
In vivo assembly of functional U7 snRNP requires RNA
backbone flexibility within the Sm-binding site
Nikolay G Kolev & Joan A Steitz

Most histone precursor mRNAs (pre-mRNAs) in metazoans are matured by 3¢-end cleavage directed by the U7 small nuclear
ribonucleoprotein (snRNP). RNA functional groups necessary for in vivo assembly and activity of the U7 snRNP were examined
by nucleotide-analog interference mapping and mutagenesis using a chimeric mouse histone H4 pre-mRNA–U7 snRNA construct
that is cleaved in cis in Xenopus laevis oocytes. Assembly of the unique U7 Sm protein core is rate limiting for processing in vivo
and requires four conserved nucleotides within the U7 Sm-binding site, as well as the correct positioning and size of the U7
terminal stem-loop structure. To our surprise, pseudouridine substitution revealed a requirement for backbone flexibility at a
particular position within the U7 Sm site, providing in vivo biochemical evidence that an unusual C2¢-endo sugar conformation
is necessary for assembly of the Sm ring.

U7 is a metazoan small nuclear RNA (snRNA) necessary for the 3¢-end
formation of replication-dependent histone mRNAs1–3. It ranges in
length from 57 nucleotides (nt) in sea urchins1 to 74 nt in Drosophila
melanogaster3 and has a single secondary structure feature, a hairpin at
the 3¢ end. U7 follows the same maturation pathway as U1, U2, U4
and U5 spliceosomal snRNAs. After transcription, it is exported to the
cytoplasm and assembles with seven Sm and Sm-like core proteins in
an ATP-dependent process involving the survival of motor neuron
(SMN) and the protein arginine methyltransferase-5 (PRMT5)
complexes4–6. The U7 RNA then undergoes cap hypermethylation,
trimming of its 3¢ end and reimport into the nucleus7.

The noncanonical Sm-binding site of U7 snRNA determines
the assembly of a unique core of Sm proteins: SmB/B¢, SmD3, SmE,
SmF and SmG are shared with spliceosomal snRNPs, whereas SmD1
and SmD2 are replaced by the Sm-like proteins Lsm10 and Lsm11
(refs. 4,5,8). The unique Sm core determines the low abundance of
the U7 snRNP9, its cytoplasmic assembly and nuclear import at rates
slower than those of spliceosomal snRNPs7,9 and its localization
to Cajal bodies10.

The pre-mRNAs transcribed from the replication-dependent histone
genes of metazoans are intronless. They undergo endonucleolytic
cleavage in the 3¢ untranslated region5,11 without polyadenylation.
The signals for this maturation process are a conserved stem-loop
upstream and a histone downstream element (HDE) 10 or 11
nucleotides downstream of the cleavage site. The HDE sequence is
complementary to the 5¢ end of U7 snRNA, and a requirement for
intermolecular base pairing has been demonstrated by complementa-
tion of HDE mutants that do not support processing with compensa-
tory changes in the 5¢ end of U7 (refs. 12,13). A stem-loop–binding
protein (SLBP) coordinates the high expression of histone messages

during the S phase of the cell cycle and enhances recruitment of U7
snRNPs to the pre-mRNAs14. Recent evidence implicates components
of the cleavage and polyadenylation machinery, namely symplekin15

and the cleavage and polyadenylation specificity factor 73-kDa subunit
(CPSF-73)15,16, as intimately involved in the processing event.

We set out to identify RNA determinants crucial for the in vivo
assembly and activity of the U7 snRNP using a chimeric RNA
construct that contains a processing substrate covalently attached to
the mouse U7 snRNA sequence. A similar construct, when injected
into the cytoplasm of Xenopus oocytes, has been shown to assemble
into a processing-competent RNP that directs cleavage in cis of the
attached pre-mRNA sequence17. U7 is therefore the only Sm snRNP in
metazoan cells that can easily be subjected to an analysis that couples
assembly to function. Pseudouridine substitution at a particular
position within the U7 Sm-binding site produced unpredicted inhibi-
tion of RNP assembly, revealing a requirement for flexibility of the
sugar-phosphate backbone. Our findings provide in vivo evidence for
the importance of a C2¢-endo sugar conformation to achieve stable
assembly with the Sm core proteins.

RESULTS
Pseudouridine at position 24 in U7 impairs RNP assembly
Nucleotide-analog interference mapping (NAIM) is a powerful tech-
nique that identifies individual functional groups that are crucial for
the activity of an RNA molecule18,19. The method relies on selection of
functional species within a pool of RNA molecules containing chemical
substitutions at single, random positions. A chimera consisting of the
mouse histone H4-12 pre-mRNA and the mouse U7 snRNA (Fig. 1) is
perfectly suited for in vivo NAIM20, as it undergoes cis cleavage in the
cytoplasm of Xenopus oocytes17, generating shorter processed RNAs.
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Capped 3¢ end–labeled chimeras containing thioated adenosine,
purine, guanosine, inosine, cytidine, uridine and pseudouridine
nucleotides (AaS, PuraS, GaS, IaS, CaS, UaS and CaS, respectively)
were microinjected into oocytes to allow RNP assembly and proces-
sing. Processed (functional) molecules were gel-purified and subjected
to cleavage with iodine (Fig. 2a and data not shown). Quantification
of the intensities of the individual bands compared with those
generated from full-length uninjected RNAs as controls18,20 revealed

no interference or enhancement effects for most of the modified
nucleotides. The only exceptions were interferences within the U7
Sm-binding site for the UaS, CaS and CaS analogs, which produced
several small phosphorothioate effects, such as those at positions U25,
U27, U29 (Fig. 2a,b) and C28 (data not shown). Most noteworthy was
a pseudouridine interference at position 24, apparent after calculation
of the normalized k values, whereas phosphorothioate substitution
alone produced no effect at this position (Fig. 2b).

As in vivo NAIM cannot discriminate between effects on snRNP
assembly versus histone pre-mRNA processing activity, we used a
nuclear import assay and immunoprecipitation with the Y12 antibody
to Sm21 to further characterize the interference by the U24C substitu-
tion. The import of U7 and other U snRNAs into the oocyte nucleus is
known to depend on prior cytoplasmic assembly of the Sm core7,22.
We prepared U7 RNA altered only by substitution of C at position
24 (without the phosphorothioate) and assessed its accumulation
in germinal vesicles 16 h after injection into the cytoplasm. In
three experiments (Fig. 2c), U24C U7 snRNA was imported
2.8 ± 0.7–fold less efficiently than wild-type U7. The assembly defect
was confirmed by Y12 immunoprecipitation. Pseudouridine substitu-
tion produced a two-fold decrease in U7 snRNP assembly efficiency
relative to the wild-type U7 (Fig. 2d). In contrast, U7 containing
a canonical spliceosomal Sm site (U7 OPT)7, without or with
pseudouridine substitution at position 24 (5¢-AAUUUUUGGAG-3¢
or 5¢-AAUCUUUGGAG-3¢, respectively), was equally well precipitated
by antibodies to Sm (Fig. 2d). We conclude that substitution of
U24 with pseudouridine in the U7-specific Sm site impairs assembly
of the U7 Sm core.

Position and size of the U7 hairpin affect RNP assembly
To assess the effects of additional nucleotide changes on assembly of
the U7 Sm core and processing of the chimeric RNA, we performed a
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Figure 1 The histone pre-mRNA–U7 snRNA chimera. Shown in black are

the sequences of the mouse histone H4-12 pre-mRNA, from 29 nt upstream
to 35 nt downstream of the major cleavage site, and of the mouse

U7 snRNA (positions 1–62) with the Sm site boxed. Major and minor

endonucleolytic cleavage sites are marked by thick arrows. The downstream

U7-containing cleavage product undergoes exonuclease trimming17 to

the positions indicated by thin arrows (data not shown). In gray are the

5¢-terminal G, the connecting sequence and the 3¢-terminal extension,

which are not encoded by the histone or U7 gene.

Figure 2 U24C interferes with U7 snRNP

assembly in vivo. (a) In vivo NAIM. Processed

(Proc.) and uninjected (Uninj.) chimeric RNAs

were subjected to cleavage with iodine or directly

loaded on a 12% sequencing gel. The U7 Sm

site is indicated, with position 24 marked by a

black dot on the left. (b) Data from three

independent NAIM experiments were analyzed18.
Normalized interference values (k) and

phosphorothioate effect values (with s.e.m.) are

plotted against the nucleotide position within the

U7 snRNA sequence. Briefly, k values were

calculated on the basis of the intensities of

individual bands quantified by area integration of

the peaks using ImageQuant software (Molecular

Dynamics). Each band was assigned a relative

value in comparison to all other bands in the

same lane (to account for any loading

differences). The ratios of assigned relative band

values in the unselected (uninjected) versus

selected (processed) UaS lanes represent the

phosphorothioate effects for each position. The

same ratios were calculated for the CaS lanes

and then divided by the phosphorothioate effect values to produce the k values, which account for the interference or enhancement only of the particular

analog tested, not the phosphorothioate modification. Interferences were considered appreciable only if they were above 2 or below 0.5, as indicated with

lines. (c) Synthetic 32P-labeled 7-methylguanosine (m7G)-capped U24C (without the phosphorothioate modification) and wild-type U7 snRNAs were
generated by three-piece ligation. One of three nuclear import experiments is shown. The imported RNA is a few nucleotides shorter, a result of

exonucleolytic trimming after assembly of the Sm core7. (d) Assembly of U7 snRNP assayed by immunoprecipitation with Y12 antibody of synthetic
32P-labeled m7G-capped wild-type (WT) U7 snRNA or U7 RNA containing a canonical optimized 5¢-AAUUUUUGG-3¢ Sm site (U7 OPT) with or without

U24C substitution (no phosphorothioate modification).
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series of immunoprecipitations using the Y12 antibody. Capped
internally labeled mutant chimeric RNAs were microinjected into
the cytoplasm of oocytes, and the ability of full-length and processed
RNAs from each pool of oocytes to be immunoprecipitated with Y12
versus the control Y10B antibody to ribosomal RNA21 was compared.

We established (Fig. 3a) that shortening the U7 hairpin, previously
shown to be a structural feature of the RNA that tolerates sequence
changes23, to 8 or 5 base pairs (bp) (S1 and S2, respectively) has only a
modest inhibitory effect on assembly and subsequent processing
(resulting in efficiencies of 0.91 and 0.79, respectively, relative to the
wild-type chimera). Truncation of an additional 3 bp (S3), leaving
only an unstable 2-bp hairpin, reduced processing efficiency to
B25%, and complete removal of the U7 hairpin (S4) yielded only
trace levels of cleaved product.

Notably, the amount of RNA immunoprecipitated with Y12 was
always directly proportional to the efficiency of processing, and the
vast majority of precipitated RNA was in its processed form. This
guarantees that the immunoprecipitation specifically assessed the
assembly of functional snRNPs (rather than detecting randomly
bound Sm proteins) and suggests that snRNP assembly is rate limiting
for in vivo processing of the chimera. To validate this conclusion, we
checked whether the overnight incubation (B16 h) in oocytes might
be too long to capture snRNP particles that were newly assembled but
had not undergone processing; incubating the chimera in oocytes for
much shorter time periods before the Y12 immunoprecipitation
yielded no increase in the amount of precipitated full-length RNA
(Fig. 3b). The cleavage of full-length RNAs during the immuno-
precipitation can also be ruled out, as extracts subjected to Y12
immunoprecipitation conditions (incubation with the resin-attached
antibody without separation of pellet and supernatant) resulted in no
increase in the fraction of processed RNA compared to extracts that
were immediately deproteinized (Fig. 3c, lanes 1 and 2). Together,
these observations demonstrate the lack of an appreciable lag between
Sm core assembly and processing of the chimeric RNAs in vivo.

As the highly conserved histone stem-loop is the binding site for
SLBP, which facilitates recruitment of the U7 snRNP14, we asked

whether this stem-loop is needed for efficient cleavage in cis of the
histone pre-mRNA–U7 snRNA chimera. In the Y12 immunoprecipi-
tation (Fig. 3d), deletion of the stem-loop in S1DSL resulted in only a
small decrease in the efficiency of processing (0.87 relative to S1). This
suggests that the histone stem-loop and SLBP do not play an essential
role in the in vivo cleavage of our chimera in Xenopus oocytes.

Using the S2 chimera, we created a series of mutants with deletions
in the sequence that separates the U7 hairpin (here, 5 bp) from the Sm
site (Fig. 4) and found that spacing is also important for assembly of
functional RNP. Whereas removal of the 3¢ single-stranded tail of the
chimera (Fig. 4b) had no adverse effect on assembly and processing,

Figure 3 The Y12 immunoprecipitation (IP) assay

simultaneously assesses U7 Sm core assembly

and processing efficiency of the chimera.

(a) Shortening the U7 hairpin to less than 5 bp

impairs snRNP assembly and processing. Total

(33%) and immunoprecipitated (100%) chimeras

containing the U7 hairpins shown were separated

on a denaturing gel. Processing efficiencies (data

from two independent experiments, with ± values

indicating the range) are relative to the wild type.

FL, full-length chimera; PR, processed U7-

containing product. Some nonspecific shortening

of the injected RNA was observed, especially

in the case of S4, most probably because of

exonucleolytic 3¢-end trimming. The bands
appearing as a ladder near the bottom of the gel

(for WT, S1 and S2) correspond to processed

chimeric RNAs that are 5¢-exonucleolytically

trimmed to the 5¢ end of the Sm-binding site of

the chimera (data not shown). (b) S1 chimera

was incubated in oocytes for shorter time periods

and subjected to the Y12 IP assay. (c) S1

chimera was incubated overnight in oocytes and extract was prepared and treated as follows: lane 1, total extract treated with phenol to isolate RNA; lane 2,

total extract subjected to Y12 IP before extraction with phenol; lane 3, supernatant after Y12 IP; lane 4, pellet after Y12 IP; lane 5, pellet after Y12 IP,

washed four times with TBS. (d) Efficient processing of the chimera does not require the histone stem-loop. S1 and S1DSL RNAs were assayed by Y12 IP.

Shown above gel are the 5¢ ends of the two constructs.
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deletion of one or two additional nucleotides (Fig. 4c,d) severely
impaired function, most probably by destabilizing the U7 hairpin.
Deletion of A33, C32 A33 or G31 C32 A33 (Fig. 4e–g) resulted in a
large decrease in the efficiency of assembly and processing of the
chimera, whereas insertion of 1, 2 or 3 uridines between A33 and G34
(Fig. 4h–j) had no adverse effect. We conclude that a minimal spacing
of 2 nt is needed between the U7 Sm-binding site and the 3¢ hairpin.

Four bases within the U7 Sm-binding site are crucial
Changing the unique U7 Sm-binding site, 5¢-AAUUUGUCUAG-3¢,
into a canonical spliceosomal Sm site, 5¢-AAUUUUUGGAG-3¢
(U7 OPT), results in the assembly of an snRNP that is nonfunctional
in 3¢-end processing; a mutant with multiple substitutions within the
Sm site (5¢-AACGCGUCAUG-3¢) cannot assemble an snRNP at all7,17.
We analyzed the contribution of each nucleotide in the U7 Sm site to
the assembly and processing of the RNA chimera by mutating every
position to the other three possible bases.

The identities of only four bases, which reside in the 3¢ half of the
Sm site, are crucial for assembly of an active U7 snRNP (Fig. 5a,b).
Any substitution of C28, A30 or G31 resulted in pronounced
inhibitory effects, whereas U27A alteration was partially deleterious.
Notably, the loss of immunoprecipitation by the Y12 antibody
indicates a failure of Sm proteins to assemble at all, rather than a
simple exchange of the U7-specific proteins Lsm10 and Lsm11 for the
canonical SmD1 and SmD2.

To our surprise, U24 could be replaced individually with any other
unmodified base with little effect on assembly or processing of the
chimera (Fig. 5b). This contrasts with the strong inhibitory effect of
the U24C substitution revealed by NAIM (Fig. 2). Substitutions with
G at A21, U25 and other positions within the 5¢ end of the U7 Sm site

were somewhat inhibitory. All mutations of G26 (which is not
conserved between different species; Supplementary Fig. 1 online)
resulted in a two-fold increase in assembly and processing, possibly
reflecting a minimized potential for base pairing between the Sm site
and the region immediately downstream of the cleavage site in the
chimera, which would otherwise interfere with RNP assembly on the
single-stranded Sm site. Contrary to our expectation, the A30U
mutation, even though it creates a Drosophila U7 Sm-binding site
sequence3, yielded a chimeric RNA that was inactive in Xenopus
oocytes (Fig. 5a,b).

A required backbone conformation at U24
We further investigated the seemingly contradictory finding that
pseudouridine at position 24 in the U7 Sm site is deleterious to active
U7 snRNP assembly, whereas substitution with any canonical base is
not. Pseudouridine preserves the Watson-Crick base pairing potential
of U, but it confers structural rigidity on the sugar-phosphate back-
bone. This has been attributed to its ability to coordinate a water
molecule between the N1-H, the 5¢-phosphate, and the phosphate of
the preceding nucleotide24–26, which favors the C3¢-endo conforma-
tion of the ribose (see Supplementary Fig. 2 online), as well as to
increased stacking involving the C base27. We tested modifications of
the ribose ring at position U24 and found that introduction of 2¢-F,
which likewise favors the C3¢-endo sugar conformation28, is also
deleterious for snRNP assembly (Fig. 5c). The smaller inhibitory
effect of 2¢-F (Fig. 5c) compared to the greater than two-fold effect
exerted by the C substitution (Fig. 2b–d) is expected, as pseudo-
uridine has an additional backbone-rigidifying effect (because of
increased base stacking27). In contrast, 2¢-deoxy modification, which
favors the C2¢- over the C3¢-endo conformation28,29, has no negative
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Figure 5 Effects of single-base substitutions

within the Sm-binding site on assembly and

processing. (a) Y12 IP assays of S2 chimeric

RNAs with the indicated base substitutions.

T, 33% of total RNA isolated from the oocytes;

Y, RNA immunoprecipitated by Y12; FL,

full-length chimera; PR, processed chimera.

(b) Processing efficiency of each mutant, relative

to construct S2. (c) Assembly of singly sub-

stituted U7 snRNAs, assayed by Y12 IP. S2 U7

RNAs were prepared by two-piece ligation using
32P-phosphorylated synthetic oligoribonucleotides

having a 2¢-hydroxyl (2¢-OH), 2¢-fluoro (2¢-F) or

2¢-deoxy (2¢-H) substituent at nucleotide U24

(see Supplementary Methods). Their relative
assembly efficiencies (from four experiments,

with s.e. shown) were calculated after

PhosphorImager quantification of band intensities

for total and Y12-bound RNAs compared to the

U24 2¢-OH. (d) Crucial determinants for in vivo

assembly of the U7 snRNP. Shown is the

sequence and secondary structure of the mouse

U7 snRNA43. Gray box, Sm-binding site; black

circles, crucial nucleotides within the Sm site;

open box, required 3¢ hairpin structure. The

minimal distance of 2 nt between the Sm site

and the hairpin is indicated, as is the proposed

requirement for structural flexibility of the

uridines in the 5¢ portion of the Sm site.
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effect (Fig. 5c). These results provide excellent confirmation that the
interference observed with U24C is due at least in part to a negative
effect on Sm protein assembly conferred by the wrong sugar pucker at
this position within the Sm-binding site.

DISCUSSION
The RNA determinants for in vivo assembly of functional U7 snRNP
(Fig. 5d) include a stable hairpin downstream of the Sm-binding site,
a spacing of 2 or more nucleotides between the hairpin and the Sm-
binding site, correct identities of four bases in the 3¢ half of the Sm site
and flexibility of the sugar-phosphate backbone at U24 in the 5¢
portion of the Sm-binding site. These features are conserved in
putative and known U7 RNA sequences from different species
(Supplementary Fig. 1), except Drosophila, where the penultimate
Sm-site nucleotide is a U rather than an A.

The four nucleotides that are crucial for active U7 snRNP assembly
are all positioned within the 3¢ half of the unique U7 Sm-binding site,
which has been shown to UV cross-link to a 40-kDa U7-specific
protein in oocyte extracts7, most probably Lsm11 (ref. 4). Changing
these nucleotides individually abrogated RNP formation rather than
inducing assembly of a canonical Sm core of proteins (Fig. 5a,b).
Moreover, none of the mutations tested uncoupled processing of the
RNA chimera from its assembly with the U7 Sm core. It seems that
processing immediately follows formation of the Sm protein complex,
as only trace amounts of full-length chimera could be immunopreci-
pitated with Y12 antibody, even after short incubation times (30 min)
in the oocyte (Fig. 3b). Finally, consistent with mutational analysis of
the mouse histone H4-12 pre-mRNA30, even complete removal of the
binding site for SLBP does not affect processing of the chimera, and
additional factors beyond the assembled U7 snRNP (for example,
symplekin15 and CPSF-73 (refs. 15,16)) do not seem to be limiting in
Xenopus oocytes.

Our results extend previous studies of Sm snRNP assembly. An
in vivo saturation-mutagenesis study of the Sm-binding site of yeast
U5 snRNA31 found no major phenotypic effect for any single-
nucleotide substitution in the 5¢ half of the Sm site. Instead, substitu-
tions only in the 3¢ half of the U5 Sm site were deleterious, similar to
our observations for U7. Previous in vitro studies with U1 snRNA
using NAIM32 have revealed the importance of phosphates within the
terminal stem-loop for formation of a stable RNP, suggesting a ‘clamp’
function for the U1 stem-loop in holding the Sm core of proteins in
place. Although we did not detect phosphorothioate effects mapping
to the U7 hairpin, deletion analyses revealed that a stable stem-loop
downstream of the Sm site is essential (Figs. 3 and 4). We cannot
exclude participation of another assembly factor, but it is unlikely that
we have monitored interactions with the SMN complex of proteins. A
recent report33 has concluded that the SMN complex recognizes the
Sm site plus the adjacent 3¢ stem-loop; either changing the base or
inserting phosphorothioate at positions in viral U snRNAs comparable
to U23 and U25 in U7 RNA was most deleterious. The fact that we did
not see appreciable interferences at these positions (Figs. 2 and 5)
supports the argument that our in vivo assays with the U7 chimera
assess Sm rather than SMN interactions.

Most notably, we found that individual base alterations in
the uridines (U23, U24 and U25) considered the ‘signature’ of the
Sm-binding site34–37 do not substantially inhibit assembly (Fig. 5).
Instead, the in vivo NAIM combined with nuclear import and Y12
immunoprecipitation assays of singly substituted U7 molecules
showed that pseudouridine at position 24 substantially impairs RNP
formation (Fig. 2). As C does not alter the Watson-Crick face of the
base, which is recognized in the nucleotide-binding pocket of Sm

proteins38,39, and as substitution of any other base at that position
leads to efficient assembly, it is evident that the C must influence not
base recognition, but some other aspect of Sm core assembly.

We hypothesize that pseudouridine within the U7 Sm site impairs
assembly of the Sm ring because of both its backbone rigidity and its
preference for assuming the C3¢-endo sugar conformation. Inhibition
of assembly by 2¢-fluorodeoxyribose, which also prefers the C3¢-endo
sugar pucker28, was likewise observed at position 24, whereas
2¢-deoxyribose, as predicted, had no effect (Fig. 5c). Although the
C3¢-endo sugar pucker is a general feature of RNA molecules, in this
particular position it seems to be incompatible with proper assembly
of the Sm core proteins.

We predict that when crystal structures of the heteroheptameric Sm
ring of the U7 snRNP become available, the C2¢-endo sugar con-
formation will be seen at position U24 and perhaps at the neighboring
U positions. Indeed, structural analyses of RNA bound to an archaeal
homoheptameric Sm protein complex38 and to homohexameric
Hfq40, the bacterial Sm homolog, have led the authors to suggest
that the bound nucleotides assume a C2¢-endo sugar conformation.
This configuration promotes a more extended structure for the
backbone and could enable the binding of consecutive bases in
neighboring binding pockets38,40. Our observation that pseudouridine
is deleterious for in vivo assembly of the U7 RNP (Fig. 2) provides
evidence that the ability of the RNA backbone within the Sm site to
adopt the C2¢-endo configuration is not only a structural feature but
functionally important.

We asked whether similar backbone constraints apply to assembly of
the canonical Sm ring, as this portion of the U7 Sm site cross-links to
the common SmG protein7. We examined U5 RNA containing C at the
position equivalent to U24 but found no inhibitory effect on assembly
with Sm proteins in Xenopus oocytes (data not shown); similar results
were obtained for U7 RNA with a canonical spliceosomal Sm site (U7
OPT, Fig. 2d). Both of these RNAs assemble with the Sm core more
efficiently than does the wild-type U7 RNA (Fig. 2d), and they have
Sm sites containing six and five consecutive uridines, respectively,
compared to three in U7. It may be that multiple uridines contribute
sufficient flexibility to override the effect of a single pseudouridine
within a consensus Sm site and that the relatively inefficient assembly
of the U7 snRNP has allowed us to detect the deleterious effect of C.
Regardless, the unstructured nature of oligoU41, and its expected facili-
tation of assembly with Sm proteins, has probably contributed to the
conservation of U residues within the Sm-binding sites of all U RNAs.

To our knowledge, this is the first demonstration that the backbone
conformation of a particular nucleotide is crucial for the in vivo
assembly of an RNA–protein complex. More generally, our results
provide support for the idea that the evolutionary pressure that
maintains pseudouridine modifications at conserved positions within
many important cellular RNAs26 (including ribosomal RNAs and
snRNAs42 as well as transfer RNAs) reflects a requirement—either
during assembly or functioning—for rigidity of the sugar-phosphate
backbone at certain sites.

METHODS
DNA templates for in vitro transcription. See Supplementary Methods online.

In vivo NAIM. Capped wild-type histone pre-mRNA–U7 snRNA chimeras

containing a single, randomly positioned a-thioated nucleotide analog or

a-thioated parent nucleotide were synthesized18,19. The RNA was labeled at

the 3¢ end as described in ref. 20, with modifications (see Supplementary

Methods) and microinjected into oocytes (B10 fmol chimera per oocyte,

B100 oocytes for each sample). After overnight incubation at 18 1C, total
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oocyte RNA was prepared by proteinase K digestion, extraction with phenol

and with a ratio of chloroform to isoamyl alcohol of 24:1, and precipitation

with ethanol. Processed RNA was eluted from 1.5-mm-thick denaturing 12%

(w/v) polyacrylamide gels. Treatment of the processed RNAs and uninjected

full-length RNA controls with iodine and analysis of the data were performed

essentially as described previously18–20.

Oocyte microinjections. Stage VI Xenopus laevis oocytes were cytoplasmically

injected with 13.8 nl of RNA solution (corresponding to 3.5 � 103 c.p.m. or

B5 fmol, unless stated otherwise) containing trace amounts of bromophenol

blue and 1 U ml–1 RNasin. Oocytes were kept in OR2 buffer (5 mM HEPES,

82.5 mM NaCl, 2.5 mM KCl, 1 mM Na2HPO4, 1 mM MgCl2 and 1 mM CaCl2
(pH 7.8)). Injected oocytes were incubated overnight (B16 h) at 18 1C.

Nuclear import assay. Preparation of singly substituted U7 RNAs by DNA-

mediated RNA ligation is described in Supplementary Methods. Gel-purified

RNAs (20 fmol) were microinjected into the oocyte cytoplasm and incubated

overnight at 18 1C in OR2. The cytoplasm and nucleus of each cell were

manually separated, with 5 oocytes per sample in J buffer (10 mM HEPES

(pH 7.4), 70 mM NH4Cl, 7 mM MgCl2, 0.1 mM EDTA and 2.5 mM DTT),

and immediately digested with proteinase K, extracted with phenol and with a

ratio of chloroform to isoamyl alcohol of 24:1, and precipitated with ethanol.

After electrophoresis under denaturing conditions, the percent RNA imported

was calculated on the basis of PhosphorImager quantification of the individual

band intensities.

Immunoprecipitation. Protein A Sepharose CL-4B beads (Amersham Bio-

sciences) were preswollen in TBS (50 mM Tris-HCl (pH 7.4) and 150 mM

NaCl). For each sample, 70 ml swollen beads were preincubated with the

indicated antibodies in 0.5 ml TBS for 1 h at room temperature, washed three

times with 1 ml TBS and kept in 0.5 ml TBS on ice. For each sample, ten

oocytes were homogenized in 0.2 ml ice-cold 130 mM NaCl and 34 mM

sodium phosphate (pH 7.5), then centrifuged at 13,400g for 1.5 min at room

temperature; the clear extract between the insoluble pellet and the lipid layer

was transferred to a tube containing antibody-bound protein A Sepharose and

incubated with rotation for 1 h at 4 1C. The beads were washed four times with

1 ml TBS and bound RNA was eluted by extraction with phenol. Total oocyte

RNA was prepared by homogenizing ten oocytes with 200 mg proteinase K

in 0.2 ml of solution containing 100 mM Tris-HCl (pH 8.0), 150 mM NaCl,

12.5 mM EDTA and 1% (w/v) SDS, then incubating for 30 min at 45 1C,

extracting with phenol and with a ratio of chloroform to isoamyl alcohol of

24:1, and precipitating with ethanol. After electrophoresis under denaturing

conditions, assembly efficiencies were calculated by PhosphorImager quantifi-

cation of the percentage of precipitated RNA from band intensities for total and

Y12-bound RNAs. Processing efficiencies were calculated as the fraction of

processed RNA in the lanes containing total oocyte RNA.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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