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External Guide Sequences for an RNA Enzyme

ANTHONY C. FORSTER AND SIDNEY ALTMANX*

Ribonuclease P (RNase P) from Escherichia coli or its catalytic RNA subunit can
efficiently cleave small RNA substrates that lack the conserved features of natural
substrates of RNase P if an.additional small RNA is also present. This additional RNA
must contain a sequence complementary to the substrate [external guide sequence
(EGS)] and a 3'-proximal CCA sequence to ensure cleavage. The aminoacyl acceptor
stem and some additional 5'- and 3’-terminal sequences of a precursor transfer RNA
are sufficient to allow efficient cleavage by RNase P, and the 2’-hydroxyl group at the
cleavage site is not absolutely necessary for cleavage. In principle, any RNA could be
targeted by a custom-designed EGS RNA for specific cleavage by RNase P in vitro or

in vivo.

LL REACTIONS THAT ARE GOV-
erned by RNA in vivo result in the
transesterification or hydrolysis of
specific phosphodiester bonds in RNA. In
several classes of these reactions, an intramo-
lecular site of cleavage or ligation is identi-
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fied by internal guide sequences (IGSs)
which form base pairs with the segment of
the phosphodiester chain that contains the
cleavage site (1). However, IGSs are not
present in the class of reactions governed by
RNA that are enzymatic in vivo, namely, the
cleavage of precursor tRNA molecules by
the RNA component of eubacterial RNase
P (2, 3). The nucleotide sequence of the
segment of the phosphodiester chain that

contains the cleavage site is not conserved
among different substrates for RNase P (4),
so it cannot be recognized by a unique IGS
in the enzyme. We propose that the 3'-
proximal sequence of the acceptor stem of a
precursor tRNA can be regarded as an “ex-
ternal guide sequence” (EGS; Fig. 1A) be-
cause it identifies the site of cleavage, in
part, by forming base pairs with the segment
of the phosphodiester chain that is cleaved.
In contrast to IGSs, which are covalently
attached to a “catalytic” sequence in vivo,
EGSs are external to the native enzyme and
are highly variable. We show that an EGS is
essential for cleavage of a substrate by
RNase P from E. coli and that the EGS is
still functional when detached from the sub-
strate. We have used EGS-containing RNAs
(EGS RNAs) to construct a very small
model substrate for RNase P and to investi-
gate the mechanism of recognition and
cleavage of the substrate. Furthermore, we
propose that any RNA may be targeted for
specific cleavage in vitro or in vivo by RNase
P provided that the RNA is associated with
a custom-designed EGS RNA.

The importance of the EGS for cleavage
by RNase P was tested with derivatives of
the smallest model substrate reported to be
cleaved efficiently by RNase P, pAT1 [Fig.
1B; (5)]. As anticipated from previous work
(5), derivatives of pAT1 with 3’-terminal
truncations that deleted the EGS, termed
Hinf I pAT1 and Taq I pAT1 [these RNAs
consist of the 5’-terminal 24 and 31 nucleo-
tides (nt) of pAT1, respectively; Fig. 1B],
were not cleaved by RNase P from E. coli
(M1 RNA plus C5 protein) or by M1 RNA
under conditions where pAT1 was cleaved
efficiently (Fig. 2, lanes 1 through 4; pAT1,
HinfI pAT1, and Taq I pAT1 are represent-
ed by P, H, and T, respectively). However,
if an RNA that contained the deleted EGS
[either the 29-nt EGS RNA or the 20-nt
EGS RNA (Fig. 1, C and D)] was added to
the reaction mixture, Hinf I pAT1 and Taq I
PAT1 were cleaved efficiently at the same
cleavage site as in pAT1 (Fig. 2, laries 6, 7,
9, and 10). The 20- and 29-nt EGS RNAs
did not stimulate the cleavage of pAT1 by
M1 RNA or RNase P (Fig. 2, lanes 2, 5,
and 8). In addition, a 17-nt RNA, designed
such that a substrate and an EGS RNA
could be made from the same sequence (Fig.
1E), was also cleaved efficiently by RNase P
(Fig. 2B, lanes 11 and 12), but was cleaved
poorly by M1 RNA (Fig. 2A, lanes 11 and
12). Although the 17-nt RNA contains the
same octanucleotide 3'-terminal sequence as
the 20- or 29-nt EGS RNAs, Hinf I pAT1
and Taq I pAT1 were not cleaved by M1
RNA or by RNase P in the presence of the
17-nt RNA, indicating that the functions of
the 20- and 29-nt EGS RNAs were not just
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due to their eight 3’-terminal nucleotides.
Nevertheless, at least one of the three 3'-
terminal nucleotides of pAT1 (and presum-
ably the 20- and 29-nt EGS RNAs) is
important because derivatives of pAT1 with
small 3'-terminal truncations, termed Ban I
pAT1, Nla IV pAT1, and Bsp 1286 pAT1
(Fig. 1B), did not function as substrates
under precisely the same conditions as in
.Fig. 2, lanes 2. This result is not surprising
because base substitutions for the 5'-proxi-
mal C of the CCACon sequence of pAT1
drastically reduce cleavage (5). Therefore, in
our system at least part of both the EGS and
the conserved CCA sequence are necessary
for efficient cleavage. '

The results with Hinf I pAT1-20-nt EGS
RNA and Taq I pAT1-20-nt EGS RNA
demonstrate that EGSs longer than the 7-nt
EGS present in the aminoacyl acceptor stem
of precursor tRNAs (Fig. 1A) are functional

and that the conserved GUUC loop of

precursor tRNAs is unnecessary for efficient
cleavage by RNase P. The result with the
17-nt RNA demonstrates that a small por-
tion of a precursor tRNA is sufficient for
efficient cleavage by RNase P: the aminoacyl
acceptor stem and some additional 5'- and
3'-terminal sequences. The site of cleavage
of the 17-nt RNA [Fig. 1E (6, 7)] is in a
potentially double-stranded region, as is the
case for many substrates of RNase P found
in vivo (4). The poor cleavage of the 17-nt

RNA by M1 RNA (not RNase P) may have
been caused by the base-pairing of the nucle-
otide on the 5’ side of the cleavage site. It
seems that the location of the site cleaved by
M1 RNA and RNase P was determined by
the position of the conserved CCA se-
quence, not the junction of the single- and
double-stranded regions. This may prove to
be a general rule for the selection of the
cleavage site in all substrate—EGS RNA

complexes, but it is known that some other

RNase P substrates are either cleaved one
nucleotide away from the expected cleavage
site (8) or are cleaved accurately in the
absence of the CCA sequence (9).

RNase P generates cleavage products with
5’ phosphate and 3'-OH termini in a" hy-
drolysis reaction that leaves the adjacent 2'-

OH group unchanged (3). In the case of

RNase P from the nucleus of the yeast
Saccharomyces cerevisiae (10), this 2'-OH is
unnecessary for cleavage because a molecule
consisting of a short oligodeoxyribonucleo-
tide attached to the 5’ end of a tRNA can be
cleaved specifically at the junction between
the DNA and the RNA (11). Since eukary-
otic RNase P ribonucleoproteins contain
RNA components that have not yet been
shown to have catalytic activity in vitro (3,
10), it is important to ascertain whether
mechanistic similarities exist between the
two classes of RNase P. An analog of the
17-nt RNA (Fig. '1E) containing a 2'-H

only at the cleavage site (termed 17-nt:dT)
was prepared by transcription in the pres-
ence of [a-*?P]deoxythymidine 5’'-triphos-
phate (dTTP) instead of uridine 5’-triphos-
phate (UTP) (12). Despite a greatly reduced
yield of the full-length transcript, a sufficient
amount of 17-nt:dT was obtained to deter-
mine that, in the presence of excess RNase
P, cleavage occurred at the same site as in
the 17-nt RNA, but with a 45-fold decrease
in the velocity (13). Hence, the mechanism
of cleavage by a eubacterial RNase P, as is
the case with a eukaryotic RNase P (11) and
a self-splicing group I intron (14), is not
absolutely dependent on the presence of a
2'-OH at the cleavage site. This supports
proposals that suggest that the 2'-OH at the
cleavage site does not directly participate in
‘the RNase P cleavage reaction (15). Howev-
er, the lower rate of cleavage of 17-nt:dT in
comparison to that of the 17-nt RNA sug-
gests that the 2’-OH may play an indirect
role in the reaction mechanism. For exam-
ple, it may stabilize an adjacent 3'-O leav-
ing group through a combined electron-
withdrawing effect and hydrogen bonding
(16), or it may bind to water, Mg**, or
RNA groups at the active center of the
enzyme. Replacement of either Hinf I pAT1
or the 29-nt EGS RNA by a synthetic
oligodeoxyribonucleotide of identical se-
quence in reactions of M1 RNA or RNase P
with Hinf I pAT1-29-nt EGS RNA abol-
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ished cleavage activity, demonstrating the
importance of additional 2’-OH groups.
The properties of 17-nt:dT, which is small
enough to be synthesized chemically (17),
may render it useful for the isolation of
stable enzyme-substrate complexes.
Catalytic RNAs have been engineered to
target unrelated sequences of RNA for spe-
cific cleavage in vitro (18) and, possibly, in
vertebrate cells (19). On the basis of our
work and given the wide variation in se-
quences of substrates for RNase P from E.
coli, we propose that any RNA can be
targeted for cleavage by RNase P from E.
coli provided that an appropriately designed
EGS RNA is included in the reaction (Fig.
1F). Evidence that the extra sequences
shown at the bottom of the structure in Fig.
1F can be tolerated by RNase P is provided
by an analysis of the structure of the precur-
sor 4.5S RNA from E. coli, the only known,
natural, non-tRNA substrate for RNase P
(20). This RNA is proposed to contain a
pAT1-like hairpin with a stem that has, in
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Fig. 2. Assay of substrates for cleavage by (A) M1
RNA or (B) RNase P in the presence or absence
of EGS RNAs. A mixture of unlabeled and [a-
*2P]GTP-labeled substrate RNA in 0.1 mM
EDTA [pAT1 (P; 51 nt), Taq I pAT1 (T; 31 nt),
Hinf I pAT1 (H; 24 nt), or 17-nt RNA] was
mixed at room tem with 0.1 mM EDTA
(lanes 1 to 4) or unlabeled EGS RNA in 0.1 mM
EDTA [29-nt EGS RNA (lanes 5 to 7), 20-nt
EGS RNA (lanes 8 to 10), or 17-nt RNA (lanes
11 and 12)], and each mixture was incubated at
37°C in reaction buffer with (lanes 2 to 11) or
without (lanes 1 and 12) unlabeled enzyme (24).
Concentrations of substrates, EGS RNAs, M1
RNA, and C5 protein were 50, 60, 5, and 100
nM, respectively. (A) Reactions with M1 RNA
were incubated for 100 min in 50 mM tris-HCI,
pH 7.5, 100 mM MgCl,, 100 mM NH,CL 4%
polyethylene glycol 6000-7500, and 0.06 mM
EDTA. (B) Reactions with RNase P were incu-
bated for 20 min in 50 mM tris-HCL pH 7.5, 10
mM MgCl,, 100 mM NH,CL, 0.06 mM EDTA,
0.2 mM sodium acetate, 1.2 mM NaCl, and 28
mM urea. Reactions were stopped by addition of
formamide and excess EDTA, subjected to elec-
trophoresis on 19% polyacrylamide gels that con-
tained 7 M urea, and analyzed by autoradiogra-

phy. The positions of the bromophenol blue
marker dye (BB) and the 15-nt 5’ cleavage frag-

ment of P are indicated. The cleavage fragment of
T or H that comigrates with the 15-nt RNA is a
5’ cleavage fragment because it is the only radiola-
beled product of cleavage by M1 RNA or RNase
P of [y-?P]GTP- labded T or H in the presence of
20- or 29-nt EGS RNA. The 3’ cleavage
fragments of P, T, and H are 36, 16, and 9
nucleotides long, respectively (hctcrogcncuy in
uncleaved RNAs and 3’ cleavage fragments is due
to h us termination of transcription by
SP6 RNA polymerase). The 5’ and 3’ clavagc
fragments of the 17-nt RNA are 6 and 11 nt long,

respectively.

addition to several bulged loops, 44 base
pairs (20). Although further work is neces-
sary to evaluate the generality of the model
in Fig. 1F, the activity of endogenous
RNase P in any cell, such as the RNase P of
human cells (21), could be directed to de-
stroy specific messenger, viral, or other
RNAs by the use of an appropriate EGS
RNA. Such an application is analogous
to the oligodeoxyribonucleotide-directed
cleavage of RNAs in vivo by RNase H (22),
but it has the advantage that EGS RNAs,
unlike oligodeoxyribonucleotides, could be
synthesized in vivo either separated from, or
attached to, any transcript containing the
RNA subunit of RNase P.

Small RNAs recently detected in the mi-
tochondrion of Leishmania tarentolae have
been proposed to form base pairs with
precursor messenger RNAs to target them
for cleavage by a postulated RNase P-like
activity (23). This mechanism, which has
been proposed to be involved in RNA edit-
ing (23), is remarkably similar to that of the
reaction of RNase P of E. coli with Taq I
pAT1-20-nt EGS RNA (Fig. 1D). Thus
the targeting of RNAs by EGS RNAs for

cleavage by RNase P may be a natural
process in many organisms.
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An Essential Signaling Role for the m3;G Cap in the
Transport of Ul snRNP to the Nucleus

Utz F1SCHER AND REINHARD LUHRMANN

The major small nuclear ribonucleoprotein particles (snRNPs) U1, U2, U4 + U6, and
U5 have to be transported from the cytoplasm, where they are synthesized, to the
nucleus, where they splice pre—messenger RNAs. Since the free core snRNP proteins
in the cytoplasm do not enter the nucleus on their own, the nuclear location signal
must either reside on the snRNA or be created as a result of snRNA-protein
interaction. Here the involvement by the 5’-terminal cap of snRNA molecules in the
nucleo-cytoplasmic transport of UsnRNPs has been studied by microinjection of
synthetic U1 RNA molecules into frog oocytes; the Ul RNA bore either the normal
cap (m3G) or a chemical derivative. Antibodies in the cytoplasm against the m3G cap
inhibited the nuclear uptake of Ul snRNP. Ul RNA that was uncapped or contained
an unnatural ApppG cap did not enter the nucleus, even though it carried a normal
complement of protein molecules. When the ribose ring of the m3G cap was oxidized
with periodate, nuclear transport of Ul snRNPs was severely inhibited. Finally,
microinjection of m3G cap alone (but not m’G cap) into oocytes severely inhibited the
transport of Ul snRNPs to the nucleus. These data suggest that one step in the nuclear
uptake of Ul snRNPs involves the m3G cap structure.

THE TRANSPORT OF MACROMOL-
ecules between the cytoplasm and
the nucleus appears to occur through
pores in the nuclear membrane (1-3). Al-
though some small proteins may diffuse
passively into the nucleus, many proteins
contain one or more “nuclear location sig-
nals” that direct them to the nucleus (4, 5),
possibly by an active transport mechanism
(6, 7). It is not yet known how larger
particles such as U snRNDPs are transported
to the nucleus (8).

The proteins of the major spliccosomal
snRNPs U1, U2, U4 + U6, and U5 can be
divided into two classes: the proteins com-
mon to all these particles [also called Sm
proteins (9)] and proteins that are associated
specifically with Ul, U2, or U5 (10). In
Xenopus oocytes (11) and in somatic cells
(12) the common proteins are synthesized in
excess over U snRNAs and remain in the
cytoplasm. Only after association of these
proteins with newly transcribed U snRNA
precursor molecules are the cytoplasmic
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snRNP proteins transported as an RNP
particle to thie nucleus. Microinjection stud-
ies with mutant U2 RNA genes have shown
that association of the common proteins
with the U2 RNA is necessary for efficient
nuclear transport (13), whereas the presence
of U2-specific proteins on the particle is not
required (14). Since free Sm proteins do not
enter the nucleus, the nuclear location signal
must either reside on the snRNA or be
created as a result of snRNA-protein inter-
action, for example, by a conformational
change in the Sm proteins that exposes a
nuclear location signal (15).

We decided to test the first possibility by
seeking a determinant of nuclear transport
lying on the snRNA. All U snRNA species
except U6 RNA have an m3G cap at their 5’
ends (16), with the sequence m;GpppG
(m3G is 2,2,7-trimethyl guanosine); U6
RNA carries a y-monomethyl phosphate at
its 5" end (17). The m3G cap is formed in the
cytoplasm by dimethylation of an m’G cap
(m’GpppG, where m’G is 7-methyl guano-
sine). It is in keeping with a role for the m3;G
cap as nuclear location signal that the di-
methylation does not occur until after the
Sm snRNP proteins have assembled onto

the pre-snRNA (18), that is, when the newly
formed snRNP particle is ready to move to
the nucleus.

We tested whether m;G had a signaling

role with a chemically synthesized
m3GpppG cap (19). We attached this cap at
the 5’ end of U1 RNA by using it as primer
for RNA polymerase SP6-directed synthesis
of Ul snRNA from a suitably constructed
plasmid. In this way, capped Ul snRNA
and related derivatives were prepared in
vitro.

We then tested whether antibodies to the
m3G cap structure (anti-m;G) were able to
inhibit the nuclear transport of U1-snRNDPs.
Increasing amounts of a monoclonal anti-
m3G' (20) were coinjected with m;G-capped
human U1 snRNA (21) into the cytoplasm
of Xenopus laevis oocytes. The injected radio-
active Ul snRNA was transported efficient-
ly to the nucleus, whereas the anti-m;G
severely inhibited this transport (at the high-
est antibody concentration, the rate of nu-
clear uptake was reduced -by about 95%)
(Fig. 1A). Coinjection of a monoclonal anti-
body (MADb) to a non-snRNP protein had
no effect (Fig. 1B). The binding of Ul
RNA to the Sm snRNP proteins was not
impaired by the presence of anti-m;G, as
indicated by the precipitability of Ul RNA
with a monoclonal anti-Sm (Fig. 1C). Al-
though the bulky anti-m3;G molecule may
sterically hinder the passage of Ul snRNP
through the nuclear pores, such hindrance is
unlikely, as immunoglobulin G (IgG) mole-
cules bound to large karyophilic proteins are
known to be cotransported to the nucleus
(22, 23).

When we injected uncapped Ul RNA
(that is, Ul RNA with pppG at its 5'
terminus) into the cytoplasm of oocytes, the
injected RNA molecules remained stable for
more than 30 hours, but no nuclear trans-
port was observed (Fig. 2A, exp. 2) despite
the fact that the Ul RNA. was assembled
efficiently into Ul RNP particles containing
all their Sm proteins (Fig. 2C, exp. 2).

Anti-m3G did not react with the cytoplas-
mic Ul RNAs or RNPs (Fig. 2B, exp. 2),
showing that no cap structures had been
added to the injected U1 RNA molecules in
the cytoplasm. It was possible that uncapped
U1 snRNPs might have entered the nucleus
and eluded detection because of rapid degra-
dation of “naked” RNA inside the nucleus.
However, we could not detect any RNA
molecules or radioactivity in the nucleus at
1, 2, 3, 6, or 12 hours after the oocytes were
injected and the Ul RNA concentration in
the cytoplasm remained roughly constant
during a 30-hour period (24).

We tested 5'-terminal caps other than
m;3G, but none of these led to the transport
of Ul RNPs to the nucleus. Ul RNA
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