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For a range of eukaryote transcripts, the initiation of degradation is coincident with the addition of a short pyrimidine tag at the
3= end. Previously, cytoplasmic mRNA tagging has been observed for human and fungal transcripts. We now report that Arabi-
dopsis thaliana mRNA is subject to 3= tagging with U and C nucleotides, as in Aspergillus nidulans. Mutations that disrupt tag-
ging, including A. nidulans cutA and a newly characterized gene, cutB, retard transcript degradation. Importantly, nonsense-
mediated decay (NMD), a major checkpoint for transcript fidelity, elicits 3= tagging of transcripts containing a premature
termination codon (PTC). Although PTC-induced transcript degradation does not require 3= tagging, subsequent dissociation of
mRNA from ribosomes is retarded in tagging mutants. Additionally, tagging of wild-type and NMD-inducing transcripts is
greatly reduced in strains lacking Upf1, a conserved NMD factor also required for human histone mRNA tagging. We argue that
PTC-induced translational termination differs fundamentally from normal termination in polyadenylated transcripts, as it leads
to transcript degradation and prevents rather than facilitates further translation. Furthermore, transcript deadenylation and the
consequent dissociation of poly(A) binding protein will result in PTC-like termination events which recruit Upf1, resulting in
mRNA 3= tagging, ribosome clearance, and transcript degradation.

Modulation of mRNA function within the cytoplasm is critical
to the control of gene expression, function being deter-

mined primarily by the balance between transcript degradation
and translation. Two cotranscriptional modifications, the 5= cap
and the 3= poly(A) tail, are essential to both mRNA transcript
stability and translation (15, 81, 83), and integral to this is their
association mediated by an array of proteins which modulate
function (6, 71).

The poly(A) tail, a homopolymeric sequence at the 3= end of
transcripts, is added by the canonical poly(A) polymerase in the
nucleus. Within the cytoplasm, controlled deadenylation of this
tail to �A15 in fungi and �A15 to A25 in mammals generally
precedes decapping and subsequent 5=-3= and/or exosome-de-
pendent 3=-5= decay (17, 20, 60, 64, 66). In specific instances, e.g.,
during embryonic development, deadenylated transcripts remain
translationally dormant and can be reactivated by cytoplasmic
adenylation (45). Deadenylation is a key control point through
which rapid physiological change can occur. However, the mech-
anisms that underlie this switch between translation and mRNA
turnover remain poorly understood.

It has recently been discovered that poly(A) tails in Aspergillus
nidulans and Schizosaccharomyces pombe are modified in the cy-
toplasm with the addition of nontemplated U or C/U-rich tags at
the point of mRNA decapping, and this increases the rate of tran-
script degradation (60, 76). Human H2a and H3.3 mRNAs, which
are not polyadenylated, also undergo 3= uridylation prior to de-
capping and degradation (67). This 3= tagging of mRNA is con-
ducted by noncanonical ribonucleotidyltransferases (5, 60, 76,
77). Generally, these enzymes do not include recognizable RNA-
binding motifs and may therefore operate within complexes, al-
though the human PAPD5, a noncanonical poly(A) polymerase,
contains an unusual RNA-binding motif (75). This class of en-
zymes seems to be conserved throughout eukaryotes, with Saccha-
romyces cerevisiae being an apparent exception (76). In animals
and plants, short noncoding RNAs (microRNA [miRNA], small

interfering RNA [siRNA], and Piwi-interacting RNA [piRNA])
and the products of miRNA-directed degradation are also modi-
fied with U and A, resulting in either stabilization (36, 44, 52, 89)
or destabilization (1, 30, 31, 37, 43, 50, 80, 93) of the RNA mole-
cules. Such tagging can also influence the function of noncoding
RNA (41, 42, 56, 78), RNA 3= tagging being an important means to
control both maturation and function (68, 97). However, it is not
yet known whether polyadenylated transcripts of higher eu-
karyotes are subject to 3= tagging.

The role of cytoplasmic mRNA 3= tagging appears to run
against the accepted paradigm, in which addition of a poly(A) tail
protects mRNA from degradation and promotes translation.
However, within the nucleus the addition of short (oligonucleo-
tide) A tracts is associated with RNA degradation (95), as it is in
prokaryotes (51, 59, 73). The addition of U nucleotides increases
the affinity of the Lsm-Pat1 complex for the modified RNA (12,
84). Once loaded onto the RNA, this complex both represses
translation and promotes transcript decapping and degradation,
in an intricate process involving multiple factors, including de-
capping, surveillance, and translation factors. Consistent with this
model, 3= pyrimidine tagging occurs concurrently with the initia-
tion of mRNA degradation, and disruption of tagging leads to
retarded transcript decay (60, 67, 76), although the effect on deg-
radation rates varies widely between transcripts. In A. nidulans,
mRNA tagging occurs predominantly when the poly(A) tail is
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degraded to �15 nucleotides, which is precisely the point at which
decapping is triggered (60) and supports the hypothesis that
pyrimidine tagging earmarks the transcript for degradation. Inter-
estingly, deletion of a single nucleotidyltransferase does not com-
pletely abolish tagging (60, 76, 77). This implies that more than
one nucleotidyltransferase may be involved in the modification of
specific transcripts.

Previously, we demonstrated that disruption of the ribonucle-
otidyltransferase CutA led to a dramatic reduction in mRNA 3=
tagging and retarded transcript degradation in A. nidulans (60,
61). To further characterize the molecular mechanism, we deleted
a second putative ribonucleotidyltransferase coding gene, cutB.
The mutant phenotype was similar to that of �cutA, and in the
�cutA �cutB double mutant, no 3= tagging was observed. To assess
the possible role of mRNA 3= tagging in other mRNA degradation
processes, we investigated nonsense-mediated decay (NMD). Al-
though NMD was shown to induce a high frequency of 3= tagging,
this was not required for NMD-induced transcript degradation.
However, we observed that pyrimidine tagging is associated
with NMD-induced poly(A)-independent decapping, and impor-
tantly, it contributes to the dissociation of transcripts with prema-
ture termination codons (PTC) from ribosomes; mutations dis-
rupting either CutA or CutB result in a significantly increased
proportion of PTC-containing transcripts associated with ribo-
somes. Finally, we demonstrated that mRNA 3= pyrimidine tag-
ging occurs in plants. These data are consistent with mRNA 3=
pyrimidine tagging being a conserved eukaryotic modification as-
sociated with mRNA degradation and dissociation from ribo-
somes. We propose that the deadenylation of transcripts, and the
consequent dissociation of poly(A) binding protein (PAB1), will
result in an NMD-like translational termination event. Unlike
normal termination, where translational reinitiation is facilitated,
this would provide a quality control mechanism which through 3=
tagging promotes transcript degradation and ribosome clearance,
thus preventing further translation.

MATERIALS AND METHODS
A. nidulans strains and genetic techniques. A. nidulans markers and the
genetic techniques used have been described previously (13, 14). Growth
media were as described by Cove (18). The �cutB and �upf1 strains were
constructed in A1149 (pyrG89 pyroA4 nkuA::argB) by direct transforma-
tion of recombinant PCR constructs utilizing Aspergillus fumigatus pyrG
as the selectable marker, as described in reference 86. The fidelity of the
knockout strains was confirmed by PCR and Southern hybridization. The
cutA point mutations (N310D, D95A, and D97A) were produced by
fusion PCR using overlapping oligonucleotides incorporating the ap-
propriate sequence changes. The oligonucleotides used, with the mu-
tant nucleotides indicated (underlined), were N95AFor, CTAGCGAC
TCGGCTGGTGTGTATTTCTTTGGGC; N95ARev, GAAATACACACC
AGCCGAGTCGCTAGAACACAG; N97AFor, GAGACAGTCGCCATTT
GTATAACTACAACCTG; N97ARev, GTTATACAAATGGCGACTGTC
TCGGGTCAGTAAG; N310DFor, AAGAGCCTTTCGACACAATACGA
AATCTGGGT; and N310DRev, TCGTATTGTGTCGAAAGGCTCTTCC
ACGCAAAG.

The mutant allele was introduced into the original �cutA strain by
replacing the pyrG cassette integrated at the cutA locus (60). Transfor-
mants were selected as being 5-fluoroorotic acid resistant (62). The strains
assayed were constructed by standard genetic crosses and had the follow-
ing genotypes: nmdA1 pantoB100, nmdA1 uaZ14 pantoB100, uaZ14
pantoB100, �cutA riboB2 pabaA1, �cutB pyroA4, �cutA �cutB pyroA4,
�upf1, �upf1 uaZ14 pyroA4, hxA5 pantoB100, nmdA1 hxA5 pantoB100,

�cutA hxA5 pabaA1, �cutB hxA5, �cutA �cutB hxA5 pabaA1, cutA-
N310D pyroA4, and cutA-N310D uaZ14.

Transcript analysis. Growth of mycelia, RNA preparation, and quan-
titative Northern analysis were as described previously (11, 62). Briefly,
overnight cultures were incubated with ammonium as the nitrogen
source, washed, and transferred to nitrogen-free medium for 1 h prior to
sampling. For Northern analysis, proflavin was added to the cultures to
inhibit transcription, 10 min prior to the first sample being taken (60).
Circularized reverse transcriptase PCR (cRT-PCR) of gdhA, uaZ, and
CCR2 mRNA was conducted according to the method in reference 60. For
the analysis of naturally decapped transcripts, there was no pretreatment
of RNA. For total (capped and uncapped) transcripts, the RNA was pre-
treated with tobacco acid pyrophosphatase (TAP). For uaZ, first-strand
cDNA synthesis utilized oligonucleotide uaZ_5=RT (CGGTCATTTCAG
TGACGG), and subsequent PCR utilized a second oligonucleotide,
uaZ_3=For (CAGACAAACCCTAACGGA). For CCR2, the equivalent oli-
gonucleotides were CCR2_rev1_RT (TGAAGGTGACGAATCCGA) and
For CCR2 (TTACGGAGGAAGCGGTGGT), and a second round of PCR
was then conducted with nested primers (TCCCCTTGATCTTCCAGTC
and AGGATGGTAATTCCTTTA). The PCR products were cloned into
pGEM-T Easy (Promega), and random clones were selected and se-
quenced. The nonnormal distributions of poly(A) tail lengths were ana-
lyzed using the nonparametric Mann-Whitney test and the Gini coeffi-
cient (StatsDirect) for significance.

Polysome analysis. Ribosomal fractionation in both the presence and
the absence of 10 mM EDTA was based on the method of Arava et al. (4).
The cultures were grown overnight at 30°C, as described for transcript
analysis. Ten minutes prior to harvesting, cycloheximide was added at a
final concentration of 0.1 mg ml�1 to trap elongating ribosomes. Har-
vested mycelia were washed with 20 mM Tris-HCl, pH 8.0, 140 mM KCl,
1.5 mM MgCl2, 0.1 mg ml�1 cycloheximide, and 0.1 mM dithiothreitol
(DTT); frozen in liquid nitrogen; and stored for up to 24 h at �80°C.
Approximately 0.25 g mycelia was ground in liquid nitrogen with a mortar
and pestle, and the powder was resuspended in 1 ml ice-cold polysome
extraction buffer (20 mM Tris-HCl, pH 8.0, 140 mM KCl, 1.5 mM MgCl2,
0.1 mg ml�1 cycloheximide, 1% Triton X-100, 1 mg ml�1 heparin, and 0.5
mM DTT). Excess cell debris was removed by sedimentation at 4,000 � g
for 5 min at 4°C. The supernatant was clarified by further centrifugation
(8,000 � g, 5 min, 4°C). Eight hundred micrograms of each RNA sample
(optical density [OD] of 20 at A254) was loaded onto a sucrose gradient (10
ml, 15 to 50% [wt/vol]; Sorvall OTD-Combi ultracentrifuge, Beckman
tubes, catalog no. 331372) and sedimented at 37,000 rpm at 4°C in an
RPS40T rotor for 170 min. Sucrose solutions were prepared in polysome
extraction buffer lacking Triton. The gradient was fractionated with the
BioLogic LP system at a flow speed of 0.8 ml min�1 (Bio-Rad). Fractions
of 1.1 ml were collected from the bottom of the gradient directly into 1 ml
6 M guanidine hydrochloride. RNA was precipitated by adding 2 volumes
of 100% ethanol, redissolved in H2O, and treated with phenol-chloro-
form. The RNA was again precipitated by addition of 10% 3 M sodium
acetate (pH 5.2) and 2.5 volumes of 100% ethanol and redissolved in 10
mM HEPES-KOH buffer, pH 7.0, containing SDS (2%) and EDTA (5
mM). The resulting samples were subjected to Northern analysis.

Western analysis. Whole lysates were prepared as described in refer-
ence 96. Total protein extracts were loaded into each lane, fractionated by
SDS-PAGE, and then electroblotted to Hybond ECL for 4 h under condi-
tions recommended by the manufacturer (GE Healthcare). Specific pri-
mary polyclonal antibody against the N-terminal sequence of UaZ (posi-
tions 16 to 30, VYKVHKDPKTGVQTV) was obtained (Eurogentec).
Binding and washing conditions for antibodies were as described in ref-
erence 96. The washing solution after binding with horseradish peroxi-
dase (HRP)-conjugated secondary antibody contained 0.1% Tween 20 to
increase the specificity of the analysis using the enhanced chemilumines-
cence kit from GE Healthcare. Rabbit �-actin antibody (A2066; Sigma)
was used as a loading control.
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Growth and analysis of Arabidopsis. Growth and analysis of Arabi-
dopsis were conducted using the Columbia (Col-0) strain. Seeds were
surface sterilized as described previously (26). Once sterilized, the seed
was kept at 4°C in the dark for 2 to 4 days and then grown at 22°C in
12-h-light–12-h-dark (12L:12D) cycles of white light (80 �mol m�2 s�1)
on Murashige and Skoog (MS) medium containing 3% sucrose and 2%
agar. Plants were entrained for 7 days before transfer to constant blue light
at 12°C. From 72 h to 96 h of constant conditions, seedlings were har-
vested every 4 h and frozen immediately in liquid nitrogen. RNeasy plant
minikits (Qiagen, Crawley, United Kingdom) were used to extract total
RNA from each sample according to the manufacturer’s instructions. This
was done for two biological repeats. Using the QuantiTect reverse tran-
scription kit (Qiagen, Crawley, United Kingdom), cDNA was produced
from 1 �g total RNA. A liquid-handling robot (Freedom Evo; Tecan,
Reading, United Kingdom) was used to set up the quantitative reverse
transcription-PCR (qRT-PCR) mixes. The 10-�l reaction mixture con-
tained 1 �l cDNA (1/5 dilution), 5 �l LightCycler 480 SYBR green master
mix (Roche), and 0.3 �M forward and reverse primers (CCR2 F, GATG
ACAGAGCTCTTGAGAC; CCR2 R, CCTTGATCTTCCAGTCTCAC;
UBQ10 F, CACACTCCACTTGGTCTTGCGT; UBQ10 R, TGGTCTTTC
CGGTGAGAGAGTCTT). The LightCycler 480 system (Roche, Burgess
Hill, United Kingdom) was used to measure CCR2 transcript levels nor-
malized to UBQ10. Each cDNA was assayed in triplicate. Data were ana-
lyzed using the Roche LightCycler 480SW 1.5 software with the second
derivative maximum method.

RESULTS
Identification of a second nucleotidyltransferase involved in
mRNA tagging, CutB. We have previously demonstrated that
CutA was important for mRNA 3= tagging with C and U nucleo-
tides in A. nidulans. However, a residual level of tagging still oc-
curred in a �cutA strain (60). Interestingly, the residual activity
had a uridine bias. In order to identify the enzyme responsible, we
deleted AN5694, which we had identified as encoding a putative
poly(A) RNA polymerase, based on its phylogenetic relationship
to S. cerevisiae Pap2 and S. pombe Cid14 (60). The gene, desig-
nated cutB, was deleted, and the mutant strain was characterized
on the basis of the RNA degradation profile for a range of tran-
scripts using quantitative Northern analysis (Fig. 1). Additionally,
we undertook a circularization RT-PCR (cRT-PCR) analysis of
the gdhA (Fig. 2) and uaZ (Fig. 3) transcripts. This technique
allows the mRNA 3= and 5= ends to be sequenced simultaneously,
thus defining poly(A) tail length, the extent of any degradation,
and the sequence of nontemplated tags. From these data, it is clear
that deletion of cutB leads to significant retardation of mRNA
degradation for a number of transcripts (Fig. 1) and that this phe-
notype correlates with reduced 3= tagging (Fig. 2 and 3). This
phenotype is very similar to that of the �cutA mutant (60).

To test whether CutA and CutB are together responsible for all
3= tagging, the �cutA �cutB double mutant was constructed. This
showed a phenotype similar to those of the single mutants with
respect to mRNA degradation (Fig. 1) (60). Consistent with these
two enzymes being responsible for all the mRNA 3= tagging in A.
nidulans, no modifications of gdhA or uaZ mRNA were observed
by cRT-PCR analysis (Fig. 2 and 3). Furthermore, in both �cutA
and �cutB mutants the frequency of uaZ14 tagging is reduced by
�85% compared to the wild type, which is consistent with the
enzymes acting together in vivo.

To investigate the role of the putative catalytic domain of
CutA, mutations were designed based on the most closely related
crystal structures. Mutations D95A and D97A were chosen to
eliminate key interactions with catalytically essential bound metal:

the corresponding changes abolish activity in a Trypanosoma bru-
cei enzyme (85). A third cutA mutation, N310D, was designed to
change nucleotide specificity according to present hypotheses by
which the polarity of the water-mediated hydrogen bonding net-
work at the catalytic site contributes to substrate selection (85). All
three mutations significantly reduced the frequency of gdhA
mRNA 3= tagging (Fig. 2). The cutA-N310D allele, which was se-
lected for further analysis, was also shown to result in reduced 3=
tagging of the uaZ transcript and generally retarded transcript
degradation (Fig. 1 and 3).

3= tagging is induced during nonsense-mediated decay. Pre-
viously, mRNA 3= tagging has been linked to mRNA degradation,
being coincident with decapping and the initiation of transcript
degradation (60, 76). NMD is a well-conserved degradation pro-
cess, which rapidly eliminates transcripts containing a PTC, thus
preventing accumulation of truncated proteins (69). Previously,
we have shown that uaZ14, a mutant allele of the urate oxidase-
encoding gene, is subject to NMD and that this is dependent on
the fidelity of NmdA/Upf2 (63). To determine whether 3= tagging
is associated with NMD, we undertook cRT-PCR analysis of both
uaZ� and uaZ14 transcripts (Fig. 3). The proportion of the adeny-
lated uaZ� transcripts which were tagged in the wild-type back-
ground is very low (2%) compared to gdhA� (27%), but it is not
possible to determine if this is due to the frequency of tagging or
the subsequent removal of tags. From Fig. 3, it can be seen that
uaZ14 mRNA is subject to a significantly higher frequency of tag-
ging than is the wild-type transcript and that the majority of tag-
ging is associated with relatively long poly(A) tails (�30 nucleo-
tides). The poly(A) tail length of natively decapped uaZ14
transcripts is also significantly greater than that in the wild type
(Gini coefficient; Fig. 3 legend). These data indicate that the pres-
ence of a PTC induces both tagging and decapping independently
of poly(A) tail shortening in the wild-type background. In the
cutA-N310D, cutA-D95A, cutA-D97A, �cutA, �cutB, or �cutA
�cutB double mutant strain, little or no modification occurred for
uaZ� or uaZ14 mRNA, consistent with both CutA and CutB being
required and, with respect to the cutA-N310D strain, specifically
implicating the catalytic activity of CutA. Furthermore, the decap-
ping of the uaZ14 transcript prior to poly(A) shortening is lost in
these mutants; the median poly(A) tail length of decapped uaZ14
mRNA in cutA and cutB mutants, like that of �upf1 and nmdA1
strains, being statistically indistinguishable from that of uaZ� in
the wild-type background (Mann-Whitney test, �0.05; Fig. 3).
With respect to capped transcripts, the median poly(A) tail
lengths of uaZ� and uaZ14, in a wild-type background, are not
significantly different (Mann-Whitney test, �0.05) and the fre-
quency of tagging observed is very low for both. These data are
consistent with mRNA 3= tagging directly promoting mRNA de-
capping.

To determine whether mRNA 3= tagging is essential for NMD,
we undertook Northern hybridization analysis to compare uaZ�

and uaZ14 transcript levels in cutA and/or cutB mutant strains.
From these data (Fig. 4), it is clear that neither CutA nor CutB is
required for NMD, since the uaZ14 transcript is not stabilized by
disruption of either gene. These observations were confirmed
through failure to suppress NMD in a second transcript, hxA5 (see
Fig. S1 in the supplemental material) (63).

To establish whether the high frequency of tagging observed
for uaZ14 is induced by NMD, we investigated two highly con-
served components of the NMD machinery, Upf1 and NmdA/
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Upf2 (54). We have already demonstrated that the nmdA1 muta-
tion, which disrupts nmdA, leads to suppression of NMD (63)
(Fig. 4), and we exploited the A. nidulans genome sequence (23) to
locate and then delete the UPF1 ortholog (AN0646). Northern
analysis confirmed that, as expected, deletion of upf1 suppressed
NMD with respect to uaZ14 (Fig. 4). Both nmdA1 and �upf1
strains were subsequently utilized in cRT-PCR analysis of uaZ�

and uaZ14 transcripts, to determine if the enhanced rate of mRNA
3= tagging induced by a PTC is dependent on NmdA and Upf1
(Fig. 3). From these data, it is clear that that the high frequency of
uaZ14 mRNA 3= tagging is suppressed by both nmdA1 and �upf1,
consistent with PTC-activated tagging being induced as part of the
NMD response. Interestingly, the frequency of tagging of the de-
capped gdhA� transcripts is also significantly lower in the �upf1
strain (Fig. 2), suggesting that Upf1 may play a role in this process
that extends beyond NMD and the degradation of nonadenylated
transcripts such as human histone mRNA (67).

mRNA 3= tagging is required for efficient dissociation of
mRNA from ribosomes after premature termination. Previ-
ously, we postulated that mRNA 3= tagging may be associated with
the transfer of mRNA away from ribosomes prior to the formation
of processing (P) bodies and degradation, P bodies being absent
from the �cutA strain (61). To determine whether CutA and CutB
are implicated in ribosome dissociation, we undertook Northern
analysis of polysome fractionated samples (Fig. 5) (see Fig. S2 in
the supplemental material). The polysome profiles and the distri-
bution of a control mRNA, gdhA� (see Fig. S2), appeared to be
unaltered in any of the mutant strains. In the wild-type, �upf1,
and nmdA1 backgrounds, the relative proportion of mRNA asso-
ciated with the ribosome compared to the observed levels of total
mRNA, as determined by conventional Northern analysis (Fig. 4),
did not differ greatly between uaZ� and uaZ14 (Fig. 5). Critically,
the proportion of PTC-containing uaZ14 transcript associated
with ribosomes dramatically increased in strains mutated for cutA

FIG 1 Deletion of cutB retards the degradation of several transcripts. Northern blot analysis of areA (encoding a global transcription factor mediating nitrogen
regulation), meaA (encoding a high-affinity ammonium transporter), and gdhA (encoding NADP-linked glutamate dehydrogenase) is shown. Quantitative data
from multiple (�3) experiments are presented graphically, comparing the wild type (WT) (dashed line) with mutant strains (solid line) deleted for cutB or both
cutA and cutB, or bearing the point mutation cutA-N310D, as indicated. Transcript levels were monitored under conditions of nitrogen sufficiency (Gln) (�) or
nitrogen starvation (�N) (�) over a 30-min time course after transcription was inhibited, to monitor degradation rates. These two nitrogen regimes were chosen
as both areA and meaA transcript stability is differentially regulated under these conditions (11). 18S rRNA was used as a loading control. The calculated half-lives
(min) derived by regression analysis are also presented (	 standard error [SE]).
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and/or cutB, ranging from 7-fold enrichment for the cutA-N310D
strain to �12-fold enrichment for both the �cutA strain and the
�cutA �cutB double mutant. We obtained equivalent results for
hxA� and hxA5 in that the proportion of PTC-containing mRNA
(hxA5) associated with the polysome fractions was significantly
enriched compared to that of the wild type (hxA�) in the �cutA
and �cutB strains (see Fig. S3 in the supplemental material).
Interestingly in �cutA, cutA-N310D, �cutB, and �cutA�cutB
strains, the uaZ14 transcript predominates in the lighter ribo-
somal fractions compared with the heavier fractions derived from
�upf1 and nmdA1 strains. This effect was not as marked for hxA5
(see Fig. S3) and may therefore relate to the location of the PTC-
induced termination event, uaZ14 being at codon 131 and hxA5
being at codon 369.

To confirm that the mRNA detected within the density gradi-
ent was directly associated with polysomes, extracts were treated
with 10 mM EDTA. After EDTA treatment, polysomes were lost
and both uaZ and gdhA mRNAs were found in the lighter, 40S/
60S/80S fractions of the gradient (see Fig. S4 in the supplemental
material). These observations are consistent with the mRNA de-
tected being bound to polysomes rather than forming non-rRNA-
protein complexes.

From these data, it is apparent that, although 3= mRNA tagging
is not required for NMD-mediated degradation of PTC-con-
taining transcripts, it is implicated in a key aspect, the efficient
dissociation of mRNA from ribosomes after premature termi-
nation. To determine if polysome enrichment of uaZ14 mRNA
in cutA and cutB mutant strains is associated with increased
translation, Western analysis of UaZ14 protein expression was
conducted (Fig. 5E). From these data, there was no evidence
that mutations in either cutA or cutB enhanced translation of
uaZ14, consistent with the high levels of polysome-associated
uaZ14 mRNA representing accumulation after termination at
the PTC.

mRNA 3= tagging occurs in plants. The 3= tagging of adeny-
lated transcripts has so far been reported only in fungi (60, 76).
However, in human cells the histone H2a- and H3.3-encoding
transcripts, which are nonadenylated, are also modified immedi-
ately prior to transcript decapping and degradation (67). Addi-
tionally, 3= pyrimidine tagging of small RNA molecules, primarily
involving uridylation, has been observed in both animal and plant
systems (72) and appears to correlate with control of degradation.
To determine whether polyadenylated plant transcripts are also
subject to 3= tagging, we investigated the CCR2 transcript from
Arabidopsis thaliana. Gene expression of this transcript is under
circadian control with a peak in abundance toward the end of the
day (29). Utilizing cRT-PCR analysis of both natively decapped
and total (capped and uncapped) mRNA, we monitored 3=-end
tagging at two phases within the circadian cycle (Fig. 6), one where
the abundance of the CCR2 transcript was at a rising phase of gene
expression (88 h after transfer to constant conditions [R]) and the
second where transcript abundance was at a phase of falling
gene expression (96 h after transfer to constant conditions [F]).
We identified 3= tagging, with 29% of natively decapped tran-
scripts being modified at both time points, consistent with 3=-end
modified mRNA being targeted for degradation. The median
poly(A) tail length was �14 nucleotides, strikingly similar to the
situation in fungi, where deadenylation to �A15 is known to trig-
ger both mRNA tagging and decapping (20, 60, 64). Among the
total pool of transcripts (capped and uncapped), the distribution
of 3= tags differed dramatically between the two samples, with 25%
of adenylated transcripts being tagged when transcript levels were
falling but only 3% when the transcript levels were rising. This
demonstrates a strong correlation between mRNA tagging and
downregulation of a specific plant transcript. Although the mod-
ifications are primarily U nucleotides, 19% were C nucleotides,
which is intermediate between the uridylation observed in S.
pombe and C/U modification in A. nidulans (60, 76).

DISCUSSION

The first reports of cytoplasmic RNA 3= tagging were for small
noncoding RNAs and their degradation products, where it was
shown to be associated with degradation, maturation, and the
modulation of function (27, 31, 37, 41, 48, 49, 52, 80). Subsequent
in vitro analysis determined that the addition of a short uridine tag
to RNA molecules increased their affinity for the LSM complex
(12, 84), which, through interactions with other proteins, includ-
ing Dhh1 and Pat1, promotes RNA degradation (71, 74). The
human H2a and H3.3 histone coding transcripts were the first
mRNAs reported to be uridylated (67). 3= tagging of these non-
adenylated transcripts occurs as a precursor to decapping and deg-
radation. Interestingly, Upf1, which is a key player in NMD, is

FIG 2 cRT-PCR analysis of naturally decapped gdhA mRNA. Poly(A) tail
length was determined by cRT-PCR and sequencing of RNA samples derived
from the wild-type, �cutA (60), cutA-N310D, cutA-D95A, cutA-D97A, �cutB,
�cutA �cutB, and �upf1 strains. The distribution of the poly(A) tail lengths is
displayed using a box plot, where the top and bottom of the box represent
limits of the upper and lower quartiles, with the median being indicated by the
horizontal line which lies within the box. For the wild type, the majority of
decapped transcripts were fully deadenylated, and the median poly(A) tail
length is therefore zero. The whiskers show the highest and lowest readings
within 1.5 times the interquartile range. All the outliers (�) represent 2 to 12%
of transcripts with the longest poly(A) tails analyzed in each strain. Projected
onto this is the distribution of transcripts that include 3= pyrimidine tags on
the poly(A) tail (�). The percentage (%) of adenylated transcripts which have
a 3= tag is given. The sequences of these tag modifications and their respective
poly(A) tail lengths are shown. In the cutA-D97A strain, one deadenylated
transcript was modified with the addition of a single C nucleotide. These data
are derived from three separate experiments, and sequences were obtained by
cRT-PCR of 35 to 70 transcripts from each strain.
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directly involved in histone mRNA degradation as well as the
turnover of a significant proportion of other transcripts which do
not include a PTC (70).

The 3= tagging of polyadenylated transcripts has previously
been reported only in fungi (60, 76). In both S. pombe and A.
nidulans, the pyrimidine tagging of mRNA is coincident with de-
capping and associated with efficient transcript degradation. It
was therefore important to determine if this also occurs in plants.
We chose the circadian-regulated transcript CCR2 (29) in Arabi-
dopsis for investigation. From our data, it is clear that the tran-
script is subject to 3= tagging, with 29% of decapped adenylated
transcripts being modified at a median poly(A) tail length of 14

nucleotides. As in fungi, these observations are consistent with
mRNA 3= pyrimidine tagging being associated with transcript
degradation. From these data, it appears that 3= modification of
transcripts is a common eukaryotic phenomenon, which is con-
sistent with the broad distribution of noncanonical terminal
transferases throughout eukaryotes (72).

In A. nidulans, we previously identified CutA as being primar-
ily responsible for 3= tagging of mRNA. However, a low level of 3=
modification persisted in �cutA strains. We have now identified a
second enzyme, CutB, as the source of this residual activity. C and
U nucleotide tags persist in both �cutA and �cutB single mutants,
demonstrating that neither activity is nucleotide specific. This was

FIG 3 cRT-PCR analysis of uaZ� and uaZ14 mRNAs. Poly(A) tail length of naturally decapped transcripts of uaZ� (encoding urate oxidase) and uaZ14
(containing an ochre mutation terminating the UaZ protein prematurely after residue 131 in exon 2) was determined by cRT-PCR and sequencing.
Capped transcripts were also identified for uaZ� and uaZ14 in the wild-type background. For this, RNA was treated with alkaline phosphatase prior to
decapping with tobacco acid pyrophosphatase. RNA samples were derived from the wild-type, �cutA, cutA-N310D, �cutB, �cutA �cutB, �upf1, and
nmdA1 strains. The distribution of the poly(A) tail lengths is shown as in Fig. 2. Sequences were obtained by cRT-PCR of 37 to 68 transcripts from each
strain. �cutA uaZ14 and �upf1 uaZ� did not show 3= tagging of adenylated transcripts but revealed modification to a degraded (deadenylated) transcript
for �cutA uaZ14 with one C modification and to two transcripts for �upf1 uaZ� with a single C and a single U, respectively. Calculation of Gini coefficients
of inequality for the distributions of tail lengths in all strains indicated a significant difference between wild-type uaZ14 (0.30; standard error, 0.040)
and those of all other strains (e.g., wild-type uaZ [0.57; standard error, 0.043]). Gini coefficients for all other strains lie between 0.59 	 0.05 and 0.79 	
0.05.

FIG 4 Disruption of mRNA tagging does not suppress NMD. Northern blot analysis was conducted to monitor the level of uaZ� and uaZ14 transcripts in
different genetic backgrounds: wild type, �cutA, cutA-N310D, �cutB, �cutA �cutB, �upf1, and nmdA1. The strains were grown overnight for 16 h in the presence
of ammonium as the nitrogen source. The overnight cultures were washed and transferred to media containing uric acid (10 mM) for 2 h to induce expression
of uaZ. 18S rRNA was used as a loading control. Multiple Northern blots (�3) were quantified, and the average level of expression was indicated for each strain
(%) with the standard error (SE).
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particularly surprising in respect of cutB as it shows strong
sequence similarity to known nuclear adenylases which form
part of the TRAMP complex. However, PAPD5, which has a
role in human histone mRNA uridylation (67), is closely re-
lated to S. cerevisiae Pap2p/Trf4 and Trf5p, which are both
involved in RNA adenylation within the nucleus (79). Further-
more, a nucleotidyltransferase, Star-PAP, has previously been
shown to both adenylate and uridylate RNA (57, 90).

A key finding of this work is that 3= tagging is associated with
NMD. The presence of a PTC within the uaZ14 mRNA led to a
dramatic increase in 3= tagging, which, in addition to being depen-
dent on the terminal transferases CutA and CutB, also requires the
NMD components Upf1 and NmdA. Mutations disrupting com-
ponents of the NMD mechanism are highly pleiotropic, with a
significant proportion of the transcriptome and proteome being
differentially expressed (e.g., references 28, 55, and 58). It is for-
mally a possibility that the effects of �upf1 and nmdA1 alleles on
mRNA 3= tagging and poly(A) profiles could be indirect, as is the
case for NMD-associated loss of termination fidelity, which ap-
pears to result indirectly due to increased intracellular Mg2� levels
in S. cerevisiae (40). Additionally, the high frequency of 3= tagging
associated with NMD may be a general consequence of accelerated
mRNA degradation. As previous reports have linked transcript 3=
modification with transcript degradation, it was surprising that
mutations which disrupt tagging did not have a significant effect
on the stability of PTC-containing transcripts. However, disrup-
tion of either cutA or cutB did inhibit decapping of uaZ14 mRNA
with long poly(A) tails. These data support the hypothesis that
deadenylation-independent decapping is promoted by 3= tagging
(60). Furthermore, as NMD persists in strains where deadenyla-
tion-independent decapping is suppressed, we conclude that at
least one additional RNA degradation mechanism must be in-
volved in effecting this surveillance mechanism in A. nidulans, as
is the case for metazoans (38).

Premature termination of translation has previously been
shown in vitro to differ significantly from general termination, a
key difference being inefficient release of the terminating ribo-
some (2). Our in vivo analysis of uaZ and hxA distribution within
polysomes supports this, as both cutA and cutB mutants specifi-
cally increase the proportion of PTC-containing transcripts re-
tained within mono- and polysomes (Fig. 5). However, there was

FIG 5 CutA and CutB are implicated in ribosome dissociation from uaZ14
mRNA. (A) Representative UV absorbance profile of cellular extracts after
velocity sedimentation through a 15 to 50% sucrose gradient. The positions of
40S and 60S ribosomal subunits as well as monosomes (80S) and polyribo-
somes are shown above the UV profiles. Each experiment was repeated at least
three times, and representative data are shown. (B) Distribution of polyribo-
some-associated uaZ� (dashed line) and uaZ14 (solid line) mRNAs from dif-
ferent strains (wild-type [WT], �cutA, cutA-N310D, �cutB, �cutA �cutB,
�upf1, and nmdA1 strains). A 10-ml gradient was separated into nine equal
fractions, and RNA was extracted from each fraction and subjected to North-
ern analysis for uaZ transcripts. The data points represent the intensity of each
fraction relative to the total combined intensity of all fractions for each
gradient. These are scaled to the total combined intensity observed for
uaZ� in the wild-type background. Error bars show standard errors. (C) The
total and the ribosome-associated uaZ transcript levels are shown for each
strain. The Northern data for total mRNA (black bars) derived from Fig. 4 were

compared to the ribosome-associated signal (gray bars) of pooled aliquots
from each gradient fraction shown in panel B. To facilitate comparison, the
data were scaled relative to uaZ� in the wild-type background. The normalized
signals are from independent biological replicates (�3). Error bars show stan-
dard errors. (D) The relative proportions of uaZ� and uaZ14 mRNAs in ribo-
some-associated fractions versus total mRNA derived from panel C are given.
Mean values with standard errors are shown from three replicate experiments.
(E) Western analysis of 10 �g protein from the wild type (lane 1) and 200 �g
protein uaZ14 (lane 2), �cutA uaZ14 (lane 3), �cutB uaZ14 (lane 4), and
cutA-N310D uaZ14 (lane 5). Protein concentration was determined by Brad-
ford assays and confirmed by Coomassie blue staining of SDS-PAGE, and
�-actin was used as a loading control. No actin band was observed in the wild
type due to the small amount of protein loaded. Bands of �34 and �14 kDa
were detected with the UaZ-specific antibody, consistent with the expected
sizes of UaZ� and UaZ14 proteins, respectively. Based on three separate ex-
periments, no consistent variation in UaZ14 expression was observed between
the different genetic backgrounds. Representative images from one experi-
ment are given. As mutations in either cutA or cutB did not enhance uaZ14
expression, we conclude that the enrichment of uaZ14 transcript in the ribo-
somal fraction is not associated with enhanced translation.
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no corresponding increase in the translation of uaZ14. This is
consistent with mRNA 3= tagging facilitating the clearance of
NMD-inducing transcripts from ribosomes. Previously, it has
been demonstrated that pyrimidine tags facilitate recruitment of
the LSM-Pat1 complex (12, 84), which is known to promote de-
capping and repress translational initiation by limiting the forma-
tion of a 48S preinitiation complex. Our data are consistent with
the possibility that the LSM-Pat1 complex, once recruited to the
tagged mRNA, may also promote the dissociation of transcripts
from the PTC-induced termination complex. Critically, there is a
fundamental difference between premature and normal termina-
tion, which is consistent with distinct mechanisms being involved
(2). Transcripts undergoing normal termination are generally re-
tained in order to allow repeated rounds of translation (9, 91, 94).
However, premature termination is concomitant with transcript
degradation, preventing rather than facilitating further transla-
tion. The association of mRNA 3= tagging with NMD is consistent
with the role of this surveillance mechanism in effecting transcript
specific repression and promoting ribosome clearance and mRNA
degradation.

It was surprising to observe that disruption of upf1 led to low
levels of mRNA 3= tagging of wild-type as well as PTC-containing
transcripts. Interestingly, Upf1 plays a direct role in the 3= tagging
and degradation of human histone mRNAs (67). Furthermore,
Upf1 is known to interact directly with the translation release
factor eRF3 (19, 39), which is also the target by which poly(A)
binding protein (PAB1) promotes efficient termination and ribo-
some dissociation (16, 25, 32, 47, 53, 91). One intriguing possibil-
ity is that Upf1 and perhaps other components of the NMD ma-
chinery are directly involved in the termination of deadenylated

transcripts, effecting mRNA surveillance at the level of poly(A)
length. There is a significant body of evidence to suggest that
NMD is triggered when the ribosomes encounter a stop codon
which is not in close proximity to PAB1 (2, 7, 65, 82). One possi-
bility is that wild-type transcripts which have undergone poly(A)
tail degradation to �A15, and consequently dissociation of PAB1,
could similarly undergo an “NMD-like” termination event due to
the absence of the PAB1-eRF3 interaction, which will potentially
include the recruitment of Upf1. This model (Fig. 7) would pre-
dict that Upf1 and/or the absence of PAB1 promotes mRNA 3=
tagging, which facilitates degradation of deadenylated transcripts.
According to this model, deadenylated mRNA or aberrant tran-
scripts with a PTC elicit the same cellular response, with two con-
sequences. First, reinitiation of translation is prevented to avoid
production of either unwanted or truncated proteins. Second, ri-
bosome clearance would occur, allowing effective and efficient
mRNA decay to take place. We propose that the ribosomal termi-
nation complex triggers these events in deadenylated transcripts,
as is the case for NMD.

These data provide a new insight into the interplay between
translation and transcript degradation. Currently, there are signif-
icant discrepancies in the literature concerning the localization of
degrading transcripts. Recent work in S. cerevisiae suggests that a
proportion of degradation is cotranslational (35), contradicting
substantial data suggesting that mRNA dissociates from ribo-
somes at the point of degradation and is sequestered to P bodies
prior to decapping and degradation (10, 88). This discrepancy
could represent a consequence of assessing the integrity of
transcripts after polysome fractionation, which may lead to
limited mRNA degradation during sample preparation. Alter-

FIG 6 CCR2 mRNA expression and modification. (A) Arabidopsis thaliana seedlings were grown under entrainment conditions (12-h-light/12-h-dark cycle at
22°C) before transfer to constant blue light at 12°C. Seedlings were harvested every 4 h from 72 to 96 h. RNA was extracted, and cDNA was produced. The cDNA
was used in qRT-PCR to measure normalized transcript levels of CCR2 relative to UBQ10. (B) cRT-PCR was used to monitor CCR2 transcript poly(A) tail length
and 3= tagging for both naturally decapped and total (capped and uncapped) mRNA. These data are represented as in Fig. 2.
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natively, cotranslational degradation may be specific to S. cerevi-
siae as it does not appear to undertake cytoplasmic uridylation of
transcripts (76) and interestingly has a unique cellular compo-
nent, Ski7, a GTPase with some sequence similarity to eRF3 (8),
which plays an essential role in NMD (3, 24, 87, 92).

Cytoplasmic 3= tagging has been linked to decapping and RNA
degradation, and we have now shown an additional link to poly-
some exclusion. We therefore propose that 3= pyrimidine tagging

represents an important trigger for the coordinated repression of
transcripts: promoting the dissociation of transcripts from the
polysomes and simultaneously initiating decapping and degrada-
tion, thus preventing the reinitiation of translation. Through these
mechanisms, mRNA 3= tagging coordinates the rapid and con-
trolled termination of a transcript’s expression. We propose that,
unlike translational termination in transcripts with a long poly(A)
tail, termination in deadenylated transcripts specifically elicits 3=

FIG 7 Translational termination of deadenylated transcripts promotes an NMD-like response. Translational termination of poly(A) transcripts is known to
involve recruitment of eRF1 and the GTPase eRF3 (46) (A). Critical to efficient ribosome dissociation is the interaction between eRF3 and poly(A) binding
protein (PAB1) (oval with “AA”). The association of the 5=-end cap structure (thick gray zero in a circle) with PAB1 facilitates reinitiation of translation (21) (B).
During translation, the poly(A) tail is gradually shortened by deadenylase complexes (16, 22, 32–34, 60, 61); in the case of A. nidulans, this has been shown to
involve the CCR4-Not complex (60, 61). Under these circumstances, with a long poly(A) tail bound by PAB1 and an active deadenylase, CUTA/B-mediated 3=
tagging is inhibited (60). After deadenylation has progressed to a critical point of �15A nucleotides, poly(A) binding protein dissociates from the tail and the
processivity of the deadenylase complex is altered (C). In the absence of PAB1, we propose that the terminating ribosome will recruit Upf1 through its interaction
with eRF3, as is known to occur during NMD (E and F), where a premature termination codon (PTC) is encountered sufficiently distant from the poly(A) tail
and associated PAB1 (2). Under these circumstances, ribosome dissociation is inhibited (53, 70) and the NMD pathway is triggered. Based on our data, efficient
clearance of this termination complex requires 3= tagging. Consistent with this, pyrimidine tagging generally occurs in transcripts with short poly(A) tails (D) (60)
or in the case of NMD is poly(A) independent (F). The other well-characterized example is for the nonadenylated human histone mRNAs upon S-phase arrest
(67). In A. nidulans, 3= tagging of short poly(A) tails is not completely lost in �upf1 strains, suggesting that other factors are involved in facilitating the process,
possibly the loss of PAB1 and/or altered interactions with the deadenylase complex. Generally, 3= tagging is a precursor to mRNA decapping; one possibility is that
a pyrimidine tract enhances affinity for the LSM-PAT1 complex (12, 84), recruitment of which (D and E) is known to initiate a cascade of events, promoting
transcript decapping and degradation as well as the inhibition of translational initiation (71). We propose that recruitment of the LSM-PAT1 complex will also
facilitate dissociation of the mRNA from the relatively stable termination complex which is formed in the absence of PAB1, facilitating efficient clearance from
the polysomes.
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tagging as part of an NMD-like response, preventing the further
translation of unwanted transcripts.
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