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ABSTRACT. Metal ions facilitate the folding of the hairpin ribozyme but do not participate directly in
catalysis. The metal complex cobalt(lll) hexaammine supports folding and activity of the ribozyme and
also mediates specific internucleotide photocrosslinks, several of which retain catalytic ability. These
crosslinks imply that the active core structure organized by [Ce]N#H is different from that organized

by Mg?" and that revealed in the crystal structure [Rupert, P. B., and Ferre-D’Amare, A. R. (2aft}E

410 780-786] (1). Residues U-2 and Ct+3 of the substrate, in particular, adopt different conformations

in [Co(NHz)e]3t. U+2 is bulged out of loop A and stacked on residue G36, whereas the nucleotide at
position+3 is stacked on G8, a nucleobase crucial for catalysis. Cleavage kinetics performet2with
variants and a €3 U variant correlate with the crosslinking observations. Variants that decreased cleavage
rates in magnesium up to 70-fold showed only subtle decreases or even increases in observed rates when
assayed in [Co(NBJg]®". Here, we propose a model of the [Co(N*T-mediated catalytic core generated

by MC-SYM that is consistent with these data.

Interactions between cations and RNA molecules are These latter conformational changes can be monitored by
critical for the biological activity of RNA, in that metal ions  the photocrosslinking and fluorescence behavior of the
promote RNA folding events and RNA-catalyzed reactions, affected nucleobased). The scope of overall conforma-
including RNA processing reactions and peptide bond tional change can be visualized by comparing the NMR
formation @). In the hairpin and hammerhead ribozymes, structures of the individual domains with the crystallographic
cations function to facilitate folding into the active confor- structures of complexes of the ribozyme with analogues of
mations but play little or no direct role in catalysi36). substrates, reaction intermediates, and produgtsX—14).
Folding and cleavage activity of the hairpin ribozyme can  Photochemical crosslinking methods have been used to
be supported by high concentrationsl( M) of monovalent examine the global conformational change that occurs upon
ions @), moderate concentrations{20 mM) of magnesium  docking (L5—-17) and to examine details of the conforma-
and some other divalent iong)( or low concentrations+1 tional changes associated with docking. In most cases the
mM) of the trivalent complex [Co(NKJe]*t. This complex results have been confirmed by high-resolution studies.
serves as an analogue of hexahydrated magnesium, in thaStacking of U42 upon G21 in the undocked conformation
it cannot make inner-sphere binding interactions with RNA (16) was confirmed by NMR analysid ), and the unstack-
). ing of these bases upon formation of the docked complex

Catalysis by the hairpin ribozyme is preceded by a major was monitored by loss of crosslinkindq). The docked
conformational change, in which the two domains of the complex did not yield spontaneous photocrosslinks, but it
ribozyme-substrate complex come into close association was found that [Co(Nk)e]*" could induce crosslinking in
with one another. This docking step is accompanied by this conformation between closely located (presumably
changes in the orientation of the Watsa@rick helical stacked) bases. This process is initiated by absorption of
elements within the complex, which can be monitored by photons by the metal ion complex at wavelengths consider-
biochemical and biophysical methods, including FRET, ably longer than those absorbed by unmodified RNA (C.
electrophoretic mobility, transient electric birefringence, and Kraemer-Chant, J. Heckman, D. Lambert, and J. M. Burke,
hydroxyl radical footprinting §—10). Concomitantly, ex- in preparation). Two active site, [Co(N)}d]*"-induced
tensive interactions between the two major nonhelical regions photocrosslinks from the docked complex linked the catalytic
are formed and result in the positioning of the likely catalytic nucleobases (G8 and A38) (Figure 1) to the substrate
bases, G8 and A38, at the scissile phosphodiester linkagenucleobases that span the active site;l1Aand G+1,
respectively {8) (P. Chan and J. M. Burke, unpublished
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45U 6sdG generates biochemically observable consequences. We have
asU g+ /C'ea"age site incorporated nucleobases with increased photoreactR®aty (
3 3 *0G x 2 26) [e.g., 4-thiouridine (4sU) and 6-thiodeoxyguanosine
lIJ lﬁﬁ"?\?? A ??(I:LIJ (6sdG)] in order to compare crosslinks obtainable i?Mg
versus [Co(NH)g]®". We have also tested the cleavage rates
RzsAAAU A G AGgA AG CGA é :g A-50Rz3’ of substrates with nucleotide substitutions at-##position
H1 5 ¥ 10 H2 C-G H3 (and ribozymes with other substitutions), comparing perfor-
654G A-U mance in Mg" and [Co(NH)g]®". Results suggest that these
G—C-45 two metals support distinguishably different active structures
20-A CA of the hairpin ribozyme and that the differences in structure
A U are consistent with differential performances of mutant
A B Al} 0 ribozyme complexes under the two sets of conditions. They
C have led us to present an alternative structure for an active
’s -AC UA_:iSP hairpin ribozyme. Distribution of the RNA between the two
26-diAP <€ A G - 654G confor_ma_ltlons described by the crystal structure e_md by this
C—G-35 crosslinking work could be influenced by the binding of the
A-U metal ions, crystallographic packing, or both.
30-C=G g
G-C MATERIALS AND METHODS
é _g RNA PreparationAll oligoribonucleotides were prepared
3 GS' by solid-phase synthesis using standard RNA phosphora-

midite chemistry. Reagents were purchased from Glen
structure of the hairpin ribozyme complex used in this study (I;%esefquh. FO:IO\letg dﬁprotgctlor:j, RNA Wai puan%dLgy
includes modifications in helices 1 and 2 in the substrate and the ena_l uring ge e_ec rophoresis and reverse-pnase , as
ribozyme 5 strand as well as a rate-enhancing U39C mutation in previously described1().

_thg_ fltzoéyq]ﬁ 3|strand. Dthf?“nShA anto)l B and he"‘,?\f%Tl atf_g t Crosslinking Assays-or large-scale preparative crosslink-
indicated. The cleavage site is shown by an arrow. Nucleotides at; ;

positions+1, +2, +3, 8, 26, 36, 37, and 38 were individually 9" Lhe. f'bO;yngg;ubS;fﬁtg ‘fog]p'exeds were a?'semtl"egogy
substituted by modified nucleotides, i.e., 4-thiouridine (4sU), 'cubating the end-labeled strand (approximately
6-thiodeoxyguanosine (6sdG), 2,6-diaminopurine (2,6diAP), or NM) with an excess of the other two strands (Figure>14{0

Ficure 1: The hairpin ribozyme substrate complex. The secondary

2-aminopurine (2-AP) as indicated by small arrows. nM) in reaction buffer (50 mM Tris-HCI, pH 8 or 9) for 10
min at 37°C (high pH resulted in higher yields of most [Co-
to carry out cleavage chemistry at the correct sli®),((P. (NH3)g]3t-induced photocrosslinks). The solutions were

Chan and J. M. Burke, unpublished results). The same [Co-allowed to equilibrate for 2 min at room temperature.
(NHz3)e]* crosslinking reactions that resulted in G8 te-A Cleavage reactions were initiated by addition of 1 mM [Co-
crosslinks also yielded a G36 to#2 crosslink. In this case  (NHz)g]3*or 20 mM MgCh. Reactions were immediately
the implied stacking interaction or close approach of residue irradiated in 96-well plates for-35 min at 312 nm using a
G36 in loop B and W-2 of the substrate strand was not in  hand-held UV lamp (UVH, 6 W;, International Biotechnolo-
agreement with the crystal structure (they are separated bygies, Inc.). Crosslinked species were fractionated by denatur-
approximately 16-15 A). Nevertheless, the crosslinked ing 20% polyacrylamide gel electrophoresis and isolated as
strands could be reconstituted to yield cleavage activity, described by Pinard et all§).
suggesting that covalent attachment of G36 arelUs at Mapping of the Crosslinked SpecieBrosslinking sites
least permissive for the reaction. were mapped as described in Pinard et H5).(Briefly, the

The analysis of RNA structure is complicated by the purified, desalted crosslinked species (with one strand end-
conformational plasticity of RNA molecules, which can fold labeled) were subjected to partial hydrolysis with alkali or
into inactive conformations, some of which are quite stable. with T1 RNase. Control end-labeled strands were similarly
The distribution of conformational isomers of an RNA digested. Samples were fractionated on denaturing 20%
molecule can clearly be influenced by such factors as (i) the polyacrylamide gels and exposed to X-ray film. Resulting
ionic composition of a solutior?j, (i) base substitutions or  sequencing patterns could be read in the alkali track up to
other covalent modificationsl@), and (iii) crystallographic ~ the nucleotide preceding the crosslink, because species
packing @O, 21). Fortunately, the catalytic activity of beyond that point are part of a branched RNA that migrates
ribozymes provides a chemical readout on the ability of the more slowly.
RNA to fold into an active conformation. It appears thatthe  Reconstitution of the Ribozym8ubstrate Complex with
active conformations can themselves be stable (heavily Crosslinked Strands and Aciiy AssaysCrosslinked species
populated) or unstable (sparsely populated). In our view, the contained two covalently joined strands out of the three used
accumulated evidence concerning the hairpin and ham-tg make up the ribozymesubstrate complex (Figure 1). The
merhead ribozymes suggests that the active hairpin ribozymerihozyme-substrate complex was reconstituted by incubating
structure is quite stable, while the active hammerhead the purified 3%P-labeled crosslinked strands in standard
ribozyme structure is formed only transient82f. reaction buffer (50 mM Tris-HCI, pH 7.5) in the presence

In this work, we have investigated whether the variant of 200 nM missing strand for 10 min at 3T. Cleavage
docked structure implied by the [Co(NJd|*"-induced G36 reactions were initiated by the addition of 1 mM [Co-
to U+2 photocrosslink actually functions in solution and (NHz)e]®*" and were allowed to proceedrf@ h at 25°C.
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Ficure 2: G36/U+2 cobalt hexaammine-induced crosslinks. (A) Mapping of G36Ildobalt hexaammine-induced crosslink. The crosslinked

sites were mapped by limited alkaline hydrolysis (Alk) and partial digestion with RNase T1 (T1). The species consisting'-8fRhe 5
end-labeled substrate crosslinked to the ribozyfrstrand (*S to Rz3XL) and the end-labeled substrate control (*S) are paired on the left.

The species consisting of th&3P end-labeled ribozyme 3trand crosslinked to substrate (S to *RXR) and the end-labeled ribozyme

3 strand control (*Rz3 are paired on the right. Sites of T1-induced cleavages are indicated by the numbered guanosine (note-tiat the G
band appears in the alkali track but is poorly cleaved by T1 RNase because of its proximity to the branched crosslink structure). (B)
Cleavage assay with the crosslinked end-labeled ribozynstr@d crosslinked to cleavable or noncleavabledédxyA—1) substrate.

Since the ribozyme'Ztrand is crosslinked to residueH2, cleavage removes thé 8eavage product (5 nt) from the crosslinked species,
generating a band with slightly increased mobility. Crosslinks were generated as described in Materials and Methods and then simply
incubated to permit cleavage. Crosslinks made with end-labeled noncleavable substrate (at right) identify the crosslinked species.

The reactions were stopped by the addition of an equal were allowed to adopt all sugar pucker conformations, and
volume of 90% formamide and 1 mM EDTA, and loaded glycosyl angles were taken from crystallographic data except
directly onto a denaturing 20% polyacrylamide gel. for U+2 (1, 14). Solutions that were similar2 A rmsd)

Cleavage Assays of Substrate Variamdl.reactions were were combined by MC-SYM. Energy minimization of the
performed in 50 mM Tris-HCI (pH 7.5), 12 mM Mgglor backbone of a representative model was done through
1 mM [Co(NHs)g]®" at 25 °C. Ribozyme-substrate com-  molecular mechanics calculations by the molecular simula-
plexes (with 5-fold molar excess of ribozyme) were prein- tion program Sander, from the Amber 7 suite of programs
cubated at 37C for 10 min in reaction buffer. The solutions  (30) using the Amber 2002 force field for RNA. All-14
were then allowed to equilibrate at 26 for 5 min. Cleavage  electrostatic interactions were set to a factor of 1.2, and the
reactions were initiated by adding the metal ions. Aliquots distance-dependent dielectric model £ 4R;) for the
of the reaction (2«L) were then taken and quenched with Coulombic representation of electrostatic interactions was
18 uL of loading solution (90% formamide, 1 mM EDTA). used. Energy minimization was performed using the steepest
Reaction products were separated on 20% denaturing poly-descent for the first 100 steps; then the conjugate gradient
acrylamide gels and quantified using a Bio-Rad Molecular method was applied until the maximum derivative was less
Imager FX system. Cleavage rates were determined bythat 0.1 kcal/(mol A). Figures were prepared using MolScript
nonlinear regression using the Origin software (Microcal (31). To obtain the scripts, e-mail J. M. Burke.

Software, Inc.).

Molecular Modeling.Models of the catalytic core were RESULTS
generated using the constraint-satisfaction program MC-SYM  Folding in the Presence of Cobalt(lll) Hexaammine Differs
(27, 28). The structural constraints used to generate the MC- from That in MagnesiumCo(NHz)s]*" and photoreactive
SYM script were derived from data generated in this work, nucleobases were used to generate UV-induced crosslinks
from previously published topographic workl; 29), and within a complex of the hairpin ribozyme and its sub-
crystallographic datal( 14). A-form RNA was assumed for  strate. The construct used for these studies (SV5) is shown
all Watson-Crick helices. Specific residues in loop A{A in Figure 1. It consists of three strands of RNA: substrate,
1, G+1, and Ut2) and loop B (G36, U37, A38, and C39) ribozyme 5strand, and ribozymé 3trand. It is a structurally
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4slU+2 to G36 crosslink
4sU+2 *S 4sU+2 S

Table 1: Summary of Photocrosslinking Experiments

nt XL agent target other XL metal activity iR to Rz3' XL  to *Rz3' XL e
ribozyme T1 Ak. T1 Ak T1 Ak T Ak
none G21/U42 Mg?t -
A-1/G8 Co(NH)+ +
U+2/G36 Co(NH)e+  +
G8 6-thio-dG8 A1l Mg?+ -
G+1 Co(NH)e®t  —
A26 diAP26 Mgt N/D
Co(NHy)®™  N/D
G36 6-thio-dG36 Mg" N/D
u+2 Co(NH)&¥+  +
u37 4-thio-U37 Mg* N/D
U+2 Co(NH)s®"  —
U+2/G36 Co(NH)&™  +
A38 2-AP38 Mg?* N/D
G+1 Co(NH)e®™  +
substrate
G+1  6-thio-dG+1 G6 Mgt -
G21/U42 Mg -
U+29G8 Co(NH)et  —
C+3/G36 Co(NH) — _—
G21/A43  Co(NH)&*"  — G M -
U+2  4-thio-U+2 A9 Mg?+ -
G8 CO(NH)eS"  — - -
G36 Co(NH)e —
C+3  4-thio-U+3 A9 Mg+ - - -
G8 Co(NH)s*t  +
RLB¢ Co(NH)e**  + ¢ D -
U+2/G36 Co(NH)™  +

aObtained at 254 nn?.P. Chan and J. M. Burke, unpublished results.
¢ Impossible to determine clearly which substrate residue was mapped

since deoxyG-1 does not give a band after T1 or alkali digestion. The . . . . .
cutoff appeared to be a mixture of#2 and G3. ¢ We were unable FiIGURE 3: Mapping of 4sl3-2/G36 crosslinked sites. The crosslinked

: : h P P ; sites were mapped by limited alkaline hydrolysis (Alk) and partial
it:)igj(reggzgﬂgmtél.guously the residue involved in this crosslink although digestion with RNase T1 (T1). The species consisting of k&R

end-labeled 4st2 substrate crosslinked to the ribozyniesand
(4sU+2*S to Rz3 XL) and the end-labeled 4skP substrate control
and kinetically well-behaved construct that eliminates some (4sU+2*S) are paired on the left. Thé-&P end-labeled ribozyme
misfolding associated with the original hairpin ribozyreé)( i Stg:jd tﬁéose?:g“fsgeltg dﬂ;ieb :ZS’% gugf;%ecgﬁﬂﬁs(*gz?;%
Crossl_lnked Species were mappe_d by _p_artlal alkallne_ hy- paired on the right. Sites of Tl-%/nduced cleavages are indicated by
drolysis (Table 1), and their catalytic activity was examined the numbered guanosine.
through cleavage assays following purification and recon-
stitution. (34) and again observed both thetH2-G36 and A-1-G8
One of the [Co(NH)g]*"-induced crosslinks described crosslinks, indicating that the fold that gives rise to these
above was observed between the ribozyme and substrate androsslinks is not unique to the SV5 construct used in the
was mapped to substrate nucleobase2ldnd ribozyme G36  present study (data not shown). These results suggest that
(Figure 2A). In the primary structure,tR is adjacent to  the ability of the nucleobase at substrate positi@dto stack
the cleavage site nucleotidet@, and G36 is close to the on G36 in the presence of [Co(N}d|*" is a general property
putative catalytic base A38. The three-dimensional crystal- of folding and catalysis of the hairpin ribozyme.
lographic structurel) shows G-1 stacked on A38, but 2 While [Co(NH;s)e]*" can initiate photocrosslinking through
is 10—15 A distant from G36, with 04 of W2 forming a the absorbance of long-wavelength UV light (312 and 365
single hydrogen bond with N2 of G8, one of the catalytic nm), itis also likely that it may occupy distinct binding sites
nucleobases. Importantly, activity assays of the2JG36 and not simply compete for those occupied by?Ng¢he
crosslinked RNA showed that it retains cleavage activity most relevant biological ligand36). Additionally, [Co-
whether assayed in [Co(N}]3t or in Mg?" (Figure 2B). (NH3)g]*" has been shown to make outer-sphere interactions
Together, these results indicate that the conformation which with more ligands than Mg does in DNA and to promote
gives rise to the Y-2-G36 crosslink is active and different the rearrangement of B-DNA into Z-DNA36). Therefore,
from the fold observed in the crystallographic structures. we sought to determine whether the&-36 crosslink could
Investigating the Alternatie Fold.To further examine the  be obtained in the absence of [Co(N&Ft. Since the+2-
differences between this active fold and the crystallographic 36 crosslink is not obtained when unmodified RNA is
structure, we introduced a series of alternative nucleotidesirradiated in M@"-containing solutions, we examined the
at substrate positior-2. All of the bases introduced at2 effects of introducing the photoreactive nucleotides 4-thiou-
(G, A, C) were found to be able to crosslink to G36, while ridine (4sU) and 6-thiodeoxyguanosine (6sdG) at positions
no crosslink was observed when an abasic linkage was+2 and 36.
present (data not shown). To ensure that236 crosslink Upon irradiation of the complex containing 4sU at
was not unique to the construct used (SV32,(33), we substrate positiont-2, a single crosslinked species was
irradiated a construct with a U39 as in the wild-type sequence observed in Mg"-containing solutions (Table 1). This
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Ficure 4: 6sdG36 crosslink. (A) Mapping of 6sdG36 crosslinked sites. The crosslinked sites were mapped by limited alkaline hydrolysis
(Alk) and partial digestion with RNase T1 (T1). The species consisting of #i&P5end-labeled substrate crosslinked to the 6sdG36
ribozyme 3 strand (*S to 6dG36Rz3XL) and the end-labeled substrate control (*S) are paired on the left. The species consisting of the
5'-32p end-labeled 6sdG36 ribozymé strand crosslinked to substrate (S to 6sdG36*R43 and the end-labeled 6sdG36 ribozyme 3

strand control (6sdG36*RZBare paired on the right. Sites of ribonuclease T1-induced cleavages are indicated by the numbered guanosine.
(B) Activity assay for isolated crosslinked species. The ribozyhstrand (Rz9 was added to crosslinked products labeled on the ribozyme

3 strand (*Rz3) in the presence of 1 mM cobalt hexaammine for 2 h. The crosslink cleavage product and the reversal to the ribozyme 5
strand are shown by arrows.

crosslink maps from substrate 4$4 to ribozyme residue To determine if other nucleotides were involved in this
A9, is inactive, and is likely to result from the undocked conformational change, we introduced photoreactive nucleo-
structure of the internal loop in domain A%, 37) (data not bases at adjacent sites in the substrate (6sdG at posifion
shown). In the presence of [Co(N)g3", two crosslinks were  and 4sU at positiont-3) and examined crosslinking and
obtained, one from 4s2 to G36 (Figure 3) and the second catalytic activity. The substitution of 6sdG at positieri
from 4sU+2 to ribozyme G8 (data not shown). Neither resulted in a significant decrease in catalytic activity, which
crosslinked species retained detectable catalytic activity whenis a primary consequence of thed2oxy substitution (note
tested in [Co(NH)g]3". The presence of 4sU at2 is not that the corresponding ribonucleoside phosphoramidite was
itself inhibitory for cleavage; thus, the lack of cleavage notavailable). Interestingly, this loss of activity was exhibited
activity of the crosslink from 4s@2 to G36 might be due  in the presence of Mg but not when the reactions were
to chemical rearrangement of crosslinked 4<J conducted in [Co(Nk)¢]®". Control experiments showed that

Before using ribozymes containing 6sdG36 in crosslinking dGT1 had the same effect on cleavage activity.
experiments, we conducted a control to determine the effect In the presence of Mg, a crosslink from 6sd&1 was
of the deoxyribose substitution at position 36 on catalytic observed to the ribozyme at G6. In addition, the previously
activity and found that the dG36 ribozyme showed activity characterized G2U42 crosslink {6) was observed in
virtually identical to that of the unmodified ribozyme (data domain B. This latter spontaneous crosslink has been shown
not shown). Irradiation of the ribozymesubstrate complex  to occur only in the undocked version of loop B7} and,
containing 6sdG36 in the presence of Mghowed that no  together with the activity assay, suggests that th® of
crosslinks were formed. However, a catalytically active Substrate &1 is important for folding into an active structure
6sdG36U-+2 crosslinked species was observed when [Co- in solutions containing M. A hydrogen bond between the
(NHs)e]3+ was present (Table 1) (Figure 4). Together, these 2-OH of G+1 and the exocyclic amino group of G36 was
results suggest that [Co(NJd]3" stabilizes a catalytically ~ Previously shown to contribute to the stability of the docked,
active conformation of the ribozymesubstrate complex, in ~ active complex &8).
which U+2 has flipped out of the internal loop of domain When a complex containing 6sd@ substrate was ir-
A to form a specific stacking interaction with G36 in domain radiated in the presence of [Co(N&|", no crosslinks were
B. obtained that originated from the modified nucleobase.
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FiGure 5: 4sU+3 crosslink. (A) Mapping of 4st3 crosslinked sites. The crosslinked sites were mapped by limited akaline hydrolysis
(Alk) and partial digestion with RNase T1 (T1). The species consisting of tFP®end-labeled 4s3 substrate crosslinked to the ribozyme

5' strand (4s4-3*S to Rz8 XL) and the end-labeled 4skB substrate control (4stl3*S) are paired on the left. The species consisting of

the B-32P end-labeled ribozyme' Strand crosslinked to the 4stB substrate (4s¥3S to *Rz3 XL) and the end-labeled ribozyme 5

strand control (*Rz9 are paired on the right. Sites of T1-induced cleavages are indicated by the numbered guanosine. (B) Activity assay
for isolated crosslinked species. The ribozymestBand (Rz3 was added to crosslinked products, labeled on the ribozynserdnd as
indicated, in the presence of 1 mM cobalt hexaammine for up to 2 h. The crosslink cleavage product and the reversal to the tibozyme 5
strand are shown by arrows.

Instead, we found multiple inactive crosslinks, includ- inactive, suggesting a different photoadduct structure. In the
ing U+2-G8, C+3-G36, and G21A43 (Table 1). These presence of [Co(NkJe]*" an inactive 6sdG&+-1 crosslink
results were somewhat surprising. Since 6$dGloes not was obtained. This result is more consistent with the
inhibit cleavage activity in [Co(NgJg]®", it might be arrangement of G8 and -4l observed in the structure of
expected to permit formation of crosslinks, at least those loop A obtained by NMR 12) and might indicate that the
normally seen in the active complex. It may be that the sulfur substitution interferes with [Co(N§#]3+ binding or
photochemical reaction of 6sd, positioned close to G8  photochemistry. Position 37 was tested because of its
and G36 in the three-dimensional structure (Figure 6), proximity to G36. Replacement of ribozyme U37 with 4sU
interferes with formation of the normal [Co(NJd]*"-induced revealed no crosslinks when Ffgcontaining solutions were
crosslinks. irradiated. However, in the presence of [Co(®4}f*, both
Replacement of €3 with 4sU has different effects on the active U-2-G36 and an inactive #2-:4sU37 crosslink
catalysis in the presence of Ffgor [Co(NHs)e]*t (see below; were identified (Table 1). We also generated a complex
Table 2). When irradiated in solutions containing ¥gwe containing 2,6-diaminopurine at position 26. Unfortunately,
obtained an inactive intradomain crosslink to A9 (Table 1). this modification was severely inhibitory, and no crosslinks
In [Co(NH3)g]3", we isolated three crosslinks, all of which were obtained.
were active. These are theH2-G36 crosslink described [Co(NHs)e]®" Suppresses the Inhibition of Clege Acti-
above and an active 4stB-G8 intradomain crosslink. The ity by Variants at Substrate Positioft2. We measured
third crosslink links 4s4-3 to a site or sites on the ribozyme cleavage rates of substrat® variants (G, A, C, and abasic)
3' strand of the complex that could not be mapped in an in solutions containing Mg (39) and [Co(NH)¢]*" and
unambiguous manner, indicating multiple crosslinks not observed that the inhibitory effects &2 variants in Mg*"
resolved by preparative electrophoresis. solutions are partially or completely suppressed by [Co-
Three other complexes containing photoactive modifica- (NHz)g]®". In the presence of magnesium ions, cleavage rates
tions were examined. Replacement of the catalytic nucleo- of U+2 variants are reduced-&0-fold, while the reductions
base G8 with 6sdG in the presence of Mghowed a are 2-4-fold in the presence of [Co(N§j]°*". The C+3U
crosslink to substrate-Al, consistent with previous crosslink-  variant showed behavior that was even more dramatic, in
ing results 11, 18) and with the crystal structureg,(14). that the cleavage rate relative to the wild-type-Lwas
While the G8A—1 crosslink in the unmodified RNA retained  reduced by a factor of 10 in Mg but was actually enhanced
catalytic activity (L1, 18), the crosslink involving 6sdG was in the presence of [Co(N§j]®". These observations are
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FicurRe 6: Models of the hairpin ribozyme active site. (A) Two different stereoviews of the MC-SYM-generated model based on biochemical
and photochemical experiments. ResidueslAG+1, U+2, and C+3 in the substrate strand are shown in ree:1Gwvhich is stacking on

A38 (yellow) and forming a WatsenCrick base pair with C25 (green) in the ribozymesfand is shown. W2 is bulged out of domain

A and is in the vicinity of G36 and U37 (both in yellow) as suggested by crosslinking experiments. Resi8uer8s a hydrogen bond

with A7 and partially stacks on G8 (blue). The latter nucleobase, in the substrate-binding strand, is stackdd andAits Watsor Crick

face is adjacent to the scissile bond. Remaining parts of substrate and ribozyme strands are depicted in transparent gray. (B) Stereoview of
the crystal structure of the four-way junction hairpin ribozyme catalytic core.

consistent with differences in structural roles for residues The primary differences between this model and the
+2 and +3 in [Co(NHs)e]®" compared to Mg". Table 2 crystallographic structures are 2-fold. FirsttR is flipped
summarizes all rates according to mutation and ionic out of the active site internal loop and is stacked on G36,
conditions. disrupting the crystallographic hydrogen bond o#2 to
Model of the Conformation Stabilized by [Co(B)E®". G8. Second, €3 is partially stacked on G8, while retaining
Using active [Co(NH)g]*"-induced crosslinks as topological the crystallographic hydrogen bond oftG with A7. We
constraints, we modeled the three-dimensional structure ofare uncertain if a 4sU at positioh3 can base pair with A7
the hairpin ribozyme catalytic core, using the constraint and be partly responsible for the stacking inferred. Flipping
satisfaction program MC-SYM(, 28). The resulting model ~ U+2 out of domain A and into contact with domain B can
(Figure 6) retains many of the features of the crystallographic be accomplished without a large rearrangement of the
structures, including the active site features that are known structure. Upon docking, €1 must move out of domain A
to be essential for catalysis: specifically the-GC25 base  to make its essential base pair with C25, and under certain
pair, stacking of catalytic nucleobase G8 on substratd A conditions, Ur2 may move out with it. This modeling
stacking of catalytic A38 on &1, and the A16C25, G11 exercise demonstrates that differences in structure and
A24 ribose zipper. interactions at the active site can be accommodated without
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Table 2: Cleavage Rates far2 and+3 Variants

mutation ion Kobs (Min~?) Kood WT
WT (U+2, C+3) Mg 0.120 1.0
C+2 Mg?* 0.002 0.017
A+2 Mg?* 0.009 0.075
G+2 Mg?* 0.003 0.025
abasic Mg+ 0.015 0.125
U+3 Mg?* 0.013 0.108
WT (U+2,C+3)  Co(NHy)&* 0.073
Cc+2 Co(NH)6* 0.029 0.40
A+2 Co(NHs)6* 0.023 0.32
G+2 Co(NH)6* 0.025 0.34
abasic Co(NR)e®t 0.090 1.23
U+3 Co(NH)6* 0.123 1.68

@ Average of two experiments. Other experiments were performed
in triplicate, and values are averages.

a global rearrangement of the structure of the ribozyme
substrate complex.

DISCUSSION

Lambert et al.

highly mobile and is found to be flipped out into solvent
(12). Furthermore, [Co(NBe)*t has been shown to promote
the rearrangement of B-DNA into Z-DNA by binding to
additional ligands in the DNA3JF), selectively stabilizing
the Z-DNA conformation much more effectively than kg

Our structural model (Figure 6A) showsH2 having been
flipped out of the domain A internal loop and stacking on
G36. In this model, catalytic base G8 is now stacked between
substrate bases-AlL and the A7C+3 base pair. In the crystal
structure (), which contains CH as its metal ion (Figure
6B), U+2 closely approaches G8, making an inferred
hydrogen bond from the O4 of+tR to the exocyclic amino
group of G8. Variants at-2 are cleaved very slowly in Mg,
and their (15-70-fold) slower cleavage rates seem to
correlate with their inability to make this interaction. In [Co-
(NH3)e]3t, the U+2 variants are only 23-fold slower in
cleavage than #2, with no distinct differences between C,
G, or A (Table 2). Indeed, the abasie2 variant cleaves
faster than W2, suggesting that the N2 has a different
role in the reaction in [Co(NkJg]®" and that it is not making

We have used an experimental approach combining he hydrogen bond interaction with G8. The model also

photochemical crosslinking, nucleotide substitution, activity

shows a slight change in position oft@, required by the

analysis, and structural modeling to examine nucleobase,jteration in the backbone at#2. The change is reflected

stacking at and around the active site of the hairpin
ribozyme-substrate complex. Our results point to a previ-
ously unidentified interaction between the two domains of
the complex, in which substrate#2 is stacked on ribozyme

in the ability to observe an active crosslink from a 4s®)
variant to G8 in [Co(NH)g]*" but not in Mg™ (Table 1),
suggesting a close approach or stack between the two
residues. It also correlates with the observation tha8(

G36. In contrast, the published crystallographic structures js 5 getrimental variant if measured for cleavage in?Mg

(1, 14) do not show the stacking of+2 on G36. Indeed,
crystallographic studies showed that® is retained within

(~10-fold slower) but is a favorable variant (1.7 times faster)
in [Co(NH3)g]®". The changes in the backbone arounti2J

the domain A internal loop that contains the cleavage site 5,4 G+3 do not alter the conformation of the cleavable
and forms a single hydrogen bond with exocyclic amino linkage between A1 and G+1, and this may be the reason

group of G8, one of the catalytic nucleobases. This latter

that the putative alternative fold, even though it has

group also shows an inferred crystallographic hydrogen bond i chemical implications for variants, allows the ribozyme

with the pro-R, oxygen of the scissile bond, which appears
to be unaffected by the conformational chant (

U+2 is a phylogenetically conserved nucleotide within the
hairpin ribozyme 40). Previous work has shown thatt2
variants are cleaved, but at substantially reduced rates (14
70-fold slower) in magnesium-containing solution39)(
(Table 2). The U2 abasic variant displayed particularly

interesting behavior, in that cleavage proceeded while the

docked conformation of the ribozymesubstrate complex

to remain active.

Overall, there appear to be three ways in which our
discovery of the U-2-:G36 stack can be reconciled with the
crystallographic structures. First, the structure containing the
U-+2-G36 stack might represent an important folding inter-
mediate, leading to the formation of an active structure
represented by the crystal structures. Second, a formal
possibility is that the crystal structure could be a folding

could not be detected, leading to the conclusion that cleavagdnt€rmediate on the pathway to the+2-G36 stacked

could proceed via formation of a transient docked complex,
as we have proposed for the hammerhead ribozyf#e [n
[Co(NHy)¢]3, these U2 variants are cleaved at rates only
2—3-fold slower than W-2, instead of the large reductions
seen in M@+ (Table 2). The abasi¢-2 and C3/U variants
actually cleave faster than the wild type in [Co(h&P*.

structure. Third, the ribozyme could have significant plastic-
ity around its active site, so that both structures are active,
and the degree to which they are populated is influenced by
the specific ionic conditions and RNA constructs that were
used. With respect to this third possibility, the results of
single-molecule spectroscopy show significant kinetic het-

Here, we have presented photochemical crosslinking data€f0geneity in the folding and reactions of the hairpin

showing that complexes containingH2 and variants can
form a docked structure in the presence of [CogNH",
which is characterized by the interdomain stacking of the
nucleobase at positioh2 on G36. These crosslinked species
retain catalytic activity, indicating that the#\2-G36 stack

is compatible with catalytic function. Together, these results
provide a structural rationale for the observation that2J

is part of a [Co(NH)e]*t-dependent structural rearrangement
of the hairpin ribozyme substrate complex. Our results are
supported by NMR analysis of this internal loop in an
isolated (undocked) domain A, which indicates thait2Jis

ribozyme @1, 42). Although the structural differences
between these populations are not yet known, the behavior
of U+2 that we have identified in this work could well
contribute to some of this heterogeneity.

Cobalt hexaammine is not a biologically relevant metal
complex, but its ability to support folding and activity of
many RNASs, plus its ability to initiate photocrosslinking with
unmodified RNA and long-wavelength UV light, makes it a
useful tool for the study of RNA structure. In this study, it
has provided a rare opportunity to investigate the detailed
differences in structure and biochemistry induced by folding
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the same small ribozyme molecule with two different metal
ions.
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