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element implies a specialized chromatin structure
on the S.cerevisiae U6 RNA gene, SNR6
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ABSTRACT

The Saccharomyces cerevisiaeU6 RNA gene, SNRG, is
transcribed by RNA polymerase Il (Pol Ill), but lacks
theintragenic B block promoter element found in most
other Pol lll transcription units. Rather, the SNR6 B
block element is located 120 bp downstream of the
terminator. In contrast, the Schizosaccharomyces
pombe U6 RNA gene has an intragenic B block
sequence in a short intron. We show that the
S.pombeU6intron,wheninsertedinto SNR6,canfunc-
tionallyreplacethedownstream Bblock in vitrobut not
in vivo. The in vivo expression defect is caused by at
least three different effects of the insertion: (i) the
S.pombe intron is inefficiently spliced in
S.cerevisiae due to the short distance between the 5’
splice site and branchpoint; (ii) the S.pombe B block
sequence is suboptimal for S.cerevisiae; and (iii) a B
block does not function well within the context of the
SNR6intron, especially when the gene is present at its
normal chromosomal locus rather than on a plasmid.
This last observation suggests that the chromatin
structure of the SNR6 locus favors utilization of a
downstream B block element. We also provide evi-
dence that splicing of U6 RNA reduces its activity, pre-
sumably due to alterations in U6 RNA structure,
localization and/or assembly into the spliceosome.

INTRODUCTION

Eukaryotic RNA polymerase III (Pol III) transcribes genes that
code for short, untranslated RNAs, including transfer RNAs
(tRNAs), the 5S ribosomal RNA and U6 spliceosomal RNA.
All genes transcribed by Pol III appear to require binding of
transcription factor (TF) IIIB upstream of the coding region for
the initiation of RNA synthesis (1,2). A variety of promoter
structures have evolved to accomplish the task of recruiting
TFIIIB and, strikingly, many of these include intragenic ele-
ments. For example, promoters of tRNA genes consist of A
and B block intragenic elements, which are 11 or 12 bp

sequences that bind the six-subunit assembly factor TFIIIC.
The A block corresponds to the D loop of the tRNA, and lies
~20 bp downstream of the transcription start site. The B block
corresponds to the T loop of the tRNA and is located 30-90 bp
downstream of the A block, depending upon the length of the
extra loop and the presence or absence of an intron. The B
block is the high affinity binding site for TFIIIC, while the A
block positions the upstream portion of TFIIIC properly to
direct the placement of TFIIIB upstream of the transcription
start site via protein—protein interactions (2,3). The optimal
distance between the A and B blocks for TFIIIC binding and
in vitro transcription is 30-60 bp (4,5).

Several other types of Pol-III-transcribed genes contain A and
B block elements in their RNA coding regions, but
these sequences are sometimes removed from the transcript
by RNA processing. For example, in the Saccharomyces cere-
visiae RNase P RNA (RPRI) gene, the A and B blocks lie in a
leader region that is cleaved from the primary transcript (6). The
snR52 small nucleolar RNA gene appears to also have the A and
Bblock promoterelementsina 5’ leader (7). Inthe U6 RNA gene
from Schizosaccharomyces pombe and related fission yeasts (8—
10), a sequence that matches the B block consensus is found in a
pre-mRNA-typeintron (Figure 1). The intronis spliced outof the
primary transcript via the normal pre-mRNA splicing pathway
(11) to give mature U6 RNA (8,9). Presumably, these mechan-
isms have evolved to allow the utilization of intragenic promoter
sequences that are incompatible with efficient function of the
mature RNA.

The S.cerevisiae U6 RNA gene, SNR6, has a unique pro-
moter structure that includes an extragenic B block located
120 bp downstream of the transcription termination signal and
200 bp downstream of the A block [(12); Figure 1]. In addition,
SNR6 contains two upstream promoter elements: a consensus
TATA box 30 bp upstream of the start site and a stretch of
seven T residues between the TATA box and start site.
Although the TATA box strongly influences start site selec-
tion, it is dispensable for transcription in vivo, whereas the A
and B blocks are required for SNR6 expression in vivo (13,14).
The T7 stretch is also dispensable, except in the presence of
additional promoter mutations or in the absence of the non-
histone chromatin protein Nhp6 (15). Thus, SNR6 has a pro-
moter structure more similar to that of tRNA genes than to the
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Figure 1. Promoter structure of wild type and mutant alleles of SNR6. The wild-type S.cerevisiae U6 RNA gene, SNR6, is shown schematically at the top. The open
box represents U6 RNA coding sequence (+1 to +112) and black boxes represent promoter elements. The SPIN+B allele was created by inserting the 50 bp S.pombe
U6 intron, the non-template strand sequence of which is shown, between positions +58 and +59 of SNR6. The consensus splice elements and core B block motif of the
intron are underlined. (Note that the fourth intron nucleotide was mutated from A to T to match the S.cerevisiae 5' splice site consensus.) The SPIN—B allele is
truncated at position +235 (12). The SPIN alleles were modified by replacing 16 bp of the S.pombe U6 intron with 26 bp (+228 to +253) encompassing the SNR6
downstream B block (SCIN), or by addition of 9 bp between the branchpoint and 3’ splice site (+9). In a separate construct (SpDsB), SNR6 sequences +228 to +253

were replaced with the indicated sequence from the S.pombe intron.

entirely upstream promoters of the metazoan U6 RNA genes
(1). The large distance between the SNR6 A and B blocks is
surprising given that artificially increasing the spacing
between the A and B blocks of the tRNA-like adenovirus
VARNAI gene beyond 100 bp is known to greatly diminish
in vitro transcription activity and result in utilization of aber-
rant start sites (5). The steady-state level of U6 RNA in an
actively growing yeast cell is approximately 1000 to 2000
molecules per cell (16), which predicts that SNR6 is tran-
scribed at a high rate of at least once every 5 s during log
phase growth.

A previous attempt to functionally replace the SNR6 down-
stream B block with an intragenic B block promoter element
via site-directed mutagenesis had failed. The intragenic B
block was functional in vitro but not in vivo; only in the
presence of the downstream B block was transcript from
the mutant allele detected in cells (13). It is not clear whether
the intragenic B block failed to function in vivo because of
suboptimal sequences flanking the core consensus sequence,
or because of positional constraints on B block function in the
context of SNR6, perhaps due to chromatin structure, or both.
Furthermore, quantitation of the effects of the intragenic B
block mutation on promoter strength is complicated by the fact
that the product U6 RNA is apparently destabilized by the
mutations. Here we have further examined positional
constraints on SNR6 B block function by utilizing the
S.pombe U6 RNA gene intron as a donor of an intragenic
B block element. The S.pombe U6 intron contains consensus
S.cerevisiae splicing signals, and so is expected to be effi-
ciently removed from S.cerevisiae U6 RNA, as it is from
S.pombe U6 RNA. If this is the case, then the amount of mature
U6 RNA produced from the chimeric gene should accurately
reflect the transcriptional activity of the gene.

We show that when the S.pombe U6 RNA gene intron is
inserted into the analogous position of SNRG, it fully restores
in vitro transcription of an SNR6 allele lacking the downstream
B block, indicating that the S.pombe intron provides B block
function in S.cerevisiae extracts. However, the SNR6 allele
with only an intronic B block does not support viability in vivo,

both because the expression of pre-U6 RNA is very low and
because the S.pombe intron is not spliced out. The expression
defect is in part due to suboptimal recognition of the S.pombe
B block sequence, which we show is ~3-fold less efficient at
promoting SNR6 transcription when present in the downstream
location. The splicing defect is due to inadequate spacing
between the 5’ splice site and branchpoint. Substitution of
the S.pombe B block sequence with the S.cerevisiae SNR6
B block sequence and a consequent increase in the 5’ splice
site to branchpoint spacing rescues the lethality of the intron
insertion when the allele is on a low-copy plasmid, but not
when it is integrated into the chromosome at the SNR6 locus.
These results suggest that the in vivo chromatin structure of
SNR6 favors recognition of a downstream B block element
relative to an intragenic B block element. Furthermore, we
provide evidence that properly spliced U6 RNA is not as
functional as wild-type U6 RNA that has not been spliced,
which implies that acting as a splicing substrate alters the U6
RNA or U6 snRNP in some way.

MATERIALS AND METHODS
Plasmids

A DNA fragment containing the intron from the S.pombe U6
RNA gene was generated by PCR amplification of plasmid
pDW19, a kind gift from Claudia Reich and Jo Ann Wise (9).
The primer oligonucleotides SPIN-PCR 1 and SPIN-PCR 2
(see below) created Mbol and Alul restriction sites on the 5’
and 3’ ends of the intron fragment, respectively. In addition,
SPIN-PCR 1 also changed the fourth position of the intron to a
T to better match the S.cerevisiae consensus 5’ splice site. PCR
products were digested with Mbol and Alul and purified on a
6% polyacrylamide gel. Approximately 20 ng of digested
intron fragment was ligated with 150 ng of Bcll-digested
plasmid pEP6 [contains wild-type SNR6 gene; (17)] using 5
U of T4 DNA ligase (USB) for 4 h at 23°C. At this point, only
the Mbol site on the 5’ end of the intron fragment should have
ligated to the Bcll site of SNR6. The remaining Bcll-generated



5" overhang was removed by incubation of the DNA with 5 U
of S1 nuclease for 20 min or filled in by incubation with 4 U of
the Klenow fragment of DNA polymerase [ and the four deoxy-
nucleotides for 1 h to generate a blunt end for ligation to the
Alul-generated blunt end on the 3’ end of the intron. The
blunted DNA fragment was then ligated overnight using
10 U of T4 DNA ligase at 14°C. The Klenow treatment should
result in a duplication of 4 bp corresponding to the overhang of
the Bcll site. However, clones obtained in this manner did not
contain the 4 bp duplication, but rather contained the precise
intron insertion between positions 58 and 59 of the U6 RNA
gene. The resulting plasmid is called pEP6-SPIN.

The intron was transferred to SNR6 plasmid pCCs6 (12),
which is truncated at its 3’ end in the middle of the B block
consensus sequence and thus lacks a functional B block. The
Nrul-EcoNI fragment from pEP6-SPIN was ligated into
Nrul-EcoNI-digested pCCs6 to generate pCCs6-SPIN. To
create the SPIN49 intron, the sequence TTTGTTTCT was
inserted between positions 42 and 43 of the intron by site-
directed mutagenesis of pCCs6-SPIN using oligonucleotide
SPIN+9 as described previously (13). The SPIN+9 intron was
transferred into an SNR6 allele with the downstream B block
by ligating the EcoRI-EcoNI fragment from the appropriate
plasmid into EcoRI-EcoNI-digested pEP6-SPIN. The result-
ing plasmids have 120 bp of upstream SNR6 sequence instead
of the 539 bp of the pEP6 plasmid. SNR6 constructs contain-
ing 120 bp of upstream sequence are transcribed with the
same efficiency in vitro and in vivo as constructs containing
539 bp (12). For testing the in vivo functionality of the intron
containing constructs, the EcoRI-Sphl fragments from SNR6
plasmids were ligated into EcoRI-Sph I digested pSE358
[TRPI CEN4 ARSI; (18)]. High-copy derivatives of the
SPIN+B and SPIN+B+9 alleles of SNR6 were made by ligat-
ing the appropriate EcoRI-Pstl fragments into EcoRI-Pstl-
digested pRS424 [TRP1 2 ORI; (19)]. Several alleles were
created which contained insertions of DNA between the 5’
splice site and branch point consensus sequences by digesting
pRS424-EP6SPIN with Styl, filling in the 5 overhang with
T4 DNA polymerase and the four deoxynucleotides
and religation with or without BamHI linkers (New England
Biolabs).

The downstream B block of the S.cerevisiae SNR6 gene
was substituted with the S.pombe B block and 10 bp of
flanking sequence at either side by PCR, using pRS314-
539H6 (15) as the template and oligos U6-5EcoRI and
U6-SpDsB/Bam as primers. The EcoRI/BamHI-digested
PCR fragment was ligated to EcoRI/BamHI-digested
pRS314 [TRPI CEN6 ARSH4; (20)] to create pRS314-
SpDsB. pRS314-SCIN—-B (Figure 1) was constructed by
‘inverse’ PCR using pCCs6-SPIN as the template and oligos
ScB-SPIN1 and ScB-SPIN2 as primers. The PCR product was
digested by BstBI and self-ligated to give the pCCs6-SCIN
plasmid. The U6 allele in pCCs6-SCIN was amplified by PCR
using U6-5'EcoRI and U6-3'Pstl-B as primers and ligated to
EcoRI-Pstl-digested pRS314. pRS314-SCIN+B was con-
structed by the same procedure, except pEP6-SPIN was
used as the initial PCR template. Integrating plasmids
pRS306-SCIN—B and pRS306-SCIN+B were made by ligat-
ing the appropriate BamHI-EcoRI-digested fragments from
pRS314-SCIN—B and pRS314-SCIN+B into BamHI-EcoRI-
digested pRS306 (20).
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Oligonucleotides

The following oligonucleotides were used: SPIN-PCR 1,
5-GAGAAGATCGTATGTAACAAT; SPIN-PCR 2, 5'-CG-
AGCTAAACAACGAGTTAG, SPIN3; 5'-GTATGACTCG-
AACC, SPIN+9, 5'-GCTCTAAACAAAGAAACAAACGA-
GTTAGTATG; 6D, 5-AAAACGAAATAAATCTCTTTG;
U6-5'EcoR 1, 5-CGGAATTCTTCGGCTACTATAAATAAA,;
U6-SpDsB/Bam,  5-CGGGATCCGATAGGAGTTAGTAT-
GACTCGAACCTTGGTAAATTTTCTATTCGAGATGTTA;
ScB-SPIN1, 5-TCGCGTTCGAACCTAAGCCTTTGATAC-
TAACTCGTTGTTTAGAGCA; ScB-SPIN2, 5-TTAGGTT-
CGAACGCGAGACAATATTGTTACATACGATCATCTC;
U6-3'Pstl-B, 5'-AACTGCAGCGAGACAATTTTCTAT-
TCGA; Ul-SH, 5-CCGTATGTGTGTGTGACC.

In vitro transcription

In vitro transcription was carried out as described in (13) using
subcellular extract (21) and 100 ng of CsCl-gradient-purified
(22) plasmid DNA. The RNA products were run on 6% poly-
acrylamide, 8.3 M urea gels and the gels were exposed to
Kodak XAR-5 film with or without Cronex Lightning Plus
intensifying screens (DuPont). For primer extension analysis
of the in vitro synthesized pre-U6 RNA, transcription was
carried out as normal except that 50 mM GTP was added
and *?P-labeled GTP was omitted. The RNA products were
treated as usual except the final nucleic acid pellet was resus-
pended in 10 pl of 10 mM Tris—HCI, pH 8.0, 1 mM EDTA.
One microliter of the RNA was sequenced as described (13)
using a **P-labeled oligonucleotide SPIN3 (complementary to
positions 22 to 35 of the intron) and the cDNA products were
run on a 6% polyacrylamide, 8.3 M gel. The gel was exposed
to Kodak XRP-1 film for 16 h without an intensifying screen.

In vivo expression analysis

For the in vivo analysis, SNR6 alleles carried on pSE358 or
pRS314 were transformed into yeast strain DABO16 (12),
MWKO003 or MWKO027 (23) by the lithium acetate procedure
(24). All three strains have a LEU2-marked disruption of the
SNR6 locus, complemented by either a wild-type (DAB016) or
pseudo-wild-type [MWKO003, MWKO027; (25)] allele of SNR6
carried on the URA3-marked centromere plasmid YCp50. The
ability of the intron-containing alleles to function as the sole
copy of SNR6 in the cell was determined by the plasmid shuffle
assay (26), i.e. scoring for growth on medium containing
0.75 mg/ml of 5-fluoroorotic acid (5-FOA), which selects
for loss of the URA3-marked plasmid.

The SCIN4B and SCIN—B alleles were integrated at the
SNR6 locus by the ‘pop-in/pop-out’ procedure (27). A URA3-
marked integrating plasmid pRS306 (20) containing the
SCIN+B allele of SNR6 was linearized at the Nrul site and
transformed into a wild-type haploid yeast strain PJ43-2b
(MATo. trpl-1 wura3-52 canl-100 leu2-3,112 his3-11,15
ade2-1 met2-Al lys2-A2; kindly provided by Phil James),
while Nrul-cut pRS306-SCIN—B was transformed into strain
AKAO001. AKAOO1 is isogenic to PJ43-2b, except that it is
MATa and has the lethal ‘C4G’ mutation integrated at the
SNR6 downstream B block (23), which is complemented
with a pseudo-wild-type copy of SNR6 carried on the LYS2-
marked plasmid pRS317 [LYS2 CEN6 ARSH4; (28)].
After SCIN+B ‘pop-in’, the strain was transformed with
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pRS317-SNR6, followed by plating of both strains on medium
containing 5-FOA to select for loss of the URA3 gene along
with one of the two copies of chromosomal SNR6 by intra-
chromosomal homologous recombination (‘pop-out’). After
the ‘pop-out’, the LYS2-marked SNR6 plasmid was replaced
with a URA3-marked plasmid pRS316 [URA3 CEN6 ARSH4;
(20)] that contains a pseudo-wild-type copy of SNR6 with mini-
mal upstream and downstream sequences. The presence of the
mutant SNR6 alleles was confirmed by PCR amplification of the
genomic locus and direct sequencing of the PCR product.

Total cellular RNA was isolated using the guanidinium
thiocyanate method (29), including a 65°C phenol extraction.
Primer extension analysis (13) of 4 ug of total cellular RNA
was carried out using **P-labeled oligonucleotide 6D (com-
plementary to the 3’ end of U6 RNA) or SPIN3 (see above). In
the experiment shown in Figure 5, oligonucleotide U1-SH was
also included to measure the Ul RNA level for normalization.
The cDNA products were electrophoresed on 6% polyacryla-
mide, 8.3 M urea gels. The gels were exposed to film as
described for in vitro transcription, or visualized with a Phos-
phorlmager (Molecular Dynamics). Data were quantitated
with the Molecular Dynamics ImageQuant software.

RESULTS

The 50 bp S.pombe U6 RNA intron was inserted into SNR6
alleles that include or lack the downstream B block (Figure 1).
The resulting alleles are named SPIN+B (S.pombe
intron + downstream B block) and SPIN—B, respectively.
The intron position is identical in the S.pombe U6 gene and
the SNR6-SPIN alleles, relative to the conserved central core
of the U6 RNA (30). The fourth position of the intron was
changed from an A to a T to create a perfect match to the
S.cerevisiae 5' splice site consensus (Figure 1).

In vitro transcription of intron-containing
alleles of SNR6

The promoter activity of the SPINEB alleles was tested in vitro
with yeast subcellular extract. Wild-type SNR6 (Figure 2,
lanes 3 and 5) directs synthesis of two sets of transcripts:
full-length U6 RNA (112-115 nt) and downstream transcripts
~240 nt in length, which initiate downstream of the SNR6
terminator and terminate at position +420 (13). The down-
stream transcripts use the SNR6 B block as an intragenic ele-
ment, in conjunction with A-block-like sequences downstream
of the U6 RNA coding region. These transcripts are not
detected in vivo, presumably because the native chromatin
represses their formation. As expected, removal of most of
the downstream B block by 3’ truncation abolishes synthesis of
both U6 RNA and the downstream transcripts (Figure 2, lane
4). Both the SPIN—B (lane 6) and SPIN+B (lane 7) alleles
produce three major sets of transcripts that are ~160-165,
150-155 and 140 nt long. The 160—-165 nt transcripts corres-
pond in size to full-length pre-U6 RNA (intron-containing U6
RNA), which is expected to be 162—-166 nt long if the normal
SNR6 initiation and termination sites are utilized. Primer
extension analysis with an intron-specific oligonucleotide
revealed that the transcripts produced in vitro all initiate at
the normal +1 position (data not shown), indicating that the
bands below the 160-165 nt band are probably 3’ degradation
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Figure 2. In vitro transcription of SNR6—SPIN alleles. Transcription in yeast
subcellular extract was carried out as described in Materials and Methods using
100 ng of plasmid DNA per reaction, and the products were resolved on a
denaturing polyacrylamide gel. Positions of U6 RNA, pre-U6 RNA and
downstream transcripts are indicated on the left. The presence (+) or
absence (—) of the intact SNR6 downstream B block and the S.pombe U6
RNA gene intron (SPIN) is indicated above each lane. Lane 1 contains the
products of a reaction with no added plasmid DNA. The following plasmids
were used: lane 2, pUC118; lane 3, p-539H6; lane 4, pCCs6; lane 5, pEP6; lane
6, pCCs6-SPIN; lane 7, pEP6-SPIN. Lane 8 contains 32p_Jabeled Mspl cut
pBR322 markers. The size of the markers (in nucleotides) is indicated on
the right.

products of full-length pre-U6 RNA. The 3’ degradation pro-
ducts of wild-type U6 RNA are also observed when long
incubation times are used (13). No transcripts corresponding
in length to properly spliced product were detected in vitro, but
the subcellular extract is not known to be active for pre-mRNA
splicing.

The SPIN—B allele produces no downstream transcripts, and
makes several times more pre-U6 RNA than the SPIN+B
allele (compare lanes 6 and 7). The decreased synthesis of
pre-U6 RNA in the presence of the downstream B block is
almost certainly a result of competition between the two B
blocks for TFIIIC. The fact that approximately equal amounts
of downstream transcripts are produced in the presence and
absence of the S.pombe intron suggests that the downstream
SNR6 B block binds TFIIIC more strongly than the intron B
block. This notion is supported by in vitro DNase I footprinting
data, which show that the SPIN—B allele is a poor competitor for
the downstream B block footprint on SNR6 [(13); V. L. Gerlach
andD. A. Brow, unpublished data]. Thus, the S.pombe U6 intron
provides strong B block function in vitro, but may compete
poorly with the downstream B block for TFIIIC.

In vivo expression of intron-containing SNR6 alleles

We tested if the intron-containing alleles of SNR6 are also well
transcribed in vivo, and if so, whether the S.pombe intron is



spliced out of pre-U6 RNA in S.cerevisiae. The SPIN—B and
SPIN+B alleles on yeast centromere plasmids were introduced
into a yeast strain in which the chromosomal SNR6 locus is
disrupted and wild-type SNR6 is carried on a URA3-marked
plasmid. Transformants were plated on medium containing
5-FOA to select for loss of the URA3 plasmid. After 4 days
of incubation at 30°C no colonies arose in the SPIN—B and
SPIN+B sectors, indicating that neither of the SPIN alleles is
able to function as the sole copy of SNR6. RNA was examined
from the strains containing both wild-type SNR6 and either
of the SPIN alleles by primer extension using a >P-labeled
oligonucleotide complementary to the 3’ end of U6 RNA. This
analysis revealed that total cellular RNA from SPIN+B and
SPIN—B strains contains low amounts of a transcript of the
expected size of pre-U6 RNA (Figure 3A, lanes 6 and 7).
Interestingly, the SPIN+B allele makes much more pre-U6
RNA than the SPIN—B allele, in contrast to what was seen
in vitro. This indicates that the intron B block is poorly utilized
in vivo. To verify the identity of pre-U6 RNA, primer exten-
sion sequencing was carried out using an oligonucleotide com-
plementary to positions 22 to 35 of the intron sequence. The
pre-U6 RNA transcript produced by the SPIN—B and SPIN+B
alleles initiates properly at +1 of SNR6 (Figure 3B).

To determine if any of the pre-U6 RNA that is made is
properly spliced, the SPIN+B allele on either a low-copy cen-
tromere plasmid or a high-copy plasmid with a 2 um origin
was introduced into a strain that carries a pseudo-wild-type U6
RNA gene as its sole functional copy of SNR6. The pseudo-
wild-type U6 gene makes an RNA that is 13 nt shorter at its 5’
end than wild-type U6 RNA (25). This RNA can be distin-
guished from full-length spliced U6 RNA in a primer exten-
sion reaction when an oligonucleotide complementary to the
3’ end of U6 RNA is used. Little or no spliced U6 RNA is
detected in cells carrying the SPIN+B allele on a low-copy
centromere plasmid (Figure 4, lane 3). Expression of pre-U6
RNA from a 2 wm plasmid is ~15-fold higher than from a
centromere plasmid, yet only a faint band corresponding in
size to mature U6 RNA can be seen (Figure 4, lane 5). Thus, it
appears that the pre-U6 RNA produced from the SPIN+B
allele is spliced very inefficiently, if at all, in vivo. Conse-
quently, the low level of pre-U6 RNA that accumulates from
the SPIN+B allele must reflect either decreased transcription
due to the intron insertion or rapid degradation of the unspliced
pre-U6RNA (or some combination thereof').

Increasing the distance between the 5’ splice site and
branchpoint sequences facilitates splicing of
pre-U6 RNA in S.cerevisiae

Given that the S.pombe U6 intron contains consensus
S.cerevisiae splice signals, we hypothesized that the lack of
splicing of the SPIN+B transcript in S.cerevisiae is due to the
close spacing of these elements. The shortest known
S.cerevisiae intron is the 52 nt intron 2 of MATal (31),
which has 42 nt from the 5’ splice site through branchpoint
A residue (lariat length) and 10 nt between the branchpoint A
and the 3’ splice site (tail length). Reduction of the lariat length
to 37 nt has been shown to inactivate splicing of MATal intron
1 (32). The S.pombe U6 intron has a 38 nt lariat length and 12 nt
tail length. Therefore, the lack of splicing of this intron is most
likely due to inadequate spacing between the 5 splice site and
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Figure 3. In vivo expression of SNR6-SPIN alleles. Primer extension analysis of
total cellular RNA from strains containing SNR6—-SPIN alleles (or a wild-type
control) on a TRPI-marked centromere plasmid and wild-type SNR6 on a
URA3-marked centromere plasmid. (A) Primer extension was done using
32p_labeled oligonucleotide 6D (complementary to the 3’ end of U6 RNA)
and the resulting cDNA products were run on a denaturing 6%
polyacrylamide gel. Lanes 14 (U, G, C, A) represent a sequencing ladder
generated from the RNA used in lane 6. Lanes 5-7 show cDNAs from
strains with the indicated alleles on the TRP/ plasmid. The positions of pre-
U6 and U6 cDNAs are indicated on the right. (B) Primer extension was done
using *?P-labeled oligonucleotide SPIN3 (complementary to positions 22 to 35
of the S.pombe U6 intron) and the resulting cDNA products were run on a
denaturing 6% polyacrylamide gel. Lanes 1-4 (U, G, C, A) represent a
sequencing ladder generated from the RNA used in lane 7. Lanes 5-10
show cDNAs from duplicate RNA preparations from strains containing the
indicated alleles on the TRPI centromere plasmid. The position of pre-U6
c¢DNA is indicated on the right.

branchpoint. Consistent with this expectation, insertion of
the sequence TTTGTTTCT between the branchpoint and
3’ splice site of the U6 intron (SPIN+9 allele) did not improve
splicing (Figure 4, lanes 4 and 6). Unexpectedly, this mutation
resulted in a greatly decreased level of pre-U6 RNA.
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Figure 4. Inefficient splicing of SPIN pre-U6 RNA in vivo. Primer extension
analysis of total cellular RNA from strains containing SNR6—SPIN+B alleles on
low-copy-number or high-copy-number plasmids. Primer extension was done
using **P-labeled oligonucleotide 6D (complementary to the 3’ end of U6 RNA)
and the resulting cDNA products were run on a denaturing 6% polyacrylamide
gel. The positions of pre-U6, U6 and W-WT U6 cDNAs are indicated on the
right. Lane 1, RNA from a strain containing only wild-type (WT) SNR6 on a
centromere plasmid. Lane 2, RNA from a strain containing only pseudo-wild-
type (W-WT) SNR6 on a centromere plasmid. Lanes 3-6, RNA from strains
containing ¥-WT SNR6 on a centromere plasmid and SNR6—SPIN+B (lanes 3
and 5) or SNR6—SPIN+B+9 (lanes 4 and 6) on a TRPI-marked centromere
(lanes 3 and 4) or 2 um (lanes 5 and 6) plasmid.

To determine if increasing the lariat length would increase
the splicing efficiency, insertions of 4 or 12 bp were made at a
unique Styl restriction site immediately upstream of the intron
B block in the SPIN+B allele. The 4 nt insertion strongly
enhanced splicing of the pre-U6 RNA, resulting in ~40%
spliced U6 RNA, while the 12 nt insertion resulted in
>90% splicing efficiency (data not shown, but see below).
Thus, the splicing defect of the S.pombe U6 gene intron in
S.cerevisiae can be corrected by increasing the 5 splice site to
branchpoint spacing.

Sequence dependence and position dependence of
SNRG6 B block function

The fact that the S.pombe B block competes poorly for TFIIIC
in vitro (see above) suggests that it may not have the optimal
sequence for binding to S.cerevisiae TFIIIC. Indeed, when we
replaced 26 bp encompassing the SNR6 downstream B block
(+228 to +253) with the equivalent 26 bp from the S.pombe U6
intron (‘SpDsB’ in Figure 1), the transcription efficiency of
SNR6 decreased ~3-fold in vivo (Figure 5A and B, lane 4). In
an attempt to increase both the splicing efficiency of the
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Figure 5. In vivo expression levels and function of plasmid-borne and
integrated SNR6—SCIN alleles. (A) Primer extension analysis of U6 and Ul
(internal control) RNA levels in strains transformed with SNR6—SpDsB and
SNR6-SCIN constructs. A URA3-marked centromere plasmid bearing the
pseudo-wild-type (W-WT) SNR6 allele was present (+) or absent (—) as
indicated. The allele of SNR6 present on a TRPI-marked centromere
plasmid (lanes 2-8) or integrated (int.) at the SNR6 locus (lanes 9 and 10) is
listed above each lane. The position of pre-U6, U6, W-WT U6 and Ul cDNAs
are indicated on the right. (B). Relative U6 RNA levels in the strains described
in (A). The sample numbers below each bar correspond to the lanes of the gel in
(A). The number of determinations for each sample is indicated. Error bars
denote standard deviation, except for samples 9 and 10, where they denote the
range. Pre-U6 RNA was not included in the quantitation, as it accounted for
<5% of the total U6 RNA. The ratio of U6 to U1 in each sample was normalized
to the U6/UL ratio in sample #3 (WT + W-WT). (C) Growth phenotypes of
strains bearing mutant SNR6 alleles on a TRP/-marked centromere plasmid.
Cells were grown overnight in trp media before spotting on medium containing
5-FOA to select for loss of the W-WT U6 gene. Spotted left to right are 10 pl
aliquots of successive 10-fold dilutions of an Agyy = 10 suspension of cells.
Plates were incubated at 30°C for 3 days. The TRP! plasmid-borne alleles of
SNR6 are indicated on the right. The control strain has a TRP/ plasmid without a
SNR6 allele.
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TFIHIC, we replaced the 9 bp B block core and 7 bp of
upstream sequence with base pairs +228 to +253 of SNR6
(‘SCIN’ in Figure 1). This substitution increases the distance
between the 5’ splice site and branchpoint sequence by 10 bp,
and so should result in efficient splicing. Furthermore, it con-
tains the S.cerevisiae B block and flanking sequences pro-
tected from DNase I by TFIIIC binding (13), and so should
bind TFIIIC as efficiently as the downstream B block, if acces-
sible. We call this mutant form of the S.pombe U6 intron
‘SCIN’, which stands for S.cerevisiae intron, and we generated
both SCIN+B and SCIN—B alleles, which include or lack the
wild-type downstream B block, respectively.

Plasmid shuffle analysis showed that both the SCIN+B and
SCIN—B alleles complement the SNR6 disruption when car-
ried on a centromere plasmid, indicating that they produce
sufficient spliced U6 RNA to support life (Figure 5C). How-
ever, the viability of SCIN+B and SCIN—B strains is low
relative to strains with wild-type SNR6, or with the
S.pombe B block in a downstream location (Figure 5C). We
performed primer extension analysis of total cellular RNA
from strains that contain both a pseudo-wild-type U6 gene
and either a SCIN+B or SCIN—B allele on low-copy plasmids,
as well as strains picked from 5-FOA plates that contain the
SCIN+B or SCIN—B allele as their sole source of U6 RNA. In
the heterozygous strains, both the SCIN+B and SCIN—-B
alleles are expressed at a 3-fold lower level than wild-type
U6 RNA (Figure SA and B, lanes 5 and 6). The very low level
of pre-U6 RNA that is observed (<5% of total U6) suggests
that the expression defect is due to decreased transcription
rather than inefficient splicing. Interestingly, the downstream
B block appears to be completely inactive in this context, as its
presence has no effect on the U6 RNA level.

Surprisingly, when the SCIN+B or SCIN—B allele is the
only SNR6 allele in the cell, the level of U6 RNA is ~1.5-fold
higher than wild type. This finding suggests that there is strong
selection for increased copy number of the SCIN plasmids
when pseudo-wild-type U6 RNA is not present, a conclusion
consistent with the slow growth of the strains bearing a SCIN
allele as their only copy of SNR6 (Figure 5C). However, our
past experience with B block point mutants (23) indicates that
such selection normally takes place only when U6 RNA levels
fall below ~25% of wild-type levels. Therefore, the high level
of SCIN+B- and SCIN—B-derived U6 RNA in the strains
lacking pseudo-wild-type U6 suggests that spliced U6
RNA has significantly reduced function relative to wild-
type U6 RNA.

Integration of the SCIN alleles into the SNR6 locus
impairs their expression

To prevent changes in gene dosage from influencing the level
of U6 RNA expression from the SCIN alleles, and to assure
that the alleles are present in the context of native SNR6
chromatin, we integrated the SCIN alleles at the SNR6
locus on chromosome XII. To generate the integrated
SCIN—B allele, we used a yeast strain with a single lethal
point mutation in the chromosomal SNR6 downstream B block
as the recipient. This point mutation, C4G, reduces B block
function ~50-fold in vivo (23). Neither the SCIN+B nor
SCIN—-B integrant strain is viable in the absence of a
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functional SNR6 allele on a plasmid, consistent with our
conclusion that increased gene dosage is required to
make adequate amounts of U6 RNA from the SCIN alleles.
Surprisingly, the integrated SCIN alleles produce only 11-12%
of the wild-type level of U6 RNA (Figure 5A and B, lanes 9
and 10). These results indicate that the SNR6 downstream
B block element cannot function efficiently from an intronic
location in the context of native chromatin, and that promoter
activity cannot be rescued by an additional B block in the
conventional downstream location, perhaps because of the
increased distance from the A block caused by the intron
insertion. The 3-fold lower level of SNR6—SCIN expression
from the chromosome than from a centromere plasmid in the
presence of pseudo-wild-type U6 RNA suggests either that
there is some selection for increased copy number even when
pseudo-wild-type U6 is available, or that the chromatin
structure on the plasmid is more permissive to intronic
B block function than is the chromatin structure at the chromo-
somal SNR6 locus.

DISCUSSION

Our impetus for inserting the S.pombe intron into the
S.cerevisiae U6 RNA gene, SNR6, was to determine the effect
of moving the SNR6 B block from its unique downstream
location to a conventional intragenic location. Several mod-
ifications of our initial constructs were required before we
could address this issue. First, the 5" splice site to branchpoint
distance had to be increased to allow efficient removal of the
intron from pre-U6 RNA. This was necessary to assure that the
steady-state level of U6 RNA accurately reflects the rate of
transcription of SNR6. Second, the S.pombe B block element
had to be replaced with the S.cerevisiae SNR6 B block
sequence, so that B block function would be altered only
by the change in location, and not the sequence specificity
of TFIIIC binding. Third, it was necessary to integrate the
mutant alleles at the SNR6 locus to control copy number
and provide a native chromatin environment. When all of
these modifications are made, we find that an intronic B
block is utilized ~9-fold less efficiently than a downstream
B block in the context of the SNR6 locus. Furthermore, while
the addition of a downstream B block did stimulate transcrip-
tion of a plasmid-borne construct with the S.pombe intronic B
block sequence (SPIN+B; Figure 3), it did not do so either for
plasmid-borne or integrated alleles containing the S.cerevisiae
B block sequence in the intron (SCIN+B; Figure 5).

The most likely explanation for decreased SNR6 B block
function in the intronic location is the presence of a chromatin
structure that prevents access of TFIIIC to the promoter ele-
ment. Chromatin footprinting studies detected a protected
region of ~90 bp centered on the terminator of SNR6
(33,34). This protection is presumably due to a protein com-
plex that may also bind to the SCIN alleles and occlude the
intronic B block. While the identity of the factor(s) that protect
the DNA from nuclease cleavage in this region is unknown, it
is known that the non-histone chromatin protein Nhp6 is
important for efficient SNR6 transcription (15,35,36). As an
HMG-box protein, Nhp6 may either bind directly to the SNR6
gene in vivo, or it may recruit or modify the binding of other
chromatin proteins (37). This same chromatin structure may be
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the reason that addition of the downstream B block does not
increase expression of the SCIN allele. We have proposed that
the chromatin structure evolved to bring the SNR6 A and B
blocks into optimal spatial arrangement for binding of TFIIIC.
An increase of 60 bp between the A and B blocks due to
insertion of the modified U6 gene intron (SCIN) may place
these elements in an unfavorable geometry for binding of
TFIIIC, when constrained by the chromatin structure. A strong
prediction of this hypothesis is that deletion of 60 bp between
the terminator and B block of the SCIN+B allele would greatly
increase transcription of this allele at the SNR6 locus.

An alternative possibility is that the SNR6 B block element
impedes elongation by Pol III when present within the tran-
scribed region. Since most B blocks are intragenic, this must
not be a general property of B block elements. Yet, it could be
that the SNR6 downstream B block has sequence characteristics
that result in stable retention of TFIIIC. Chromatin footprinting
of SNR6 gives a protection pattern consistent with a high level of
occupancy of TFIIIC at the downstream B block in vivo (33).
However, this could simply be a consequence of the lack of
transcription through the downstream element, rather than indi-
cative of an unusually stable association with TFIIIC.

The low viability of strains that carry only the SCIN+B or
SCIN—B allele on a plasmid despite the relatively high levels of
mature U6 RNA produced in these strains (Figure 5) suggests
that the spliced U6 RNA is not fully functional. An alternative
explanation, that pre-U6 has a dominant inhibitory effect, seems
unlikely since heterozygous strains that produce high levels of
pre-U6 (e.g. Figure 4, lane 5) grow well. Decreased function of
spliced U6 RNA could be due to as yet undetected changes in the
covalent or non-covalent (secondary or tertiary) structure of the
spliced RNA, although intron removal appears to occur cor-
rectly. Another possibility is that a protein that is normally
recruited to spliced mRNAs, such as Yral (38), associates
with U6 RNA during splicing and either blocks U6 snRNP
assembly, or results in export of U6 RNA to the cytoplasm.
Indeed, we cannot exclude the possibility that part or all of
the decreased expression of U6 RNA from the SCIN alleles
is due to increased turnover as a consequence of traversing
the splicing pathway. Further experiments will be required to
fully understand the cellular adaptations that have evolved to
accommodate the unusual promoter architectures of both the
S.cerevisiae and S.pombe U6 RNA genes.
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