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Visualizing metal-ion-binding sites in group | introns by

iron(l1)-mediated Fenton reactions

Christian Berens'*, Barbara Streicher2, Renée Schroeder?

and Wolfgang Hillen'

Background: Most catalytic RNAs depend on divalent metal ions for folding
and catalysis. A thorough structure~function analysis of catalytic RNA therefore
requires the identification of the metal-ion-binding sites. Here, we probed the
binding sites using Fenton chemistry, which makes use of the ability of Fe?* to
functionally or structurally replace Mg?* at ion-binding sites and to generate
short-lived and highly reactive hydroxyl radicals that can cleave nucleic acid and
protein backbones in spatial proximity of these ion-binding sites.

Results: Incubation of group | intron RNA with Fe?*, sodium ascorbate and
hydrogen peroxide yields distinctly cleaved regions that occur only in the
correctly folded RNA in the presence of Mg?* and can be competed by
additional Mg?2*, suggesting that Fe2* and Mg?* interact with the same sites.
Cleaved regions in the catalytic core are conserved for three different group |
introns, and there is good correlation between metal-ion-binding sites
determined using our method and those determined using other techniques. In
a model of the T4 phage-derived td intron, cleaved regions separated in the
secondary structure come together in three-dimensional space to form several
metal-ion-binding pockets.

Conclusions: In contrast to structural probing with Fe2*/EDTA, cleavage with
Fe?+ detects metal-ion-binding sites located primarily in the inside of the RNA.
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Essentially all metal-ion-binding pockets detected are formed by tertiary

structure elements. Using this method, we confirmed proposed metal-ion-
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binding sites and identified new ones in group | intron RNAs. This approach
should allow the localization of metal-ion-binding sites in RNAs of interest.

Introduction

Catalytic RNAs either require divalent cations for achiev-
ing a stable tertiary structure and for catalysis or their
activity is greatly enhanced by the presence of divalent
metal ions. Although abundant data exist on the influence
of divalent metal ions on the structure and activity of
RNA (for reviews, see [1-4]), only a few metal-ion-
binding sites have been determined so far. They have
primarily been identified crystallographically [5-9], or
using phosphorothioate substitution [10-13], cleavage by
various metal-hydroxyls [14-18] or photocleavage with
uranvl acetate [19]. Unfortunately, these approaches have
certain disadvantages. To date, the structures of only a
few RNAs have been solved to high resolution using
X-ray crystallography. Nuclear magnetic resonance (NMR)
places size limits on the RNA to be analyzed and cannot
detect Mg?* ions. The photocleavage or chemical cleav-
age assays generate only a few cleaved sites. For example,
Pb?*-mediated cleavage of group I intron RNA leads to
just two cleavage sites [16], although binding of at least
three Mg?* ions is required to generate a protected three-
dimensional structure in an Fe/EDTA footprint {20]. It

would, therefore, be of advantage to have additional
probes for metal-ion-binding sites.

Fe’* can scrve as such a probe. It is similar to Mg2* both
in size and coordination geometry [21], although the hard
metal cation Mg2* prefers oxygen ligands, whereas Fe?*,
as a softer metal cation, prefers nitrogen ligands [22]. Fe?*
would, thus, be expected to interact more strongly with
the bases than Mg2*. In the Fenton reaction, Fe* is oxi-
dized in the presence of sodium ascorbate and hydrogen
peroxide, thereby generating highly reactive hydroxyl
radicals [23]. These diffusible agents can attack the
ribose moiety, leading to cleavage of the nucleic acid
backbone. The Fenton reaction has widely
emploved in studying DNA  conformation [24,25],
protein—nucleic acid footprinting [26,27], DNA-drug
interactions [28,29], and tertiary structure determination
and folding of catalytic RNAs {20,30]. The Fenton reac-
tion has also been used successfully to map metal-ion-
binding sites in proteins like FEscherichia coli glutamine
synthetase [31], pigcon liver malic enzyme [32], and
E. coli RNA polymerase [33], as well as in protein-ligand

been
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complexes, such as pig heart NADP-specific isocitrate
dehydrogenase with isocitrate [34]. Tn/¢ Tet repressor
and tetracycline [35], £. co/i RNA polymerase with T7A1
promoter DNA [36], and the homing endonucleases
1-Dmol and I-Porl with their DNA substrates [37]. Free
Fe* has only rarely been used in RNA studies. Grosshans
and Cech [38] showed that Fe?* is not catalydically active
in group I intron splicing. Wang and Cech [39] observed
specific Fe’-mediated cleavage sites when the concen-
tration of Fe?* exceeded that of the metal ion chelator,
whereas Zhong and Kallenbach [40] used it as a cationic
probe for surface accessibility in tRNA and 55 rRNA
rertiary structure.,

In this paper, we describe Fe?*-mediated RNA back-
bone cleavage to identify nucleotide positions close to
metal-ion-binding sites in group I introns, the struc-
turally and functionally best-characterized family of
large catalytic RNAs. Group [ introns contain a distinct
inside and outside [30], the existing data on metal ions
arc profound [4,11,16,41-45], detailed three-dimen-
sional models have been reported for three of the four
subgroups of group I introns [18,46,47] and, recently,
the crystal structure of the P4-P6 domain of the Terrahy-
mena thermophila LSU intron was solved [8,13,48]. We
show that in the presence of Fe?*, sodium ascorbate and
hydrogen peroxide, five distinct regions that are con-
served in the 4, sunY, and Tetrahymena introns, are
cleaved in the intron core. Additional cleavage sites are
also observed in the respective peripheral elements.
T'he majority of the Fe?r-mediated cleavage signals
detected are in the interior of the folded RNA. Cleaved
regions, which are dispersed over the secondary struc-
ture of the 'T'4 phage-derived #7 intron, come together in
space to form several clear metal-ion-binding pockets in
a three-dimensional model of the intron. The cleaved
nucleotides arc close to published metal-ion-binding
sites [8,11,13,16,18].

Results and discussion

Monitoring the correct fold of the RNA

The native fold of the bacteriophage T4-derived #/1.-7
intron was monitored by FeZ*/EDTA structure probing
[30,49]. A representative result is shown in Figure 1. With
td1.-7 RNA denatured in the absence of Mg, cleavage
by FeZ/EDTA: occurs fairly uniformly throughout the
entire molecule (Figure la, lane 9), with a less than
twofold difference in cleavage intensity. In contrase, with
intron RNA renatured in the presence of 3 mM Mg,
cleavage in distinct regions is suppressed threefold to
fourfold, to a maximum of sixfold (Figure la, lane 10).
Comparison of these regions with the protected regions
published by Heuer ez a/. [49] reveals a similar extent of
protection from cleavage, and nearly identical protected
regions (Figure 1b). These vary onlv by one or two
nucleotides in length or position, despite the fact that the

protection maps were obtained under highly different
renaturation and reaction conditions. The renaturation
conditions we emploved (3 mM Mg and 400 uM sper-
midine) are sufficient to ensure that the ribozyme obtains
a correctly folded tertiary structure [50]. This is sup-
ported by the observation that, under our renaturation
conditions, the //1.-7 intron undergoes intramolecular
cyclization (data not shown: see also [51]), a reaction
requiring a correctly folded ribozyme [52]. We found two
additional protected regions in the P7 extension (Figure
1b). They map to nucleotides C879-G883 in 1.7.1 and
nucleotides A897-G898 in 1.7.2. 'T'he nucleotides in 1.7.2
are adjacent to the nucleotides forming the P12 tertiary
contact [53]. The nucleotides in P9.2 that participate in
this tertiary contact had already been obscrved to be pro-
tected from cleavage by Fe/EDTA [49]. Taken
together, these results demonstrate that the renatured
ribozyme is folded correctly.

Fe?+ specifically cleaves native td intron RNA

In the absence of EDTA or other chelators, Fe?* can
replace Mg?* in Mg?*-binding sites in proteins and
protein-ligand complexes [31-37]. Reasoning that this
might also be the case for group I introns, we end-labelled
rdL.-7 RNA and incubated renatured RNA with 250 pM
Fe’ and denatured RNA with 10 pM Fe- to identify
FeZ-mediated cleavage sites. These concentrations of
Fes vielded about 70% full-length ribozyme (data not
shown), which should ensure only a single cut per mol-
ecule [54]. The resules are shown in Figure 1a and 1c¢. The
controls without Fc2* (Figure 1a, lancs 3, 4) show that
cleavage 1s dependent on the presence of Fe*. For the
cleavage reaction with Fe?, ten regions of differing cleav-
age intensity are casily detected in the native RNA
(Figure 1a, lanc 8). Strong cleavage sites map to ]5/4, J6/7
and J8/7. Cleavage of intermediate strength is obscrved in
17.2/3 and L9, whereas wcaker sites are located in J4/3,
[.6a, P7.1, P9.1 and L9.2. Cleaved regions span between
one (L9, 1.9.2) and ten (L.6a, J6/7) nuclcotides, with a
mean of about five nucleotides. The denatured RNA
(Figure 1a, lanc 7) has no reproducible cleavage sites (data
not shown). The nucleotides cleaved were identified by
comparison with an RNase 11 scquencing reaction and an
alkaline hydrolysis ladder (see below). Hydroxyl radical
cleavage of a nucleotide results in cleavage at the ribose,
leading to elimination of the nucleoside [28]. A signal in
the Fe?* cleavage lane therefore corresponds to cleavage
of the nucleotide at its 3’ side. We observed no bias for
cleavage at any base; all four bases were cleaved to an
equal extent. With respect to the secondary structure ele-
ments, nucleotides in loops are cleaved to the same extent
as thev are present in the ribozvme (18%). Nucleotides in
paired regions arc cleaved less frequently (42%) than they
are present in the RNA (59%) and nucleotides in junctions
are cleaved to a higher degree (40%) than their presence
in the intron (23%).
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Mapping of the Fe?* cleavage sites in the td RNA. (a) Autoradiogram
of a 6% denaturing polyacrylamide gel with 5" end-labelled tdL-7 RNA
cleaved by either 10 uM (lane 7) or 250 uM Fe?* (lane 8), or by

250 uM Fe?+/500 uM EDTA (lanes 9, 10). Controls with untreated
RNA (lanes 1, 2) and in which Fe2* was omitted (lanes 3, 4) are also
shown. The respective final concentrations of Mg2* in the reaction
tubes, as well as the presence (+) or absence (-) of Fe2*, sodium
ascorbate (tenfold molar excess over Fe2*), and hydrogen peroxide
(tenfold molar excess over Fe2t) are shown above each lane. The td
secondary structure elements cleaved by Fe2* are marked on the right.
Sequencing markers are: AH (alkaline hydrolysis) and G (T1 ladder).
Lanes 1, 3, 7 and 9 contain denatured, lanes 2, 4, 8 and 10 renatured
intron RNA. Quantitation of (b) the Fe?*/EDTA cleavage reactions and

(c) the Fe2* cleavage reactions. The polyacrylamide gel shown in (a)
was quantitated in a phosphorimager. Nucleotide positions in the td
RNA are given on the x axis and secondary structure elements that are
either (b) protected from cleavage by Fe2*/EDTA or that are (c)
cleaved by Fe?* are highlighted. The Fe2*/EDTA panel in (b) shows the
difference between cleavage in the presence of 3 mM Mg2* and
cleavage in the absence of Mg?+. Valleys or troughs denote regions of
protection, whereas peaks correspond to regions of cleavage. For
comparison, the protected regions determined by Heuer et al. [49] are
included as filled boxes in the panel. Additional protected regions that
were not identified by Heuer et al. [49] are shown by filled arrows and
the secondary structure elements in which they are located. PSL,
photo-stimulated luminescence.

Mg2* competes with Fe2+ for cleavage sites

Site-specific cleavage of RNA by divalent metal ions,
such as Pb?*, Ca?*, and Sr?*, is strongly influenced by the
concentration of Mg+, High concentrations of Mg+ dis-
place these ions from the cleavage sites, indicating com-

petition for the same or overlapping binding sites

[5,16-18,55-57]. To if the Fel-mediated
cleavage sites are also competed for by Mg?+, cleavage of
native /7/L-7 RNA wuas performed with increasing
amounts of MgCl,. The Mg?* concentrations employed
should have no or only a slight effect on the efficiency of
the Fenton reaction [58,59]. The results obtained are

determine
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Figure 2
e ++ ++++++++ ++ Fe??
= o o ++ +++ + ++ + + + + NaOAsc/H,HO,
Mmoo Mmoo MO0 O Q00O
o = &l CR8I3ERE S 3 MgCl, (M)

H | P7.1
' BEE 1617

L6a

| J5/4

] LEEE

- -

‘uum:m i

_l.
el
w
~|
o
®
~J
ml

910111213141516 17 18

Chemistry & Biclogy

Mg?2+-competition of Fe2*-cleavage in native td RNA. Autoradiogram of
a 6% denaturing polyacrylamide gel with 5" end-labelled renatured
tdL-7 RNA treated with 250 UM Fe2* and increasing amounts of Mg2*.
Controls with untreated RNA (lanes 1, 2) and in which Fe?* was
omitted (lanes 3, 4) were also included. The respective final
concentrations of Mg2* in the reaction tubes (lanes 7-18), as well as
the presence (+) or absence (-} of Fe?*, 2.6 mM sodium ascorbate
and 2.5 mM hydrogen peroxide are displayed above each lane. The td
secondary structure elements cleaved by Fe?* are marked on the right.
Sequencing markers are AH (alkaline hydrolysis) and G (T1 ladder).

shown in Figure 2. The extent of cleavage by Fe* is
reduced for all cleavage sites and reaches a minimum
plateau at 30—40 mM MgCl,, indicating that both metal
ions compete for identical or overlapping binding sites.
This corresponds to the data obtained for Pb?*-mediated
cleavage of #7 [16] and RNase P RNA [17], in which only
residual cleavage by Pb2* was observed in the presence of
more than 30 mM MgCIL,. Quantitation using phospho-
rimager analysis shows that the reduction of cleavage is
most pronounced for the strongest sites in the regions
J5/4 and J6/7 with an approximately tenfold reduction in
signal strength. The competition is weaker at the cleav-
age sites in J7.2/3 and J8/7 and least for those in L6a and
P7.1 with sixfold and threefold reductions, respectively.

Zhong and Kallenbach [40] used Fe2* as a cationic surface
probe for RNA tertiary structure. Using their reaction
conditions, the ratio of Fe* to Mg was 1:70 which
would correspond roughly to the lane with 20 mM Mg
in Figure 2. There, the Fe2* cleavage signals are already
quite weak, but can still be detected. Zhong and Kallen-
bach [40] did observe positions with strong clcavage by
Fe?* in tRNA (one position) and 58 rRNA (three posi-
tions). They are adjacent to or within regions protected
from cleavage by Fe?*/EDTA and/or Fe?*/EDDA. In the
tRNA, the strong Fe?* cleavage site is also cleaved by
Pb?* and is closc to a metal-ion-binding site present in
several crystal structures [5,55]. Two of the three sites in
the 5S rRNA arc cleaved by Pb* [60] and might, thus,
correspond to positions closc to one or more metal-ion-
binding site(s).

Fe?t cleaves the same sites in the ribozyme cores of the
sunY and Tetrahymena LSU introns

To investigate if the Fe2* cleavage sites are conserved
among group [ introns, we also examined the bacterio-
phage T4-derived sunY intron, which, like . is a
member of the [A2 group, and the Terrahvmena ther-
mophila LSU intron which belongs to the 1C1 group [61].
Figure 3 shows the results obtained with both introns.
Their Fe2t/EDTA footprints (lanes 11 and 12 in
Figure 3a and 3b) are very similar to those published pre-
viously [20,30,49,62]. The additional protection sites
observed in [.7.1 and L.7.2 of the #/ intron are present in
the sunY intron and are slightly more pronounced. In the
Tetrahymena ribozyme, we observed no sites protected
from Fe*/EDTA cleavage other than those already
published [49].

For sunY, the Fet-cleavage sites are also conserved. This
becomes clear by comparing the exact nucleotides cleaved
in 77 (shown in Figure 4) with thosce cleaved in sanY
(Figure 5). Except for J4/5 and L5, all regions cleaved in
the 7#/L-7 RNA are cleaved in sunYL-13, although the
extent and intensity of cleavage vary (compare L6a and
J5/4 in Figures 1a and 3a). In general, the extent of Fe?*-
mediated cleavage is similar to that observed for #7. Cleav-
age sites span from one (L9, P9.1a, L9.2) to 12 nucleotides
(LL7.1), with a mean of four. Several additional cleavage
sites are present in the P9 extension.

The Fe?* cleavage sites determined for the Terrahymena
ribozyme are shown in Figure 6. They span from onc
(many occasions) to nine (J6/7) with a mean of only two.
The cleavage sites in the intron core are conserved. The
cleavage site in Lb6a is not present in the Terrakymena
ribozyme. Most of the other cleavage sites are in the
P5abc extension. There are five nucleotides cleaved in
the A-rich bulge surrounding the two Mg?*-binding sites
determined in the crystal structure of the Tetrakymena
P4-P6 domain [8)]. Phosphate oxvgens from the cleaved
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Figure 3

Mapping of the Fe?* cleavage sites in the
sunY and in the Tetrahymena thermophila
LSU RNAs. Autoradiograms of 6% denaturing
polyacrylamide gels with 5’ end-labelled

(@) sunYL-13 RNA and (b) Tetrahymena
L—21 RNA cleaved by 10 uM Fe2* (lanes 7,
9), 250 uM Fe?* (lane 8, 10) or by 250 uM
Fe2+/500 uM EDTA (lanes 11, 12). Controls
with untreated RNA (lanes 1, 2) and in which
Fe2* was omitted (lanes 3, 4), as well as
competition of Fe2+ cleavage by 50 mM Mg?*
(lanes 9, 10) are also shown. The respective
final concentrations of Mg2* in the reaction
tubes (lanes 7—12), as well as the presence
(+) or absence (-) of Fe2*, sodium ascorbate
(tenfold molar excess over Fe2+), and
hydrogen peroxide (tenfold molar excess over
Fe2+) are displayed above each lane.
Renatured RNA is in lanes 2, 4, 8, 10 and 12,
denatured RNA inlanes 1, 3, 7,9 and 11. The
sunY and Tetrahymena secondary structure
elements cleaved by Fe2* are marked on the
right and the A-rich bulge in Tetrahymena as
presented in Cate et al. [8] is indicated by a
bold capital A. Sequencing markers are AH
(alkaline hydrolysis) and G (T1 ladder).
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nucleotides A184 and A187 are directly coordinated to
the Mg?* ions [13].

Fe2+-cleavage sites are located primarily in the RNA interior
Figure 7 shows a comparison of the cleavage sites obrained
using Fe2* and those obtained using Fe2*/EDTA. Most of
the sites cleaved, except for those in L6a, are embedded in
regions protected from cleavage by Fe/EDTA or border
them (see also Figure 1). They are located in the interior of
the RNA where one would expect them to be if the metal
ions they reflect bury phosphate oxygens in the RNA inte-
rior [13]. Figure 7 also shows the theoretical accessibility of
the C4" positions to Fe**/EDTA in the three-dimensional
model of the entire #7 intron [18]. It correlates very well
with the experimentally determined accessibility to
Fe?*/EDTA. The sole exception is in L7.1 in which we
observe an additional protected region in the 74 RNA. The
three-dimensional model is therefore a good starting point
to search for metal-ion-binding sites in 7.

The Fe?+-cleavage sites come together in space to form
pockets

Figure 8a shows a stereoview of the three-dimensional
model of the entire #/ intron with the proposed binding
sites for the metal ions A (yellow) and B (orange) in the
catalytic core [18]. In this model, most of the cleavage
sites determined for Fe?* come together in three-dimen-
sional space to form several pockets where metal ions
might be bound. These putative metal-ion-binding
pockets are color-coded in Figure 4 and include cleavage
sites corresponding to the metal-ion-binding sites A
(vellow) and B (orange) [18], P5 and L9 (blue), close to
the L9/P5 tertiary contact [63], Péa and Léa (light green),
P6 and J8/7 (purple), L7.1 and J7.2/3 (pink), P7.1 and
J7.1/7.2 (dark blue), and also between J7.2/3 and ]8/7
{grey). The most striking observation is that, except for
the cleavage sites in P6éa and L6a and those in P7.1 and
J7.1/7.2, and in ]8/7, these pockets are formed by
nucleotides that are widely separated in primary and



168 Chemistry & Biology 1998, Vol 5 No 3

Figure 4
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secondary structure and, thercfore, represent tertiary
interactions. This is consistent with crystal structures
[5,7.8,55] in which metal ions bridge separate RNA
strands and the observation that, in the absence of Mg+,
the secondary structure of group I introns is mostly
formed, while no, or only little, tertiary structure is present
[20,64). Figure 8b shows the catalytic core of the intron
with the metal ions A and B as viewed from the substrate
helix P1. The C4-atoms of the nucleotides cleaved by
Fe?* are highlighted by cyan spheres. All strong cleavage
sites, except G938, as well as the medium cleavage sites in
J6/7, in J8/7, and in ]7 are within 10 A of one of these ion
positions. They nicely form pockets around each of the
two metals. Two pockets for metal ions are formed by
residues from J8/7. McConnell ¢ «/ [44] proposed
recently that one or more high affinity metal-ion-binding
sites, which they named ‘site 4’, might be located in J8/7.
These metal ions are involved in retaining the P1 sub-
strate helix in the catalytic core of the ribozyme. Residues
in the 3’-half of J8/7 come close to P1 [61]; A302 in the
Tetrakymena tibozyme interacts, for example, with the
2’-hydroxyl of =3U in a substrate helix replacing P1 [65].
Mutation of residues A301-G303 to CGC in the Tetrahy-
mena ribozyme results in a molecule that has all the prop-
erties expected for a mutant impaired in the correct

binding of the P1 helix [66]. In the presence of a substrate
oligonucleotide, residues in J8/7 of the ZTerrahymena
ribozyme are protected from cleavage by Ca?* {44] and
from modification by DMS [65]. Tt is, therefore, tempting
to speculate that the pockets formed with residues in J8/7
might represent these site 4 1on-binding site(s).

The Fe?t cleavage data correlate with phosphorothioate
substitution, metal-hydroxyl cleavage and X-ray
crystaliography data

Phosphorothioate substitution

Phosphorothioate substitution of the pro-Rp oxygen in the
Tetrahymena intron identified 37 positions leading to
reductions in either 3" splice site hydrolysis [41] or the rate
of addition of the cofactor guanosine to the 5-end of the
intron [11]. ‘Manganese rescue’ identified 11 phosphates
(5 to positions G201, A206, A207, U258, U259, AZ61,
G264, A268, U305, A306 and A308) as coordination sites
for divalent metal ions [11]. Seven sites in phosphoroth-
ioate-substituted Tetrahymena P4-P6 domain RNA dis-
rupted folding as assayed by clectrophoresis in native gels
[13]. Six of these (5 to positions G163, A171, A184, A186,
A187 and G188) coordinate Mg?* ions in the P4-P6 crystal
structure [8]. With the exception of A186, G201 and AZ68,
nucleotides bordering all of these coordinating phosphates
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Figure 5

Secondary structure of the T4 phage-derived
sunY intron (from Cech et al. [77]; modified

because of the deletion of nucleotides m/
U210-C990). The legend is as for Figure 4, 5%
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are also cleaved by Fe?* (Figure 6). Cleavage sites for Fe+
were also found for many of the other phosphorothioate
interference sites, as can be seen in Figure 6. The correla-
tion is good for cleavage sites in the P4-P6 domain and in
the catalytic core. There are several phosphorothioate
interference sites in the P2 extension and two in J9.12/9.1
in which we find no Fe?*-mediated cleavage sites.

Metal-hydroxyl cleavage

Cleavage of the 72, sunY and Tetrahymena introns with Pb%+
vielded conserved sites 5° to the bulged nucleotide in P7
and U305 in J8/7 (numbering according to the Tetrakymena
intron), with additional minor sites in the s##Y intron (5’ to
A306 in J8/7 and A308 in P7). Incubation of the 74 intron
with Ca?*, Sr2* and Mn?* resulted in core cleavage 5 to
U940 in J8/7 (which corresponds to U305 in Tetrakymena)
[16,18]. These nucleotides are all cleaved by Fe?+.

X-ray crystallography

Recently, the crystal structure of the P4-P6 domain of
the Tetrahymena thermophila 1.SU intron was solved
[8,13,48]. Each of the two molecules in the asvmmetric
unit contains 12 Mg?* ions and two cobalt hexammine
ions in P5b and P5c. Five of the Mg2* ions, located in the
three-helix junction and the A-rich bulge, can be replaced
by Mn2+. The Mg+ and cobalt hexammine ions detected

are shown in Figure 9a, together with the C4’ positions of
nucleotides cleaved by Fe?*. The abundance of Mg2?* ions
found makes it clear that the assignment of Fe?* cleavage
signals to metal-ion-binding pockets is not straightfor-
ward. In Figure 6, all Fe?*-cleavage sites in the P4-P6
domain thac are within 10 A of a metal ion are colored blue
which covers most of the cleavage sites obtained with
Fe2. Figure 9b shows the A-rich bulge. Fe*-generated
cleavage sites flank the two metal ions. The majority of
cleavage sites that are not in the proximity of a metal-ion-
binding site are at the interface with the rest of the
intron. Cleavage sites within J5/5a that are not close to a
Mg?* ion, but are close to a phosphorothioate interference
site form a pocket in the RNA crystal structure. Another
site of interest is the tetraloop and its receptor. Several
residues participating in this tertiary contact are cleaved
by Fe’* and inspection of Figure 4 in Cate e &/. [8] shows
a pocket that might accomodate a metal ion. We would
like to point out that the LL9/P5 tertiary interaction in 7/
also involves a GNRA tetraloop (see Figure 4). The
metal-ion-binding sites in P3, bridging P5 and P5a, and
between P5b and P6a did not yield any Fe?*-mediated
cleavage sites. The ions at these sites were not replaced
by Mn?* [13] which, according to the authors, could have
been due to the spermidine present in the crystallization
medium. As our cleavage assay buffer also contains
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Figure 6
Secondary structure of the Tetrahymena
thermophila LSU intron (from Cech et al. [77]
and Cate et al. [8]). The legend is as for
Figure 4, except that the cleavage sites are
not color coded. Cleaved nucleotides in the
P4-P6 domain (nucleotides A104-A261)
with ribose C4” atoms < 10 A away from a
metal ion position in the crystal structure are
indicated by blue arrows. Nucleotides in
T.th. LSU . 380 which the presence of a pro-Rp
LreUAl ge s, phosphorothioate leads to reduction
s uavavat in catalytic activity [11,41] or to loss of folding

A—>—‘ [13] are highlighted by filled green squares.
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spermidine, this might be a reason for the lack of cleavage
sites at these metal-ion positions. Two metal-ion-binding
sites were identified in the major groove of the RNA
[48,67] and mapped to P5b and P5c. The metal ion bound
in P5b contacts the guanines at positions 147 and 148 and
comes close to the phosphate groups; we observe slightly
shifted cleavage sites at positions 148—150. In the P5c
helix, a hydrated metal ion contacts phosphate oxygen
atoms at positions 174 and 175. There arc no FeZ*-medi-
ated cleavages at these positions. This makes it clear that
the identification of metal-ion-binding sites in the major
groove will be difficult if only RNA backbone cleavage is
assayed. Additional information on these binding pockets
will have to come from Fe?*-dependent cleavage at the

bases. Fe?* can attack the bases of 2’-deoxynucleotides or
single-stranded DNA leading to, among other damage
products, base loss and ring opening, as has been shown
for single-stranded DNA [68] and, in more detail, the
deoxyguanosine and deoxycytosine families [69,70]. In
analogy, Fenton cleavage of RNA at the bases should also
vield products that can be detected by aniline cleavage or
primer extension.

Overall, the correlation between the published data on
metal-ion-binding sites in group I introns and our Fe?*
cleavage data is very good, demonstrating that the method
presented in this paper is capable of identifying a subset
of metal-ion-binding sites in RNA. It should be generally
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Figure 7
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Figure 8

Fe?* cleavage sites in the bacteriophage
T4-derived td intron. (a) Stereo drawing of a
global view of the td intron. Only the RNA
backbone is represented and the various
subdomains are color-coded and indicated.
The two metals ‘A’ and ‘B’ at the catalytic site
are colored in yellow and orange, respectively.
The Fe?*-cleavage sites are indicated by cyan
spheres, with the sphere size representing the
extent of cleavage by Fe?*. The P1P2 region
is displayed in grey, the PBP4P5 region in
green, the PBP3P7 region is shown in
crimson and the P7 and P9 extensions are in
pink and purple, respectively. (b) Stereo
drawing of a local view of the catalytic core of
the td intron. The view is from P1. Paired
regions are shown in blue/green (P4, P5, P6)
or purple/pink (P7), joining regions (J5/4,
16/7, 18/7) are colored grey with their bases
omitted for reasons of clarity. Metal ions and
Fe2* cleavage sites are shown as in (a).
These drawings were produced using
INSIGHT Il (Biosym).

Chemistry &
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Figure 9

A-rich
bulge

P5c/L5¢c

Fe2+* cleavage sites in the P4—P6 domain of
the Tetrahymena thermophila LSU group |
intron. (a) Backbone representation of the two
P4~P6 domain molecules in the asymmetric
unit of the crystal structure (PDB code:
1GID). Several secondary structure elements
are indicated on the side. The divalent metals
identified in Cate et al. [8] are shown as
yellow spheres, two cobalt hexammine sites
[48] as grey ball and stick representations,
and the Fe?*-cleavage sites as cyan spheres
with the sphere size corresponding to the
intensity of cleavage by Fe2*. (b) Stereo
drawing of the A-rich bulge with the
Fe?+-cleavage sites (cyan) and the two
divalent metals (yellow) that coordinate the
phosphate groups. The size of the spheres
corresponds to the extent of cleavage by
Fe?*. The base pairs U135-A187 and
A136-U182 are also shown. These drawings
were produced using INSIGHT Il (Biosym).

applicable to RNAs requiring divalent metal ions for
folding or activity or both.

Significance

A major challenge in studying catalytic RINA is to locate
the structurally and functionally important divalent metal
ions required for folding and/or catalysis. We applied a
method commonly used for mapping metal-ion-binding
sites in proteins and protein-ligand complexes to the
well-characterized group I intron family of catalytic
RN As. The method is based on the observations that Fe2+
can replace Mg2* structurally and/or functionally and that
Fe2+ can generate highly reactive and short-lived cleavage
agents via the Fenton reaction. Cleavage by Fe?* occurs
in distinct regions of the group I intron RINA and is only

observed with native RNA. It can be competed by Mg?+,
indicating that both ions interact with the same or overlap-
ping binding sites. In a three-dimensional model of the bac-
teriophage T4-derived #d intron, cleavage sites separated in
the secondary structure come together in three-dimen-
sional space to form metal-ion-binding pockets. There is
very good agreement between nucleotides cleaved by Fe?+
and nucleotides close to metal ions determined using X-ray
crystallography. This is also the case for positions in
which phosphorothioate substitutions lead to reduced
activity and for nucleotides cleaved by metal-hydroxyl
groups. The method is therefore a tool to confirm pub-
lished metal-ion-binding sites, as well as to detect new
binding pockets for metal ions. It should, in principle, be
applicable to all RNAs in which metal ions play an
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important structural and/or functional role. By combin-
ing the experimental data obtained from Fe?*-mediated
cleavage, from phosphorothioate interference/‘manganese
rescue’ experiments, and from metal-hydroxyl cleavage
sites, with the existing three-dimensional models of cat-
alytic RNAs, it should be possible to localize and model
metal-ion-binding sites. This will increase our understand-
ing of how metal ions assist RNAs in maintaining their
native fold and performing catalysis.

Material and methods

Materials and general methods

All chemicals were obtained from Boehringer Mannheim, Fluka, Merck,
Roth or Sigma and were of the highest purity available. Enzymes for
restriction, modification, or synthesis of DNA and RNA were obtained
from New England Biolabs and Pharmacia. Manipulation of DNA and 5
end-labelling of RNA were as described previously [71]. RNA was
labelled at its 3’-end using [032P]cordycepin and yeast poly(A) poly-
merase (Amersham) [72]. Sequencing ladders were generated by
limited hydrolysis with RNase T1 and NaHCO, [73].

Plasmids and preparation of RNA

The plasmids containing the phage T4-derived tdL-7 and sunYL-13
infrons have been described previously [48]; the plasmid pBGST7 [74]
was the source for the Tetrahymena thermophila LSU intron. A ribozyme
template lacking the first 21 nucleotides was generated by amplification
in a standard PCR using the primers Tth5’'L-21: 5-TAATACGACT-
CACTATAGGAGGGAAAAGTTATCAG-3’ and the M13 sequencing
primer #1212 (New England Biolabs). The conditions of the T7 run-off
transcription (40 mM Tris—HCI, pH 8.0; 13 mM MgCl,; 40 mM NaCl;
2 mM spermidine; 10 mM NTPs; 12.5 mM dithiothreitol; 50 ng/ul tem-
plate DNA; 2.5 U/ul T7 RNA polymerase; 4 h at 37°C) were adjusted,
so that all three introns underwent self-catalyzed hydrolysis at their
3’-splice sites [75] producing the ribozymes used in the analyses. RNA
was purified from 5%-polyacrylamide (39:1 acrylamide:bisacrylamide)
gels containing 7 M urea, visualized by UV shadowing or autoradiogra-
phy, and eluted into 10 mM Tris-HCI, pH 8.0; 250 mM NaCl; 2 mM
EDTA; 0.1% SDS. After elution, the RNA was precipitated with ethanol,
resuspended in bi-distilled water and stored at —20°C.

Hydroxyl radical cleavage reactions

The procedure described for Fe2*/EDTA cutting of DNA [68] was used
for RNA cleavage with minor modifications. Hydroxyl radical cleavage
experiments were repeated three to seven times with different RNA
preparations.

Fe?*-mediated cleavage. For experiments with native RNA, 1 1l RNA (5
pmol; approximately 50,000 cpm) was added to 1 pl 5 x native cleav-
age buffer (1 xNCB: 25 mM Mops-KOH, pH 7.0; 3mM MgCl,;
400 uM spermidine; the 1 xcleavage buffer additionally included
200 mM NaCl for the Tetrahymena LSU intron and 50 mM NH,ClI for
the sunY intron), incubated for 2 min at 56°C, followed by 3 min incu-
bation at room temperature. 1 pl of 1.25 mM FeCl, was added to the
reaction tube, mixed by centrifugation and incubated for 1 min before
adding 1 pl 12.5 mM sodium ascorbate. After 1 min, 1 ul of 12.5 mM
H,O, was added to initiate the reaction and rapidly mixed. The final
concentrations were 250 UM for Fe2* and 2.5 mM for both sodium
ascorbate and hydrogen peroxide.

In the Mg?+-competition experiments, MgCl, was added as a 5 x stock
solution of the final Mg2*-concentration given in Figure 2 to the
1.25 mM FeCl, solution. The Fe2+/Mg2* mixture was then pipetted into
the reaction tube and the cleavage reaction continued as above.

For experiments with denatured RNA, 1 ul RNA (56 pmol; approxi-
mately 50,000 cpm) was added to 1 1l 5 x denaturing cleavage buffer

(1 x DCB: 25 mM Mops-KOH, pH 7.0), incubated for 2 min at 90° C
and immediately placed on ice. The cleavage reaction was performed
as with native RNA, only the final concentrations used were 10 uM for
Fe2+ and 100 uM for both sodium ascorbate and hydrogen peroxide.

The cleavage reaction was stopped after 45 s by the addition of 1 ul
1M thio-urea, 1l glycogen (10 ug/ul) and 30 pl ethanol. The RNA
was precipitated, resuspended in gel loading buffer (7 M urea; 0.01%
bromophenol blue and xylenecyanol each) and electrophoresed in
denaturing 6--8% polyacrylamide sequencing gels. The gels were dried
and autoradiographed. Fe2*-cleavage products were identified by
visual inspection and then confirmed and quantified by phosphorimager
analysis (Fuji, BAS2000; Molecular Dynamics). Strong, intermediate
and weak cleavage sites were defined as having more than 50%,
between 25-50%, and 10-25% of the signal strength of the cleavage
band with the maximum intensity. The typical background cleavage
intensity was about 5% of the maximum cleavage intensity.

Fe?*/EDTA cleavage. 1 ul RNA (5 pmol; approximately 50,000 cpm)
was added either to 1 ul 6 x NCB and renatured (see above), or to
1l 6x DCB and denatured (see above). 1yl each of 1.26mM
ammonium iron{ll) sulfate and 2.5 mM EDTA were added to the reac-
tion tube, mixed by centrifugation and incubated for 1 min. To initiate
the reaction, 1 ul each of 12.5mM sodium ascorbate and 25 mM
hydrogen peroxide were added and rapidly mixed. The reaction was
stopped after 3 min by the addition of 1 i 1 M thio-urea, 10 ug glyco-
gen and 30 pl ethanol. The RNA was precipitated and treated as
above. Protected regions were first identified by visual inspection and
then confirmed and quantified by phosphorimager analysis.
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