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ABSTRACT. The complex between the hairpin ribozyme and its substrate consists of two domains that
must interact in order to form a catalytic complex, yet experimental evidence concerning the points of
interaction between the two domains has been lacking. Here, we report the use of hydroxyl radical
footprinting to define the interface between the two domains. Cations that support very efficient ribozyme
catalysis (magnesium and cobalt(lll) hexammine) lead to the formation of a docked complex that features
several regions of protection, indicating a solvent-inaccessible core within the tertiary structure of the
complex. Cations that are suboptimal in cleavage reactions do not produce complexes with regions of
reduced solvent accessibility. Nucleotides encompassing the substrate cleavage &ite—(t, g+1,

and ut-2) are strongly protected, suggesting their internalization into the catalytic core. Four distinct
segments of the ribozyme are protected, including-GA14, C25-C27, A38, and U42A43. Protection

of these sites is eliminated whenr-f, an essential base at the cleavage site, is replaced by A. In addition,
mutations which are known to decrease the fraction of docked complexes decrease or eliminate formation
of a solvent-inaccessible core. Taken together, these observations demonstrate that we have identified
the catalytic core of the active hairpin ribozymsubstrate complex.

RNA molecules that serve important structural or catalytic reaction mechanisms. While the secondary structure of the
roles in nature fold into complex three-dimensional struc- hairpin ribozyme is well understood, its tertiary folding is
tures. To a large extent, our understanding of the biological not well characterized 6). Phylogenetic comparisons,
function of RNA is directly linked to our grasp of structure mutational analysis, in vitro genetics, and chemical modifica-
and folding pathways. Ribozymes are a class of RNAs tion protection mapping have established that the ribozyme
which can catalyze chemical reactions in the absence ofsubstrate complex is composed of two domains (A and B),
protein cofactors], 2). As such, ribozymes provide an ideal each containing an internal loop flanked by two short helical
opportunity to relate the structure of RNA to its function. elements (Figure 1A; ref§—10). The scissile bond is

The hairpin ribozyme is a catalytic RNA motif that is located within internal loop A. Mutations at nearly all sites
derived from the negative-strand genomic RNA of the within the internal loops inhibit activity, and it is believed
tobacco ringspot virus satellite—jSTRS\ (3, 4). It that specific contacts between the two loops must form in
catalyzes a sequence-specific, reversible transesterificatiororder for a catalytic complex to be generated. Such an
reaction that results in the endonucleolytic cleavage of an interaction would be accompanied by a sharp bend around
RNA substrate with formation of products containing 5 the junction between helices 2 and 3, which is believed to
OH and 2,3-cyclic phosphate termini or in the ligation of function as a flexible hinge between the two domaibg (
RNA molecules with such termini3f. Other small ri- 12). The kinetics of folding into this catalytically proficient
bozymes, including the hammerhed&tkurosporaVvs, and docked complex have recently been followed using fluores-
hepatitis delta virus ribozymes, generate similar cleavage cence resonance energy transfer (FRET) between domains
products ), but it is not yet clear whether they share similar A and B (13). In addition, an inactive alternative form of
the ribozyme has been characterized which adopts an
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Ficure 1: Trans-acting hairpin ribozyme constructs used in this study. Ribozymes are derived from the wild-type trans-acting ribozyme
with the following modifications. The substrate-binding domain has been optimized to reduce misfadi2@)( A U39C mutation has

been included which has been shown to increase the activity of the riboB)mEr(ally, helix 4 has been increased from 3 to six base
pairs, and the terminal loop has been changed from a GUU to a GUAA [d922). Numbering is consistent with that of the wild-type
trans-acting ribozyme from positions-B0 and 33-50 (31). Between positions 30 and 33 the numbering is from 30.1 to 30.9. (A) One-
piece ribozyme-substrate complex. (B) Two-piece ribozymsubstrate complex. (C) Ribozyme components and substrate used to study
interdomain interactions from separated loops A and B. The A domain is composed of the internal loop A flanked by helices 1 and 2 (H1
and H2). The B domain is composed of the internal loop A flanked by helices 3 and 4 (H3 and H4).

While little information is available concerning the 25) that were previously shown to be important for activity
structure of the docked ribozymsubstrate complex, sig- (21). This interaction predicts a primary constraint for the
nificant progress has been made toward elucidating theregister of the interaction between the two domains, with a
structures of the individual domains. An NMR model of direct juxtaposition of the lower half of loop B and the
domain A rationalizes some of the known chemical acces- nucleotides surrounding the scissile bond. This assembly
sibilities and sequence requirements for this domain andrequires a significant distortion of the connection between
suggests a specific pattern of noncanonical base pait®)g ( domains A and B resulting in unpairing of the AL4-5 base
In addition, a partial structure for domain B has been pair, a notion supported by chemical modification results
deduced. UV cross-linking of loop B pointed to both (10).
sequence similarity and structural homology among a family ~ While previous chemical modification experiments have
of UV cross-linkable motifs 17). The structures of two  provided important information about the structure of the
members of this group, loop E of eukaryotic 5S rRNA and individual domains, they shed little light on interdomain
the sarcin-ricin loop of 28S rRNA, have been solved by interactions, since footprints that could be attributed to
NMR spectroscopy1, 19) and are essentially identical. interdomain contacts were not obtaindd) Although the

Recently, published results on the hairpin ribozyme have study provided valuable information about the most stable
been used along with new cross-linking data to propose alocal interactions within the ribozymesubstrate complex,
three-dimensional molecular model of the ribozyme it used molecules that are now known to display some
substrate complex2(). In this model, domains A and B structural heterogeneity (J. E. Heckman and J. M. Burke,
are thought to interact through a ribose-zipper motif com- unpublished observations). Consequently, weak interactions,
posed of four 2hydroxyl groups (residues 10, 11, 24, and such as those between domains A and B, could not be
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detected. Recently, our laboratory has developed sequenceatterns of hydroxyl radical accessibility. Cleavage reaction
variants that result in molecules with greater activity and a components, kL of 0.4% v/v HO,, 1 uL of 50 mM sodium
lessened propensity for forming alternative, inactive struc- ascorbate, and AL of Fe(I)=EDTA [10 mM Fe(NH,).-
tures (5, 22, 23). (SOy)2 and 12 mM Na—EDTA, pH 8, mixed immediately

In the present study, we employ uniformly folding Prior to the start of the reactions], were added sequentially
ribozyme-substrate complexes, together with cations known to the inside wall of the reaction tubes. The use of a 1:2
to support efficient ribozyme reactions, to analyze the ratio of Fe(ll):EDTA gave identical results. The reactions
structure of the docked ribozymsubstrate complex and the ~Were initiated by a quick microcentrifuge spin and were
requirements for docking of the two domains. To differenti- allowed to proceed for 3 min in the dark at room temperature.
ate between the inside and outside of a folded RNA, the Reactions were terminated by addition of 10 mM thiourea,
solvent accessibility of the C4osition of ribose can be  90% formamide, 0.02% bromophenol blue, and 0.02%
monitored by addition of an Fe(HJEDTA complex together ~ Xylene cyanol, and products were separated by denaturing
with H,O, to the RNA in solution 24). The metat-chelator gel electrophoresis. Results were analyzed by autoradiog-
complex generates hydroxyl radicals, which attack the C4 raphy and by quantitation using a Bio-Rad GS-525 radio-
position of the sugar and result in sugar decomposition andanalytic imaging system. Quantification of the accessibility
phosphodiester cleavage5}; this information can be used  Of specific residues, and profiling specific lanes, was carried
to analyze RNA tertiary structure and RNArotein interac- out by subtracting the background of unreacted material and
tions 26, 27). The high degree of accuracy of this method correcting for gel loading differences. Identification of
for predicting solvent accessibilities of RNAs has recently protected areas by these measurements was very consistent.
been demonstrated by Cate et &8)( In general, any site which is protected fre@H by tertiary

Here, we report the examination of the hydroxyl radical folding by greater than 35% was identified as such by
protected interface between the two domains of the hairpin PNOSphorimager analysis. The level of protection between
ribozyme. We observe a solvent-inaccessible core which is Ndividual experiments varied within 20%. The patterns of
largely confined to the segments of the internal loops of the Protéction did not vary between individual experiments.
ribozyme-substrate complex. These data provide an ex- Ribozyme KineticsA ribozyme component mixture (10
perimental tool with which to study the requirements for #M substrate-binding strand and loop B at concentrations

docking of the two domains and define the register of the Indicated in Figure 6) and’&nd-labeled substrate were
interdomain interaction. preincubated separately in reaction buffer [20 mM Tris-HCI,

pH 7.5, and 1.5 mM Co(NkJe*"] at 37 °C for 20 min.
MATERIALS AND METHODS Reactions were initiated by addition of the substrate mix to
the ribozyme components and incubated at°@7 Eight
Preparation of Nucleic AcidsAll synthetic RNAs and  time points were taken over 30 min (for domain B concen-
DNAs were synthesized on an Applied Biosystems 392 trations< 1 uM) or 2 h (for domain B concentrations 1
DNA/RNA synthesizer using standard phosphoramidite 4M) by quenching aliquots of the reaction into 3 volumes
chemistry. Reagents were obtained from Glen Research.of 8 M urea, 0.02% bromophenol blue, and 0.02% xylene
Synthetic RNA was deprotected by the method of Sproat et cyanol on ice. Data were collected as described above. Rate
al. (29) and purified from truncated RNAs by gel electro- constants were derived from the initial linear phase of each
phoresis using 20% polyacrylamide a8 M urea gels,  reaction, and the average of three experiments was plotted
followed by removal from incompletely deprotected material as a function of loop B concentration. The average error in
by C8 reverse-phase HPLC. The full-length (“one-piece”) these experiments was less than 10%.
ribozyme was transcribed using a partial double-stranded Curye Fitting. The dependence of rate constants and
DNA template and purified by polyacrylamided8 M urea protection amplitudes on loop B or cation concentrations (for
gel electrophoresis as describ&@,(31). RNA was 3-end- example, Mg") were fitted to the cooperative binding
labeled with p-32P]JATP with T4 polynucleotide kinase equation
following dephosphorylation with calf intestinal alkaline
phosphatase. [Mg®t]"
Hydroxyl Radical Footprinting.Fe(ll)-EDTA cleavage = Tmax Ma2 1" + (KM9_yn
reactions were carried out by the method of Tullius and [Mg™] (K™p)
Dombroski @2), with slight modifications. Final volumes ) , o
for all reactions were 10L. The 3-end-labeled RNAs (30 0 yield an apparent dissociation conste@tfor Mg=". Al
nM), and unlabeled RNAs at a range of concentrations listed fits were calculated with Microcal Origin 4.1 software
in each figure, were added together with 20 mM Tris-HCI €mploying MarquardtLevenberg nonlinear least-squares
(pH 7.5) and cations at the concentrations listed in each '€9ression.
figure. The results of experiments employing Co@ RESULTS
as a folding cation, and controls without added multivalent
cation, were identical when these samples also contained 100 Hydroxyl Radical Footprinting Resals an Internalized
mM NaCl. In this way we were able to ensure that secondary Core of Actve Hairpin Ribozyme Substrate Complexeghe
structures assembled as depicted in Figure 1. This mixtureRNA molecules in Figure 1 were used to determine if
was preincubated at 3T for 20 min, as suggested by FRET nucleotides of the ribozyme become protected from attack
experiments for docking kinetics of the two domaiis)( by hydroxyl radicals {OH) upon folding of the ribozyme
and was further tested using the hydroxyl radical footprinting substrate complex. Their catalytic properties have been
technique. Longer folding times did not result in altered described previously, and it was found that their folding is

(1)
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Ficure 2: Formation of a solvent-inaccessible core in the tertiary structure of the ribozsuhstrate complex. The-Bnd-labeled one-

piece ribozyme (30 nM) was incubated with @& substrate (exception: all-ribose substrat@M) and 20 mM Tris-HCI, pH 7.5, for 10

min at 37°C in the presence or absence of 1.5 mM CogNH, or 12 mM M¢*, as indicated. Fe(IFEDTA reactions were carried out

at room temperature for 3 min, and the reactions were stopped and loaded onto a 10% polyacryldrBidé area gel. Arrows on the

left side of each panel indicate protected residues. Note that the identity of each band on theEBE[(A) ladders is actually one band

below the corresponding band on partial ribonuclease T1 digest and alkali hydrolysis ladders. This is due to complete removal of the
nucleotide by the hydroxyl radical attacRg). (A) Polyacrylamide gel analysis of a ribozymsubstrate complex reacted with Feftl)

EDTA reagent in the presence or absence ofM¢B) Polyacrylamide gel analysis of a ribozyme reacted with Fe@PTA reagent in

the presence or absence of different substrates and GNHC) Phosphorimager quantification of gel analysis. Fe(PTA-mediated

cleavage of the ribozyme was quantified and is represented as follows: Cleavage (counts) was plotted as a function of the distance migrated
for each RNA species. The sequence was inferred from comparison with partial ribonuclease T1 digest and alkali hydrolysis ladders (not
shown). Thin and thick lines represent ribozyme in the presence and absence of 1.5 mMs)go(Nespectively. Black bars represent

regions of the ribozyme which are consistently protected from hydroxyl radical cleavage in the presence of all-ribose substrate or substrates
that have been modified at thé f@osition of the a1 residue.

considerably more homogeneous than that of the TRSV Similar results were obtained when the Co@# buffer
“wild-type” ribozyme (15, 22). solution contained 100 mM NacCl, in agreement with data

Protection of the ribozyme was assayed using2B- suggesting that ribozyme activity in the presence CafH
labeled ribozyme in the presence or absence of differentis slightly enhanced by the addition of NaGBj. Protection
metal ions and substrate (Figure 2). ¥dons support a  Patterns were also examined in the presence of cations that
robust reaction at concentrations of approximately 10 mM support ribozyme cleavage reactions less efficiently than
in vitro and are believed to be important in supporting CO(NHs)e*" or Mg?*, or not at all. Cé*, C&*, Mn?*, and
catalysis in the cellular environment. However, recent results SP* at 50 mM, 20 mM spermidine, and 300 mM Naid
show that very similar levels of activity are obtained in the not promote the formation of an observable, solvent-
presence of Mg or relatively low concentrations(l mM) inaccessible core structure. Thus, the appearance of an
of cobalt(lll) hexammine33, 35). This indicates thatinner-  internalized core structure depends on the presence of cations
sphere coordination of components of the RNA chain is not that optimize ribozyme activity.
required for catalysis. The pH dependence of this folding transition was inves-

When Mg* was added to ribozyme plus substrate, three tigated since the lack of a strong pH dependence for catalysis
regions of protection were observed, indicating that the C4 (34), and domain dockingl1@®), has been documented for
positions of the protected nucleotides have become lessthe hairpin ribozyme and for this construct in particular (A.
accessible to solvent (Figure 2A). The protected sites includeR. Banerjee, J. A. Esteban, and J. M. Burke, manuscript in
the ribozyme segment of helix 2 (G£A14) and two sites preparation). Over the pH range 6.2.0, in the presence
within internal loop B, C25C27 and A38-A43. In the of Co(NHz)6*" , the pattern and the amplitude of ribozyme
presence of Co(Nps®" (Figure 2B,C), the pattern of protections are identical (data not shown). This result also
protection of ribozyme plus substrate is identical except rules out the possibility that the results shown in Figure 2
C39-U41 is not protected. We have consistently observed are buffer-specific. Since the extrinsic requirements for the
that Co(NH)s*t produces a slightly stronger and cleaner observed folding transition are identical to those required
protection pattern than that obtained in the presence 8fMg for cleavage, and because cleavage could be observed during



14676 Biochemistry, Vol. 37, No. 42, 1998 Hampel et al.

the course of the footprinting experiment (data not shown), A Y P I P

it is likely that the observed protection pattern results from *“'{?*‘f Vq *"qﬂ

a tertiary structure that represents an authentic intermediate

in the catalytic cycle. Mg?* =T+ =T+ [=-T+[-T+-T+
Substitution of Catalytically Critical Residues Rents Fe(I)-EDTA |-|+[+|+|+ |+ |+|+[+]+|+

Domain Docking. Two classes of noncleavable substrate OH-T1

modifications have been previously identified which permit
binding to the ribozyme with affinities roughly similar to
those of the unmodified substrate, as demonstrated by
inhibition, gel mobility-shift, and fluorescence-quenching
studies 23, 31, 36, 37). The first class involves replacement
of the 2-hydroxyl group of a1, which serves as the

attacking nucleophile in the cleavage reaction, witH-©2 -
methyl group or with a hydrogen ator23, 31, 37). The ale = ta ai=s
second class contains substitutions of the guanosine im- c-2 o == e
mediately to the ‘3side of the scissile bond {gl) with A,

C, or U (31). No cleavage of either class of inhibitor has B 0

Substrate -Ribozyme

been observed; given our limits of resolution, we estimate

that the cleavage rate is decreased by a minimum of 5 orders 407

u+2 g4 a1

of magnitude. 304 c-2
Hydroxyl radical protection experiments were conducted
using both classes of inhibitors, and dramatic differences 20+

were identified (Figure 2B,C). Protection with the analogues
containing a 2deoxy or 2-O-methyl sugar at the cleavage
site showed the same pattern as observed for the unmodified
substrates. Compared to the cleavable substrate, significantly
lower concentrations of the noncleavable analogues were
required to confer maximal protection, presumably because 80-
substrate cleavage and product dissociation that occur during
the assay necessitate a large molar excess of cleavable
substrate.

In contrast to the results using thesibstituted inhibitors,
no protection was obtained with the noncleavabielg 20
analogue (Figure 2B,C). Therefore, although the two classes
of inhibitors prevent cleavage of bound substrate, they act 0 .y S .y
through two different mechanisms. SubstitutingIgwith 2 A e
other bases prevents association of the two domains, while Distance Migrated (mm)
modification of the 20H blocks a step following docking,  Ficure 3: The cleavage site is internalized in the ribozyme
presumably reaction chemistry. substrate complex. (A) Denaturing 20% polyacrylamide gel analysis

The Reactie Phosphodiester Linkage Is Internalized in of 5'-end labeled 2deoxy-a-1-substituted substrate reacted with
the Docked ComplexTo evaluate the solvent accessibility F€()~EDTA reagent in the presence or absence of different cold

. . ribozyme components (@M each) and 12 mM Mg Diagrams

of the substrate in the folded complex, we carried out Fe(ll)  of the reaction components are shown above each set of lanes.
EDTA reactions using radiolabeled substrate (Figure 3). Experiments were carried out as described in Figure 2 and in
Several RNA constructs were used, and folding was assayedvaterials and Methods. (B) Phosphorimager quantification of gel

in the presence or absence of ribozyme and under a varietyanalysis. Thin and thick lines represent ribozyme in the presence

of ionic conditions. In the presence of both excess cold and absence of 12 mM Mg, respectively. Fe(Ify EDTA-mediated
. : . : cleavage of the substrate was quantified and is represented as
ribozyme and M§", substrate nucleotides spanning the gescribed in Figure 2.

cleavage site (€2, a1, gt+1, and u-2) became strongly

protected. Identical results were obtained in the presencepe accompanied by folding of the ribozyme core very close
of Co(NH;)e*" , but not with any of the other cations tested (g the scissile bond in the substrate.

(data not shown). Protection of the substrate was observed L T - .
only when both the substrate-binding strand and domain B Cleavage site internalization is also sensitive to mutations
are present (Figure 3 and data not shown). A substrate withi" e ribozyme (Figure 4). Kinetic and FRET analyses of
a gtla substitution was also end-labeled and tested for lP0Zyme-substrate complexes with ASOU and D50 muta-
ribozyme-dependent folding (data not shown). Although a tions in the ribozyme show that these changes reduce the
variety of conditions have been tested, we have never cleavage rates, and the proportion of docked molecules, with
observed protection of substrate that does not contain G atP50 causing the most severe decread@k (The results in
position+1. This result supports the proposal that thelg ~ Figure 4 show that, in the presence of ¥g-OH protection
substitution strongly inhibits docking of the A and B of the substrate is likewise impaired by these changes. These
domains. The general result that'Ctoms close to the  data strongly support the view that only an active ribozyme
cleavage site are internalized is important, since binding andsubstrate complex is producing the observable solvent-
cleavage of the substrate RNA by the ribozyme is likely to inaccessible core structure.
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FIGURE 4: Internalization of the cleavage site is sensitive to FIGURE6: Co(NHs)e*" is more potent than Mg at promoting the
mutations that disrupt interdomain docking. (A) Denaturing 20% formation of the docked ribozymesubstrate complex. Plot of
polyacrylamide gel analysis of '‘end-labeled 2deoxy-a-1- protection from hydroxyl radical cleavage at positiofirIgof a
substituted substrate reacted with Fe{EEDTA reagent in the ribozyme-substrate complex as a function of #agnd Co(NH)s>"
presence or absence of cold two-piece ribozymes and mutants (iconcentrations. The'&nd-labeled 2deoxy-a-1 substrate was
uM) and 12 mM Mg*. (B) Phosphorimager quantification of gel  reacted with Fe(Il-EDTA in the presence of unlabeled ribozyme
analysis. Fe(I-EDTA-mediated cleavage of the substrate at (0.5 «M) and the indicated cation. Samples were separated on
position g1 was quantified as described in Materials and Methods. denaturing 20% polyacrylamide gels. Protection of théd gosition
Fraction protected was calculated relative to a control experiment was quantified relative to a negative control in which ribozyme

without 3 loop B RNA added. RNA was omitted as described in Materials and Methods. Although
the protection pattern observed in these experiments was identical,
0.08 R e e the level of protection from independent experiments was found
losg ® to vary somewhat. Thus, the protection values from independent
R experiments were normalized to the values of the experiment that
- 0.06 2 gave the highest level of protection. Plotted values are the average
E loa §' of three independent experiments.
B 0.04 o
x 2 Protection of the substrate residue-y by a one-piece
° 002 Jo.2 i ribozyme was assayed in the presence of varying concentra-
' tions of these two cations (Figure 6). The apparent average
Kp values for Co(NH)*™ and Mg* are 174 0.5uM and
0.00g g5 5555363540 780 + 50 uM, respectively. Thus, a 50-fold higher
[loop B], uM concentration of Mg is required to achieve the same level

FIGURE 5: Ribozyme cleavage ratéd.,h) and hydroxyl radical of protection afforded by Co(N#)**. These data are in
protection of position g1 as a function of loop B concentration. close agreement with the relative cation concentration
The 3-end-labeled 2deoxy-a-1 substrate was incubated with the  requirements for cleavage reactioBd)(and further support
substrate-binding strand (1) and isolated loop B in the presence ¢ view that the complex identified here is part of the

of 1.5 mM Co(NH)e". Kinetics and-OH radical experiment . - -
samples were separated on denaturing 20% polyacryl- folding pathway for the active ribozyme. One other feature

amide gels. Reactions were carried out, and the results wereOf the Mg* and Co(NH)s** concentration curves is their
quantified as described in Materials and Methods. Fraction protecteddifference in shape. Significant increases in protection are

was calculated relative to a control experiment without loop B RNA  opserved over nearly 4 orders of magnitude of CofyH
added. concentration. The Hill coefficients for both cations are
Co(NHs)s*>" Supports a Stronger Interaction between the below 1; thus cation binding is noncooperative. One possible
A and B Domains than Mg. To test the concept that the —explanation for this result is that Co(NJg** ions may bind
interdomain contacts in Co(Nj#*"-containing solutions may  to several different sites in the ribozyme, with different
be stronger than those obtained in Mgwe measured the — apparentkps, and contribute independently to stability of
apparenKydmanBfor a reaction using the ribozyme construct the docked complex.
shown in Figure 1C (left panel), in which the two domains ~ Domain B Becomes Partially Protected by the Substrate-
are physically separated. When WMgis present, the  Binding Strand Alone.Hairpin ribozymes retaining full

KydomainB is very high for this reaction (27@M; ref 15). catalytic activity can be assembled from tw&8) or three
Figure 5 shows the result of the same single-turnover reactionstrands {4) in which the loop-capping helix 4 has been
carried out in the presence of Co(Nst". The Ky'°°PBin removed. The 3segment of the ribozyme (termedIB8op
these reactions was 0340.1uM, suggesting that Co(N§* B) was radiolabeled, and protection was examined in a

permits a much stronger interaction between the separatedsolution containing 1.5 mM Co(N#3*. In contrast to the
domains than does M@ We have also studied the results obtained with the full-length ribozyme, protection of
protection of the substrate as a function of loop B concentra- A38, U42, and A43 was observed in the absence of substrate
tion by quantifying the ribozyme-dependent protection of (Figure 7, lane 5). This protection is dependent on Co-
g+1 (Figure 5). TheKp that we observed for this interaction  (NH3)¢®", the B segment of domain B (nucleotides-132),
is 4.1+ 1.8 uM. and the substrate-binding strand (nucleotide44) (Figure

The cation concentration requirements for core formation 7) and is not observed in Mg (data not shown). The
also illustrate differences between RMgand Co(NH)e>". protected sites in the' 3egment of domain B are identical
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FiGURE 7: Co(NHs)s3" promotes the formation of an internalized ribozyme core in the absence of substrate. (A) Denaturing 20%
polyacrylamide gel analysis of &nd labeled 3loop B reacted with Fe(IlFfEDTA reagent in the presence or absence of different cold
ribozyme components (1M each) and 1.5 mM Co(NgJs**. Lane numbers refer to diagrams of the reaction components shown above
the gel. Experiments were carried out as described in Figure 2 and Materials and Methods. (B) Phosphorimager quantification of gel
analysis. Fe(ll-EDTA-mediated cleavage of the ®op B was quantified and is represented as described in Figure 2.

to those observed when the complete ribozyisebstrate cleavage products are required to saturate the ribozg®e (
complex is used. No protection of C2827, G11-Al4, 39). To achieve adequate concentrations for the mapping
or any other nucleotides within thé &egment of domain B experiments, we used synthetic RNA molecules. The RNA
has been observed in the absence of substrate or a substrat®rresponding to the'Scleavage product contains d- 3
analogue. While the protection of thesgment of loop B phosphate rather than &,2-cyclic phosphate. In the
cannot be directly attributed to binding of any specific portion presence of Co(NJs*>*, but not Mg, protection of some
of the substrate-binding strand, the interaction appears to bebut not all of the domain B sites was observed upon the
structurally similar to that of the intact ribozymsubstrate addition of only the 3cleavage product (Figure 7). Nucleo-
complex. tides 38 and 4243 are strongly protected, while nucleotides
Protection of these loop B sites was not observed in the 11—14 of the substrate-binding strand are partially protected.
full-length ribozyme construct in the absence of substrate The additional protected sites within domain B, nucleotides
or an appropriate substrate analogue. It is conceivable,25—27, were observed upon the subsequent addition of the
however, that removal of the hairpin loop which caps helix 5' cleavage product, but were not observed in the absence
4 confers additional flexibility to the complex. Consistent of the5' cleavage product (Figure 7B). Nucleotides 38 and
with this hypothesis, substitution of the GUAA tetraloop for 42—43 are strongly protected, while nucleotides-14 of
the wild-type GUU loop or a UUCG tetraloop does not the substrate-binding strand are partially protected. The
permit protection of loop B by the substrate-binding strand additional protected sites within domain B, nucleotides 25
(data not shown). 27, were observed upon the subsequent addition of the 5
In an attempt to further examine the interaction between cleavage product but were not observed in the absence of
the substrate-binding strand and domain B, we used athe B cleavage product (Figure 7B). No protection of any
construct in which the two pieces were separated (Figure part of the ribozyme was observed even when a very high
1C). No protection of domain B was observed (Figure 7, concentration (10@M) of the 5 product was added alone.
lane 4), even at very high concentrations of the substrate-Protection of nucleotides 38 and-423 may arise from direct
binding strand alone (10@M). When a duplex between interaction between the part of loop A formed by binding of
the substrate and substrate-binding strand was used, somthe 3 product, or the 3product permits another region,
protection is observed (Figure 7, lane 6). Therefore, the possibly G1+A14, to make the contact. Protection of
interaction between the substrate-binding strand and domainC25-C27 requires an intact substrate or binding of both
B appears to be very weak, so that the complex is too short-cleavage products. Our interpretation of this result is that
lived to generate significant protection, unless its componentsthe substrate residues that are protectee2(through u-2)
are covalently linked and sterically flexible as in the two- interact with loop B and protect C25, A26, and C27.
piece ribozyme. No significant differences could be detected between the
Docking in the Presence of Cleage Product Analogues protection observed by the substrate or substrate analogue
Permits the Assignment of Interdomain ContacfEhe and the protection seen when both cleavage products were
hairpin ribozyme ligates RNA molecules corresponding to present at saturating concentrations. Therefore, the structures
the cleavage products, with a rate greater than 10-fold higherof the docked complexes with substrate or cleavage products
than that of the cleavage reactio@2( 39). However, are similar, at the level of resolution obtained by this method.
dissociation rates of the cleavage products are much greateSimilarly, the protection patterns obtained were indistin-
than that of the substrate, so that high concentrations of theguishable when the' tleavage product analogue contained
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Ficure 8: Binding of ribozyme cleavage products dicRavage product leads to the formation of a solvent-inaccessible core. (A) Denaturing
10% polyacrylamide gel analysis of-8nd-labeled one-piece ribozyme reacted with Fe@PTA reagent in the presence or absence of
different cleavage products or substrate at the concentrations shown and with 1.5 mMVeJgb(NEkperiments were carried out as described

in Figure 2 and Materials and Methods. (B) Phosphorimager quantification of gel analysis-E&(MA-mediated cleavage of the ribozyme
was quantified and is represented as described in Figure 2. Abbreviation3: poduct; 5, 5 product with 3-OH terminus; 5, 5
product with 3-phosphate terminus; S)-8eoxy-a-1 substrate.
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a 3-phosphate or a'sydroxyl group. eliminate activity act to inhibit a conformational step after
One other notable feature of these experiments is thatsubstrate binding, by preventing docking of the two domains.
higher concentrations of the’ ®roduct were required to  Strikingly, the only modifications that have been shown to
obtain protection of residues 38, 42, and 43 to an extent block cleavage at a step following docking are those in which
equivalent to that observed when both products are presenthe attacking nucleophile, the'-Bydroxyl group at the
(Figure 7A and data not shown). In the presence ofMg  cleavage site, was replaced by a hydrogen oDamethyl
docking is observed when both of the cleavage products aregroup. However, a significant limitation of the FRET study

present, but not when only theé Broduct was presented to s that it does not provide any information about the tertiary
the ribozyme (data not shown), providing further support to girycture of the closed complex.
the notion that Co(Ng)¢*" facilitates folding of the complex

more efficiently than does Mg. The hy_droxyl r_adical footprinting s_tudies descri_b_ed here
are consistent with these recent findings. In addition, they
DISCUSSION considerably extend the results of the fluorescence work, in

that they provide the first specific information through which
the interface between the two domains can be defined.
Previously, this method has been used to identify protected
regions in RNA and a group | ribozym24) and the hepatitis

Although the tertiary structure of the complex between
the hairpin ribozyme and its substrate has not yet been
determined, it is clear that the complex consists of two
domains which fold independently and that an active complex :
is only formed after thert)wo domyains dock to form acloSed deltg ribozyme 4.0)‘. Qur resu!ts demonstrate that the
complex. Recently, our laboratory has devoted Considerablerelat'\./eIy small hairpin nb_o_zyme Is also c_apable OT assuming
effort to begin to understand the requirements for interaction a tertiary structure containing a splve_nt-maccessmle region.
of the two domains and to map the tertiary structure of the The fact th_at the protectt_ed region _mcludes the substrate
complex. The development of variants that fold homoge- gleavage site together with _essentlal_components of the
neously has been an essential prerequisite to the success diP0zyme suggests that reaction chemistry may take place
this work (L4, 15, 22; J. E. Heckman and J. M. Burke, inan environment where bulk solvent is excluded. There-
unpublished observations). fore, it is conceivable that the microenvironment of the active

Recently, we have used FRET to measure the kinetics of Site may have properties that are distinct from those exhibited
transitions between the open and closed forms of the by solvent-accessible RNA, and this may partially account
ribozyme-substrate complexl@). The FRET study showed for two unanticipated properties exhibited by this ribozyme,
that docking of the two domains is essential and rate-limiting the pH independence of the cleavage and ligation reactions
for the ligation reaction and is essential but is not rate-limiting (34) and the absence of requirements for divalent metal ions
for cleavage. We demonstrated that many of the mutationsor for inner-sphere coordination of metal ions in catalysis
and modifications that had previously been shown to (33—35).
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Ficure 9: Summary of protected sites in the hairpin ribozyrsebstrate complex and a comparison with the molecular model for this
complex of Earnshaw and co-worke®)). (A, top left) The secondary structure of the hairpin ribozyme is shown with squares and circles
representing sites of strong and moderate protection, respectively. Color code: blue, unprotected residues in the complex; red and green,
pairs of protected areas in the complex which are predicted to interact in the docked complex; pink, eriticasglue. (B, top right)
Stereoview of the ribbon model of the hairpin ribozyrsibstrate complex of Earnshaw et &0), C4 atoms are shown as spheres. The

color scheme is as indicated in panel A. (C, bottom) Computed solvent accessibility pb&#ons in the Earnshaw et ak@) model

plotted against the sequence. Hydroxyl radical footprinting data are superimposed on computed solvent accessibility by labeling protected
and unprotected residues as filled and open symbols, respectively. Calculations of solvent accessibility of the molecular model without
hydrogens were made using the solvation module of Insight Il software, assuming a solvent radius of 1.4 A.

What is the evidence that the complex that we have different ribozyme-substrate conformers could be present,
mapped represents a structure that is active and is awith each giving rise to a specific protected site or a unique
conformational intermediate in the reaction pathway? First, combination of protections. However, these structurally
ribozyme kinetics carried out with the same RNA constructs distinct ribozyme-substrate complexes would have to catalyze
and under the conditions used in these studies indicates thathe reaction with the same fast rate. This is an unlikely
greater than 80% of the substrate-bound ribozymes cleavealternative to the hypothesis that a single, stable, docked
the substrate with the same fast ra28)( Furthermore, the  conformation is responsible for our footprinting results.
inactive substrate-bound ribozyme conformer has been Second, the pH dependence and cation requirements for
identified as resulting from coaxial stacking of helices 2 and -OH protection closely parallel those observed for catalysis.
3, a structure that is unlikely to be capable of rendering However, no protection is seen under ionic conditions that
specific sites in the complex protected fro@H (14). Our are incompatible with activity. Third, the solvent-inacces-
footprinting results suggest that ribozymes bound to substratesible core of this ribozyme construct is largely confined to
are structurally homogeneous. In addition, constructs thatthe internal loop residues of the complex, which are
give more heterogeneous kinetic populations, for example, conserved or contain catalytically critical functional groups,
the wild-type ribozyme sequence, give very poor hydroxyl and Watsor Crick base-paired residues, which are strongly
radical footprinting results (S. E. Butcher and J. M. Burke, conserved as purines or pyrimidines 41—44). Our data
unpublished observations). Theoretically, it is possible that are, thus, very consistent with the intrinsic requirements for
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cleavage activity and the hypothesis that the active folding C25, A26, and C27. The other region of protection may
pathway requires docking of loops A and B. involve an interaction between ribozyme sequences compris-
Fourth, mutations that decrease or eliminate the catalytic ing helix 2 (G11, C12, G13, and A14) and sequences in the
activity of the complex similarly affect the footprints which 3’ segment of loop B. We have no direct evidence for this
we have observed. Thetda mutation in the substrate has interaction; however, the juxtaposition of the cleavage site
been previously shown to render the substrate uncleavablewith C25, A26, and C27 should place these helix 2 residues
and eliminates docking the two domains measured by FRET adjacent to the protected sites in tHehalf of loop B. The
analysis 13, 36). In our experiments,1a mutants do not  Co(NH;)s*"-dependent interaction between the substrate-
assemble into complexes where domains A and B are dockedbinding strand and the same sites in loop B supports this
In addition, mutating the A50 position of the ribozyme has hypothesis (Figure 7).
specific effects on theOH footprint which parallel activity Recently, Earnshaw et al2Q) have proposed a tertiary
and domain docking assays with such mutants. Our primary structure model of the complex between the hairpin ribozyme
goal in these experiments was to evaluate the hypothesis thatnd its substrate. To develop this model, new information
we have mapped the tertiary structure of the active hairpin from conformational constraint experiments was combined
ribozyme-substrate. Future footprinting experiments on with the body of published structurdunction data derived
ribozyme-substrate complexes possessing mutations orfrom a number of previous studies. To define the alignment
functional group substitutions will yield additional informa- of the two domains, these authors made the plausible, but
tion about the specific requirements for the formation of a as yet unproved, assumption that the functionally important
solvent-inaccessible core structure. 2" hydroxyl groups at A10 and G11 in domain A and at A24
What do our results tell us about the folding pathway for and C25 21) of domain B interact with one another to form
the hairpin ribozyme substrate complex? Identical hydroxyl a ribose zipper. Our laboratory has subsequently shown that
radical protection patterns are observed when the modifica-two of these 20H groups are important for interdomain
tion reaction is done during the course of a cleavage reactiondocking (L3). To evaluate this model, we used the coordi-
containing a saturating concentration of substrate and whennates to calculate the accessibility of the’ @dsitions of all
a noncleavable substrate analogue that permits docking (aswucleotides in the ribozymesubstrate complex and com-
measured by footprinting and FRET) is employed. Since pared them with the experimentally determined accessibilities
we can show that increasing the folding time of these obtained in the hydroxyl radical footprinting experiments.
complexes does not alter the protection patterns, our resultsResults are shown in Figure 9.
demonstrate that some conformational or chemical step, The model predicts four regions where the’ @dsitions
which follows docking, is relatively slow. A very similar  are expected to have little or no accessibility to solvent. The
conclusion has been reached by FRET analysis of theregions of protection predicted by the model correspond
docking event13). Additional evidence for this idea is the reasonably well with the four protected segments observed
result thatkp'o°P B s 10-fold greater thai'°°P B in experi- in the footprinting experiments (Figure 9). The experimen-
ments where the A and B domains are physically separatedtally observed protections at substrate positionslAand
(Figure 5). This is an expected result if a conformational U+2 are consistent with the model, as are three of the four
step, which occurs after docking of the substrate domain sites within helix 2 (G11, C12, and G13) and one of the
(loop A) and domain B, is rate-limiting for cleavagéy. three sites in the region of loop B that interacts with substrate.
The protection results also help us to understand the role We conclude that the Earnshaw et al. model has accurately
that metal ions play in folding, since we are now able to predicted the regions of domain A that interact with domain
monitor both folding and catalysis. Itis clear that the docked B but that it is less accurate in its prediction of how domain
complex is able to form at much lower concentrations of B participates in the interaction. This is not surprising, since
Co(NHs)e®t than Mg+ This strong correlation between the domain A has fewer degrees of freedom, and an NMR
ability of metal ions to support catalysis and folding is tertiary structure model is availabld). In contrast, no
consistent with the hypothesis that the sole function of metal high-resolution data have been obtained for domain B, and
ions in hairpin ribozyme catalysis is to assist in folding the essentially nothing is known about the structure of the H4-
active structure. This hypothesis is supported by recentproximal segment of loop B. The results presented in this
findings that high concentrations of monovalent cations paper show that further analysis of this part of the ribozyme
support efficient RNA cleavage reactions, even in the is of high importance, since it is the site into which the
presence of excess EDTA (J. B. Murray, A. A. Seyhan, N. scissile bond docks and so it may constitute a significant
G. Walter, J. M. Burke, and W. G. Scott, submitted). In part of the active site of the hairpin ribozyme.
contrast, metal ions serve both folding and catalytic roles in
the Tetrahymenaibozyme. For example, Gapermits the ~ ACKNOWLEDGMENT
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