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ABSTRACT

In Xenopusoocytes in vitrotranscribed mouse U7 RNA
is assembled into small nuclear ribonucleoproteins
(snRNPs) that are functional in histone RNA 3' proces-
sing. If the special Sm binding site of U7 (AAUUUGU-
CUAG, U7 Sm WT) is converted into the canonical Sm
sequence derived from the major snRNAs (AAU-
UUUUGGAG, U7 Sm OPT) the RNA assembles into a
particle which accumulates more efficiently in the
nucleus, but which is non-functional. U7 RNA with a
heavily mutated Sm binding site (AACGCGUCAUG, U7
Sm MUT) is deficient in nuclear accumulation and
function. By UV cross-linking U7 Sm WT RNA can be
linked to three proteins, i.e. the common snRNP
proteins G and B/B' and an apparently U7-specific
protein of 40 kDa. As a result of altering the Sm binding
site, U7 Sm OPT RNA cannot be cross-linked to the 40
kDa protein and no cross-links are obtained with U7
Sm MUT RNA. The fact that the Sm site also interacts
with at least one U7-specific protein is so far unique to
U7 RNA and may provide an explanation for the
atypical sequence of this site. All described RNA-
protein interactions, including that with the 40 kDa
protein, already occur in the cytoplasm. An additional
cytoplasmic photoadduct obtained with U7SmWT and
U7 Sm OPT, but not U7 Sm MUT, RNAs is indicative of
a protein of 60-80 kDa. The m7G cap structure of U7
Sm WT and U7 Sm OPT RNA becomes hypermethy-
lated. However, the 3mG cap enhances, but is not
required for, nuclear accumulation. Finally, U7 Sm WT
RNA is functional in histone RNA processing even
when bearing an ApppG cap.

INTRODUCTION
U7 RNA was initially discovered as a short RNA of sea urchins
that can complement deficient RNA 3' processing of a sea urchin
histone H3 gene microinjected into Xenopus oocytes (1). Later it

was shown that U7 RNA in nuclear extracts is partly resistant to
micrococcal nuclease digestion (2) and immunoprecipitable with
antibodies directed against Sm proteins or the trimethylguanosine
(3mG) cap structure of U snRNAs (3), suggesting that it is
assembled into a small nuclear ribonucleoprotein (snRNP) in
vivo. Purification of mouse U7 snRNP (4) confirmed its
association with the entire set of common Sm proteins (5) and
with two additional, apparently U7 snRNP-specific, proteins of
50 and 14 kDa. U7 is a minor snRNP present at -103-104 copies
in mammalian cells (6), as compared with 2 x 105-106 copies for
spliceosomal snRNPs (7). With respect to its role in 3'-end
formation of replication-dependent histone pre-mRNA, there is
genetic (8,9) and biochemical evidence (10) that the particle acts
through base pairing between the 5'-end of U7 RNA and the
spacer element of histone pre-mRNA (for a review see 11).
The known U7 RNAs of various species (12-16) are 58-62

nucleotides (nt) long and can be folded into a simple secondary
structure with the 3' half forming a long stem-loop. This
stem-loop is conserved as a structure, but not as a sequence. All
U7 RNAs are complementary at their 5'-ends to the spacer
elements of their cognate histone pre-mRNAs, this base pairing
potential being absolutely required for histone RNA processing.
Moreover, U7 RNA contains the sequence "UUU'UCUAG,
located between the 5' base pairing region and the 3'-terminal
stem-loop, which is functionally equivalent to the so-called Sm
binding site of major snRNAs, PuAUUUUUGPu (2), however,
the sequence similarity is restricted to the 5' portion of this
element.

Previous work from our laboratory pointed to the significance
of this special Sm binding site for the low levels of U7 RNA
accumulating in cell nuclei (6). Wild-type mouse U7 RNA
accumulated in the nucleus of transiently tranfected HeLa cells at
a 2-4-fold lower level than a mouse Ul RNA. When the
U7-specific Sm binding site (U7 Sm WT) was changed into the
canonical Sm sequence, AAUUUUUGG, derived from the major
snRNAs (U7 Sm OPT; Fig. 1) nuclear accumulation and
precipitability with anti-Sm antibodies paralleled that of U1
RNA. Apparently the U7 Sm WT site promotes inefficient
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Figure 1. Constructs used for microinjections. (Top) Structure of 85 nt long histone pre-mRNA containing the hairpin-loop and spacer elements of the mouse histone
H4-12 gene (12/12 RNA; 10,19). The vertical arrow indicates the processing site. (Middle) Schematic representation ofthe mouse U7gene (6,14). The proximal (PSE)
and distal (DSE) sequence elements of the promoter and the 3' box are shown as black boxes. (Bottom) Sequence of U7 Sm WT RNA and of specific mutants used
in this work. The nucleotide sequence ofmouse U7 RNA (22) is shown in upper case, additional nucleotides present in the in vitro transcripts in lower case. Numbering
starts with the first nucleotide ofmouse U7 RNA. For mutants U7 Sm OPT and U7 Sm MUT only the relevant portion ofthe sequence is shown and altered nucleotides
are underlined. A3' indicates the end ofthe shorter U7 SM WT and U7 Sm OPT transcripts used in Figure 6, to which an additional pCp was added for 3'-end-labelling.
For U7-125 used in Figure 3C the complementary nucleotides of the 3'-termninal stem-loop are underlined.

assembly with Sm proteins, resulting in the majority of syn-
thesized U7 RNA remaining free and being either rapidly
degraded (in HeLa cells) or retained in the cytoplasm (in Xenopus
oocytes; 6). Together with the low copy number of U7 genes
(14,15), this phenomenon can fully account for U7 being a minor
snRNA.

In the same paper (6) we developed a functional assay based on
the injection of mouse U7 genes into Xenopus oocytes. Interest-
ingly, only U7Sm WT, but not U7Sm OPT, was functional in this
assay. Here we show that this complementation can also be
achieved by injecting in vitro synthesized mouse U7 Sm WT
RNA, but that U7 Sm OPT RNA is again non-functional. This
complementation assay has been used to characterize important
parameters for assembly and nuclear import. In addition, we have
characterized the structure of functional and non-functional U7
snRNPs by protein-RNA cross-linking.

MATERIALS AND METHODS

Plasmids and in vitro transcription

For in vitro transcription of U7 Sm WT RNA a double-stranded
oligonucleotide containing the mouse U7 coding region with two
additional G residues at the 5'-end was ligated next to the T7
promoter of a Bluescript vector (plasmid OT7 as modified by
K. Kalin, Institute for Molecular Biology I, University of Zurich;
the resulting plasmid is called OT7U7). Templates for U7 Sm
OPT and U7 Sm MUT RNA were derived from OT7U7 by
site-directed mutagenesis (17,18). For in vitro transcription the
constructs were linearized with PstI and the resulting ends made
blunt with T4 DNA polymerase. This resulted in an additional C
residue at the 3'-end of transcripts, as compared with natural

mouse U7 RNA. Two templates for RNAs that lack the last 2 nt
of natural mouse U7 RNA (U7 SmWT A3' and U7 Sm OPT A3')
were created by introducing a SmaI site at the appropriate
position. A template for producing U7 RNA with a 3' extension
was constructed by ligating the EcoRI-HindIll fragment of a
histone pre-mRNA template with a mutated stem-loop (B/12; 19)
between the EcoRI and Hindlll sites of OT7U7 (OT7U7-107).
The linker between the U7 and B/12 sequences was then
elongated by inserting the PstI-SacI polylinker fragment of
pSP65 between the PstI and Sacd sites of OT7U7-107
(OT7U7-125). This template was linearized downstream of the
mutant stem-loop structure with Avall. Short histone pre-mRNA
(12/12 RNA) from the mouse histone H4-12 gene was prepared
as described (10,19). The sequence ofeach transcription template
was confirmed by dideoxy sequencing (20). Sequences of the
resulting RNAs are shown in Figure 1.

All in vitro transcripts used for microinjections were syn-
thesized in the presence of either m7GpppG (Boebringer) or
ApppG (Pharmacia) cap analogues as follows: 1 .g linearized
template was incubated in 10 gl 40 mM Tris-HCl, pH 7.5, 6 mM
MgCl2, 13 mM DTT, 2mM spermidine, 0.1 mg/ml bovine serum
albumin, 0.5 mM respective cap analogue, 0.1 mM GTP, 0.5 mM
each ATP, UTP, CTP, 25 ,Ci [a-32P]GTP (800 Ci/mmol; New
England Nuclear), 40 U RNAsin (Promega) and 5 U SP6 or T7
RNA polymerase (Boehringer or a gift of Dr B. Muller) for 1 h
at 37°C. For3'-end-labellingU7 SmWTA3'andU7 SmOPT A3'

templates were transcribed without labelled GTP, the RNAs
precipitated with ethanol and end-labelled with [a-32P]pCp (New
England Nuclear) and T4 RNA ligase (Pharmacia) (21). All
labelled transcripts were purified by electrophoresis through a

denaturing gel followed by phenol extraction and ethanol
precipitation.

spacer '36 nt
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Oocyte microinjection

In vitro synthesized, radiolabelled U7 RNAs (-1.5 fmol) were

injected in 20 nl water into the vegetative hemisphere (cytoplasm)
of Xenopus oocytes. The oocytes were incubated overnight or as

long as indicated in modified Barth's medium at 18°C before
isolation of RNA or nuclear extract. In complementation
experiments we first injected intranuclearly 5 ng/oocyte oligo-
nucleotide cA in 20 nl 88 mM NaCl, 10 mM Tris-HCl, pH 7.5.
Oligonucleotide cA is complementary to nt 1-16 ofXenopus and
mouse U7 RNA (16,22) and targets endogenous RNase H to
destroy the resident U7 RNAs. After 5 or 24 h incubation, to allow
for degradation of the oligonucleotide, in vitro synthesized U7
RNA was injected into the ooplasm as above and incubation
continued overnight. Finally, 7.5 fmol 12/12 histone pre-mRNA
(5000 c.p.m.) in 20 nl water was injected into the nuclei of the
same oocytes. After a further 2 h total oocyte RNA was extracted
and analysed. About 10-20 oocytes were injected per sample,
unless specified otherwise.

RNA analysis and extract preparation

RNA was extracted by homogenizing total oocytes or nuclear and
cytosolic fractions (see below) in 100 mM Na acetate, pH 5.0,
5 mM EDTA, 0.5% SDS followed by phenol/chloroform extrac-
tion and ethanol precipitation. Processing of injected histone
pre-mRNA was analysed by denaturing gel electrophoresis on

8% polyacrylamide-8.3 M urea gels. Endogenous Xenopus U7
RNA was analysed by reverse transcription with primer cBX
(TGCTAGACAAAATAGTA), complementary to nt 18-33 of
Xenopus U7 RNA (6).

Nuclear and cytoplasmic fractions were prepared by dissecting
the oocytes in 10 mM NaCl, 125 mM KCl, 1 mM KH2PO4, 2mM
NaHCO3, 2.5 mM DTT, 0.5 mM PMSF (23). Separated nuclei
were centrifuged for 20 s at low speed, the supernatants removed
and nuclei homogenized in 1-5 ,ul/oocyte buffer D (20 mM
HEPES-KOH, pH 7.9, 100 mM KCl, 0.2 mM EDTA, 0.5 mM
DTT, 0.1 mM PMSF, 20% glycerol; 24). Cytoplasmic and total
oocyte extract were prepared by homogenizing oocytes or cytosol
in 130 mM NaCl, 34 mM Na phosphate, pH 7.4 (10-20
,ul/oocyte), followed by a 1 min centrifugation in an Eppendorf
centrifuge and recovery of the clear supernatant.

Photoaffinity cross-linking

Nuclear or cytoplasmic extracts (2 oocyte equivalents, unless
specified otherwise) were irradiated at 254 nm for 20 min from
a distance of 5 cm with a Hanau Fluotest Universal type 5201
lamp (25). After mixing with an equal volume of SDS loading
buffer (50mM Tris-HCl, pH 6.8, 100mM DTT, 2% SDS, 0.1%
bromphenol blue, 10% glycerol) the extract was boiled for 2 min
and resolved on a 10% SDS-polyacrylamide gel (26). For RNase
digestion ofphotoadducts 50 jl nuclear extract (corresponding to
50 nuclei) was prepared from oocytes injected with [a-32P]UTP-
labelled synthetic U7 RNA and UV irradiated as above. The
extract was boiled for 2 min and digested with 125 U Benzon
nuclease (Merck) for 30 min at room temperature and with 20 jig
RNase A for 30 min at 45°C prior to loading on a 15%
SDS-polyacrylamide gel.

For precipitation with anti-3mG cap antibody RI 131 (28) 6 fmol
uninjected U7 RNA capped with m7GpppG or of ApppG- or
m7GpppG-capped RNAs re-extracted from injected oocytes
were used. Immunoprecipitations were performed as described
(6). RNA was extracted from pellet (and supematant) fractions
and analysed on a 6% denaturing polyacrylamide gel.
For immunoprecipitation of individual photoadducts 40 ,l

rabbit immune serum directed against the C-terminal portion of
human protein G (29) or 40 pl non-immune rabbit serum were
coupled to 40 pl protein A-Sepharose (Pharmacia). For monoclo-
nal antibodies 80 pl antibody H57 (directed against human B/B'
protein; 30), 12 jig purified Y-12 antibody (27) or 12 jig D5
antibody (directed against strand exchange protein 1 ofSaccharo-
myces cerevisiae; a gift of Dr W. -D. Heyer) were coupled to 40
,l protein G-Sepharose (Pharmacia). Oocyte nuclear extract (20
pl) was UV irradiated as above, boiled for 2 min and added to the
antibody suspension in 200 pl IPP150 (150 mM NaCl, 10 mM
Tris-HCl, pH 8, 0.05% NP-40) supplemented with 0.1 mM
PMSF and 0.1 mM leupeptin. After 2 h the beads were washed
three times with IPP150 and bound proteins released by adding
40 ,l SDS loading buffer and heating to 65°C. Samples were
resolved on a 10% SDS-polyacrylamide gel.

Mapping of cross-links

3'-End-labelled U7 RNAs were injected into the cytoplasm of
200 oocytes and incubated overnight. Whole oocytes were
homogenized in 4 ml 130mM KCI, 34mM Naphosphate, pH 7.4,
0.1 mM PMSF, 0.1 mM leupeptin, centrifuged for 2 min and the
supernatant UV irradiated for 20 min in a small Petri dish.
Samples were concentrated by lyophilization and resolved on a
preparative 10% SDS-polyacrylamide gel. Photoadducts were
excised from the gel, eluted overnight into 400 j1 0.3 M NaCl,
0.1% SDS, 0.1 mM EDTA, 10 mM Tris-HCl, pH 7.5, and
hydrolysed with 40 gl 0.5 M KOH for 8 min at 42°C. Free RNA
was digested identically. After neutralization with 14 jil 1 M
acetic acid and ethanol precipitation samples were run on an 8%
sequencing gel. RNaseTI digestion was carried outby incubating
the 3'-end-labelled RNA with 10 jig tRNA, 0.01 U RNase TI in
30 pl 10 mM MgCl2 for 2 min at room temperature, followed by
phenol/chloroform extraction and ethanol precipitation.

RESULTS

Sm-dependent nuclear import of synthetic U7 RNA

To determine the requirements for nuclear uptake of U7 snRNPs
we injected in vitro synthesized and m7G-capped U7 RNAs into
the ooplasm and, after overnight incubation, analysed the fraction
which had entered the nucleus. We injected three RNAs, U7 Sm
WT, U7 Sm OPT (with an Sm binding site corresponding to the
consensus derived from spliceosomal snRNAs) and U7 SmMUT
(in which the Sm binding site was completely substituted by an
unrelated sequence; Fig. 1). The transcripts contain two addi-
tional G residues at the 5'-end to allow for efficient transcription
with T7 RNA polymerase and an extraC residue at the 3'-end. All
three RNAs appear to be stable in the oocyte after prolonged
incubation (Fig. 2, lanes T), although U7 Sm WT and U7 Sm
MUT RNAs are shortened by 1-2 nt (compare lanes 2 and 5 with
lanes 1 and 4) and U7 Sm OPT RNA by 3-4 nt (lanes 7 and 8).
U7 Sm WT and U7 Sm OPT RNA accumulate in the nucleus
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Figure 2. Nuclear uptake of in vitro synthesized U7 RNAs is Sm dependent. In
vitro synthesized radioactively labelled U7 Sm WT (lanes 1-3), U7 Sm MUT
(4-6) and U7 Sm OPT (7-9) RNAs were injected into the ooplasm (sequences
are as shown in Figure 1, except that the RNAs were synthesized with a
7-methylguanosine cap structure). After 18 h total (T) and nuclear (N) RNA (2
oocyte equivalents) and a similar amount of input RNA (I) were analysed on
a denaturing polyacrylamide gel.

(lanes 3 and 9), although the latter does so -3-4 times more
efficiently. U7 SmMUTRNA does not enter the nucleus (lane 6),
suggesting that nuclear import is Sm specific. If the RNAs were
injected directly into the nucleus they were exported into the
ooplasm within 1 h and re-imported in the same Sm-dependent
manner (data not shown). Thus the three variant U7 RNAs, when
injected as m7G-capped synthetic transcripts, accumulate in the
nucleus in relative amounts similar to when transcribed from an
injected gene (6).
The following additional experiments suggest that the injected

RNAs accumulate in the nucleus as snRNPs (data not shown):
During non-denaturing gel electrophoresis of nuclear extracts
from injected oocytes U7 SmWT and U7 Sm OPT RNA migrate
as high molecular weight complexes with similar mobilities as

WT OPT
Gu Gi Ai Gu Gi Ai

native U7 snRNPs from mouse nuclear extract. Moreover, both
particles specifically react with the Y-12 monoclonal anti-Sm
antibody (27).

Hypermethylation of the cap structure and its role in
nuclear import

Spliceosomal snRNAs undergo a modification of the cap
structure from m7G to 3mG in a process that depends on the
binding of common Sm proteins (31). We therefore analysed
whether in vitro synthesized, m7G-capped U7 RNA also acquires
a hypermethylated cap. The three RNAs, U7 SmWT, U7 SmOPT
and U7 SmMUT, synthesized in the presence ofeitherm7GpppG
orApppG cap analogues, were injected into the oocyte cytoplasm
and, after overnight incubation, re-extracted from the oocytes.
These samples, together with the original (uninjected) m7G-
capped RNAs, were subjected to immunoprecipitation with
anti-3mG cap antibody (28). The antibody used in this experi-
ment (RI 131) is specific for the 3mG cap structure, since the
uninjected m7G-capped RNAs (Fig. 3A, lanes 1, 4 and 7) or the
re-extracted ApppG-capped RNAs (lanes 3, 6 and 9) are not
precipitated. In contrast, U7 Sm WT (lane 2) and U7 Sm OPT
RNA (lane 5), initially m7G-capped and re-extracted after
incubation in the oocytes, are precipitated by this antibody. No
cap hypermethylation can be detected for U7 Sm MUT RNA
(lane 8). It therefore seems that U7 RNA undergoes cap
hypermethylation in a Sm-dependent manner.
We next investigated the role of the 3mG cap in nuclear import.

We synthesized U7 RNAs with m7GpppG or ApppG cap
analogues and analysed their nucleocytoplasmic distribution after
cytoplasmic injection and overnight incubation. In contrast to the
m7G cap, the ApppG cap cannot be hypermethylated. Nevertheless,
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Figure 3. Cap hypermethylation and its effect on nuclear import of U7 RNA. (A) Cap hypermethylation of wild-type and mutant U7 RNAs. Radioactively labelled
U7 Sm WT (lanes 1-3), U7 Sm OPT (4-6) and U7 Sm MUT RNAs (7-9) were synthesized in vitro in the presence of either m7GpppG (lanes Gu and Gi) or ApppG
(lanes Ai) cap analogues. These RNAs were injected into the ooplasm and after 18 h total oocyte RNA was subjected to immunoprecipitation with a rabbit anti-3mG
cap antibody (lanes Gi and Ai). In lanes Gu uninjected m7G-capped RNA was subjected to immunoprecipitation. Only pellet fractions are shown, but all RNAs were
recovered as mostly intactRNA in the supematant fractions. Lane M, pBR322 cut with Hpal (fragments of 90,76 and 67 nt are visible). (B) The correct cap structure
is important, but not required, for nuclear import of U7 RNA. m7GpppG- (lanes G) or ApppG-capped (lanes A) U7 Sm WT (lanes 1 and 2), U7 Sm OPT (lanes 3
and 4) and U7 SmMUTRNAs (lanes 5 and 6) were injected into the ooplasm. After 18 h nuclear and cytoplasmic RNAs were analysed on a denaturing polyacrylamide
gel. Lane M, size marker; see (A). (C) Low levels of ApppG-capped U7 SmWT and U7 SmMUT RNAs are found in the nucleus. ApppG-capped U7 SmWT (lanes
WT-A) and m7GpppG-capped (lanes MUT-G) and ApppG-capped (lanes MUT-A) U7 SmMUTRNA were co-injected together with m7GpppG-capped U7-125 RNA
(see Fig. 1) into the ooplasm. After 18 h nuclear (lanes N) and cytoplasmic (lanes C) RNAs were analysed on a denaturing polyacrylamide gel. U7-125 does notenter
the nucleus and serves as a cytoplasmic marker. Lane M, pBR322 cut with HpaIl (fragments of 217, 201, 160, 147, 122, 110, 90, 76 and 67 nt are visible). All lanes
correspond to 4 oocyte equivalents, except for A7-A9 (10 oocyte equivalents).
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Figure 4. Structural analysis of U7 snRNPs by UV cross-linking. (A) Nuclear extract from oocytes having received a cytoplasmic injection of in vitro synthesized
U7 Sm WT (lanes 1 and 2) or U7 Sm OPT RNA (lanes 3 and 4) was UV irradiated. The samples were resolved on a 15% polyacrylamide-SDS gel either without
(lanes 1 and 3, 5 oocyte equivalents) or after digestion with Benzon nuclease and RNase A (lanes 2 and 4, 50 oocyte equivalents). Numbers on the left indicate the
molecular weights in kDa and the migration ofCoomassie stained marker proteins. To increase recovery of radioactivity after nuclease digestion the injected U7 RNAs
were labelled with [a-32P]UTP; in all other figures except Figure 6 they were labelled with [a-32P]GTP. Lanes 1 and 2 are from a longer exposure and represent adjacent
lanes to lanes 3 and 4. The adducts are labelled 1-4 for U7 Sm WT and 3-3' and 44' for U7 Sm OPT RNA. The position of free RNA is indicated. For the band in
lane 4 labelled 2? see text. (B) Comparison of protein-RNA adducts obtained after injection of radiolabelled mouse U7 Sm WT RNA into Xenopus laevis oocytes

(lane 2, 2 oocyte equivalents) with the pattern observed forXenopus U7 snRNPs (lane 1, 5 oocyte equivalents). In the lattercase the content ofU7 snRNPs in the oocytes
was increased by injection ofa clone encoding three Xenopus U7 genes (16, A. Gruber and D. Schuimperli, unpublished results). After 24 h nuclear extract was prepared
and U7 RNA was detected by hybridization and co-electrophoresis of radiolabelled oligonucleotide cA complementary to nucleotides 1-16 ofU7 RNA (25). Identical,
but fainter, bands were obtained when the analysis was performed with uninjected oocytes (data not shown). Electrophoresis was on a 10% polyacrylamide-SDS gel.

ApppG-capped U7 Sm WT RNA accumulates in the nucleus
(Fig. 3B, lane 2), albeit less efficiently than with a m7G (3mG)
cap (lane 1). Both RNAs associate equally well with Sm proteins,
as judged by immunoprecipitation with Y-12 antibody, and the
resulting RNP complexes show equal electrophoretic mobility in
native gels (data not shown). Therefore, it appears that the
reduced nuclear import of ApppG-capped U7 Sm WT RNA is
due to the different cap structure itself and not to reduced RNP
assembly. This further implies that cap hypermethylation is an

important, but not a required, feature for nuclear accumulation of
U7 snRNPs in Xenopus oocytes. For nuclear import of U7 Sm
OPT RNA the proper 3mG cap structure appears to be even less
important (Fig. 3B, lanes 3 and 4). Interestingly, for U7 SmMUT
RNA, which is deficient for snRNP assembly and nuclear import
when transcribed with a m7G cap (lane 5 and Fig. 2), a small but
significant portion is found in the nucleus if the RNA contains an

ApppG cap (lane 6; see Fig. 3C and Discussion). It should also be
mentioned that the fraction of m7G(3mG)-capped U7 Sm WT
RNA entering the nucleus was higher in this experiment than the
usual 10-30% (see Fig. 2). The reasons for this difference are

unknown; in particular, the amount of RNA injected per oocyte
can not have been lower than usual by >1/3. Nevertheless, U7 Sm
WTRNA is still imported less efficiently than U7 Sm OPT RNA.
To exclude the possibility that the weak bands seen in lanes 2

and 6 are the result of cytoplasmic contamination we co-injected
ApppG-capped U7 Sm WT RNA and m7G- or ApppG-capped
U7 Sm MUT RNA together with a longer control RNA that does
not enter the nucleus and that serves as a cytoplasmic marker.
U7-125 RNA (Fig. 1), a derivative ofU7 SmWT RNA extended
for 60 nt at the 3'-end and ending in a stem-loop sequence
corresponding to a strongly mutated histone mRNA 3'-end, is

completely deficient in nuclear import (Fig. 3C, compare lanes C
and N). Despite the fact that U7- 125 RNA is not detectable in any
nuclear fractions, but in agreement with the data presented in Fig.
3B, co-injected ApppG-capped U7 SmWT (Fig. 3C, lane 1) and
U7 Sm MUT RNAs (lane 5) are found in the nucleus. Again,
m7G-capped U7 Sm MUT RNA fails to accumulate in the
nucleus (lane 3).

Structural analysis of assembled U7 snRNPs by UV
cross-linking

To analyse the structure of the assembled U7 snRNPs we

investigated RNA-protein interactions by photoaffinity cross-
linking (25,29). Nuclear extract was prepared from oocytes
injected with the radiolabelled RNAs, irradiated with UV light
and then analysed by SDS-PAGE either without or after digestion
with an RNase mixture (see Materials and Methods). By this
approach proteins that are in close association with the RNA can

be visualized by the transfer of label.
In the absence of RNase digestion four cross-linking adducts

are observed with U7 SmWTRNA (labelled 1-4 in Fig. 4A, lane
1), which decrease in intensity from 4 > 2 > 3 > 1. The very weak
adduct 1 cannot be detected in all experiments and is also not
detectable after nuclease digestion (lane 2). The molecular
weights of the other adducts were estimated after nuclease
digestion (which removes all but a small fragment of the RNA)
to be 40 [2], 30 [3] and 10 kDa [4] respectively. A direct
comparison of the cross-linking products with those obtained
with natural Xenopus U7 snRNPs is shown in Figure 4B. For this
experiment a clone encoding three Xenopus U7 genes was

injected into the oocyte nucleus, the oocytes were incubated
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Figure 5. Immunoprecipitation ofproteins cross-linked to U7 RNA. (A and B) Identification of cross-links 3-3'. U7 Sm WT (A) and U7 Sm OPT (B) RNA was injected
into X.laevis oocytes, UV cross-linking of nuclear extracts was performed (except for lanes Al-2) and samples were boiled (except for lane Al). The samples were
separated on 10% polyacrylamide-SDS gels. Lanes A5 and B4, total unprecipitated samples. All other lanes represent pellets of immunoprecipitations: Al-3 and B I,
monoclonal anti-Sm antibody Y-12 (Sm); B2, monoclonal antibody H57 directed against human B/B' protein (B); A4 and B3, control monoclonal antibody D5 (X).
The photoadducts are labelled as in Figure 4. Between A4 and A5 two lanes were excised from the photograph. (C) Identification of cross-links 4-4'. U7 SmWT (lanes
1-3) and U7 Sm OPT RNA (lanes 4-6) were analysed as above. All samples were subjected to UV cross-linking and boiling prior to electrophoresis. Lanes 3 and
6, total unprecipitated samples; lanes 1 and 4, immunoprecipitation with rabbit immune serum directed against human protein G (G); lanes 2 and 5, precipitation with
rabbit non-immune serum (X). The slight retardation of band 4 in lane 1 versus lane 3 is due to a different electrophoretic behaviour of the precipitated versus
unprecipitated samples. All immunoprecipitates correspond to -10 oocyte equivalents; unprecipitated controls, 3 oocyte equivalents.

overnight and nuclear extract was prepared. Since, in contrast to
the in vitro transcribed mouse U7 Sm WT RNA (lane 2), the
resulting Xenopus U7 RNA was not radioactively labelled, it had
to be detected by hybridization and subsequent co-electrophoresis
of a radioactively labelled oligonucleotide complementary to nt
1-16 of Xenopus U7 RNA (lane 1; 25). Due to this method of
detection, only a comparison in the absence of nuclease digestion
was possible. Moreover, the cross-linking products are slightly
retarded on the gel, presumably because of the additional
oligonucleotide. Otherwise, the two band patterns are very
similar with respect to both the sizes and relative intensities of the
bands, except for the very faint adduct 1. It is not possible to say
if this adduct is also present in the Xenopus sample. Injection of
the Xenopus genes increased the signal, however, a similar but
much fainter band pattern was also obtained if the analysis was
performed with nuclear extract from uninjected oocytes (data not
shown). As far as this analysis can reveal, the types of
UV-induced protein-RNA cross-links formed with U7 Sm WT
RNA therefore appear to be identical to those that can be formed
within natural Xenopus U7 snRNPs.
With U7 Sm OPT RNA no cross-linking products correspon-

ding to bands 1 or 2 ofU7 SmWTRNA are formed (Fig. 4A, lane
3). However, two heterogeneous groups of adducts (3-3' and 4-4')
are formed, whose upper limits correspond in mobility to bands
3 and 4 obtained with U7 Sm WT RNA. After nuclease digestion
each group is reduced to a single band which co-migrates with
adducts 3 and 4 of U7 SmWT RNA (lane 4), suggesting that the
multiple bands seen in the undigested sample are due to size
heterogeneity in the RNA and not to the cross-linking of a
heterogeneous group of proteins. This phenomenon is probably
related to the more extensive shortening of the 3'-end of U7 Sm
OPTRNA in the oocytes (Fig. 2). In the nuclease-digested sample
a faint band with a similar mobility to adduct 2 of U7 Sm WT
RNA is also observed. However, bands corresponding to adduct

2 have never been obtained when cross-linking products of U7
Sm OPT RNA were analysed without nuclease digestion (lane 3
and Figs 5 and 7). All bands discussed in this section are sensitive
to digestion with proteinase K, indicating that they are due to
protein-RNA cross-links (data not shown). No cross-linking
products were obtained with U7 Sm MUT RNA, which does not
accumulate in the nucleus (see Fig. 7). In contrast, identical
cross-linking products were obtained with ApppG-capped as with
m7G(3mG)-capped U7 Sm WT RNA (data not shown).

Identity of proteins present in adducts 3 and 4

We suspected that adducts 3 and 4 are formed by the common
snRNP proteins B/B' and G respectively, both because of their
apparent sizes (5) and because the G protein has previously been
shown to be cross-linked to the Sm binding site in Ul snRNPs
(29). Therefore, to identify the proteins present in these adducts
nuclear extracts from injected oocytes were UV irradiated as
before, the snRNPs were dissociated by boiling and subjected to
immunoprecipitation with specific antibodies reacting with
individual members of the common snRNP proteins. The Y-12
anti-Sm antibody (27), which recognizes epitopes on the B/B' and
D proteins, can be used to precipitate U7 Sm WT RNA in the
absence of cross-linking if a native nuclear extract is used (Fig.
SA, lane 1), but not if the extract has been boiled previously (lane
2), indicating that boiling effectively dissociates the snRNP
particles. However, if the extract has been UV irradiated to
produce the cross-links and then boiled, the same antibody
efficiently precipitates adduct 3 (lane 3). Both Y-12 and an
unrelated monoclonal antibody (lane 4) precipitate low amounts
of adduct 2, but, most importantly, precipitation of adduct 3 is
specific for Y-12. For U7 Sm OPT RNA both Y-12 (Fig. SB, lane
1) and the H57 antibody specific for the 29 kDa B/B' proteins (30;
lane 2) precipitate adduct 3-3'. No significant precipitation was

o 33'
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Figure 6. Mapping of cross-links on U7 RNA. 3'-End-labelled U7 SmWT A3'
(A) and U7 Sm OPT A3' RNA (B) was injected into X.laevis oocytes. Whole
cell extracts were UV irradiated and the indicated photoadducts were isolated
from preparative SDS-polyacrylamide gels. The adducts were subjected to
partial KOH hydrolysis and analysed on denaturing polyacrylamide gels (lanes
C). Partial KOH ladders (lanes K) and RNase Ti digests (lanes T) of the
corresponding input RNAs were run in parallel. The sequences of the relevant
portions of the RNAs are shown on the right of each panel. Arrows indicate the
largest detectable cleavage products which do not contain the cross-linked
proteins. Autoradiography was -4 times longer for (A) and the left part of (B)
than for the right part of (B).

observed with an unrelated monoclonal antibody (lane 3) or with
an antibody specific for the D protein(s), which also carries Sm
epitopes (data not shown). A rabbit antiserum specific for the
9 kDa G protein (29) specifically precipitates the lowest adduct,
4, obtained with U7 Sm WT RNA (Fig. SC, lane 1). For U7 Sm
OPT RNA both the G-specific (lane 4) and the control antiserum
(lane 5) inefficiently precipitate adduct 3-3', but, most important-
ly, only the G-specific serum efficiently precipitates adduct 4-4'.
Even though the antibodies used in this study have to react with
heterologous (Xenopus) proteins, taken together with the appar-

ent sizes of the photoadducts after digestion of theRNA (Fig. 4A)
our data strongly suggest that the two smaller proteins cross-

linked to U7 RNA in X.laevis oocytes correspond to the common
B/B' and G proteins.

Mapping of the sites of protein-RNA cross-linking

To map the cross-links on the RNA we end-labelled the 3'-ends
of the injected RNAs with [ct-32P]pCp and RNA ligase. Our
strategy was to allow assembly of snRNP particles in the oocyte,
to form the cross-links by UV irradiation and to purify individual
adducts by preparative SDS-PAGE. To reduce the loss of label
caused by the observed 3' trimming activity (Fig. 2) we

constructed new transcription templates ending 3 nt further
upstream (thus when 3'-end-labelled the RNAs extend beyond
the 3'-terminal stem-loop by the sequence CCp, instead of

1 2 3 4

Figure 7. Cytoplasmic assembly of in vitro transcribed U7 RNA. Radioactively
labelled, m7G-capped U7 Sm WT (lane 2), U7 Sm OPT (lane 3) and U7 Sm
MUT (lane 4) RNAs were injected into the ooplasm and after 6 h cytoplasmic
extract (4 cytoplasms/sample) was UV irradiated and subjected to electrophore-
sis on a 10% SDS-polyacrylamide gel. Individual photoadducts are labelled as
in Figure 4. Lane 1, U7 SmWTRNA without UV irradiation of extract. CX and
open arrowhead, additional cytoplasmic cross-link.

CCUOH, as in bona fide mouse U7 RNA). The cross-linking
patterns obtained with these RNAs were indistinguishable from
those obtained with the longer universally labelled RNAs (data
not shown). Moreover, having observed that identical cross-links
could also be obtained by irradiating cytoplasmic fractions (see
Fig. 7, below), we further increased the yield by UV irradiating
total rather than nuclear extracts. Only with these modifications
were we able to recover sufficient radioactivity for further
analysis from adducts 2 (40 kDa) and 4 (G) of U7 Sm WT and
adducts 3 (B/B') and 4 (G) of U7 Sm OPT RNAs, but not from
the very faint adducts 1 or 3 (B/B') ofU7 SmWT RNA. However,
it is possible that, despite the similarity in cross-linking patterns
between cytoplasmic and nuclear fractions, the formation of an
individual UV adduct may occur at different sites on the RNA,
depending on the compartment from which the RNP has been
isolated.

Purified adducts were subjected to partial KOH hydrolysis and
the products separated by electrophoresis on a sequencing gel
(Fig. 6A and B, lanes C), along with original samples of the same
RNA treated with either KOH (lanes K) or RNase TI (lanes T).
Although the TI digestion patterns of the U7 transcripts show
some anomalies (e.g. cleavage of U7 Sm WT after U27 instead
of G26; for numbering see Fig. 1), the patterns can be properly
aligned with the RNA sequence. For U7 Sm WT RNA (Fig. 6A)
the largest observable RNA fragment in the KOH-digested
material from adduct 4 (G) corresponds to cleavage after U24 or
U25. For adduct 2 (40 kDa) the last observed cleavage occurs
after C28. For the latter sample the digested cross-linked material
shows an anomalous electrophoretic mobility, so that mapping of
the cross-link may be in error by not more than 2 nt. Any KOH
cleavages located further 5' result in fragments that are still linked
to the corresponding protein and migrate collectively in the upper
region of the gel. For U7 Sm OPT RNA (Fig. 6B) the last
observable cleavages occur after U25 for adduct 4 (G) and after
U27 for adduct 3 (B/B'). Thus in RNP particles present in total
oocyte extract all three cross-links occur within a very short
stretch of the RNA, i.e. within the natural or altered Sm binding
site. Moreover, in the U7 Sm WT particle the cross-link with
protein G appears to lie further 5' than the cross-link with the 40
kDa polypeptide and in U7 Sm OPT particles the cross-link to G
precedes the cross-link to B/B'.
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Figure 8. In vitro synthesized U7 RNA is active in histone pre-mRNA processing. (A) Biochemical complementation of histone pre-mRNA processing with in vitro
synthesized U7 RNAs. In vitro synthesized 7mG-capped mouse U7 RNAs were injected into the cytoplasm of oocytes which had been depleted of endogenous U7
RNAs by targeting with oligonucleotide cA either 5 (left panel) or 24 h previously (right panel). After 18 h incubation 12/12 histone pre-mRNA was injected into the
nuclei of the same oocytes. After an additional 2 h total oocyte RNA was extracted and analysed on a denaturing polyacrylamide gel (2 oocyte equivalents/lane). Lane
M, pBR322 cut with Hpal (fragments of 90,76 and 67 nt are visible); lane 1, input histone pre-mRNA; lanes 2 and 9, processing by native oocytes; lane 3, processing
by oocytes pre-injected with a control oligonucleotide complementary to nt 10-25 ofU1 RNA (c); lanes 4 and 10, (lack of) processing by oocytes depleted ofU7 RNA
with oligonucleotide cA; lanes S and 11, complementation of processing by injection of U7 SmWT RNA; lane 6, (lack of) complementation with U7 Sm MUT RNA;
lanes 7 and 12, (lack of) complementation with U7 Sm OPT RNA; lane 8, as 5, but 12/12 RNA omitted; lane 13, as 12, but 12/12 RNA omitted. Migration ofU7 RNAs
and of the input and processing product of 12/12 histone pre-mRNA is indicated. The bands in lane 7 of similar size to the processing product are due to degradation
of injected U7 Sm OPT RNA by residual oligonucleotide cA (see text). (B) Inactivation of endogenous U7 RNA by targetting of RNase H with oligonucleotide cA.
The samples from (A) (3 oocyte equivalents) were used in a primer extension with a primer (cBX) that yields a specific 33 nt extension product only with Xenopus
U7 RNA. In lane 9 a band due to premature termination of reverse transcription is indicated with an asterisk.

RNA-protein contacts detectable by UV cross-linking
are established in the cytoplasm

We next analysed the patterns ofUV cross-linking in cytoplasmic
extracts. All the RNA-protein adducts previously characterized
for nuclear extracts, including the adduct between U7 Sm WT
RNA and the 40 kDa protein, were also obtained with cyto-
plasmic extracts (Fig. 7). Of the three RNAs only U7 Sm MUT
does not form any cross-links (lane 4). Moreover, a novel
RNA-protein adduct which was not seen with nuclear samples is
formed with U7 Sm WT (lane 2) and U7 Sm OPT RNA (lane 3,
open arrowhead). The electrophoretic mobility of this adduct
implies a protein moiety of 60-80 kDa. Further experiments
indicated that all the cytoplasmic cross-linking products can be
demonstrated in extracts taken 15 min after injection and persist
for at least 18 h, whereas nuclear accumulation started at -30 min
for U7 Sm OPT and 3-6 h for U7 SmWT RNA (data not shown).

In vitro synthesized U7 RNA is active in histone RNA
processing

To determine if the particles assembled from in vitro transcribed
U7 RNA are active in histone RNA processing we performed a
triple injection experiment (32). First, endogenous U7 snRNAs
were inactivated by nuclear injection of an oligodeoxynucleotide
complementary to the 5'-end ofX-laevis (and mouse) U7 snRNA
(oligonucleotide cA; 22). This oligonucleotide targets the resident

U7 RNA for degradation by RNase H, leading to a loss of histone
RNA processing activity (6). This is demonstrated by a subse-
quent injection of a radiolabelled 85 nt long histone pre-mRNA
from the mouse H4-12 gene (12/12 RNA; 19; Fig. 1) as

processing substrate. Untreated oocytes (Fig. 8A, lanes 2 and 9)
or oocytes injected with an unrelated control oligonucleotide
(lane 3) are able to cleave this substrate and produce aband of-50
nt (49 plus the cap), corresponding to correctly processed histone
RNA, whereas oocytes pre-injected with oligonucleotide cA
alone fail to do so (lanes 4 and 10). Primer extension assays
performed with the same RNA samples and a primer specific for
Xenopus U7 RNA confirm that the endogenous U7 RNA has
indeed been destroyed in those oocytes injected with oligonucleo-
tide cA (Fig. 8B). Since oligodeoxynucleotides are degraded
within a few hours in the oocyte (33), we injected in vitro
transcribed and radioactively labelled (to monitor recovery) U7
Sm WT, U7 Sm MUT or U7 Sm OPT RNAs into the oocyte
cytoplasm either 5 (Fig. 8A and B, left panel) or 24 h (right panel)
after injection of oligonucleotide cA. The oocytes were then
further incubated overnight to allow assembly and nuclear import
of snRNPs. Thirdly, labelled and capped histone pre-mRNA was
injected intranuclearly and after a further 2 h re-extracted and
analysed to monitor the complementation of histone RNA 3'
processing caused by the injected U7 RNAs.

In this assay oligonucleotide cA-targeted oocytes comple-
mented with U7 Sm WT RNA fully supported the processing
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reaction (Fig. 8A, lanes 5 and 11), whereas the band correspon-
ding to the processing product was not formed ifU7 SmWT alone
but no histone pre-mRNA was injected into the oocytes (lane 8).
As expected, U7 SmMUT RNA, which does not enter the nucleus
as a RNP particle, was inactive in complementation (lane 6). For
U7 Sm OPT RNA no band corresponding to processed pre-
mRNA could be observed when U7 Sm OPT RNA was injected
24 h after oligonucleotide cA (lane 12). When U7 Sm OPT RNA
was injected 5 h after the oligonucleotide several faint bands were
produced which migrated in the region ofthe expected processing
product (lane 7). We later found that these bands were also
produced if U7 Sm OPT alone but no histone pre-mRNA was
injected (data not shown). This phenomenon is most likely related
to the very rapid nuclear import of U7 Sm OPT RNA at a time
when oligonucleotide cA has not yet been fully degraded. Most
importantly, however, we conclude that in vitro synthesized U7
Sm WT RNA can assemble into a functional U7 snRNP. In
contrast, both U7 Sm MUT and U7 Sm OPT RNA, albeit for
different reasons, do not produce functional U7 snRNPs. Thus the
injected in vitro synthesized U7 RNAs behave functionally like
their counterparts transcribed in vivo from an injected genes (6).

Since U7 Sm WT RNA carrying an ApppG cap accumulates in
the nucleus, we tested whether it can also function in histone RNA
3' processing. After oligonucleotide cA targeted destruction of
the resident Xenopus U7 snRNPs the oocytes were complem-
ented with either m7G- or ApppG-capped U7 Sm WT RNA. In
agreement with the above, U7-depleted oocytes complemented
with m7G-capped U7 Sm WT RNA form the correct cleavage
product of 12/12 RNA (lane 3), however, a weak additional band
shorter by 1 or 2 nt is also obtained. This band is observed in some
experiments and presumably results from exonucleolytic nib-
bling, once the original cleavage has occurred. Most importantly,
the ApppG-capped U7 Sm WT RNA is also able to complement
histone RNA processing (lane 4). However, in this case the
shorter band prevails in intensity over the correct 50 nt product.
U7-depleted oocytes injected with only substrate (lane 2) or only
the U7 RNAs (lanes 5 and 6) do not form any bands of a similar
size. In addition, in none of the samples injected with the
antisense oligonucleotide could any intact Xenopus U7 RNA be
detected by primer extension assay (Fig. 9B). Together with the
finding that ApppG-capped transcripts cannot be immuno-
precipitated by anti-3mG cap antibodies after injection into
oocytes (Fig. 3A) these results indicate that the correct 3mG cap
structure is not neccessary for U7 snRNP function, at least in
Xenopus oocytes.

DISCUSSION

In this paper we have studied the structure and function of U7
snRNPs by microinjection of synthetic U7 transcripts into
X.laevis oocytes. Similar reconstitution studies using oocytes
specifically depleted of Ul or U2 snRNPs by oligonucleotide-
directed RNase H cleavage have provided important information
about the structure and function of these spliceosomal snRNAs
(32,34). However, in these cases complementation was only
obtained with natural and not with in vitro transcribed U1 or U2
snRNAs. Complementation with synthetic RNA has, however,
been achieved for the small nucleolar U8 RNA (35).
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Figure 9. Complementation of histone pre-mrRNA processing is independent
of the cap structure present on U7 RNA. (A) Biochemical complementation of
histone pre-mRNA processing with in vitro synthesized U7 RNAs. In vitro
synthesized 7mG- or ApppG-capped U7 Sm WT RNAs were injected into the
ooplasm of oocytes depleted of endogenous U7 RNAs by targeting with
oligonucleotide cA 24 h previously. After 18 h incubation 12/12 histone
pre-mRNA was injected into the nucleus of the same oocytes. After an
additional 2 h total oocyte RNA was extracted and analysed on a denaturing
polyacrylamide gel (2 oocyte equivalents/lane). Lane M, size marker (see Fig.
8); lane 1, processing by native oocytes; lane 2, (lack of) processing by oocytes
depleted of U7 RNA with oligonucleotide cA; lane 3, complementation of
processing by injection of 7mG-capped U7 Sm WT RNA; lane 4, comple-
mentation with ApppG-capped U7 Sm WT RNA; lane 5, as 3 but 12/12 RNA
omitted; lane 6, as 4 but 12/12 RNA omitted. Migration ofU7 RNAs and of the
input and processing product of 12/12 histone pre-mRNA is indicated. The
appearance of dual bands corresponding to the processing product (lanes 3 and
4) is seen in some experiments and may be due to exonucleolytic nibbling, once
cleavage has occurred. (B) Inactivation of endogenous U7 RNA by targeting
of RNase H with oligonucleotide cA. The samples from (A) (3 oocyte
equivalents) were used in a primer extension with a primer (cBX) that yields a
specific 33 nt extension product only with Xenopus U7 RNA.

Comparison of functional and non-functional U7 snRNPs

One aim of this study was to investigate the difference between
functional U7 Sm WT and non-functional U7 Sm OPT RNA,
both of which form snRNPs. After assembly in the oocytes both
RNAs can be cross-linked to two proteins of -30 and 10 kDa
respectively, which were identified as the common G and B/B'
polypeptides. Cross-linking of protein G to a similar location
within the Sm binding site of Ul RNA has been described (29),
but no other cross-linking of a snRNA to proteins B/B' has been
reported. The most notable structural difference between the two
particles is that U7 Sm WT, but not U7 Sm OPT, RNA can be
cross-linked to a 40 kDa protein (Fig. 4). This protein is larger
than any of the described common snRNP proteins and hence is
most likely a U7-specific polypeptide. Purification of mouse U7
snRNPs has not revealed a protein subunit of this size, but rather
two U7-specific polypeptides of 50 and 14 kDa (4). Since the
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purified particles were non-functional, it is possible that one or
more subunits present in the native snRNP were missing.
Alternatively, the 40 kDa protein detected in the present study
could be the Xenopus homologue of the 50 kDa subunit of mouse
U7 snRNPs. Absence of the corresponding cross-link does not
necessarily mean that the 40 kDa protein is missing from U7 Sm
OPT snRNP. Alternatively, it may no longer be in a close contact
with the RNA or the reactive nucleotide residue may have been
converted into a less reactive one by the mutation.
Based on these arguments, three possible reasons for the lack

of function of U7 Sm OPT RNA should be considered: (i) the
particles are indeed lacking the 40 kDa polypeptide, which is
required for function; (ii) the change in RNA sequence is directly
responsible for the lack of function; (iii) the particle contains all
required proteins, but is non-functional because of a conforma-
tional change. Furthermore, the failure of U7 Sm OPT RNA to
complement histone RNA processing may not necessarily mean
that the corresponding snRNP cannot act in the processing
reaction itself. Alternatively, the mutant snRNPs might be
mistargeted within the nucleus, to different locations from those
occupied by the histone pre-mRNA. However, this possibility is
unlikely, because expression of the U7 Sm OPT gene in oocytes
containing endogenous U7 snRNPs leads to competitive inhibition
of histone RNA processing (B. Stefanovic and D. Schumperli,
unpublished results) and because the Sm OPT sequence is also
inactive in a cis-cleavage assay (36).

One binding site for common and U7-specific proteins?

A previous structure-function analysis of the sea urchin U7 gene
defined the Sm binding site within the sequence CAAGUUUCU-
CUAGA (2). All nucleotides located further 5' could be deleted
without losing Sm precipitability and the 3' stem-loop could be
replaced by unrelated sequences as long as a similar secondary
structure could still be formed. This narrow definition of the Sm
binding site contrasts with the situation encountered in spliceo-
somal snRNPs. Jarmolowski et al. (37) have shown that the Sm
binding sites of Xenopus Ul and U5 RNAs are not interchange-
able in promoting assembly with the common Sm proteins,
although they are almost identical in sequence. From these and
other observations they concluded that the Sm binding site, in
combination with other structural elements located in the flanking
stem-loops, specifies the correct assembly of a particular snRNA
with Sm proteins. However, for U7 RNA the Sm binding site
appears to play the dominant role in assembly with the cormon
snRNP proteins.
The present study revealed that all three close RNA-protein

contacts detectable by UV cross-linking are located within this
sequence (Fig. 6). Unfortunately, the low efficiency of UV
cross-linking achieved so far has precluded the identification of
double or triple cross-linking products which would prove that all
interactions occur within the same particle. Nevertheless, we
consider it likely that the particles are homogeneous with respect
to these protein contacts, since the three photoadducts have
similar relative intensities in the cytoplasmic and nuclear
fractions (Figs 4 and 7) and also accumulate proportionally over
time in both kinds of extracts (data not shown).

It is most interesting that the apparently U7-specific 40 kDa
protein also interacts with the Sm binding site. As far as has been
analysed, the snRNP-specific proteins of other Sm-type snRNPs
bind to structural features of the snRNA outside the Sm binding

site (reviewed in 5). Paradigms for this kind of interaction are
binding of the Ul-specific proteins 70K and A to hairpins I and
II of U1 snRNA. In these cases it was also shown conclusively
that these proteins can bind to the RNA independently of other
proteins and, in particular, of the Sm core (38-41). Other
snRNP-specific proteins, such as the U1-specific protein C, may
bind to their cognate snRNP via protein-protein interactions,
presumably requiring the previous binding of at least one other
snRNP-specific polypeptide (reviewed in 5). In contrast, the
common proteins binding to the Sm site may form a similar
structure in all snRNPs, as is indicated by the fact that they can
form a 6S complex even in the absence ofRNA (42). Therefore,
U7 appears to be the first and perhaps only Sm-type snRNP in
which both common and particle-specific proteins interact
closely with the same short stretch ofnucleotides. This peculiarity
is reflected in the atypical sequence of the U7 Sm binding site,
whose first half, AAUUUGU in mouse or AGUUUCU in sea
urchin, may function more like a 'true' Sm binding site. The
second half, CUAG, is specific for U7 RNA and appears to make
contact with the 40 kDa protein. It is not known whether these two
half-sites can function independently of each other. Several
mutations of the corresponding region of sea urchin U7 RNA
resulted in a loss of both Sm precipitability and snRNP function
(2). The only mutant so far that retains Sm precipitability but
leads to a loss of function and, perhaps, of binding of the 40 kDa
protein is U7 Sm OPT. However, in this mutant both putative
half-sites have been altered and the Sm site has deliberately been
extended and optimized. Concerning the inverse, we have so far
not been able to generate a mutant that would convincingly lose
all interaction with the common Sm proteins and yet retain
binding to the 40 kDa polypeptide (B. Stefanovic and D. S.
Schumperli, unpublished results).

Mode of assembly and nuclear import of U7 snRNA

The cap structure of U7 RNA becomes hypermethylated in vivo
(3) and the same is true for the injected in vitro sythesized U7
RNAs used in this study (Fig. 3A). We have therefore analysed
whether this structure is required for assembly, nuclear accumula-
tion or function of U7 snRNPs. Of these processes only nuclear
import is detectably affected (Fig. 3B). However, a residual
fraction of injected ApppG-capped U7 RNA can still be imported
and is even functional in histone RNA processing (Fig. 9). Of the
other snRNAs only U8 has been shown to function without a 3mG
cap (35). Generally, cap hypermethylation is thought to occur
after the Sm proteins have assembled with the RNA (31, reviewed
in 43,44). In agreement with this, cap hypermethylation in U7
RNA is Sm-dependent. Regarding nuclear import, U7 RNA
behaves more like U4 and U5 RNAs, where the 3mG cap is not
absolutely required for nuclear accumulation but enhances the
process (45), and unlike Ul and U2 snRNAs, where the binding
of common Sm proteins and hypermethylation of the cap
structure are two independent and neccessary nuclear targeting
signals (45-48). However, these differences are only valid for
Xenopus oocytes, since in mammalian tissue culture cells (49)
and in an in vitro nuclear import system derived from such cells
(50) hypermethylation of the cap structure is also dispensible for
nuclear targeting of Ul and U2 snRNPs.

Interestingly, U7 Sm MUT RNA shows a low level of nuclear
accumulation when bearing an ApppG cap, but is completely
cytoplasmic with the m7G cap (Fig. 3). This result can be



Nucleic Acids Research, 1995, Vol. 23, No. 16 3151

explained if the free RNA bearing either cap structure can enter
the nucleus by diffusion, but the normal m7G cap promotes a
specific re-export which practically amounts to an exclusion from
the nucleus. Alternatively, a cytoplasmic m7G cap binding
protein might inhibit import of the m7G-capped U7 Sm MUT
RNA. In either case a certain fraction of the ApppG-capped U7
Sm WT and U7 Sm OPT RNAs found in the nucleus could also
be explained by this non-specific mechanism. However, because
the proportion of nuclear RNA is higher for both of these RNAs
than for the ApppG-capped U7 Sm MUT RNA, these RNAs must
also be imported by a specific, Sm-dependent mechanism.
Cytoplasmic samples subjected to UV cross-linking, in addi-

tion to the cross-linking products found in nuclear fractions, also
contain a cross-linking product suggestive of a 60-80 kDa protein
(Fig. 7). This adduct is visible at very early time points and
remains almost constant over time (data not shown). Using the
same mapping technique as in Figure 6 we have located this
cross-link to the stretch of U residues at positions 15-18 (Fig. 1;
data not shown). This region of U7 RNA participates in base
pairing to the histone pre-mRNA during histone RNA 3'
processing (8,13,22). The identity of this cytoplasmic RNA
binding protein is not known. One possibility is that it is involved
in nuclear import of U7 snRNPs.

Finally, cross-linking of the apparently U7-specific 40 kDa
protein in cytoplasmic extracts may represent a further difference
between U7 and the other Sm-type snRNPs. For the other snRNPs
the location in the cell where the particle-specific proteins
associate with their respective snRNP particles is not known.
However, it has been shown that binding of the U1-specific
proteins A, C and 70K is not required for nuclear import of Ul
RNA (47). Moreover, the Ul- and U2-specific snRNP proteins
can enter the nucleus independently of their respective core RNP
(51). Thus it is likely that the addition of snRNP-specific proteins
is normally a nuclear event. The fact that the 40 kDa protein (and
perhaps other U7-specific proteins as well) associates with U7
RNA in the cytoplasm raises the interesting possibility that U7
snRNPs might be competent for histone RNA cleavage before
entering the nucleus.
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