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Role of U6 snRNA in 5’ Splice Site Selection

Stefanie Kandels-Lewis and Bertrand Séraphin*

Two models describing the interaction between U6 small nuclear RNA (snRNA) and the
5’ splice site of introns have been proposed on the basis of cross-linking experiments. Here
it is shown that a conserved sequence present in U6 snRNA forms base pairs with
conserved nucleotides at the 5’ splice junction and that this interaction is involved in 5’
splice site choice. These results demonstrate a specific function for U6 snRNA in splicing
and suggest that U6 snRNA has a proofreading role during splice site selection. A model
is presented in which this new interaction, in concert with previously described interactions
between U6 snRNA, U2 snRNA, and the pre-messenger RNA, would position the branch
point near the 5’ splice site for the catalysis of the first splicing step.

Splicing of nuclear introns occurs by a two
step pathway (I). In the first step, the
phosphodiester bond at the 5’ splice site is
attacked by the 2’-OH of an adenosine
residue in the intron, the branch point.
This reaction produces a free upstream exon
and a lariat intermediate molecule contain-
ing both the downstream exon and the
intron with its 5’ end covalently linked to
the branch nucleotide. The selection of the
5’ splice site phosphodiester bond to be
cleaved by this reaction must be highly
accurate. Indeed, most errors would intro-
duce frame shifts into the coding part of
mRNASs thereby impairing protein produc-
“tion. Accurate splice site choice probably
results from the numerous interactions es-
tablished between the pre-mRNA and
splicing factors during spliceosome assembly
(1, 2).

The Ul, U2, U4, U5, and U6 small
nuclear RiboNucleoProteins (snRNPs) are
splicing factors that function in spliceosome
assembly and splicing catalysis. Ul snRNA
forms base pairs with 5’ splice sites, and
in some species, with 3’ splice sites (3, 4,
5), whereas U2 snRNP interacts with
the branch point (6). Ul snRNA recog-
nizes pre-mRNAs containing introns and
commits them to the splicing pathway (3).
For alternatively spliced pre-mRNA, Ul
snRNP will thus select the splice site to be
used from the potential 5’ splice sites.
However, Ul snRNA is not involved in
the selection of the precise 5’ splice site
bond to be cleaved (7, 8). The U5 snRNA
interacts with exon sequences in the pre-
mRNAs, intermediates, and products of
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the splicing reaction (9, 10) and is one of
the factors implicated in the choice of the
5’ phosphodiester bond to be cleaved.
However, additional unidentified factors
are also postulated to play a role in 5’
cleavage site choice (3, 7, 8).

Because U6 is the most conserved of the
snRNAs involved in splicing, it is assumed
that it has an important, but unidentified,
function (or functions) in the splicing reac-
tion (2). Cross-linking experiments in
mammalian and yeast systems indicate that
U6 snRNA and the pre-mRNA are in close
proximity (11, 12, 13). Because of limita-
tions of the cross-linking technique, it has
been unclear whether U6 snRNA forms
base pairs with the 5’ splice site, or if the
cross-linking results from the proximity of
the two RNAs in the spliceosome (12, 13).
After these studies, two mutually exclusive
models proposed that base pairing occurs
between U6 snRNA and the 5’ splice site
(12, 13). In the first model (12), a region of
yeast U6 flanking C48 would form base
pairs with intron sequences flanking G5
(Fig. 1, A and B). This model suggests an
interaction between conserved sequences in
U6 and at the 5’ end of introns. Further-
more, several U6 nucleotides near C48 are
critical for U6 snRNP function (14, 15). In
a second proposal (13), U6 snRNA C43
and flanking nucleotides would form base
pairs around intron position 5 (Fig. 1C).
Nucleotide C43 and some flanking nucleo-
tides are neither evolutionarily conserved
nor essential for U6 function (14, 15).
Interactions predicted by both models
would extend only over a few nucleotides.

Yeast introns mutated at position 5 dis-
play two phenotypes (16). (i) They have a
reduced splicing efficiency, which is reflect-
ed by an increase in pre-mRNA levels in
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vivo, and a low ability to assemble spliceo-
somes in vitro. In the presence of comple-
mentary Ul mutants, this defect is partly
corrected (7, 8). (ii) Mutations at position
5 of introns induce aberrant cleavage of the
pre-mRNA either upstream or downstream
of the normal 5’ splice site. The products of
these aberrant cleavage events accumulate
as lariat intermediates (16). We have
shown, however, that if a G follows the
cleaved phosphodiester bond, the second
splicing step will occur to produce an aber-

rantly spliced message (8). Thus, intron

mutants at position 5 induce inaccuracy in
the selection of the 5’ splice site. In the
presence of complementary Ul mutants,
splicing at both the normal and aberrant
sites increases in a parallel manner indicat-
ing that U1 snRNA base pairs only with the
normal site (8). Splicing inaccuracy can be
attributed to the inability of a factor (other
than Ul) to recognize the mutant position
5 at a later step of spliceosome assembly but
the nature of this factor (or factors) is
unknown. In light of ‘the cross-linking re-
sults (11, 12, 13), we decided to test if U6
mutants at position 43 or 48 would affect
the splicing of introns with position 5 mu-
tations.

Several mutations were made in the U6
gene (17): position 43 was changed from C
to T to give U6-43U, position 48 was
changed to T or A to create U6-48U and
U6-48A, respectively, and as a control,
positions 69/70 were changed to GA. Mu-
tants at position 43 and 69/70 are able to
support growth in yeast (18). As predicted
(15), strains homozygous for any of the
mutations at position 48 were not viable
under the conditions analyzed (18). Further-
more, when expressed from a centromeric
plasmid, these U6 mutants accumulated to
less than one-tenth of the level of the
wild-type chromosomal U6 (19). In con-
trast, primer extension analyses indicated
that the same mutants inserted into multi-
copy vector accumulated to an amount sim-
ilar to the endogenous wild-type U6 (19).
However, it is not clear what fraction of the
mutant U6 snRNA is functional.

Reporter genes with RP51A intron de-
rivatives inserted into the lacZ gene were
introduced into these strains (20). We used
reporters containing G nucleotides at posi-
tions —3 and —4 in the upstream exon and
different substitutions at position 5 of the
intron (8, 21). In the presence of the two
exonic G residues, intron position 5 mu-
tants show some residual splicing at the
normal site, but significant amounts of ab-
errantly spliced RNA are also produced.
Most of the aberrant splicing events use the
site at position —4 although small amounts
of mRNA spliced at position —3 can also be
detected. Because spliced mRNA resulting
from splicing at the normal 5' splice site (or

2036

for a small proportion at position —3) are in
a different reading frame compared to
mRNA spliced at position —4, use of these
sites can be independently monitored by
B-galactosidase assays with constructs in
which lacZ is in one or the other reading
frame (8).

With the B-galactosidase assay (22), we
analyzed the effect of wild-type U6 (WT-
U6), U6-48U, U6-43U, and U6-69G/70A,
on the splicing of introns with either a G or
an A at position 5. The only significant
effect observed was that U6-48U increased
the usage of the normal 5’ splice site of the
mutant reporter that produced 2.4 + 0.2—
(average *+ standard error, five experi-
ments) fold more B-galactosidase activity
(18) (Fig. 2A). This effect did not result
from a greater splicing efficiency of this
pre-mRNA in the presence of U6-48U
because splicing at the aberrant site was not
affected. This interaction between U6 po-
sition 48 and intron position 5 is specific
because the splicing of the mutant intron
was not affected by U6 mutant at other
positions (18). To eliminate the possibility
that U6-43 interacts with the 5’ splice site
but is recessive, we analyzed splicing of the
same set of reporters in a strain expressing
only U6-43U. In that case, the splicing of
all constructs, including those with an A at
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intron position 5, was slightly reduced (18).
This indicates that U6 position 43 does not
interact specifically with the 5’ splice site
and that U6-43U is slightly defective for
splicing even though it does not impair
growth. Qur data are consistent with the
model proposing that U6 position 48 inter-
acts with the 5’ splice site (12) (Fig. 1B).

To determine the nature of the interac-
tion between U6 and the 5’ splice site, we
analyzed the splicing of introns with G
(wild type), A, or U at position 5 in the
presence of WT-U6, U6-48U, or U6-48A.
The wild-type reporter gene was efficiently
spliced at the normal site, but only a
minute amount of splicing could be detect-
ed at the aberrant site. Splicing of the wild
type reporter was not affected by the U6
mutants because each strain also contains a
WT-U6 gene (Fig. 2A and B, WT col-
umns). The construct with an A at position
5 spliced poorly and used the normal and
the aberrant site similarly (8). The U6-48U
mutant significantly increased splicing at
the normal site for the construct with an A
at intron position 5 (Fig. 2A) but did not
affect (or reduced slightly) splicing at the
aberrant site (Fig. 2B). Splicing of the same
construct was not affected by the presence
of the U6-48A mutant. For the intron
mutant with a U at position 5, splicing at

ueé
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48 43
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Fig. 1. Models of interaction between U6 snRNA, U2 snRNA, and the pre-mRNA before the first
splicing step. (A) Model depicting the location of U6 position 43 and 48 with respect to U6-U2
interaction regions and conserved sequence elements. The sequences depicted are part of yeast
U2 and U6 snRNAs. snRNA nucleotides that are conserved between various species are indicated
by uppercase letters. This part of the model has been adapted from Madhani and Guthrie (28). In
the pre-mRNA, exons are indicated by boxes while the intron is drawn as a line. The consensus
sequences at the branch point and the 5’ and 3’ splice sites are indicated. The U6 snRNA-5’ splice
site interaction described in the text is depicted. An arrow points to the location of the first nucleotide
of the intron and the adenosine at the branch point. The proposed U2 snRNA-U6 snRNA-pre-
mRNA interactions would bring the two nucleotides that will react during the first splicing step into
proximity. (B) The model of interaction between U6 and the pre-mRNA proposed by Wassarman
and Steitz (12). The upper line represents the sequence of the yeast U6 and the bottom line the
consensus yeast 5’ splice site with conserved nucleotides in upper case. An arrow indicates the
location of the 5’ splice site. (C) The model of interaction between U6 and the pre-mRNA proposed
by Sawa and Abelson (13). The same symbols as in part (B) are used. C43 is not phylogenetically

conserved.
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the normal site was strongly enhanced and
splicing at the aberrant site was unaffected
by the complementary U6-48A (Fig. 2A
and B). A weaker effect was observed in the
presence of the noncomplementary U6-
48U. We extracted RNAs from' the set of
strains described above and mapped 5’
cleavage sites by primer extension with an
intron primer (23). The resulting gel is
shown (Fig. 2C). This analysis confirms the
results of the enzymatic assay; U6-48U in-
creases the usage of the normal splice site
when intron position 5 has been changed to
an A (Fig. 2C, compare lane 8 with lanes 7
and 9) whereas the construct with a U at
position 5 is more affected in a strain
expressing U6-48A (Fig. 2C, compare lane
12 with lanes 10 and 11).

Because U6-48U affected splicing of
constructs with an A or a U at intron
position 5, this could imply that the U6-
pre-mRNA contact is not a regular Wat-
son-Crick interaction. However, because
the U6-48U effect on constructs with a U at
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intron position 5 is weak, it is also possible
that it results from a U-U base pairing
interaction. Indeed, U-U base pairing is
quite stable and well tolerated in RNA
helices (24). To solve this ambiguity, we
constructed double mutants in U6 (U6-
47G/48A and U6-48U/49U) and measured
their effect on the efficiency of splicing at
the normal site for reporters harboring com-
plementary mutations in the intron (5U/6C
and 4A/5A). For these reporters, splicing at
the normal site was only increased in the
presence of the complementary U6 snRNA
(Table 1). This confirms that the U6—pre-
mRNA interaction occurs by base pairing
and suggests that it involves U6 positions
47 to 49. On the basis of the limited extent
of sequence conservation at 5’ splice site,
this pairing is unlikely to extend further
into the intron than position 6 (25). To
affect 5’ splice site choice, this pairing has
to be established during spliceosome assem-
bly before, or concomitant with, the first

splicing step.

Reporter: Vector WT  5A 5U
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Fig. 2. U6 position 48 forms base pairs with intron position 5. (A) Usage of the normal 5’ splice site
for reporter genes with, at intron position 5, either a G (WT), an A (5A), or a U (5U) was determined
with the use of the B-galactosidase assay in the presence of either WT-U6, U6-48U, or U6-48A. (B)
An analysis identical to the one described in part (A) was done for the aberrant splice site. The
background levels of B-galactosidase were determined in strains carrying a vector without lacZ
(Vector). (C) Primer extension analysis of the 5’ splice site used. RNAs from strains described
above were extracted and analyzed by primer extension with the use of an intron primer to map the
5’ splice site used (23). Bands corresponding to extension of molecules cleaved at the normal or
aberrant 5 splice site as well as pre-mRNA species are indicated. The pre-mRNA heterogeneity
results from the use of numerous transcription start sites (79). RNA extracted from cells carrying the
vector alone (lanes 1 to 3) are used as a control for extension of endogenous RP51A messages. The
reporters used carry either the wild-type (WT, lane 4 to 6), position 5A (5A, lanes 7 to 9) or position
5U (58U, lanes 10 to 12) intron. The plasmid-encoded U6 genes were WT-U6 (lanes 1, 4, 7, and 10),
UB-48U (lanes 2, 5, 8,'and 11), or U6-48A (lanes 3, 6, 9, and 12). The additional faint stops present
in lanes 11 and 12 were not reproducibly detected.
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The -suppression of intron position 5
mutants by complementary U6 mutants was
always observed to be weak. This is proba-
bly because mutants in an essential region
of U6 are poorly incorporated into func-
tional snRNPs (15). Thus, the fraction of
mutant snRNP is probably low to begin
with and might be further reduced by inef-
ficient competition with the wild-type
snRNP at other stages during splicing. This
possibility is supported by two experiments.
(i) When U6-48U RNA levels were titrat-
ed in vivo, a concomitant change in the
usage of the normal 5’ splice site of a
position 5A mutant was observed (18). (ii)
We constructed a U6 mutant at positions
44 to 46 (U6-44/46) that would extend the
U6 base pairing with our reporter gene to
include intron positions 7 to 9 (Fig. 3A).
We expected that this mutant would an-
chor the U6 snRNA in the appropriate
position even in the presence of a mutation
at intron position 5 (26). This mutant U6 is
viable (18) and experiments were conduct-
ed without competition by the WT-U6.
We analyzed the splicing of reporter genes
with either a G or an A at intron position 5
in the U6-44/46 strain. Results of the B-ga-
lactosidase assay and RNA analysis are
shown (Fig. 3, B and C). The mutant
U6-44/46 did not affect the splicing of our
wild-type reporter gene (Fig. 3, A and B).
However, it increased the usage of the
normal site by 10-fold and decreased usage
of the aberrant site by 100-fold as measured
by the B-galactosidase assay (Fig. 3B, loga-
rithmic scale). This is confirmed by primer
extension analysis of the corresponding
RNAs (Fig. 3C, compare lanes 5 and 6).
This demonstrates in a definitive manner
that U6 is involved in 5’ splice site selec-
tion and strengthens the idea that the
partial restoration of usage of the normal 5’
splice site observed with the other U6
mutants is the result of their low activity.

Our results demonstrate that U6-posi-
tion 48 can specifically ‘interact with posi-
tion 5 of the intron. We also demonstrate
that U6 snRNA is involved in 5’ cleavage
site selection. Indeed, restoring or increas-

Table 1. Analysis of double mutants. Double
mutants were constructed in U6 (U6-47G/48A,
U6-48U/49U) and complementary mutations in
the reporter gene (5U/6C, 4A/5A). The wild-
type reporter (WT) was used as a control. For
each construct, the increase in the usage of the
normal site by U6 mutant relative to the wild-
type U6 is tabulated. Values are average *
error of two experiments.

Reporter UB-47G/4BA U6-48U/49U
WT 0.94 + 0.08 1.01 + 0.07
5U/6C 1.69 + 0.02 1.13 £ 0.02
4A/5A 1.04 + 0.02 1.95 + 0.02
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ing base pairing between U6 and the 5’
splice site leads to an increased splicing at
the normal site with no effect (or a de-
creased splicing) at the aberrant site. None
of the U6 mutants reduced the high quan-
tities of pre-mRNA seen with the intron
position 5 mutants (for example, Fig. 3C).
Thus, U6 snRNA has significant effects on
splicing accuracy but little effect on the
splicing efficiency. This is opposite to what
is observed for Ul snRNA (3, 7, 8). The
importance of the U6-pre-mRNA base
pairing interaction helps to explain the
strong conservation of G at the position 5
of introns (25) and why U6-C48 is also
absolutely conserved and essential for U6
function (14, 15, 18).

In summary, we would like to propose the
structure depicted in Fig. 1A as a model of
the active spliceosome. In this model,
known U6 snRNA-U2 snRNA (27, 28)
and U2 snRNA—pre-mRNA (6) interactions
as well as the U6 snRNA-pre-mRNA base
pairing described here, would bring the
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branch nucleotide and the 5’ splice site into
close contact. The presence of U6 snRNA
close to the catalytic site of the spliceosome
is supported by recent cross-linking ex-
periments (10). In the absence of the U6
snRNA-pre-mRNA interaction (for exam-
ple, intron mutant 5A), 5’ splice site choice
would rely on other interactions between the
pre-mRNA and splicing factors, leading to
the increased selection of aberrant sites.
Base pairing between U5 snRNA and exon
sequences is a likely candidate for such an
interaction (9, 29). Currently it is not
known how the U5 snRNP interacts with
the other snRNPs or protein splicing factors,
therefore U5 snRNA is not depicted in our
model. Ul snRNA is probably no longer
base-paired with the 5’ splice site at this
stage, because previous studies showed (i)
that U1 snRNA does not select the 5 splice
site (3, 8), (ii) that U1 snRNA cross-linking
with the 5' splice site diminishes during the
formation of the mature spliceosome (12),
and (iii) that U5 and U6 snRNAs base pair
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Flg. 3. Anchoring of U6 snRNA through extended base pairing affects splice site selection. (A)
U6-44/46 has extended complementarity to the RP51A intron. The predicted base pairing
interaction between WT-U6 or U6-44/46 and reporter genes with either a G or an A at position 5 of
the intron are depicted. Note that mutations at position 5 of the intron would probably disrupt the
WT-U6-pre-mRNA interaction whereas U6-44/46 might remain associated with the intron through
base pairing with nonconserved intron sequences. (B) Usage of the’ normal and aberrant site in
strains harboring either the WT-U6 or U6-44/46. The background levels of B-galactosidase were
determined in strains carrying a vector without lacZ (Vector). As a result of the wide range of
B-galactosidase levels, the results are plotted on a logarithmic scale. (C) Primer extension analysis
of the 5’ splice site used. Bands corresponding to extension of molecules cleaved at the normal or
aberrant 5’ splice site as well as pre-mRNA species are indicated. RNAs were extracted from cells
carrying the vector alone (Vec., lanes 1 and 2) or reporters with either wild-type (WT, lanes 3 and
4) or position 5A intron (5A, lanes 5 and 6). A single U6 gene was present in these strains: WT-U6
(lanes 1, 3, and 6) or U6-44/46 (lanes 2, 4, and 6).
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with some of the nucleotides that have been
shown to base pair with Ul snRNA at an
early stage of spliceosome assembly (3, 5, 9).
U6 snRNA could thus be involved in a
proofreading step at the 5’ splice site. The
early Ul snRNP interaction with the 5’
splice site is important to recruit RNA se-
quences into commitment complexes and
pre-spliceosomes (3). However, this initial
interaction could be checked by pairing of
U6 snRNA with the 5’ splice site. In the
presence of a faithful 5’ splice site, U6
snRNA could properly position the 5’ splice
junction in the catalytic center thereby in-
creasing the splicing rate relative to the rate
of spliceosome disassembly or degradation.
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Connexin Mutations in X-Linked
Charcot-Marie-Tooth Disease

J. Bergoffen,* S. S. Scherer, S. Wang, M. Oronzi Scott,
L. J. Bone, D. L. Paul, K. Chen, M. W. Lensch, P. F. Chance,
K. H. Fischbeck

X-linked Charcot-Marie-Tooth disease (CMTX) is a form of hereditary neuropathy with
demyelination. Recently, this disorder was mapped to chromosome Xq13.1. The gene for
the gap junction protein connexin32 is located in the same chromosomal segment, which
led to its consideration as a candidate gene for CMTX. With the use of Northern (RNA) blot
and immunohistochemistry technique, it was found that connexin32 is normally expressed
in myelinated peripheral nerve. Direct sequencing of the connexin32 gene showed seven
different mutations in affected persons from eight CMTX famiilies. These findings, a dem-
onstration of inherited defects in a gap junction protein, suggest that connexin32 plays an

important role in peripheral nerve.

Charcot-Marie-Tooth disease (CMT) is a
pathologically and genetically heteroge-
neous group of disorders that cause progres-
sive degeneration of peripheral nerves. Af-
fected patients have distal weakness, atro-
phy, sensory loss, and decreased tendon
reflexes. CMT has traditionally been classi-
fied by whether the primary pathological
defect is degeneration of the myelin
(CMT1) or of the axons (CMT2) in the
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peripheral nerves. Within the demyelinat-
ing type of CMT, there is genetic hetero-
geneity, with similar dominantly inherited
disease manifestations produced by genetic
defects on chromosomes 17 (CMT1A), 1
(CMT1B), and X (CMTX). Recently, mu-
tations in the chromosome 17— and chromo-
some l-linked forms of CMT have been
found in the genes for peripheral myelin
protein 22 (PMP22) and myelin protein zero
(Py), respectively (1, 2). Here, we report
that patients with X-linked CMT have mu-
tations in the gene for the gap junction
protein, connexin32 (Cx32, GJBI).
Linkage studies and analysis of recombi-
nants were initially used to map CMTX to
the proximal long arm of the X chromosome
(3, 4) and subsequently to refine the local-
ization to band Xq13 (5). Analysis of addi-
tional recombinations in CMTX families
placed CMTX in a small interval between
the markers DXS106 and DXS559 in
Xql3.1 (6). The gene for Cx32 is known to
map to this interval (7), and we therefore
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evaluated it as a candidate gene for CMTX.
We performed Southen (DNA) blots of
patient DNA to look for rearrangement of
the Cx32 gene in CMTX and Northemn
blots to determine the extent of expression
in peripheral nerve RNA. The Southemn -
blots showed no abnormality, but Northern
analysis showed expression of the Cx32 gene
in peripheral nerve at a level comparable to
that in liver and greater than that present in
most other tissues (Fig. 1).

Because we found expression of Cx32 in
peripheral nerves, we directly sequenced the
translated portion of the gene in samples
from CMTX patients. We discovered seven
variations from the control sequence in eight
CMTX families (Figs. 2 and 3): six single-
base changes that predict nonconservative
amino acid substitutions, and one single-
base insertion that shifts the translational
reading frame at position 175 and predicts a
premature stop signal at position 241. Two
families (221 and K1905) from the midwest-
ern United States shared the same mutation
at position 139. One other CMTX family
(family 63) (5) had no detectable mutation
in the translated portion of the Cx32 gene.

LKHBT L SM SN

Fig. 1. Northern blot showing expression of
Cx32 in peripheral nerve (19). The lanes con-
tain 10 pg of total RNA from the following rat
tissues; L, liver; K, kidney; H, heart; B, brain; T,
thymus; Lu, lung; S, spleen; M, muscle; and SN,
sciatic nerve. The hatch marks at right indicate
the positions of 28S and 18S ribosomal RNA,
respectively.





