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ABSTRACT Fe(II)-EDTA, a solvent-based cleavage re-
agent that distinguishes between the inside and outside surfaces
of a folded RNA molecule, has revealed some of the higher-
order folding of the group IB intron from Tetrahymena ther-
mophila pre-rRNA. This reagent has now been used to analyze
the bacteriophage T4 sunY and t¢d introns, both of which are
members of the group IA subclass. Significant portions of the
phylogenetically conserved secondary structure are protected
from Fe(II)-EDTA cleavage. However, the P4 secondary struc-
ture element, which is substantially protected in the Tetrahy-
mena intron, is available for cleavage in the two T4 introns. We
conclude that a family of catalytic RNAs (ribozymes) that
possess similar secondary structures and have similar activities
fold into similar but nonidentical tertiary structures that
nevertheless serve to internalize portions of the catalytic center.
Furthermore, comparison of cleavage patterns of the sunY and
td intron RNAs indicates that conserved nucleotides outside as
well as within the catalytic core participate in the tertiary
structure.

Group I introns must fold into a catalytically active structure
in order to mediate RNA self-splicing (1, 2). While the
secondary structures of group I introns have been established
by comparative sequence analysis (3-5), their higher-order
folding is only beginning to be understood. Fe(II)-EDTA
combines with oxygen to generate free radicals that promote
oxidative damage to ribose moieties and result in nucleic acid
strand scission (6-9). Because it has little base-sequence
specificity and similar reactivity toward single- and double-
stranded forms of RNA (10), Fe(II)-EDTA provides a useful
probe for the higher-order folding of RNA. In a previous
study (6) this methodology was used to analyze the native
structure of the L—21 Sca I RNA, a shortened form of the
Tetrahymena group IB intron that has enzymatic activity as
a sequence-specific endoribonuclease (11). The RNA, in its
Mg?*-stabilized active conformation, was found to possess
significant cleavage-resistant regions, including portions of
elements P3, P4, and P7 that reside in the catalytic center of
the ribozyme. Parallel studies with yeast tRNAP'®, a mole-
cule of known structure, supported the interpretation that
protection from cleavage was related primarily to low solvent
accessibility (6).

To assess the generality of the inside-outside folding pat-
tern among group I introns, the bacteriophage T4 sunY (a split
gene of unknown function) and ¢d (thymidylate synthase)
mRNA introns were selected for study. The sunY and td
introns are self-splicing group IA introns and share common
secondary structures as well as considerable primary se-
quence similarity (ref. 5; Fig. 1). Although the general
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secondary structure of group IA and IB introns is conserved
in the core region consisting of P3, P4, PS, P6, P7, P8, and P9,
the sunY and td intron RNAs differ significantly from the
Tetrahymena intron RNA in primary sequence and in the
number and arrangement of peripheral secondary structure
elements that decorate the conserved core (ref. 5; Fig. 1).

METHODS

Plasmid Construction and RNA Synthesis. The wild-type
sunY intron and exon coding sequences were subcloned into
a pTZ19U plasmid, which places the sunY transcription unit
under the transcriptional control of a phage T7 promoter.
Exon I along with the first 13 base pairs at the 5’ end of the
intron and 781 base pairs of the open reading frame extending
from L9.1 were deleted by site-specific mutagenesis. The td
L-7 ribozyme was derived from a pTZtdAP6-2 construct
which is deleted for the intron open reading frame (13). Exon
I along with the first 7 base pairs at the 5’ end of the intron
were deleted to create a T7 transcription unit giving the 5’ end
indicated. For both introns, the T7 run-off transcript under-
went self-catalyzed hydrolysis at the 3’ splice site (14) to
produce the ribozyme that was utilized for analysis.

Fe(II)-EDTA Cleavage. End-labeled RNA transcripts were
gel-purified and ethanol-precipitated from 0.25 M NaCl/10
mM TrissHCI, pH 8/1 mM EDTA. The RNA was then
resuspended in 10 mM Tris'HCl, pH 8/1 mM EDTA. sunY
RNA cleavage reaction mixtures contained 50 mM Tris-HCI
(pH 7.4), 2 mM Na,EDTA, 1 mM (NH,),Fe(SO,),, S mM
dithiothreitol, and the indicated MgCl, concentration. The
reaction mixtures were incubated for 90 min at 42°C. Cleav-
age of the td intron was performed similarly except that the
reaction mixtures contained 50 mM Tris'HCI (pH 7.4), 4 mM
Na,EDTA, 2 mM (NH,),Fe(SO;),, and 10 mM dithiothreitol
and were incubated at 42°C for 120 min. Control reactions
were performed by incubation of the RNA in buffers con-
taining 0 and 10 mM MgCl, at 42°C for 90 min (sunY) or 120
min (zd) in the absence of Fe(II)-EDTA.

RESULTS AND DISCUSSION

DNA templates encoding shortened forms of the sunY and td
introns that lack the 5’ splice site were constructed. The
corresponding intron RNAs, whose 5’ ends comprise the 5’
exon-binding site (internal guide sequence; refs. 1 and 4),
were transcribed using bacteriophage T7 RNA polymerase.
Both RNAs were shown to be catalytically active in 10 mM
MgCl, by two criteria. First, transcripts extending beyond
the 3'-terminal guanosine of the intron underwent 3’ splice-
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Secondary structures and regions of protection from Fe(II)-EDTA cleavage for three ribozymes derived from group I introns. The

sunY L—13 ribozyme (A), the td L—7 ribozyme (B), the Tetrahymena L—21 ribozyme (C) are shown with regions of protection from Fe(II)-EDTA
cleavage shaded. In the L—n notation, » = number of nucleotides missing from the 5’ end of the intron. Triangles indicate foreign nucleotides
at regions where open reading frames were deleted and a single guanosine at the 5’ end that was added for more efficient transcription. Paired
regions are designated P, and joining regions (J) are numbered according to the paired elements they connect, 5’ to 3’ (e.g., J6/7 joins P6 and
P7). Secondary structures for phage T4 introns are from ref. 5. For the Tetrahymena ribozyme, the secondary structure of P9 and the buige
in P5a have been redrawn (12) and the Fe(II)-EDTA protection was redetermined in the present study, based on analysis of both 5'- and
3’-end-labeled RNA (data not shown), to ensure that it was directly comparable to the phage introns. The map is similar but not identical to
that published earlier (6). Protection from Fe(II)-EDTA cleavage was first assigned by visual criteria and then confirmed and quantified by

phosphorimager or densitometric scanning (Figs. 2 and 3).

site hydrolysis (14). Second, the shortened introns had ac-
tivity as sequence-specific endoribonucleases (11, 15) when
supplied with exogenous guanosine and an oligoribonucle-
otide substrate complementary to the intron’s 5’ exon-
binding site (data not shown). These activities provide evi-
dence that the Fe(II)-EDTA protection pattern observed for
each intron corresponds to the active structure of the RNA.
Although both introns are known to be highly efficient in
self-splicing (13, 16-18), we have not measured the fraction
of active molecules in the population.

Fe(II)-EDTA cleavage analyses were performed following
pre equilibration of >?P end-labeled RN As in the presence and
absence of 10 mM MgCl, (Figs. 2 and 3). For both RNAs,
mapping was performed from the 5’ as well as the 3’ end and
gave consistent results in the overlap region. A fairly uniform
pattern of cleavage was observed when the sunY and td
RNAs were reacted in the absence of MgCl,. In the presence
of 10 mM MgCl,, however, significant regions of protection
from Fe(II)-EDTA-induced cleavage were seen in both

RNAs. Phosphorimager analysis of the radioactivity distri-
bution for sunY showed that the regions of greatest protection
(the valleys in the 10 mM MgCl, data in Fig. 2B) typically
contained 3- to 4-fold less radioactivity than neighboring
regions of strong cleavage (the peaks in the 10 mM MgCl,
data), with a maximum difference of about 7-fold. This extent
of protection is of the same order as that measured earlier for
the Tetrahymena intron (average of 4-fold, maximum about
10-fold; ref. 6).

The location of each protected region was mapped by
alignment of the products of Fe(II)-EDTA cleavage with
RNA sequencing ladders on the same gel (Figs. 2A and 3A4).
Nucleotides found to be consistently protected in multiple
experiments (three to five analyses of each position for both
introns) are shaded in Fig. 1 A and B. Notably, most of the
conserved secondary structural elements are similarly pro-
tected in both sunY and td intron RNAs. Within the con-
served catalytic center, portions of P3 and all of P7 are
protected from cleavage. The joining regions J5/4, J6/6a,
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FiG.2. Fe(II)-EDTA cleavage of the sunY ribozyme. (A) Autoradiogram of sunY L—13 RNA labeled at the 3’ end with 5'-[*2P}pCp. Lanes
G, A, and A/U, sequencing standards generated by partial, base-specific cleavage of the RNA by endonucleases T;, U, and PhyM, respectively
(19). Lane AH, products of partial alkaline hydrolysis of the RNA. Nucleotide positions determined from these sequencmg standards are
indicated at right. (B) Quantitation of Fe(II)-EDTA cleavage. Radioactivity of polyacrylamide gels including that shown in A was quantitated
using the Molecular Dynamics phosphorimager. All values have been corrected for background hydrolysns observed in the starting material and
then normalized to adjust for loading differences. (Upper) An overlay plot of Fe(lI)-EDTA cleavage in the absence of MgCl, (dashed line) and
in the presence of 10 mM MgCl, (solid lme) (Lower) The difference plot, cpm for 10 mM MgCl, data minus cpm for 0 mM MgCl, data. Negative

peaks in the difference plot represent regions of protection.

J7.2/3,38/7, and J7/9 are also protected in both RNAs.!| The
secondary structure elements along the periphery of the
catalytic core, including P5, P6, P8, P9.1, and P9.2, show
similar patterns of limited protection in both intron RNAs.
The differences in protection from Fe(II)-EDTA cleavage
observed between sunY and td intron RNAs are few and
subtle.!l In the td intron RNA an asymmetric portion of the
P2 element, which is absent from the sunY intron, is pro-
tected from Fe(II)-EDTA cleavage. Additionally, the P9
element shows more limited protection in the td intron than
in the sunY intron.

The group IA-specific region P7.2 is partially protected
from cleavage in both phage introns, while P7.1 is not
protected. We suggest that P7.2 has a similar packing envi-
ronment in the two introns, perhaps adjacent to or within the
catalytic core, whereas P7.1 protrudes into the solvent. Such
an interpretation is consistent with other observations with
the td intron: mutations in P7.2 disrupt function (16), whereas
P7.1 can be substituted with the different P7.1 elements of
sunY or nrdB without disrupting function (ref. 20; M. Bryk
and M.B., unpublished work). The J7.2/3 sequence that
connects P7.2 to the core is protected in both introns. It may
reside within the core, perhaps being equivalent to J7/3 in the
Tetrahymena intron.

I'The sunY and td Fe(II)-EDTA cleavage experiments were per-
formed and the protection maps were constructed independently in
two different laboratories. The sunY analysis was performed in
Boulder, and the ¢d analysis in Albany. This makes the similarities
found in the two maps all the more noteworthy but also means that
minor differences between them might result from small differences
in methods.

The stem-loops interrupted by open reading frames (the
end of P9.1 in sunY and P6a in td) are generally accessible to
cleavage. This indicates that they are held away from the
catalytic core, which could be advantageous in preventing
them from interfering with folding of the active site.

Note that some tertiary structures might not result in
protection from Fe(II)-EDTA cleavage. For example, the
triple-helical scaffold proposed for the P4-P6 region (21) is
probably not tested by our experiments. In DNA triplexes, at
least two of the three strands can still be cleaved by free
radicals produced by chelated Fe(II) (22), so it seems likely
that an RNA triplex could remain cleavable by Fe(II)-EDTA
if not involved in additional interactions that excluded it from
the solvent.

The majority of the nucleotides protected from Fe(II)-
EDTA cleavage in both the core and the peripheral regions of
the sunY and td intron RNAs are conserved between the two
sequences and indeed, in many cases also conserved in the
third T4 intron, nrdB (Fig. 4). These nucleotides may well be
conserved at least in part because of their contributions to
tertiary structure. It remains possible that these nucleotides
have some additional function in vivo, such as protein rec-
ognition or RNA stability.

The general pattern of protection from Fe(II)-EDTA cleav-
age described for the group IA sunY and td intron RNAs is
consistent with that observed in the group IB Tetrahymena
L—21 Sca I RNA (Fig. 1C). In all three RNAs, significant
regions of protection are observed in the phylogenetically
conserved core region of the ribozyme. In particular, all of
the J6/7, P7, and J8/7 elements are protected in each RNA,
as well as portions of P3, P6, J6/6a, and J6a/6. These results
demonstrate the ability of these three molecules to fold into
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FiG. 3. Fe(II)-EDTA cleavage of the td ribozyme. (A) Autoradiogram of td L—7 RNA labeled at the 5’ end by use of [y2P]ATP and
polynucleotide kinase. Lanes are labeled as in Fig. 2. (B) Quantitation of Fe(II)-EDTA cleavage of td L -7 ribozyme. (Upper) An overlay of
densitometric scans of Fe(ll)-EDTA cleavage in the absence of MgClz (dotted line) and in the presence of 10 mM MgCl, (solid line). (Lower)
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an lnslde-outsme structure in which the catalytic center of the
ribozyme is'on thelnslde and suggest that this property may
be conserved among self-sphcmg group I introns.

- The most nofable™difference -in protectlon from Fe(Il)-
EDTA cleavage observe;l in comparable elements of these
three intron RNAs is in the P4 element of the core, which is
substantlally pmtected ln the Tetrahymena L- 2i'Sca IRNA

but accessible in the sun)’ and td intron RNAs. In the
Tetrahymena intron, P4 is part of an independent folding
domain that involves the PSabc extension (refs. 7 and 23; F.
Murphy and T.R.C,, unpublished work). In an RNA tran-
script that contains oqu this domam, protection of P4 from
Fe(II)-ED‘I’A cleavage requires. the PSabc extension (F.
Murphy and T. R.C., unpubhshed work) This extension
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contributes to catalysis by stabilizing the core of the Tet-
rahymena intron (24, 25). Because P5abc is not found in the
group IA introns, it had seemed possible that the group
IA-specific P7.1 and P7.2 elements might also protect P4 to
attain an equivalent structure. The accessnblllty of P4 in the
phage introns provides physical evidence against this hy-
pothesis. Instead, the differences in Fe(II)-EDTA protection
between the two phage T4 introns and the Tétrahymena
intron indicate that functionally equivalent tertiary structures
can be formed in at least two different ways. Each of these
two variations of a common inside-outside structure results
in internalization of the catalytic center of the ribozyme.
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