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ABSTRACT. The hairpin ribozyme consists of two loop-carrying duplexes (called A and B) that are adjacent
arms of a four-way junction in its natural context in the viral RNA. We have shown previously that the
activity of the ribozyme is strongly influenced by the structure adopted by the junction. In this study, we
have used fluorescence resonance energy transfer to analyze the conformation and folding of the isolated
four-way junction. Like other four-way RNA junctions, in the absence of added metal ions this junction
adopts a square configuration of coaxially stacked arms, based on A on D and B on C stacking. Upon
addition of magnesium ions, the junction undergoes an ion-induced transition to an antiparallel conformation.
The data are consistent with folding induced by the binding of a single ion, with an apparent association
constant in the range of 2000 ™ Other divalent metal ions (calcium or manganese) can also induce this
change in structure; however, sodium ions are unable to substitute for these ions, and are slightly inhibitory
with respect to the transition. The loop-free hairpin junction adopts the same stacking conformer as the
full ribozyme, but forms a more symmetrical X-shaped structure. In addition, the apparent stoichiometry
of structural ion binding is lower for the isolated junction, and the affinity is considerably lower.

The hairpin ribozyme is a small nucleolytic RNA motif way junction (Figure 1), and we have shown that the
found in the negative strand of the satellite RNA of the ribozyme is active in this form 22). We have shown
tobacco ringspot virusl-3) and similar plant viruses4]. previously that four-way junctions [4H junction23)] in
This motif undergoes site-specific self-cleavage in the RNA [like those in DNA @4); reviewed in ref25 adopt a
presence of magnesium ions, which is required for the structure in which helical arms are coaxially stacked in a
processing of RNA replicated by a rolling circle process into pairwise manner. There are two conformers possible, de-
monomeric 359 nt RNA molecules. These species then pending on the alternative choices of stacking partners, but
undergo circularizationg], and this ligation is also catalyzed a given sequence tends to adopt one conformer predomi-
by the hairpin ribozyme 1), leading to an equilibrium  nantly [we have recently found an exception to this in the
between cleavage and ligatio6) ( case of DNA junctions, where both conformers are equally

Efforts to reduce the hairpin ribozyme to a minimum Populated 26)]. Comparative gel electrophoretic analysis
functional size 3, 7, 8) have produced a form Comprising indicated that the jUnCtion of the hairpin ribOZyme (WithOUt
two duplexes, each of which contains formally unpaired loops the loops) adopts the stacking conformer that places the arms
(the A and B loops), connected by the covalent continuity that would carry the loops in the full ribozyme on different
of one strand, i.e., a nick, and the great majority of studies stacked helical pairs, thus making them potentially available
of the ribozyme have concentrated on this form. These haveto interact with each otheg). Using fluorescence resonance
shown that the majority of base§+11) and functional ~ €nergy transfer, we showed that the full ribozyme adopts
groups (2—14) required for activity are located in the loops. the same stacking conformer and is folded by addition of
The single-stranded connection between the two duplex Magnesium ions to give a close physical approach of the
regions should act as a flexible hinge, and it has beentwo arms carrying the loops.
generally thought that the functional ribozyme is generated ~ Since the conformation and activity of the hairpin ri-
by an association between the A and B loops. Thus, the loopsPozyme are dependent on the four-way junction, it is
have been connected together in a Variety of ways, with important to have a full Understanding of the conformation
results suggesting that the ribozyme is active provided thatand folding of this junction. We have therefore carried out
|oop—|00p interaction can OCCUil6—20). Some activity is a detailed analysis of the foldlng properties of the hairpin
even possible in trans, when the loop-carrying duplexes arejunction in isolation from the internal iOOpS, using fluores-
unconnected16, 21). cence resonance energy transfer.

We have noted that in its natural context of the viral RNA, RESULTS

the two loop-carrying duplexes are part of a perfect four- FRET Analysis of the Folding of the Loop-Free Hairpin

Ribozyme JunctioThe global structure and folding of four-
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D directions, since the donor and acceptor fluorophores may
be exchanged for any given vector.

We perform the FRET analysis using the acceptor
normalization approach28, 31). For each species and set
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yA of distance in a straightforward way, it is necessary that one
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© using a series of molecules constructed in a very similar
manner, and not on the determination of absolute distances.
Global Folding of the Loop-Free Hairpin Ribozyme
®&B CYB Junction in the Presence of Magnesium lofke junction
employed in these studies is derived from the sequence of
ribozyme junction the hairpin ribozyme42). The nomenclature of arms and
vector BA vector AB

. _ o strands is equivalent to that used previously in our waey;(
Ficure 1: Hairpin ribozyme and its four-way RNA junction. (A)

: : ' arms A and B are those that would contain the A and B
Schematic showing the local secondary structure around the halrplnI ivelv. in the rib d C and D
ribozyme of the £) satellite RNA of the tobacco ringspot virus.  |00PS, respectively, in the ribozyme, and arms C an

The A and B loops are shown, and the position of ribozyme-induced continue in a circular manner around the junction. Strands
cleavage is indicated by the arrow. (B) The sequence of the hairpina—d are named according to the arm in which théiesd
;igosgnmt% lfln% ;‘Oaf';\i/;l]ay V\;;:Rfﬁgglml*ggn?;m?nartﬁenzrgggﬁ?oo . is located. The internal loops of the ribozyme were removed
(C?A vect}cl;r ofgthe r?airpin ribozyme for stugy by FRET. Thg by changing the sequence of strand a (thus renametieh
vectors are named by the arms carrying the fluorophores, in the that all the bases of strands d and b are complemented. Thus,
order donor-acceptor. The example iilustrated is vector BA, i.e., the junction studied is a perfect 4H junction, with three 16
B(fuoresceinyA(cy-3)- (D) The AB vector of the four-way junction  bp arms (A, C, and D) and one 20 bp arm (B). Fluorescently
derived from the hairpin ribozyme. labeled species are named according to the names of the arms
carrying the donor and the acceptor in that order.

The magnitude oEgger for the six end-to-end vectors of
the loop-free hairpin junction in the absence of added metal

of different pairs of arms. Sindérrer depends inversely on
the separation between the fluorophor@sgccording to ref

217, ions is shown in Figure 2. All the efficiency values are lower
than 0.15, indicating the presence of an extended structure.
Errer= 1/[1+ (RIR) ] 1) Those of the AD and CB vectors are lower (indicating longer
end-to-end distances) than those of the remaining four
whereRy is the characteristic distance at whighzer = 0.5, vectors, consistent with the formation of a°96rossed

the relative distances for the six end-to-end vectors of the structure based on coaxial stacking of A on D and B on C
four-way junction can be compared in this way. If we base arms. This agrees with our recent analysis by comparative
these experiments on a junction with four arms of near-equal gel electrophoresi2@). Upon addition of magnesium ions,
length, these end-to-end distances reflect the different angleshe pattern ofErrer values changes: with CD and BA
subtended between the different pairs of helical arms. BD and CA> AD and CB. With 10 mM magnesium ions,
Because the junction studied in this work is derived from the magnitude oEgrer values for CD and BA has reached
the hairpin ribozyme, three arms are 4 bp shorter than the0.35, and is significantly greater than that of the remaining
remaining arm. In our experiments, we employ fluorescein four vectors. This suggests that the structure has rotated into
as the donor and indocarbocyanine-3 (Cy3) as the acceptoran antiparallel conformation, giving the short distances across
these are covalently attached to théesmini of component  the A—D and C-B end-to-end vectors. The slightly greater
strands of the junction, thus placing them at the ends of efficiency for the CD vector compared to that for the BA
chosen helices. Average labeling efficiencies measured fromvector could result in part from the longer length of the B
absorption spectra were 98:6 1.9%. Each helix in the  arm of the junction.

hairpin constructs terminated in &GC sequence to provide These conclusions are reinforced by comparinggher

a constant environment for the fluorophores, since we havevalues for the six reversed vectors (Figure 2). The patterns
previously found that this provides a well-behaved environ- obtained in the absence of added ions and in the presence
ment for FRET measurements in nucleic ac2®-30). For of 10 mM magnesium ions are closely similar to those above,
a given vector, a junction will comprise one strand labeled supporting the stacked 9@ross and antiparallel structures,
with fluorescein and one with Cy3 and two unlabeled strands respectively. These reversed vectors required de novo
(Figure 1). Each end-to-end distance can be studied in twosynthesis of fluorophore-labeled RNA and construction of
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Ficure 3: Folding of the loop-free hairpin junction over the range
of 0—10 mM Mg?* ions followed by the change dfrrer for the
short vectors. The experimental da®) (vere fitted by regression

to a simple binding model where the bindingroions to the RNA
induces a global structural change from the square structure to the
antiparallel structure. The lines show the fits to this model for vector
BA (A) and DC (B). These data show that the transition to the
antiparallel structure is induced by the binding of a single
magnesium ion.

new species in which the fluorophores are located differently
within the junction. This is therefore a valuable independent
confirmation of our structural conclusions, which are also
fully in accord with our earlier studies using comparative
gel electrophoresis2Q).

Magnesium lons Induce Folding by a Single-lon Binding
MechanismThe ion-induced folding of the loop-free hairpin
junction may be followed by studying the increaseEiker

Ficure 2: Efficiencies of energy transfer for the end-to-end vectors for the shorter distances on titration of magnesium ion

of the loop-free hairpin junction as a function of magnesium ion
concentration. In each case, a histograriggr for the six different
end-to-end vectors is shown. (&kxrer values in the absence of

concentrations (Figure 3). The data have been fitRed-(
0.993) to a simple empirical model that assumes a two-state

added magnesium ions. The pattern of efficiencies is consistentconformational transition induced by the binding of
with the schematic model of the global structure shown on the right. magnesium ions with an apparent association congtant

This structure is generated by coaxial stacking of A on D and B
on C arms, with a 90angle subtended between the two axes. The
resulting structure has four end-to-end distances (AB, BD, DC, and

CA) that are slightly shorter than the remaining two (AD and BC),
thus explaining the small&:rer values for the AD and CB vectors.
(B) Errer values in the presence of 5@ magnesium ions. (C)
Errer values in the presence of 2 mM magnesium ions. ERer

HJgo + nMg?" < HJAP.(Mg2+)n

where HJp is the hairpin junction in the stacked 96ross
conformation and Hu} is that in the antiparallel conforma-

values in the presence of 10 mM magnesium ions. Under thesetion. According to this simple model, the proportion of
conditions, the efficiencies can be described by the following: CD junction in the antiparallel formo{) will be given by

~ BA > BD = CA > AD = CB. These values are consistent with

an antiparallel stacked structure based on coaxial stacking of A on
D and B on C stacking as indicated schematically on the right. In

a = Ka[Mg*](1 + Ks[Mg*T") (@)

this structure, the lengths of the end-to-end vectors are described

by the following: A~D=B-C> A-C=B-D > A—-B=C-D.

Note that the handedness of this structure is undetermined, and thab

implied by the schematic is selected arbitrarily. ket values

Values ofn were obtained that were close to unity (13
.15 for vector BA and 1.12+ 0.29 for vector DC),

in the absence of added magnesium ions for the reversed set ofindicative of a noncooperative transition. These values are
fluorophore-labeled vectors. As with the first set of vectors (shown consistent with a fluorescence-detected transition induced by

in panel A), the pattern oErrer values is consistent with the
extended stacked square structure Efet values in the presence

of 10 mM magnesium ions for the reversed set of vectors. The

the binding of a single magnesium ion. Using a single ion
binding model, we obtain values for the apparent association

pattern is very similar to that found for the first set of vectors (shown constantK, of 807 and 635 M for vectors DC and BA,

in panel D), consistent with the stacked antiparallel structure.

respectively.
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A 5 mM M@* value is a Hill coefficient, the value would be consistent with

v a mechanism requiring the binding of two ioms=€ 1.96+
0.1) before the transition is detected. Folding of the complete
ribozyme is induced by a lower magnesium ion concentra-
tion, with an apparent association constidptof 1.9 x 10°
M~2 calculated for a two-ion binding model.

Global Folding of the Loop-Free Hairpin Ribozyme
Junction in the Presence of Calcium and Manganese.lons
Magnesium ions are not unique in their ability to fold the
DA DB DC AB AC BC loop-free hairpin junction. Comparison of the six end-to-
end vectors in the presence of calcium and manganese ions
(Figure 5) shows that the structure formed is closely similar
B oss in each case to that induced by magnesium ions. Titration

BA vector of calcium and manganese ions (Figure 5) shows that they
| also induce folding in an apparent single-ion binding mode
0.25 4 (n=1.06 for C&* and 1.31 for MA*, both followed by the

0.2 CD vector). The apparent association constant (calculated
015 | for single-ion binding) for the calcium ion-induced folding
was 1,208 M?, while that for manganese ion was 642 M

Sodium lons Do Not Induce Formation of the Antiparallel

0.05 4 ‘ - : . : Structure Magnesium, calcium, and manganese ions are all

6 20 40 60 8 100 120 divalent ions. By contrast, monovalent ions are generally less
(MgCl,]/ kM effective in promoting structural transitions in nucleic acids,
FiGURE 4: Magnesium-induced folding of hairpin ribozyme, and the hairpin junction is no exception to this. The
complete with the unpaired loops. These data may be comparedcomparison ofErrer Values for the six end-to-end vectors

with those for the simple junction. (A) Histogram Bfrer values : ; : :
for the six different end-to-end vectors in the presence of 5 mM as a function of the sodium ion level reveals no formation

magnesium ions. The pattern of efficiencies is as follows: AB  Of the pattern indicating the antiparallel structure (Figure 6A).
DC > DB > DA, AC, and BC, consistent with the folded structure By contrast, in the presence of sodium ions, the pattern
shown on_the right. This structure is based on the _antiparallel remains indicative of an extended conformation, but with a
structure (in the A on B, D on C stacking conformer) distorted by - gjistortion consistent with rotation into a parallel structure.

an interaction between the A and B loops. (B) Folding of the hairpin . . .
ribozyme over the range-L00 xM Mg2* ions followed by the We have previously described a parallel conformation for

change oErerfor the shortest vector. The experimental day ( four-way RNA junctions in the presence of sodium io82)(
were fitted by regression to a simple binding model where the  The addition of 50 mM sodium ions to a junction poised
binding of n ions to the RNA induces a global structural change at the point of folding by 50@M magnesium ions (compare
from the square structure to the antiparallel structure. The line showswith Figure 2B) fails to induce further folding in the

the fit to this model for vector BA. Th ta show that th . . . . . . . .
tre?nsitio% to tshe a%?ﬁ)argllelesﬁrgcture mayezg v(agllafitfeg by a?nodgl antiparallel direction (Figure 6B); if anything, folding is
that requires the binding of two magnesium ions to generate the inhibited. However, addition of a sufficiently high magne-
FRET-observable change in conformation. sium ion concentration can overcome any inhibition by
sodium ions. Thus, the hairpin junction is clearly folded into
Comparison of the Folding of the Isolated Junction and the antiparallel structure in the presence of a mixture of 10
the Full RibozymeWhile the loop-free hairpin junction mM sodium and 10 mM magnesium ions (Figure 6C).
clearly folds into a fairly symmetrical antiparallel structure However, in the presence of this concentration of sodium
in a single-ion-induced transition, we have previously found ions, the folding is a more complex function of magnesium
that the hairpin ribozyme (complete with the A and B loops) ion concentration compared to the single-ion binding for the
folds into a distorted structure in a more complicated ion- pure divalent ions.
induced transition. In Figure 4, we show some additional  We sought further evidence for the structure of the hairpin
ribozyme data for comparison with the simple juncti@a)( junction in the presence of sodium ions using an alternative
Since the d strand contains ‘adeoxyriboadenine substitution  technique, that of comparative gel electrophoresis. With this
at the cleavage site in all our constructs, this species is unablenethod, we construct all six species of a chosen four-way
to catalyze strand cleavage. In the presence of 5 mM junction in which two arms are significantly longer than the
magnesium ions, the hairpin ribozyme exhibits a pattern of remaining two. We compare the electrophoretic mobility of
Errervalues that is a distorted form of the antiparallel pattern these six species in polyacrylamide, and analyze the results
(Figure 4A), such that the efficiency for vector AB is greater on the assumption that the mobility will reflect the angle
than that for DC and the value for vector DB is significantly subtended between the longer arms. Because it is presently
elevated. We have interpreted this pattern to indicate a difficult to synthesize RNA molecules of the required length,
distortion of the structure caused by close association of thewe construct junctions where the central core of 10 bp on
A and B loops. Titration of theegger for the BA vector each arm is made of RNA, and the remaining part is
(Figure 4B) shows that the ion dependence is more complexcomposed of DNA. We thus made the six extended junctions
than the single-ion-induced transition of the isolated junction. of the hairpin junction, having two longer 40 bp arms and
The shape of the curve suggests cooperative ion binding istwo shorter 15 bp arms.
responsible for inducing the transition. The fitted valua of In the presence of 2 mM magnesium ions, the pattern of
is close to 216 = 1.96+ 0.1). While strictly speaking this  electrophoretic mobilities may be described by fast, inter-
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Ficure 6: Global structure of the loop-free hairpin junction in the
D 0.4 CD vector presence of sodium ions. TH&rer values for the six different
0.35 | . : end-to-end vectors were studied in the presence of sodium ions

alone and as mixtures with magnesium ions. (A) Histograi-efr
values for the end-to-end vectors in the presence of 100 mM sodium
ions. The pattern of efficiencies is consistent with some distortion
into a parallel structure (indicated schematically at the right) such
that the shortest vectors are the BD and CA end-to-end distances.
(B) Histogram ofErrer values for the end-to-end vectors in the
presence of 50 mM sodium and 508 magnesium ions. Under
0.1 . ‘ . ‘ . these conditions, the pattern of efficiencies is consistent with the
0 2 4 6 8 10 12 90° crossed structure illustrated in Figure 2A. Comparison with
M2}/ mM the pattern obtained in the presence of %08 magnesium ions
alone (Figure 2B) indicates that the sodium ions inhibit the folding
FicurRe 5. Folding of the loop-free hairpin junction in the presence into the antiparallel conformation. (C) Histogram Exrer values
of other divalent metal ions. Th&-ret values for the six different  for the end-to-end vectors in the presence of 10 mM sodium and
end-to-end vectors were studied in calcium and manganese ions10 mM magnesium ions. The pattern is clearly that of the
and the folding studied by the changeBgrer for the short CD antiparallel structure (compare with Figure 2D), despite the presence
vector. (A) Histogram oEgrer values for the end-to-end vectors  of the additional sodium ions.
in the presence of 10 mM calcium ions. The pattern of efficiencies

is closely similar to that observed in the presence of 10 mM In the presence of 1 mM magnesium and 10 mM sodium

magnesium ions (Figure 2D), indicating that calcium ions induce . ! _
the folding into the same antiparallel structure. (B) Histogram of 10ns (Figure 7C), the pattern of mobilities becomes fast, slow,

Errer values for the end-to-end vectors in the presence of 10 mM slow, slow, slow, fast. This is consistent with a square,
manganese ions. Once again, the pattern of efficiencies is verystacked structure, in good agreement with the FRET analysis
similar to those observed in the presence of 10 mM magnesium or (Figure 6B).

calcium ions, indicating that manganese ions also induce the folding

into the antiparallel structure. (C) Folding of the loop-free hairpin DISCUSSION

junction over the range of-910 mM C&" ions followed by the

gh?nge ?rETREI fortﬁh?tshhofrt Igig Vﬁ’lc':[w:h Fittin”t? ﬂ:elle)l(p(thrinlerr]tail In its natural context, the hairpin ribozyme consists of the
in?iﬁcgzi by %aeisindﬁwg olfa aosing?e caﬁciu‘;:;wa}onI.){ElD&)1 Igolzli#g cL>lf fh: familiar two loop-bearing dupl_exe_s dlsplayed on the frame-
loop-free hairpin junction over the range of- 00 mM Mr?* ions work of a perfect four-way helical junction. We have shown
followed by the change oErrer for the CD vector. As with that in its global structure and folding this junction behaves
magnesium and calcium ions, fitting the experimental d@a (  as a typical 4H RNA junction.

indicates that the folding is induced by the binding of a single | the absence of added metal ions, the junction adopts
Manganese ion. the stacked 90cross structure, based on the pairwise coaxial
mediate, slow, slow, intermediate, fast (Figure 7A), consistent stacking of A on D and B on C arms, where the two helical
with the antiparallel stacked X structure. This is in agreement axes are mutually perpendicular. In the presence of sodium
with earlier electrophoretic analysi®?), and the FRET  ions, this undergoes a rotation in the direction of a parallel
results presented here. In contrast, in the presence of sodiunstructure. While these properties are similar to those of other
ions as the only added cation, the pattern of mobilities is four-way RNA junctions studied in this laborator§Z 33),

fast, slow, fast, fast, slow, fast (Figure 7B). This pattern has they contrast strongly with the conformational properties of
been observed before in a four-way RNA junction. It is not four-way DNA junctions. Most strikingly, the RNA junctions
straightforward to analyze, but may be interpreted in terms fail to undergo the opening into the unstacked, square
of the formation of a parallel stacked structure, consistent structure under low-salt conditions that is universal for DNA
with our present FRET results (compare with Figure 6A). junctions 84—36). This difference is likely to arise from

0.3 |

0.25
FRET
02,7

0.15 |




17634 Biochemistry, Vol. 37, No. 50, 1998 Walter et al.

DA DB DC AB AC BC B D B
A i B D
- - - M-+ M2+
- > R
w - S ! A c
2+
2 mM Mg A o c
B .
. - A B parallel 90° cross antiparallel
. - l . C>< D FIGURE 8: Summary of the global folding of the four-way junction
of the hairpin ribozyme. The junction is folded by pairwise coaxial
l | 25 mM Na+ stacking of A on D and B on C arms under all conditions examined,
cl T 5 but the angle between the two helical axes varies with the type
and concentration of metal ions present. In the absence of added
.. - ' A b metal ions, the junction adopts the°9€ross (center), where the
axes are approximately perpendicular. Addition of divalent metal
. (1] c ions in the millimolar range induces a rotation into an antiparallel
1 mM Mg2++ 10 mM Na+ geometry (right), while addition of sodium ions appears to cause a
1 2 3 4 5 6 rotation in the opposite sense, into what is most readily interpreted

in terms of a parallel structure (left). Thé ® 3 polarity of the

Ficure 7: Analysis of the global structure of the loop-free hairpin component strands is indicated by the arrows.

junction in the presence of sodium ions analyzed by comparative
gel electrophoresis. Four-way junctions were generated from strands L . .

in which the central 20 nucleotides were RNA and the remaining It is interesting to compare the folding of the loop-free
30 nucleotides at each end were DNA. The six possible specieshairpin junction to that of the full ribozyme, including the
having two long 30 bp arms and two shorter 10 bp arms were |gops @2). In the absence of added divalent metal ions, both
created, and named according to the long arms (e.g., species DAspecieS adopt the same stacked 6fbssed structure, and
has long D and A arms and short B and C arms). The sixtong der th diti th - int " ' il
short species were electrophoresed in a polyacrylamide gel in theUNd€r these conaitions, there 1S no Interaction possible
presence of 90 mM Tris-borate (pH 8.3) with the indicated metal between the loops of the ribozyme. Both species adopt the
ion concentrations. The junctions were created from strands thatsame stacking conformer (based on A on D stacking),
were radioactively 5%2P-labeled, and thus, the different junction indicating that the overall folding of the ribozyme is
species were revealed by autoradiography of dried gels. (A) getermined by the stacking preference of the junction. We
Analysis in the presence of 2 mM magnesium ions. Under these L Lo
conditions, the six longshort species give a pattern that is have recently demonstrated that the activity of the ribozyme

consistent with the antiparallel structure, indicated at the far right. in its four-way junction form is affected by the conformation
This generates the predicted lenghort species shown at the right.  of the junction 22).

(B) Analysis in the presence of 25 mM sodium ions. The six teng o . . . .
short species migrate in a pattern that is most readily explicable in PO addition of divalent metal ions, the folding properties

terms of a rotation into a parallel geometry (far right). (C) Analysis  Of the full ribozyme are different from those of the isolated
in the presence of 1 mM magnesium and 10 mM sodium ions. junction in a number of respects. First, the full ribozyme is

Under these conditions, the pattern is clearly that of tifecB@ssed less symmetrical than the simple junction. In the hairpin

structure (far right). Lanes contained (1) DA species, (2) DB species, (jj,,,yme, the end-to-end distances can be summarized AB
(3) DC species, (4) AB species, (5) AC species, and (6) BC species. _ Dg < E)B suggesting a global structure that is distorted

the different helical geometry of the component arms, which by close interaction between the A and B loops that pulls
adopt the A-form structure in RNA compared to the B-form these arms together. Second, the FRET-observed transition
structure for the DNA helices. This could alter steric !0 the antiparallel structure can be analyzed as a multiple-
relationships, and will give a different spatial distribution ion-induced process, in contrast to the single-ion-induced
of charges which may therefore change the energetic balancdransition for the isolated junction. Last, the apparent
between electrostatic repulsion and coaxial helical stacking. @ffinities for the divalent ions are very different between the
Upon addition of divalent metal ions, the loop-free hairpin 100p-free junction, which becomes folded in the millimolar
junction undergoes a change in global structure in which the range, and the full ribozyme, where folding is induced by
angle between the two helical axes rotates to adopt anmetal ions with a concentration in the micromolar range.
antiparallel geometry. Although more complex schemes Taken together, these results are consistent with a model
could be consistent with the data, this transition can be in which folding of the hairpin ribozyme is induced by the
empirically well fitted as a two-state process, induced by binding of two ions. These could be distributed between the
the binding of a single magnesium, calcium, or manganesefour-way junction, which binds one ion, and the interface
ion. The rotation brings helices A and B into relatively close between the loops, which could bind a second structural ion.
proximity, which is required in the case of the full ribozyme Thus, in the absence of the internal loops, we observe the
to achieve interaction between the two loops. Sodium ions folding of the junction alone induced by the binding of a
are unable to promote this transition, or to augment the effectsingle ion. Moreover, in the absence of the junction (i.e.,
of divalent ions; if anything, they are slightly inhibitory with  the hinged form of the ribozyme), there is also ion-induced
respect to folding induced by magnesium ions and induce aassociation between the loop87) (F. Walter, A. I. H.
rotation in the opposite sense toward the parallel structure.Murchie, and D. M. J. Lilley, unpublished data). Folding of
Despite these metal ion-induced changes to the globalthe complete ribozyme may be interpreted in terms of a
structure, the marked preference for A on D stacking remainsrequirement for the binding of both ions before the FRET-
constant throughout. The conformational changes are sum-detected transition occurs. Rotation into the antiparallel
marized schematically in Figure 8. structure allows the two loops to dock together, which is
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presumably integral to the catalytic function, and the strong ratio is calculated with
interaction between these regions distorts the global sym-
metry of the junction. (ratio), = FA(vy,v")IF(v,0"
= {Errerd [€° ()] + [0V} x

[@*()/@" ()] (3)

MATERIALS AND METHODS

Synthesis of RNADNA—RNA oligonucleotides were
synthesized using phosphoramidite chemis8§) (imple- Superscripts D and A refer to donor and acceptor, respec-
mented on Applied Biosystems 394 synthesizers. RNA was tively. ° ande? are the molar absorption coefficients at the
synthesized using ribonucleotide phosphoramidites With 2 indicated frequency of donor and acceptor, respectively, and
tert-butyldimethylsilyl (TBDMS) protection 39, 40) (Glen ®A is the fluorescent quantum yield of the accept8(y')/
Research). 6-Fluorescein (PE-ABI) and Cy3 (Glen Research)eA(yv'') and eA(v')/eA(v'") are measured from absorption
were coupled to the’Sermini as phosphoramidites. Oligo-  spectra®?(v1)/®A(v,) is unity whenvy = v,, and thusEerer
ribonucleotides were deprotected in a 25% ethanol/ammoniacan be calculated directly from (ratjp)Fluorescence ani-
solution at 55°C for 6 h (dye-labeled) or 12 h (unlabeled) sotropy valuesr) were determined from measurements of
and evaporated to dryness. Oligoribonucleotides were redis-fluorescence intensity using vertical excitation and emission
solved in 0.5 mL 6 1 M tetrabutylammonium fluoride  polarizers ;) and vertical excitation and horizontal emission
(TBAF, Aldrich) in tetrahydrofuran to remove TBDMS  polarizers (F, corrected for variation in detection sensitivity).
groups and agitated at 2C in the dark for 16 h prior to  Fluorescence anisotropy was calculated from
desalting by G25 Sephadex (NAP columns, Pharmacia) and
ethanol precipitation. Fully deprotected oligonucleotides were r=(F,— F/(F,+2Fp) 4)
purified by gel electrophoresis in 20% polyacrylamide
containing 7 M urea; fluorescently labeled species were FRET experiments were performed on junctions assembled
significantly retarded in the gel system. Bands were excised, from oligonucleotides of the following sequences (all written
and the oligonucleotides were electroelutediBtM am- 5 to 3):
monium acetate and recovered by ethanol precipitation.
Fluorescently labeled oligonucleotides were dissolved in 100 ¢ strand  CCGCACAGGACUGUCAACCAGGUAAUAUAACCACCGG

mM ammonium acetate and applied to a C18 reversed phase? strand  CCGGUGGUAUAUUACCUGGUACGCCUUGACGUGGGG
HPLC column Bondapak, Waters). RNA was eluted With ¢ ¢and  CCCCACGUCAAGGCGUGGUGGCCGAAGGUCGG

a Ilnear_ gradient of acetonitrile; buffer A_Was _100 mM dstrand CCGACCUUCGGCCACCUGACAGUCCUGUGCGG
ammonium acetate and buffer B acetonitrile, with a flow

rate of 1 mL_/mln. Th_e peak fractions were evaporgtgd 0 ynderlined nucleotides are deoxynucleotides. The construct
dryness_, redissolved in water, and then ethanol prempﬂatedThat included the A and B loops was derived by replacing
Absorption spectra of quo_re_scentIy labeled RNA were o 4 sirand with the following sequence:
recorded on a Cary 1E UWisible spectrometer.

Construction of Fluorescently Labeled Hairpin Junctions a strand CCGCACAGAGAAGUCAACCAGAGAAACACACCGG
Each fluorescent junction species for FRET studies was
constructed by hybridizing stoichiometric quantities of the ~ Comparatbe Gel ElectrophoresisThis was carried out
four appropriate RNA oligonucleotides in 90 mM Tris-borate €xactly as described by Duckett et 82). Sixteen DNA-
(pH 8.3) and 25 mM NaCl for 10 min at 6%, followed by RNA oligonucleotides were synthesized, of which the four
slow cooling. The hybridized junctions were loaded onto an longest had the following sequences:
8% polyacrylamide gel and electrophoresed &C4for 22

. . CGCAAGCGACAGGAACCTCGAGGGATCCGTUUCGGCCACCUGACAGUCCUGGAAGCTICTC
h at 150 V. The buffer system contained 90 mM Tris-borate

(pH 8.3) and 25 mM NaCl and was recirculated>t L/h. CGCAAGCGACAGGAACCTCGAGAAGCTTCCAGGACUGUCAACCAGGUAAUTIGAATICCTC

Fluorescent junctions were visualized by direct exposure t0 ;,carecrarcacrmaca
a standard lamp; the bands were excised, and the RNA WaS ¢qcaace6ACAGGAACCTCGAGGAATTCAAAUUACCUGGUACGCCUUGACAGICTAGACTC
electroeluted ird 8 M ammonium acetate and recovered by  gaggricergreaeriaeg
ethanol precipitation. CGCAAGCGACAGGAACCTCGAGICTAGACTGUCAAGGCGUGGUGGCCGAAACGGATCCCTC

Fluorescence Spectroscoplfluorescence spectra were — GAGGIICCIGICGCITGCG
recorded at 5C in 90 mM Tris-borate (pH 8.3) with the . . .
required concentrations of added metal ions. SpectroscopyThe. sequences (.)f the remaining 12 oligonucleotides can be
was performed on an SLM-Aminco 8100 fluorimeter operat- denyegi by deletion of 25 nucleotides at the 3, or both
ing in the photon counting mode, and spectra were correctedt€"MN!-
for lamp fluctuations and instrumental va(iati_ons as despriped ACKNOWLEDGMENT
in ref41 Spectra were recorded with excitation and emission
polarizers set at a relative angle of 54.7d avoid polariza- We are grateful to Drs. G. S. Bassi and R. M. Clegg for
tion artifacts. FRET efficiencies were measured using the valuable discussion and Ms. Audrey Gough for skilled
acceptor normalization methog§, 31) in which an extracted  technical assistance.
acceptor spectrur®(v1,v') (excitation at a’ of 490 nm,
with emission atv;) is normalized to a further spectrum REFERENCES
[F(v2v")] excited at a wavelength/( = 547 nm) at which 1. Buzayan, J. M., Gerlach, W. L., and Bruening, G. (1986)
only the acceptor absorbs, with emissionatThe acceptor Nature 323 349-353.
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