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ABSTRACT Efficient 3*-end processing of cell cycle-
regulated mammalian histone premessenger RNAs (pre-
mRNAs) requires an upstream stem–loop and a histone
downstream element (HDE) that base pairs with the U7 small
ribonuclearprotein. Insertions between these elements have
two effects: the site of cleavage moves in concert with the HDE
and processing efficiency declines. We used Xenopus oocytes to
ask whether compensatory length insertions in the human U7
RNA could restore the fidelity and efficiency of processing of
mouse histone insertion pre-mRNAs. An insertion of 5 nt into
U7 RNA that extends its complementary to the HDE com-
pensated for both defects in processing of a 5-nt insertion
substrate; a noncomplementary insertion into U7 did not. Yet,
the noncomplementary insertion mutant U7 was shown to be
active on insertion substrates further mutated to allow base
pairing. Our results suggest that the histone pre-mRNA
becomes rigidified upstream of its HDE, allowing the bound
U7 small ribonucleoprotein to measure from the HDE to the
cleavage site. Such amechanismmay be common to other RNA
measuring systems. To our knowledge, this is the first dem-
onstration of length suppression in an RNA processing sys-
tem.

Cell cycle-regulated histone premessenger RNAs (pre-
mRNAs) are unusual RNA polymerase II transcripts because
they do not contain introns and are not polyadenylylated (for
review, see refs. 1 and 2). Instead, their 39 ends are formed by
endonucleolytic cleavage. Two conserved elements on the
histone pre-mRNA are required for efficient processing: a
stem–loop structure found directly upstream of the site of
cleavage and a purine-rich region located 9–17 nt (usually 116
1 nt, see ref. 3) downstream of the cleavage site termed the
histone downstream element (HDE) (Fig. 1). There are at least
three trans-acting factors involved in histone mRNA matura-
tion: a factor that binds the stem–loop element (7–11), an
essential heat-labile factor whose role is not yet understood
(12–14), and the low-abundance U7 small nuclear ribonucle-
oprotein (snRNP) (for reviews, see refs. 15 and 16), which
contains at least two proteins of 50 kDa and 14 kDa (17–19)
in addition to the core Sm proteins (20). Genetic suppression
experiments established that the 59 end of the U7 RNA base
pairs with the purines of the HDE during histone pre-mRNA
processing (6, 21) (see Fig. 1); the ability to form an small
nuclear RNA (snRNA)–pre-mRNA duplex, rather than the
exact sequence of the complementary regions, is critical for
processing.
Previously, we reported the effects of systematically moving

the HDE further downstream of the stem–loop in a mouse
histone H2A pre-mRNA (22). The processed products gener-

ated in a HeLa cell in vitro system revealed that the site of
39-end formation moves in concert with the movement of the
HDE, remaining 11 6 1 nt upstream. Decreases in processing
efficiency were also observed as the HDE was distanced from
the stem–loop. These results suggested that the U7 snRNP
directs cleavage at a fixed distance from its binding site
(termed the ‘‘molecular ruler’’ effect) and that a particular
geometry of the processing complex is necessary for efficient
cleavage.
Herein we have subjected the molecular ruler model to a

critical test by asking whether compensatory length insertions
in human U7 RNA can restore the fidelity and efficiency of
processing of histone insertion mutant pre-mRNAs in the
Xenopus oocyte. Our ability to obtain excellent length sup-
pression of both the site and efficiency of cleavage confirms the
existence of a measuring device in histone mRNA 39-end
maturation. We present a model for the processing complex in
which U7 snRNP-associated protein(s) interact with the sub-
strate in the region between the HDE and the cut site, as well
as with the stem–loop, to correctly align the cleavage activity.

MATERIALS AND METHODS

Construction of Histone Pre-mRNA and U7 RNA Mutants.
A fragment of the mouse H2A-614 gene (4) was the wild-type
substrate (HDEwt in ref. 6). Clones containing mutations were
constructed using complementary deoxyoligonucleotides syn-
thesized on an Applied Biosystems DNA synthesizer (W.M.
Keck Biotechnology Resource Laboratory Oligonucleotide
Synthesis Facility, Yale University). Template deoxyoligonu-
cleotides for the histone pre-mRNA base substitution mutants
had the sequences 59-GCGCGTCTAGAACACTCTTACTT-
TTGGGGCAGGGCCAGGAAAGGCCAGGAAGACCG-
GCTACCGTGACACAACTCTTTXATGGGGGTCAGT-
GGGTGGCTCTGAAAGAGCCTTTTTGGGAGCT-39
(where X is CCCTG, CCGTG, and CCGCC for 5C12bp,
5C13bp, 5C15bp, respectively). The italicized guanylates
produce an insertion of five cytidylate residues that is not
present in the wild-type sequence. The primer used for exten-
sion by Taq polymerase (Perkin–Elmer) was 59-CCCAAAA-
AGGCTCTTTTCAG-39. The cloning procedure followed is
described in ref. 22. HDEpu3py was described in ref. 6.
HumanU7RNA suppressor mutations were generated from

overlapping deoxyoligonucleotides using standard cloning pro-
cedures (23). The following deoxyoligonucleotides were used:
for mutants U7py3pu, U7cuc3gag, and U7 uuu3aaa, sense
strand 59-AGCTTAATACGACTCACTATAGGGTGTTA-
CAGXTAGAATTTGTCTAGTAGGCTTTCTGGCTTT-
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TCACCGGAAAGCCCC-39 [where X is GAGAAA
(U7py3pu), GAGTTT (U7cuc3gag), or CTCAAA (U7
uuu3aaa)], antisense strand 59-GGGGCTTTCCGGTGAA-
AAGCCAGAAAGCCTACTAGACAAATTCTAXCTGTA-
ACACCCTATAGTGACTCGTATTA-39 [where X is TT-
TCTC (U7py3pu), AAACTC (U7cuc3gag), or TTTGAG
(U7 uuu3aaa)]; for mutants U75bp, U75nobp, and U710,
sense strand 59-AGCTTAATACGACTCACTATAGGGTG-
TTACAGCTCTTTXTAGAATTTGTCTAGTAGGCTTT-
CTGGCTTTTCACCGGAAAGCCCC-39 [where X is ATC-
TG (U75BP), CCGCC (U75nobp), or ATCTGCCCCC (U710)],
antisense strand 59-GGGGCTTTCCGGTGAAAAGCCA-
GAAAGCCTACTAGACAAATTCTAXAAAGAGCTG-
TAACACCCTATAGTGAGTCGTATTA-39 [where X is CA-
GAT (U75bp), GGCGG (U75nobp), and GGGGGCAGAT
(U710]. The double-stranded fragments were then cloned into
a SmaIyHindIII-digested pSP65 vector (Promega). Mutants
U7 uuu3aaa, U7cuc3gcg, and U7py3pu (6) were recloned
as described above so that the correct 39 end would be
generated by in vitro transcription, using T7 RNA polymerase.
U7 transcription templates were generated by digestion with

SmaI and T7 RNA polymerase run-off transcripts were primed
with G(59)ppp(59)G. Histone transcription templates were
generated by digestion with MaeIII and T3 RNA polymerase
run-off transcripts were primed with G(59)ppp(59)G.
Nuclear Extracts and Processing Reactions. Nuclear ex-

tracts were prepared as described (22) from HeLa cells
obtained from theNational Cell Culture Center (CoonRapids,
MN). In vitro processing was performed (22) for 1 h at 308C.
TriszHCl (pH 7.5), EDTA, SDS and proteinase K were added
to a final concentration of 10 mM, 25 mM, 0.5%, and 1 mgyml,
respectively, and incubated for 15 min at 658C. Isolated RNAs
were analyzed adjacent to RNAs isolated from oocytes on 8%
polyacrylamidey8.3 M urea gels.MspI-digested pBR322 DNA
provided size markers.
Oocyte Injections and RNA Isolation.Oocytes for injection,

stage 5 and early stage 6, were manually separated from
Xenopus laevis ovaries in modified Barth’s saline (24, 25).
Oocytes were cytoplasmically injected with 32.2 nl of antisense

deoxyoligonucleotide (59-AAGAGCTGTAACACTT-39; 2
mgyml), complementary to 16 nt at the 59 end of Xenopus U7
RNA (26). After a 3- to 4-h incubation at 188C, oocytes were
cytoplasmically injected with 32.2 nl of various U7 RNAs at a
concentration of 10 ngyml and incubated at 188C overnight
(10–12 h). Then, 13.8 nl of various [a-32P]UTP-labeled histone
transcripts at a concentration of 5–10 ngyml were injected into
the germinal vesicle (GV). Three to 4 h later, GVs were
hand-isolated and RNA was recovered essentially as described
(27), except that proteinase K at 400 mgyml was added and
tubes were incubated at 658C for 5–15 min. Samples were
extracted with phenol, phenolychloroformyisoamyl alcohol,
and precipitated with ethanol. Four to six GV equivalents of
RNA were loaded per lane on an 8% polyacrylamidey8.3 M
urea gel.

RESULTS

Processing of InsertionMutant Histone Pre-mRNAs andU7
Suppression Activity in Xenopus Oocytes. Xenopus laevis oo-
cytes provide the opportunity to target a particular endoge-
nous snRNP for destruction and then assess the activity and
particle assembly of an in vitro transcribed snRNA introduced
by microinjection (27).We have adopted this procedure for the
study of histone pre-mRNA processing. The first step is a
cytoplasmic injection of a deoxyoligonucleotide complemen-
tary to 16 nt at the 59 end of XenopusU7 RNA (26). After 3 h,
sufficient for the antisense deoxyoligonucleotide to target
degradation of the pool of Xenopus U7 by endogenous RNase
H (28, 29) and for endogenous DNase to degrade the antisense
deoxyoligonucleotide (data not shown), in vitro-transcribed
human U7 RNA is microinjected into the oocyte cytoplasm.
Following an overnight incubation, which allows U7 snRNP
assembly and transport to the nucleus, [a-32P]UTP-labeled
histone pre-mRNA derived from the mouse H2A-614 gene (4,
6) is injected into the GV (nucleus). Three to 4 h later the GVs
are collected, and RNA is isolated and analyzed. Successful
destruction of endogenous U7 RNA can be confirmed by the
absence of a U7 primer extension product and by lack of
processing of subsequently injected wild-type histone pre-
mRNA.
To ask whether processing in the oocyte produces the same

pattern of alternate cleavages of mouse histone pre-mRNA
insertion mutants as had been documented in HeLa cell
extracts in vitro (22), the identical mutant substrates (see Fig. 1)
were injected into untreated oocytes or U7-depleted oocytes
reconstituted with human U7 RNA (Fig. 2A). Untreated
oocytes (lanes 11–20) yielded similar products to those ob-
tained in the HeLa in vitro system (lanes 1–10). The only
exception is the 5C insertion mutant, where the oocyte prod-
ucts (lane 15) migrate slightly faster than the in vitro product
(lane 5). Lanes 31–40, oocytes depleted of endogenous U7
RNA, show that endogenous processing activity was almost
completely abolished by the antisense deoxyoligonucleotide,
although there is considerable nonspecific degradation of the
substrates in the oocyte. In oocytes subsequently rescued with
human U7 RNA prior to histone pre-mRNA addition (lanes
21–30), the patterns of processing of the histone insertion
mutant substrates closely mimic those of in vitro processing
(lanes 1–10) and untreated oocytes (lanes 11–20). Even though
variability in injection efficiency is an inherent disadvantage of
the oocyte system, the relative levels of products observed for
the various insertion mutants reflect those detected in vitro.
Processing efficiency in general decreases as the HDE is
moved farther from the stem–loop; interestingly, the 5Cswap
and 9C-A9 (which has an adenylate residue inserted upstream
of the cleavage site) are not cleaved significantly better than 5C
and 9C in the oocyte, as they are in the HeLa cell extract
(compare lanes 6 and 9 with lanes 16, 19, 26, and 29). We

FIG. 1. Diagram of mouse histone H2A pre-mRNA and human U7
RNAmutants. Partial sequence of the mouse histone H2A pre-mRNA
(4), indicating the wild-type cleavage site, the site of insertions, the
HDE residues that base pair to the U7 RNA, and the residues altered
in the base substitution mutants. All histone pre-mRNA substrates
contain an additional 14 nt of vector sequence at the 59 end. The
human U7 sequence (5) is shown with the Sm site shaded. Partial
sequences of the base substitution HDE and U7 RNA suppressor
mutants (6) are shown with altered residues dipicted below the
wild-type sequence. Residues involved in base pairing to the U7 RNA
or the histone pre-mRNA are underlined with GzU base pairs indi-
cated by dots.
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conclude that human U7 RNA can assemble with Xenopus
proteins to produce a snRNP that processes mouse histone
insertion mutant pre-mRNAs equivalently to the Xenopus U7
snRNP and similarly to HeLa cell nuclear extract.
To establish whether depleted Xenopus oocytes could be

used for genetic suppression studies of mammalian histone
pre-mRNA maturation, we next reproduced the suppression
results of Bond et al. (6) in transfected HeLa cells (Fig. 2B).
The wild-type substrate was cleaved in U7-depleted oocytes
rescued with wild-type human U7 RNA (U7wt) (lane 3) but
not with U7py3pu, where six of the pyrimidines that base pair
with the HDE of the histone pre-mRNA are changed to
purines (UUUCUC to AAAGAG, Fig. 1) (Fig. 2B, lane 4).
The HDEpu3py histone pre-mRNA, where six purines of the
HDE have been changed to pyrimidines (Fig. 1), was not
detectably processed by U7wt (Fig. 2B, lane 6) but is very
efficiently cleaved in the presence of the suppressor U7py3pu
(lane 7), which restores the Watson–Crick base pairing poten-
tial between the HDE and the 59 end of the U7 RNA (Fig. 1).

Furthermore, mutation of the GAG of the HDE
(HDEgag3cuc, Fig. 1) severely inhibited processing in both
the oocyte and HeLa cells and was likewise well suppressed by
U7cuc3gag in the oocyte (Fig. 2B, compare lanes 9 and 10).
HDEaaa3uuu showed diminished processing relative to wild-
type histone pre-mRNA in the presence of U7wt, as reported
for HeLa cells (compare lanes 3 and 12). However, in the
oocyte, the suppressor U7 uuu3aaa completely rescued pro-
cessing of HDEaaa3uuu (compare lanes 12 and 13), whereas
in HeLa cells suppression was only partial (6). Bond et al. (6)
proposed that the endogenous (wild-type) U7 snRNP in HeLa
cells might bind to the HDEaaa3uuu pre-mRNA to form
inactive processing complexes, which would then interfere with
the ability of U7 uuu3aaa to suppress. This explanation is
consistent with our results: more efficient suppression resulted
when the endogenous U7 RNA had been destroyed in the
oocyte and could not compete with the injected snRNA being
assessed for activity.
A 5C Insertion in Histone Pre-mRNA Is Rescued by Inclu-

sion of Five Complementary Nucleotides in U7 RNA.We then
asked whether insertions into the human U7 RNA could
restore the wild-type site and level of cleavage of histone H2A
insertion mutant pre-mRNAs. Two different 5-nt insertions
(Fig. 3A) were made directly 39 to the U7 nucleotides that base
pair to the HDE of the histone substrate (between nt 17 and
18) upstream of the Sm binding site (shaded in Fig. 1A). One
U7 insertion mutation, called U75bp, contains 5 nt comple-
mentary to the five residues immediately upstream of the HDE
of the H2A substrate, while U75nobp contains five inserted
nucleotides without potential to base pair with the pre-mRNA.
When depleted oocytes (Fig. 3B, lanes 21–24) were com-

plemented with U75bp (lanes 9–12), processing of the 5C
insertion mutant was rescued both with respect to the site of
cleavage and the efficiency of cleavage (compare lane 11 to
lanes 2, 3, 6, and 7). The 10C insertion substrate (lane 12) gave
similar results: it was cleaved to a much greater extent (com-
pare with lanes 4 and 8) and its products migrated faster than
those generated by U7wt. The sizes of the 10C cleavage
products (lane 12) in the presence of U75bp were comparable
to those of the processed 5C histone substrate in the presence
of U7wt (lane 7), as expected. We conclude that both the
fidelity and efficiency of processing of these histone insertion
mutant pre-mRNAs can be rescued by a length suppressor U7
snRNA.
In contrast, U75nobp, whose 5-nt insertion is not comple-

mentary to the histone pre-mRNA sequence upstream of the
HDE, was severely compromised in its ability to promote
processing (Fig. 3B, lanes 13–16). Yet, it assembled into an
anti-Sm precipitable particle, contained a hypermethylated
cap, and was imported into the nucleus (data not shown). Two
possible explanations for its lack of function were considered:
(i) the increased stability of interaction between the pre-
mRNA and the U75bp snRNP compared with the U75nobp
particle is essential for length suppression or (ii) the particular
nucleotides that have been inserted into U75nobp nonspecifi-
cally disrupt snRNP function.
Functionality of the U75nobp snRNP Can Be Demonstrated

with Mutant 5C Histone Pre-mRNA Substrates. To determine
whether the difference in the ability of U75bp and U75nobp to
rescue processing of the 5C substrate was due simply to the
relative stability of their base pairing interactions with the
substrate, U710 was generated (Fig. 3A). This construct con-
tains a 10-nt insertion immediately 39 to the U7 region that
base pairs to the HDE; the 59-most nucleotides of the insertion
are identical to those inserted into U75bp, while the next 5 nt
are identical to those inserted into U75nobp, except that the
guanosine residue is replaced by cytosine to prevent potential
base pairing (see Fig. 3A). Despite the extended base pairing
interaction with the substrate expected for this mutant U7
RNA, U710 was incapable of rescuing the processing of either

FIG. 2. In vitro and oocyte processing of histone pre-mRNA
insertion mutants and HDE base substitution mutants. (A) Internally
labeled insertion substrates were processed in HeLa cell nuclear
extract (lanes 1–10) or injected into the GV of untreated Xenopus
oocytes (lanes 11–20), of oocytes where the endogenous Xenopus U7
RNA was degraded and subsequently rescued by injection of in
vitro-transcribed human U7 RNA (lanes 21–30), or oocytes where the
endogenous XenopusU7RNA had been degraded (lanes 31–40). Note
that lane 29 was underloaded in this particular experiment. In at least
six different experiments, progressive decreases in processing effi-
ciency were observed with longer insertions. (B) Suppression of
substitution mutations in the HDE in Xenopus oocytes. Wild-type
histone pre-mRNA was injected into untreated oocytes (lane 1),
oocytes depleted of U7 RNA (lane 2), depleted oocytes rescued with
U7wt RNA (lane 3), or depleted oocytes rescued with U7py3pu (lane
4). In lanes 5–7, the HDEpu-py substrate was injected into untreated
oocytes, U7wt rescued oocytes, or U7py3py rescued oocytes. In lanes
8–10, the HDEgag3cuc mutant was injected into untreated, U7wt
rescued, or U7cuc3gag rescued oocytes. In lanes 11–13, the
HDEaaa3uuu mutant was injected into untreated, U7wt rescued, or
U7 uuu3aaa rescued oocytes.
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the 5C or 10C pre-mRNA (Fig. 3B, lanes 17–20). This suggests
that the inability of U75nobp to suppress processing of the 5C
substrate originates from some property of the inserted nu-
cleotides: either their inability to base pair with the pre-mRNA
substrate or some nonspecific deleterious effect on the recon-
stituted U7 snRNP particle.
To rule out a nonspecific effect of the particular nucleotides

inserted into U75nobp, three additional base substitutions
were made in the 5C histone pre-mRNA substrate. 5C12bp,
5C13bp, and 5C15bp pre-mRNAs allow two, three, and five
contiguous base pairs, respectively, to form with the 5-nt
insertion of U75nobp, thereby stepwise extending the HDE
duplex (Fig. 3A). Each new histone pre-mRNA substrate was
first tested for processing in the HeLa in vitro extract (Fig. 4,
lanes 1–6). The 5C12bp and 5C13bp substrates yielded
products and levels of processing comparable to those of 5C
(compare lanes 3 with lanes 4 and 5), as expected, while
5C15bp was surprisingly not cleaved (lane 6). In the oocyte,
similar patterns for the former two base substitution mutants
were observed when processing was promoted by either the
endogenousXenopus (lanes 9–11) or complementing wild-type
human U7 snRNA (lanes 15–17). 5C15bp showed low levels

of product in vivo in the presence of Xenopus or human U7
RNA (lanes 12 and 18) (see below).
Processing of the base substitution 5C substrates in the

oocyte then revealed that U75nobp does assemble into an
active snRNP particle (Fig. 4, lanes 22–24). When only two of
the five inserted nucleotides of U75nobp were complementary
to the histone pre-mRNA (lane 22), partial suppression cor-
responding to processing at both the 5C site and the wild-type
site was observed. When either three or all five of the inserted
residues in U75nobp could base pair to the substrate, both the
site and level of processing were restored to normal (lanes 23
and 24). This complete suppression demonstrates that the
functionality of U75nobp can be observed by assaying it with
the correct substrates. These experiments also suggest that at
least three out of five of the inserted nucleotides must base pair
to give complete length suppression. It is important to note
that 5C15bp was fully suppressed by U75nobp (lane 24),
demonstrating that it can be an active substrate even though it
was poorly cleaved by the U7wt (lanes 12 and 18).

DISCUSSION

We have confirmed the validity of the ‘‘molecular ruler’’ model
for 39-end processing of histone pre-mRNAs by demonstrating
that the deleterious effects of insertions into the mouse H2A
substrate can be suppressed by comparable length insertions
into human U7 RNA. We observed length suppression of two
histone pre-mRNA insertion mutants, 5C and 10C (Fig. 3B).
With the U75bp mutant, which lengthens the U7–HDE duplex
by 5 bp, the cleavage site moved 5 nt upstream and the
efficiency increased significantly for both substrates. With the
U75nobp mutant, suppression was optimal if the insertion
could form 3 or 5 bp with the substrate (Figs. 3B and 5); 2 bp
generated partial suppression, while no base pairs showed little
processing activity and no length suppression (Fig. 4). The U7
insertion mutants all showed severely diminished processing
on the wild-type (normal length) substrate (Figs. 3B and 4).
We discuss a model for the processing complex that includes
rigidification of the nonconserved histone pre-mRNA residues
upstream of the HDE and targeting of the cleavage factor to
a specific site by the bound U7 snRNP stimulated by interac-
tions with the stem–loop.

FIG. 3. Processing of histone insertion mutant pre-mRNAs in the
presence of length suppressor U7 RNAs. (A) Partial sequences of
histone insertion substitution mutants and U7 RNA length suppressor
mutants. The 5C insertion in the histone pre-mRNA is indicated by
block letters while further base substitutions in this substrate are listed
below. The point of insertion intoU7RNA ismarked, with the inserted
residues in blocked residues and the Sm site shaded. (B) In lanes 1–4,
histone pre-mRNAs HDEpu3py, wild-type, 5C, and 10C were in-
jected into untreated oocytes. The same histone pre-mRNAs were
injected into depleted oocytes rescued with the following material.
Lanes: 5–8, in vitro-transcribed U7wt RNA; 9–12, U75bp RNA; 13–16,
U75nobp RNA; 17–20, U710 RNA; 21–24, not rescued.

FIG. 4. Processing of 5C insertionybase substitution mutants in the
presence of U75nobp. Lanes 1–6 contain in vitro processing of
pre-mRNAs HDEpu3py, wild-type, 5C, 5C12bp, 5C13bp, and
5C15bp, respectively. The same substrates were injected into the
following oocytes. Lanes: 7–12, untreated Xenopus oocytes; 13–18,
oocytes depleted of Xenopus U7 RNA and rescued with U7wt RNA;
19–24, depleted oocytes rescued with U75nobp RNA; 25–30, depleted
oocytes.
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Interactions Critical for Efficient Histone Pre-mRNA Pro-
cessing. Based on results presented herein and previously, we
propose that three critical interactions between the histone
pre-mRNA substrate and the processing machinery dictate the
site of cleavage and the efficiency of processing (Fig. 5). The
first is base pairing between the U7 RNA and the HDE of the
histone pre-mRNA (6, 20–22, 30–32). The second is contacts
between the U7 snRNP and the stem–loop with its associated
factors. An increase in the distance between these two inter-
actions can be tolerated, but only with certain constraints. As
revealed by our length suppression experiments, rigidification
of the substrate between the stem–loop and the snRNP binding
site contributes a third set of critical interactions.
We observed that simply increasing the length (and hence

the stability) of the base pairing interaction with theU7 snRNP
is not sufficient to overcome the negative effects of insertions
into the histone pre-mRNA: the 10C insertion was not rescued
by U710, which can form the same extended U7–HDE duplex
as the 5C insertion coupled with U75bp (Fig. 3B). Apparently,
the five non-base-pairing nucleotides in U710 are deleterious.
This suggests that a required geometry of the processing
complex is disrupted by insertions into U7 RNA that allow too
much conformational f lexibility of the snRNP particle in the
region upstream of its Sm site (see Fig. 5).
Much circumstantial evidence supports essential interac-

tions between the U7 snRNP and the conserved stem–loop
element of histone pre-mRNAs. Deletion of the stem–loop
causes nearly complete loss of substrate activity (8, 33, 34),
whereas in the absence of a downstream HDE the stem–loop
alone does not promote 39-end formation (33, 35–37). Inter-

actions are apparently mediated by a bound protein (stem–
loop binding protein) since competition with oligonucleotides
that mimic the stem–loop reduce processing to the same extent
(3, 10) as the introduction of mutations into the conserved loop
sequence that is essential for binding of this 45-kDa protein (9,
38–40). Such contacts between the stem–loop and its factors
and the U7 snRNP could contribute to efficient cleavage by
properly orienting the cleavage factor or by creating a binding
site for a cleavage stimulatory factor.
If independent interactions are made by the U7 snRNP with

the HDE, on the one hand, and the stem–loop, on the other,
one might expect that insertions made into the intervening
region of the histone pre-mRNA, which is nonconserved and
presumably single stranded, could simply loop out to allow
efficient cleavage at the wild-type site. This does not occur,
arguing instead that in the processing complex the pre-mRNA
becomes rigidified upstream of the duplex it forms with the U7
snRNP; since this sequence is not conserved, nonspecific
backbone interactions are predicted (see Fig. 5).
Nature of the ‘‘Molecular Ruler.’’ The component(s) that

rigidify the histone pre-mRNA through nonspecific backbone
interactions could be either a tightly bound U7 snRNP protein
(see Fig. 5) or a non-snRNP component assembled by the
snRNP–substrate interaction. The U7-specific Sm site may
play a role in directing binding of such a protein(s) since
substitution of the U7 Sm site with a U1 Sm site disrupts U7
snRNP’s ability to participate in histone pre-mRNA 39-end
processing (41). On the other hand, the assembly of the
molecular measuring device is not dependent on the hyper-
methylated cap; replacement of the GpppG cap of U7 with
ApppG does not alter suppression activity (unpublished ob-
servations). Likewise, we can conclude that measurement does
not occur strictly from the proximal end of the duplex formed
by U7–HDE base pairing. First, our results with U75nobp and
base substitution mutant substrates (Fig. 4) demonstrate that
variation in the distance from the end of the duplex to the
cleavage site is allowed. Second, the HDEaaa3uuu mutant
(Fig. 1) is processed at the normal site in both transfected
HeLa cells (6) and the oocyte (Fig. 2B, lanes 11–13), despite
the putative disruption of three proximal base pairs of the
duplex formed with wild-type U7 RNA. Since uracil residues
are known to form non-Watson–Crick interactions, we tested
processing of the wild-type histone pre-mRNA in the presence
of U7 uuu3aaa, which would form three less stable AzA base
pairs. Even with this snRNA–substrate combination, in which
the end of the U7 HDE duplex should be moved 3 nt
downstream, the wild-type cleavage site was used.
The minimum length of histone pre-mRNA substrate re-

quiring rigidification would be '35 Å if the nonconserved
11 nt between the cut site and the HDE become stacked, as in
a helix. This distance could be spanned by a protein a-helix of
24 residues, as visualized in the binding of tRNASer to its
aminoacyl-tRNA synthetase (42), or by interactions with
b-sheet residues, as in certain RNA viruses (43). Since the
mammalian U7 RNA in its snRNP is well protected from
micrococcal nuclease digestion beyond 21 nt from its 59 end
(44, 45), the protecting protein(s) is appropriately located and
could itself be the rigidifying component.
Our model (Fig. 5) would explain why insertions into the U7

RNA close to the nuclease protection boundary, if they are not
conformationally restricted by base pairing to the substrate,
could interfere with either assembly of the rigidifying compo-
nent or effective interactions between the U7 snRNP contain-
ing the rigidifying component and the pre-mRNA. Crosslink-
ing experiments aimed at identifying the cleavage factor and
the rigidifying component (presumably a protein) should
establish their relationship to the U7 snRNP.
Measuring Devices in RNA Processing. There are several

other RNA processing events where catalysis occurs a fixed
distance from a recognition element in the substrate. In tRNA

FIG. 5. Models of histone pre-mRNA processing complexes. The
wild-type situation is compared with complexes formed on the 5C
insertion substrate with the wild-type U7 snRNP, U75nobp snRNP,
and the U75bp snRNP. Arrows show the sites of cleavage with levels
indicated by arrow size. SLBP is shown as a striped oval, core Sm
proteins bound to the Sm binding site (boxed) are different shades of
gray, the two known U7 snRNP specific proteins are white ovals, and
the hypermethylated cap on the 59 end of U7 RNA is a solid circle.
Base pairing between the U7 RNAs and the substrate HDE sequences
is indicated. Insertions into the histone pre-mRNA and the U7 RNAs
are illustrated as open and solid circles, respectively. Rigidification of
the residues upstream of the HDE is diagrammed as involving
protein–backbone contacts (see text).

Genetics: Scharl and Steitz Proc. Natl. Acad. Sci. USA 93 (1996) 14663



splicing, the endonuclease cuts at sites measured along the
folded tRNA (46–48), an A-form helix. Also, in 59-end mat-
uration of tRNAs by RNase P, the cleavage site in most cases
appears to be selected by measuring along the length of the
acceptor duplex, probably including the T-stem (for reviews,
see refs. 49–51). In apolipoprotein B editing, the distance
between a mooring sequence and the editing site is critical for
efficient editing (52), suggesting that the processing proteins
(53–56) specifically structure the intervening single-stranded
RNA. Likewise, the length of the poly(A) tail added to most
mRNAs is intriguingly restricted to about 200 nt (57, 58); but
how measurement occurs is not known. Ribose methylation of
preribosomal RNA requires small nucleolar RNAs (snoRNAs)
(59), which exhibit extensive complementarity (greater than 10
bp) to a region of 18S or 28S rRNA and target the rRNA
nucleotide positioned five residues upstream of a cis-element
(box D or D9) on the bound snoRNA, clearly implicating a
measuring device.
Classically, length suppression was achieved in a translation

system by a frameshift suppressor tRNA with an extra nucle-
otide in the anticodon loop, which restored the reading frame
by causing a 4-nt translocation of the mRNA on the ribosome
(60). No length suppression experiments have yet been re-
ported for any other of the above RNA processing systems but
may reveal commonalities among these systems and provide
further insights into the functioning of RNA-based measuring
devices.
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& Schümperli, D. (1994) Nucleic Acids Res. 22, 4023–4030.
33. Birchmeier, C., Grosschedl, R. & Birnstiel, M. L. (1982) Cell 28,

739–745.
34. Mowry, K. L., Oh, R. & Steitz, J. A. (1989) Mol. Cell. Biol. 9,

3105–3108.
35. Birchmeier, C., Folk, W. & Birnstiel, M. L. (1983) Cell 35,

433–440.
36. Georgiev, O. & Birnstiel, M. L. (1985) EMBO J. 4, 481–489.
37. Chodchoy, N., Pandey, N. B. & Marzluff, W. F. (1991)Mol. Cell.

Biol. 11, 497–509.
38. Pandey, N. B., Williams, A. S., Sun, J. H., Brown, V. D., Bond, U.

& Marzluff, W. F. (1994) Mol. Cell. Biol. 14, 1709–1720.
39. Williams, A. S., Ingledue, T. C., III, Kay, B. K. &Marzluff, W. F.

(1994) Nucleic Acids Res. 22, 4660–4666.
40. Williams, A. S. & Marzluff, W. F. (1995) Nucleic Acids Res. 23,

654–662.
41. Grimm, C., Stefanovic, B. & Schümperli, D. (1993) EMBO J. 12,
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