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ABSTRACT

Hairpin ribozymes derived from (- )sTRSV RNA exhibit
substantial cleavage activity when wobble GU base
pairs are introduced in place of the AU pairs normally
involved in helices I and 11 between substrate and
ribozyme. This finding prompted us to synthesize by
in vitro transcription a new hairpin ribozyme, active
against a 14-mer substrate derived from a conserved
HIV sequence. Interactions of the canonical and anti-
HIV hairpin ribozymes with non cleavable DNA
substrate analogues containing the photoaffinity probe
deoxy-4-thiouridine (ds4U) at a single site were
investigated. Upon near-UV light irradiation (365 nm),
all these substrate analogues were covalently attached
to ribozyme via single or multiple crosslinks. In
contrast, no crosslinks were detected using either a
DNA substrate analogue lacking ds4U or a ds4U
containing oligomer unrelated to the substrate
sequence. As expected, if the dissociation constant is
in the range of 5-15 ,M, the yield of crosslinked
ribozyme increased markedly with increasing the
substrate analogue concentration. The ribozyme
residues involved in the crosslinks were determined by
RNA sequencing. The pattern of crosslinks obtained
with the two ribozyme systems provides additional
evidence in support of the consensus secondary
structure proposed for the hairpin domain. Minor
alternative conformations were detected in the case of
the (- )sTRSV system.

INTRODUCTION

Ribozymes catalyse site specific RNA cleavage and ligation
reactions and, unlike most protein ribonucleases, exhibit a high
degree of sequence specificity. Most of the small self-cleaving
RNAs from plant viral satellites, viroids and virusoids can be
folded into a 'hammerhead' secondary structure (1-5). Among
the few exceptions known so far is the catalytic center of the
359-bases minus strand of the satellite RNA of Tobacco Ringspot
Virus f(-)sTRSVJ which undergoes both cleavage and ligation
(6-7). Cleavage yields a 5' fragment terminated with a 2',3'

cyclic phosphate together with a 3' fragment having a 5'-OH (6),
while by means of the reverse reaction a normal 3'-5' ApG bond
is formed (7).

Efficient trans cleavage of the RNA substrate by a ribozyme
derived from (-)sTRSV RNA has been demonstrated (8). Such
a ribozyme can be reduced to a core of 50 nucleotides that
behaves as a Michaelian enzyme with respect to its 14-mer
substrate. Cleavage occurs at the expected ApG bond with a
temperature optimum near 37°C (9). A two-dimensional 'hairpin'
model has been proposed for the substrate-ribozyme complex
on the basis of computer assisted RNA-folding, phylogenetic data
and analysis of compensatory mutations (9-11). Of the four
minihelices described in this model, two are formed between
substrate and ribozyme (helices I and II), the cleavage site
A-1pG+I being present within a four nucleotide loop (Fig. lA).
The ribozyme is also able to cleave a DNA substrate analogue
containing a single ribonucleotide at A-1, while the full DNA
analogue behaves as a poor inhibitor (12). Mutagenesis and in
vitro selection strategies have shown that substrate G+1 is
absolutely required for cleavage and ligation to occur. This
guanosine, located immediately 3' to the cleavage-ligation site,
is not needed for substrate binding, but its 2-amino group is an
essential component of the active site (13).
The secondary structure of the sustrate -ribozyme complex as

well as the absolute requirement for the substrate residue G 1

suggest that the conformation of the bulge between helices I and
II plays a key role in the catalytic process. In order to explore
the substrate-ribozyme interactions, we have designed a number
of substrate analogues containing at selected positions a probe
which minimally perturbs the conformation of the molecule and
is able to form covalent bonds with nucleotide residues which
are in permanent or transient contact with the probe in the folded
structure. Here we have taken advantage of the high
photocrosslinking ability of the uridine analogue 4-thiouridine
(reviewed in 14) which can be incorporated in vivo into the RNA
of growing cells to an appreciable level without major alterations
in the cellular metabolism (15-17). 4-Thiouridine, which
selectively absorbs light in the 330-370 nm range, is able to
form photocrosslinks with all major nucleosides by a collisional
mechanism (17). It is known to efficiently induce long-range
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crosslinks both in cis, (8-13 link in E. coli tRNA, see Ref. 14,
or multiple crosslinks in a randomly substituted rRNA fragment,
see Ref. 18) and in trans between mRNA analogues and the RNA
components of the ribosome (19-20).

Recently, we have developed a reliable method for insertion
of deoxy-4-thiouridine (ds4U) residues into synthetic
oligodeoxynucleotides (21). Here we report our study on the
interactions of these oligodeoxynucleotides with both the standard
ribozyme derived from (-)sTRSV and with a new hairpin
ribozyme, designed to cleave a conserved sequence of HIV RNA.
We show that the substrate analogue interacts with the ribozymes
as predicted by the consensus model. Some minor alternative
conformations were detected in the case of the (-)sTRSV system.

MATERIALS AND METHODS
Oligonucleotide synthesis
RNAs used in this study (figure 1) were synthesized by in vitro
transcription with T7 RNA polymerase of synthetic single-strand
DNA templates that are double stranded at the promoter site (22).
The products of transcription were isolated by running on 20%
PAGE-8 M urea (substrate RNAs) or 15% PAGE-8 M urea
(catalytic RNAs). The bands of interest were cut out, quantified
by Cerenkov counting, eluted by shaking overnight in 3 volumes
of 150 mM NaCl, ethanol precipitated and redissolved in H20-
DEPC (Diethylpyrocarbonate). Single-strand DNA sequences to
be used for templates were synthesized on a Gene Assembler
Plus DNA Synthesizer (Pharmacia) using the phosphoramidite
method. Oligodeoxynucleotides containing a single ds4U residue
at defined position were synthesized similarly, following the
protocol which uses 4-S-pivaloyloxymethylthiodeoxyuridine
phosphoramidite (21). After purification according to size on 20%
PAGE-8 M urea, the thiolated and non thiolated oligonucleotides
were separated by affinity electrophoresis (18, 23).

Dephosphorylation and labelling
RNA transcripts were dephosphorylated using Calf Intestine
Alkaline Phosphatase (CIAP) (24) and subsequently 5'-labelled
with [y32P]ATP according to (25). 3' end labelling was achieved
with T4 RNA Ligase and [ai32P]pCp essentially as in (26).
Labelled RNAs were isolated and purified as described above.

Cleavage reaction
All RNAs to be used were pre-heated at 65°C for 2 min and
cooled in ice. The cleavage reaction was carried out by incubating
catalytic RNA with substrate RNA at 37°C in 50mM Tris-HCI
pH 7.5, 10 mM MgCl2, 0.5 mM EDTA at different incubation
times and terminated by the addition of 63 mM EDTA. The
products were run on 20% PAGE-8 M urea, detected by
autoradiography, excised and quantified by Cerenkov counting.

Irradiation and separation of the oligonucleotide-ribozyme
crosslinks
The ds4U containing oligodeoxynucleotides (Tables 2 and 3) at
various final concentrations were mixed with 0.4 .M end-labelled
ribozyme in 50 mM Tris-HCI pH 7.5, 10 mM MgCl2, 0.5
mM EDTA at 40C. The mixture (5 1l) was introduced in a
siliconized glass capillary and placed 2 cm from the exit slit of
a Baush and Lomb monochromator equiped with a HBO 200 W
superpressure mercury lamp and a Schott WG 345 filter (14).

during 30 min and purified on 15% PAGE-8 M urea. Crosslinked
and non crosslinked species were detected by autoradiography,
excised, quantified by Cerenkov counting, eluted and precipitated.

Identification of ribozyme crosslinked residues
Limited aLkaline hydrolysis of the end-labelled intact or
crosslinked ribozyme was achieved in 50 mM carbonate buffer
pH 9.5 in the presence of 0.5 isgltl oftRNA (27). Each sample,
10 t,l, was heated at 95°C for 2 to 3 min, cooled and loaded
onto a sequencing gel. The gel (400x200X0.4 mm), 15%
polyacrylamide (acrylamide to bis acrylamide weight ratio 19:1)
containing 8 M urea was prepared in the electrophoresis buffer:
0.089 M Tris-borate pH 8.3, 2.5 mM Na2 EDTA. During
preelectrophoresis (30 min, 60 W, 60°C) a saline gradient was
established by making the lower buffer 1 M sodium acetate. The
gels were run at 60 W for 1.5 h. Correspondence between the
individual bands of the ladder obtained with intact ribozyme and
its sequence was established using limited RNAs digestions and
in particular RNase TI, RNase OM and RNase U2 (27).

RESULTS AND DISCUSSION
The interactions between hairpin ribozyme and substrate related
oligonucleotides were investigated here by an improved
photoaffinity method, using two different systems. The first one
is the ribozyme RI (Fig. IA), directly derived from the
(-)sTRSV RNA (9). The second system is the ribozyme R'
(Fig. 1B), designed to match a conserved sequence found in the
long terminal repeat (LTR) of HIV RNA at the beginning of
region U5.

Cleavage activity and GU base-pairs
The ribozymes and their cognate substrates were obtained by in
vitro transcription with T7 RNA polymerase (see Methods). The
yield of transcription, however, depends critically upon the first
hexanucleotide from the start of transcription (22). Accordingly,
it could be increased ten fold when three G residues were
substituted for the three A residues at the 5' end of R1(R2
ribozyme, see Fig. lA). R2 behaved as a Michaelian enzyme in
the presence of substrate S (Table 1), retaining substantial
cleavage activity. Furthermore, substrate variants containing U
either at position -1 (S1) or at position -2 (S2) were cleaved
by R2 with bimolecular rate constants Kcat/KM close to that for
the substrate S (6 min-l- M-1, see Table 1).

It is well established that the nature of the nucleotide at position
-1 does not affect cleavage (11, 28). However, the introduction
of a single mismatch within helix I or II inevitably resulted in
abolition of catalytic activity. The effect ofGU 'mismatches' has
not been studied in the hairpin system so far and we demonstrate
here that they allow cleavage activity even when present
simultaneously in both helix I and helix II, as is the case with
the R2-S2 system (Fig. 1A). G-U base pairing has been observed
in model bihelical structures and, accordingly, it is considered
in the current models for RNA secondary structure in spite of
the lower stability of GU as compared to the standard AU pairs
(29), they have been introduced in the current models of RNA
secondary structure. Evidence for a GU base pair inserted into
a standard A RNA helix without significant ribose-phosphate
perturbations was indeed obtained from the crystallographic
analysis of yeast tRNAPhe (30). It is reasonable to expect,
therefore, that in the ribozyme-substrate complex, G-U painrng

The samples thermostated at 10°C were irradiated at 365 nm should not cause significant distortions of minihelices I and H.
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Figure 1. Substrate-ribozyme complexes studied here. Both substrate and ribozyme contain an additional G residue at the 5' end, added as pppG by T7 RNA polymerase
(22). A: RI-S is the canonical catalytic domain derived from (-)sTRSV RNA with the current designation of bihelical regions I, II, HI, IV (11). R2 is a variant
ribozyme modified at the 5' end to improve tansription. Two variant substrates S1 (A-1-U-1) and S2 (C-2-U-2) were also studied. B: R' is an hairpin ribozyme
designed to cleave a conserved sequence (S') found in the Long Terminal Repeat (LTR) region of HIV RNA between positions 107 and 121, numbered following
Muesing et al. (39).

Sequence requirements for cleavage of heterologous RNA by
an engineered hairpin ribozyme have also been determined. A
substrate molecule can be cleaved 5' of a GUC sequence with
flanking regions of variable sequence (11) although only G+I
which is proximal to the cleavage site appears absolutely required
for activity (13). The selected HIV sequence S' contains a
5'-CGUC-3' sequence in appropriate position and ribozyme R'
was designed so as to anneal the flanking regions of the substrate
(Fig. 1B). In order to improve the transcription yield, the 5' end
of R' was modifed by introducing 2G in place of 2A residues
thus forming two GU base pairs in helix I (Fig. lB). Again,
cleavage occurs although with a significantly lower efficiency
(Table 1). Hence, in two different hairpin ribozyme systems
introduction ofGU wobble base pairs allowed substantial cleavage
activity. This may have important consequences in vivo as a down
regulator of gene expression. If regions I and II of the
appropriately designed ribozyme contain G and U residues, it
could potentially cleave not only the designed target but also
related RNA sequences, capable of forming GU base pairs.
Minimizing the number of G and U residues within these
ribozyme regions is expected to remove degeneracy and increase
the specificity of recognition.

Crosslinking formation and identification
Efficient methods have recently been developed for the
introduction of sulfur containing bases at selected positions into
synthetic oligodeoxynucleotides using phosphoramidite chemistry
(31, 32). Following the procedure of Clivio et al. (21), the 4-S-
pivaloyloxymethylthiodeoxyuridine phosphoramidite was

prepared in three steps from 4-thiodeoxyuridine and used to insert
the latter as a single residue at position i of the substrate, originally

Table 1. Kinetic parameters for engineered ribozymes and substrates.

Ribozyme Substrate KM (M) kcat (min-')

RI S 0.030* 2.1*
0.040 1.0

R2 S 0.035 0.20
R' S' 0.10 0.02

Rl is the canonical (-)sTRSV ribozyme and S is its cognate substrate. R2 is
a variant where the AAA sequence at the 5' end of RI (Fig. lA) has been substituted
by GGG. R' is the anti-HIV hairpin ribozyme and S' is the corresponding substrate
(Fig. iB). The asterisks indicates the previously reported data of Hampel and Tritz
(9) obtained in the presence of 2 mM spermidine.
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Figure 2. Separation on affinity gel of non thiolated (bands A) and thiolated (bands
B) ds4U containing substrates analogues of (-)sTRSV ribozyme. Lines 1-7
represent dS(-5), dS(+2), dS(+5), dS(+7), dS(+8), dS(+9) and dC,
respectively; dC is a 14-mer, unrelated to S.
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occupied by the parent nucleotide U. Thus, a series of non
cleavable analogues dSi of the substrate S were obtained
(Table 2). An advantage of our procedure is that removal of both

A
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the normal base label and 4-thiouracil protecting groups is
accomplished in a single step. After purification according to size
by PAGE, the thiolated oligonucleotides were further purified
by affinity electrophoresis (18, 23). The mercury atoms
embedded into the affinity gel interact with the SH groups of
the thiolated oligodeoxynucleotides and slow down their
migration. As seen in Fig.2, the thiolated fraction in the
oligonucleotide preparations varied between 50 and 80%.
Each purified analogue dSi directed against the (-)sTRSV

derived ribozyme Ri was combined with 5 -32p (in some cases

3t 32p) labelled R1 (0.4 MM) in the cleavage buffer at 4°C and
the mixture irradiated at 365 nm with fluences -30 kJ/m2,
known to induce maximum crosslinking. The mixtures were then
subjected to electrophoresis on a denaturing gel to separate
crosslinked from unreacted R1. All tested substrate analogues
dSi yielded single or multiple crosslinks (Figs.3A and 3B) in a

strictly light-dependent process. In contrast, no retarded bands
could be detected when RI was irradiated alone (not shown) or
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Figure 3. Ribozyme- substrate crosslinks generated at different substrate
concentrations. A and B: autoradiogram of a denaturing 15% acrylamide gel
showing the unreacted ribozyme (bands 0) and the different crosslinks (bands
1-4) obtained with the ds4U containing substrate analogues substituted at position
i. dS does not contain ds4U. dC is a ds4U containing 14-mer, unrelated to the
substrate. C: changes of the yield of crosslinling, i.e. the sum of crosslinked
RI /unreacted Rl + crosslinked Rl as a function of the oligodeoxynucleotide
concentration.

Figure 4. Formation of crosslinks between 5'-32P-labelled anti-HIV ribozyme
R' and its substrate analogues containing a ds4U residue at position i (dS'i) as

assayed by a denaturing 15% polyacrylamide gel. Crosslinks are numbered
according to Figs.3A and 3B.

Table 2. Efficiency of crosslink formation and localization of crosslinks obtained with the (-) sTRSV derived ribozyme RI and its substrate analogues.

Substrate analogues Ei Relative yields (%)
and position of crosslinks

Name Sequence 1.4MM lOMM

dS 5'TGACAGTCCTGTTT3' 0
dS(-5) 5'XGACAGTCCTGTTT3' 5.6 32 1(83) 2 (4) 3 (13)

A50 A7 A14
dS(+2) 5'TGACAGXCCTGTTT3' 2.3 16 1 (14) 2 (55) 3 (13) 4 (18)

A9 G6 A5 A7
dS(+5) 5'TGACAGTCCXGTTT3' 0.4 1.3 l(100)*

Al
dS(+7) 5'TGACAGTCCTGXTT3' 0.4 1.5 1 (100)

A7
dS(+8) 5'TGACAGTCCTGTXT3' 0.18 0.8 1 (100)

Al
dS(+9) 5'TGACAGTCCTGTTXA3' 0.2 0.5 1 (100)

Al
dC 5'GTTCTAAXAATAGC3' 0

dS(ti) are substrate S analogues containing deoxy-4-thiouridine (marked by X) at position i numbered as shown in Fig. lA. dS is a non thiolated substrate
analogue. dC is a control ds4U containing 14-mer, unrelated to S. Note that dS(+9) has an additional nucleotide in 3' position required for its chemical
synthesis. Total crosslinking efficiency (Ei) is defined as % 5'32P-labelled ribozyme Rl crosslinked to a given dSi relative to the total amount of Ri. 1.4 sM
and 10 MM indicate the concentrations of the substrate analogues. The relative yield of given crosslinks (marked 1-4, following their migrations on the gel as
shown in Fig.3A and 3B) is determined as described in the legend to Fig.3. *In this case no clear-cut window on the gel has been observed (see Results and
Discussion).
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in the presence of dS, a substrate analogue lacking ds4U
(Fig.3A). Photoactivated ds4U, therefore, is absolutely required
for crosslinking. Furthermore, no crosslinks were detected in the
absence of Mg2+ (not shown), which is expected to strongly
stabilise the Rl-dSi complex, or upon using the probe dC, a
ds4U containing analogue unrelated to S (Fig.3A).

Each crosslinked species was then purified and sequenced
following a limited alkaline hydrolysis. Intact 5'-32p labelled RI
yielded a control ladder where the positions of individual
nucleotides were identified using limited RNases digestions
(Fig.5). When Ri is crosslinked at nucleotide Y, all cuts on the

5' side of the bridge generate a partial ladder that parallels the
control one. On the other hand, all cuts 3' to the bridge generate
5'-32p labelled oligonucleotides attached to the alkaline resistant
deoxyoligomer. Their migration is retarded, leading to the
formation of a clear cut window upon the gel, which allows an
unambigous identification ofY (Fig.5). The pattern of observed
crosslinks is summarized in Table 2. With the exception of the
minor crosslink R-dS(+5) which never produced a clear-cut
window on the gel, all listed crosslinks were highly reproducible
and, in some cases, confirmed by using 3' labelled ribozyme.
The unusual behaviour of the mentioned minor crosslink might
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Figure 5. Identification of the ribozyme residues involved in crosslinks 1-3 (See Figs.3A and 3B). Autoradiograms of the sequencing gel of 5'132P-labelled (-)sTRSV
ribozyme RI after limited digestion with specific RNases or after limited alkaline hydrolysis (OH-) of Ri and the purified crosslinked complexes. The arrows indicate

the ribozyme nucleotide immediately 5' to the crosslinked residue. The asterisks designates the additional G residue added at the 5' end by the T7 RNA polymerase.
A: A14 is the ribozyme residue involved in the crosslinks 3 [Ri- dS(-5)J. B: A50 and G6 are the ribozyme residues involved in the crosslinks 1 [Ri- dS(-5)J

and 2 [Ri- dS(+2)J, respectively.
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Table 3. Efficiency of crosslink formation and localisation of crosslinks between anti-HIV ribozyme and its substrate analogues

Substrate analogues Ei Relative yields (%)
and position of crosslinks

Name Sequence

dS' 5'TGCCCGTCTGTTGT3' 0
dS'(-7) 5'XATGCCCGTCTGTTGT3' 9.5 1(22) 2(20) 3(58)

A50 C13 A14
dS'(-5) 5'XGCCCGTCTGTTGT3' 3.5 1(73) 2(27)
dS'(+2) 5'TGCCCGXCTGTTGT3' 2 1(100)

A6
dS'(+4) 5'TGCCCGTCXGTTGT3' 1.1 1(100)

A6
dC 5'GTTCTAAXAATAGC3' 0

All designations are as in Table 2, except that position i is numbered as in Fig. lB and the crosslinked species are marked following their migration in the gel shown
in Fig.4. In this case a single substrate concentration was used [1.4 AM]. Note that dS'(-7) has two additional nucleotides in 5' position.

be due to unresolved mixture of crosslinks or to instability of
the bridge during OH-hydrolysis.
The R'-dS'i system was studied at single concentration of dS'

(1.4 /sM). The separation of the crosslinked species from
unreacted R' is shown in Fig.4. Again, no crosslinks were
detected in the absence of Mg2+, or using dC, a control ds4U
containing oligomer unrelated to S'. The data are summarized
in Table 3.

Hairpin ribozyme-substrate analogue interactions.
Our data demonstrate that the crosslinks obtained at low ribozyme
and substrate analogue concentrations (0.4 /M and less than 10
jiM, respectively) occur through the formation of specific Rl-dSi
(R'-dS'i) complexes and not by random collisions. In a model
oligonucleotide system, the trinucleotide d(s4UCC) yielded
detectable 'collisional' crosslinks with ribonucleosides or the
corresponding homodecanucleotides only at concentrations higher
than 1 mM (17). Furthermore, crosslinks were not detected in
the absence of Mg2+, which is required for complex formation,
or in the presence of the photoactivable oligomer dC, which is
unable to form a stable complex with the ribozymes (Fig.3A).
This is furither proyed by the nature of the crosslinks (see below).
The efficiency of crosslinking (Ei), i.e. the fraction of ribozyme

that has been crosslinked to dSi, depends upon both the
concentration of the photoactive oligonucleotide [dSi] and the
position i of ds4U within this oligonucleotide (Tables 2 and 3).
More precisely, the efficiency is determined by the dissociation
constant KD of the R-dSi complex as well as by the rate
constants for crosslink formation and for competitive photolytic
processes which take place in both bound and free dSi. All
analogues are expected to exhibit similar KD since low or
moderate substitution levels (s4U in place to U or T) have little,
if any, effect on the thermal stability of model bihelical systems
(14, 31). Having in mind that the dependence of Ei on [dSi] is
similar for the different substrate analogues (Fig.3C), KD
appears to be a basic parameter of the crosslinking reaction in
this system (See Tables 2 and 3). Our data suggest values for
KD between 5 and 15 /AM which are in agreement with the value
of KM (10 j,M) reported for a deoxyanalogue of S containing
a single ribonucleotide rA at the cleavage position (12). In
contrast, the KM for the substrate is much lower than 10 jIM
(Table I) and the inhibition constant KI for a non cleavable
substrate analogue, containing dA at position -1 was found to
be 4 ,uM. Therefore, the introduction of deoxyresidues in the
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Figure 6. A summary of the crosslinks obtained between ribozyme RI or R'
and photoactivable substrate analogues. crosslinks expected from the
secondary structure; the width of the line corresponds to the efficiency of
crosslinldng; ---- non-expected crosslinks. A: Rl-dS system. B: R'-dS' system.

substrate or in its analogues significandy destabilizes the R1-dSi
complex, which is in line with the lower stability of the hybrid
DNA-RNA minihelices as compared to the corresponding RNA-
RNA duplexes (33,34).

Ei depends markedly on position i of ds4U (Tables 2 and 3),
and our data clearly show high efficiencies of crosslinking when
the probe is placed either in a loop or at the end of a minihelix
(Fig.6). In the two systems studied here, substitutions at positions
-5 and +2 (as well as at positions -7 and, to a lesser extent,
+4 in R'-dS'i only) resulted in moderate or high crosslink yields,
in contrast to the results obtained when the ds4U residues were
placed within a helix (positions +5, +7 and + 8 in Rl-dSi). The
same rule was observed in the study of a self-organized ribosomal
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fragment with random s4U substitutions (18). It is well
established the two end pairs of a minihelix largely fluctuate (35).
The reactive residues, therefore, are located at positions that allow
sufficient mobility, necessary for an optimal matching between
excited ds4U and its partner nucleotide. An apparent exception
is dS(+9) which reacts poorly with the 5' end of R1. A possible
explanation is that in the Rl-dS(+9) complex ds4U reacts much
more efficiently with its neighbour 5' residue, thymidine being
the most reactive acceptor nucleoside (17,36-38) than in trans
with the 5' end of R1.
The majority of the crosslinks are in agreement with the

consensus structure (Fig.6) although the observation of some
minor crosslinks suggest the existence of alternative conformers.
In both R1-dS and R'-dS' systems position -5 reacts
predominantly with A50 followed by A14, whereas no crosslinks
with A15-U49 base pair were detected, suggesting that a transient
formation of continuous helix II + helix HI structure is unlikely
to occur. Owing to its higher mobility, position -7 in the
extended analogue dS'(-7) reacts with the same residues as well
as with C13. Similarly, positions +9 and +8 in R1-dS and
position +4 in R'-dS' yielded crosslinks in agreement with helix
I. An interesting finding are the crosslinks involving position +2
of the substrate, which in both systems reacts with position 6
of ribozyme. However, while in R'-dS' position +2 reacts
exclusively with position 6, in the Rl-dS system, besides the
major +2 to 6 crosslink, a few additional minor crosslinks were
detected (Figs. 5 and 6). These multiple crosslinks could be due
to enhanced flexibility of the bulge, but more likely reflect the
lower intrinsic reactivity of the acceptor G residues as compared
to the other bases (17). In any case, the data suggest a preferential
folding of the bulge with residue T+2 in close proximity to the
purine at position 6 of ribozyme. In conclusion, all results and
considerations about the role of KD, KM and position of
substitution in the efficiency of crosslinking claim that
crosslinking is accomplished via complex formation between
ribozyme and substrate.

In the R1-dS system, however, a few minor long-range
crosslinks were found that definitively could not be accomodated
in the consensus structure. Such is the case with the bridges
between positions +7, +5 and -5 of the substrate analogue and,
respectively, residues A7, Al and A7 of RI. Their formation
necessarily requires the existence of minor conformers. For
example, the generation of the bridge dS(-5)- A7 could be
explained if one assumes that following the formation of the
standard helix I, the remaining of the substrate analogue is
transiently folded on itself with A3 G4 bases paired to T+2
C+3 respectively, thus bringing T-5 in close proximity to A7.
A similar explanation can be suggested for the bridge linking
T+7 to residue A7 of R1: the formation of helix II is
accompanied by a transient base pairing of the substrate analogue
T+9,T+8 and T+7 to Rl residues A5, G6 and A7, respectively.
The present data clearly demonstrate that crosslinking of

ribozyme to its substrate analogues by means of the intrinsic
photolabel S4U is accomplished via complex formation between
the two molecules. This property of the photocrosslinking
procedure makes it a powerful approach for structural analysis
of nucleic acids as illustrated here for the hairpin ribozyme
domain. The use of photoactivable ribooligonucleotide substrate
analogues with either the complete hairpin ribozyme or the region
which is involved in helices I and II will help to more precisely
define the active site of the hairpin domain.
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