




that is retained on the oligo(dT) beads. A low level of nonspecific
background recovery on the oligo(dT) column probably accounts
for the 1%–2% signal observed for the mature rRNAs in the wild-
type strain. The absence of Trf4p reduced ribosome synthesis in an
otherwise wild-type background (Fig 1A–F), whereas the absence
of only Trf5p induced no obvious defects in rRNA synthesis. This
may reflect the mild growth impairment seen in trf4D strains, as
ribosome synthesis rates are tightly linked to the growth rate.

These data indicate that Trf5p is largely responsible for pre-
rRNA polyadenylation in strains lacking Rrp6p. This is not,
however, the case for all stable RNA precursors. 30-extended and
polyadenylated forms of the U14 and U24 small nucleolar RNAs
(snoRNAs) accumulate in rrp6D strains (Allmang et al, 1999; van
Hoof et al, 2000; LaCava et al, 2005; Wyers et al, 2005). A
comparison of the double mutant strains indicates that Trf4p is
largely responsible for polyadenylation of U14 (Fig 1K) and
deletion of either polymerase leads to a similar reduction in
polyadenylation of U24 (Fig 1L).

Growth of a trf4D, GAL-trf5 strain on galactose medium caused
overexpression of the TRF5 mRNA (Fig 2C), and presumably also
results in overexpression of Trf5p. This suppressed most of the
defects caused by the lack of Trf4p, consistent with functional
redundancy between Trf4p and Trf5p. However, simultaneous
depletion of Trf4p and Trf5p by growth of the trf4D, GALHtrf5
strain on glucose medium did not clearly alter pre-rRNA levels
compared with the trf4D single mutant, except for the previously
reported accumulation of the aberrant 23S RNA (LaCava et al,
2005). As expected in a strain lacking both putative pre-rRNA
poly(A) polymerases, this 23S RNA was not detectably
polyadenylated (Fig 1).

The excised 50-external transcribed spacer (50-ETS) region of
pre-rRNA is strongly accumulated in strains with defects in the
exosome or Mtr4p (de la Cruz et al, 1998). However, no clear
accumulation of 50-ETS was seen in trf4D or trf5D mutants, or in
the trf4D, GALHtrf5 strain, in glucose medium (data not shown).
These strains also failed to show the defects in 7S pre-rRNA
maturation that are seen in exosome and Mtr4p mutants (de la
Cruz et al, 1998; Allmang et al, 1999).

To analyse an rrp6D strain lacking both Trf4p and Trf5p, we
attempted to create the triple mutant strain rrp6D, trf4D,
GALHtrf5. However, whereas the resulting strain showed over-
expression of TRF5 mRNA on galactose medium, its depletion was
not seen on glucose. Further analysis showed that a rearrangement
had taken place during transformation, giving two copies of the
TRF5 gene, only one of which was under GAL control. Repeated
attempts to construct a strain of rrp6D, trf4D, GALHtrf5 genotype

that does not have such a rearrangement were unsuccessful.
Analysis of the strain, however, provided further evidence that
Trf5p acts as a poly(A) polymerase in vivo. Overexpresson of Trf5p
in the rrp6D strain by growth on galactose medium (Fig 2C)
resulted in greatly increased polyadenylation of the 5.8Sþ 30 pre-
rRNA (Fig 2A). A similar degree of hyperadenylation was seen for

Fig 1 | Both Trf4p and Trf5p participate in the polyadenylation of ribosomal RNA precursors. Otherwise isogenic strains were grown at 25 1C. Strains

with GAL-regulated alleles were grown on 2% galactose and shifted to 2% glucose for 24 h before analysis. A 5mg portion of total RNA and poly(A)þ

RNA recovered from 50mg total RNA was loaded per lane on 1.2% agarose/glyoxal (A–F) or 8% polyacrylamide/urea gels (G–M). (A–M) Northern

hybridization with probes to pre-rRNA, rRNA and small nucleolar RNA species or the loading control TSA1, a highly expressed messenger RNA, the

level of which is unaffected by exosome mutations. Probes used were (A) 003, (B) 020, (C) 004, (D) 007, (E) 008, (F) 499, (G) 020, (H) 015, (I) 041,

(J) 499, (K) 202, (L) 214 and (M) 499. See supplementary Fig S1 online for descriptions of the pre-rRNA species and Supplementary Table S2 online





S. cerevisiae
E. gossypii
C. galbrata

K. lactis
D. hansenii
Consensus

S. cerevisiae
E. gossypii
C. galbrata

K. lactis
D. hansenii
Consensus

S. cerevisiae
E. gossypii
C. galbrata

K. lactis
D. hansenii
Consensus

S. cerevisiae
E. gossypii
C. galbrata

K. lactis
D. hansenii
Consensus

Domain lost in SGD TRF5 sequence

No enzyme TRF4 TRF5 TRF5 DADA

0 30 60 0 30 60 0 30 60 0 30 60 Time 
(min)

No enzyme TRF5 TRF5 DADA TRF5 trf4∆

0 30 60 0 30 60 0 30 60 0 30 60 Time 
(min)

ATP CTP GTP UTP

0 30 60 0 30 60 0 30 60 0 30 60 Time 
(min)

37 nt 37 nt

37 nt

Marker Trf5−TAP IP

Trf5p

Mtr4pkDa

97.4

66.2

39.2

Ccp1p 
Air1p

RpL2Bp

A

B C

D E

Fig 4 | The TRAMP5 complex shows Trf5p-dependent polyadenylation activity. (A) The predicted sequence of the carboxy-terminal region of

Saccharomyces cerevisiae Trf5p was compared with the predicted open reading frames from the genomes of related yeasts. (B–D) In vitro poly(A)

polymerase assays. (B) Comparison of the activity of purified Trf4p, Trf5p and the catalytically inactive Trf5p DADA mutant. (C) Comparison of

polymerase activity with different nucleotide triphosphates. (D) Purified Trf5p retains poly(A) polymerase activity when purified from a strain lacking

Trf4p. Proteins were isolated by means of C-terminal tandem affinity purification (TAP) tags from yeast grown to OD600 nm 1.0 at 25 1C in YPD.

Trf4–TAP and Trf5–TAP concentrations were normalized by western blotting of the immunoprecipitated (IP) fractions using an anti-TAP antibody

that recognizes the calmodulin binding peptide region of the tag. The substrate is a 50-labelled 37-nt transcript derived from the pBS linker. Samples

were taken at the indicated time points and resolved on a 12% polyacrylamide/urea gel. (E) SDS gel analysis of proteins co-precipitated with Trf5p.

Marker, molecular weight markers; Trf5–TAP IP, precipitated proteins. Species identified by mass spectrometry are labelled. Rpl2Bp and Ccp1p

(cytochrome c peroxidase) are abundant proteins that are likely to be contaminants.
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strain carrying two point mutations, D233A and D235A, in the
putative catalytic site of Trf5p, which are predicted to abolish any
catalytic activity (DADA mutation). TAP purifications of the Trf5p
fusions and Trf4p were carried out and polymerase activities
were assayed, using equivalent amounts of each protein, on a
50-labelled 37-nt RNA substrate (Fig 4B). Trf5–TAP reproducibly
showed poly(A) polymerase activity. This was abolished by the
DADA catalytic site mutation, showing that the activity stems from
Trf5p rather than from a co-precipitating contaminant. In contrast,
no activity was observed using the truncated Trf5p–TAP construct
from Open Biosystems, isolated under identical conditions (data
not shown). The polymerase activity of Trf5–TAP was also
assessed using ATP, GTP, CTP or UTP as substrates, and
polymerization was observed only with ATP (Fig 4C). We
conclude that Trf5p is a functional poly(A) polymerase. The
in vitro activity of purified Trf5–TAP was substantially lower
than that of an equivalent quantity of Trf4–TAP. This may reflect
intrinsic differences, but it is also possible that the activity of
Trf5p is adversely affected by the C-terminal TAP tag, even
in the context of the full-length open reading frame (ORF).

To confirm that Trf5p acts independently of Trf4p, we deleted
trf4 in the TRF5–TAP strain and then isolated Trf5p and assessed
the polyadenylation activity as above (Fig 4D). The activity of
TRAMP5 was not abolished in the absence of Trf4p and was
mildly enhanced. This shows that the TRAMP5 complex does not
require Trf4p.

In previous analyses, no association of Trf4p with Trf5p was
detected, showing them to be in distinct complexes (LaCava et al,
2005; Vanacova et al, 2005; Wyers et al, 2005). However, whereas
Trf4p was found to be associated with Mtr4p plus either Air1p or
Air2p in the TRAMP complex, the truncated Trf5–TAP construct was
previously found to be associated with Mtr4p but not with Air1p or
Air2p (LaCava et al, 2005). To determine whether full-length Trf5p
is present in a TRAMP-like complex, we analysed proteins that co-
precipitated with the corrected Trf5–TAP construct (Fig 4E). Both
Mtr4p and Air1p were identified by mass spectrometry as bands that
showed approximate stoichiometry with Trf5–TAP.

We conclude that the in vivo poly(A) polymerase activity of
Trf5p is likely to be carried out by the complex, which we
designate TRAMP5, consisting of Trf5p, Air1p and Mtr4p.

DISCUSSION
We have shown that budding yeast contains two related nuclear
poly(A) polymerase complexes, which include either Trf4p or
Trf5p. We previously reported that purified Trf5p lacked poly(A)
polymerase activity and failed to co-precipitate with Air1p or
Air2p (LaCava et al, 2005). However, it now seems that this was
related to the finding reported here that the TRF5




