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ABSTRACT. The natural form of the hairpin ribozyme consists of a four-way RNA junction of which the
single-stranded loop-carrying helices are adjacent arms. The junction can be regarded as providing a
framework for constructing the active ribozyme, and the rate of cleavage can be modulated by changing
the conformation of the junction. We find that the junction-based form of the hairpin ribozyme is active

in magnesium, calcium, or strontium ions, but not in manganese, cadmium, or sodium ions. Using
fluorescence resonance energy transfer experiments, we have investigated the global structure of the
ribozyme. The basic folding of the construct is based on pairwise helical stacking, so that the two loop-
carrying arms are located on opposite stacked helical pairs. In the presence of magnesium, calcium, or
strontium ions, the junction of the ribozyme undergoes a rotation into a distorted antiparallel geometry,
creating close physical contact between the two loops. Manganese ions induce the same global folding,
but no catalytic activity; this change in global conformation is therefore necessary but not sufficient for
catalytic activity. Fitting the dependence of the conformation on ionic concentration to a two-state model
suggests that cooperative binding of two ions is required to bring about the folding. However, further
ion binding is required for cleavage activity. Cobalt hexammine ions also bring about global folding,
while spermidine generates a more symmetrical form of the antiparallel structure. Cadmium ions generate
a different folded form, interpreted in terms of close ledpop association while the junction is unfolded.
Sodium ions were unable to induce any folding of the ribozyme, which remained slightly parallel. These
results are consistent with a folding process induced by the binding of two group IIA metal ions, distributed
between the junction and the loop interface.

The hairpin ribozyme is one of a number of small self- D
cleaving motifs in RNA (reviewed in ref). In the presence A B il
of magnesium ions, these ribozymes undergo backbone .. 5 a5
cleavage via a transesterification reaction whereby the 2 & - . 3,__chmmﬂﬁ3gll,<§?__

hydroxyl attacks the adjacent phosphodiester, creating a
cyclic 2,3-phosphate and a’'dydroxyl. The hairpin
ribozyme occurs in the negative strand of the satellite RNA
of the tobacco ringspot viru2{4) and similar plant viruses
(5). Satellite RNA replicated by a rolling circle becomes
processed into monomeric 359 nt RNA molecules by RNA-
mediated self-cleavage. The resulting linear species then
undergo circularizationg), a reaction that is also catalyzed

by the hairpin ribozyme 2), leading to an equilibrium Ficure 1: Four-way junction of the hairpin ribozyme. (A)

between cleavage and Iigat?oﬁ).( i Schematic showing the secondary structure of thes@tellite RNA
The viral RNA has extensive secondary structure (Figure of the tobacco ringspot virus around the hairpin ribozy#el(oops

1), but it was shown that the self-cleavage activity was A and B are indicated, and the site of ribozyme cleavage is marked

preserved if this was reduced to a form comprising two With an arrow. (B) The sequence of the hairpin ribozyme in its

duplexes, each of which contains formally unpaired loops four-way junction form. The arms are labeled A and B (for the

(the A and B loops), connected by the covalent continuit arms containing the A and B loops, respectively) and C and D

ps), by CoV: Y sequentially.
of one strand4, 8, 9). Most studies of this ribozyme have

concentrated on this form. Detailed analysis has revealed(13-15) that are required for activity are located in the loops.
that the majority of basesl@—12) and functional groups |t was therefore suspected that physical contact between the
loops, with the molecule hinging about the nick, would be
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interaction can occurl@—21). Some activity is even todryness. Oligoribonucleotides were redissolved in 0.5 mL
possible in trans, when the loop-carrying duplexes are of 1 M tetrabutylammonium fluoride (TBAF; Aldrich) in
unconnectedl(7, 22). Chemical cross-linking data support tetrahydrofuran to remove TBDMS groups and agitated at
loop—loop interaction 21), and very recently, we and others  20°C in the dark for 16 h prior to desalting by G25 Sephadex
have provided direct physical evidence for the close approach(NAP columns; Pharmacia) and ethanol precipitation. Fully
of the loop-bearing duplexes using fluorescence resonancedeprotected oligonucleotides were purified by gel electro-
energy transfer23, 24). phoresis in 20% polyacrylamide contaigin/ M urea;

Closer inspection of the local secondary structure around fluorescently labeled species were significantly retarded in
the self-cleavage region shows that the two loop-carrying the gel system. Bands were excised, and the oligonucleotides
arms of the conventional hairpin ribozyme constitute two Were electroeluted iot8 M ammonium acetate and recovered
arms of a perfect four-Way helical junction [4H junction by ethanol precipitation. Fluorescently labeled OligonUC|e'
(25)]. We have shown that the ribozyme is active in this otides were further purified by reversed phase HPLC.
form (23). In general, four-way RNA junctions are folded Oligonucleotides were dissolved in 100 mM ammonium
by pairwise coaxial stacking under all conditior6,(27), acetate and applied to a C18 reverse phase colymn (
but the angle subtended between the two resulting helicalBondapak, Waters). The RNA was eluted with a linear
axes is strongly dependent on conditions. For interaction gradient of acetonitrile; buffer A was 100 mM ammonium
between the loops of the hairpin ribozyme to be possible, acetate and buffer B acetonitrile, with a flow rate of 1 mL/
the junction would need to adopt the stacking conformer that Min.  The peak fractions were evaporated to dryness,
places them on different stacks (if the loop-bearing arms were redissolved in water, and then ethanol precipitated. Absorp-
stacked with each other, no amount of rotation could bring tion spectra of fluorescently labeled RNA was recorded on
them into interaction) and the junction would need to rotate & Cary 1E spectrometer.
into an antiparallel conformation. We have shown that the ~ Fluorescent hairpin ribozyme species for FRET studies
structure does indeed adopt the conformer in which the loop-Were constructed from two unlabeled strands, one strand
carrying arms are present on different stacked helical pairslabeled with fluorescein and one Cy-3-labeled strand, thus
(23). At very low magnesium ion concentrations, the angle Placing the required fluoresce#Cy-3 pair at the ends of
between the axes is approximately’98nd thus, the loops chosen arms. The molecules were hybridized by incubating
must be held apart. When the magnesium ion concentrationstoichiometric amounts of the four appropriate RNA oligo-
is increased te:100uM, the ribozyme folds into a distorted ~ Nucleotides in 90 mM Tris-borate (pH 8.3) and 25 mM NaCl
antiparallel structure characterized by close approach of thefor 10 min at 80°C, followed by slow cooling. The
A and B loops. It seems highly probable that this confor- hybridized species were loaded onto a 8% polyacrylamide
mational transition is a prerequisite for catalytic activity. ~ 9el and electrophoresed at°€ for 22 h at 150 V. The

We have shown that the activity of the ribozyme in its buffer contained 90 mM Tris-borate (pH 8.3) and 25 mM

natural form can be modulated by the conformation of the NaCl and was recirculated at1 L/h. The fluorescent

four-way junction 23). The junction provides a framework junctions were visuglized by exposure to a standard Iar_np.
on which the loops are presented, and it is thus a key The bands were excised, and the RNA was electroeluted into

conformational component in the formation of the active 8 M ammonium acetate and recovered by ethanol precipita-

ribozyme. In previous studies of four-way helical junctions
in DNA (28, 29) and RNA @6, 27), a critical role of metal
ions has been evident. In this study, we show that the
junction form of the ribozyme is functionally folded by group :
IIA metals, but not by sodium ions. However, we show that electroph'ore3|s.. .

the global folding is not by itself sufficient to generate Analy5|§ of Ribozyme Clgage Cleavage expgnments
catalytic activity. A study of a number of metal ions with were carried 0ut32under single-turnover conqm(_)r@)(
different chemistries leads to the proposal that two ions are RIP0zyme and 5**P-labeled substrate were individually
generally required for folding the ribozyme, and that these

incubated in 50 mM Tris-HCI (pH 7.5) at 9 for 2 min,
are distributed between the four-way junction and the loop followed by 15 min at 25C. Metal salts were added to 10
interface in some manner.

Transcription of RNA.RNA was transcribed from syn-
thetic DNA templates using T7 RNA polymerase as de-
scribed in ref44 and purified by polyacrylamide gel

mM, and incubation was continued for a further 60 min. The
reaction was initiated by mixing ribozyme and substrate at

MATERIALS AND METHODS 1 uM and 50 nM final concentrations, respectively. The
cleavage reactions were stopped at the indicated times, and
Preparation of the Hairpin Ribozyme and Degd Con- product formation was analyzed by electrophoresis on
structs. DNA and mixed DNA-RNA oligonucleotides were ~ sequencing gels contaigr7 M urea and autoradiography.
synthesized using phosphoramidite chemis#§).( Fluo- The substrate strand was chemically synthesized, with the

rescently labeled species were prepared as described in reequence (all sequences writtent® 3) UUCGGCCAC-

41, with an average efficiency of fluorophore conjugation CUGACAGUCCUGUGG. The ribozyme was prepared by
of 97%. RNA was synthesized using ribonucleotide phos- transcription, and had the sequence GGCCACAGAGAAGU-
phoramidites with 2tert-butyldimethylsilyl (TBDMS) pro- CAACCAGAGAAACACACGUUGUGGUAUAUUACCU-
tection @2, 43) (Milligen). 6-Fluorescein (PE-ABI) and GGUACGCCGAAAGGCGUGGUGGCCGAA.
indocarbocyanine (Cy-3; Glen Research) were coupled to Fluorescence Spectroscop$pectroscopy was performed
the B-termini as phosphoramidites. Oligoribonucleotides on an SLM-Aminco 8100 fluorimeter operating in the photon
were deprotected in a 25% ethanol/ammonia solution at 55counting mode, and spectra were corrected for lamp fluctua-
°C for 6 (dye-labeled) or 12 h (unlabeled) and evaporated tions and instrumental variations. Polarization artifacts were
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avoided by setting excitation and emission polarizers at B

54.7£. Values ofErrer were measured using thfeatio)a Mn Mg Sr

method 81, 34). An extracted acceptor spectrudi(vy,v') sub Cd Ca Na

(excitation at'’ = 490 nm, with emission at;) is normalized A ribozyme
to a second spectrunF(v,")] from the same sample .""-“".I -
excited at a wavelength/( = 547 nm) at which only the
acceptor is excited, with emissionigt We then obtain the
acceptor ratio:

* ‘.. “ substrate
-
. “ <_product

(ratio), = FA (v, v )[F (v

= {EFRETd+[€D(V')/€A(V")] +
[P v ) D (v,)] (1) 123456 7
Ficure 2: Cleavage activity of the junction form of the hairpin

Superscripts D and A refer to the donor and acceptor, ribozyme as a function of metal ions. (A) Scheme showing the

- b A . - ribozyme-substrate construct used in these experiments. The
respectively.¢> ande™ are the molar absorption coefficients j75me hiack) comprises a single strand generated by transcrip-

at the indicated frequency of the donor and acceptor, tion with [o-3P]CTP, forming the B and C arms as hairpin loops.
respectively, and” is the fluorescent quantum yield of the = The 3-32P-labeled substrate (gray) is synthetic. (B) The ribozyme

acceptor. Errer may be calculated fronfratio)s since eP- substrate construct was incubated in 50 mM Tris-HCI (pH 7.5) at
(v')/eA(v”) andeA(V')/eA(V”) are measured from absorption 25 °C in the presence of different metal ions each at 10 mM, and

. . o the products were analyzed by polyacrylamide gel electrophoresis
spectra, andb”(v1)/®A(v2) is unity whenv, = va. and autoradiography. The positions corresponding to the migration

Fluorescence spectra were recorded 4t 1 90 mM Tris- _Of _the riboz_yme strand, fuII-Ien_gth substrate, and product are
borate (pH 8.3) with the indicated concentrations of salts. indicated (right). Track 1 contains substrate strand alone. The

. ollowing metal ions were examined: track 2, fnwith a 24 h
Manganese salt solutions were degassed by vacuum followeq,.pation: track 3. CH with a 24 h incubation: track 4 Mg

by passage of argon, and stored and studied under argonwith a 30 min incubation; track 5, awith a 30 min incubation;
Efficiencies calculated in the presence of hexammine cobalttrack 6, St with a 30 min incubation; and track 7, Navith a 3

and spermidine were corrected for quenching. The donor h incubation.
fluorescence intensity was measured as a function of ion
concentration, and the ratio dfo/F, (where Fq is the
fluorescence intensity in the absence of added ionFansl

the intensity at a given concentration) plotted as a function
of ion concentration (SterAVolmer plot) was used to correct

natural sequence, while arm C has been extended as a perfect
duplex for increased stability.
Activity of the Hairpin Ribozyme in Different Metal lons
We have previously shown that the junction form of the
) hairpin ribozyme is active in the presence of magnesium ions.
the Erger values. The values in the presence of the other g’ iinimized hinged form of the ribozyme has been shown
ions were uncorrected. to be active in a variety of divalent metal ions, and we wanted
Values of fluorescence anisotropy) (were determined  to determine if other ions could activate the junction form.
from measurements of fluorescence intensities using verticalFor this purpose, we employed a strategy used previously
excitation and emission polarizefs f and vertical excitation  that avoids the possibility of partial hybridization creating a
and horizontal emission polarizeifs{ corrected for detector species equivalent to the hinged form. This approach uses
sensitivity). Fluorescence anisotropy was calculated from a species comprising just two strands (Figure 2A), a
transcribed ribozyme strand to which is hybridized -&°B-
r=(F, — FI(F,+ 2F) (2) labeled synthetic substrate strand. It is difficult to see how
this form of the ribozyme could assemble in anything but
FRET experiments were with performed hairpin species the complete four-way junction conformation. The reaction
derived from the following oligonucleotides: CCGACCU- was carried out in the presence of 10 mM metal ions under
UCGGCCACCUGACAGUCCUGUGCGG, CCCCACGU- single-turnover conditions at 2%, and the products were
CAAGGCGUGGUGGCCGAAGGUCGG, CCGGUGGUA- analyzed by gel electrophoresis (Figure 2B). Inspection of
UAUUACCUGGUACGCCUUGACGUGGGG, and CCG- the gel shows that the junction form of the hairpin ribozyme

CACAGAGAAGUCAACCAGAGAAACACACCGG. is active in the presence of calcium and strontium ions in
B addition to the known activity in magnesium ions. By
RESULTS contrast, no activity was detected in the presence of

manganese or cadmium ions, or the monovalent sodium ions,
Hairpin Ribozyme in Its Junction Conformationn the even after prolonged incubation.

full secondary structure of the negative strand of the tobacco Fluorescence Resonance Energy Transfer in the Study of
ringspot virus satellite RNA, the hairpin ribozyme is part of Global Structure We have previously shown that fluores-
a four-way helical junction, in which the A and B loops of cence resonance energy transfer (FRET) is a powerful
the conventional minimized hairpin ribozyme are adjacent method for the study of the global conformation of four-
arms (Figure 1). In our nomenclature, these arms are namedvay RNA junctions, including the hairpin ribozym23, 27).
A and B, respectively, and the remaining arms are called C The six possible relative end-to-end distances (each of which
and D, respectively. In all our experiments, we have kept can be studied in both directions) can be compared by this
the sequences of arms A, B, and D identical to those of the approach, from which the global structure of the molecule
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D Conformation of the Hairpin Ribozyme in the Presence
of Calcium lons The measured FRET efficiencies for the
] 1 . . . .
53 six end-to-end vectors for the hairpin ribozyme are compared

in Figure 4. In the absence of added metal ions, the six
values ofEgrerare all low (Figure 4A), indicating a relatively
extended structure. The efficiencies for the BD and CA
vectors are approximately twice those of the remaining
vectors, consistent with a structure based on the coaxial
stacking of A on D and B on C arms, with a slight rotation
into a parallel structure. On addition of calcium ions at a
IOOp low concentration, the pattern changes to one in which the
B Errer Values for vectors DA and BC are smaller than those
for the remaining four vectors (Figure 4B), consistent with
a 90 crossed structure. On addition of calcium ions at

Husmmne C

A mmm{ I

‘3 higher concentrations(100uM), the pattern oEgrervalues

B changes considerably (Figure 4C). While the values for
vectors DA, AC, and BC remain smalk(.08), the remain-

vector BA ing three vectors exhibit considerably enhanced efficiency

Ficure 3: Study of the global conformation by fluorescence of energy transfer in the order AB DC > DB. This pattern
resonance energy transfer. For the analysis, we compare the siXs closely similar to that observed in the presence of
different end-to-end vectors. Each vector can be studied in either magnesium ions2@), which has been interpreted in terms

direction, though we have shown previously that closely similar - - . L
results are obtained irrespective of the direction of labelz@).(  ©f @n antiparallel junction (based on pairwise A on D and B

The combinations of the ribozyme with fluorescein and Cy-3 on C coaxial stacking) that is distorted by the close approach
attached to different’8ermini were synthesized and assembled. of the A and B arms. This suggests that both calcium and

The dOUbly labeled Species are named aCCOfding to the labeled al’mSﬂqagnesium can induce the structural transition that involves

in the order donoracceptor. The BA vector BoresceinjA(cy-3) iS - .
illustrated. Ribozyme cleavage was prevented by replacing the thep\l?'teracﬂor}betwfez? the IA' and' Ealoo%s.f Idi fth
adenine at the cleavage position by deoxyriboadenosine. Iner ttration of the calclum-induced rolding of the

hairpin ribozyme followed by the changekiger of the BA
may be deduced if the arms have similar lengths. In this vector is shown in Figure 4D. We have previously shown
method, donor and acceptor fluorophores are attached to thehat similar data can be fitted to a simple two-state model in
ends of a given pair of helical arms, and the efficiency of which the FRET-observable transition between conforma-
energy transferHgrer) from the donor to the acceptor is tions is induced by the binding of ions with an apparent
measured. This is inversely related to the sixth power of association constat,. The proportion of junction in the

the distance between the fluorophor8g)( antiparallel form ¢) will be given by
Errer=[1+ (RIR)] 3) a = Ka[Mg*1(1 + K,[Mg*1") (4)
whereR is the distance between the two fluorophorés. Using this model, we obtained an excellent fit to the data

is characteristic of the fluorophores used, and is the distancefor the shortening of the BA vector, whene= 2.01. This
at which Errer is half-maximal. For a straightforward is consistent with a transition induced by the binding of two
interpretation ofErrer in terms of distance, we require that calcium ions, i.e., the same stoichiometry as that observed
one of the fluorophores be mobile. We have measured thefor magnesium ions23). The apparent association constant
anisotropy of the fluorescein attached to the duplex arm ascalculated for two-ion-induced folding was 2.%510° M2,
anr of 0.120 in the presence of 90 mM Tris-borate (pH 8.3), The analysis was repeated for the CD vector, with calculated
indicating that the fluorophore is mobile. values forn of 1.95 and forKx of 9.2 x 10®* M2 In
Fluorescein (donor) and cyanine-3 (Cy-3, acceptor) were corresponding experiments with magnesium ions (data not
attached to the'&ermini of component strands of a junction- shown), we obtained values forof 2.15 and 2.10 for the
based hairpin ribozyme construct (Figure 3). Each helix in BA and AB vectors, respectively, with corresponding ap-
the hairpin constructs terminated in &GC sequence to  parent association constants of 1.8910° and 1.76x 10°
provide a constant environment for the fluorophores, since M2 calculated for a two-ion-induced process.
we have previously found that this provides a well-behaved Conformation of the Hairpin Ribozyme in the Presence
environment for FRET measurements in nucleic acids( of Strontium lons Calcium and magnesium ions are both
33). The riboadenine at the A-1 cleavage position was group IIA metal ions, with similar chemistries. We therefore
replaced with deoxyriboadenine in all the species to preventexamined the next member of the group, strontium, which
ribozyme-induced cleavage from occurring during the ex- also results in cleavage activity of the junction form of the
periments. The efficiency of FRET was measured using the ribozyme (Figure 2). This ion induced apparently identical
(ratio)a method of normalization of the acceptor fluorescence folding in the hairpin ribozyme (Figure 5), with the same
(34). The fluorescent species are named according to theclose approach of the A and B arms. Fine titration of the
arms carrying the fluorescent dyes, in the order denor BA vector indicated two-ion-induced folding once again (
acceptor; e.g., the species BA has fluorescein attached to= 1.98), with aKs of 2.52 x 10® M~2. Thus, the folding
the end of the B arm and Cy-3 attached to the end of the A properties of the three group IIA metal ions are closely
arm. similar.
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Ficure 4: Analysis of the global conformation of the hairpin
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10 mM Sr2+

EFF!ET

T T T T T . T
AD BD CD BA CA CB

vector

Ficure 5: Analysis of the global conformation of the hairpin
ribozyme in the presence of strontium ions. ComparisoBaEr
values for the six end-to-end vectors in the presence of 10 mM
St jons. The pattern of efficiencies is closely similar to that
observed in the presence of calcium ions (Figure 4C), indicating
that the same distorted antiparallel structure is formed.

manganese and magnesium ions are similar, since they differ
only in a spherically symmetrical half-filled d shell in the
former ion (i.e., 48P configuration). Yet manganese ions
are unable to generate catalytic activity in the hairpin
ribozyme (Figure 2). Analysis of FRET efficiencies for the
six end-to-end vectors (Figure 6A) shows that despite the
lack of activation of ribozyme activity, apparently identical
global folding is induced. Finer titration of the BA vector
(Figure 6B) shows that the folding appears to be induced by
the binding of two manganese ions£ 1.94) with aKa of
4.69 x 1°® M2 Thus, the failure to achieve cleavage in
the ribozyme does not appear to reflect a defect in the folding
of the global structure, and close approach of the A and B
loops occurs as before.

Conformation of the Hairpin Ribozyme in the Presence
of Hexammine Cobalt(lll) lonsSeveral groups have shown

ribozyme in the presence of calcium ions. The data are presentedthat the hinged form of the hairpin ribozyme is active in the
as histograms of measured FRET efficiencies for six_ end-to-end presence of hexammine cobalt(lll) ion85-37). We
vectors. In the case of panel A, these are reversed with respect totherefore sought to examine the global folding in the presence

the remaining set. (A) Global conformation in the absence of added

metal ions. The FRET analysis was carried out in 90 mM Tris-
borate (pH 8.3) and 0.1 mM EDTA. The low values Bfrer

of this complex ion. The results show (Figure 7A) that the
global structure is closely similar to that induced by the other

indicate an extended structure. The higher values for the BD and ions, with the same BA CD > BD pattern of efficiencies.

CA vectors indicate a slightly parallel form of a structure based on
A on D and B on C coaxial stacking (indicated on the right). (B)
Comparison ofEgger Values for the alternative set of six end-to-
end vectors in the presence of Bl calcium ions. All six values
remain relatively low, indicative of an extended structure, but the
slightly lower values for DA and BC are consistent with a calcium-
induced rotation into a 90crossed structure based on A on D and
B on C stacking (indicated on the right). (E}rer values in the
presence of 10 mM Caions for the same set of end-to-end vectors
used in panel B. In the presence of the higher calcium ion

Hexammine cobalt(lll) ions are significantly more efficient
in promoting the folding of the hairpin ribozyme than the
divalent ions considered above. Fine titration of the BA
vector (Figure 7B) shows that the apparent association
constant has risen to 1.3 10'* M~2. The value fom of
1.75 suggests that two ions are required, although there is
probably some reduction in the cooperativity of binding.
Folding of the Hairpin Ribozyme Induced by Spermidine

concentration, the structure has clearly changed, with efficiencies In addition to metal ions, polyamines are also efficient in

in the order AB> DC > DB. This is consistent with the formation
of a structure in which the end-to-end vector for helices A and B
is the shortest such distance (shown right). (D) Folding of the hairpin
ribozyme over the range of-dL00uM Ca2* ions followed by the
change ofrrer for the shortest vector BA. The experimental data
(®) were fitted by regression to a simple binding model where the
binding of n ions to the RNA induces a global structural change
between two conformations. The line shows the best fit to this
model.

Conformation of the Hairpin Ribozyme in the Presence
of Manganese lonsIn many respects, the chemistries of

promoting structural transitions in nucleic acids. We have
therefore examined the global conformation of the hairpin
ribozyme as a function of spermidine concentration (Figure
7C). In broad terms, the pattern of FRET efficiencies is
similar to those seen with the metal ions, although the
eventual pattern in the presence of 5 mM spermidine is rather
more symmetrical than the previous ones, such Hpatr
values for BA and CD are very similar, as are the values for
BD and CA. However, fine titration of the BA vector
(Figure 7D) shows that the characteristics of the spermidine-
induced folding are rather different. Folding appears to be
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A 10 mM Mn2+ 1.04) with aKa of 1405 M? (calculated for single-ion-
/ induced folding).

Conformation of the Hairpin Ribozyme in the Presence
of Sodium lons The junction form of the hairpin ribozyme
is inactive in the presence of sodium ions (Figure 2), and
group IA metal ions have been shown to inhibit the cleavage
reaction of the hinged form of the ribozym@&8gj. The
patterns of FRET efficiency for the six vectors change very
little as a function of sodium ion concentration (Figure 9).
Even in the presence of 100 mM sodium ion and 0.1 mM
EDTA, none of theEgger values rises higher than 0.20,
indicating that the molecule remains in an extended confor-
mation. Vectors DB and AC have slightly larg&grer

EFF(ET

T T T l T T
AD BD CD BA CA CB

vector values than the remaining four vectors. This pattern is
closely similar to that in the absence of added metal ions
B 0.35 * o+ (Figure 4), consistent with a small rotation of the stacked
05 BAvector y structure in the parallel direction. Clearly, the monovalent
¢ ion is quite unable to induce the association of the A and B
0.25+ loops.
EFRET 0.2
DISCUSSION

015+ The global structure of the hairpin ribozyme in its natural

0.4 form as a four-way junction undergoes a number of ion-
induced changes. Like that in other four-way junctions in
0.051 ; « . x u RNA (26, 27), coaxial stacking of helices is preserved under
0 20 40 60 B0 100 120 all conditions, with the loop-carrying arms (A and B) on
[Mn**]/ uM different stacked pairs. In the absence of added ions, the
FIGURE 6: Analysis of the global conformation of the hairpin Overall conformation is slightly parallel, with the loops held
ribozyme in the presence of manganese ions. (A) Comparison of well apart as a consequence. With the addition of a low
Errer values for the six end-to-end vectors in the presence of 10 concentration of group 1IA metal ions (typically, 1M),
mM Mn?* ions. The pattern of efficiencies is closely similar to o helices rotate such that the two axes become perpen-

those observed in the presence of calcium and strontium ionsd. | | . he ioni ion 1400 uM
(Figures 4C and 5, respectively), indicating that a globally similar dicular. Increasing the ionic concentration M

distorted antiparallel structure is formed. (B) Folding of the hairpin causes the helices to rotate into a distorted antiparallel
ribozyme over the range of0100uM Mn2* ions followed by the structure, with a close approach of the loop-carrying arms.
change ofrrer for the shortest vector BA. The experimental data  \while we have previously observed this behavior in response
(@) were fitted by regression to the simple two-state binding model to the addition of magnesium iong3), we now show that
as before. The line show the best fit to this model. L . . ; .
this is true also for calcium and strontium ions, and is
probably general for the group IIA metal ions. By contrast,
sodium ions are totally unable to promote the formation of

promoted by the binding of a single spermidine molecule (
= 1.11) and occurs at a relatively high concentration of the ) : X
polyamine (in the millimolar range, corresponding t&a the antiparallel structure, a_nd the structure remains slightly
of 9266 M calculated for single-ion-induced folding). parallel even at concentrations as h'gh as 100 mM.

A Different Global Conformation of the Hairpin Ribozyme ~ Magnesium, calcium, and strontium ions also promote the
in the Presence of Cadmium lon€admium is a group IIB cleavage reaction of the junction form of the hairpin
metal (584d9), with chemistry very different from that of ~ ribozyme, while no activity was seen in the presence of
the group IIA metal ions studied above. As we showed sodiumions. Interestingly, however, while manganese ions
above, the hairpin ribozyme in its junction form is not active appear to induce the formation of the same globally folded
in the presence of cadmium ions. We examined the global Structure as that found in the presence of the group IIA metal
conformation of the hairpin ribozyme as a function of ions, the ribozyme is inactive in the presence of this ion.
cadmium ion concentration (Figure 8A) and obtained a This indicates that the global fOIdIng of the ribozyme is not
pattern of FRET efficiencies that is different from all those Of itself sufficient to generate catalytic activity. A further
found previously. At concentrations afl mM, five of the indication of this is given by the different concentration
six end-to-end vectors exhilit=ret values of 0.2-0.3, but ranges of the ions that are required for global folding and
the BA vector is quite different from the rest with a value for cleavage. While the folding occurs in the micromolar
of 0.5-0.6. This indicates that all the end-to-end distances region for the hairpin form of the ribozyme, cleavage requires
are re|ati\/e|y |Ong except for BA and Suggests a re|ati\/e|y millimolar concentrations of these ions. This indicates that
extended structure for the junction except for a close further ion binding is required, which is not accompanied
approach of the A and B arms that is presumably driven by by changes in the global folding.
cadmium-induced association of the A and B loops. Titration  The change in the conformation of the junction-based
of the BA vector (Figure 8B) showed that the shortening of ribozyme induced by the group IIA metal ions can be
this distance is fitted to a cadmium binding-induced folding analyzed in terms of a simple two-state folding process. This
corresponding to the binding of a single cadmium ior< model assumes that a numbey ¢f ions are required to bind
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Ficure 7: Analysis of the global conformation of the hairpin ribozyme in the presence of cobalt hexammine ions and spermidine. (A)
Comparison oErgret values for the six end-to-end vectors in the presence of 500 nM Cg§NHons. The pattern of efficiencies is closely

similar to those observed in the presence of calcium, strontium, and manganese ions (Figures 4C, 5, and 6, respectively), indicating that a
globally similar distorted antiparallel structure is formed. Cogh# ions quench the fluorescence of fluorescein very efficiently, and this
requires correction. This may result in an overall elevation of the magnitudes of the efficiencies. (B) Folding of the hairpin ribozyme over
the range of 6500 nM Co(NH)¢?" ions followed by the change deret for the shortest vector BA. Clearly, the titration is incomplete

over this range, but fluorescein quenching prevents higher CgéfHon concentrations from being possible. The experimental dta (

were fitted by regression to the simple two-state binding model. The line shows the best fit to this model. (C) Comp&igervaiues

for the six end-to-end vectors in the presence of 2 mM spermidine. The pattern of efficiencies is related to those observed in the presence
of calcium, strontium, and manganese ions (Figures 4C, 5, and 6, respectively), but is more symmetrical. As withe€d(MiHfluorescein
qguenching required correction of the data, elevating the absBhgta values. (D) Folding of the hairpin ribozyme over the range 660

mM spermidine followed by the change Bfrer for the shortest vector BA. The experimental da@g (vere fitted by regression to the

simple two-state binding model. The line show the best fit to this model.

before the FRET-observed change occurs (corresponding to In a number of respects, the properties of the junction-
binding with full cooperativity), and fitting of the experi- based ribozyme parallel those of the hinged form. The
mental data gives a consistent value of 2 ions for the group hinged ribozyme was found to be active in magnesium,
IIA metals and manganese. This corresponds to apparentcalcium, and strontium ions, but no cleavage could be
association constants of close to<21L0° M~2 for the group observed in the presence of manganese, cadmium, or sodium
IIA metal ions. Clearly, more complex binding models ions @38). In arecent study, Burke and co-worke?d) have
cannot be excluded, though these would be very unlikely to used a FRET-based assay to study the rate of folding of the
give better fits to the experimental data. Strictly speaking, hinged form of the ribozyme. They find that association of
the value ofn that emerges from the fitting is a Hill the loop-carrying arms is promoted by magnesium, calcium,
coefficient; however, the values very close to 2 that emerge strontium, manganese, and cobalt hexammine ions, but not
for both short vectors and a number of different metal ions by monovalent ions. This is clearly very similar to the
strongly suggest that the folding is induced by the binding situation that we observe with the junction form of the
of 2 ions. We have found that when we study the folding ribozyme. However, the concentration of the group IIA
of the four-way junction of the hairpin ribozyme in isolation metals required for optimal folding rates of the hinged form
from the loops, we consistently obtain values of fioof 1, were in the millimolar range, consistent with a lack of
with a considerably lower binding affinity (A. I. H. Murchie, ~ cooperativity of ion binding in this form.

F. Walter, and D. M. J. Lilley, submitted for publication). It Three recent studies have found that the hairpin ribozyme
therefore seems probable that two ions are involved in theis active in the presence of cobalt hexammine i0B&—(
folding of the complete ribozyme, distributed between the 37), and we show here that the junction form of the ribozyme
junction and the loops, and cooperative binding of these is folded by very low concentrations of the ion, correspond-
ions markedly lowers the concentration required to induce ing to an apparent association constant of close 0103
folding. M~2. Cobalt hexammine is also highly efficient in stabilizing



14202 Biochemistry, Vol. 37, No. 40, 1998

2 mM Ca2+

T T T . T
AD BD CD BA
vector

0.7

BA vector
0.6 4

0.5+
FRET

0.4

0.3

0.2

0.1

T T T

6 10
[Cd®*]/ mM

Ficure 8: Analysis of the global conformation of the hairpin
ribozyme in the presence of cadmium ions. (A) Comparison of
Errer Values for the six end-to-end vectors in the presence of 2
mM Cd?* ions. The pattern is quite different from those found
previously, with a single vector (BA) showing efficient energy
transfer. TheErgrer data are interpreted in terms of the model for
the global folding shown on the right. (B) Folding of the hairpin
ribozyme over the range of-@l0 mM Cd* ions followed by the
change ofEgger for the short vector BA. The experimental data
(®) were fitted by regression to the simple two-state binding model.
The line shows the best fit to this model.

12

100 mM Na+

DA DB DC AB AC BC
vector

Ficure 9: Analysis of the global conformation of the hairpin
ribozyme in the presence of sodium ions. ComparisorEgd=r
values for the six end-to-end vectors in the presence of 100 mM
Na' ions. The pattern of efficiencies is similar to that observed in
the absence of added metal ions (Figure 4A), consistent with the
formation of a slightly antiparallel structure based on A on D and
B on C coaxial stacking.

the folded conformation of DNA junction28), and the
formation of left-handed Z-DNA by alternating d(CpG)
sequences3Q). The pattern of FRET efficiencies is closely
similar to that generated by the group IIA metals, indicating
that inner-sphere complex formation is not required, since
the exchange rate of the ammine ligands is extremely slow,
but the value fom of 1.75 emerging from the titration data

Walter et al.

suggests that the high affinity might slightly reduce the
cooperativity of ion binding. We have also observed that
the junction form of the hairpin ribozyme can be folded by
spermidine. However, the folding is orders of magnitude
less efficient, requiring millimolar concentrations of the
polyamine (compared to the sub-micromolar concentration
range for cobalt hexammine), and fitting indicates that
folding is induced by the binding of a single spermidine
molecule. The pattern of FRET efficiencies indicates a more
symmetrical global structure for the ribozyme, suggesting
that the binding of a single spermidine molecule is unable
to induce folding into the same global structure as that
generated by the group IIA metal ions. In fact, the pattern
of relative efficiencies for the six end-to-end vectors is similar
to that found for the hairpin junction in the absence of the
loops (F. Walter, A. I. H. Murchie, and D. M. J. Lilley,
submitted for publication), which could indicate that the
spermidine is more closely associated with the four-way
junction of the ribozyme. The folding induced by cadmium
ions may represent the inverse of this. The pattern of FRET
efficiencies is quite different from that found in the presence
of all the other metal ions, where only the BA vector is
significantly shortened on folding. This is consistent with
a folded structure of the ribozyme in which cadmium ions
induce close looploop interaction, but the junction is
unfolded to give an extended global structure, probably at
the expense of coaxial helical stacking.

Taken together, these results are consistent with a model
in which the group I1A metal ions fold the hairpin ribozyme
in its natural junction form by binding to the junction and
to the loops, and to an extent, these binding events may be
differentiated using different ions. Clearly, the conformation
of the junction is important to the activity of the ribozyme;
we have previously shown that sequence changes that alter
the population of stacking conformers at the junction have
a significant effect on the rate of the cleavage reactia). (
Yet the lack of activity of the ribozyme in the presence of
manganese ions, which apparently induce a completely
normal global folding, shows that while the formation of
this structure is necessary for activity, it is not sufficient.
The millimolar concentration of magnesium ions required
for efficient cleavage rates indicates an additional role for
bound ions. Experiments showing that the substitutionally
inert cobalt hexammine ions can promote ribozyme cleavage
(35—37) do not support a direct role for bound metal ion,
providing either general base catalysis or electrophilic
catalysis as a Lewis acid. It is therefore likely that there
are additional structural roles for metal ions which have less
impact on the global structure, and which are consequently
not observed in the FRET experiments. Ultimately, we
expect that these ions generate the correct local RNA
conformation in the loop AB interface to facilitate the
trajectory into the in-line transition state for thg2xleavage
reaction. But fully understanding the further structural role-
(s) of these metal ions remains a challenge.
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