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Depletion of any of the five essential proteins Lsm2p to Lsm5p and Lsm8p leads to strong accumulation of
all tested unspliced pre-tRNA species, as well as accumulation of 5� and 3� unprocessed species. Aberrant
3�-extended pre-tRNAs were detected, presumably due to stabilization of transcripts that fail to undergo
correct transcription termination, and the accumulation of truncated tRNA fragments was also observed.
Tandem affinity purification-tagged Lsm3p was associated with pre-tRNA primary transcripts and, less effi-
ciently, with other unspliced pre-tRNA intermediates but not mature tRNAs. Association of the Saccharomyces
cerevisiae La homologue Lhp1p with pre-tRNAs was reduced approximately threefold on depletion of Lsm3p or
Lsm5p. The association of Lhp1p with larger RNA polymerase III transcripts, pre-RNase P RNA and the signal
recognition particle RNA (scR1), was more drastically reduced. The impaired pre-tRNA processing seen on
Lsm depletion is not, however, due solely to reduced Lhp1p association as evidenced by analysis of lhp1-�
strains depleted of Lsm3p or Lsm5p. These data are consistent with roles for an Lsm complex as a chaperone
that facilitates the efficient association of pre-tRNA processing factors with their substrates.

The U1, U2, U4, and U5 snRNAs associate with the seven
Sm proteins (20), which form a closed ring structure (23). In
contrast, U6 snRNA associates with seven related proteins,
Lsm2p (Lsm stands for “like Sm”) to Lsm8p (8, 17, 29, 34, 40,
41, 44), which also form a heptameric ring structure (1, 2, 7).
The Lsm2p-Lsm8p complex is involved in pre-mRNA splicing,
probably by facilitating biogenesis of the U6 snRNP and its
structural rearrangement during spliceosome assembly. The
related Lsm1p-Lsm7p complex associates with cytoplasmic
mRNA decay factors and functions in mRNA decapping and
degradation (4, 5, 19, 45). The Lsm2p-Lsm8p complex binds
U6 snRNA via the 3� poly(U) tract (1, 2). Newly synthesized
U6 also binds Lhp1p (La-homologous protein), the Saccharo-
myces cerevisiae homologue of the human La phosphoprotein,
which protects the RNA against degradation (34).

Recent analyses have identified Sm-like proteins in both the
domains Archaea and Bacteria (2, 7, 30, 31, 47, 52). Since these
organisms lack both the U6 snRNA and capped mRNAs, this
suggested that the ancestral Sm-like proteins had different
functions in RNA metabolism. Indeed, evidence has been pre-
sented for their association with the RNA component of
RNase P in Archaea and with small regulatory RNAs in Esch-
erichia coli, where the Sm-like Hfq protein was proposed pre-
viously to act as a chaperone facilitating RNA-RNA interac-
tions (30, 47, 52). We have therefore investigated possible
additional roles for the eukaryotic Lsm proteins.

Poly(U) tracts are present in all RNA polymerase III (Pol-
III) transcribed RNAs, including pre-tRNAs, pre-P RNA (the

RNA component of RNase P), pre-5S rRNA, and scR1 (the
RNA component of signal recognition particle), all of which
also bind Lhp1p/La (6, 37, 38, 43, 51). Here we show that Lsm
proteins associate with some of these RNA precursors and are
required for their normal association with Lhp1p, particularly
in the case of complex ribonucleoprotein (RNP) substrates.

All tRNA species undergo posttranscriptional 5� and 3� mat-
uration. In addition, many but not all pre-tRNAs contain in-
tervening sequences that are removed by cleavage and ligation.
Analysis of pre-tRNA processing in Drosophila melanogaster
and in the budding yeast S. cerevisiae showed that processing of
the 3� end involved an endonucleolytic cleavage and occurred
after 5�-end maturation (11, 12, 14, 32). In contrast, there is no
obligatory order of pre-tRNA end maturation and splicing
(32), and either activity will continue when the other is inhib-
ited. In most cases end maturation is more rapid, however, and
the unspliced but end-matured pre-tRNAs are readily visible in
wild-type cells for most pre-tRNA species. Lhp1p stimulates
endonucleolytic cleavage of tRNA 3� ends (by an as-yet-uni-
dentified enzyme) while suppressing maturation by exonucle-
ases (51).

A possible role for Lsm proteins in pre-tRNA processing
was suggested by the two-hybrid interactions reported between
Lsm8p and the putative RNA helicase Sen1p, which acts as a
positive effector of the tRNA splicing endonuclease, and be-
tween Lsm2p and Tpt1p, the 2�-phosphotransferase that func-
tions in tRNA splicing (9, 10, 13, 36, 48, 49). In addition,
deletion of the LHP1 gene is synthetically lethal with mutation
in several LSM genes (33).

We report here that pre-tRNAs are indeed associated with
Lsm proteins, which are required for their normal processing.

MATERIALS AND METHODS

Strains. The transformation procedure was as described previously (16). Yeast
strains used in this work are listed in Table 1. Strain YJK20 was constructed by
inserting the ADH1 terminator sequence into Lhp1p-ProtA in the strain YDL579
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by one-step PCR with pFA6a-3HA-His3MX6 as a template (27). The Kluyvero-
myces lactis URA3 marker was replaced with the His3MX6 module containing the
Schizosaccharomyces pombe his5� gene. Expression of the Lhp1p-ProtA fusion
was tested by Northern hybridization and by Western blotting with peroxidase-
antiperoxidase antibodies (Sigma). Strains YJK21 and YJK22 were constructed
by the same PCR strategy using the YJK20 strain. The LHP1::ProtA-TADH1-
HIS3MX6 gene was amplified and transformed into strains AEMY31 and
AEMY47. Transformants were tested by Western blotting with peroxidase-an-
tiperoxidase antibodies. StrainYJK34 was constructed by a PCR strategy de-
scribed previously (35); construction was confirmed by PCR analysis, and the
expression of Lsm3p-tandem affinity purification (TAP) was tested by Western
blotting. Strains YCA50 and YCA51 were generated by PCR-based gene dis-
ruption of LHP1 in strains AEMY31 and AEMY47 with plasmid pTL54 as PCR
template (25). Disruption was confirmed by PCR analysis.

RNA extraction and Northern hybridization. For depletion of the essential
Lsm proteins cells were harvested at intervals following the shift from RSG
medium (2% galactose, 2% sucrose, 2% raffinose) or YPGal medium containing
2% galactose to YPD medium containing 2% glucose. Otherwise strains were
grown in YPD medium. The lsm-� strains were pregrown at 23°C and transferred
to 37°C. RNA extraction and Northern hybridization were performed as de-
scribed previously (3, 46).

For RNA hybridization the following oligonucleotides were used: 032 (RNase
P RNA), 5�-ATTTCTGATAACAACGGTCGG; 041 (5S), 5�-CTACTCGGTC
AGGCTC; 250 (scR1), 5�-ATCCCGGCCGCCTCCATCAC; 261 (U6), 5�-AAA
ACGAAATAAATTCTTTGTAAAAC; 266 (5S-3�), 5�-AAAAAAAACAACTG
CAGC; 301 ( tRNA3

Arg ), 5�-GTCGAACCCATAATCTTC; 302 (tRNAAla
UGC),

5�-CTACCAACTGCGCCATG; 303 (tRNAGly
GCC), 5�-TACCACTAAACCAC

TTGC; 304 (tRNAPro
UGG), 5�-ACCCAGGGCCTCTCG; 305 (tRNATrp), 5�-A

ACCTGCAACCCTTCGA; 306 ( tRNA3
Leu ), 5�-GCATCTTACGATACCTG;

307 (tRNA3
Leu-intron), 5�-CACAGTTAACTGCGGTC; 308 (tRNAPhe-intron),

5�-AACTTGACCGAAGTATTTC; 310 (tRNATyr
G�A-intron), 5�-AAGATTTC

GTAGTGATAA; and 320 ( tRNA2
Lys ), 5�-ATCCTTGCTTAAGCAAATGCGC.

Immunoprecipitation. Whole-cell extracts from strains GAL::HA-lsm3,
Lhp1p-ProtA, Lhp1p-ProtA/GAL::HA-lsm3, and Lhp1p-ProtA/GAL::HA-lsm5
grown either in RSG medium or following the transfer to YPD medium for 8.5
or 24 h were prepared as described previously (42). Immunoprecipitation of
ProtA-tagged strains was performed as described previously (28) at 150 mM
KAc. Immunoprecipitation of TAP-tagged Lsm3p protein was performed as
described previously (35) using extract equivalent to a cell optical density at 600
nm of 800. Copurified RNAs were recovered from the eluate of the immuno-
globulin G (IgG) column by phenol-chloroform-isoamyl alcohol extraction and
ethanol precipitation. Precursors and mature RNAs were identified by Northern
hybridizations. An untagged isogenic strain (YJV140) was utilized as a control.

RESULTS

Lsm proteins are required for normal tRNA processing. As
an initial test of the effects of Lsm protein depletion on pre-
tRNA processing, in vivo pulse-chase labeling was performed
with [H3]uracil (Fig. 1A). The wild-type and GAL::HA-lsm3
(referred to throughout the text as GAL::lsm3) strains were
pregrown in permissive RSG medium and then transferred to
repressive glucose medium for 8.5 h. Cells were labeled with
[3H]uracil for 1 min, followed by a chase with a large excess of
unlabeled uracil. In the wild-type strain, pre-tRNAs could be
seen at the 1-, 2.5-, and 5-min chase time-points. In the Lsm3p-
depleted strain, pre-tRNAs were visible at the 1-min time point
but were still readily detected after 20 min, strongly indicating
that their processing was slowed. A delay in the accumulation
of mature tRNAs was also evident. Incorporation of label into
5S was reduced in the Lsm3p-depleted strain, probably be-
cause this strain also shows defects in processing of pre-rR-
NAs, particularly the precursors to the 5.8S rRNA (data not
shown; these results will be described in detail elsewhere, but
see the Discussion). The 8.5-h time point corresponds to the
earliest time at which any clear growth defect was seen in the
GAL::lsm3 strain (Fig. 1B) (29), suggesting that the inhibition
of tRNA processing may be a primary defect.

To confirm these observations, GAL-regulated hemaggluti-
nin (HA)-tagged constructs were used to deplete the other
essential Lsm proteins (strains GAL::lsm2, GAL::lsm4,
GAL::lsm5, and GAL::lsm8). Deletion of the genes encoding
nonessential Lsm proteins gives rise to temperature-sensitive
(ts) strains (strains lsm6-�, lsm7-�, and lsm1-�) (29).

Processing of both intron-containing and intronless pre-
tRNAs from both monocistronic and dicistronic transcripts
was analyzed by Northern hybridization (Fig. 2). The identities
of tRNA precursors were determined based on their relative
electrophoretic mobilities, hybridization patterns, and compar-
ison to previous reports (see, for example, references 32 and
51).

TABLE 1. Yeast strains used in this work

Strain Genotype Reference or source

AEMY19 MAT� ade2-1 his3�200 leu2-3,112 trp1�1 ura3-1 LSM6::HIS3 29
AEMY22 MAT� ade2-1 his3�200 leu2-3,112 trp1�1 ura3-1 LSM7::HIS3 29
AEMY24 MAT� ade2-1 his3-11,15 leu2-3,112 trp1�1 ura3-1 LSM1::TRP1 29
AEMY29 MAT� ade2-1 his3-11,15 leu2-3,112 trp1�1 ura3-1 LSM5::TRP1 [pACTIIst-LSM5] 29
AEMY30 MAT� ade2-1 his3�200 leu2-3,112 trp1�1 ura3-1 LSM2::HIS3 [pACTIIst-LSM2] 45
AEMY31 MAT� ade2-1 his3-11,15 leu2-3,112 trp1�1 ura3-1 LSM3::TRP1 [pBM125-GAL1-HA-LSM3] 29
AEMY33 MAT� ade2-1 his3�200 leu2-3,112 trp1�1 ura3-1 LSM2::HIS3 [pBM125-GAL1-LSM2-HA] 29
AEMY46 MAT� ade2-1 his3-11,15 leu2-3,112 trp1�1 ura3-1 LSM8::TRP1 [pBM125-GAL1-HA-LSM8] 29
AEMY47 MAT� ade2-1 his3-11,15 leu2-3,112 trp1�1 ura3-1 LSM5::TRP1 [pBM125-GAL1-HA-LSM5] 29
MCY4 MATa ade1-101 his3-�1 trp1-289 ura3-52 LEU2-GAL1-LSM4 8
YDL579 MATa his3�200 leu2�1 trp1 ura3-52 gal2 gal�108 LHP1::ProtA-URA3 24
YJK20 As YDL579 but LHP1::ProtA-TADH1-HIS3MX6 This work
YJK21 As AEMY31 but LHP1::ProtA-TADH1-HIS3MX6 This work
YJK22 As AEMY47 but LHP1::ProtA-TADH1-HIS3MX6 This work
BMA64 MAT� ade2-1 his3-11,15 leu2-3,112 trp1�ura3-1 F. Lacroute
YJV140 MATa ade2 his3 leu2 trp2 ura3 50
YJK34 As YJV140 but TAP-LSM3 This work
YCA35 MATa his3�1 trp1 ura3-52 gal2 gal�108 LHP1::Kl URA 24
YCA50 As AEMY31 but LHP1::HIS3 This work
YCA51 As AEMY47 but LHP1::HIS3 This work
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Substantial accumulation of all intron-containing precursors,
particularly the primary transcripts (PT), was seen in strains
depleted of Lsm2p to Lsm5p or Lsm8p. Data are shown for
pre-tRNATyr, tRNA2

Lys , and pre-tRNAPro in GAL::lsm2 and
GAL::lsm3 strains in Fig. 2A to C, lanes 3 to 8, and for pre-
tRNATyr and pre-tRNA3

Leu in GAL::lsm3 in Fig. 2G and H,
lanes 3 to 6. Similar results were obtained for GAL::lsm4,
GAL::lsm5, and GAL::lsm8 strains and for other intron-con-
taining tRNAs, pre-tRNAPhe and pre-tRNASer (data not
shown). Pre-tRNATrp was also accumulated in the lsm mutants
(data not shown), but the processing of pre-tRNATrp was
found to follow an unusual pathway, which will be reported
elsewhere. Precursors to tRNAPro and tRNAPhe with mature
5� and 3� ends and 5� processed pre-tRNAPhe were also ele-
vated (Fig. 2C and data not shown). Defects in the processing
of the intronless, dicistronic tRNA3

Arg -tRNAAsp and monocis-
tronic tRNAAla and tRNAGly were also observed in the
GAL::lsm strains, showing that processing defects are not re-
stricted to splicing. PT and 5� processed, 3� unprocessed pre-
cursors accumulated on depletion of Lsm2p to Lsm5p or
Lsm8p (Fig. 2D to F, lanes 3 to 8, and data not shown);
however, little depletion of the mature tRNAs was seen. In the

experiment shown in Fig. 2A to F, pre-tRNA accumulation was
strong 10 h after transfer to glucose medium. To confirm that
this tRNA processing phenotype is not due to slowed growth,
pre-tRNA processing was tested at early times after transfer to
glucose medium (Fig. 2G and H). Mild accumulation of the PT
of tRNA3

Leu and tRNATyr was observed in the GAL::lsm3 strain
3 h after transfer, with marked pre-tRNA accumulation after
6 h. This is prior to growth inhibition and would be consistent
with a direct role for the Lsm proteins.

The GAL::lsm strains were analyzed at 30°C. Transfer of
wild-type cells to 37°C resulted in some pre-tRNA accumula-
tion (Fig. 2A to F, lanes 9 and 10) as previously reported (32).
In lsm1, lsm6, or lsm7-� strains the levels of most pre-tRNA
species were not clearly different from the wild type (shown for
lsm6-� and lsm1-� in Fig. 2A to F, lanes 11 to 16). An excep-
tion was pre-tRNAAla, which strongly accumulated in the
lsm6-� and lsm7-� strains at 37°C (Fig. 2E, lanes 11 to 13, and
data not shown). Surprisingly, similar accumulation was seen in
a strain lacking Lsm1p (Fig. 2E, lanes 14 to 16), which is
enriched in the cytoplasm (45).

RNA species larger than the predicted size of the wild-type
PT (marked with asterisk; Fig. 2C-I, E, and F) were detected
for tRNAPhe, tRNAPro, tRNAAla, and tRNAGly, in strains de-
pleted of Lsm2p to Lsm5p or Lsm8p or after transfer of the
lsm6-�, lsm7-�, or lsm1-� strain to 37°C (Fig. 2C to F and data
not shown). Hybridization with probes specific for 3�-extended
tRNAAla and tRNAGly showed that these correspond to aber-
rantly 3�-extended pre-tRNAs (data not shown). These may
represent the products of read-through of the normal tran-
scription termination site, which are rapidly degraded in wild-
type cells but accumulate in the absence of Lsm proteins.

We conclude that Lsm proteins, particularly the essential
proteins Lsm2p to Lsm5p and Lsm8p, are required for normal
pre-tRNA maturation. Notably, the pattern of pre-tRNA ac-
cumulation was not identical for different tRNA species. This
heterogeneity would be more consistent with the direct partic-
ipation of Lsm proteins in pre-tRNA processing than an indi-
rect role in reducing global processing efficiency.

Fusion proteins between Lsm2p and Lsm5p and the DNA
binding domain of Gal4p, containing a strong nuclear localiza-
tion signal, were previously constructed for use in two-hybrid
analyses (13). These constructs confer partial temperature sen-
sitivity for growth and cytoplasmic mRNA degradation when
expressed in lsm2-� and lsm5-� backgrounds (19, 45). Growth
of the lsm2ts or lsm5ts strains at 23°C resulted in strong pre-
tRNA accumulation for tRNATyr, tRNAPro, and tRNA3

Leu (Fig.
2I to K, compare lanes 3 and 6 with lane 1), which was reduced
by 3 h after transfer to 37°C (Fig. 2I to K, lanes 4 and 7).
Accumulation of 3�-extended tRNAPro (marked with asterisk
in Fig. 2J) was also observed. These observations support the
role of Lsm2p and Lsm5p in pre-tRNA processing, although,
as with cytoplasmic mRNA turnover, the basis of this defect in
lsm2ts or lsm5ts strains is unclear.

Lsm complexes have been shown to be required for pre-
mRNA splicing and for cytoplasmic mRNA degradation. How-
ever, no protein directly involved in these activities has previ-
ously been reported to be required for pre-tRNA processing.
Moreover, no pre-tRNA processing defect was seen in strains
inhibited for splicing due to genetic depletion of the splicing
factor Prp8p or Syf3 under GAL control or carrying the ts-

FIG. 1. Processing of tRNAs is delayed in a strain depleted of
Lsm3p. (A) Pulse-chase analysis of tRNA processing in GAL::HA-lsm3
strain. Strains were grown in permissive RSG medium and transferred
to repressive glucose medium at 30°C for 8.5 h. [3H]uracil was added
for 1 min, followed by a large excess of unlabeled uracil. RNA was
extracted at the times indicated, separated on a 6% polyacrylamide gel,
and visualized by fluorography. WT, wild type. (B) Growth curves of
the wild-type (�) and GAL::HA-lsm3 (�) strains pregrown in permis-
sive RSG medium and transferred to repressive glucose medium for
the times indicated. Strains were maintained in exponential growth by
dilution with prewarmed medium. Cell densities measured by optical
density at 600 nm are shown corrected for dilution. The GAL::lsm3
panel was exposed approximately 16-fold longer than the wild-type
panel.
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lethal prp2-1 allele (data not shown). The lsm2ts or lsm5ts

strains showed only mild pre-mRNA splicing defects at any
temperature (data not shown), but notably, splicing was more
defective at 37 than at 23°C, in marked contrast to the pre-
tRNA processing defect.

Similarly, no pre-tRNA processing defect was seen in strains
defective in mRNA turnover due to the absence of the com-
ponents of the exosome or the cytoplasmic exonuclease Xrn1p
(data not shown). A double mutant strain, the prp2-1; xrn1-�
strain, which is defective in both splicing and mRNA degrada-
tion, also failed to show any pre-tRNA processing defect (data
not shown). Together these data indicate that pre-tRNA pro-
cessing defects seen in the lsm mutant strains are probably not
secondary consequences of defects in pre-mRNA splicing or
mRNA degradation.

Lsm3p binds to pre-tRNAs. To test whether the Lsm com-
plex interacts directly with tRNA precursors, immunoprecipi-
tation was performed with the C-terminally TAP-tagged
Lsm3p construct (35) expressed under the endogenous pro-
moter (Fig. 3). A similar construct was used previously to
characterize interactions of Lsm3p (5). As previously reported,
Lsm3-TAP coprecipitated U6 (Fig. 3C) and the RNase P RNA
precursor (Fig. 3A) (1, 29, 40, 41), with weaker coprecipitation
of scR1, the RNA component of the yeast signal recognition
particle and very weak precipitation of mature P RNA (Fig. 3A
and B). No clear coprecipitation was seen for mature tRNATrp

or tRNATyr (Fig. 3E-II and F-II, lanes 4), which were recov-
ered at the same level as in the control precipitation with a
nontagged strain (Fig. 3, lanes 3). In contrast, precursors of
tRNA2

Lys (Fig. 3D), tRNATyr (Fig. 3E-I), or tRNATrp (Fig.
3F-I), particularly the PT, were clearly coprecipitated with
Lsm3-TAP. Notably, tRNA PT, which were most affected by
Lsm depletion, were more efficiently precipitated. Other in-
tron-containing pre-tRNA species were affected to a lesser
extent by Lsm3p depletion and were also precipitated less
efficiently (Fig. 3D to F). The efficiency of pre-tRNA precipi-
tation was substantially lower than that for mature U6 but
similar to the 1 to 3% recovery reported elsewhere for mRNA
association of Lsm proteins (45). Approximately 30-fold-more
cell equivalents were loaded for the precipitated (P) fractions
than for the total (T) in Fig. 3. The low efficiency of coprecipi-
tation of tRNA precursors with Lsm3p-TAP may reflect tran-
sient association in vivo. Alternatively, the Lsm-RNA associa-
tion may not resist extended incubation (2.5 h at 4°C) and
extensive washing during immunoprecipitation.

Binding of Lhp1p to RNA substrates is reduced in strains

FIG. 2. Processing of tRNAs is affected in lsm mutants. (A to F)
Analysis of tRNA processing in GAL::lsm and lsm-� strains. (G and H)
Analysis of processing of tRNATyr and tRNA3

Leu in GAL::lsm3 strain. (I
to K) Analysis of tRNA processing in lsm2ts and lsm5ts strains. Strains
carrying GAL-regulated HA-tagged constructs (GAL::lsm; A to F,
lanes 3 to 8, and G and H, lanes 3 to 6) and the BMA64 wild-type strain
(A to F, lanes 1 and 2, and G and H, lanes 1 and 2) were grown in
permissive RSG medium (0 h) and transferred to repressive glucose
medium at 30°C for the times indicated. Strains with deletions of
Lsm6p or Lsm1p (A to F, lanes 11 to 16), the temperature-sensitive

lsm2ts and lsm5ts strains (I to K, lanes 3 to 8), and the wild-type strain
(A to F, lanes 9 and 10, and I to K, lanes 1 and 2) were pregrown at
23°C (0 h) and transferred to 37°C for the times indicated. RNA was
separated on a 6% polyacrylamide gel and hybridized with oligonucle-
otide probes. Names of tRNAs are on the left; schematic representa-
tions of tRNA precursors, intermediates, and mature species are
shown between the two columns (A to F) or on the right (G to K); and
probe names are in parentheses. RNA precursors marked with aster-
isks represent species predicted to be 3� extended beyond the wild-type
transcripts. tRNAPro precursors designated by a and b represent two
forms of PT (32). The minor size heterogeneity observed for pre-
tRNAs and the mature tRNAs may result from the presence or ab-
sence of the 3�-end -CCAOH tail. WT, wild type.
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depleted of Lsm3p or Lsm5p. The Lsm complexes have been
proposed previously to function as chaperones in RNP assem-
bly (29), and we therefore determined whether they act to
promote the association of Lhp1p with pre-tRNAs and other
PolIII transcripts.

A C-terminal fusion between Lhp1p and two copies of the Z
domain of Staphylococcus aureus protein A (see Materials and
Methods) was expressed in GAL::HA-lsm3 and GAL::HA-lsm5
strains. Western blotting showed that HA-Lsm3p and HA-
Lsm5p were below detectable levels in the 24-h samples while
the level of Lhp1p-ProtA was unaffected (Fig. 4G). Northern
hybridization showed that all fusion proteins were functional in
RNA processing (data not shown, but see Fig. 4D). Lhp1p-
ProtA immunoprecipitation was performed with extracts from
strains grown in permissive RSG medium (0-h samples) and
following transfer to glucose medium for 24 h to deplete
Lsm3p or Lsm5p. Similar results were obtained for each dou-
ble mutant strain, and data are shown only for Lhp1-ProtA/

GAL::HA-lsm3. To ensure that inhibition of growth at late
times after depletion of Lsm proteins is not responsible for the
observed results, an analogous immunoprecipitation was per-
formed with extract from Lhp1-ProtA/GAL::HA-lsm3 cells de-
pleted of Lsm3p for 8.5 h, at which time there is very little
growth defect (Fig. 1B). Data from this experiment are in-
cluded in Fig. 4F. Control precipitations were performed on
the Lhp1p-ProtA and GAL::HA-lsm3 single mutant strains. Ap-
proximately fourfold-more cell equivalents were loaded for the
pellet fractions in Fig. 4A to E.

Data from Northern analyses (Fig. 4A to E) were quantified
with a PhosphorImager and are presented graphically (Fig. 4F)
and numerically (Table 2). Lhp1p-ProtA efficiently coprecipi-
tated pre-tRNAs, pre-5S rRNA, pre-P RNAs, U6 snRNA, and
scR1 RNA (Fig. 4, lanes 4 to 6). Precipitation was also efficient
in the Lhp1p-ProtA/GAL::lsm strains in permissive medium
(Fig. 4, lanes 7 to 9), although a mild reduction in precipitation
was visible compared to the single mutant, possibly related to
overexpression of Lsm3p and Lsm5p from the GAL promoter.
After depletion of Lsm3p or Lsm5p for 24 h, the immunopre-
cipitation efficiency dropped for all RNAs except U6. Similar
but less pronounced effects were observed for samples de-
pleted for 8.5 h. The largest effects were on the signal recog-
nition particle RNA, scR1, and pre-P RNA (76- and 18-fold,
respectively), with threefold reductions for pre-5S (Fig. 4E and
F) and the tRNATyr and tRNA3

Leu3 PT (shown for tRNATyr in
Fig. 4D and F; similar results were observed for tRNA3

Leu

[Table 2]). Binding of Lhp1p to 5� processed, 3� unprocessed
pre-tRNATyr and pre-tRNA3

Leu3 was also reduced three- to
fourfold upon depletion of Lsm3p or Lsm5p (indicated with an
arrowhead in Fig. 4D). Accurate quantitation of these precur-
sors in the supernatant samples was not feasible, however, due
to their proximity to the abundant unspliced but 5� and 3�
processed form, which is not precipitated. All of these are
RNA PolIII transcripts with terminal poly(U) tracts that would
have been predicted to bind Lhp1p in the absence of cofactors.
Mature P RNA and tRNA were not detectably coprecipitated
with Lhp1p-ProtA-tagged strains, but some coprecipitation of
mature 5S rRNA was observed, which was reduced approxi-
mately twofold on depletion of Lsm3p or Lsm5p. In contrast,
immunoprecipitation of U6 was elevated on depletion of
Lsm3p or Lsm5p, consistent with competition for the 3�
poly(U) tract as previously proposed (1, 34). We conclude that
binding of Lhp1p to many but not all RNA substrates is less
efficient in cells lacking Lsm proteins.

The significance of the observed coprecipitation of mature
5S with Lhp1p-ProtA is not clear, but we note that Lhp1p was
reported previously to coprecipitate with two proteins (Bud2p
and Cdc95p) identified in pre-60S ribosomal complexes pre-
dicted to contain 5S (15). The efficiency of coprecipitation of
scR1 RNA with Lhp1p-ProtA was quite high, around 44%,
suggesting an extended period of interaction. This is supported
by the copurification of Lhp1p with Srp54p (15).

To further test functional interactions between Lhp1p and
Lsm proteins, pre-tRNA processing was analyzed in strains
carrying lhp1-� together with either GAL::lsm3 or GAL::lsm5.
Data are shown for the intron-containing pre-tRNATyr (Fig.
5A) and pre-tRNAPro (Fig. 5B); similar results were observed
for other intron-containing tRNAs (tRNAPhe and tRNA3

Leu ),
dicistronic tRNA3

Arg -tRNAAsp, and monocistronic tRNAGly. In

FIG. 3. Lsm3p binds to pre-tRNAs. Immunoprecipitation of RNAs
from a strain expressing TAP-tagged Lsm3p is shown. Lysates from the
TAP-Lsm3 strain and the isogenic wild-type (WT) strain (YJV140)
were immunoprecipitated with rabbit IgG agarose beads (Sigma).
RNA was recovered from the lysate (T) and the immunoprecipitate
(P) and analyzed by Northern hybridization. Probe names are indi-
cated in parentheses. RNA species are shown on the right. Approxi-
mately 30-fold-more cell equivalents was loaded for the bound frac-
tions than for the total and supernatant fractions.
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RSG medium, the double mutant strains resembled the lhp1-�
strain (Fig. 5, lanes 5, 10, and 15), in which the 5� processed, 3�
unprocessed pre-tRNA is absent and the level of other pre-
tRNA species is reduced. Depletion of either Lsm3p or Lsm5p
from the strain lacking Lhp1p led to strong accumulation of
PT, which became progressively shortened and more hetero-
geneous in length at later time points. These species were
previously observed in strains lacking only Lhp1p (Fig. 4B, lane
16) and attributed to exonucleolytic trimming in its absence
(51). The 3�-truncated PT were strongly accumulated on de-
pletion of the Lsm proteins in the presence or absence of
Lhp1p (Fig. 5A and B, lanes 2 to 4). Moreover, the level of
these 3�-truncated pre-tRNAs in the Lsm-depleted strains was
substantially higher than in the lhp1-� strain (Fig. 5, compare
lanes 3 and 15), showing that the effects are not solely due to
reduced Lhp1p binding. This strong accumulation of exonu-
clease digestion intermediates indicates that both the endonu-
clease that normally carries out 3� processing and the 3� exo-
nuclease(s) that functions by default process the pre-tRNAs
less efficiently in the absence of an Lsm complex.

Some accumulation of pre-tRNAs in double mutants was
detected 2 h after transfer to glucose medium, and accumula-
tion was substantial by 8 h (Fig. 5, lanes 6 and 11).

tRNA degradation products accumulate in Lsm-depleted

FIG. 4. Lhp1p binds less efficiently to RNA substrates in the ab-
sence of Lsm proteins. (A to E) The strains GAL::HA-lsm3 (lanes 1 to
3), Lhp1p-ProtA (lanes 4 to 6), and Lhp1p-ProtA/GAL::HA-lsm3 (lanes
7 to 12) were grown at 30°C in RSG medium (lanes 1 to 9) or trans-
ferred to glucose medium for 24 h (lanes 10 to 12). Lysates were
immunoprecipitated with IgG agarose, and RNA was recovered from
the lysate (T), the immune supernatant (S), and the immunoprecipi-
tate (P) and analyzed by Northern hybridization. Probe names are

TABLE 2. Immunoprecipitation efficiency of Lhp1pa

RNA

Value for strain (time in glucose):

GAL::lsm3
(0 h)

Lhp1p-
ProtA

Lhp1p-ProtA/
GAL::lsm3 (0 h)

Lhp1p-ProtA/
GAL::lsm3 (24 h)

scR1 0.2 44.2 30.3 0.4
Pre-RNase P RNA 0.2 15.6 6.4 0.35
RNase P RNA 0.2 1.4 0.85 0.6
U6 0.6 16.6 7.7 22.1
tRNATyr-PT 0.7 77.4 68.4 24.1
tRNA3

Leu-PT 0.9 64.2 48.4 13.1
tRNA3

Leu 0.1 0.4 0.3 0.1
Pre-5S 0.4 77.3 63 21
5S 0.5 3.9 2.4 1.1

a Based on PhosphorImager quantification of Northern hybridization data
from Fig. 4A to E. Numbers are expressed as percents, where supernatant plus
pellet (P) equals 100%. The value for P was adjusted according to the amount of
loaded RNA; see the legend to Fig. 4.

indicated in parentheses. RNA species are shown on the left. Due to
the fact that depletion of Lsm proteins results in altered levels of some
of the analyzed RNA species, different exposure times were used for
different panels to adequately visualize RNAs. Approximately four-
fold-more cell equivalents are loaded for the bound material. The
arrowhead indicates the 5� processed, 3� unprocessed pre-tRNATyr.
(F) Graphic representation of efficiency of immunoprecipitation by
Lhp1p of RNAs from panels A to E in the Lhp1-ProtA/GAL::HA-lsm3
strain before (0 h) and after (8.5 and 24 h) depletion of Lsm3p. Values
for each RNA species after depletion are expressed relative to the
value before depletion, which is arbitrarily set at 1. Immunoprecipita-
tion efficiency was calculated based on PhosphorImager quantification
of Northern hybridization data from panels A to E. (G) Levels of
Lsm3p, Lsm5p, and Lhp1p during Lsm depletion. Western blots of
total protein were decorated with anti-HA to detect both HA-Lsm3p
and HA-Lsm5p and with anti-protein A to detect Lhp1p-ProtA, fol-
lowing growth in galactose medium (0-h samples) or 24 h after transfer
to glucose medium.
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cells. Depletion of Lsm proteins was accompanied by the ap-
pearance of slightly faster migrating forms of all tRNA species
examined, suggesting that the mature tRNAs were undergoing
partial truncation (Fig. 2). Shorter, truncated tRNAs, which we
assume to be degradation intermediates, were readily observed
for all species at late times of depletion of Lsm2p to Lsm5p or
Lsm8p (shown for mature tRNAPro and tRNA3

Leu in Fig. 6C
and D for GAL::lsm2, GAL::lsm3, lsm6-�, and lsm1-�). Some
evidence for degradation of pre-tRNATyr and pre-tRNAPro

was obtained (Fig. 6A and B), but this was much less clear than
the accumulation of mature tRNA fragments. Degradation
products accumulated most strongly upon depletion of the
essential Lsm proteins but were also detectable at lower levels
in the lsm6-�, lsm7-�, and lsm1-� strains. This supports the
role of both nuclear and cytoplasmic Lsm proteins in degra-
dation of stable RNA species, in addition to their recently
reported roles in mRNA degradation (4, 5, 19, 45).

DISCUSSION

Pre-tRNA processing was strongly affected by depletion of
the essential Lsm proteins, Lsm2p to Lsm5p and Lsm8p,
whereas the absence of Lsm1p, Lsm6p, or Lsm7p resulted in
much weaker phenotypes. This is different from the stability of
U6, which requires all seven proteins, Lsm2p to Lsm8p (29),
but similar observations have been made for pre-rRNA pro-
cessing (J. Kufel, J. Beggs, and D. Tollervey, unpublished ob-

servations). It may be that the lack of any essential protein
prevents Lsm complex formation, while nonessential proteins
can partially replace each other and form complexes that retain
substantial activity. During U6 synthesis and in mRNA turn-
over and translation, Lsm complexes have been proposed pre-
viously to act as chaperones that modify the structure of RNP
complexes, and a bacterial Sm-like protein functions to pro-
mote correct RNA-RNA interactions (29, 30, 45, 47, 52). The
absence of Lsm proteins does not inhibit accumulation of ma-
ture tRNAs but alters the pattern of processing intermediates.
The absence of the yeast La protein, Lhp1, also perturbed
pre-tRNA processing without reducing tRNA levels (51). Ac-
cumulation of pre-tRNAs in the lsm strains closely resembles
the processing pattern of mutant pre-tRNACGA

Ser (sup61-10
allele), in which a mutation in the anticodon stem disturbs
tRNA structure and renders processing strictly dependent on
Lhp1p (26, 51). Roles in promoting correct formation of RNP
complexes would be consistent with the consequences of Lsm
protein depletion for pre-tRNA processing.

Defects in pre-tRNA processing were detected prior to
growth inhibition, and coprecipitation of pre-tRNAs was seen
with TAP-tagged Lsm3p, consistent with direct effects. Lsm
proteins affect pre-mRNA splicing and degradation; however,
the tRNA processing phenotypes reported here appear to be
specific for lsm mutants, since they were not observed in strains
deficient in either mRNA splicing or mRNA degradation. The
function of Lsm proteins in pre-tRNA processing is further

FIG. 5. Processing of tRNA precursors in the absence of Lhp1p
and Lsm proteins. Shown are results of Northern analysis of tRNA
processing in GAL::lsm3/lhp1-� and GAL::lsm5/lhp1-� double mu-
tants. RNA was extracted from GAL-regulated constructs following
transfer from permissive RSG medium to repressive glucose medium
for the times indicated. The lhp1-� strain was grown on glucose me-
dium at 30°C. Probe names are indicated in parentheses. Names of
tRNAs are shown on the left, and schematic representations of tRNA
species are shown on the right. tRNAPro precursors designated with a
and b represent two forms of PT (32), whereas the asterisk shows the
position of the shortened PT in the lhp1-� strain. A darker exposure of
pre-tRNAPro in the lhp1-� strain is shown in a separate panel (lane
16). WT, wild type.

FIG. 6. Depletion of Lsm proteins leads to accumulation of tRNA
degradation intermediates. Strains were grown and RNA was prepared
as described for Fig. 2. Probe names are indicated in parentheses. WT,
wild type.
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supported by two-hybrid interactions (13, 48) that were re-
ported between Lsm8p and the putative RNA helicase Sen1p,
which acts as a positive effector of the tRNA splicing endonu-
clease (10, 36, 49), and between Lsm2p and Tpt1p, the 2�-
phosphotransferase that functions in tRNA splicing (9). These
interactions would be consistent with the Lsm proteins pro-
moting pre-tRNA splicing by aiding the recruitment of splicing
cofactors.

We also observed aberrant 3�-extended pre-tRNAs in Lsm-
depleted cells, which were substantially longer than the normal
PT. These are likely to represent products of transcriptional
read-through that would normally have been rapidly degraded
in wild-type cells. A role for the essential Lsm proteins in
tRNA degradation is supported by the observation of trun-
cated tRNA fragments in depleted strains. It is currently un-
clear whether these fragments arise from tRNAs that would
normally have been degraded in wild-type cells, but without
clear intermediates, in which case the detection of degradation
intermediates may reflect a loss of nuclease processivity. Al-
ternatively, the absence of a functional Lsm complex may pro-
voke tRNA degradation, perhaps due to problems in RNA
folding that would otherwise have been corrected by an Lsm-
associated chaperone activity. In other experiments, degrada-
tion of the mature rRNAs was also observed (J. Kufel, J.
Beggs, and D. Tollervey, unpublished observations), indicating
that this phenomenon is not restricted to tRNAs. In the case of
mRNAs, the Lsm1p-Lsm7p complex is reported to confer pro-
tection against 3� degradation by the cytoplasmic exosome, a
complex of 3�35� exonucleases (19), while promoting 5� deg-
radation by the 5�33� exonuclease Xrn1p (45). Two-hybrid
interactions have been reported between Lsm2p and Lsm8p
and the exosome component Mtr3p and between Lsm2p,
Lsm4p, Lsm8p, and Xrn1p (13, 48), whereas proteomic anal-
ysis revealed association of Lsm8p with another component of
the exosome, Rrp42p (22). These are consistent with direct
association of the Lsm2p-Lsm8p complex with the RNA deg-
radation machinery. Moreover, defects in 5.8S rRNA synthesis
seen in strains depleted of any of the essential Lsm proteins are
consistent with reduced processivity of both the exosome and
the 5�33� exonucleases Rat1p and Xrn1p (J. Kufel, J. Beggs,
and D. Tollervey, unpublished observations).

An alternative explanation for the pre-tRNA accumulation
seen in the Lsm protein-depleted strains might be that the
accumulated species are misfolded or otherwise defective pre-
tRNAs that would otherwise have been targeted for rapid
degradation. We think that this is less likely, since it would
imply a substantial level of pre-tRNA degradation in wild-type
cells. Moreover, a similar phenotype was not seen in strains
lacking components of the exosome complex (unpublished ob-
servations).

Pre-tRNAs also undergo extensive covalent nucleotide mod-
ification, and a large number of different modified nucleotides
have been identified (39) which play important roles in tRNA
function (reviewed in several chapters of reference 18). At
least in some cases there is evidence for interactions among the
tRNA modification, splicing, and export pathways. The re-
quirements for Lsm proteins in pre-tRNA localization, tRNA
modification, and export have not yet been addressed.

Interactions between Lsm complexes and Lhp1p. All RNA
PolIII PT are believed to associate with La/Lhp1p, via their 3�

poly(U) tracts. La (and presumably Lhp1p) binds to 3�-termi-
nal poly(U) tracts in vitro (43), but efficient binding to complex
RNP substrates in vivo may be more dependent on cofactors.
The binding of Lhp1p to large RNA PolIII transcripts, scR1
and the pre-P RNA, was drastically reduced (76- and 18-fold,
respectively) by depletion of Lsm3p or Lsm5p for 24 h, with 11-
and 5.5-fold reduction after just 8.5 h. The association of
Lhp1p with smaller PolIII transcribed RNAs, pre-5S and
tRNA PT, was reduced to a lesser extent, with a threefold
reduction following Lsm depletion for 24 h. The synthetic
lethality of mutations in LSM5 to LSM8 in combination with
lhp1-� (33) supports their functional interaction.

The less efficient association between Lhp1p and RNAs ob-
served in the absence of Lsm3p and Lsm5p was not due to
depletion of Lhp1p, the level of which was unaltered, or to
nonspecific inhibition of RNA binding, since the precipitation
of the U6 snRNA was substantially increased following Lsm
depletion. Lhp1p has been proposed previously to “hand on”
U6 to the Lsm2p-Lsm8p complex (21), and in the absence of
Lsm proteins, Lhp1p may remain associated with U6 for a
longer period.

A correlation was seen between the pre-tRNAs that were
coprecipitated with Lsm3p-TAP and the pre-tRNAs that ac-
cumulated in the absence of Lsm proteins, consistent with a
direct role for the Lsm complex in their processing. However,
the low coprecipitation efficiency suggests that the association
of Lsm complexes with tRNA precursors is transient. This, and
the reduction of Lhp1p binding to its substrates in the absence
of Lsm proteins, is consistent with an Lsm complex functioning
as a chaperone in the assembly of pre-tRNA/protein com-
plexes. Potential roles would include facilitating the interaction
of pre-tRNAs with processing enzymes and cofactors, includ-
ing Lhp1p, and/or increasing their specific activities.
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