIS3 and URA3. As a secondary screen, mutants were ex-
amined by flow cytometry for their ability to silence GFP,
and those that had impaired GFP silencing were carried for-
ward for complementation analysis (Figure 1A).

Analysis of mutants isolated in pilot experiments illus-
trated the ability of our selection to find mutants in the
RNAI pathway. Mutant strains from these pilot selections
were mated to each of three strains: WT, Aagol and Adcrl,
and the resulting diploids were assessed for their ability to
silence GFP (Figure 1A). If a new mutation was recessive
and in the AGOI gene, then the diploid formed with Aagol
would fail to silence GFP, and likewise, if a new mutation
was recessive and in the DCRI gene, then the diploid formed
with Adcrl would fail to silence GFP. Indeed, these com-
plementation analyses indicated that all of the strains tested
had mutations in either AGO!I or DCRI, which showed that
the selection scheme worked. To identify additional genes
involved in RNAIi without also having to contend with a
large number of ago! and dcrl mutants, we modified the se-
lection strain to contain an extra copy of AGO!I and DCRI,
each under control of its native promoter, integrated into
the genome at an ectopic location.

Mutations that lost silencing were selected in the new
parental selection strain (DPB537) with duplicated AGO!
and DCRI genes. As expected, isolated mutant strains but
not the parental strain grew on selective media, as assessed
by a serial-dilution growth assay (Figure 1B). Each of the
isolated strains carried recessive mutations, as assessed from
analyses of diploid products of mating with a WT strain.
Moreover, as illustrated for strain 3 (Figure 1A), 19 strains
retained both Agolp and Dcrlp activities, as indicated by
fully restored GFP silencing in diploid products of both
Aagol and Adcrl matings. These 19 strains were carried
forward as potentially having mutations in genes encoding
another protein needed for efficient RNAI.

To identify mutated genes, we sequenced the genomes of
the parental and mutant strains (130-fold and 65- to 248-
fold coverage, respectively), which identified many protein-
coding or tRNA changes in each of the mutant genomes
(median 47, range 2-120) (Supplementary Table S1). Of
the 19 mutant strains sequenced, seven had a mutation in
XRNI1, the gene for the 5-to-3’ cytoplasmic exoribonucle-
ase that is highly conserved in eukaryotes (Supplementary
Table S2). All seven were either G-to-A or C-to-T transi-
tion mutations characteristic of EMS mutagenesis, and six
of the seven were nonsense mutations. The second most fre-
quently mutated gene was SRBS, a component of the me-
diator complex (54,55), which was mutated in four strains,
the mutations in three being transitions and the fourth be-
ing a single-base-pair deletion. Two strains had mutations
in both XRN/ and SRBS.

To examine the ability of XRN/ and SRBS mutations to
confer growth on selective media, we tested the growth of
the parental selection strain with single and double knock-
outs of these genes. The Axrnl Asrb§ strain grew on selec-
tive media, whereas Axrnl or Asrb8 mutant strains failed to
grow (Figure 1C). The requirement for the SRBS mutation
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can be attributed to the fact that the hairpins used to silence
the HIS3, URA3 and GFP genes were each expressed from
the GALI promoter. Any mutation that lowered transcrip-
tion from the GA LI promoter would decrease silencing and
increase expression of the HIS3, URA3 and GFP genes. A
mutation in SRBS, as a subunit of the mediator complex,
might have provided that reduced hairpin expression. Sup-
porting this idea, SRBS is transcriptionally induced in the
presence of galactose, as are SSN2 and SSN3, two of the
other genes that were disrupted in multiple mutant strains,
including strains with XRNI mutations (54,56-57). Taken
together, these observations suggested that a mutation in
SRBS (or in either SSN2 or SSN3) created a permissive
background, in the context of which a mutation in XRN/
imparted growth. In this scenario, XRNI mutations pre-
sumably reduced the efficiency of the RNAi pathway with-
out fully disrupting it.

To test the possibility that loss of XRN/ function leads
to a partial reduction in RNAI efficiency, we determined
the ability of XRNI mutations to silence GFP. Seven hap-
loid xrn/-mutant strains from our selection were mated with
a haploid Axrnl strain, and we assessed the ability of the
resulting diploid strains to silence GFP. The experiment
compared the silencing of XRNI/XRNI, XRNI1/Axrnl,
Axrnl /Axrnl with Axrnl/xrnl-1-7. Six of these seven
diploid strains had impaired GFP silencing (Figure 1D).
These six each derived from a mutant strain with a nonsense
mutation in XRNI, whereas the one with efficient GFP si-
lencing derived from the strain with a missense mutation in
XRNI (RNAi mutant 5). These results indicated that the
missense mutation probably did not impair Xrnlp activity
but that the XRNI nonsense mutations were each loss-of-
function mutations and were at least partially responsible
for the reduced GFP silencing observed in the haploid mu-
tant strains. Indeed, the Axrnl/Axrnl diploid that we con-
structed, which had no other confounding mutations, also
had reduced silencing.

We also examined the consequence of inactivating XRN1
in an RNAi-reporter strain containing an integrated GFP
gene and an integrated gene expressing stem-loop tran-
scripts that can be processed into siRNAs that target GFP.
Compared to deleting AGOI or DCRI, deleting XRN1 pro-
duced an intermediate GFP-silencing defect (Figure 1E),
which depended on the presence of the silencing construct
(Supplementary Figure S1). The observation that silenc-
ing was reduced but not completely abolished supported
the conclusion that Xrnlp functions in the budding-yeast
RNAIi pathway but, unlike Derlp and Agolp, is not an
essential component of the pathway. In contrast, disrupt-
ing other genes involved in cytoplasmic mRNA decay, in-
cluding DCP2 or SKI3, which code for proteins important
for decapping and 3'-to-5" degradation, respectively (58,59),
had minimal effect on silencing GFP (Figure 1E), indicating
that their respective decay activities are not required for ef-
ficient RNAI in budding yeast.

Xrnlp and Agolp physically interact and colocalize

As an orthogonal approach to identify components of the
budding-yeast RNAi pathway, we expressed epitope-tagged
Agolp in N. castellii and used mass spectrometry to iden-
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tify co-immunoprecipitating proteins. Xrnlp was the most
significantly enriched protein in both biological replicates
of this experiment (Supplementary Table S3), suggesting
that Xrnlp physically interacts with Agolp in these cells.
This physical interaction was supported by reciprocal co-
immunoprecipitation of Agolp and Xrnlp as assayed by
immunoblotting (Figure 2A). Co-immunoprecipitation was
at least partially retained in the presence of RNase, which
indicated a protein—protein interaction (Figure 2A).

To examine the localization of Agolp and Xrnlp in
N. castellii cells, we tagged the proteins with GFP and
mCherry, respectively. In S. cerevisiae grown under stan-
dard conditions, Xrnlp is reported to be diffusely cytoplas-
mic, but upon glucose starvation, it preferentially localizes
to P-bodies, along with other known RNA-decay compo-
nents including Dcp2p (60). In N. castellii, we observed sim-
ilar behavior of diffuse localization and P-body localization
in normal conditions and glucose starvation, respectively,
for not only Xrnlp but also Agolp (Figure 2B and C). The
colocalization of Agolp and Xrnlp in N. castellii further
supported the conclusion that Xrnlp plays a role in RNAI.

XRNI affects small RNA populations in budding yeast

To learn whether Xrnlp impacts the levels of siRNAs in
the cell, we sequenced small RNAs from WT and Axrnl N.
castellii strains after adding known quantities of synthetic
standards to each sample, which enabled quantitative com-
parisons between samples. Mapping of the 22-23-nt reads
to previously identified siRNA-producing loci (Supplemen-
tary Table S4) (8) and normalizing to the synthetic stan-
dards showed that siRNA levels from the most prolific loci
were reduced upon XRNI disruption (Figure 3A). Many
of these prolific loci were inverted repeats (i.e. palindromic
loci), which produce transcripts with a hairpin (stem-loop)
structure. For nearly all of the palindromic loci, fewer
siRNAs accumulated in the Axrn/ strain (median change,
3.5-fold) (Figure 3A). In contrast, siRNAs mapping to Y’
subtelomeric elements and other non-palindromic loci, in
which convergent overlapping transcription produces tran-
scripts that base pair to form bimolecular siRNA precursor
duplexes, typically increased in the Axrnl strain (median
change, 4.1-fold). For example, siRNAs from the Y’ sub-
telomeric elements increased by over 5-fold in the XRNI-
disrupted strain (Figure 3A and Supplementary Figure
S2B). Subtelomeric siRNAs also accumulate in S. pombe
upon the deletion of its XRN! ortholog, exo2 (61). When
classifying the 22-23-nt reads as originating from either
palindromic or non-palindromic loci, the proportion of
siRNA reads originating from palindromic loci decreased
by half in the XRNI-disrupted strain (from 74.1 to 37.0%)
and the siRNA reads that mapped to non-palindromic loci
increased (from 21.5 to 60.8%) (Figure 3B). The disparate
changes for the different types of siRNAs observed by se-
quencing were also observed by probing an RNA blot ana-
lyzing small RNAs from the same strains (Figure 3C). This
blot showed that an siRNA deriving from a palindromic re-
gion decreased by > 2-fold in the Axrnl strain, whereas a
Y’ subtelomeric siRNA increased in expression by > 4-fold.
The Y’ subtelomeric siRNA also increased in Adcp2 and
Aski3 strains but not to the same degree as in the Axrnl

strain, whereas the palindromic siRNA increased in the
Aski3 strain and did not substantially change in the Adcp2
strain (Supplementary Figure S2A).

To ascertain if changes in siRNAs observed in the Axrnl/
strain could be attributed to changed accumulation of their
siRNA-precursor transcripts, we performed RNA sequenc-
ing (RNA-seq) of longer transcripts, again mapping se-
quencing reads to annotated siRNA-producing loci. Many
siRNA-precursor transcripts increased in expression in the
Axrnl strain (Figure 3D, median change, 2.2- and 3.8-fold
for palindromic and non-palindromic loci, respectively).
For instance, the Y’ subtelomeric siRNA precursor tran-
scripts increased by over 14-fold in the XRN/-disrupted
strain (Figure 3D and Supplementary Figure S2B). Exami-
nation of the relationship between changes in siRNAs and
changes in precursor transcripts uncovered a modest corre-
lation for products of non-palindromic loci (Rs = 0.32; P <
0.001), with increased levels observed for both siRNAs and
precursors from 430 of 532 loci (Figure 3E). In contrast,
little correlation was observed for products of palindromic
loci (Rs = 0.19; P =0.2).

Similar expression changes of small RNAs and their pre-
cursor transcripts were observed when comparing the N.
castellii selection strain and a Axrnl strain derived from
it (Supplementary Figure S2C and D). In these strains,
the most abundant siRNAs mapped to the loci expressing
hairpins corresponding to the exogenous HIS3, URA3 and
GFP genes. The siRNAs from these three loci decreased by
2.7-, 1.8- and 1.1-fold, respectively, in the Axrnl strain
(Supplementary Figure S2C). The precursor transcripts for
both the endogenous palindromic and non-palindromic
siRNAs also increased in the Axrnl selection strain (Sup-
plementary Figure S2D, median fold change of 3.5 and 4.6,
respectively). As with the non-selection strains, when exam-
ining the relationship between the changes in siRNAs and
the changes in precursor transcripts, a modest correlation
was observed for products of non-palindromic loci (Sup-
plementary Figure S2E, Rg = 0.33; P < 0.001), and little
correlation was observed for products of palindromic loci
(Supplementary Figure S2E, Rg = 0.04; P = 0.38).

These results suggest that the less efficient silencing
of GFP observed in the Axrnl strain was likely at least
partially attributable to reduced siRNAs deriving from
the palindromic transcripts designed to silence GFP. One
possibility is that the loss of XRN/ causes an increase
of non-palindromic siRNA precursors, and the increased
siRNAs deriving from these precursors compete with
the palindrome-derived siRNAs for loading into Agolp,
thereby causing more of the GFP siRNAs to be degraded
before loading into Agolp. In this scenario, Xrnlp could
influence the levels of non-palindromic siRNA precursors
either directly, by degrading these precursors, or indirectly,
by increasing the efficiency of RNAi-mediated degradation
of these transcripts, which are targets of as well as precur-
sors for siRNAs of the RNAIi pathway.

Xrnlp enhances RNAI in vitro

To study the ability of Xrnlp to enhance RNAI, we puri-
fied WT N. castellii Agolp and WT and catalytically im-
paired versions of N. castellii Xrnlp (each from S. cere-
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Figure 2. Physical interaction and colocalization of Xrnlp and Agolp in Naumovozyma castellii. (A) Physical interaction of Xrnlp and Agolpin N. castellii.
Immunoblots show the results of co-immunoprecipitations of FLAG-tagged Agolp (FLAG-Agolp, left) and HA-tagged Xrnlp (Xrnlp-HA, right). The
samples on the blots were from 1% of the input into the immunoprecipitation (1% input), the immunoprecipitation with anti-FLAG or anti-HA antibodies
(FLAG-IP and HA-IP, respectively) and 1% of the remaining supernatant after immunoprecipitation (1% sup.). The immunoprecipitations were performed
with and without treatment with an RNase A/T1 cocktail. (B) Co-localization of Agolp and Dcp2p observed in N. castellii grown in the presence and
absence of glucose. Fluorescence microscopy images show the location of EGFP-tagged Agolp and mCherry-tagged Dcp2p. (C) Co-localization of Agolp
and Xrnlp observed in N. castellii grown in the presence and absence of glucose. Fluorescence microscopy images show the location of EGFP-tagged

Agolp and mCherry-tagged Xrnlp.

visiae overexpression strains that lacked XRNI) and exam-
ined the influence of Xrnlp activity on passenger-strand
cleavage and target slicing in vitro. The in vitro assay used
an siRNA duplex with a 5-labeled passenger strand and
a cap-labeled target RNA to follow both passenger-strand
cleavage and target slicing in multiple-turnover conditions
(Figure 4A). In the presence of WT but not catalytically im-
paired (mut.) Xrnlp, the amount of passenger-strand cleav-
age fragment substantially increased at early time points
and then dropped at later time points (Figure 4B and C).
The reduced passenger-strand fragment observed at later
time points indicated that Xrnlp degraded this fragment, ei-
ther as it exited RISC or after it dissociated from RISC—in
either case, potentially enhancing RNAI efficiency by fa-
cilitating RISC maturation or preventing cleaved passen-
ger strand from inhibiting RISC activity, respectively. An
siRNA duplex with a 3'-labeled passenger strand showed a
similar trend as the siRNA duplex with a 5'-labeled passen-
ger strand; in the reaction with WT Xrnlp, the 3'-cleavage
fragment of the passenger strand accumulated to a greater
extent at early time points and then was degraded at later
time points (Supplementary Figure S3A—C). These results
indicated that Xrnlp degrades both cleavage fragments of
the passenger strand in vitro—an observation consistent
with the known preference of Xrnlp for substrates with a
5" monophosphate.

WT Xrnlp also increased the rate of target slicing (Fig-
ure 4D). The increased rates of both passenger-strand cleav-
age and target slicing suggested that Xrnlp increased the
amount of Agolp that could be loaded with an siRNA du-

plex, perhaps by degrading non-specifically bound cellular
RNAs that might be occluding siRNA loading. To assess
whether Xrnlp activity increased the amount of Ago1p that
could be loaded with a siRNA duplex, we performed filter-
binding assays to measure the amount of siRNA bound to
protein after incubating guide-labeled siRNA duplex with
the purified proteins (Figure 4E). Preincubation of WT
Xrnlp with Agolp enhanced the amount of siRNA bound
to protein, whereas preincubation with mutant Xrnlp did
not have this effect (Figure 4E). These results supported the
idea that the exonuclease activity of Xrnlp might help elim-
inate non-siRNA species that spuriously bind Agolp and
competitively inhibit siRNA duplex binding.

XRNI affects the stability of the passenger strand in vivo

Because N. castellii Xrnlp degraded the cleaved passen-
ger strand in vitro, we asked if it had this effect in vivo.
We identified perfectly paired guide—passenger duplexes for
which 22-23-nt reads were observed among small-RNA
reads from WT, Axrnl and AGOI slicing-impaired (agol-
DI247R) N. castellii strains. For each of these duplexes, the
strand with more reads in the WT strain was designated
as the guide, the other strand was designated as the pas-
senger and duplexes for which the passenger-to-guide ra-
tio increased in the agol mutant strain were carried for-
ward as experimentally supported siRNA duplexes. Twelve-
nucleotide reads that perfectly matched the 3’ end of the
passenger strand were designated as 3'-cleavage fragments
of passenger strands, and depending on whether the duplex
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Figure 3. The effect of Xrnlp on the abundance of small RNAs and their precursors in Naumovozyma castellii. (A) The effect of Xrnlp on the abundance
of small RNAs originating from siRNA-producing loci yielding at least 1 RPM (read per million) in WT cells. The scatter plot shows the fold change
(logy) of 22-23-nt small RNAs deriving from each locus in the Axrnl versus WT strain (after normalizing to the recovery of internal standards) as a
function of the abundance of 22-23-nt small RNAs deriving from the locus in the WT strain. The Y’ consensus locus is represented by the filled red circle,
and other non-palindromic loci are represented by empty gray circles. The two palindromic loci probed in C are represented by the filled yellow circles,
and the other palindromic loci are represented by the filled cyan circles. For each category, the number of loci is indicated in parentheses. Sequencing
was from strains in which the endogenous Agolp had been FLAG tagged. (B) Overall effect of Xrnlp on the fraction of palindrome-derived and non-
palindrome-derived small-RNA populations in N. castellii. The 22-23-nt reads that mapped to siRNA-producing loci were designated as deriving from
either palindromic loci (cyan), non-palindromic loci (red), or both types of loci (purple) in the same strains as A. (C) Effect of Xrnlp on the expression
levels of both a palindrome-derived siRNA and a non-palindrome-derived siRNA in N. castellii. At the left are phosphorimages of a small-RNA blot
successively probed for siRNAs originating from either palindromic or non-palindromic precursor transcripts in the same WT and Axrn/ strains as A.
The migration of markers is indicated on the left. For a loading control, the blots were re-probed for the U6 snRNA. To the right of the blots is a bar graph
showing the effect of deleting XYRN! on these siRNAs, as measured both by RNA blots and by the sequencing in A. (D) Effect of Xrnlp on the abundance
of small-RNA precursor transcripts in N. castellii, as measured using RNA-seq. Shown for each precursor transcript expressed at >1 transcript per million
(TPM) in WT cells is its fold change (logy) in the Axrnl versus WT strains (after normalizing to the recovery of internal standards) as a function of its
abundance in WT cells. Strains were as in A, and precursor transcripts are classified as in A. (E) Relationship between changes in small RNAs and changes
in siRNA precursors observed after deleting XRNI. Shown for each precursor transcript expressed at >1 TPM in WT cells and that produced small RNAs
at >1 RPM is the fold change (logy) in 22-23-nt small RNA reads observed in A as a function of the fold change (log,) in precursor transcripts observed
in D. Representation of each type of locus as in A. The number of loci and Spearman’s rank correlation coefficient (Ry) for each category is indicated in
parentheses.



Nucleic Acids Research, 2020, Vol. 48, No. 13 7413

A B - + * Agotp
.—
Excess - +Mut. +WT = +Mut. +WT  Xmn1p
target 0301 310301 310301 3 1030 1 3 10301 3 10 30 Minutes
B i St G Gal el b -l ® Target
RISC
maturation Multiple-
turnover | @——— 5'target fragment
slicing e siRNA passenger
o strand
*: h— —
siRNA Cleaved .
Sliced 5' passenger-strand
duplex passenger talr;it | x— fra%mentg
strand 1
C 0.4 © No protein D 0.4 ® No protein E - 03 © No protein
= © 100 "M Ago1p © 100 nM Ago1p s © 10 nM Ago1p
[} -
£ 031 ¢ 100 M Agop + 200 nM Xm1p WT g %1 @ 100nM Agotp nM Xm1p 3 gotp P
5 g g E
5 ° 3 3
o =
$o2 502 3
[0} o 2
g ° 8 5
P ks =
© $0.1 <
c 0.1 e i
i) o 9 s
w s
0 Y [ )
0 10 20 30 0 10 20 30 0 10 20 30
Time (min) Time (min) Time (min)

Figure 4. The impact of Xrnlp on siRNA loading, passenger-strand degradation and target slicing. (A) Experimental scheme of a combined assay moni-
toring both passenger-strand cleavage and target slicing. An siRNA duplex is loaded into Agolp, which cleaves and discards the passenger strand before
beginning to catalyze multiple-turnover slicing of the target RNA. Initial concentrations of siRNA duplex and target RNA were 10 and 100 nM, respec-
tively. In the duplex, the red star indicates radiolabeled monophosphate on the 5'-end of the passenger strand. On the target, the red-filled circle indicates
a 5'-radiolabeled cap. (B) The effect of Xrnlp on Agolp-catalyzed passenger-strand cleavage and target slicing, in the assay schematized in A. Shown is a
representative denaturing gel that resolved cap-labeled target, cap-labeled target fragment, 5’ end-labeled passenger strand and 5’ end-labeled passenger-
strand fragment after incubation for the indicated time, with or without purified Agolp (100 nM) and with or without purified Xrnlp (WT or mutant
[mut.]) (200 nM). The cross symbol (1) indicates degradation of the target after adding Xrnlp, which was observed at late time points and presumed to
be due to a contaminant in the Xrnlp preparation. (C) Quantification of the passenger-strand cleavage. Results are shown for three replicates (circles,
squares, triangles) of reactions with either no protein (black), Agolp only (red), Agolp with Xrnlp mut. (blue), or Agolp with Xrnlp WT (purple). The
fraction of passenger-strand fragment was calculated by dividing the signal of product/(product + substrate). The lines, added for clarity, connect mean
values and are not fit to an equation. (D) Quantification of the 5 target fragment. Otherwise, as in C. (E) The effect of Xrnlp on siRNA association with
Agolp. Shown are results of a filter-binding assay that measured association of 5’ radiolabeled guide RNA with Agolp after incubating components of
the combined assay of passenger-strand cleavage and target slicing. Each assay included siRNA duplex, unlabeled target RNA and the other components
indicated, each at the same concentrations used in B. Results are shown for five independent experiments (circles, squares, triangles, diamonds, hexagons),
which together contributed at least three data points for each time point for reactions with either no protein (black filled circles), Agolp only (red), Agolp
and Xrnlp mut. (blue), or Agolp and Xrnlp WT (purple). The fraction of Agolp-bound guide strand was calculated by dividing the signal for the RNA
that bound to the nitrocellulose membrane by that of the RNA that bound to the nylon and nitrocellulose membranes combined.

was comprised of 22- or 23-nt species, 10- or 11-nt reads that
perfectly matched the 5 end of the passenger strand were
respectively designated as 5'-cleavage fragments of passen-
ger strands. For most duplexes, disrupting XRN/ increased
the ratio of full-length passenger strand to guide strand, as
would be expected if Xrnlp facilitates RISC loading (Figure
SA, median increase, 2.3-fold; P < 0.001, Wilcoxon signed-
rank test). Disrupting XRN/ also increased the ratio of
cleaved passenger strand to guide strand modestly (Figure
5B, median increase, 1.3-fold; P < 0.001).

We also examined the length distributions and the first
nucleotide composition of the genomically mapping 9-26-
nt reads in the libraries of each of these strains, excluding
reads that mapped exclusively to rRNAs or tRNAs (Sup-
plementary Figure S4). There were no substantial differ-
ences in the size distributions of the 9-26-nt reads in the
Axrnl or AGOI slicing-impaired strains compared with the
WT strain, although there were slightly more 15-20-nt reads
in the Axrnl strain (Supplementary Figure S4). Similar to

previous studies, most 23-nt RNAs began with U, which
suggested that most siRNA guide strands begin with this
nucleotide (8,62). The Axrnl and AGOI slicing-impaired
strains had a higher fraction of 23-nt reads with A in the
third to last position (24.8 and 36.0%, respectively, com-
pared to 19.3% for the WT strain), which would be ex-
pected of full-length passenger strands that could pair with
guide strands that begin with U. These results indicated that
Xrnlp affects the stability of full-length and cleaved passen-
ger strands in vivo, as it does in vitro.

Xrnlp enhances target slicing and eliminates the 3’ slicing
fragment

To learn whether Xrnlp enhances the efficiency of any steps
following duplex loading, RISC maturation and passenger-
strand degradation, we purified mature N. castellii RISC
programmed with a specific guide RNA (63) and examined
the ability of N. castellii Xrnlp to enhance slicing of cap-
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Figure 5. The influence of Xrnlp on the accumulation of the siRNA passenger strand and its cleavage fragments in vivo. (A) Accumulation of full-length
passenger strands. Box-and-whisker plots show the log, ratios of the reads for the full-length passenger strand over the reads for the full-length guide strand
in the slicing-impaired ago/ mutant (mut.) versus WT strains and in Axrnl versus WT strains. Results from 114 guide—passenger duplexes are plotted,
with the line indicating the median, the box indicating 25-75 percentiles, the whiskers indicating the 5-95 percentiles and open circles indicating individual
outliers. The two-tailed Wilcoxon signed-ranked test was used to evaluate the similarity of the two distributions (P-value). (B) Accumulation of cleaved
passenger strands. Box-and-whisker plots show the log, ratios of the reads for the cleaved passenger strand over the reads for the full-length guide strand
in agol mut. versus WT strains and in Axrnl versus WT strains. Otherwise, as in A.

labeled target in vitro. Under single-turnover conditions, in
which the RISC enzyme was in excess over target, Xrnlp
activity had no detectable influence on slicing rates (Sup-
plementary Figure SSA and B). Likewise, Xrnlp activity
had no detectable influence on the initial burst phase of
a multiple-turnover slicing reaction (Figure 6A), in which
target was in 10-fold excess over the RISC enzyme (Figure
6B and C). However, after the slicing product reached the
concentration of RISC (10 nM) and the reaction entered
a slower phase characterized by rate-limiting product re-
lease, WT Xrnlp but not the catalytically impaired Xrnlp
increased the rate of target slicing (Figure 6B and C). En-
hancement of this second phase of target slicing increased
after boosting the Xrnlp concentration from 10 to 30 nM
but did not increase with even more Xrnlp (Figure 6C).
These results suggested that Xrnlp enhances release of
sliced product, presumably by degrading the 3’ product of
slicing, which contains the 5-monophosphate characteris-
tic of Xrnlp substrates. To examine whether Xrnlp has this
function, we performed a slicing reaction with a 5'-capped,
3'-labeled target RNA in multiple turnover conditions (Fig-
ure 6D). In reactions lacking Xrnlp or containing catalyt-
ically impaired Xrnlp, the 3 slicing product accumulated
rapidly during the burst phase and then more slowly during
the part of the reaction characterized by rate-limiting prod-
uct release, as observed for the 5" product in reactions with

cap-labeled target (Figure 6E and F). In reactions contain-
ing WT Xrnlp, the 3’ slicing product similarly accumulated
at an early time point but then began to decrease as it was
degraded by Xrnlp (Figure 6E and F). This rate of degra-
dation increased as the concentration of Xrnlp increased
from 10 to 30 nM but did not significantly increase with ad-
ditional Xrnlp (Figure 6F). The elimination of this 3’ prod-
uct of slicing, which pairs to the guide-RNA seed region,
which in turn is critical for target recognition and binding
(52,64-65), would prevent this 3’ slicing product from re-
binding to the guide and would thereby allow RISC to bind
and slice another target RNA.

In support of the proposal that Xrnlp degrades 3’ prod-
ucts of slicing, comparison of RNA-seq data from the se-
lection strain with and without XRNI showed that, in the
absence of Xrnlp, RNA preferentially accumulated in the
mRNA regions downstream of HIS3, URA3 and GFP slic-
ing (Supplementary Figure S5C). In contrast, endogenous
genes that were not targets of RNAI in the selection strain
showed a uniform increase in RNA sequencing reads map-
ping across the gene in the XRNI-knockout strain, and
showed an increased proportion of reads mapping to their
3’ ends in both WT and XRNI-deficient backgrounds (Sup-
plementary Figure S5D). Thus, as observed in other species
(30-32), XRN1 is responsible for eliminating the 3’ products
of slicing in budding yeast.
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Figure 6. The impact of Xrnlp on multiple-turnover slicing and on stability of the 3’ target fragment. (A) Experimental scheme of the assay for multiple-
turnover slicing using a cap-labeled target. The red-filled circle on the target RNA indicates a radiolabeled 5’ cap. The initial concentration of target was
100 nM. (B) The effect of Xrnlp on multiple-turnover slicing in the assay schematized in A. Shown is a representative denaturing gel resolving target from
its sliced product after incubation with or without purified RISC-miR-20a (10 nM), with the indicated concentration of Xrnlp (WT or mut.; 0, 10, 30
or 100 nM) for the indicated amount of time. (C) Quantification of the 5" product of target slicing. Results are shown for six independent experiments
(circles, squares, triangles, diamonds, hexagons and exes) of reactions with either no protein (black), RISC-miR-20a only (red), RISC-miR-20a with Xrnlp
mut. (blue), or RISC-miR-20a with Xrnlp WT (purple). The fraction of 5 target fragment was calculated by dividing the signal of product/(product +
substrate). The lines indicate the best fit to the burst equation. (D) Experimental scheme of the assay for multiple-turnover slicing with a 5'-capped, 3'-
radiolabeled target. The black-filled circle on the target indicates a 5'-cap, and the red A indicates a radiolabeled cordycepin at the 3’-end of the target.
The initial concentration of target was 100 nM. (E) The effect of Xrnlp on multiple-turnover slicing in the assay schematized in D. The cross symbol (1)
indicates degradation of the target after adding Xrnlp, which was observed at late time points and presumed to be due to a contaminant in the Xrnlp
preparation. Otherwise, as in B. (F) Quantification of the 3’ product of target slicing. Results are shown for three independent experiments (circles, squares,
triangles). The lines, shown for clarity, connect mean values and are not fit to an equation. Otherwise, as in C.
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DISCUSSION

Our results show that Xrnlp influences most steps of the
RNAI pathway in budding yeast (Figure 7). Xrnlp increases
the levels of siRNAs that accumulate from palindromic loci,
presumably by reducing the amount of non-palindromic
siRNA-precursor transcripts, thereby reducing competition
for entry into the pathway from siRNAs that would other-
wise be produced from these non-palindromic precursors.
Once the siRNA duplexes are produced, Xrnlp facilitates
their loading into Argonaute, perhaps by eliminating other
RNA species that spuriously bind to Argonaute and thereby
inhibit duplex loading. After duplexes bind to Argonaute
and passenger strands are cleaved, Xrnlp helps degrade
the cleavage fragments, which prevents inhibition of RISC
and might facilitate its maturation. Finally, Xrnlp facili-
tates multiple turnover of RISC by eliminating the 3’ prod-
ucts of slicing, thereby preventing product inhibition and
perhaps helping to regenerate unbound RISC. We also de-
tected a physical interaction between Agolp and Xrnlp,
which might play a role in one or more of these functions.

Even with these new-found roles of Xrnlp, the RNAI
pathway of budding yeast appears to be the most stream-
lined of any characterized to date, with only three known
components: Dcrlp, Agolp and Xrnlp. Although we can-
not rule out participation of other factors that might have
been missed by our genetic and pulldown approaches, the
notion that RNAI in budding yeast relies on only three pro-
teins seems plausible. For example, the most notable differ-
ence between budding-yeast Agolp and Argonaute proteins
characterized from other lineages is that purified Agolp
can autonomously load an siRNA duplex and then cleave
and remove the passenger strand of this duplex to form
active RISC capable of slicing target RNA (66), whereas
other Argonaute proteins require the Hsc70/Hsp90 chap-
erone and adenosine triphosphate to assume a conforma-
tion capable of duplex loading and RISC maturation (19—
21,23-24). That Agolp can autonomously perform these
functions in vitro, with some enhancement by Xrnlp, sug-
gests that other factors might not be required for duplex
loading and RISC maturation in budding yeast.

The unusual domain structure and activity of budding-
yeast Dcrlp might also obviate the need for other accessory
factors needed for siRNA loading into Argonaute in other
systems. Budding-yeast Dcrlp possesses only one RNase
IIT domain, whereas canonical Dicers possess two RNase
III domains (67). Consistent with RNase III domains al-
ways functioning in pairs (68), budding-yeast Dicer forms
a homodimer to cleave both strands of the dsRNA (67).
Whereas canonical Dicers measure from the end of the
dsRNA to determine the site of cleavage (69,70), multiple
Dcrlp homodimers bind cooperatively within the dsRNA,
with the distance between active sites of adjacent homod-
imers determining the length of the siRNA duplexes (67).
Each unit of the budding-yeast homodimer possesses two
dsRNA-binding domains (dsRBDs), which are both re-
quired for accumulation of siRNAs to normal levels in vivo,
although the second dsRBD is dispensable for producing
siRNAs in vitro (67). One proposal is that in cells this sec-
ond dsRBD acts after siRNA production, in tandem with
the second dsRBD contributed by the other Dcrlp of the
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homodimer, to perform functions normally provided by
dsRBD-containing Dicer accessory factors, such as help-
ing to transfer the siRNA duplex from Dicer to Argonaute,
thereby obviating the need for these cofactors (67).

Further supporting the existence of a streamlined path-
way in budding yeast, N. castellii lacks orthologs of other
factors that participate in RNAi and related pathways
in other species. For example, N. castellii and all other
RNAi-possessing budding-yeast species lack recognizable
homologs of RARPs (8). Budding yeast also lack a dis-
cernible ortholog of HENI, which methylates the 2’ oxy-
gen of the 3'-terminal nucleotide of plant and metazoan
siRNAs, plant miRNAs, as well as metazoan Piwi-
interacting RNAs (piRNAs), thereby protecting these small
RNAs from 3’-end uridylation and degradation (71-81). In-
deed, we found that N. castellii siRNAs are susceptible to
periodate oxidation and beta-elimination, thereby confirm-
ing that they are not methylated (Supplementary Figure
S6A).

Naumovozyma castellii does have orthologs of several
other factors thought to participate in RNAI in other
species, including the QIP exonuclease, which removes
the cleaved passenger strand in Neurospora crassa (27)
and the autoantigen La RNA-binding protein, which is
reported to enhance the multiple-turnover of RISC in
Drosophila RNAi (82). However, disruption of the or-
thologs of the genes encoding QIP (GFD2 and its paralog,
NCAS0A00350), or the ortholog of La (LHPI) in an N.
castellii RNAi-reporter strain had little effect on GFP si-
lencing (Supplementary Figure S6B). Taken together, our
results suggest that Xrnlp helps degrade the cleaved pas-
senger strand and enhances the multiple turnover of RISC
in budding yeast, thereby obviating the need for other pro-
teins to perform these functions.

The general eukaryotic mRNA decay factors DCP2 and
SKI3 have also been implicated in small-RNA-mediated
gene-silencing pathways. DCP2, which encodes the mRNA
decapping enzyme, is involved in miRNA-mediated silenc-
ing but not RNAIi in Drosophila (83). SK/3, which en-
codes a component of the Ski complex, enables the cyto-
plasmic exosome to degrade 5’ target-slicing fragments in
Drosophila (31). Although disrupting DCP2 and SKI3 af-
fected the abundances of siRNAs in the cell (Supplementary
Figure S2A), we found that the deletions of these genes in
an N. castellii RNAi-reporter strain had little-to-no effect
on GFP silencing (Figure 1E). These results suggest that
each protein is either not involved in budding-yeast RNAi
or has effects on the pathway that are undetectable in the
GFP-silencing assay.

Xrnlp satisfies the expected criteria of a cofactor partic-
ipating in the budding-yeast RNAi pathway. It is present
in all known eukaryotes, playing important roles in RNA
metabolism critical for cellular fitness, which explains why
itwas notlostin S. cerevisiae and other species that have lost
RNAI. Although not thought to be an essential component
of RNAI in any species, Xrnl has been shown to function
in RNAI and related pathways in diverse species, and our
observations in budding yeast expand this repertoire, both
with respect to its evolutionary reach and with respect to
its functions within a single species. Indeed, studies in other
species have focused on the role of Xrnl on a particular step
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of the pathway, and thus it will be interesting to learn the de-
gree to which Xrn1 has multiple functions in RNA-silencing
pathways of other eukaryotes or whether these other lin-
eages have evolved cofactors that assume these more spe-
cialized roles in more elaborated pathways.
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