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Figure 1. Mtr4p Interacts with Trf4p, Trf5p,
and Air2p

(A) Regions of Trf4p and Trf5p identified in a
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Figure 2. TRAMP Polyadenylates an RNA Substrate

TRAMP samples were copurified with Mtr4p-TAP following wash-
ing at 150 mM NaCl. Mtr4p, Trf4p, Trp5p, and Air2p samples were
isolated by purification of the corresponding TAP-tagged proteins
following washing at 500 mM NaCl. RNA products were separated
by polyacrylamide gel electrophoresis and detected by autoradiog-
raphy. Incubation times are in minutes at 30°C.
(A–C) The 37 nt RNA substrate is a 5# end labeled, 37 nt transcript
from the pBS polylinker. (A) Transcript incubated with TRAMP in
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Figure 3. The TRAMP Complex Stimulates
RNA Degradation by the Exosome

The exosome was copurified with Csl4p-TAP
following washing with 500 mM NaCl.
TRAMP was copurified with Mtr4p-TAP,
Trf4p-TAP, or Air2p-TAP at 150 mM NaCl. The
individual proteins were purified following
dissociation of the TRAMP complex by
washing with 500 mM NaCl. All reactions
contain 1 mM ATP. Products were separated
on 12% polyacrylamide gels. Incubation
times are in minutes at 30°C.
(A) The 37 nt RNA substrate was incubated
with TRAMP copurified with Mtr4p-TAP and/
or the exosome. Major degradation interme-
diates produced by the exosome in the ab-
sence of TRAMP are indicated with an as-
terisk.
(B) The 110 nt pre-tRNA substrate was incu-
bated with the exosome and/or TRAMP as
indicated.
(C) Air2p-TAP, Trf4p-TAP, Trf5p-TAP, and
Mtr4p-TAP were purified under conditions
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Figure 4. Stimulation of the Exosome Requires the Intact TRAMP
Complex but Does Not Require ATP

TRAMP was copurified with Air2p at 100 mM NaCl, and the indivi-
dual components were purified following washing with 500 mM
NaCl to disrupt the TRAMP complex. The exosome was purified
with Csl4p-TAP, following washing at 500 mM NaCl. The substrate
is a 110 nt tRNA transcript, which is estimated to be present in
approximately 10-fold molar excess over the exosome. Products
were separated on 8% polyacrylamide gels.
(A) The exosome was incubated together with intact TRAMP or the
individual components recovered after washing at 500 mM in the
presence of 1 mM ATP.
(B) Graph showing PhosphorImager quantification of input RNA re-
maining with time. The data are the mean of three independent
experiments. Bars show ± one standard error.
(C) The exosome was incubated with the 110 nt tRNA transcript
alone or with the TRAMP complex, in the absence of added ATP
(No ATP lanes), or in the presence of 1 mM ATP or 1 mM cordy-
cepin triphosphate.
(D) The 110 nt tRNA transcript was polyadenylated by treatment
with purified Trf4p-TAP. The polyadenylated RNA was then incu-
bated with the exosome alone or in combination with purified
Mtr4p or the TRAMP complex. A small amount of nonpolyade-
nylated input RNA can be seen in the 0 min time points, and this
comigrates with the exosome product.
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igure 5. The TRAMP Complex Is Required for Normal RNA Pro-
essing and Degradation In Vivo

A–F) Northern hybridization of U14 snoRNA (probe 202), pre-rRNA
probe 004), U5 snRNA (probe 244). Strains with GAL-regulated al-
eles were grown in galactose and transferred to glucose for the
imes indicated. All strains were grown at 25°C. The TSA1 mRNA
as used as a loading control.

G) Quantification of alterations in U5 isoforms, with the wild-type
atio set as 1. The graph shows the mean of three independent
xperiments based on PhosphorImager quantification. Bars show
one standard error.
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were readily detectable in the air1D, air2D double mu-
tant and in the trf4D strain. Growth of the trf4D,
GAL::trf5 strain on galactose medium prevented accu-
mulation of U14-3#, indicating that Trf5p overexpres-
sion can suppress the trf4D phenotype. In contrast, de-
pletion of Trf5p in the trf4D, GAL::trf5 strain grown on
glucose resulted in a stronger phenotype than the trf4D

single mutant. In strains lacking the nuclear exosome
component Rrp6p, shorter and more heterogeneous
U14-3# species were seen, whereas the rrp6D, trf4D

strain resembled trf4D (see below). No alterations in the
level of the mature U14 were seen in the TRAMP mu-
tants, as previously reported for exosome mutants (Fig-
ure 5B). This indicates that the 3#-extended species
probably represent RNAs that would normally have
been degraded in the wild-type strain, rather than pro-
ductive processing intermediates. Increases in the
abundance of several small stable RNA species were
previously reported in exosome mutants, suggesting
that a substantial fraction of the precursor population
may normally be degraded during maturation (Allmang
et al., 1999a).

Accumulation of the 23S pre-rRNA was observed in
air1D; air2D strains and in both the trf4D and trf5D

strains but was most marked in the trf4D strain that
was also depleted of Trf5p, suggesting that both Trf4p
and Trf5p normally participate in pre-rRNA degradation.
In the case of the U5 snRNA, exosome mutants in-
creased the ratio of the short to long forms of the RNA,
probably due to instability of the short form, which
lacks a 3# terminal stem structure. Increases of around
5-fold in the U5S:U5L ratio relative to the wild-type were
seen in the air1D, air2D, and trf4D strains (Figures 5D
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Figure 7. Model for the Roles of the TRAMP Complex in RNA Degradation

The TRAMP complex interacts with RNAs or RNP complexes, making them targets for degradation. In the case of defective pre-tRNAs, this
might involve direct binding to the RNA; however, on most substrates, we envisage that this will primarily be via protein:protein interactions.
In either case, the zinc finger domains of Air2p might be involved in substrate binding. The RNA is then polyadenylated by Trf4p. Exosome
recruitment and activation then requires the intact TRAMP complex. The activated exosome then rapidly deadenylates the RNA and can
penetrate into regions of stable structure. We anticipate that Mtr4p is important for dissociation or remodeling of stable RNP structures to
allow passage of the exosome.
The TRAMP complex was able to stimulate in vitro
degradation of a purified, naked RNA substrate by the
exosome in the absence of added ATP, showing that
polyadenylation is not essential for activated degrada-
tion. Consistent with this conclusion, a catalytically in-
active trf4
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vector pB27 (lexA, C-terminal fusion) supplied by Hybrigenics SA
(Paris). Correct cloning was confirmed by sequencing. Two-hybrid
screening of a S. cerevisiae genomic library was performed by Hy-
brigenics under the auspices of EU grant QLG2-CT-2001-01554
using techniques modified from (Fromont-Racine et al., 1997).

In Vivo Analyses
Yeast RNA extraction and Northern analysis were performed as de-
scribed (Tollervey, 1987). Oligonucleotide probes used are listed in
Table S3.

Deadenylation of RNA
RNA (20 �g total) was hybridized to 500 ng (dT)18 in 25 mM Tris-
HCl (pH 7.5), 1 mM EDTA, 50 mM NaCl by slow cooling from 68°C
to 30°C. The mixture was adjusted to 37 mM Tris-HCl (pH 7.5), 83
mM NaCl, 6.7 mM EDTA, 1 mM DTT, and 30 �g/ml BSA and di-
gested for 1 hr at 30°C with 1U RNase H. Samples were resolved
on an 8% acrylamide urea gel. Poly(A)+ RNA was isolated using an
mRNA Isolation Kit System IV (Promega).

Protein Purification
Initial TAP purifications were based on the protocol of (Rigaut et
al., 1999). Briefly, yeast strains were grown in 2 l YPD to OD600 2.0–
3.0 and harvested by centrifugation. Cells were lysed with glass
beads (Ø 0.4–0.6 mm) in 20 mM Tris-HCl (pH 7.6), 5 mM MgCl2,
0.1% Nonidet P40, and 150 mM NaCl, including a protease inhibitor
cocktail (TMN buffer). The cell lysate was cleared by centrifugation
at 30,000 × g for 20 min at 4°C. TAP-tagged yeast proteins were

http://www.cell.com/cgi/content/full/121/5/713/DC1/
http://www.cell.com/cgi/content/full/121/5/713/DC1/
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