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Newt Satellite 2 Transcripts Self-Cleave by Using an Extended
Hammerhead Structure
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Synthetic transcripts of satellite 2 DNA from newts undergo self-catalyzed, site-specific cleavage in vitro.
Cleavage occurs within a domain that is similar to the hammerhead domain used by a number of self-cleaving,
infectious plant RNAs. The newt hammerhead has a potentially unstable structure due to a stem composed of
two base pairs and a 2-nucleotide loop, and unlike other hammerheads that have been studied, it cannot cleave
as an isolated unit. Here we show that cleavage by a single newt hammerhead requires additional satellite 2
sequences flanking both ends of the hammerhead domain. We also present a structural model of a truncated
satellite 2 transcript which is capable of cleavage. The structure includes an internally looped extension to one
of the conserved stems of the hammerhead. By in vitro mutagenesis, the identities of each of the five nucleotides
composing one of the internal loops were shown to be critical for cleavage. Additional evidence that the
extension stimulates self-cleavage in a manner other than by simply stabilizing the hammerhead is presented.

RNAs with the ability to undergo self-catalyzed, site-
specific cleavage are widespread. The discovery of these and
other RNAs with catalytic activities has helped to develop
the theory that RNA preceded DNA and protein during early
evolution (3). Catalytic RNAs have also been studied for
their potential application as molecular tools for modifying
RNA in vitro and in vivo (see references 4, 7, and 26 for
examples). Studies of the mechanisms of RNA catalysis and
the distribution of catalytic RNAs in nature are therefore of
interest on both theoretical and practical grounds.

Defined by the sequence and structural elements required
for activity, a variety of strategies for self-cleavage, most of
which are found in single, representative RNAs, have
evolved (6, 13, 17, 20, 27, 32). One strategy, however, is
found in a number of plant virusoid, viroid, and viral satellite
RNAs which are believed to use self-cleavage to process
multimeric replication intermediates (30). A similar strategy
has also been found in an animal system and is believed to be
involved in the maturation of transcripts of satellite 2 DNA
in the newt, Notophthalmus viridescens (8, 9). Approxi-
mately 100,000 copies of satellite 2 are organized into
clusters of tandem repeats which are dispersed throughout
each of the newt's 11 chromosomes (10). Repeat-length,
strand-specific satellite 2 transcripts have been found in
every newt tissue examined. Interestingly, the permutations
of these transcripts differ in ovarian and nonovarian tissues,
and only the nonovarian transcripts have a permutation
compatible with the self-cleavage reaction described below
(8). The function of these satellite 2 transcripts and the
significance of the tissue-specific permutational difference
remain to be determined.

Self-cleavage of satellite 2 transcripts has been studied by
using transcripts prepared in vitro from a dimeric clone of
satellite 2 DNA (9). In a reaction that requires Mg2+ and
generates products with 5'-hydroxyl and 2',3'-cyclic phos-
phate groups, these transcripts self-cleave at one site in each
satellite 2 repeat. The site is in a region that has many of the
conserved sequence and structural elements of the "ham-
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merhead" domain required for cleavage of the infectious
plant RNAs (Fig. 1A). Synthetic RNAs consisting of nothing
more than the conserved features of the hammerhead are

capable of cleavage (18, 31), demonstrating that the hammer-
head possesses full catalytic activity. A synthetic RNA
corresponding to a newtlike hammerhead domain, however,
was incapable of cleavage in a monomolecular reaction (14).
The inactivity of the isolated newt hammerhead was proba-
bly due to its unstable stem III consisting of two base pairs
connected by a 2-nucleotide loop (Fig. 1B), since a 3- or
4-nucleotide insertion in the loop of stem III restored the
ability of this RNA to cleave (28). To explain self-cleavage
by unmodified satellite 2 transcripts, a double-hammerhead
structure which results from the stable interaction between
two separate cleavage domains was proposed. More re-

cently, we demonstrated that while some satellite 2 tran-
scripts do utilize interdomain interactions for cleavage,
transcripts with other permutations of the same primary
sequence cleave by using single-domain structures (11).
Here we show that single-domain cleavage by newt satel-

lite 2 transcripts is dependent on sequences external to the
conserved hammerhead domain. We also present a struc-
tural model for a truncated satellite 2 transcript that is
capable of cleavage. This structure includes an internally
looped extension to stem I of the hammerhead, and the
identity of each nucleotide within the loop was found to be
important for activity. It has previously been shown that
sequences outside self-cleaving domains can reduce cleav-
age efficiency by inducing alternative, inactive RNA confor-
mations (1, 15). The present paper includes the first descrip-
tion of sequences that can interact with a hammerhead to
exert a positive effect on self-cleavage.

MATERIALS AND METHODS

Materials. T4 DNA ligase, T4 DNA kinase, and SP6 RNA
polymerase were from Promega Corporation, exonuclease
Bal 31 and T4 DNA polymerase were from Bethesda Re-
search Laboratories, [a-32P]UTP and [_y-32P]GTP were from
New England Nuclear, and restriction enzymes were from
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FIG. 1. Hammerhead structures. (A) Consensus sequence and
proposed secondary structure of the hammerhead domain required
for self-cleavage of viroid, virusoid, and viral satellite RNAs. The
structure is represented by using the conventions of Forster and
Symons (16), in which stems are labeled I to III, conserved
nucleotides are boxed, and the arrow denotes the site of cleavage.
(B) The potential hammerhead structure of newt satellite 2 tran-
scripts. The sequence shown is derived from the genomic satellite 2
clone, pGM1. The "ov" subscripts denote nucleotides found in
ovarian transcripts at the indicated positions (10).

Promega Corporation, Bethesda Research Laboratories, and
New England Biolabs.

Clones. pGM1, a 333-nucleotide monomer of satellite 2 in
the plasmid vector pGEM 3Zf-, was previously subcloned
from the satellite 2 dimer clone, pSP6D6 (11). 5'-deletion
clones pG47 and pG36, which have 47 and 36 satellite 2
nucleotides upstream from the cleavage site, were also
prepared previously from pSP6D6 by using the exonuclease
Bal 31. pGES1 was constructed by first digesting pG36 DNA
at the Styl site located at the 3' end of the hammerhead
domain and at the EcoRI site in the pGEM polylinker. The
excised DNA was replaced with annealed, complementary
oligonucleotides with the sequences 5'-CTAGGCCAAGCT
TCG-3' and 5'-AATTCGAAGCTTGGC-3'. When annealed,
these oligonucleotides form StyI and EcoRI half sites on
their ends and an internal HindIII site. When the resulting
construct, pGES1, is digested with EcoRI and transcribed
with SP6 RNA polymerase, the transcribed HindIlI se-

quence is complementary to the 5' end of the transcript,
since there is a HindlIl site just downstream of the SP6
promoter. The result is an extended region of complemen-
tarity between the 5' and 3' ends of the transcript.
pG36 SLI, pG47 SLI, and pGES1 SLI were constructed

by site-specific mutagenesis with single-stranded uracil-con-
taining DNA templates (19) and the variant oligonucleotide
primer 5'-GATACCCAGAAACCTTCGGGTCCTAGG-3'.
Transcripts from the mutated clones had the sequence
5'-UUCG-3' inserted in the loop of stem III of the hammer-
head structure.

Clones containing other mutations in the hammerhead
domain or in the internal loop of the stem I extension were
prepared by site-specific mutagenesis with appropriate prim-
ers. The sequence of the transcribed portion of all clones
used in this analysis was verified by dideoxynucleotide
sequencing (25).

In vitro transcription reactions. Transcripts were named by
indicating the clone from which they were derived followed
by a slash and the restriction enzyme used to linearize the
DNA template prior to in vitro transcription with SP6 RNA
polymerase. Transcription reaction mixtures (10 ,ul) con-

sisted of 1 to 2 ,ug of linear template; 40 mM Tris (pH 7.5); 6
mM MgCl2; 5 mM spermidine; 10 mM dithiothreitol; 250 ,uM
(each) ATP, CTP, and GTP; 5 ,iM UTP; 10 ,uCi of [a-32P]
UTP; and 10 U of SP6 RNA polymerase. To produce
5'-labeled transcripts, the ATP, UTP, and CTP concentra-
tions were raised to 500 ,uM, the GTP concentration was

lowered to 100 ,uM, and 15 ,uCi of [_y-32P]GTP was used as

the radioactive nucleotide. This labeled the 5' end of the

transcripts, since G is the first nucleotide incorporated by
SP6 RNA polymerase and only the 5' nucleotide maintains
its -y-phosphate. After incubation at 37°C for 60 min, unin-
corporated label was removed by chromatography through
Sephadex G-50. Full-length transcripts were purified from
polyacrylamide gels as described previously (9).

In vitro cleavage reactions. Transcripts in 1 mM EDTA, pH
8.0, were heated at 80°C for 5 min, quick-cooled on ice
water, and combined with 2 volumes of prewarmed buffer to
initiate self-cleavage. Self-cleavage reaction mixtures con-
sisted of 0.002 to 0.004 ng of transcripts per [l, 133 mM
morpholineethanesulfonic acid (MES) (pH 6.9), 30 mM
MgCl2, 10 mM NaCl, and 0.3 mM EDTA. Six-microliter
reaction mixtures were incubated at 42°C for the indicated
times, and reactions were stopped by the addition of 6 [LI of
gel loading buffer (80 mM EDTA, 95% formamide, 0.05%
xylene cyanol, 0.05% bromophenol blue). Cleavage products
were separated on denaturing polyacrylamide gels, and dried
gels were quantified with a Betascope 603 Blot Analyzer
(Betagen Corp.). First-order rate constants (k) were deter-
mined from plots of the log of the fraction of transcripts
remaining versus time, using the relation k = -2.3 x slope.
Rate constants were standardized to rate constants deter-
mined from parallel reactions of wild-type transcripts (kred).
Half-lives were derived from the relation t1/2 = 0.693/k.

RESULTS

Analysis of transcripts from truncated DNA templates.
pGM1/RI transcripts contain a single repeat of satellite 2 and
53 vector-derived nucleotides (see Fig. 2A for a diagram of
this and other transcripts used in this analysis). Despite their
theoretically unstable hammerhead domain, these tran-
scripts cleave in the presence of Mg2+ to generate two
products of 216 and 175 nucleotides (Fig. 2B) (11). To
determine whether this ability required nucleotides outside
the hammerhead domain, we tested the activity of tran-
scripts produced from truncated DNA templates. Templates
were deleted at the 5' ends by using the exonuclease Bal 31
and at the 3' ends by digesting with restriction enzymes that
recognized sites within the satellite 2 sequence prior to
transcriptions.
pG47IFokI transcripts have only 11 and 16 satellite 2

nucleotides 5' and 3' to the hammerhead domain, respec-
tively, and were competent for cleavage (Fig. 2C). A com-
parison of cleavage by pGM1/RI and pG47IFokI transcripts
is shown graphically in Fig. 2D. The half-lives determined
from these plots were 145 min for pGM1/RI transcripts and
190 min for pG47IFokI transcripts. While half-lives differed
by as much as 30% for the same transcripts in independent
experiments, pG47IFokI transcripts consistently cleaved at a
slightly reduced rate compared to pGM1/RI transcripts.
The activity of pG47IFokI transcripts is dependent on the

sequences flanking both ends of the hammerhead domain.
This was illustrated when transcripts without the additional
5'-end sequence (pG36IFokI), the 3'-end sequence (pG47/
StyI), or both the 5'- and 3'-end sequences (pG36/StyI) failed
to undergo detectable self-cleavage after 3 h (Fig. 2C).

Analysis of 3'-truncated RNAs. We employed a modifica-
tion of the terminal-RNA-deletion analysis used by Forster
and Symons (15) to further delimit the sequences on the 3'
side of the hammerhead domain required for self-cleavage.
pG47/RsaI transcripts, which have the same 5' end but
which have 33 more nucleotides on their 3' end than do
pG47/FokI transcripts, were 5' end labeled and subjected to
limited alkaline hydrolysis (see Fig. 2A for the location of the
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FIG. 2. Self-cleavage of satellite 2 transcripts derived from truncated DNA templates. (A) Diagrammatic representation of the SP6 RNA
polymerase transcripts used in this analysis. Numbers above the transcripts represent the number of satellite 2 nucleotides on each side of
the cleavage site, numbers in brackets represent vector-derived nucleotides at the ends of the transcripts, the open boxes denote the
conserved hammerhead domains, and the arrows point to the sites of cleavage. Restriction enzyme sites used to linearize the templates prior
to transcription are shown below the pGM1/RI transcript for convenience. S, StyI; F, FokI; M, MboII; R, RsaI; RI, EcoRI. (B) Radiolabeled
pGM1/RI transcripts were subjected to self-cleavage conditions for the indicated times, and the products were visualized by autoradiography
after separation on a 7.5% polyacrylamide-7 M urea gel. Sizes (in nucleotides) of the full-length transcripts and the products of self-cleavage
are indicated to the left. (C) A l1o polyacrylamide-7 M urea gel of the self-cleavage products of the indicated truncated transcripts. (D)
pGM11RI and pG47/FokI transcripts were subjected to self-cleavage for an extended series of time points. The data were quantified and
plotted as described in Methods and Materials. Log F is the logarithm of the decimal fraction of transcripts remaining after each time point.

RsaI site). Electrophoresis then produced a ladder of prod-
ucts with identical 5' ends (by virtue of their being radioac-
tively labeled) but each progressively shorter by 1 nucleotide
on its 3' end. Starting with the fragment that corresponded to
the pG471FokI transcript, sets of three bands were purified
from the gel and subjected to self-cleavage conditions for 0

and 6 h. Figure 3A shows the results of this analysis and the
nucleotide sequence of the hydrolysis products as deter-
mined by parallel sets of enzymatic RNA sequencing reac-
tions (data not shown). The cleavage efficiencies for each set
of fragments are shown above the postulated secondary
structure for pG47IFokI transcripts in Fig. 3B. Transcripts
deleted to position +6 from the cleavage site and therefore
ending at the 3' end of the hammerhead domain failed to
undergo detectable self-cleavage. Transcripts with addi-
tional 3' satellite 2 nucleotides were competent for cleavage,
and cleavage nearly doubled with each additional set of 3 3'
nucleotides. At position +18, the 70.5% cleavage after 6 h
was comparable to the cleavage of full-length, pG47/FokI
transcripts (74.0%).

Additional satellite 2 sequences do not simply stabilize the

hammerhead structure. After we examined the potential
structure for pG47IFokI transcripts (Fig. 3B), it seemed
possible that the nucleotides flanking the hammerhead do-
main promoted cleavage by forming an extension to stem I
and thereby stabilizing the hammerhead structure. To test
this, we prepared transcripts with a 14-bp, nonhomologous
substitution for the wild-type stem I (pGES1) (Fig. 4A).
These transcripts showed no detectable cleavage after 5 h.
We tentatively concluded that it was not sufficient to simply
stabilize stem I to confer activity to the satellite 2 hammer-
head.
An alternative explanation for the failure of pGES1 tran-

scripts to cleave, however, was that the nonhomologous
extension resulted in a stable conformation that inhibited the
formation of an active hammerhead. To eliminate this pos-
sibility, we showed that the nonhomologous extension did
not interfere with the activity of a hammerhead that was

competent for cleavage. For this experiment, pG36/StyI
transcripts, which correspond to isolated satellite 2 hammer-
head domains, were activated for cleavage by inserting 4
nucleotides in the stem III loop (pG36 SLI/StyI). Consistent
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FIG. 3. Self-cleavage of 3'-truncated RNAs. (A) pG47IRsaI tran-

scripts were 5' end labeled, gel purified, and subjected to limited
alkaline hydrolysis as described in Methods and Materials. Sets of
three hydrolysis fragments were purified from a second polyacryl-
amide gel and either subjected to self-cleavage conditions for 6 h (+)
or not subjected to self-cleavage (-). The products were separated
on a 10% polyacrylamide-7 M urea gel. Since the transcripts were

labeled at their 5' ends, only the 5'-cleavage product is visible on the
autoradiogram, and this product is the same (55 nucleotides) for
each of the hydrolysis fragments which differ in the length of their 3'
ends. The last lane (H) is a sample of the hydrolysis of pG47IRsaI
transcripts, and the 3' nucleotide of each hydrolysis fragment, as

determined by parallel enzymatic RNA sequencing reactions (data
not shown), is indicated to the right. (B) Cleavage percentages were

determined for each set of three hydrolysis fragments in panel A and
are indicated above a potential secondary structure for the pG47/
FokI transcripts. Lowercase letters represent vector-derived nucle-
otides. The arrow points to the site of cleavage. The extended stem

I of this structure was generated by the RNA Fold program of Zuker
and Stiegler (34).

with previous studies (28), these transcripts cleaved with
near-wild-type activity (Fig. 4B). This activated newt ham-
merhead was then combined with the nonhomologous stem I
extension (pGES1 SLI) (Fig. 4C). In this case, the nonho-
mologous extension resulted in a more than 10-fold increase
in the single-order rate constant, probably by stimulating
rather than interfering with hammerhead formation. The
failure of the same extension to promote cleavage by the
unaltered satellite 2 hammerhead domain (pGES1 transcripts
shown in Fig. 4A) indicates that the wild-type stem I
extension in pG47/FokI transcripts promotes cleavage in a

manner other than by simply stabilizing the hammerhead
structure.

Mutational analysis of hammerhead domain. It was pos-

sible, although unlikely, that the pG47/FokI transcripts
adopted a structure other than the hammerhead yet cleaved
at the site used by the hammerhead. We performed a

mutational analysis of the conserved features of the ham-
merhead domain to determine whether they were in fact
required for cleavage. The mutations that were tested are
illustrated in Fig. 5 along with the resulting cleavage rate
constants standardized to rates of unmutated pG471FokI
transcripts.

Mutations to position +3 or -33 disrupted the central base
pair in stem I of the hammerhead and completely inhibited
cleavage. When the two mutations were combined to form a
compensatory base pair, cleavage was restored to near-wild-
type levels (kre, = 0.60). Similar results were seen with
mutations that disrupted the base pair between positions
-12 and -22 in stem II. Again, activity was restored by
combining the two individual mutations into a compensatory
base pair (krel = 0.58). These results strongly suggest that
both stems I and II of the hammerhead form and are required
for cleavage.

It has been demonstrated that many of the conserved
nucleotides in the single-stranded region connecting stems I
and II are important for hammerhead-mediated cleavage and
that the G at position -28 is essential (22-24, 29). In
agreement with these findings, cleavage of pG471FokI tran-
scripts was completely inhibited by each of the three possi-
ble nucleotide substitutions at this position.
The A residues at positions -11 and -23 are opposed to

each other at the base of stem II. In the vast majority of
naturally occurring RNAs which are known or believed to
self-cleave by using hammerhead structures, stem II is
closed with a base pair at this location (2). Surprisingly, the
two mutations to pG47IFokI transcripts (A-11/U-23 and
U-11/A-23) that resulted in the formation of base pairs at this
position totally inhibited cleavage, and other mutations
which did not generate a base pair also inhibited cleavage.
Only one combination of nucleotides that was tested was not
inhibitory (A-11/C-23; krei = 1.18). Thus, while the results
above indicate that stem I and stem II of the hammerhead do
form, there is an unexplained requirement in stem II not
found in other hammerheads that have been analyzed.

Mutations within the internal loop of the extension to stem I.
The failure of the nonhomologous stem to support cleavage
in pGES1 transcripts (Fig. 4A) indicated that the wild-type
extension had a sequence or structural motif essential for
cleavage. To define the essential features of the extension,
we performed a mutational analysis on the internal loop
nearest the cleavage site. The mutations that were tested and
the relative cleavage rates of transcripts with these muta-
tions are shown in Fig. 6. Surprisingly, the actual identity of
each nucleotide in the loop was important, and most changes
to any of the 5 nucleotides in the loop completely inhibited
cleavage. Even the most permissive mutations resulted in a
>90% loss in activity.
The stem I extension increases cleavage efficiency of a stable

hammerhead. The ability of the stem I extension to promote
cleavage by the theoretically unstable satellite 2 hammer-
head prompted us to determine what effect the extension
would have on a hammerhead that was capable of cleavage
without the extension. For this purpose, we prepared pG47
SLIlFokI transcripts which have both the stem I extension
and the stable stem III insertion. As shown in Fig. 7, more
than 60% of these transcripts cleaved within 1 min. Tran-
scripts remaining after 1 min were most likely in inactive
conformations (28). The slow second phase of the reaction
would thus correspond to the slow reorganization of these
transcripts into active conformations. The first-order rate
constant for the initial phase of the reaction, estimated from
the 30-s time point, was more than 2 orders of magnitude
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FIG. 4. Nonhomologous stem I does not confer activity to the satellite 2 hammerhead. (A) Time course of cleavage of pGES1 transcripts,
in which the wild-type stem I is replaced with a nonhomologous, perfectly base-paired extension. (B) Time course of cleavage of pG36
SLI/StyI transcripts which correspond to isolated satellite 2 hammerhead domains with a four nucleotide insertion in the loop of stem III. (C)
Time course of cleavage of pGES1 SLI transcripts, which have both the nonhomologous stem I extension and the stem III loop insertion.
Lowercase letters represent non-satellite 2 nucleotides. Log F is the logarithm of the decimal fraction of transcripts remaining after each time
point. Each arrow points to the site of cleavage.

greater than that for transcripts with either the stable stem
III insertion (pG36 SLIIStyI) (Fig. 4B) or the stem I exten-
sion (pG47/FokI) (Fig. 2D) alone. Additionally, the wild-type
stem I extension was 20 times more effective than the
nonhomologous extension in pGES1 SLI (Fig. 4C) in en-
hancing cleavage by a competent hammerhead.

DISCUSSION

Newt satellite 2 transcripts undergo self-catalyzed cleav-
age in vitro within a domain that has the conserved features
of the hammerhead structure used by a number of self-
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FIG. 5. Mutational analysis of the hammerhead domain in pG47/
FokI transcripts. The indicated nucleotides were changed at the
DNA level by site-specific mutagenesis, and transcripts from the
modified clones were tested for self-cleavage. Nucleotides are
numbered upstream (-) or downstream (+) from the cleavage site.
First-order rate constants were determined from a minimum of five
time points showing less than 60% cleavage. The rate constants
were normalized to the cleavage rates of parallel samples of wild-
type pG47IFokI transcripts (krel), shown in parentheses. -, no
detectable cleavage after 2.5 h. The arrow points to the site of
cleavage.

cleaving plant RNAs (9). Unlike other hammerheads that
have been studied, however, the satellite 2 hammerhead
does not cleave as an isolated unit, probably because of its
abbreviated and unstable stem III (28). In the present study,
we demonstrated that self-cleavage of satellite 2 transcripts
is dependent upon the satellite 2 sequences adjacent to the
hammerhead domain. The additional sequences have the
potential to form a looped extension to stem I of the
hammerhead. The evidence that this extension is critical for
cleavage was that transcripts without either the 5' or the 3'
half of this extension failed to self-cleave, and a number of
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FIG. 6. Mutational analysis of the internal loop in the stem I
extension nearest the cleavage site. The indicated nucleotides were
changed at the DNA level by site-specific mutagenesis, and tran-
scripts from the modified clones were tested for self-cleavage.
First-order rate constants were determined as for Fig. 5, except that
transcripts containing mutations in the upper part of the loop, which
includes the recognition sequence for FokI, were prepared from
MboII-digested templates and compared with pG47/MboII tran-
scripts. Because of the high proportional variability in the cleavage
of transcripts with barely detectable activity, the kre, values (in
parentheses) are the averages from two or three (G+6 and G+7)
independent experiments. -, no detectable cleavage after 2.5 h. The
arrow points to the site of cleavage.
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stem I extension. krel is the first-order rate constant standardized to
the cleavage rate of parallel reactions of wild-type pG471FokI
transcripts. The arrow points to the site of cleavage.

single-nucleotide substitutions within this extension com-

pletely abolished the transcripts' ability to self-cleave. Fur-
thermore, a nonhomologous stem I extension did not enable
the isolated satellite 2 hammerhead to cleave.

It is unlikely that cleavage of satellite 2 transcripts results
from the formation of an active structure other than the
hammerhead. Mutations designed to disrupt important fea-
tures of the hammerhead had inhibitory effects on self-
cleavage, and regions base paired in the hammerhead were
demonstrated to be base paired in the satellite 2 structure by
compensatory mutagenesis. The unusual requirement for
specific nucleotides at the base of stem II might be a
reflection of a novel interaction between the conserved
hammerhead domain and the stem I extension. It should be
noted that satellite 2 transcripts in the newt ovary do have a
base pair at this position in stem II (Fig. 1). While this might
explain the failure of these ovarian transcripts to cleave at
their intact cleayage sites (8, 9), the presence of a base pair
at this position does not necessarily preclude the occurrence
of self-cleavage. We prepared monomeric transcripts which
had this base pair and an A substituted for G-31 in stem I, the
other difference in the hammerhead domain between ovarian
transcripts and the cloned genomic repeat used in our
studies. These transcripts cleaved at a rate comparable to
that of unmodified transcripts (33). Further work is neces-
sary to determine whether these results do in fact result from
an interaction between stems I and II.

It is difficult to speculate on the action of the stem I
extension, since the detailed mechanism of hammerhead-
mediated self-cleavage is not known. The reaction involves
the nucleophilic attack of the phosphodiester bond by the
adjacent 2'-hydroxyl, but the role of the required divalent
cation in this process is not clear. Mg2" may be involved in
stabilizing structural interactions, activating the 2'-hydroxyl
for nucleophilic attack, or stabilizing the pentacoordinated
phosphorus intermediate (5, 21, 23). The satellite 2 stem I
extension could stimulate catalysis by providing one or more
alternative coordination points for Mg2+ or, as suggested

above, by interacting with available regions of the hammer-
head domain to promote the formation of an active tertiary
conformation.
A more trivial explanation for the effect of the stem I

extension is that it merely allows the hammerhead structure
to form, while all other transcripts tested have alternative,
inactive conformations. Fedor and Uhlenbeck (12) demon-
strated that while there were large differences in the effi-
ciencies of hammerheads that differed in the identities and
lengths of their base-paired stems, the actual rates of catal-
ysis were the same. The differences in efficiency were
attributed to differential abilities to form active conformers.
We believe that it is unlikely that the present results can be
explained in this manner. The nonhomologous extension
which failed to promote cleavage of the wild-type satellite 2
hammerhead actually increased the rate of cleavage by an
active hammerhead. In addition, this explanation would
require each of 11 single-nucleotide substitutions in the
internal loop of the stem I extension to result in alternative
conformations that were so energetically favored that they
totally excluded the formation of the active structure. The
simplest hypothesis from these data is that the extension has
a specific, positive effect on hammerhead formation or
catalysis. To test this hypothesis, it will be necessary to split
the reaction into a two-component (enzyme-substrate) sys-
tem and perform a more detailed kinetic analysis. More
information about the specific sequence or structural re-
quirements for proper interaction between the hammerhead
domain and the stem I extension is needed, however, before
this can be successfully accomplished.
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