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Helical junctions are commonly occurring elements in RNA
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junction on which two adjacent arms have unpaired internal loops

that interact to create the active site. The junction is antiparallel Figure 1. The double-bend RNA construct with the sequence of the hairpin

and left-handed in the crystéi However, it is not known if this is
the natural propensity of the junction alone or if it is forced by the

ribozyme. (Left): A schematic of the constructs used to analyze bending
trajectories. The two bending loci are the hairpin ribozyme junction and an
A4 bulge, shaded. These are connected by a spacer duplex of length that is

interaction between the loops. We have therefore used the ribozymeyaried from 8 to 22 bp in a series of species. The A and C arms are
as a basis for analyzing the handedness of the simple four-way elongated, and thus the electrophoretic mobility is determined by the dihedral

junction derived from it, using electrophoretic experiments.

angle between them. (Right): The core sequence of the hairpin ribozyme

We study the electrophoretic mobility of double-stranded RNA and its junction. The position of cleavage in the active ribozyme is arrowed.

species containing two axial bends that are symmetrically disposed

hairpin nbozyma 4H hairpin junction
about the cente®® The overall shape of the molecule will be A s 1o Z 14 ):B & o B e 0 12 1115 15 2 20
determined by the lengths of the three helical segments, the two
bend angles, and by the dihedral andlg)(relating the two outer
helical segments. We can systematically végyby incrementally a ° -..
changing the spacing between the two bends. The electrophoretic - L
mobility is a function of the overall end-to-end distance of the - w h '
molecule, and this will be largely determined by e An axial
bend is created by a bulge comprising consecutive unopposed D
nucleotides?16 As the spacing between the bends is varigsl, 114 . 14114 14 gg
changes, and a sinusoidal modulation of electrophoretic mobility o] o . * §§
is normally observed. A duplex series with identical bends would Sg i 12 1283
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resulting in a phase change in the mobility modulation. If the spacer lengin / bp spacer lengih / bp

direction of one bend is known, the change in phase can be usedFigure 2. Electrophoresis of the hairpin ribozymerAulge double-bend

to calculate both the difference in direction of the bends and an
absolute direction relative to the RNA helix.

species in polyacrylamide gels. These experiments were carried out for
constructs based upon the complete G8U hairpin ribozyme (A and C) and
the simple 4H junction (B and D). The phosphorimages of the gels are

Here we have exploited the structure of the hairpin ribozyme as shown in A and B; the tracks are labeled with the lengths of the spacer

a known bend, from which to characterize thglAilge bend, and
then used this bulge to measure the effect of ablating the-oop
loop interactions between the arms to generate a simple 4H RNA
junction (Figure 1). Ribozyme activity was substantially reduced
by a G8U substitutiod’” The bending loci were symmetrically

helices. Normalized inverse gel mobilities are plotted in C and D (filled

circles) as a function of spacer length. The calculated normalized inverse
gel migration values for the best fit model are also plotted (open circles
and gray line).

ions at 20°C (Figure 2A, B). Both sets of data exhibit a sinusoidal

located about the center of the RNA, separated by a spacer ofvariation of electrophoretic mobility with bertbend spacing,
between 8 and 22 bp, with changes in the lengths of the outer armsdamped at longer separation. This is consistent with the obtuse angle
to preserve the overall contour length at 88 bp, counting the subtended between the AD and BC axes in the average structures

ribozyme A-loop as 4 bp.

of both hairpin ribozyme-derived species in solutfoand in the

The [0-3%P]-labeled species were electrophoresed in a 10% crystal’ However, visual comparison of the two patterns of

polyacrylamide gel in 90 mM Tris borate (pH 8.3), 5 mM FRig
4126 m J. AM. CHEM. SOC. 2004, 126, 4126—4127

mobility shows a significant change in the phase when the complete
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ribozyme is responsible for inverting the natural chirality of the
four-way junction. Our conclusion that the ribozyme possesses a
chirality opposite to that of the simple junction was tested by the
construction of a new series of RNA molecules identical to the
previous ribozyme/Abulge constructs except that the legipop
interactions were disrupted not by complementation but by a single
mutation. In the intact ribozyme-&l is extruded from loop A and
inserted into a pocket within loop B, where it basepairs with 825.

A

Figure 3. Cartoon representations of the geometry_of th;ebAIge, and Folding of a G+1A ribozyme is severely impairéd? A sinusoidal
the double-bend constructs. (A) The deduced bend direction of thelge

in an RNA helix. The direction is determined relative to the lower helix. modulgtlon_of elgctrophoretlc mobility W_as observeq with a pha_se

(B) The double-bend construct based on the G8U hairpin ribozyme, with €ssentially identical to that observed using the species from which
an 8 bp spacer helix. (C) The double-bend construct based on the 4Hthe loops had been completely ablated (Figure S1). We conclude
junction derived from the hairpin ribozyme, with an 8 bp spacer helix. Note that presence or absence of the loops has no effect on the

the change in handedness between B and C.

ribozyme is replaced by its simple junction, with a shift of 4 bp in
the spacer length that gives minimum mobility. This corresponds
to a change in direction of 13@or a helical periodicity of 11 bp/
turn, indicating that the relative direction of the axes is substantially
changed when the loops are removed from the ribozyme.

Molecular graphics was used to construct models of these series

of species to investigate the direction of bending. Helices were
standard A-form geometry, and a bend angle df as used for

the A, bulge!>1°We initially introduced two bends with the same
direction (ie zero phase shift) into an 88 bp duplex. From this we
then constructed the series of species with different béead
spacing as used experimentally, with successive relative rotation

conformation of the junction unless they interact.

The straightforward interpretation of our experiments is that there
is a change of junction chirality when released from the interaction
between loops, from the left-handed conformation observed in the
crystal structure of the complete ribozykhdo a right-handed
conformation in the simple junction. This indicates that the free
4H RNA junction has the same handedness as its DNA equivafent.
Single-molecule fluorescence experiments have shown that the

junction acts as a folding-enhancer in the natural hairpin riboZA/me.

Our results suggest that the folding trajectory of the hairpin
ribozyme probably involves a change in chirality of the junction
in the course of the formation of the active loelpop interaction.
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