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RNA function, including catalysis, depends strongly on ionic (a) UYLeop (B) (C) f
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conditionst2 In many cases, both structure and catalysis are most M 3 53 a ) Ji
sensitive to divalent cations, where the physiologically relevant ,_QUGSCG C;G T 'h |/
ion is assumed to be Mg. A challenge in understanding A Aum c{‘f*rf eé‘gac b /, ,nll;' sIS(C1s
Mg?"-dependent RNA catalysis has been to deconvolute metal- C..¢ ' EU \ i v a — l‘u’/ | ~—
induced structural transitions from the direct contributions of metals Stemli ¢-¢ au;\'c;ACA Ca_g“’ @), "Wl SISUTBIWE
to catalysis. Here, we are able to separate one such contribution in 1n1G>‘<Z RCSCU Stem | A u i__,_,-fi:_lj.f | S
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the ham_merhea_d rl_bozyr_ne by using snte_ dlr_ected spin labeling S-A o Al s \ sisusseuL
(SDSL) in combination with fast-quench kinetics. ::g)(‘ &y i ¢ — /) s ———
The hammerhead ribozyme (HHRZ) is a small self-cleaving RNA g flgh Meavmges &S . Y
motif which catalyzes a site-specific transesterification rea&ion. stem mg-¢ e — S
3 s y s LT

This ribozyme is found in plant virus satellite RNAs, viroids, and
other higher organisms, and is implicated in replication of circular Figure 1. Secondary structures of RNAs and SDSL EPR spectra. (A)
RNA genomes. HHRzs have long been studied as truncated, schistosom#ammerhead ribozyme. Enzyme strand is in black, substrate
minimal, trans-cleaving motifs that include a catalytically essential in blue, conserved core in bold, spin-labeled nucleotides in red, cleavage
conserved core of nucleotides at a junction of three short helices gt?nﬁggi‘?ezfgowiei”tﬂ aLE'_r!noi(r)r?ic(;osr,]t:?r: IseTqulJ:rs]C(ianilsaiglc;v;nuir?dit:: iks)(i)r):'rgz)
(Figure 1A) X-ray crystal strgcture_s of thes_e trunqatgd motifs (CE)) EPR spectlig for the metal dependence cf:‘ the spin-labeled wild type
showed a Y-shaped conformation with stem I in proximity to Stem (3—c) U-loop modified hammerheads (d), and duplex control (e). With
1.5 Many biophysical and biochemical studies have proposed similar increasing M§" concentration, the spin label at kichanges from a more
global structures, but in solution, HHRz folding is highly dependent mobile (sitel) to less mobile (site2) state only in the context of the active
on M@+ concentration§.Catalysis is also very sensitive to the HHRz (¢), which reflects docking of the two loops.
concentration and type of cation presépt. dynamics of the spin labels monitored as a function of added
For the truncated HHRz motifs, millimolar concentrations of Mg2*. The cleavage site at;€is protected by a'’20Me modifica-
Mg?* are required for activity:®* Recently, it has been found that  tion for the EPR measurements. Three lines are observed in the
extended HHRz motifs with the addition of two loops that interact EPR spectra of the singly labeled substrates, originating from the
between stems | and Il have enhanced cleavage activity at lowerhyperfine coupling between the nitroxide radical and thel 14N
concentrations of M§.7"1! FRET measurements have predicted nucleus, with lineshapes that reflect the local environment of the
that a loop-carrying HHRz from th&chistosomgerforms one- spin label (Figure 1C). As the Mg concentration is increased in
step folding with half-maximum [M&]y, = 160 uM for the a background of 0.1 M NacCl, the spectral lines broaden, and even
Mg?*-dependent step.Canny and co-workers have measured additional features are observed at higher and lower magnetic field,
Mg?*-dependent cleavage activity in an extended HHRz using which is typical when the motion of the spin label is restricted due
rapid-quench techniques and report a much weaker apparent affinityto steric inhibition (Figure 1C(c)). Addition of Mg causes
(IMg?*]y2 = 40 mM, 0.1 M NaCl) corresponding to the cleavage broadening of the spectra obtained for HHRz labels at positions
reactiont® In the latter study, maximum HHRz rates above 800 U, i, and G For a spin label at position 4, however, added
min~! were predicted (pH 8.5, 25C), which is a breakthrough in ~ Mg?* induces a distinctive splitting of the spectra. Importantly, these
HHRz research since this ribozyme has exhibited relatively slow stem | labels have little effect on ribozyme activity (see below).
kinetics in its much-studied truncated form. Combining these two  The spectral changes observed for the &hin label are assigned
independent experiments, a working hypothesis is that the loop- to docking of stems | and Il through several lines of evidence. A
containing HHRz folds into the active form with the aid of inter- HHRz construct with global loop Il substitutions (the U-loop
loop interactions at low Mg concentrations and further rearranges containing enzyme, Figure 1A) has distinctively reduced activity
to a more active structure with increasing metal concentrdfion. that is presumably due to only nonspecific interactions between
In this study, a HHRz derived fronschistosoma mansgoni  two loops (Figure 2B insef)} With increasing Mg", the U, s label
including conserved loops in stems | and Il (Figure 1Ahas been in the U-loop HHRz shows mild spectral line broadening, but there
examined to directly monitor the relationship between docking of is no evidence for a second spin label site having restricted motion
loops and its activity using SDSL and EPR spectroscopy as a probe(Figure 1C(d)). To further confirm that the spectral changes;at U
of local conformational changes. SDSL has recently been applied originate only from the folding of the HHRz, and not from
to RNA structural biology through both dynamics and distance Mg?™-induced changes in the isolated loop I, a spin-labeled duplex
measurements, where these studies have shown that SDSL camimicking stem | has been tested (Figure 1B). As shown in Figure
provide a novel type of RNA structural probeHere, nitroxide 1C(e), almost no spectral changes occur with addeé™Nty the
spin labels were attached td-I9H, substitutions in the HHRz spin label attached to loop | in the absence of the rest of the HHRz.
substrate strands (Figure 1A (red), Supporting Information) and the These data indicate that only intramolecular tertiary interactions in
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. : required to link it to HHRz docking. The nature of the much weaker
ol s vﬂj (B) Mg2* interactions that support activity remains unknown, but this
2 —=—Site 2 L 7 ool # I influence may be monitored in future experiments W|th site-specific
éGO r Soal]  TssCiome structural probes located closer to the HHRz catalytic core.
2o Soary e sSlisheEs In summary, the combination of SDSL and fast-quench kinetic
< L e N B TR T measurements on the newly extended HHRz motif has shown that
b 0l [ ot the docking of stems | and Il occurs at low Rigconcentrations

. T slow . (IMg?"]1/2.40ck= 0.7 MM, 0.1 M NaCl), but a much weaker Kig

0 2 4 6 8 10

01 1 10 100 interaction (IMd*]1/2.cat~ 90 mM) increases activity to very high
[Mg®'] (mM) [Mg”'] (mM)

! _ maximum rates of-1 s This situation is reminiscent of that found
Figure 2. Magnesium dependence of the folding and cleavage of the in the ribonucleoprotein ribozyme, RNase P, where RNA catalysis

hammerhead in 5 mM HEPES, 0.1 M NaCl, pH 7.0, D. (A) Site in the absence of protein requires very high cation concentrations.
population, calculated using the microscopic ordered macroscopic disordered

(MOMD) model (Supporting Information), predicts the half-maximum N the case of RNase P, addition of the protein component

[Mg?*]1/2.d0ck for complete docking as 0.6% 0.05 mM. (B) Biphasic significantly reduces the Mg concentration needed for chemistry.
catalysis of the hammerhead ribozyme. The single turnover rate constantAt physiological Mg" concentrations of-1 mM, catalysis in the
of the fast phase®) increases dramatically with high Migconcentrations, HHRz motif of Figure 1 exceeds 1 mi# but is far below its

with half-maximum [Mg*]uz,cat= 91.4 4+ 45.8 MM ( = 0.96, kmax =

54.2 +£ 13.4 mirml) for HHRz catalysis (Supporting Information). Inset capacity. While pgrhaps th'_s rate Is SuffI(_:I.ent for biological pur.-
compares activities between sISGIWIE (@), sIS(Upo/wiE (), and poses, the possibility remains of an additional and as-yet undis-
SIS(UL1)/WEE (®) with kops= 1.5+ 0.2, 2.7+ 0.5, and 3.8 0.7 mir?, covered structural element, either RNA or protein, that provides
respectively, and sIS@4)/WtEUL control () at 1 mM Mg?*. electrostatic support to the HHRz core.
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