interact with DNA, although the main-
chain atoms are occupied in the polar
interactions between the loop and the two
helical ends.
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Tertiary Structure Around the Guanosine-Binding
Site of the Tetrahymena Ribozyme

Jin-Feng Wang and Thomas R. Cech*

A cleavage reagent directed to the active site of the Tetrahymena catalytic RNA was
synthesized by derivatization of the guanosine substrate with a metal chelator. When
complexed with iron(ll), this reagent cleaved the RNA in five regions. Cleavage at aden-
osine 207, which is far from the guanosine-binding site in the primary and secondary
structure, provides a constraint for the higher order folding of the RNA. This cleavage site
constitutes physical evidence for a key feature of the Michel-Westhof model. Targeting a
reactive entity to a specific site should be generally useful for determining proximity within

folded RNA molecules or ribonucleoprotein complexes.

Many RNA molecules require specifically
folded structures for their biological activi-
ty. RNA base-pairing interactions (second-
ary structure) can be established by se-
quence analysis of functionally equivalent
RNAs from phylogenetically diverse orga-
nisms (1). In contrast, our understanding of
the three-dimensional (3-D) structure of
RNAs is limited. Only for some small
RNAs have atomic-resolution structures
been determined by x-ray crystallography or
nuclear magnetic resonance spectrometry
(2). Methods such as site-specific mutagen-
esis, chemical and enzymatic probing, and
comparative sequence analysis have proven
to be informative in studying other RNA
3-D structures. Ribozymes, or catalytic
RNAs, are attractive for studies of RNA
folding because their structure is directly
reflected in their activity.

The L-21 Sca I ribozyme is derived from
the group I intervening sequence of Tetrahy-
mena thermophila pre-ribosomal RNA (3).
This ribozyme cleaves other RNA molecules
using as a nucleophile the 3’ hydroxyl of G
(guanosine or one of its 5'-phosphorylated
forms) [Fig. 1A; (4)]. The G264-C311 base
pair (the G-site) binds the G substrate (5, 6).

Howard Hughes Medical Institute, Department of
Chemistry and Biochemistry, University of Colorado,
Boulder, CO 80309-0215.

*To whom correspondence should be addressed.

We used affinity cleavage (cleavage by a
bound reagent) to identify regions of the
RNA in proximity to the G-site. The redox
active metal iron(II)- [Fe(I)], when chelated
by EDTA or DTPA (diethylenetriaminepen-
taacetic acid) and incubated with a reducing
reagent such as ascorbate in the presence of
O, (or H,0,), generates short-lived free rad-
icals that initiate oxidative degradation of any
neighboring nucleic acid sugars (7). Cleavage
is largely independent of base identity or
secondary structure (8). Tethering EDTA-
Fe(IT) or DTPA-Fe(Il) to guanosine 5’-phos-
phate (GMP) was expected to target the
destructive reagent to the G-site, thereby
providing information about the 3-D structure
of the catalytic core of the ribozyme.

The metal chelator DTPA was tethered
to the 5’ phosphate of GMP [G-DTPA,
Fig. 1B; (9)], and its reactivity as a ri-
bozyme substrate was compared to that of
GMP. The G-DTPA reagent was active as
a nucleophile and yielded the same product
from 5’ end-labeled RNA substrate (Fig.
1A) as did GMP and guanosine (10).

When a mixture of G-DTPA and GMP
was reacted with an internally labeled RNA
substrate, both DTPA-Gp*AGU and
Gp*AGU were formed at a ratio that rep-
resented the relative reactivity of the two
G substrates (Fig. 2). The activity of
G-DTPA was about one-tenth that of
GMP. Quantitative kinetic measurements

A Gou + B o
pGGCCCUCU-AGU | NH o
)—NH
N S— e
On o ( e
gr0-$- S
O- H \/0
GGGAGGs )
‘\—f G-EDTA-Fe(Il)
[~COOH
L-21 Scal PGGCCCUCUq, oo ”°°‘§:\/N/\/N\/\NCCOOH
Ribozyme + GeAGU Ternary Complex GO—P-N_~y COOH
O- H
G-DTPA

Fig. 1. (A) Endonuclease reaction catalyzed by the ribozyme. (B) Structures of GMP-EDTA-Fe(ll)
[G-EDTA-Fe(ll)] and GMP-diethylenetriaminepentaacetic acid (G-DTPA).

SCIENCE ¢ VOL. 256 ¢ 24 APRIL 1992




" REPORTS |

(11) revealed that the k_, /K, for GMP was
4 x 10°M! mm'l and for G-DTPA was
4 x 10* M~! min~!. The k_,/K,, is the
second-order rate constant for the reaction
between the ribozyme-substrate complex
and GMP (or G-DTPA) and represents the
binding of G and the subsequent chemical
step. Thus, G-DTPA functions as a nucleo-

Fig. 2. Activity of G-DTPA as a nucleophile in
the ribozyme-catalyzed endonuclease reac-
tion. L-21 Sca | ribozyme (100 nM) was incu-
bated for 10 min at 42°C, in 10 mM MgCl,, 60
mM tris, pH 7.5, and reacted with the substrate
pppGGCCCUCUpP*AGU (~20 nM) for 1.5 min
(leftmost lane); p*AGU is the product of this
ribozyme-catalyzed hydrolysis. Other reactions
contained G-DTPA and GMP as indicated.
Lane S shows the unreacted RNA substrate.
The third lane shows the same reaction as in

phile nearly as well as does GMP in the
ribozyme reaction (11).

When L-21 Sca I ribozyme was incubat-
ed with G-DTPA-Fe(Il) and a reducing
agent under conditions appropriate for ri-
bozyme activity, two types of cleavage were
observed (Fig. 3). The overall cleavage
pattern was similar to that generated by

G-DTPA (mM) 0 0505 05 05 05 05 0

GMP (mM) 0 0 0 0050105 1 05 S

DTPA-GPAGU~ *. -
S .
PGPAGU~- R e
:
pAGU- &

solvent-based EDTA-Fe(II) (12). In addi-
tion, there were five regions of enhanced
cleavage (13). The G-EDTA-Fe(II) reagent
(Fig. 1B) gave the same cleavage pattern as
did G-DTPA-Fe(II) (10).

To test whether the enhanced cleavage
regions resulted from G-DTPA-Fe(Il)
bound at the G-site, the DTPA derivative
of uridine ‘monophosphate (U-DTPA) was
tested as an Fe(II) complex for the cleavage
of L-21 Sca I (Fig. 3). The U-DTPA is
similar in structure to G-DTPA but does
not bind specifically to the ribozyme.
Cleavage of U-DTPA-Fe(Il) was indistin-
guishable from that of EDTA-Fe(II), which
was consistent with both reagents acting as
solvent-based cleavage reagents. Five re-
gions of cleavage specific to G-DTPA-
Fe(II) were inhibited by GMP but not by
uridine 5’-phosphate (Fig. 3B), as was ex-

pected if they were the result of G-DTPA
occupying the G-site (14). These regions
involved nucleotides 206 to 208, 262, 301

the second lane but with 120 nM L-21 Sca | from another preparation. DTPA-Gp*AGU and
pGp*AGU are products of the reactions with G-DTPA and GMP, respectively. Reactions were
analyzed by electrophoresis on a denaturing 20% polyacrylamide gel.

A 10 mM MgCl,

-MgCl, B AU Mutant Wild-type
Reagent G-DTPA-Fe(ll)
Concentration (mM): 015 0.3 0.5 0.3 Q\ X
< ‘\ e 0“ QQQ e& &
& v-
@‘ «é;_ﬁe; @*eé & é; & o (‘0«‘2‘;‘*%3 o«’?"
B e o v & FES LS
o v st PP

.J305-G309
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Fig. 3. Cleavage of ribozyme by G-DTPA-Fe(ll), U-DTPA-
Fe(ll), and EDTA-Fe(ll). Ribozyme (5'-[32P]L-21 Sca )
was preincubated in 60 mM tris, pH 7.5, and MgCl, (as
indicated) for 10 min at 42°C, then incubated with the
cleavage reagent [a 2:1 ratio of G-DTPA, U-DTPA, or
EDTA to (NH,).Fe(SO,),; the given concentration always
refers to the limiting component, Fe(ll)], sodium ascor-
bate (3 mM), and H,O, (0.06%) for 2 min (27). Autora-
diogram of a 6% polyacrylamide—7 M urea gel is shown.
The G, A, and A,U lanes are enzymatic sequencing lanes
created with the use of ribonucleases T,, U,, and PhyM,
respectively (22). Lane SM is the starting RNA incubated
in buffer without any ferrous complex to control for back-
ground hydrolysis. (A) Effect of MgCl, and reagent con-
centration on cleavage around A207. (B) Cleavage of the
G264A:C311U mutant of L-21 Sca | (lanes 1 to 6)
(G264A:C311U, the G at position 264 was mutated to A;
the C at position 311 was mutated to U), and the inhibition
of the cleavage of wild-type L-21 Sca | by GMP (lanes 7 to
11). When the GMP concentration exceeded the concen-
tration of G-DTPA-Fe(ll) by eightfold, virtually no affinity
cleavage could be observed (70). *Strand scission at
U319 intensified as the concentration of G was increased, probably as a result of ribozyme-catalyzed cleavage by G after a
ribozyme sequence (CCUCU) that is identical to that of the cognate RNA substrate.

G150 = o e

1 2 3 45 6 78 9101
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Fig. 4. Regions of cleavage of
L-21 Sca | RNA by bound
G-DTPA-Fe(ll) and by solvent-
based Fe(ll) reagents, superim-
posed onto the secondary struc-
ture diagram of the RNA (17).
Arrows, nucleotide positions of
enhanced cleavage by G-DTPA-
Fe(ll) relative to U-DTPA-Fe(ll).
The lengths of arrows represent
qualitatively the relative cleavage
intensities at the indicated nucle-
otides. Not shown is the cleavage
at C262, which was not quantitat-
ed because of adjacent back-
ground bands. The shaded areas
indicate protection from cleavage
by solvent-based EDTA-Fe(ll) in
the presence of MgCl, (12); these
regions were also protected from
solvent-based G-DTPA-Fe(ll) and
U-DTPA-Fe(ll) cleavage in the
present study.

G o
ki U . -
AA Gy
A
A ]
G-site %
g(ic

Phos. of
G-DTPA
A314
ribose
A207
ribose
G-site
301-309

Fig. 5. Sites of affinity cleavage by G-DTPA-Fe(ll) superimposed onto the M-W model (77). The light
blue residue is the 5’ phosphate of G414 (red), presumably in a position identical to the phosphate
to which DTPA-Fe(ll) is tethered in the G-DTPA-Fe(ll) reagent. The pink region shows A206, A207,
and C208; the dark blue represents A314; the white region shows A301 to G309; and the green
(G264) and the yellow (C311) show the G-site.
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Table 1. Distances from 5’ phosphate of bound
GMP to other nucleotides in the Tetrahymena
ribozyme according to the model of Michel and
Westhof (77). The distance is measured be-
tween the 5’ phosphate of GMP occupying the
G-site and the 4’ carbon of the other nucleo-
tide; the 4’ carbon is likely the primary target of
the reactive species generated by G-DTPA-
Fe(ll), which initiates strand scission (8). DTPA
was tethered to the 5’ phosphate through a
flexible ethylene chain (Fig. 1B), and the max-
imum distance of the 5’ phosphate to the Fe(ll)
in G-DTPA-Fe(ll) is ~10 A. The asterisks indi-
cate that there are residues between these
nucleotides and the 5’ phosphate of GMP that
are expected to attenuate the cleavage inten-
sity. The number of pluses in the cleavage
column represents the G-DTPA-Fe(ll) cleavage
intensity. ++ is about 50% of +++, and + is
about 25% of +++, as determined with the
Phosphorimager (Molecular Dynamics). (+),
Cleavage was not quantitated.

Nucleotide Distance (A) Cleavage
U205 17.2* -
A206 1.2 ++
A207 7.0 +++
C208 10.6 ++
C209 16.5 -
C262 121 (+)
U300 35.6* -
A301 32.2* +
A302 26.9* ++
G303 21.6* +
A304 18.1 -
U305 145 +
A306 13.2 +4+
U307 17.2* ++
A308 15.2 +
G309 15.8 +
G313 149 -
A314 15.7 +
C315 Not modeled +
G264 179 -
C311 16.9 -

to 303, 305 to 309, and 314 to 315 (see
below).

To confirm that the observed affinity
cleavages all resulted from binding of
G-DTPA-Fe(Il) to the known G-site, we
performed cleavage reactions with the
G264A:C311U double mutant (Fig. 3B) of
the L-21 Sca I RNA. This AU mutant has
a greatly reduced ability to use G as a
substrate (5) but is largely intact structural-
ly (15). The cleavage pattern with the AU
mutant was the same for G-DTPA-Fe(Il),
U-DTPA-Fe(Il), and EDTA-Fe(Il) (Fig.
3B), indicating that binding of G-DTPA-
Fe(Il) to the G-site accounts for all the
afhnity cleavages.

Ribozyme folding and catalytic activity
require Mg?* (16). When L-21 Sca I RNA
was subjected to cleavage with G-DTPA-
Fe(Il) without Mg?*, cleavage occurred
throughout the molecule, with no affinity
cleavage observed (Fig. 3A). The depen-
dence of affinity cleavage on Mg?* implies
that the cleavage resulted from the properly



folded structure of the ribozyme.

The positions of cleavage were mapped
by high resolution polyacrylamide gel elec-
trophoresis by comparison to standard se-
quencing ladders. Sites around nucleotides
206 to 208 were mapped with 5’ end-
labeled RNA (Fig. 3), and those around
301 to 315 with 3’ end-labeled RNA (10).
Points of affinity cleavage are represented
by arrows on the secondary structure dia-
gram (Fig. 4). Some of these sites (for
example, A207) are far from the G-site in
the secondary structure, but we infer that
they are close to the 5’ end of bound GMP
in the 3-D structure. All five affinity cleav-
age regions resided within the catalytic core
of the ribozyme (17, 18).

Because our experimental results are in-
dependent of any theoretical model for the
3-D structure of the catalytic center, they
provide a test for such models and con-
straints for building new models. The iden-
tification of the most prominent cleavage
site at the backbone of A207 as being close
to the 5’ end of GMP bound at the G-site
provides a structural constraint for the over-
all architecture of the folded RNA. It is
possible that the backbone around A207
might even form part of the G-site.

A model for the 3-D structure of the
conserved catalytic core of group I introns
has been developed [Michel-Westhof (M-
W) model, (17)], mainly on the basis of
comparative sequence analysis and stereo-
chemical modeling. Our observation of af-
finity cleavages in the regions of A207,
C262, and A314 supports this model. In
the M-W model, the backbones of nucleo-
tides A206, A207, and C208 are the groups
most proximal to the 5’ moiety of G (Fig. 5
and Table 1) and, therefore, should be the
most exposed to attack by the reactive
species generated from G-DTPA-Fe(Il).
The backbone of A314 is not as close to the
5" end of G as any of the above three
nucleotides, but it is still within a reason-
able distance to be reached by a diffusible
reactive species. It is then expected from
the model that cleavage at A314 would be
observed but to a lesser extent. This is
confirmed by the experimental result.

The lack of affinity cleavage at the
G-site is also consistent with the model.
The backbones of G264 and C311 in the
model are farther from the 5’ moiety of G
than the backbone of nucleotides in the
A207 or A314 regions of cleavage. The
amount of affinity cleavage at G264 or
C311 should thus be lower than the amount
of cleavage at A314.

There is apparent discrepancy between
the M-W model and the observed affinity
cleavage in the J8/7 region around A302
and U307. In the M-W model, the back-

bone around A302 and U307 is up to 32 A
away from the 5’ moiety of G (Table 1),
which does not lead to the prediction of
affinity cleavages at these sites. Further-
more, even if the G were closer to the J8/7
region than pictured in the model, the
observed pattern of cleavage at A302 and
U307 with no cleavage at A304 would not
be expected from the model. Instead, this
cleavage pattern is consistent with a
V-shaped structure for the J8/7 region with
bending at A304. It is possible that a
subpopulation of the molecules has a con-
formation that brings J8/7 close to the
G-site (19). If only a single conformer
exists, then a modification of the M-W
model in the J8/7 region as well as its
position relative to the G site is required to
accommodate the experimental data.

It is possible to derivatize a small oligo-
nucleotide with a metal chelator and incor-
porate it at a site of interest in an RNA
molecule with the use of ligase technology
(20). Thus, the approach of targeting a
reactive group at a specific site and then
mapping the nucleotides in proximity to
that site offers a general method for study-
ing complex RNA or ribonucleoprotein
3-D structures.
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