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Covalent modifications pervade biological regulation. RNAs 
are extensively modified: 5ʹ termini are often capped, inter-
nal positions are altered on both ribose rings and bases, and 

3ʹ termini receive untemplated nucleotides, referred to as tails. In 
eukaryotes, tails occur on most classes of RNA and control RNA 
processing, transport, stability, and function. Tails and the enzymes 
that add them are critical in biology. Uridylation is implicated in 
tumorigenesis, proliferation, stem cell maintenance, and immu-
nity1–3, and polyadenylation is implicated in early development, 
cancer, and memory4–6. Global approaches are needed to uncover 
previously undetected tailing systems.

Members of the DNA polymerase β–like superfamily of nucleoti-
dyl transferases append nucleotides to divergent substrates, includ-
ing RNAs, nucleotides, and antibiotics7,8. rNTases add nucleotides 
to RNAs without using a template and include poly(A) polymerases 
(PAPs), poly(U) polymerases (PUPs; also known as TUTases), and 
CCA-adding enzymes that act on tRNAs9. PAPs and PUPs cannot 
be distinguished definitively by their protein sequences.

We suspected that other types of rNTases and tails exist but have 
escaped detection. Studies in vitro and in Xenopus oocytes have 
identified many rNTase activities10,11 but are incompatible with 
genome-wide analyses. Similarly, powerful sequencing methods can 
identify tails on cellular RNAs without bias12,13, but tails could be 
missed if they are added at specific times, expressed in certain cell 
types, or exist only transiently, as well as if termini are blocked. The 
challenge is to uncover all forms of tails and identify the enzymes 
responsible at a genome-wide scale.

We have developed an approach to identify enzymes that add 
untemplated nucleotides to RNAs. Candidate rNTases were teth-
ered to a reporter RNA in S. cerevisiae, and the number and iden-
tity of the nucleotides added to the reporter were determined at 
single-nucleotide resolution. The approach identified previously 
undetected enzymes and tails, including a eukaryotic system with 

separate enzymes that add the CC dinucleotide and adenosine 
sequence to tRNAs, and a poly(UG) polymerase that adds alter-
nating uridine and guanosine nucleotides. Mutations in the gene 
encoding the poly(UG) polymerase elevate transposition fre-
quency14,15, disrupt RNA silencing16–18, and impair RNA interference 
(RNAi)19–22. Thus, it is likely that poly(UG) polymerase activity and 
poly(UG) tails underlie these events.

Results
An in cellulo tethering assay identifies rNTase activities. To iden-
tify rNTase activities, we developed TRAID-seq (tethered rNTase 
activity identified by high-throughput sequencing). Enzymes were 
fused to MS2 coat protein (MS2) and coexpressed in yeast with a 
reporter RNA bearing high-affinity MS2-binding sites. Interaction 
of MS2 with its binding sites tethered the fusion protein to the 
RNA23 and circumvented the activity of proteins that might bring 
the rNTase to its endogenous substrates.

To develop a reporter RNA, we first expressed an RNase P–derived 
RNA bearing two MS2-binding sites in cells containing MS2-PUP 
fusions (C. elegans PUP-2 (CePUP-2) or Schizosaccharomyces pombe 
Cid1 (SpCid1); Supplementary Fig. 1a). RT–PCR analysis designed to 
detect uridine or adenosine tails showed that uridine tails were added 
and required a functional active site; however, high levels of endoge-
nous polyadenylation in the absence of rNTase expression complicated 
analysis (Supplementary Fig. 1b,c). We constructed an alternative 
RNA substrate based on S. cerevisiae tRNASer(AGA), in which the 4-bp 
variable arm was replaced by a single MS2-binding site (Fig. 1a).  
This reporter tRNA had virtually undetectable background polyad-
enylation, as judged by gel analysis of reaction products (Fig. 1b), and 
enabled unambiguous classification of rNTase activities.

The assay accurately recapitulated the activities of well-char-
acterized rNTases. As proof of principle, we analyzed CePUP-211, 
SpCid111,24, and a known PAP, C. elegans GLD-2 (CeGLD-2)25.  
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In RT–PCR assays, a uridine-specific primer yielded products 
with CePUP-2 and SpCid1, whereas an adenosine-specific primer 
yielded products with CeGLD-2 (Fig. 1b). We did not detect tails 
when using catalytically inactive mutants of CePUP-2 and SpCid1 
or in cells that lacked the proteins or reporter RNA (Fig. 1b).

To identify tails of any nucleotide composition and length, we 
used high-throughput sequencing (Fig. 1c). Total RNA from each 
sample was ligated to a DNA adaptor to attach a known sequence 
to the 3ʹ end of all RNAs. The adaptor enabled sequencing of 
added tails and introduced a 7-nt randomized sequence (random  
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Fig. 1 | the tRAID-seq assay measures nucleotide-addition activity in cellulo. a,b, TRAID-seq strategy. a, The tRNASer(AGA) variable arm (gray) is  
mutated to an MS2 stem loop (cyan) to form the tRNA reporter. WT, wild type. b, Left, the tRNA reporter is coexpressed with an MS2-rNTase fusion in  
S. cerevisiae. The tethered rNTase adds nucleotides to the 3ʹ end of the tRNA. Right, RT–PCR analysis detecting the addition of adenosine or uridine tails by 
control rNTases, relative to empty vector and a no-reporter control. Lanes marked with a minus sign correspond to reactions performed without reverse 
transcriptase. Representative gel image from four independent experiments. c, Schematic of sample processing. SL, stem loop. d,e, Tail-o-grams of the 
nucleotides added by the control rNTases CePUP-2 (d) and CeGLD-2 (e). The percentage of each nucleotide at each tail length is plotted according to the 
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heptamer) to facilitate computational removal of PCR duplicates. 
After reverse transcription, samples were PCR amplified with prim-
ers specific for the reporter tRNA and 3ʹ adaptor. Gel-purified prod-
ucts were subjected to Illumina paired-end sequencing.

We computationally extracted added tails, defined as the nucle-
otides between the 3ʹ end of the reporter tRNA (including the 
CCA sequence) and the random heptamer. After removing PCR 
duplicates, we quantified and plotted the number of unique tails, 
tail length, and the nucleotide composition at each detected tail 
length in ‘tail-o-grams’. In these plots, we assessed tails of each 
length as a population to determine the percentage of each nucleo-
tide added among all tails of that length. The number of reads at 
each tail length was normalized to the number of unique random 
heptamers (tails per million heptamers (TPMH)) and displayed 
on a log scale.

The assay was accurate and sensitive. CePUP-2 and SpCid1 
added tails primarily of uridine, and CeGLD-2 added tails of ade-
nosine (Fig. 1d,e and Supplementary Fig. 2a), in agreement with 
the known specificities of these enzymes. Furthermore, the high 
sensitivity enabled detection of secondary nucleotide-addition pref-
erences. For example, SpCid1 added uridine tails that were 8.6% 
adenosine (Supplementary Fig. 2a), in line with its ability to add 
both adenosine and uridine in vitro24,26.

TRAID-seq thus circumvents the need for purified enzymes and 
precisely identifies thousands of independently added tails, enabling 
sensitive determination of their sequences and relative abundance.

PUPs, PAPs, and CCA-adding enzymes. We used TRAID-seq to 
analyze the nucleotide specificities of characterized and previously 
untested rNTases. We tested 40 proteins from seven species: Homo 
sapiens (Fig. 2a), C. elegans (Fig. 2b), Aspergillus nidulans, Candida 
albicans, Neurospora crassa, S. pombe, and S. cerevisiae (Fig. 2c). 
Candidate rNTases were identified by the presence of a character-
istic G(G/S)X7–13DhDh motif, where h represents any hydrophobic 
amino acid, and a third aspartate downstream9. To focus on nonca-
nonical rNTases, we included putative rNTases with at least a partial 
type II nucleotide-recognition motif (NRM)8,9 and excluded canon-
ical PAPs, which are distinguished by a type I NRM9.

Nucleotide-addition activities were classified by the nucleotide 
composition of all tails added to the reporter tRNA (Fig. 2d and 
Table 1). For example, if added tails consisted of primarily uridine, 
the rNTase was classified as a PUP. By this criterion, we uncovered 
2 PUPs and 12 previously uncharacterized PAPs. We also identi-
fied likely CCA-adding enzymes in N. crassa, C. albicans, and  
C. elegans, in agreement with homology predictions. Tails added by 
these enzymes, NcNCU08022, CaCca1, and CeHPO-31, were pri-
marily composed of cytidine and adenosine (Fig. 2b,c) and showed 
enrichment for the repeating CCA pattern. The P values for CCA 
occurrence among the tails added by these enzymes, determined by 
one-sided Wald test, were highly significant (adjusted P values less 
than 1.6 × 10−22).

By applying the sensitivity of TRAID-seq, we confirmed 
the nucleotide specificities of previously characterized rNTa
ses10,11,24,25,27–32 and identified surprising secondary preferences for 
certain enzymes. SpCid13 and SpCid14 were both previously identi-
fied as PAPs27, but they also added other nucleotides in TRAID-seq. 
SpCid13 added 90.3% adenosines (s.d. = 0.3%; n(number of bio-
logical replicates) = 4), yet also added 6.0% cytidines (s.d. = 0.3%; 
n = 4; Fig. 2c and Supplementary Fig. 2b). SpCid14 added 77.9% 
adenosines (s.d. = 1.2%; n = 3) and 19.7% guanosines (s.d. = 0.8%; 
n = 3; Fig. 2c and Supplementary Fig. 2c). Analysis of the patterns of 
nucleotides added by enzymes with secondary preferences did not 
find specific sequence motifs within the tails.

Application of TRAID-seq thus enabled us to identify new PAPs, 
PUPs, and CCA-adding enzymes (Fig. 2d) and revealed enzymes 
with previously unknown activities, as described below.

Cytidine tails and a eukaryotic two-enzyme CCA-adding system. 
We identified an S. pombe rNTase that adds primarily cytidines. On 
the basis of sequence similarity, SpSPAC1093.04 is predicted to be 
a CCA-adding enzyme, belonging to a highly conserved rNTase 
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subfamily that adds CCA to tRNA 3ʹ termini. In TRAID-seq, 
SpSPAC1093.04 yielded tails predominantly of oligo(C) or oligo(A) 
on reporter tRNAs with a CCA sequence at the 3ʹ end (Figs. 2c and 3a;  
46.0% cytidine, s.d. = 6.0%; 52.8% adenosine, s.d. = 5.9%; n = 5). 
The oligo(A) tails may have been added by endogenous PAPs in the 
TRAMP complex33, perhaps acting in competition with the teth-
ered enzyme. Furthermore, reporters with a CC sequence at the  
3ʹ terminus received almost exclusively oligo(C) tails (Fig. 3a). The 
tails added by SpSPAC1093.04 and the S. cerevisiae CCA-adding 
enzyme (ScCca1) were distinct (Fig. 3a,b). Most tails added by 
ScCca1 contained multiple CCA motifs. In contrast, SpSPAC1093.04 

added long cytidine stretches of up to 19 cytidines. Computational 
analyses of sequence motifs in the tails added by SpSPAC1093.04 
and ScCca1 confirmed differences in the activities of these enzymes: 
the trinucleotide CCA sequence was highly enriched with ScCca1 
but not with SpSPAC1093.04 (Fig. 3c). Both enzymes added tails 
significantly enriched for CC dinucleotides, as expected (Fig. 3c and 
Supplementary Fig. 3). We conclude that SpSPAC1093.04 possesses 
a distinctive cytidine-addition activity.

The S. pombe genome encodes a second enzyme in the CCA-
adding enzyme subfamily (SpSPCC645.10), which yielded tails 
almost entirely of adenosine (Fig. 2c; 96.3% adenosine, s.d. = 0.7%). 
Thus, we thought that SpSPAC1093.04 and SpSPCC645.10 might 
act sequentially to add CCA to tRNAs, with SpSPAC1093.04 adding 
two cytidines and SpSPCC645.10 adding the terminal adenosine.

To test this idea, we asked whether the two S. pombe genes could 
rescue lethality due to loss of CCA-adding activity in S. cerevisiae. 
We used a cca1-1 mutant strain bearing a temperature-sensitive 
allele of the essential CCA1 gene, which encodes the single pro-
tein that adds CCA to tRNAs in S. cerevisiae34. SpSPAC1093.04 and 
SpSPCC645.10 were expressed in the cca1-1 strain through use of 
the CCA1 promoter and terminator sequences in single-copy plas-
mids. Effects on temperature sensitivity were assessed in strains 
expressing the S. pombe proteins either together or individually, 
with empty vector controls (Fig. 3d and Supplementary Fig. 4).

Coexpression of both S. pombe enzymes rescued the absence 
of endogenous CCA-addition activity in S. cerevisiae. cca1-1 tem-
perature sensitivity at 37 °C was fully rescued by coexpression 
of SpSPAC1093.04 and SpSPCC645.10, as well as by wild-type 
CCA1 in a positive control. Expression of SpSPAC1093.04 alone 
partially suppressed the cca1-1 temperature-sensitive phenotype. 
Expression of SpSPCC645.10 alone or of catalytically inactive ver-
sions of SpSPAC1093.04 and SpSPCC645.10 failed to rescue the 
temperature-sensitive phenotype of the mutant strain. We suggest 
that SpSPAC1093.04 and SpSPCC645.10 cooperated to add CCA to 
tRNAs to rescue the cca1-1 temperature-sensitive phenotype and 
that this collaboration is also necessary for CCA addition to tRNAs 
in S. pombe. Both enzymes are essential in S. pombe35, and both are 
members of the CCA-adding enzyme subfamily. We propose that 
this is the first dual-enzyme CCA-addition system identified in a 
eukaryote; our data are supported by a recent report36,37.

An enzyme with broad specificity. CeF31C3.2 displayed uniquely 
broad nucleotide specificity (Fig. 2b and Supplementary Fig. 5a). 
The majority of the nucleotides added were adenosines and uri-
dines, but guanosines and cytidines were also prominent. The 
nucleotide composition of tails paralleled intracellular ribonucleo-
tide concentrations in S. cerevisiae (Supplementary Fig. 5b). The 
added tails yielded no discernible pattern or sequence motif, and 
computational analysis of all 16 possible dinucleotide sequences 
did not show statistically significant enrichment for any dinucle-
otide among the added tails (Supplementary Fig. 5c). We suggest 
that CeF31C3.2 is relatively indiscriminate in nucleotide prefer-
ence and so provisionally refer to it as nucleotide polymerase-1 
(CeNPOL-1).

A poly(UG) polymerase required for RNA silencing. CeMUT-2 
added tails with a 1:1 ratio of uridines to guanosines (Figs. 2b and 4a,b). 
CeMUT-2 tails consisted of striking polymeric sequences of alter-
nating uridine and guanosine (Fig. 4b). Computational analysis 
confirmed repetitive UG addition and revealed that tails began 
with either uridine or guanosine. We thus refer to CeMUT-2 as a 
poly(UG) polymerase.

To determine whether this unusual activity was influenced by 
the reporter tRNA, we used a different reporter RNA, derived from 
RNase P RNA (Supplementary Fig. 6a). This RNA had neither 
a CCA sequence at its 3ʹ end nor similarity to tRNAs. CeMUT-2 

Table 1 | Summary of the nucleotide-addition preferences of the 
tested rNtases and NRM analysis

rNtase Species Nucleotide 
preference

histidine in 
NRM

Cid1 S. pombe U Yes

PUP-1 C. elegans U Yes

PUP-2 C. elegans U Yes

TUT4 H. sapiens U Yes

TUT7 H. sapiens U Yes

NCU04364.7 N. crassa U Yes

Cid16 S. pombe U No (Lys)
PUP-3 C. elegans U No (Arg)
F43e2.1 C. elegans U No (Arg)
F31C3.2 C. elegans A, U, C, G 

(indiscriminate)
Yes

MUt-2 C. elegans U, G Yes
tUt1 (Star-PAP) H. sapiens A Yes
ZK863.4 C. elegans A Yes
cutB A. nidulans A No (Asn)

Trf4 S. cerevisiae A No (Asn)

Trf5 S. cerevisiae A No (Asn)

Trf4 C. albicans A No (Asn)

CR_03940W_A C. albicans A No (Asn)

GLD-2 C. elegans A No (Asn)

GLD-4 C. elegans A No (Asn)

TENT2 (GLD2) H. sapiens A No (Asn)

TENT4B (PAPD5) H. sapiens A No (Asn)

TENT4A H. sapiens A No (Asn)

TRF4 N. crassa A No (Asn)

Cid12 S. pombe A No (Asn)

Cid14 S. pombe A No (Asn)

cutA A. nidulans A No (Arg)

NCU00538.7 N. crassa A No (Arg)

Cid11 S. pombe A No (Arg)

Cid13 S. pombe A No (Arg)

MTPAP H. sapiens A No (Leu)

NCU11050.7 N. crassa A No (Leu)

C53A5.16 C. elegans A No (Pro)

F43H9.3 C. elegans A No (not 
aligned)

RPN1 C. albicans A No (Glu)

Bold text indicates PUPs that do not have histidine in the NRM, and rNTases that can add 
nucleotides other than uridine and have histidine in the NRM. “Histidine in NRM” indicates the 
amino acid in each rNTase that corresponds to histidine 336 of SpCid1.
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again added tandem UG repeats, as demonstrated by representative 
sequences from three biological replicates (Supplementary Fig. 6b), 
and did so on multiple termini that formed on the RNase P reporter 
before tailing.

We tested CeMUT-2 in a different organism and cell type to 
further examine whether UG addition was intrinsic to the protein. 
CeMUT-2-MS2 fusion protein was expressed in Xenopus laevis 
oocytes via mRNA injection. We then injected a reporter RNA with 
MS2-binding sites and a sequence distinct from the yeast reporters. 
Tails were detected on 35–37% of the reporter RNA molecules from 
two biological replicates. In replicate 1, there were 43 independently 
cloned reporter sequences, 16 of which had added tails. In repli-
cate 2, there were 31 independently cloned reporter sequences, 11 
of which had added tails. All sequenced tails contained tandem UG 
repeats (Fig. 4c). Short uridine stretches were also observed, which 
were perhaps due to Xenopus TUT4 or TUT7 activity.

We evaluated the sequences of the CeMUT-2-catalyzed tails 
from all TRAID-seq experiments to quantify enrichment of each of 
the 16 possible dinucleotide sequences (Fig. 4d). GU and UG were 
highly enriched, with –log10(P) values of 7.3 and 6.2, respectively. 
UG dinucleotides were essentially perfectly repeated throughout 
the tails added, a remarkable pattern not observed in tails added by 
known nucleotidyl transferases.

We also assayed a CeMUT-2 construct corresponding to another 
predicted splicing isoform (CeMUT-2b; https://wormbase.org/

species/c_elegans/gene/WBGene00003499#0-1-3). Only the full-
length protein originally tested (noted in this context as CeMUT-2a) 
exhibited UG-addition activity (Fig. 5a,b).

It is likely that the poly(UG) polymerase activity of CeMUT-2 
(also known as RDE-3) is critical for RNAi. CeMUT-2 was first 
identified genetically, in screens for elevated Tc1 transposition in 
C. elegans14 (hence MUT-2, for ‘mutator’). Later, the same gene 
emerged from a screen for genes critical for RNAi (hence RDE-3,  
for ‘RNAi defective’)19. The screen for RNAi-defective mutants 
yielded six independent mut-2 alleles with mutations mapping to 
regions of the protein likely to be important for catalytic activity 
(Fig. 5a). We assayed CeMUT-2 proteins bearing alterations cor-
responding to each of these mutations and a CeMUT-2 protein 
engineered to be inactive (DADA; Fig. 5b). All mutant CeMUT-2 
proteins lacked UG-addition activity, and the nucleotide composi-
tion of the few tails detected resembled that of tails detected with 
the catalytically inactive DADA enzymes and vector controls. Given 
that the C. elegans mutants harboring the corresponding alleles are 
defective for suppression of transposition, RNAi, and RNA silenc-
ing, we propose that poly(UG) polymerase activity is important in 
these events.

Discussion
By using TRAID-seq, we tested proteins identified through 
sequence similarity to rNTases, although the approach could be 
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applied to enzymes that catalyze any RNA modification detectable 
through sequencing, including certain base modifications. Despite 
the sensitivity of TRAID-seq and its ability to assay activity without 
purification of the modified RNA or candidate rNTase, there are 
limitations arising from the use of an artificial substrate to which 
the enzyme is tethered and from measuring activity in a foreign cell.

The active site regions of the 17 PAPs and PUPs we identified 
are informative of how uridine and adenosine are distinguished 
by rNTases. A histidine in rNTase active sites can dictate nucleo-

tide preference for uridine38–41. Yet three PUPs we uncovered 
(SpCid16, CePUP-3, and CeF43E2.1) lack this histidine (Table 1). 
Similarly, CeNPOL-1 and CeMUT-2 can add purines yet possess the  
active site histidine. These findings emphasize the complexity of 
nucleotide preferences among rNTases and the need for further 
structural analyses.

TRAID-seq may miss effects from the natural RNA substrates, 
cofactors, or protein partners of rNTases. For example, in mam-
malian cells, HsTUT1 (also known as Star-PAP) adds uridines to 
U6 small nuclear RNA (snRNA)29 but adds adenosines to a vari-
ety of mRNAs30. In TRAID-seq, we detected a strong preference for 
adenosine (89.5% adenosine, s.d. = 1.4%) and found only low lev-
els of incorporation of other nucleotides (3.2% uridine, s.d. = 0.7%; 
2.5% cytidine, s.d. = 0.4%; 4.8% guanosine, s.d. = 0.6%). A specific 
phosphoinositide enhances HsTUT1 adenosine-addition activ-
ity in vitro30 and may underlie these differences. In addition, 
AnCutA adds CU-rich tails to RNAs in Aspergillus but prefers CTP 
in vitro42,43. In TRAID-seq, AnCutA predominantly added adeno-
sines (91.8%, s.d. = 0.4%) rather than cytidines (5.9%, s.d. = 0.2%) 
or uridines (1.9%, s.d. = 0.3%). In Aspergillus, AnCutB collabo-
rates with AnCutA to form CU-rich tails42 but also added adeno-
sines in TRAID-seq (98.7%, s.d. = 0.2%) rather than cytidines 
(0.4%, s.d. = 0.05%) or uridines (0.3%, s.d. = 0.07%). These findings 
emphasize that TRAID-seq is a starting point for further studies.

The sensitivity of TRAID-seq revealed previously undetected 
nucleotide-addition capabilities that may underlie the addition of 
tails in vivo that have been enigmatic. For example, three human 
PAPs (HsTENT2, HsTENT4b, and HsTUT1) were capable of gua-
nosine addition at a low level in our system (Fig. 2a), and could con-
tribute to guanosine addition on mRNAs in human cells12. Indeed, 
HsTENT4a and HsTENT4b were recently implicated in guanosine 
addition to mRNAs, which protects them from deadenylation44. 
The discovery of other human PAPs that add mixed tails might 
indicate that other classes of RNA are subject to regulation by gua-
nosine addition. The ability of SpCid13 and SpCid14 to add cyti-
dine and guanosine, respectively, in addition to adenosine, might  
suggest alternative mechanisms of RNA regulation in S. pombe. We 
suspect that the nature and roles of tails are more varied than previ-
ously realized.

CeNPOL-1 added tails composed of random combinations 
of all four nucleotides. The levels of incorporation mirror intra-
cellular ribonucleotide concentrations, which may influence 
the proportions of nucleotides added. CeNPOL-1 diverges in 
sequence from terminal deoxynucleotidyl transferase, another 
enzyme that can catalyze template-independent addition of any 
nucleotide tail45 and belongs to a different subfamily of nucleo-
tidyl transferases8. Addition of random nucleotides within or at 
the end of homopolymeric tails could elicit unanticipated forms 
of RNA control44. It will be of interest to test the biological roles 
of CeNPOL-1 in vivo.

We propose that SpSPAC1093.04 and SpSPCC645.10 constitute 
a two-enzyme system that catalyzes CCA addition to tRNAs in S. 
pombe. This is strongly suggested by their nucleotide specificities 
and ability to jointly complement a yeast strain lacking a func-
tional CCA-adding enzyme, in agreement with a recent report36,37. 
These studies are the first observations of a two-enzyme system in a 
eukaryote and await verification in S. pombe.

CeMUT-2, the poly(UG) polymerase, is remarkable in both 
enzyme activity and its roles in RNA biology. We detected tails of 
up to 18 perfect UG repeats; indeed, it is likely that longer tails 
were added but went undetected because of sequencing read limita-
tions. The number of UG repeats added in vivo is not yet known. 
Alternating uridine and guanosine addition bears comparison to 
CCA addition via the single active site of CCA-adding enzyme46,47. 
Perhaps CeMUT-2 promotes consecutive rounds of UG addition by 
similarly repositioning the 3ʹ-most UG relative to the active site.
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It is likely that the diverse roles of CeMUT-2—preservation of 
genome integrity through suppression of transposition14,15, silenc-
ing of transgenes16–18, and promotion of RNAi induced by exogenous 
double-stranded RNA19–22—all reflect the same underlying molecular 
mechanism. Poly(UG) polymerase activity is important for the bio-
logical functions of CeMUT-2, as mutations identified in mutator 
and RNAi-defective mut-2 mutants abrogate its enzymatic activity 
(Fig. 5a,b). CeMUT-2 increases the abundance of secondary small 
RNAs during RNAi19,21, which suggests that poly(UG) tails are impor-
tant in RNA-dependent RNA polymerase (RdRP)-based secondary 
small RNA synthesis or stabilization. In one model, CeMUT-2 adds 
poly(UG) to the 3ʹ end of sliced RNAs generated in an Argonaute 
(Ago)-dependent process. The poly(UG) tails would provide a 
distinctive mark to recruit RdRP, either directly or via a separate 
UG-binding protein (Fig. 5c). In either scenario, the tail could be 
single-stranded or form a more complex structure (depicted simply 
as UG pairing in Fig. 5c). By recruiting RdRPs to amplify small RNA 
pools, and perhaps by directly stabilizing sliced RNAs, poly(UG) tails 
could promote the long-term gene silencing known to occur in C. 
elegans48–50. Suppression of transposition by CeMUT-2 implies that it 
acts on an RNA vital to that process. Identification of the RNA targets 
of CeMUT-2 should provide an entrée to understanding the roles of 
poly(UG) polymerases and the tails they add.

online content
Any methods, additional references, Nature Research reporting 
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Methods
Plasmid construction. To enable overexpression of rNTases as MS2 coat 
protein fusions in S. cerevisiae, the MAP72 MS2 cassette vector was constructed. 
YEplac181 (LEU2 2μ)51 was digested with HindIII and XhoI. Then, each portion 
of the MS2 cassette was subcloned with unique restriction sites, resulting in the 
following insert: S. cerevisiae TEF1 promoter, the gene encoding MS2 coat protein, 
a multiple-cloning site to insert the rNTase to test (consisting of BamHI, XmaI/
SmaI, NotI, XbaI, PstI, and KpnI sites), SV40 nuclear localization signal, RGS(His6) 
sequence to verify rNTase expression by western blotting, and S. cerevisiae ADH1 
terminator sequence.

We cloned each rNTase tested into MAP72 by amplifying the genes indicated 
in Supplementary Table 1 with the primers listed. All inserts were sequenced to 
confirm identity and lack of mutations. Targeted mutations were introduced by 
standard methods with oligomers corresponding to the mutated sequences.

The MAP80A tRNA reporter vector was constructed from a tRNAHis 
expression cassette, MAB812A52. The tRNAHis sequence was removed by digestion 
with XhoI and BglII. Then, we inserted DNA corresponding to the tRNA reporter 
sequence by annealing overlapping oligomers to construct both strands of the 
DNA sequence. S. cerevisiae tRNASer(AGA) was altered to contain one MS2 stem loop 
sequence (underlined) in place of the endogenous tRNASer(AGA) variable arm to 
generate the tRNA reporter ( 5ʹ- GG CA AC TT GG CC GA GT GG TT AA GG CG AA-
AG AT TA GA AA TC TT T AC AT GA GG AT CA CC CA TG TCGCAGGTTCGAGTCCT
GCAGTTGTCG-3ʹ).

A CCA1 cassette vector was constructed from YCplac111 (LEU2 CEN)51 
to express CCA1, SPAC1093.04, or SPCC645.10 with the same promoter and 
C-terminal epitope tag (RGS(His6)). BY4741 yeast genomic DNA was used as a 
template to generate an amplicon consisting of LEU2 CEN vector sequence at the 
5ʹ end, the CCA1 promoter sequence, and a 3ʹ terminal sequence corresponding to 
the multiple-cloning site of MAP72 with 5ʹ-GAAACAGCTATGACCATGATTAC
GCCAAGCT 
TACTAGTAGCTACTTCAGGGACAAGCAAC-3ʹ and 5ʹ-ACCCTGCAGTCTAG
AAGGCGGCCGCGTGGATCCACACAAAAAAAGCCCTTATAACCCACG-3ʹ. 
We used MAP72 as a template to generate an amplicon consisting of the multiple-
cloning site, the RGS(His6) sequence, the ADH1 terminator sequence of MAP72, 
and LEU2 CEN vector sequence at the 3ʹ end by using 5ʹ-GGATCCACGCGGCCG
CCTTCTAGACTGCAGGGTACCAGAGGTTCTCACCACCACCACCAC-3ʹ and 
5ʹ-CCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTCCTCGAGCGG
TAGAGGTGTGGTCA-3ʹ. These two amplicons were combined with LEU2 CEN 
vector (YCplac111) linearized with PstI/SacI and assembled by Gibson cloning53. 
The CCA1 cassette sequence was confirmed by Sanger sequencing. CCA1, 
SPAC1093.04, and SPCC645.10 sequences were subcloned from the respective 
MAP72-based construct into the CCA1 cassette for expression in cca1-1 yeast.

To construct the MAP136 MUT-2 oocyte expression vector (pCS2 3HA MS2-
MUT-2 WT), MUT-2a was PCR amplified from its MAP72-based vector with 5ʹ-C
TACCATGGATGGCTTCTAACTTTACTCAGTTCGTTCTCGTCGAC-3ʹ and 
5ʹ-ACTCTCGAGTTAGTGGTGGTGGTGGTGGTGA 
GAACCTCTGGTACCCTGCAGTACAAATGA-3ʹ and then cloned into the  
NcoI/XhoI site of pCS2 3HA MS2. MUT-2 DNA sequence was verified before 
oocyte injections.

All constructs used in this study are available from the authors upon request.

Yeast growth. BY4741 yeast were co-transformed via standard methods54 with 
a plasmid expressing the reporter RNA and a plasmid expressing the rNTase of 
interest, or vector controls, and selected on synthetic yeast medium lacking uracil 
and leucine (SD-Ura-Leu). Cultures were inoculated independently with single 
colonies to produce biological replicates, grown to saturation, and then diluted 
to 0.1 OD600/ml and grown to log phase (0.8–1 OD600/ml). Cells were spun down 
in pellets of 25 OD600 (approximately 5 × 108 cells) and stored at –80 °C until 
RNA extraction or protein expression analysis. Western blotting was performed 
with mouse anti-RGS-His antibody (1:2,500 dilution; 5PRIME/Qiagen). Only 
samples with clear expression of the rNTase fusion protein were analyzed by high-
throughput sequencing.

cca1-1 yeast were co-transformed with vectors as listed in Fig. 3 and 
Supplementary Fig. 4 via standard methods54 and selected on SD-Ura-Leu plates at 
room temperature. Colonies were selected and grown to saturation in SD-Ura-Leu 
liquid medium. Cultures were diluted to 0.5 OD600/ml followed by three tenfold 
serial dilutions, spotted on SD-Ura-Leu plates, and incubated at room temperature 
(23 °C) for 4 d or at 37 °C for 3 d.

RNA extraction. RNA was extracted from 25 OD600 of yeast corresponding to each 
sample by modification of a previously described method55. The following were 
added to each sample: 0.5 g of 0.5-mm acid-washed beads (Sigma-Aldrich), 0.5 ml 
of RNA ISO buffer (500 mM NaCl, 200 mM Tris-Cl, pH 7.5, 10 mM EDTA, and 
1% SDS), and 0.5 ml of phenol-chloroform-isoamyl alcohol, pH 6.7 (PCA; Fisher 
Scientific). Samples were lysed via ten cycles that each consisted of vortexing for 
20 s and incubation on ice for 30 s. 1.5 volumes (relative to the starting amount of 
RNA ISO buffer) of RNA ISO buffer and of PCA were added, and samples were 
centrifuged at 4 °C to separate the phases. The aqueous layer was transferred to 
a prespun phase-lock gel (heavy) tube (5PRIME/Quantabio); an equal volume 

of PCA was added and the sample was mixed before centrifugation at room 
temperature to separate the phases. The aqueous layer was transferred to two 
new tubes for ethanol precipitation with two volumes of 100% ethanol followed 
by incubation at −80 °C for 1 h to overnight. Precipitated RNA was pelleted by 
centrifugation at 4 °C. Each pellet was dissolved in 25 μl of nuclease-free water and 
combined into one tube per sample. Co-purifying DNA was digested with 20 U 
of Turbo DNase (Invitrogen) at 37 °C for 4 h. RNA was purified with the GeneJET 
RNA purification kit (Thermo Fisher Scientific) and eluted with 50 μl of DEPC-
treated water.

RT–PCR experiments. RT–PCR experiments to detect adenosine or uridine 
tails on an RNase P–derived RNA reporter56,57 (Supplementary Fig. 1) were 
performed with a tail-specific reverse transcription step with 5 pmol of a 
T33 or A33 DNA primer and 100 ng of total RNA with ImProm-II reverse 
transcriptase (Promega). Then, the resulting products were PCR amplified with 
reporter-specific primers (5ʹ-TCGAGCCCGGGCAGCTTGCATGC-3ʹ and 
5ʹ-GGGAATTCCGATCCTCTAGAGTC-3ʹ). If a tail was added to the RNase P 
RNA reporter, the reverse transcription reaction would produce cDNA and the 
PCR would result in an amplicon.

RT–PCR experiments to detect tails added to the tRNA reporter were 
performed as described for the RNase P RNA reporter but with the following 
modifications. PCR amplification was performed with a forward primer specific 
to the 5ʹ end of the tRNA (5ʹ-GGCAACTTGGCCGAGTGGTTAAGG-3ʹ) and a 
reverse primer specific to the 3ʹ end of the tRNA reporter with an adenosine or 
uridine tail (5ʹ-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATGGC
GACAACTGC-3ʹ and 5ʹ-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TGGCGACAACTGC-3ʹ, respectively). If a tail was added to the tRNA reporter, 
the reverse transcription reaction would produce cDNA and the tail-specific PCR 
would result in an amplicon.

TRAID-seq library preparation. We ligated total RNA (100 ng) with 20 pmol 
of a PAGE-gel-purified 5ʹ-adenylated primer containing a 7-nt random DNA 
sequence (random heptamer), an Illumina TruSeq adaptor sequence, and a 3ʹ 
dideoxycytidine (5ʹ-A(pp)-NNNNNNNTGGAATTCTCGGGTGCCAAGG-ddC-
3ʹ) by using 200 U of T4 RNA ligase 2, truncated KQ (New England Biolabs) in 
a 20-μl reaction volume with incubation at 16 °C overnight. This ligation added 
the random heptamer and Illumina TruSeq adaptor sequences to the 3ʹ end of the 
RNAs in the sample.

Half of the ligation reaction (10 μl) was reverse transcribed with 5 pmol 
of Illumina RNA RT primer (5ʹ-GCCTTGGCACCCGAGAATTCCA-3ʹ) and 
ImProm-II reverse transcriptase (Promega) with 1.5 mM MgCl2 and 0.5 mM 
dNTPs, according to the manufacturer’s instructions.

Samples were PCR amplified with a forward primer consisting of 
Illumina-specific sequence and tRNA-reporter-specific sequence (underlined) 
( 5ʹ- AA TG AT AC GG CG AC CA CC GA GA TC TA CA CG TT CA GA GT TC TA CA GT-
CC GA C GATCGAGGATCACCCATGTCGCAG-3ʹ) and a reverse Illumina RNA 
PCR primer with various indices used for multiplexing, by using GoTaq Green 
PCR Master Mix (Promega). PCR products were run on an 8% polyacrylamide 
8 M urea gel and gel extracted. Resulting samples for each sequencing run were 
combined in equimolar amounts and run on an Illumina HiSeq 2000 or HiSeq 
2500 (2 × 50 bp or 2 × 100 bp), to produce approximately 1 × 106 reads per sample.

Experiments with the RNase P RNA reporter were performed essentially as 
described above but with one modification. For TRAID-seq, the 5ʹ primer used for 
PCR amplification was specific for the RNase P RNA reporter ( 5ʹ- AATGATACGG
CGACCACCGAGATCTACACGTTCAGAGTTCTACAGTCCGACGATCGTCTG
CAGGTCGACTCTAGAAA-3ʹ).

TRAID-seq data analysis. We analyzed reads resulting from sequencing of 
TRAID-seq samples by using a group of Python scripts called the ‘PuppyTails’ 
program. Briefly, PuppyTails identifies sequences corresponding to the tRNA 
reporter, the CCA end of the tRNA, and the added tail in read 1. In read 2, the 
program identifies the random heptamer sequence, the added tail sequence, 
and, if read length allows, the CCA end and tRNA reporter sequence. Reads 
were collapsed into unique ligation events by using the random heptamer 
sequence and then compared to identify and remove sequences resulting from 
PCR amplification (PCR duplicates). The number of unique times that each 
tail sequence was observed was counted. Tail sequences were sorted by length 
to calculate the nucleotide composition at each tail length and the TPMH 
was measured for each tail length; these data were plotted as tail-o-grams (for 
examples, see Fig. 1d,e). Tails of all lengths were used for analyses of nucleotide 
composition, but for all tail-o-grams, tails of 5 nt or greater are shown for 
clarity. Tails of 1–4 nt included poly(A) sequences (likely added by endogenous 
PAPs in S. cerevisiae) and also nucleotides not explained by the activity of the 
rNTase. The sequences at these tail lengths were the same in the absence of 
expressed enzyme and with catalytically inactive versions of the enzymes  
tested (Fig. 5b).

A Perl script was used to calculate the overall nucleotide composition of the 
tails added by a given rNTase for each of its biological replicates. All tail lengths 
were assessed as one population. The abundance of observed tail sequences 
was factored into calculations of nucleotide composition. Nucleotide-addition 
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percentages reported in this study were generated via this analysis approach, as 
were the data shown in Figs. 2a–c and 5b.

Protocol accessibility. A step-by-step version of the TRAID-seq workflow is 
available online at Protocol Exchange58.

Computational analyses of sequence motifs. To analyze tail sequences, we carried 
out general feature screening with a random forest application59 at the replicate 
level. We first quantified the number of occurrences of all oligonucleotides (k = 1, 
2, 3, 4) within each tail sequence and used the resulting set of 340 features, as well 
as the length of the tail. Variable importance, defined as the percent mean decrease 
in accuracy (with 500 trees, 113 candidate variables at each split, and a minimum 
node size of 5), was estimated for all features. We define the selected features as 
those whose importance measures were greater than 4% across replicates. We fitted 
a Poisson regression model in which the response variable was tail  
sequence counts.

Tails added by S. cerevisiae Cca1, S. pombe SPAC1093.04, and predicted CCA-
adding enzymes. The above selected features were used as covariates. P values from 
individual replicates, calculated from one-sided Wald tests, were aggregated with 
Fisher’s (n < 4) or Wilkinson’s (n ≥ 4) method, followed by multiplicity correction 
with the Bonferroni procedure. This process identified oligonucleotides that 
differed between tails added by ScCca1 and SpSPAC1093.04 at a significance  
level of 0.05.

Tails added by C. elegans MUT-2. We evaluated the impact of 16 dinucleotides 
by formally testing for their effects by a comparison of a null model without each 
dinucleotide and the alternative model deduced from a random forest–filtered set 
of features plus other dinucleotides. This procedure identified UG and GU as the 
most significant dinucleotides.

In vitro transcription. pCS2 3HA MS2-MUT-2 (MAP136) was linearized with 
SacII, and 3 μg of linearized plasmid was transcribed with the Ampliscribe 
SP6 High-Yield Transcription kit (Epicentre), according to the manufacturer’s 
instructions. pLGMS2-luc (RNA with three MS2-binding sites)10,60 was linearized 
with BglII, and 1 μg of linearized plasmid was transcribed with the T7 Flash In 
Vitro Transcription kit (Epicentre), according to the manufacturer’s instructions. 
Transcription reactions included m7G(5ʹ)ppp(5ʹ)G RNA Cap Structure Analog 
(New England Biolabs).

Tethered function assays and oocyte RNA extraction. Xenopus oocyte 
manipulations and injections were performed as in previous studies10,60,61.

Tethered function assays were conducted essentially as previously described11. 
Briefly, stage VI oocytes were injected with 50 nl of 600 ng/µl capped mRNA 
encoding MS2-HA-MUT-2 protein. After 6 h, the same oocytes were injected with 
50 nl of 3 ng/µl pLGMS2-luc reporter mRNA. After 16 h, oocytes were collected, 
lysed, and assayed. Three oocytes were used to confirm protein expression. 
Total RNA was extracted from oocytes by using TRI reagent (Sigma-Aldrich), as 
described previously11, and then treated with 8 U of Turbo DNase (Invitrogen) at 
37 °C for 1 h and purified with the GeneJET RNA Purification kit (Thermo Fisher 
Scientific).

Oocyte RNA analysis and tail sequencing. Oocyte total RNA (100 ng) was ligated 
with 20 pmol of the 5ʹ-adenylated primer as described above. This ligation added 
the random heptamer sequence and a known sequence to the 3ʹ end of RNAs in the 
sample for tail-sequence-independent analyses. Half of the ligation reaction (10 μl) 
was reverse transcribed as described above.

Samples were PCR amplified with a forward primer specific to the RNA 
reporter (5ʹ-CTCTGCAGTCGATAAAGAAAACATGAG-3ʹ) and a reverse 
primer specific to the known sequence added to the 3ʹ end of the RNA 
(5ʹ-GCCTTGGCACCCGAGAATTCCA-3ʹ), using GoTaq Green PCR Master Mix 
(Promega). PCR products were run on a 1.5% agarose gel and purified with the 
GeneJET Gel Extraction kit (Thermo Fisher Scientific). We added untemplated 
adenosine overhangs by treating the purified PCR products with 10 U of TaqPlus 
Precision Polymerase Mixture (Agilent Genomics) in TaqPlus Precision buffer 
supplemented with 0.2 mM dATP at 70 °C for 30 min. PCR products were then 
cloned with the TOPO TA Cloning Kit for Subcloning (Thermo Fisher Scientific) 

as follows: 6% of the adenosine-addition reaction volume (2.4 μl) was combined 
with 0.6 μl of Salt Solution and 0.7 μl of TOPO vector and incubated at room 
temperature for 30 min. Reactions were diluted 1:4 with water and transformed 
into DH5α competent cells. Selection was performed on LB agar with 100 μg/ml  
ampicillin and 75 μg/ml X-gal for blue/white screening. White colonies were 
selected, plasmids were extracted, and inserts were sequenced to identify tails 
added to the reporter. All reporter sequences with added tails are reported  
in Fig. 4c.

NRM sequence analysis. Protein sequences for the known10,11,24,25,27–33,62–64 and new 
rNTases tested (excluding CCA-adding enzymes) were aligned with ClustalX 2.1 
software to identify the NRM. The amino acid for each rNTase reported in Table 1 
corresponds to histidine 336 of SpCid1.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All sequencing data that support the findings of this study have been deposited 
in the Gene Expression Omnibus (GEO) and are accessible through GEO Series 
accession number GSE123478.

Code availability
All custom scripts have been made available at https://github.com/
melanieapreston/PuppyTails.

References
 51. Gietz, R. D. & Sugino, A. New yeast–Escherichia coli shuttle vectors 

constructed with in vitro mutagenized yeast genes lacking six–base pair 
restriction sites. Gene 74, 527–534 (1988).

 52. Whipple, J. M., Lane, E. A., Chernyakov, I., D’Silva, S. & Phizicky, E. M. The 
yeast rapid tRNA decay pathway primarily monitors the structural integrity 
of the acceptor and T-stems of mature tRNA. Genes Dev. 25,  
1173–1184 (2011).

 53. Gibson, D. G. et al. Enzymatic assembly of DNA molecules up to several 
hundred kilobases. Nat. Methods 6, 343–345 (2009).

 54. Sherman, F. Getting started with yeast. Methods Enzymol. 350, 3–41 (2002).
 55. Preston, M. A., D’Silva, S., Kon, Y. & Phizicky, E. M. tRNAHis 

5-methylcytidine levels increase in response to several growth arrest 
conditions in Saccharomyces cerevisiae. RNA 19, 243–256 (2013).

 56. SenGupta, D. J. et al. A three-hybrid system to detect RNA–protein 
interactions in vivo. Proc. Natl. Acad. Sci. USA 93, 8496–8501 (1996).

 57. Stumpf, C. R., Opperman, L. & Wickens, M. Chapter 14. Analysis of 
RNA–protein interactions using a yeast three-hybrid system. Methods 
Enzymol. 449, 295–315 (2008).

 58. Preston, M. A. et al. TRAID-seq: unbiased analysis of RNA tailing enzyme 
activity at single-nucleotide resolution. Protocol Exchange https://doi.
org/10.1038/protex.2019.016 (2019).

 59. Liaw, A. & Wiener, M. Classification and regression by randomForest. R News 
2, 18–22 (2002).

 60. Dickson, K. S., Thompson, S. R., Gray, N. K. & Wickens, M. Poly(A) 
polymerase and the regulation of cytoplasmic polyadenylation. J. Biol. Chem. 
276, 41810–41816 (2001).

 61. Gray, N. K., Coller, J. M., Dickson, K. S. & Wickens, M. Multiple portions  
of poly(A)-binding protein stimulate translation in vivo. EMBO J. 19, 
4723–4733 (2000).

 62. Pisacane, P. & Halic, M. Tailing and degradation of Argonaute-bound small 
RNAs protect the genome from uncontrolled RNAi. Nat. Commun. 8,  
15332 (2017).

 63. Haracska, L., Johnson, R. E., Prakash, L. & Prakash, S. Trf4 and Trf5 proteins 
of Saccharomyces cerevisiae exhibit poly(A) RNA polymerase activity but no 
DNA polymerase activity. Mol. Cell. Biol. 25, 10183–10189 (2005).

 64. Rüegger, S., Miki, T. S., Hess, D. & Großhans, H. The ribonucleotidyl 
transferase USIP-1 acts with SART3 to promote U6 snRNA recycling.  
Nucleic Acids Res. 43, 3344–3357 (2015).

NAtURe MethoDS | www.nature.com/naturemethods

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123478
https://github.com/melanieapreston/PuppyTails
https://github.com/melanieapreston/PuppyTails
https://doi.org/10.1038/protex.2019.016
https://doi.org/10.1038/protex.2019.016
http://www.nature.com/naturemethods


1

nature research  |  reporting sum
m

ary
April 2018

Corresponding author(s):
Marvin Wickens 
NMETH-A36592C

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection Data were collected using a HiSeq2000 or HiSeq2500 with HCS 2.0.12/RTA 1.17.21.3/SAV 1.8.20 Software.  bcl2fastq2 Conversion 
Software v2.19.1 was used for converting BCL files to FASTQ files and for demultiplexing.

Data analysis FASTQ sequencing data were analyzed using a custom Python script to identify all unique tails (i.e. not PCR duplicates) added and 
measure percent of each nucleotide in a population of added tail sequences of a given length (depicted as "tail-o-grams" in the 
manuscript). A custom Perl script was used to calculate percent of each nucleotide in the entire population of tails added.  All custom 
scripts have been made available at https://github.com/melanieapreston/PuppyTails.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.



2

nature research  |  reporting sum
m

ary
April 2018

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All sequencing data that support the findings of this study have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus 
(GEO) and are accessible through the GEO Series accession number GSE123478.

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The goal of the study was to determine the nucleotide addition specificities of rNTases in organisms of interest.  Thus the number of rNTases 
identified in each organism dictated our sample size.  The number of rNTase enzymes was determined by identifying all predicted proteins in 
an organism with sequence similarity to known rNTase enzymes.  For example, we used the protein sequences of C. elegans rNTases shown to 
have activity (PUP-1, PUP-2, PUP-3, GLD-2, and GLD-4) to identify six additional proteins with sequence homology to test.

Data exclusions No data were excluded from the analyses.

Replication Constructs to express each rNTase tested were independently transformed into S. cerevisiae strain BY4741 to produce multiple biological 
replicates.  Replicate numbers for samples of note are provided in the text and figure legends, and replicate numbers are provided for all 
samples in a summary data file curated by the NCBI GEO repository.  All biological replicates were analyzed independently and, in several 
cases, were sequenced in multiple sequencing instrument runs. All biological replicates of each rNTase tested produced similar results. 

Randomization During yeast growth, library preparation, sequencing, and data analysis, samples were not grouped in way relating to the identity of the 
sample.  The following factors influenced grouping of samples in sequencing runs: sequencing space available in an instrument run, unique 
barcodes for multiplexing, confirmation that each rNTase was expressed, and timing of when the samples were ready for sequencing. 

Blinding Each sample was given a barcode number that was used to deconvolute multiplexed sequencing data in a set of samples in a given 
sequencing instrument run.  Sequencing data were analyzed as sets of sequencing instrument runs, and following analysis of all data, identity 
of each sample was reassigned so that replicates of each rNTase could be grouped together to assess reproducibility.

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Unique biological materials
Policy information about availability of materials

Obtaining unique materials All constructs used in this study are readily available from the authors upon request.



3

nature research  |  reporting sum
m

ary
April 2018

Antibodies
Antibodies used We performed Western blotting with mouse anti-RGS-His Antibody (1:2500 dilution, 5PRIME/Qiagen) to confirm expression of 

rNTases in our system.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the 
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.


	Unbiased screen of RNA tailing activities reveals a poly(UG) polymerase
	Results
	An in cellulo tethering assay identifies rNTase activities. 
	PUPs, PAPs, and CCA-adding enzymes. 
	Cytidine tails and a eukaryotic two-enzyme CCA-adding system. 
	An enzyme with broad specificity. 
	A poly(UG) polymerase required for RNA silencing. 

	Discussion
	Online content
	Acknowledgements
	Fig. 1 The TRAID-seq assay measures nucleotide-addition activity in cellulo.
	Fig. 2 Analyses of the nucleotide-addition activities of 40 noncanonical rNTases from seven species.
	Fig. 3 Nucleotide-addition activities of S.
	Fig. 4 CeMUT-2 is a poly(UG) polymerase.
	Fig. 5 CeMUT-2 mutants resulting in RNAi deficiency lack poly(UG) polymerase activity.
	Table 1 Summary of the nucleotide-addition preferences of the tested rNTases and NRM analysis.




