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ABSTRACT

Lsm proteins are ubiquitous, multifunctional pro-
teins that are involved in the processing and/or
turnover of many, if not all, RNAs in eukaryotes.
They generally interact only transiently with their
substrate RNAs, in keeping with their likely roles as
RNA chaperones. The spliceosomal U6 snRNA is an
exception, being stably associated with the Lsm2-8
complex. The U6 snRNA is generally considered to
be intrinsically nuclear but the mechanism of its
nuclear retention has not been demonstrated,
although La protein has been implicated. We show
here that the complete Lsm2-8 complex is required
for nuclear accumulation of U6 snRNA in yeast.
Therefore, just as Sm proteins effect nuclear
localization of the other spliceosomal snRNPs, the
Lsm proteins mediate U6 snRNP localization except
that nuclear retention is the likely mechanism
for the U6 snRNP. La protein, which binds only
transiently to the nascent U6 transcript, has a
smaller, apparently indirect, effect on U6 localiza-
tion that is compatible with its proposed role as a
chaperone in facilitating U6 snRNP assembly.

INTRODUCTION

In metazoa, the Ul, U2, U4 and US5 spliceosomal
snRNAs are produced by RNA polymerase 11, acquire a
7-methylguanosine 5’ cap, like mRINA and are exported to
the cytoplasm (1). Here they associate with a hetero-
heptameric complex of Sm proteins that promotes
hypermethylation of the cap and 3’ end trimming (2).
The Sm proteins also contribute to nuclear import of these
core snRNPs (3-5). In contrast, U6 is produced by RNA
polymerase IIT and acquires a y-monomethyl phosphate
cap (6). It is generally considered that U6 is nuclear
restricted, with no cytoplasmic phase during its biogenesis

(7-11), however, the mechanism of nuclear retention is
unknown. The nuclear localization of U6 could be due to
the lack of a nuclear export signal in the RNA, the presence
of an active retention signal (such as the y-monomethyl
cap), or retention through interaction with proteins.
Alternatively, U6 snRNA may exit the nucleus and be
reimported by interaction with proteins. Olson and
Siliciano (12) reported the apparent shuttling of U6
snRNA in a yeast heterokaryon assay, however, as every
RNA they tested seemed to shuttle, they could not rule out
the possibility that the nuclei may have been leaky.

Like other RNA polymerase III products, the nascent
U6 transcript has an oligo(U) sequence at its 3’ end that is
bound by La protein (Lhplp in yeast) (13,14), and
experiments with Xenopus oocytes led Boelens et al. (9)
to propose that binding of La protein to this sequence
might be responsible for its nuclear retention. However,
La binds only transiently to newly synthesized U6 snRNA
and it was subsequently shown that La/Lhplp is replaced
on the 3’ end of U6 by the heteroheptameric complex
of Lsm2 to 8 proteins (15-18), that are structurally related
to the Sm proteins. Also, Prp24p (pl110 in humans)
is another U6 associated protein (19) that could affect
the U6 snRNP localization. We have therefore compared
the effects of the Lsm proteins, Lhplp, Prp24p and the
y-monomethyl cap on U6 localization in Saccharomyces
cerevisiae.

MATERIALS AND METHODS
Yeast strains and plasmids

The yeast strains used in this study are listed in Table 1.
Yeast strains were grown in YPDA, YPGalA or YMM
medium as required. To create strains MPS3 and MPSS5,
genomic LSM8 was 13myc-tagged by homologous
recombination, using PCR product amplified from the
plasmid pFA6a-13myc-hphMX6 [modified from pFA6a-
13myc-kanM X6 (20)]. Amplified DNA contained the last
45 base pairs of LSMS8 coding sequence, 13 copies of the
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Table 1 Yeast strains used in this work

Strain Genotype

AEMY20° MATa, ade2-1, his3 A 200, leu2-3, -112, trpl-1,
ura3-1, canl-100, Ism6 /\ ::HIS3

AEMY21° MATa, ade2-1, his3 /200, leu2-3, -112, trpl-1,
ura3-1, canl-100, Ism7 N\ ::HIS3

AEMY25° MATa, ade2-1, his3 /200, leu2-3, -112, trpl-1,

ura3-1, canl-100, Ismi1 /A ::TRPI

MATa, ade2-1, his3-11,-15, leu2-3, -112,
trpl A, wura3-1, Ism3A::TRPI [pAEM64
(Pgar-HA-LSM3, URA, CEN4, ARS1)]
MATa, ade2-1, his3-11,-15, leu2-3, -112,
trpl A, wra3-1, Ism2A::HIS3 [pAEM68
(Pgar-LSM2-HA, URA, CEN4, ARSI)]

AEMY3I (16)

AEMY33 (16)

AEMY45® MATa, ade2-1, his3-11,-15, leu2-3, -112,
trpl A, ura3-1, Ism8A::TRPI [pAEM76
(Pgar-HA-LSMS8, URA, CEN4, ARSI)]

AEMY48® MATa, ade2-1, his3-11,-15, leu2-3, -112,
trpl A, wura3-1, Ism5A::TRPI [pAEMT75
(Pgar-HA-LSMS, URA, CEN4, ARS1)]

BMA38a MATa, trpl A1, his3 A 200, ura3-1, leu2-3,-112,

ade2-1, canl-100

MATa, ade2, arg4, leu2-3,-112, trpl-289, ura3-
52, snr6::ADE2 [pBS1191 (CEN-URA3-
SNRG6)]

BSYS557 (42)

MCY4 (43) MATa, adel-101, his3-1, leu2-3,-112, trpl-289,
ura3-52, LEU2-Pg 45 ;-LSM4

MPS3* MATa, trpl A1, his3 A 200, ura3-1, leu2-3,-112,
ade2-1, canl-100, LSMS:13myc-HphM X6

MPS5* MATa, ade2-1, his3 A\ 200, leu2-3, -112, trpl-1,
ura3-1, canl-100, Ism6 A ::HIS3, LSM8:13myc-
HphMX6

MPS30* MATa, trpl A1, his3 /200, ura3-1, leu2-3,-112,
ade2-1, canl-100, PG, ;-GST-PRP24-HIS3

MPS70* As BSYS557 but with pBSI1191 replaced by

pRS314-539H6-5'A11 (22)
MATa, rsll-1/kap95, rnal-1, ade2, ade3, leu2,
ura3 [pPS714(RNAI)]

PSYS$71 (44)

PSY1102¢ MATa, rsll-3/kap95, ura3-52, leu2Al, trplA63
PSY580° MATa, ura3-52, leu2Al, trplA63
YCA3S5 (28) MATa, trpl, his3A200, wura3-52, gal2,

gal A 108, lhpl::KI URA

aThis work; "A.E. Mayes and Beggs, unpublished, UK; °P. Silver

c-myc epitope, hygromycin resistance (Hph), and 45 base
pairs of downstream sequence. DNA was introduced into
BMA38a or mutant strain and transformants selected on
YPDA containing Hygromycin at 300 ug/ml. To produce
pMPS2 and pMPS8, that encode GFP fused to Lhplp and
Lsm8p respectively, the LHPI or LSM$§ coding sequence
was inserted into pGFP-N-FUS (Pypr-GFP- MCS-
CYCITERM, URA3, CENI) (21) in frame with the
GFP coding sequence. To create strain MPS70, plasmid
pRS314-539H6-5 411 (22), containing the SNR6 gene
with the first 11 nucleotides deleted, was introduced into
BSY557, and pBS1191, containing the wild-type SNR6
gene, was shuffled out by plating cells on 5-FOA medium.
To visualize Lhplp, LHPI was cloned into plasmid
pGFP-N-FUS (21), to produce pMPS2 that encodes
GFP-tagged Lhplp.

Fluorescent in situ hybridization

The sequence of the U6 snRNA probe (U6A) was
5GATCATCTCTGTATTGTTTCAAATTGACCAAA

TGTCCACGAAGGGTT, with a single fluorescein mole-
cule at the 3 end. Oligonucleotide probes for the Ul
snRNA were labelled with a single fluorescein attached to
the 5 end and had the sequences 5-ACACCAATTTG
AATTTGGGTGTCAAACTTCTCCAGGCAGAAGAA
ACAAAGGGCCCCAAAAATCAGTTTAA (UI-1)
and 5Y-AATCTCCGTCAAAAACTAAAATGGCACGC
TAGAGAAAAGTAGTCAAAAAGAATGCCTCTAC
AAAG (Ul-2). The sequence of the U4 probe was
GACGGTCTGGTTTATAATTAAATTTC, with a Cy3
label at its 3’ end. Preparation of cells for FISH was
performed essentially as described (23,24). Briefly, yeast
cells in logarithmic phase in liquid YPDA were fixed for
40 min in 4% formaldehyde and spheroplasted for 30 min
with Lyticase in buffer B (0.1 M potassium phosphate
pH 7.4, 1.2M sorbitol). Spheroplasted cells were then
probed with fluorescently-labelled oligonucleotide(s),
stained with 4’,6’-diamidino-2-phenylindole (DAPI), and
imaged as described below.

Immunofluorescence

Yeast cells grown to logarithmic phase in liquid
YPDA were fixed in 4% formaldehyde and spheroplasted
as above. Spheroplasted cells were incubated with
anti-myc antibody (Santa Cruz Biotechnology) overnight
in buffer B containing 5% milk, and then for 2h with
FITC-conjugated donkey anti-mouse antibody (Jackson
Immuno-Research). Vectashield mounting medium with
DAPI (Vector Labs) was added prior to imaging.

GFP imaging

GFP fluorescence was detected in log-phase yeast cells
grown in liquid medium.

Image capture

Cells were viewed using a Leica FW400 microscope
(Leica) and imaging was performed essentially as
described previously (24,25). Images were captured using
LeicaFW4000 software (Leica) with a CoolSNAP HQ
cooled CCD camera (Roper Scientific). When images were
restored, a three-dimensional data set, composed of 20
images separated by 200nm in the axial direction, was
acquired and deconvolved with an acquired point spread
function (PSF) using Leica Deblur software (Leica).

RESULTS AND DISCUSSION

Lsm proteins are required for nuclear accumulation of U6
snRNA

Lsm proteins are involved in the processing and/or
turnover of most, if not all, RNAs in eukaryotes (26,27).
There are eight Lsm proteins in budding yeast. The
heteroheptameric Lsm1-7 complex is cytoplasmic, inter-
acts with proteins involved in mRNA turnover, and
promotes mRNA decapping and decay (26). The Lsm2-8
complex is nuclear and, in addition to its effects on the
U6 snRNA, it has been implicated in the processing
of pre-tRNAs (28), pre-snoRNAs (29) and pre-rRNAs
(30) and in the turnover of pre-mRNAs (31).



Saccharomyces cerevisiae strains lacking Lsm1p, Lsm6p
or Lsm7p are viable at 30°C but not at 37°C. Therefore,
fluorescent in situ hybridization (FISH) was carried out on
strains carrying an IsmlA, Ism6A4 or Ism74 mutation
(AEMY25, AEMY20 and AEMY21, respectively), as well
as the wild-type control (BMA38a) grown at 30°C. In
wild-type and IsmiA cells, U6 snRNA was exclusively
nuclear (Figure 1A and B). In contrast, U6 snRNA was
detected in both the nucleus and cytoplasm in /sm64 and
Ism7A cells (Figure 1C and D). The U6 localization defect
was more severe when the Ism6A and Ism74 cells were
shifted to 37°C for 2.5h prior to performing FISH
(Figure 1E-G). Thus Lsm6p and Lsm7p, but not the
cytoplasmic Lsmlp, are required for normal nuclear
accumulation of the U6 snRNA. To confirm that the U6
mis-localization phenotype in /sm64 cells was due to the
absence of Lsm6p, the Ism6A4 strain AEMY20 was
transformed with plasmid pAEMG61, which contains
LSM6 expressed under control of the GALI promoter,
or with empty vector as a control. Growth of these strains
on galactose-containing medium confirmed that produc-
tion of Lsm6p from pAEMG6!1 suppressed the Ilsm64
growth defect (data not shown) as well as the U6 mis-
localization (Figure 1H and I).

Ism6A
Ism6A + pLSM6

Lsm8p-
Wild-type depleted
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To determine whether the essential Lsm8p was required
for U6 localization, strain AEMY45 was used, in which
LSMS8 is under the control of a galactose-inducible
promoter. AEMY45 cells were grown in galactose
medium (YPGalA) then shifted to repressing medium
(YPDA) for 12 h, which is long enough to deplete Lsm8p
but not long enough to cause major degradation of
U6 snRNA (ref 16 and data not shown). The U6
signal was detected throughout the Lsm8-depleted cells
(Figure 1J and K). Furthermore, similar depletion of
the essential Lsm2, Lsm3, Lsm4 or Lsm5 proteins
also resulted in delocalization of the U6 snRNA
(Supplementary data Figure S1). Thus, although
Lsm8p, as the only Lsm protein that is nuclear restricted
might conceivably have been responsible by itself
for U6 nuclear accumulation, we conclude that the
complete Lsm2-8 complex is required. These results
also show that the nuclear accumulation of U6
snRNA is not due to the lack of a nuclear export signal
in the RNA.

To test whether the defect in U6 localization seen in the
absence of Lsm proteins is specific or reflects the mis-
localization of small RNAs in general, the localization of
two other snRNAs, Ul and U4, was investigated. The Ul

Ism6A Ismm

Lsm8p-

Wild-type Ism64A depleted

|E
U1

Wild-type

Figure 1. U6 snRNA is delocalized in Lsm6-, Lsm7- and Lsm8-deficient cells. (A—G) U6 snRNA localization was examined in several /sm knockout
strains. (A) wild-type cells (BMA38a), (B) IsmlA4 cells (AEMY25), (C) Ism64 cells (AEMY20) and (D) Ism74 cells (AEMY21) were grown at 30°C,
fixed and hybridized with fluorescein-labelled U6A oligonucleotide at 37°C. Nuclei were visualized with DAPI. (E) wild-type (BMA38a), (F) Ism64
(AEMY?20) and (G) Ism74 (AEMY?21) cells were incubated at 37°C for 2.5h prior to fixation and staining as above. (H-I) Production of Lsm6p
rescues the /sm6A-associated defect in U6 localization. Ism64 cells carrying (H) YCpIF16 (empty vector) or (I) pAEM61 (plasmid carrying LSM6
under control of the GALI promoter) were grown in galactose medium to mid-log phase and prepared for in situ hybridization with the U6 probe as
above. (J and K) U6 snRNA is delocalized upon depletion of Lsm8p. U6 localization was examined in (J) wild-type (BMA38a) and (K) AEMY45, in
which LSMS$ is under the control of the GALI promoter, enabling depletion of Lsm8p in glucose medium. Cells were grown in YPGalA and then
shifted to YPDA for 12h. (L-N) Ul localization in Lsm8-depleted strains. Ul localization was investigated using Ul-1 and UI-2 probes
simultaneously. (L) wild type (BMA38a), (M) lsm64 (AEMY20) and (N) Lsm8p-depleted cells (AEMY45). To improve the clarity of the LsmS8-
depletion results, brightness was slightly increased in Photoshop. Scale bar, 10 um.
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snRNA has been shown to pass through the cytoplasm
during its biogenesis in Xenopus laevis oocytes, although
whether this nuclear export/re-import cycle is conserved in
yeast is not currently known. Mature Ul does not interact
with the Lsm proteins, rather it binds the Sm protein
complex, which is required for Ul nuclear import in
metazoa. Indeed, FISH showed that the nuclear localiza-
tion of Ul snRINA was unaffected in Lsm-deficient strains,
(Figure 1L-N). Mature U4 snRNA is also Sm-associated
and under normal conditions is almost entirely associated
with the U6 snRINA, either in the U4/U6 di-snRNP, or the
U4/U6.U5 tri-snRNP. No difference in U4 localization
was observed in wild-type and Ism6A4 cells (data not
shown, the FISH signal for U4 was weak), indicating that
the cytoplasmic U6 observed in Lsm-deficient strains is
probably not associated with U4 snRNA. Thus the U6
localization defect observed in Lsm-deficient strains is
specific to U6 and is not due to a general ‘leakage’ of
RNAs out of the nucleus.

Lsm4p has been shown to co-precipitate some U6
snRNA from splicing extracts prepared from Ism64 or
Ism74 cells, indicating that not all members of the Lsm2-8
complex are absolutely required for binding to U6 snRNA
(32), but that its affinity for RNA in the absence of one
of these subunits may be reduced. However, it is not
known whether this Lsm4-associated U6 snRNA is of
nuclear or cytoplasmic origin. To address the question of
whether in Ism64 cells mis-localized U6 is bound by the
remaining members of the Lsm2-8 complex, the localiza-
tion of 13myc-tagged Lsm8p was analysed in an [sm64
strain (MPS5) and a wild-type control (MPS3) (Figure 2A
and B). In Ism64 cells, Lsm8p remained nuclear, as in
wild-type cells, indicating that there is not a significant
amount of Lsm8p associated with the cytoplasmic U6.
This result indicates that even though LsmS8p is able to
accumulate in the nucleus in the absence of Lsm6p, the
weak or transient interaction of a partial Lsm complex
lacking Lsm6p does not support efficient U6 snRNA
accumulation in the nucleus although it does support
cell viability. This also points more towards inefficient
nuclear retention than inefficient nuclear uptake of U6
snRNA bound by incomplete Lsm complex. Similarly, the
nuclear localization of Lhplp was unaffected by /Ism64
(data not shown).

La/Lhp1p has a smaller, probably indirect effect on U6
localization

La/Lhpl protein associates with nascent RNA polymerase
IIT transcripts. It binds transiently to the uridine-rich
3’end of newly transcribed U6 snRNA that has a 3’ OH
but, unlike the Lsm2-8 proteins, it does not bind to the
mature U6 snRNA that has a 3’ terminal phosphate (33).
La/Lhpl is thought to have a chaperone-like function,
facilitating correct RNA folding and/or RNP formation.
It has been proposed (14) that Lhplp hands the U6 RNA
on to the Lsm2-8p complex. Despite the many functions
of the LHPI gene, its deletion in S. cerevisiae is not lethal,
and causes no growth defect at any temperature.
However, [hplA is synthetic lethal with the temperature-
sensitive mutation /sm8-1 (14), suggesting a functional

Wild-type Ism6A

-

Figure 2. Localization of Lsm8p in an Lsmo-deficient strain.
Localization of Lsm8p in (A) wild-type (MPS3) and (B) Ism64
(MPS5) cells. Lsm8p was tagged with the 13-myc epitope, and was
detected with mouse anti-myc antibodies. DNA was stained with
DAPI. Scale bar, 10 pm.

relationship between Lhplp and Lsm8p. FISH analysis
of an /hplA strain showed that U6 snRNA was mainly
nuclear (Figure 3B), although there was increased
cytoplasmic signal compared to wild-type cells
(Figure 3A). This apparent low level of cytoplasmic U6
in the /hplA strain could be explained by inefficient
association of newly transcribed U6 RNA with the Lsm
proteins in the absence of Lhplp, as the fraction of total
U6 RNA that co-precipitated with Lsm8p in an /iplA4 cell
extract was reduced compared to wild-type extract (data
not shown). This suggests that Lhplp affects U6 localiza-
tion only indirectly and supports the proposal that
La/Lhplp might function as a chaperone, facilitating U6
snRNP assembly (9,14). Recently, Fok et al. (34) reported
that human La, which is a nuclear phosphoprotein,
undergoes nucleocytoplasmic shuttling. Therefore, con-
ceivably La/Lhplp could hand on U6 snRNA to the Lsm
proteins either in the nucleus or in the cytoplasm.
However, in Xenopus oocytes, the nuclear import of U6
RNA injected into the cytoplasm was not dependent on
La (35); thus La most likely facilitates U6 snRNP
assembly in the nucleus.

Prp24p does not affect U6 localization

Prp24p is another U6-associated factor that might directly
or indirectly affect U6 localization. Prp24p interacts with
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Prp24-depleted

Wild-type U6 §'A11

Figure 3. U6 localization in Lhplp-depleted or Prp24p-depleted yeast and localization of 5 truncated U6 RNA. U6 localization was investigated in
(A) wild-type (BMA38a) and (B) /hpid (YCA3S5) cells grown at 30°C in YPDA; (C) wild-type (BMA38a) and (D) Prp24p-depleted cells (MPS30;
PRP24 under control of the GALI promoter; grown in YPDA for 10h); (E) wild-type (strain BSY557) and (F) U6 with 54 11 mutation (MPS70)

cells. Scale bar, 10 um.

the U4 and U6 snRNAs and has been proposed to
promote their annealing to form the U4/U6 di-snRNP
(36). FISH was performed with a strain containing a
Pg4r-regulated PRP24 after incubation in YPDA for 10h
to deplete Prp24p, and with a temperature-sensitive
prp24-1 strain following a shift to 37°C for 2h. No
change in U6 localization was observed in either
case, indicating that Prp24p is not involved in the
localization of the U6 snRNA (Figure 3C and D and
data not shown).

The U6 snRNA cap does not affect its localization

The spliceosomal snRNAs that are produced by RNA
polymerase II acquire a 7-methylguanosine 5 cap
co-transcriptionally. Although the cytoplasmic trafficking
of snRNAs has not been demonstrated in yeast, in
metazoan cells, the 7-methylguanosine cap contributes to
their nuclear export (1). Further methylation in the
cytoplasm produces the characteristic tri-methylguanosine
cap which is important for their re-import (2). In contrast,
the U6 snRNA has a single methyl group added to the 5
y—phosphate, which might contribute to its nuclear
retention. Intriguingly, Kwan et al. (22) showed that an
eleven nucleotide deletion at the 5’ end of the U6 gene
results in the transcript receiving a tri-methylguanosine
cap like the other snRINAs, despite still being transcribed
by RNA polymerase III. This ‘54 11° deletion does not
have any effect on cell growth, showing this mutant U6 to
be functional, but it is not known whether the Lsm
proteins bind the truncated U6 RNA. The localization of
U6 54 11 RNA was investigated in yeast strain MPS70
that lacks the genomic SNR6 and has the mutant 5’411
snr6 gene and flanking sequences on a plasmid (22). The
results (Figure 3E and F) show that deletion of the 5" end
of the U6 snRNA does not affect its localization. Thus,
it appears that the cap structure is not a specific
determinant of U6 nuclear localization in yeast, as seems
also to be the case in Xenopus oocytes (8).

Nuclear accumulation of Lsm8p and U6 snRINA is importin
[-dependent

RSLI (also known as KAP95) encodes the yeast homo-
logue of importin (karyopherin) B (37), which is required
for nuclear import of many nuclear proteins and, at
least in metazoa, also mediates nuclear import of the tri-
methylguanosine-capped snRNPs (38). To investigate
whether it is also essential for nuclear accumulation of
the U6 snRNP, wild-type and temperature-sensitive rs//
cells were grown at 30°C and then shifted to 37°C for 2 h,
and U6 localization was analysed by FISH (Figure 4).
In comparison to the nuclear localization of U6 in wild-
type yeast and in the karyopherin mutant at 30°C, the
mutant cells at 37°C showed significant delocalization of
U6 (Figure 4A—C), whereas localization of the nucleolar
U3 snRNA was unaffected (Figure 4D and E). To test the
dependence of Lsm&p localization on Rsllp, a GFP-Lsm8
fusion protein was used. In wild-type cells, GFP-Lsm§
showed nuclear accumulation at 30 and 37°C (Figure 4F
and G), whereas its nuclear accumulation was significantly
reduced in rs// cells at 30°C, and absent after 1 h at 37°C
(Figure 4H and I). In contrast, the rs// mutation did not
affect the nuclear localization of a GFP-Lhpl fusion
protein (Figure 4J-M). This is compatible with the report
(39) that in yeast the Sxml/KaplO8p karyopherin is
responsible for the nuclear import of Lhplp. Thus the
dependence of U6 snRNA nuclear accumulation on the
Rsll-import pathway most likely reflects the nuclear
uptake of the Lsm2-8 proteins by this pathway.

The results presented here show a role for all seven
components of the Lsm2-8 complex in the nuclear
accumulation of U6 snRNA, and indicate the involvement
of the full Lsm2-8 complex in this process. In contrast,
Lsm8p nuclear localization appears to be Lsmo6p-
independent and therefore not dependent on the forma-
tion of a complete Lsm2-8 complex, and Lsm8p does not
accumulate in the cytoplasm with U6 snRNA in the
absence of Lsm6p. As the Lsm2 to 8 proteins are also
involved in the processing of many other RNAs in the
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rsi1 30°C  rsi137°C
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GFP-Lsm8
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GFP-Lhp1

GFP-Lhp1 b)
bright field ( J

Figure 4. U6 snRNA and LsmS8p are delocalized in rsl nuclear import
mutant cells. (A-C) U6 localization was investigated in rs//-Its
(PSY871) cells at (A) 30°C or (B) shifted to the restrictive temperature
(37°C) for 2h or (C) in wild-type (WT) cells grown at 37°C. (D) rslI-1Its
cells were grown at permissive temperature (30°C) or (E) shifted to the
restrictive temperature (37°C) for 2h and U3 localization was tested to
control for nuclear integrity. (F-I) GFP-Lsm8p localization was
investigated in live rs//-3ts (PSY1102) or wild-type (PSY580) cells
carrying pMPS8 (encodes GFP-Lsm8) at (F,H) 30°C or (G,I) shifted to
the 37°C for 1h. (J-M) GFP-Lhplp localization was investigated in
live rs/1-3ts (PSY1102) or wild-type (PSY580) cells carrying pMPS2
(encodes GFP-Lhpl) grown at (J,L) 30°C or (K, M) shifted to the 37°C
for 2h. In the case of GFP-Lhplp, a bright field view is presented to
show the outline of the cells. Scale bar, 10 um.

nucleus (28-31), presumably these proteins can enter the
nucleus when not bound to RNA. Thus, the newly
transcribed U6 snRNA is most likely handed on by
Lhpl to the Lsm2-8 complex within the nucleus and
retained there.

If the 3" end of U6 snRNA that is bound by Lsm
proteins is effectively a nuclear retention sequence, its
deletion should result in escape of U6 snRNA to the
cytoplasm. Unfortunately, this cannot be directly tested
for yeast U6 in vivo, as this uridine-rich sequence is
important for correct termination of transcription by
RNA polymerase 111, and lack of association with the Lsm
proteins results in instability of the U6 snRNA (16,17).
Indeed, a 3’ end truncated U6 RNA that lacked this
sequence was found to be highly unstable when injected
into Xenopus oocyte nuclei. Nevertheless, a significant
fraction of the residual RNA was observed to leave the
nucleus, unlike full-length U6 RNA, suggesting that this
sequence was responsible for its nuclear retention (9).

Although Lsm proteins interact with many different
RNAs, these interactions are generally only transient, in
keeping with their proposed roles as RNA chaperones.
The fact that the spliceosomal U6 snRNA is an exception,
being stably associated with Lsm proteins, might be
explained, at least in part, by the need to retain the U6
snRNA in the nucleus in the absence of any other stably
U6-associated proteins. Recently, Takano et al. (40) and
Shaheen et al. (41) demonstrated that pre-tRNAs shuttle
between cytoplasm and nucleus during their biogenesis.
Thus, in S. cerevisiae there may be a general export of
RNA-polymerase-111-transcribed RNAs that are not
bound by nuclear retention factors.
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