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The complex formed by the hairpin ribozyme and its
substrate consists of two independently folding domains
which interact to form a catalytic structure. Fluores-
cence resonance energy transfer methods permit us to
study reversible transitions of the complex between
open and closed forms. Results indicate that docking
of the domains is required for both the cleavage and
ligation reactions. Docking is rate-limiting for ligation
(2 min) but not for cleavage, where docking
(0.5 minY) precedes a rate-limiting conformational
transition or slow-reaction chemistry. Strikingly, most
modifications to the RNA (such as a G;A mutation
in the substrate) or reaction conditions (such as omis-
sion of divalent metal ion cofactors) which inhibit
catalysis do so by preventing docking. This demon-
strates directly that mutations and modifications which
inhibit a step following substrate binding are not
necessarily involved in catalysis. An improved kinetic
description of the catalytic cycle is derived, including
specific structural transitions.

Keywords catalytic RNA/domain docking/metal ions/
reaction mechanism/RNA folding

Introduction

The hairpin ribozyme is an endonucleolytic RNA motif
50 nucleotides in length that was first discovered in the
negative strand of the tobacco ringspot virus satellite RNA
(Buzayaret al,, 1986; Feldsteiet al., 1989). The naturally
occurringcis-acting ribozyme can be truncated and con-
verted to actin trans by deletion of sequences that

folding domains termed A and B, each consisting of an
internal loop flanked by two short helices. The substrate
binds to domain A through helices 1 and 2, and becomes
reversibly cleaved within internal loop A (Figure 1A).
Notably, the identity of virtually all bases within the two
internal loops is important for activity of the ribozyme.
In contrast, the sequence of the four helices can vary
widely, provided that Watson—Crick base-pairing is main-
tained.

Two lines of experimental evidence point to the impor-
tance of a specific interaction between the two domains.
First, the introduction of variable-length linkers between
the 5 end of the substrate and thééhd of the ribozyme
showed that constraining helices 2 and 3 to a coaxial
stack eliminates catalytic activity (Feldstein and Bruening,
1993; Komatstet al, 1994). Kinetic and conformational
analyses showed that the standarahsribozyme con-
struct can adopt an analogous structure that represents a
misfolded conformational isomer (Estebat al, 1997,
1998). Secondly, we have shown that catalytic activity
can be reconstituted following separation of the two
domains (Butcheet al, 1995). At high RNA concentra-
tions, cleavage activity approaches that of the unmodified
ribozyme, suggesting that the interdomain tertiary inter-
actions are specific, but relatively weak.

Exploration of the interactions between the two domains
has begun only recently. A tertiary structure model of the
hairpin ribozyme has been developed from published
biochemical data and new cross-linking results (Earnshaw
etal, 1997). In this molecular model, interdomain contacts
include specific contacts between theh¥droxyl groups
of essential ribose moieties within helix 2 of domain A,
and partners in loop B.

The reactions catalyzed by the hairpin ribozyme are
known to be stimulated by metal ions (Hampel and Tritz,
1989; Chowriraet al, 1993a) as is the case for other
small ribozymes that generaté,2 cyclic phosphates,
including the hammerhead, hepatitis delta Aledirospora
VS ribozymes (Sigurdssoet al., 1998). Magnesium ions
are likely to be the most important metal ions that support

are not required for substrate recognition and catalysis catalysis in the biological environment. Although divalent

(Hampel and Tritz, 1989)Transacting hairpin ribozymes

metal ions have been thought to play an essential role in

have been used by several groups to explore structure-reaction chemistry, two recent results have brought this

function relationships (reviewed in Burket al, 1996;

into question. First, cobalt (lll) hexammine can fully

Earnshaw and Gait, 1997), and to investigate their use support folding and catalysis by the hairpin ribozyme,

for selective inhibition of mammalian gene expression
(reviewed in Welchet al,, 1996).

The secondary structure of the hairpin ribozyme has
been established through the analysis of limited phylo-
genies derived from natural evolution (DeYourg al,,
1995), more extensive phylogenies derived fromvitro
selection (Berzal-Herraret al,, 1993), and through muta-
tional studies (Andersoret al., 1994). The ribozyme—
substrate complex is comprised of two independently
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despite the fact that its fully occupied and stably coordin-
ated ligand shell precludes inner-sphere contacts between
the metal ion and any component of the RNA (Hampel
and Cowan, 1997; Nesbit al, 1997; Younget al,
1997). Secondly, we have found that high levels of catalytic
activity can be obtained for the hairpin, hammerhead and
VS ribozymes using monovalent salts in the presence of
chelating agents (J.B.Murray, A.A.Seyhan, J.M.Burke and
W.G.Scott, in preparation). The function of metal ions in

© Oxford University Press
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Fig. 1. Kinetics of tertiary structure formation in the hairpin ribozyme—substrate complex can be monitored by ARRERe(double-labeled
ribozyme—substrate complex utilized for energy transfer measurements. The two-strand hairpin ribozyme (Rz, capital letters) binds the 14-nucleotide
substrate (S, small letters) to form the A domain comprising helices 1 and 2, and the symmetric internal loop A. This part of the molecule is
connected via a flexible ‘hinge’ to the B domain of the ribozyme containing helices 3 and 4, and an asymmetric internal loop B. Fluorescein and
hexachlorofluorescein are coupled as donor—acceptor pair totf@m@ 3-ends of the 5half of the two-strand ribozyme to enable distance-sensitive

FRET (curved arrow). The short arrow indicates the potential cleavage Bjt&chematic representation of a minimal kinetic mechanism for hairpin
ribozyme catalysis as revealed by the current study. Substratens (S) is bound by the ribozyme (Rz) into an open, extended conformation. This
structural conformer is flexible enough (curved arrows) to fold into a docked, bent structure, enabling loops A and B to interact. Subsequently, site-
specific cleavage occurs (short arrow), the complex unfolds into an open complex aricatit 3 cleavage products (B and 3P) dissociate. All

steps are fully reversible and can be characterized by individual rate constants as indicated. It is notable that there might be additional steps involved
in catalysis, such as other structural changes, to reach the chemical transition state. Noté thatgiiryy adenosine on the ribozyme near the hinge

favors docking over coaxial stacking of the structural domai6$.Hluorescence signals over time as a result of structure formation in the
ribozyme—substrate complex. The double-labeled ribozyme displays a strong signal for the acceptor fluorophore and a weaker one for the donor.
Upon manual addition of a 10-fold excess of non-cleavable substrate analog [f(@#&h a deoxy modification at the scissile bond], significant

quenching of the acceptor fluorescence is observed due to rapid ribozyme—substrate complex formation. Subsequently, the acceptor signal increases,
while the donor signal decreases at the same rate. To analyze the data, a normalizZgdfdtie acceptor:donor fluorescence as a measure for

relative FRET efficiency was least-squares-fitted with the equatisny, + A(1—), yielding a first-order reaction rate constant of & 0.61

min~L, with A = 0.40 andx? = 0.00032 (solid line). Conditions were 200 nM substrate and 20 nM hairpin ribozyme in 50 mM Tris—HCl, pH 7.5,

12 mM MgCh and 25 mM DTT, at 25°C (standard buffer).

catalysis therefore appears to be to support folding of the (1996) pioneered these methods for group | ribozymes.
RNA into a catalytically active structure, rather than a more Previously, we have employed fluorescence quenching
direct function in reaction chemistry, such as activation of and dequenching assays to study the initial binding and
a bound water molecule as a general base catalyst ordissociation of substrate analogs to the hairpin ribozyme
inner-sphere coordination to functional groups in the (Walter and Burke, 1997; Waltest al, 1997). Here we
transition state (reviewed in Walter and Burke, 1998). report the application of fluorescence resonance energy

To better understand the molecular basis of catalysis transfer (FRET) methods to elucidate the role of domain
by the hairpin ribozyme, we have been working to dissect docking in the hairpin ribozyme reaction pathway. Our
its reaction pathway into individual steps (Figure 1B). In results demonstrate that a transition of the ribozyme—
particular, it is very important to be able to monitor the substrate complex from an open (undocked) into a closed
interaction between the two domains in a manner that is (docked) form is a required step preceding substrate
independent of catalytic activity. The incorporation of cleavage and ligation, and that docking is the rate-limiting
fluorescent labels into specific sites of the ribozyme— step for product ligation. Multivalent metal ions are
substrate complex provides a spectroscopic tool to monitor necessary for efficient docking of the two domains at low
the interactions between these sites, and to provide real-ionic strength and this may represent the predominant
time information on structural changes. Turnet al. function of metal ions in catalysis.
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Docking of the two domains of the ribozyme-

substrate complex monitored by FRET

To enable FRET measurements between domains A and
B, we utilized a double-stranded version of the hairpin
ribozyme which lacks a closing loop on helix 4 (Figure
1). This construct allows for synthesis of ribozyme and
substrate by solid-phase synthesis (Chowrira and Burke,
1992) so that a'Jluorescein and a’texachlorofluoresc-

ein can be introduced as a donor—acceptor pair for FRET
(Figure 1A). To ensure that all complexes contain donor

fluorescence, arbitrary units

and acceptor fluorophores in a 1:1 ratio, we coupled both 500 550 600 650
fluorophores to the&ibozyme segment. A 10-fold molar wavelength, nm

excess of the 3ribozyme segment was used to drive all

of the fluorescently labeled strand into a complex. The Fig. 2. Steady-state fluorescence emission spectra of 20 nM double-

; I labeled hairpin ribozyme in standard reaction buffer. Spectra were
sequence of both nbozyme and substrate are Optlmlzedtaken before (dash-dotted line), immediately after (dashed line) manual

for rapid substrate binding and efficient catalysis (Esteban aqgition of a 10-fold excess of non-cleavable substrate analog
et al, 1997; Walter and Burke, 1997). [S(dA_y)] and after 20 min for complete tertiary structure formation of
Previously, the reaction pathway of the hairpin ribozyme the ribozyme—substrate complex (solid line). Excitation was at 485

has been described as being composed of three majOInm' The curves were obtained by averaging five spectra from the same
solution. After addition of substrate analog, the acceptor fluorescence

re_verSi_bl_e steps: substrate binding; cleavage; and prOdUCﬁs quenched and its emission peak maximum is shifted slightly from
dissociation (Hegg and Fedor, 1995; Estebaal, 1997; 558 to 561 nm. In a construct where theeid of the substrate is

Walter and Burke, 1997). We suspected that a conforma- linked to the 3-end of the ribozyme so that helices 2 and 3 of the
tional change, docking of the two domains, occurred after ribozyme-substrate complex become fused, the spectrum is dominated
binding and before the chemical steps of the reaction P e donor emission peak at ~515 nm (dotted fine).

(Figure 1B). Our results clearly show that this is the case

(Figure 1C). cleavable substrate analog was calculated from a single-

Upon addition of a 10-fold excess of non-cleavable exponential fit to the normalized acceptor:donor fluores-
substrate analog S(df) to the double-labeled ribozyme  cence ratio to yieltkyock ops= (0.64 = 0.04) mirr? (Figure
under standard conditions (50 mM Tris—=HCI, pH 7.5, 1C). Neither the rate constant nor the amplitude of
12 mM MgCh, 25 mM DTT as antioxidant, at 25°C), a the increase changed significantly as substrate analog
rapid acceptor fluorescence decrease is observed which igoncentration was increased by 10-fold [from 200 nM to
completed within the time of manual mixing (~5's; Figure 2 uM S(dA_,); Table Il], consistent with the underlying
1C). Under these conditions, substrate binding is known process being a tertiary structure transition in the
to be very rapid K,, ~2x10® M~!min-%, half-time 1.5 s; ribozyme—substrate complex which is considerably slower
Estebanet al, 1997; Walter and Burke, 1997). Because than substrate binding. However, since the domain docking
the fluorescence decrease was observed only with cognatestep has to be assumed to be reversible (and will be
substrate, we conclude that this rapid quenching is due toproven to be so), the observed docking rate constant
nucleobase-mediated quenching of hexachlorofluoresceinky,.x obsiS at least a combination of the elementary docking
in the ribozyme—substrate complex, presumably by a base-and undocking rate constants as identified in Figure 1B
specific electron transfer mechanism involving the 3  (Johnson, 1992):
terminal uracils of the substrate (Walter and Burke, 1997). _

Following substrate binding, changes of both donor and Kdockobs = Kaock + Kundock @
acceptor fluorescence occurred which are consistent withif the FRET increase reflects more than a single reversible
a decrease in the mean distance between the two fluoro-docking stepkgock onswould be of an even more complex
phores (Figure 1C). Figure 2 illustrates the changes in the nature. For example, lowering the substrate concentration
ribozyme fluorescence emission spectrum before and afterto 20 nM (to a 1:1 ratio with ribozyme) results in a
substrate addition. Since the donor and acceptor fluoro-decrease irkyock obs(Table 11) demonstrating that, at low
phores are coupled to the ends of the two domains (Figuresubstrate concentration, substrate binding contributes to
1A), docking of the two domains can be expected to result the observed docking rate. For docking in the presence of
in such an increase in transfer efficiency, with the donor cleavable substrate, the cleavage rate has to be considered.
becoming quenched and the acceptor emitting the trans-For the short substrates utilized in this study, product
ferred energy. Using tetramethylrhodamine as the acceptordissociation is very rapid (Hegg and Fedor, 1995; Esteban
gave very similar results. The changes in the ratio of et al, 1997). Therefore, cleavage can be regarded as
acceptor:donor fluorescence provide a relative estimateirreversible and equation 1 is replaced with the following:
for FRET efficiency (Table I). Fluorophore anisotropies _
were also measured; an increasing anisotropy of the Kaook,ops = Keock *+ Kundock T Keteav @
acceptor fluorescence is indicative of decreasing fluoro- Interestingly, the fluorescence emission spectra of all
phore mobility upon substrate binding and complex dock- hairpin ribozyme complexes with a flexible hinge between
ing (Table I). helices 2 and 3 are largely dominated by the acceptor

The rate constant of the change in relative FRET peak (Figure 2). Fluorescein and hexachlorofluorescein
efficiency in the presence of 10-fold excess of non- are characterized by a Fer radiusR, (the distance at
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Table I. Fluorescence properties of the double-labeletidf of the hairpin ribozyme (8z) before and after complex formation with thetsalf
(3'Rz) and the non-cleavable substrate analog S{3A

Molecules Ratio of acceptor:donor fluorescence Acceptor anisotropy Donor anisotropy
Q = FsedFs1s Aged Agys”

20 nM 5Rz 55+ 05 0.040+ 0.002 0.15+ 0.01

20 nM 5Rz + 200 nM 3Rz = 20 nM Rz 2.1+ 0.2 0.076= 0.002 0.13+ 0.01

20 nM Rz + 200 nM S(dA.,), before docking 1.7 0.1 n.dd n.dd

20 nM Rz + 200 nM S(dA.,), after docking 2.4+ 0.2 0.10=+ 0.01 0.13+ 0.01

20 nM 5Rz + 200 nM 3Rz, covalently linked to S(dA) 0.7x0.1 0.10%+ 0.01 0.074= 0.002

3All values were obtained in 50 mM Tris—HCI, pH 7.5, 12 mM MgC25 mM DTT, at 25°C.

bAcceptor anisotropies were calculated from the mean of each 100 emission intensity values at 560 nm for the four different excitation and emission
polarizer alignments using equation 4.

®Donor anisotropies were calculated from the mean of each 100 emission intensity values at 515 nm for the four different excitation and emission
polarizer alignments using equation 4.

dn.d. = not determined.

Table Il. Docking rate constants and relative amplitudes for modified complexes of substrate with double-labeled hairpin ribozyme as observed by
an increase in their FRET sigfal

Substrate Ribozynfe Docking rate constant Relative docking amplitude
Kdock obs(Min™?) Adock ref
200 nM S(dAp 20 nM Rz(Asq) 0.64+ 0.04 1.00= 0.12
2 pM S(dA_y) 20 nM Rz(As0) 0.65+ 0.04 1.07+ 0.12
20 nM S(dA.p 20 nM Rz(Asq) 0.44+ 0.04 0.91+ 0.12
200 nM S 20 nM Rz(Ag) 1.02 = 0.07 0.95+ 0.20
1pM S 20 nM Rz(As) 1.09+ 0.07 0.88+ 0.20
200 nM S(20MeA_y) 20 nM Rz(Asq) 0.84+ 0.04 0.86+ 0.12
200 nM S(dA 20 nM Rz(Usq) 0.22+ 0.02 0.42+ 0.05
200nM S 20 nM Rz(Yo) 0.38+ 0.02 0.37+ 0.05
200 nM S(20MeA_) 20 nM Rz(Usq) 0.33+ 0.02 0.33+ 0.05
200 nM S(dAy) 20 nM RzQs0) 0.20+ 0.02 0.28+ 0.03
200nM S 20 nM RZ_50) 0.33+ 0.02 0.21+ 0.03
200 nM S(20MeA_)) 20 nM Rz{\50) 0.30* 0.02 0.08+ 0.01
200 nM S(dAy) 20 nM Rz(Gyp) 0.48+ 0.04 0.98+ 0.12
200 nM S(dAp 20 nM Rz(Gy) 0.27 = 0.04 0.70+ 0.10
200 nM S(G;1A) 20 nM Rz{sp) - 0
200 nM S(U;,G,dA 3 20 nM Rz(Asg) 1.03 + 0.06 (0.10+ 0.02f 1.00 + 0.07 (0.3 0.05
200 nM S(C.3A,dA_Y 20 nM Rz(A50) 0.97 = 0.05 0.77+ 0.12
200 nM S(dAl) 20 nM RZ(/%()G,U42C,A43G) - 0
200 nM S(dAy) 20 nM Rz(dAy,Asp) 0.94+ 0.05 1.05+ 0.12
200 nM S(dAp 20 nM Rz(dAy,Asq) 191+ 0.05 0.11+ 0.05
200 nM S(dAy) 20 nM Rz(dGy,As0) 0.65* 0.20 0.05+ 0.03

3Data analysis was as described in Materials and methods and as exemplified in Figure 1C; deviation ranges were obtained from at least two
independent experiments; all values were measured in 50 mM Tris—HCI, pH 7.5, 12 mM,N§GhM DTT, at 25°C.
bRz(As) is the standard hairpin ribozyme construct as described in Figure 1Azf4$ lacking a nucleotide in position 50 (see Figure 1A).

®Docking amplitudes were normalized to the value for 200 nM SgiA& complex with 20 nM Rz(Aq).

dA double-exponential equation had to be used to accurately fit the data for substrate mutasts,88;); the second phase values are given in

parentheses.

which energy transfer is 50% efficient) of 4.4 nm. FRET A and B, so that the fluorophores can interact transiently
efficiency decreases strongly with the fluorophore distance even without domain docking.

r [proportional to R,/r)%], and the length of an extended

ribozyme—substrate complex as depicted in Figure 1B Docking is required for substrate cleavage, but is
would be ~12 nm. Therefore, FRET efficiency for the not rate-limiting
complex is significantly higher than would be expected To study the significance of domain docking in the catalytic

for a rigid molecule of that length (Wu and Brand, 1994). cycle, we used unmodified substrate to follow cleavage
This was tested through the fusion of helices 2 and 3 by activity, as measured by a radioisotopic assay, together

covalently linking the substrate @and ribozyme 3ends,

with conformational events, as measured by FRET (Figure
leading to the expected donor-dominated spectrum (Figure3A). Other work in our laboratory indicates that changes
2). Here, the remaining acceptor peak is mainly due to to the 3 end of the ribozyme can increase stacking of
direct excitation. The high energy-transfer efficiency in all helices 2 and 3, with a concomitant decrease in cleavage
other ribozyme—substrate complexes supports the notion ofactivity (Estebaret al., 1998; J.E.Heckman, N.G.Walter,

a flexible and highly dynamic hinge between their domains K.J.Hampel, E.K.O’Neill and J.M.Burke, in preparation).
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Fig. 3. Substrate docking precedes cleavade. Upper panel: FRET
increase after addition of 200 nM cleavable substrate to 20 nM
ribozyme in standard buffer at 25°C. The data (1 dattthfer three
ribozymes with distinctive 3dangling overhangs (#, Usg andAsg)

were least-squares-fitted to the equatjos y, + A(1-e 1), yielding

first order reaction rate constants of # 1.06 mirr! (A = 0.40,x2 =
0.00031), I¥ = 0.38 mirrt (A = 0.16,x% = 0.00024) and ¥/ =

0.34 min! (A = 0.095,x2 = 0.0002), respectively (solid lines).

Lower panel: radioactive cleavage assay with the same three double-
stranded ribozymes without fluorophores under single-turnover
conditions. Note that the occurrence of cleavage product is delayed by
a lag phase of similar time frame as the occurrence of the FRET
increase. The data could be fitted to the double-exponential equation
Y = Yo + Af(1-e™) + Ay(1-e"?) with a ‘fast’ phase of negative
amplitudeA;, which characterizes the lag, and a ‘slower’ second phase
for the cleavage. Cleavage rate constants were 0.144'min

0.086 mir! and 0.024 mint for the Asg, Usg and Asq ribozymes,
respectively. B) FRET increase after addition of 20 nM of either
cleavable substrate (S) or non-cleavable substrate analog_[J)dé

20 nM ribozyme in standard buffer at 25°C. The data (1 datuh s

for S(dA_;) were fitted to the equation = y + A(l—-e') (solid line),
yielding a first-order reaction rate constant of # 0.44 mirr® (A =
0.39,x° = 0.00049). The cleavable substrate displays an initial FRET
increase that decreases again. The decrease (1 datumeas fitted to

a single-exponential decay curve ¥ y, + A(eM)], yielding a rate
constant of I = 0.116 mit! (A = 0.09,x? = 0.00025) (solid line).

Therefore, the unmodified hairpin ribozyme, containing a

upper panel). Each of thé-Berminal modifications results

in a significant decrease in both docking rate (0.38in
for Usp and Kgock obs = 0.34 mirrt for Asg) and FRET
amplitude (0.16 and 0.095, respectively). Cleavage rates
(Figure 3A, lower panel) followed the same trend, with the
rate constant for the 44 variant (0.086 min') intermediate
between those of the unmodifiedsA(0.144 mirrY) and

Dsp (0.024 mirr?).

Comparison of the time courses of docking and cleavage
clearly indicate that cleavage follows docking. Further-
more, the ribozyme reactions show a pronounced lag
phase at the onset of cleavage, both with an excess of
100 nM (Figure 3A) and 1M ribozyme (data not shown).

In each case, the FRET increase clearly precedes cleavage,
demonstrating that the rate-limiting step for cleavage is
an event that occurs after docking.

Docking rates and FRET amplitudes were not signific-
antly altered when a 10- or 50-fold molar excess of
cleavable substrate was present (Table II), indicating that
steady-state conditions with a constant population of
docked complexes are maintained. However, when an
equimolar ratio of cleavable substrate to ribozyme was
used, the FRET signal increased briefly and then started
to decay with a rate corresponding to the cleavage rate
(0.12 mirrY, indicating docking of uncleaved substrate
and a subsequent undocking step following cleavage. This
was confirmed by demonstrating that a non-cleavable
substrate analog only showed a single-exponential increase
in FRET signal under the same conditions (Figure 3B).

Together, these observations are consistent with the
following model: (i) substrate docking rates are generally
faster than those of cleavage so that docking precedes
cleavage; (ii) the amplitude of FRET signal increase is
proportional to the fraction of docked complexes, com-
plexes in an undocked conformation do not contribute to
the signal increase; (iii) docking is required prior to
cleavage so that the higher the fraction of docked com-
plexes, the faster the cleavage rate; and (iv) after cleavage,
product dissociation is accompanied by relaxation into an
undocked state.

These assumptions are reflected in the reaction scheme
of Figure 1B, and are fully consistent with a computer
simulation of the cleavage time courses based on this
scheme, obtained using the program HopKINSIM 1.7.2.
A unigue solution to the time dependence of formation
and decay of the docked intermediate (i.e. the solution to
equation 2) could not be obtained from the available data,
since this step requires an absolute measurement of the
fraction of docked complexes (Johnson, 1992) and the
nature of steady-state fluorescence measurements only
provides relative values. However, by comparing cleavage
activities of ribozyme variants with a different tendency to

3'-terminal adenosine at position 50, was analyzed along forminactive, coaxially stacked conformers (J.E.Heckman,

with two variants, containing a substitution Y and a
deletion Qs at this position. The k), variant can poten-
tially form a base pair with 4, of the substrate-binding

N.G.Walter, K.J.Hampel, E.K.O’'Neill and J.M.Burke, in
preparation), we are able to estimate the fraction of active,
docked complexes in the basic construct of Figure 1A to

strand and, therefore, has a potential alternative extendedde ~65% under conditions of substrate excess. This value

conformation with a shifted stacking surface.

The unmodified ribozyme (&) displayed the fastest
rate (1.06 min) and greatest amplitude (0.40) of the
FRET increase that accompanies docking (Figure 3A,
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leads to estimates fd{yoe and KngockOf 0.53 mirrt and
0.32 mirL, respectively. Substrate docking into an active
ribozyme—substrate complex therefore is ~3.5 times faster
than cleavage and shows significant reversibility.



Docking is required for ligation

RNA molecules corresponding to the products of the cleav-
age reaction can be ligated very efficiently by the hairpin
ribozyme (Buzayaret al., 1986; Hegg and Fedor, 1995)
with a rate constant for our construct of ~2.3 miEsteban

et al, 1997). This rate is significantly greater than the
observed rate of cleavage. To study the role of docking for
this step without interference with reaction chemistry, we
performed the FRET assay usinggoduct analogs with a
phosphorylated or hydroxyl' 2nd. Ligation would require

a 2,3'-cyclic phosphate end at the reaction site. By adding
either the 3 or 5 product analog first, we could show
that the presence of both cleavage products is required for
significant docking, i.e. FRET signal increase (Figure 4;
Table Ill). The rate constant for docking involving thé 3
phosphorylated Sproduct (8P) under standard conditions
was 2.5 min’, a value remarkably close to the ligation rate
constant. This value was similar for either 5 or {iM
product concentration, demonstrating that the ribozyme is
saturated with product strands under these conditions
(Table III). However, docking in the presence offsoduct
with a 3 hydroxyl end [3P(3 OH)] appeared to be faster
(3.8 mirrt) and to a lower FRET signal level (relative ampli-
tude 0.28, compared with 0.51 fofP5 Table Ill). When
adding 3P first, the higher FRET signal level decays to
an intermediate value upon addition ofP§3OH) (rate
constant: 1.7 0.3 mirr%; Figure 4). If BP(3 OH) is added
first, the intermediate FRET signal level can be further
increased by addition of phosphorylatedP5(data not
shown).

These findings are in accordance with the following
notions. (i) The molecular recognition process between
domains A and B requires elements located both upstream
and downstream of the scissile bond, i.e. on both the 5
and 3 cleavage products. (ii) Ligation is accompanied by
docking of the ribozyme—cleavage product complex; the

Tertiary structure formation in hairpin ribozymes
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Fig. 4. Both 5 and 3 products are required for docking of the
complex containing cleavage producta) (To 20 nM double-labeled
hairpin ribozyme (Rz) in standard buffer at 25°C, first an excess of
10 uM 3’ product (3P) was added, then @M 3’ phosphorylated

5’ product (3P). Only after the second addition does the FRET signal
increase (rate: 2.41 mih amplitude: 0.19). Subsequent addition of an
unphosphorylated’'Sproduct [SP(3 OH)] results in a partial decrease
in the FRET signal that could be fitted to a single-exponential decay
curve [y = yo + A(eM)], yielding a rate constant of /= 1.43 mirt

(A = 0.06,x° = 0.00037) (thick line). B) Complementary to the
experiment in (A), first an excess of 1M 3’ phosphorylated

5’ product (3P) was added to 20 nM double-labeled hairpin ribozyme
(Rz), then 10uM 3’ product (3P). Only after the second addition
does the FRET signal increase (rate: 2.68 thiamplitude: 0.25).
Subsequent addition of an unphosphorylatégreduct [SP(3 OH)]

observed ligation and docking rate constants are essentiallyresults in a partial decrease in the FRET signal that could be fitted to a
identical. (i) The fraction of docked complexes is higher single-exponential decay curvg £ y, + A(e™)], yielding a rate

if a phosphate on the’2nd of the 5 product is present;

if both a 3-phosphorylated and unphosphorylatetd 5
product are added, they compete for formation of their
respective docked complexes and reach equilibrium at a
rate constant of ~1.7 niih This observation implies that
docking of the ribozyme—cleavage product complex is
readily reversible, as proposed in the reaction mechanism
of Figure 1B. Consequently, the faster rate of docking
observed in the presence offF§3 OH) (Table Ill) can be
explained by a faster undocking rate than withP5
(equation 1).

The magnesium dependency of docking rates,
amplitudes and reaction rates for cleavage and
ligation demonstrate that docking is rate-limiting

for ligation, but not cleavage

To determine whether docking is rate-limiting for either
cleavage or ligation, we surveyed the ¥egconcentration

constant of I = 1.97 mirr® (A = 0.08,x? = 0.00036) (thick line).

for the basic construct Rzgf) of Figure 1A, but also for
catalytically distinct variants such as RzgJand Rz{s).
These findings indicate that only docked complexes can
perform catalysis, and that an additional step(s) after
docking and before product-release limits the observed
rate of reaction.

For ligation, the situation is different. The Mg
concentration dependence of the ligation rate constant
closely follows that for the docking rate constant (Figure
5B). Their values are in good agreement at all 2¥g
concentrations. Thus, docking is both required and rate-
limiting for ligation, so that a ligation rate constant of
2.3 mirr! under standard conditions (50 mM Tris—HCI,
pH 7.5, 12 mM MgC}, at 25°C) monitors product docking.
By contrast, the docking amplitude or relative fraction of

dependence of docking rate constants and amplitudesdocked complexes quickly levels off with increasing ¥g

together with cleavage rate constants (Figure 5). For
cleavage, the shape of the ffgconcentration dependence
curve of catalysis closely parallels that describing the
docking amplitude, reflecting the relative fraction of
docked complexes (Figure 5A). Docking rates are higher
than catalytic rates at all Mg concentrations, not only

concentration. Since the fraction of docked complexes is
dependent on the ratio of the two rate constégts, and
Kundock @Nnd SINC&Kgock,obs = Kaock T Kundock (€Quation 1),
both docking and undocking rate constants must increase
with [Mg2*] in a way that maintains a constant fraction
of docked complex.
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Table lll. Docking rates and relative amplitudes for complexes’ofrid 3 cleavage product analogs with double-labeled hairpin ribozyme as
observed by an increase in their FRET sidnal

Cleavage product analogs Docking rate constant Relative docking amplitude
Kdock,obs(Min™2) Adock rel

10uM 5'P - 0

10 pM 5'P(30H) - 0

10 uM 3'P - 0

10 yM 5'P + 10 uM 3'P 247+ 0.22 0.51+ 0.07

5uM 5P + 5uM 3'P 2.10*= 0.30 0.51+ 0.07

10 uM 5'P(30H) + 10 uM 3'P 3.77+ 0.80 0.28+ 0.07

3Data analysis was as described in Materials and methods and as exemplified in Figure 1C; deviation ranges were obtained from at least two
independent experiments; all values were measured with 20 nM standard ribozyme (see Figure 1A) in 50 mM Tris—HCI, pH 7.5, 12 snM MgClI
25 mM DTT, at 25°C; the 5product analogs were non-ligatable since they containedph@sphate (%) or a 3 hydroxyl [5'P(3 OH)].

bDocking amplitudes were normalized to the value for 200 nM SgIA

Docking and reactivity have essentially identical mechanism of inhibition by the GA substitution involves
requirements for sequence, pH and temperature blocking the required docking of the two domains.
Docking of domains A and B of the hairpin ribozyme— For a substrate variant with a,UG change, cleavage

substrate complex was studied by introducing substrateactivity is decreased 4-fold (Chowriret al, 1991), but
modifications near the scissile bond. First, alterations to domain docking remains efficient (Table II). However, the
the 2 hydroxyl group at the cleavage site were investi- FRET signal increase clearly displays a second, slower

gated. For all three ribozyme variantssgAUsq andAsg), phase; a unique feature among all tested modifications of
docking rate constants for the unmodified substrate S sequence or conditions (Figure 6). It is possible that this
were highest (1.02 mid, 0.38 mirr! and 0.33 min?, second phase reflects an additional structural change in

respectively), while those for & D-methylated substrate  the ribozyme—substrate complex that occurs after the initial
S(20MeA ;) were intermediate (0.84 mih 0.33 mirr! domain docking event. This additional step may well be
and 0.30 mint, respectively), and those of thé-@eoxy associated with the decreased rate of cleavage. A substrate
modified substrate S(d4) were lowest (0.64 mi, variation C. ;A decreases cleavage activity on the substrate
0.22 mirt?, 0.20 mir?, respectively). Differences between 5-fold (Chowriraet al, 1991). However, the observed
the docking rate constants for the unmodified substrate docking rate constant (0.97 mifyis comparable with that
and its O-methylated analog are closely correlated with of the unmodified substrate with only a slightly decreased
cleavage rate constants for the three ribozyme variants(23%) docking amplitude (Figure 6; Table II).

(0.144 mir, 0.086 min! and 0.024 mint, respectively; . . L .

Figure 3A), in accordance with equations 2 (cleavable Modifications to the ribozyme inhibit docking
substrate) and 1 (OMeA , substrate). The’20-methyl- Ir}ternal loop B of the rlboz_yme contains a number of
ated substrate appears to be the best mimic of the unmodiNighly conserved bases (reviewed in Bueal, 1996),
fied substrate, and therefore is the analog of choice for €SPecially within a UV-cross-linkable tertiary structure
probing the tertiary structure of the active ribozyme— Motif adjacent to helix 3 which is critical for catalytic
substrate complex. The deoxy Asubstrate analog forms activity (Butcher and Burke, 1994). Disabling this motif

docked complexes with the ribozyme, but the reduction Y mutating three of the conserved baseg@h UyC
in the observed docking rate beyond that expected from @1d AsG) completely abolishes catalytic activity. We

blocking cleavage indicates that this modification results foundd the reasor:jtobbe intlerfErer;ce with dqmai? docking,
in a slight destabilization or other change in the tertiary 8 demonstrated by a lack of FRET signal increase

(Table II).
structure of the docked complex. Four ribose 2 hydroxyl groups in the hairpin ribozyme

have been shown to be important for catalytic activity;
Essential substrate base G, ; is required for two are located in domain A (positions 10 and 11) and
formation of the docked complex two lie within domain B (positions 24 and 25) (Chowrira
Substrate base substitutions near the cleavage site havet al, 1993b). Recently, these four hydroxyl groups have
been identified that significantly inhibit cleavage. Do they been proposed to form an important component of the
inhibit the reaction by inhibiting docking, or do they act interdomain interaction through formation of a ribose
on an essential step that follows formation of the docked zipper (Earnshavet al, 1997). To analyze their relevance
complex? Previously, we showed that substitution of the for domain docking experimentally, we introduced
guanosine immediately’ 3f the cleavage site with A, C 2’ deoxy modifications to three ribose moieties of the
or U resulted in profound inhibition of the reaction double-labeled ribozyme. Deletion of thé-QH groups
(Chowriraet al, 1991). Use of the A variant in the of Apand G, severely interferes with docking of domains,
FRET assay shows that the modified substrate binds towhile an analogous modification at a non-essential site
the substrate-binding strand, as indicated by quenching of(dAg) had no effect on docking (Figure 7; Table 1l). The
the ribozyme’s 5 fluorophore. However, no subsequent residual docking activity with the two ribozyme variants
increase in fluorescence was observed (Figure 6; TableRz(dA,)) and Rz(dG;) is enhanced by increasing the
I), even when magnesium ion concentrations as high asMg?" concentration to 50 mM (data not shown), as is
200 mM were employed. Therefore, we conclude that the catalytic activity for Rz(dG,) (Chowriraet al., 1993b).
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Fig. 5. Magnesium ion-dependence of docking, cleavage and ligation.
(A) Upper panel: the Mg -concentration dependence of domain
docking rate constant (squares) and amplitude (triangles) for the
complex of hairpin ribozyme with non-cleavable substrate analog
S(dA_,) were fitted to cooperativity equation 3 as described in
Materials and methods, yieldirgpM9 = 1100 mM,n = 0.54 (solid
line) andKpM9 = 4.14 mM,n = 1.6 (dashed line), respectively.
Lower panel: the M§"-concentration dependence of substrate
cleavage by an unlabeled two-strand hairpin ribozyme were fitted to
equation 3 as above, yieldingpM9 = 1.5 mM, n = 0.98 (solid line).
(B) Upper panel: the Mg -concentration dependence of domain
docking rate constant (squares) and amplitude (triangles) for the
complex of hairpin ribozyme with'5and 3 products (5P and 3P)
were fitted to cooperativity equation 3 as described in Materials and
methods, yieldingKpM9 = 130 mM, n = 0.75 (solid line) and

KpMI = 5.7 mM, n = 4.8 (dashed line), respectively. Lower panel:
the Mg?*-concentration dependence of product ligation by an
unlabeled one-strand hairpin ribozyme (with a closing loop on helix 4;
Figure 1A) were fitted to equation 3 as above, yielditg"9 =

36 mM, n = 0.86 (solid line). Ligation rate data are taken from
A.R.Banerjee, J.A.Esteban and J.M.Burke (in preparation).

Hairpin ribozyme cleavage is thought to follow a
reaction pathway involving deprotonation of the 2

Tertiary structure formation in hairpin ribozymes
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Fig. 6. Docking of complexes between hairpin ribozyme and substrate
variants. The FRET signal change after addition of 200 nM of
substrate variants S(GA), S(U;,G,dA_;) and S(C 3A,dA_,) to

20 nM ribozyme was monitored in standard buffer at 25°C. The FRET
signal for S(G.,A) did not increase over time. Changing, bin
S(U;,G,dA_,) resulted in a double-exponential FRET increase that
was fitted to the equatiop = yp + Aj(1-€™) + Ay(1-e1?),

yielding rate constants of 1y = 1.08 min! (A; = 0.41) and 1f, =

0.09 mirrt (A, = 0.17,x2 = 0.00045) (solid line). The FRET signal

for S(C;3A,dA_y) could be fitted to the single-exponential equation

y = Yo + A(l-eT) with 1/ = 0.97 min® (A = 0.33,x2 = 0.00031)
(solid line).
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Fig. 7. Docking of complexes with deoxy modifications in the
ribozyme part of domain A. The FRET signal change after addition of
200 nM of substrate S(dA) to 20 nM modified ribozyme was
monitored in standard buffer at 25°C. The FRET signals of ribozymes
with deoxy modifications in position 10 and 11 (gfand dG,)

increased only slightly over time. As a positive control, a non-critical
deoxy modification in position 9 (d4) yielded a FRET signal increase
that was fitted to the equation= y, + A(1-€"7) with 1fr =

0.98 mirr! (A = 0.45,x% = 0.00036) (solid line).

substrate-mediated domain docking to be low throughout
the experimentally accessible range of pH 6.5-9.0 (Figure
8A; Table V). While docking is not rate-limiting for

substrate cleavage, this finding could explain the pH-
independence of ligation, as the observed ligation rate

hydroxyl group at the cleavage site and nucleophilic attack monitors docking of the ribozyme—cleavage product com-
of the 2 oxygen on the 3phosphate, a step expected to plex as its rate-limiting step. That is, the pH-independence
be highly pH-dependent (reviewed in Long and Uhlenbeck, of ligation may be explained by a rate-determining and
1993). However, both cleavage and ligation reaction rate pH-independent docking step that masks pH-sensitive
constants were found to have a shallow pH dependence cleavage chemistry.

their rates changing:5-fold between pH 5 and 10 (Nesbitt

Domain docking in the presence of substrate was found

et al, 1997; A.R.Banerjee, J.A.Esteban and J.M.Burke, in to be strongly temperature-dependent. In fact, an activation
preparation). Notably, we found the pH-dependence of energy of 28.8 kcal/mol was deduced from an Arrhenius
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A T T T T of their role in hairpin ribozyme activity (reviewed in
06 Walter and Burke, 1998).
We tested the ability of a variety of cations to facilitate
i assembly of the docked complex. In general, there is a
?0-4 r striking similarity between ionic requirements for cleavage
& and docking; for example, divalent metal ions such as
e Mg2*, C&* and SF" have been shown to result in
02 substrate cleavage by the hairpin ribozyme and also lead
to efficient docking (Table 1V). For Ga and SF', a
0.0 , . ) . threshold concentration of ~5 mM must be exceeded to
"o 200 400 600 800 1000 lead to significant cleavage (Chowried al, 1993a), and
time, s the same is true for domain docking (Table V). In the
presence of 12 mM Mg, spermidine induces a modest
B 1 ' - ' reduction in both docking rate and amplitude (Figure 9A,
Table 1V), consistent with its effect on cleavage activity
0r ] (Chowriraet al, 1993a). Alone, spermidine can promote
neither an efficient cleavage reaction nor domain docking
Ry 1 (Figure 9B; Table IV).
£ This combination of magnesium and spermidine permits
c 2 A us to investigate the reversibility of the docking step.
Following the assembly of a docked complex, EDTA was
3r i used to chelate the magnesium, while spermidine served
. . to stabilize the secondary structure of the complex between
4 0.0033 0.0034 0.0035 0.0036 the three RNA strands. A rapid decay of the FRET signal
1T (K ensued, resulting from undocking of the complex (Figure
9A). We estimate a lower limit of the undocking rate of
Fig. 8. pH and temperature dependence of dockifg. FRET signal 3.1 mirrL.
change after addition of 200 nM of substrate S(g4o 20 nM At low concentrations (2 mM) of either Mg or Mn2*,

ribozyme in either 50 mM Tris—HCI, pH 8.0, or 50 mM MES-NaOH,

DH 6.5 (both in the presence of 12 mM MgCR5 mM DTT), at spermidine enhances the rate of cleavage (Chowtied.,

25°C. The data were fitted to the equatipr yo + A(l-e%) (solid 1993a), and again similar effects are observed on docking
lines), yielding first-order reaction rate constants af #/0.74 mirr! rates and amplitudes (Figure 9B; Table 1V). This finding
(pH 8.0;A = 0.53,x* = 0.00043) and ¥/ = 0.67 mir* (pH 6.5; suggests that low concentrations of spermidine, although

A = 0.32,x? = 0.00095), respectivelyB) The observed docking rate  incapable of promoting efficient docking, can stabilize

constants from the FRET signal increase after addition of 200 nM of . . . . . .
substrate S(dA) to 20 nM ribozyme in standard reaction buffer important docking interactions when divalent metal ions

(50 mM Tris—HCI, pH 7.5, 12 mM MgGl 25 mM DTT) at different are present.
temperatures were used to obtain an Arrhenius plot. The observed Our ability to obtain information on the activity of cobalt
activation energy was 28.8 0.9 kcal/mol. (1) hexammine in docking was limited by quenching of

the fluorescence signals by [Co(g]®*. However, a fast
. i ] ~ docking step in the presence of [Co(ME3" and its
plot of docking rate constants (Figure 8B). This value is enhancement by addition of 100 mM NaCl could be
close to the activation energy for the cleavage reaction of ghserved using the FRET-based assay (Table IV). Activity
19-22 kcal/mol (Hampel and Tntz, 1989; .A.R.Banerjee, in the presence of [Co(N§j]3* is enhanced by addition
J.A.Esteban and J.M.Burke, in preparation). However, of 100 mM NaCl (Hampel and Cowan, 1997). Finally,
since domain docking is not rate-limiting for cleavage, monovalent cations such as*LiNa", K* and NH,* in

this similarity may well be coincidental. concentrations up to 200 mM do not promote cleavage

activity (Chowrira et al, 1993a), consistent with their
Efficient domain docking requires multivalent inability to promote significant domain docking (Table 1V).
metal ions

The observat.|0n t.hat a mpdest level of catalytlg activity Discussion

could be obtained in spermidine plus metal chelating agents

(Chowriraet al, 1993), together with recent findings that FRET has previously been utilized to follow hybridization
cobalt (Ill) hexammine supports catalysis (Hampel and kinetics of DNA strands (Morrison and Stols, 1993; Yang
Cowan, 1997; Nesbitit al,, 1997; Younget al,, 1997) and et al, 1994; Parkhurst and Parkhurst, 1995) and, in the
that an efficient reaction proceeds in high concentrations of case of the hammerhead ribozyme, to measure distances
monovalent metal ions (J.B.Murray, A.A.Seyhan, (Tuschl et al, 1994; Bassiet al, 1997) and follow
J.M.Burke and W.G.Scott, in preparation) strongly argue cleavage kinetics (Perkiret al, 1996). In this paper, we
against direct participation of metal ions in the catalytic demonstrate that FRET can be a very valuable tool for
mechanism. Thus, they function neither through activation analysis of tertiary structure and associated dynamics in the
of a bound water molecule as a general base catalyst norhairpin ribozyme, by following changes in the proximity of
by stabilizing a developing negative charge in the transition the two structural domains, each labeled with one part of
state, acting as a Lewis acid catalyst. Since metal ionsa fluorescence donor—acceptor pair. By measuring rates
traditionally have been thought to be intricately involved and amplitudes of the increase in FRET signal associated
in RNA catalysis, these findings have raised the question with docking, docking rates can be measured with high
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Table IV. Docking rate constants and relative amplitudes for complexes of 200 nM substrate analog 820 nM double-labeled hairpin
ribozyme in different buffers as observed by an increase in FRET $ignal

Buffer conditions Docking rate constant Relative docking amplitude
Kdock,obs(Min™2) Adock rel

2 mM Mg@?t, pH 7.5 0.36= 0.03 0.26+ 0.06
12 mM Mg?*, pH 7.5 0.64= 0.04 1.00+ 0.12
50 mM Mg?", pH 7.5 1.42+ 0.05 1.10+ 0.12
2mM C&", pH 7.5 - 0

12 mM C&*, pH 7.5 1.79+ 0.10 0.54+ 0.08
50 mM C&*, pH 7.5 3.67+ 0.25 0.55+ 0.08
2 mM SP*, pH 7.5 - 0

12 mM SP*, pH 7.5 1.74+ 0.10 0.25+ 0.06
50 mM SEt, pH 7.5 2.02+ 0.15 0.49+ 0.08
2 mM Mnr?t, pH 7.5 0.69= 0.04 0.38+ 0.07
12 mM Mré*, pH 7.5 1.02+ 0.05 0.63+ 0.12
2 mM Mn?*, 10 mM spd *F, pH 7.5 0.51+ 0.04 0.93+ 0.12
2 mM Mg?t, 2 mM spd =+, pH 7.5 0.71+ 0.05 0.16+ 0.04
2 mM Mg?t, 10 mM spd t*, pH 7.5 1.30+ 0.07 0.12+ 0.03
12 mM Mg?", 10 mM spd ™, pH 7.5 0.54+ 0.04 0.95+ 0.12
10 mM [Co(NHy)g]3*, pH 7.5 1.54+ 0.35 0.21+ 0.05
10 mM [Co(NH)g]3*, 100 mM NaCl, pH 7.5 4.4 1.0 0.43+ 0.08
10 mM spd ™+, 2 mM EDTA, pH 7.5 - 0

100 mM Lit, pH 7.5 - 0

200 mM Na", 2 mM EDTA, pH 7.5 - 0

200 mM K, pH 7.5 - 0

200 mM NH,*, pH 7.5 - 0

12 mM Mg?*, pH 9.0 0.49+ 0.04 0.77+ 0.10
12 mM Mg?*, pH 8.0 0.74+ 0.05 1.23+ 0.16
12 mM Mg?*, pH 7.0 0.74+ 0.04 0.49+ 0.10
12 mM Mg?*, pH 6.5 0.67+ 0.04 0.74+ 0.12

3Data analysis was as described in Materials and methods and as exemplified in Figure 1C; deviation ranges were obtained from at least two
independent experiments; all values were measured at 25°C and in the presence of 25 mM DTT [except the cobalt (IIl) hexammine containing
buffers, where addition of DTT resulted in a precipitant].

bDocking amplitudes were normalized to the value in 12 mM2¥gpH 7.5.

precision and the extent of docking could be estimated. that stimulate catalytic activity strongly, including metal
The rate constants that we observe for docking, ions {particularly Mg+ and [Co(NH)¢®"}, the cleavage
0.5 mirr? for the substrate-bound complex and 2 Thin  site guanosine, '2hydroxyl groups within the ribozyme
for the complex containing bound cleavage products, are and at the scissile bond, and a conserved tertiary structure
similar to those measured for global folding events in motif within internal loop B. Perhaps the most striking
more complex RNA molecules (Draper, 1996). conclusion from the work presented here is that with a
Our results support the following model of structural single exception, all of these components and conditions
events during the cleavage reaction catalyzed by theare essential for formation of the closed complex. The
hairpin ribozyme. An initial interaction occurs between only modification that we have identified that permits
substrate and ribozyme with formation of an undocked formation of the closed complex without proceeding to
configuration, in which the molecule has access to an cleavage is the modification of the’-@H group in
extended configuration characterized by coaxial stacking the substrate, which functions intimately in the reaction
of helices 2 and 3 (this work; Estebahal, 1998). After chemistry as the attacking nucleophile. Although it remains
substrate binding, the dynamic flexibility about the hinge possible that one or more of the components essential for
between helices 2 and 3 is utilized to explore possible docking could also play a role in reaction chemistry or
contact modes between internal loops A and B of the two other essential processes after docking and before cleavage,
domains, leading finally to metastable, reversible docking our results show that there is no need to assume that this
of the two domains in a docked or ‘closed’ conformation is the case. They also provide a direct demonstration that
which is an essential intermediate on the folding pathway base substitutions, RNA modifications or metal ions which
leading to catalysis (Figure 1B). We have shown previously inhibit ribozyme reactions at a step after substrate binding
that substrate binding is essentially irreversible (Esteban are not necessarily involved in catalysis.
et al, 1997), so the substrate is expected to remain bound Studies of reaction chemistry require the identification
during the time required for formation of the closed of the rate-limiting step and the ability to isolate experi-
complex. The highly reversible cleavage step is then mentally the chemical step of the reaction pathway. Our
followed by product dissociation and undocking. Because results show that docking is rate-limiting for the ligation
the dissociation of cleavage products is very rapid (Estebanreaction, under conditions where domain A is fully occu-
et al, 1997), it is likely that dissociation and undocking pied by the ligation substrates (cleavage products). There-
are a concerted process. fore, the ligation rate must exceed the docking rate, which
What do our results tell us about the catalytic mechanism is 2 mirm! under standard conditions. Analysis of the
of the ribozyme? Previous investigations of the hairpin chemistry of the ligation reaction will require the identi-
ribozyme have served to identify a number of components fication of reaction conditions, or manipulating the
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Fig. 9. Docking of hairpin-ribozyme—substrate complexes in the
presence of different cationsA)Y FRET signal increase after addition
of 200 nM of substrate S(d4) to 20 nM ribozyme in standard buffer
at 25°C, compared with the increase in the same buffer with 10 mM
spermidine (spd™*) added. The FRET signal in 12 mM Mg could
be fitted to the equatiop = y; + A(1-e") with 1/t = 0.63 mir!

(A = 0.48,x2 = 0.00048) (solid line), while the data from 12 mM
Mg2*, 10 mM spd ** yielded 1t = 0.50 min® (A = 0.37,x% =
0.0004) (solid line). To the latter reaction mixture, 25 mM EDTA were
added to chelate Mg, resulting in undocking of the docked
ribozyme—substrate complex. This effect was monitored by a fast
single-exponential FRET signal decrease, that was fitted to the
equation § = y, + A(e™)] to yield a lower-limit rate constant of

1n = 3.1 mirr! (x2 = 0.00019) (solid line).B) Changes in FRET
signal after addition of 200 nM of substrate S(gAto 20 nM

ribozyme in 50 mM Tris—HCI, pH 7.5, 12 mM Mg&l25 mM DTT,

at 25°C, with either 10 mM spd"* and 2 mM EDTA, or 2 mM

Mn2*, or 2 mM Mr?* and 10 mM spd ™+ added. Spermidine alone
did not result in significant docking after formation of the ribozyme—
substrate complex. The data for 2 mM Rinwere fitted to the
equationy = yp + A(1-e€) with 1 = 0.74 mim (A = 0.16,x2 =
0.00029) (solid line), while the data for 2 mM Mih, 10 mM spd **
yielded 1t = 0.51 min (A = 0.40,x? = 0.00073) (solid line).

structure of the RNA in such a way that a reaction can
be initiated from a pre-docked complex.

In the case of the cleavage reaction, docking is signific-

believe that a rate-limiting conformational change after
docking may be the most plausible hypothesis.

The sequence, pH, temperature and ionic requirements
for docking are in very close agreement with previously
identified requirements for catalytic activity, which is
evidence of the importance of docking for catalytic activity.
Indeed, we were able to demonstrate that docking is a
necessary step prior to cleavage, and that it is both essential
and rate-limiting for ligation.

The observation that metal ions {¥Mg Ca&*, SP*,
Mn2* or [Co(NH)e]3'} are required for docking provides
an explanation for their role in the catalytic mechanism.
Because the kinetically inert cobalt (IlI) hexammine com-
plex promotes an efficient cleavage reaction, doubts have
recently been raised that metal ions play an active role in
the reaction pathway; for example, by providing a bound
water molecule as general base catalyst or by stabilizing
negative charges in the transition state (Hampel and
Cowan, 1997; Nesbhitet al, 1997; Younget al, 1997).
However, their role might rather be to stabilize a cata-
lytically active tertiary structure like the docked ribozyme—
substrate complex observed by FRET. With other cations,
such as spermidine or Nano docking has been observed.
They lead to catalytic activity only at very high concentra-
tions (Hampel and Cowan, 1997; J.B.Murray, A.A.Seyhan,
J.M.Burke and W.G.Scott, in preparation), suggesting that
docking is unfavorable unless the repulsive negative
backbone charges of the approaching RNA domains are
completely shielded.

The data presented here are consistent with a recently
proposed tertiary structure model of the hairpin ribozyme
(Earnshawet al, 1997). Here, the "2hydroxyl groups of
residues Ay and G, of domain A, and A, and Gs of
domain B, connect the two domains through hydrogen
bonding in a ribose ‘zipper’. We found the hydroxyls of
Ao and G to be intimately involved in domain docking,
since deoxy modifications in these sites severely impaired
docking activity in the FRET assay. The FRET experi-
ments, however, provide no information about whether
the hydroxyls of Ay and G, interact with those of Ay
and Gs, or with some other part of the closed complex.
Our data suggest that the docked complex is stabilized by
a network of weak interactions in such a way that
disruption of any of a number of interactions prevents
docking. In addition, our results show that other compon-
ents are clearly of equal importance to docking of the two
domains, since base changes in positieris and +2 of
the substrate, a deoxy modification in its —1 position and
the lack of a 3 phosphate in the’5oroduct all influence
the rate of docking. Contact points between the two
domains as well as the sequence and cation requirements
for docking have been studied recently by chemical

antly faster than cleavage under all conditions analyzed, footprinting (K.J.Hampel, N.G.Walter and J.M.Burke, in
and so is not the rate-limiting step. Parallel time courses preparation). Multivalent metal ions appear to play a
of docking and cleavage (Figure 3A) show that cleavage crucial role in docking under conditions of low monovalent

always lags behind formation of the docked complex. At
least two models could account for this behavior. First,

cation concentration, possibly by bridging negative charges
at the interface between domains.

the observed cleavage rates could be a direct measurement The kinetic pathways of RNA folding have been studied

of a slow chemical step. Alternatively, an additional and
rate-limiting step could occur after the docking event

recently in some detail on large ribozymes such as group
| introns (Bevilacqueet al, 1992; Banerjeest al., 1993;

measured by FRET and before the cleavage reaction. InStrobel and Cech, 1994; Zarrinkar and Williamson, 1994,

light of the very surprising pH- and metal ion-independ-

1996; Downs and Cech, 1996; Emeriek al., 1996;

ence of the reaction, we favor the second model and Narlikar and Herschlag, 1996; Cateal., 1997; Paret al,,
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1997; Sclaviet al, 1997, 1998) and RNase P RNA
(Zarrinkar et al, 1996; Pan and Sosnick, 1997). Since
formation of a distinct tertiary structure is critical for
obtaining catalytic activity, folding is at the heart of
understanding  structure—function  relationships in
ribozymes. Generally, there is evidence that large RNA
molecules fold by a hierarchical pathway consisting of
the following sequential steps: (i) fast (within 1QG)
formation of secondary structure domains with metal ions
bound in specific sites; (ii) folding (within 10 ms) of
tertiary structure scaffolds involving essential metal ions
as core for more complex interactions; (iii) interchange

Tertiary structure formation in hairpin ribozymes

20% polyacrylamide gel electrophoresis and subsequepieversed
phase HPLC with a gradient of acetonitrile in 0.1 M triethyl ammonium
acetate, where fluorophore-coupled RNA was considerably retarded
relative to unlabeled RNA. To obtain accurate concentrations for the
fluorescein-labeled RNA, the additional absorbance of the fluorophores
at 260 nm was taken into account withgy/As9, = 0.3 for fluorescein

and AygdAs3s = 0.3 for hexachlorofluorescein (Bjornsen al, 1994).
Non-cleavable substrate analogs were obtained by introducing either a
dA or a 20MeA modification at the cleavage site (position —1).

Steady-state fluorescence kinetic assays

Steady-state fluorescence spectra and intensities were recorded on an
Aminco—-Bowman Series 2 (AB2) spectrophotofluorometer from SLM
(Rochester, New York) in a cuvette with 3 mm excitation and emission
path lengths (15Qul total volume). The water to set up all buffer

(within 1 s) of secondary structure elements as necessarysolutions was degassed and argon-saturated to minimize photobleaching
to acquire the native structure; and (iv) metal-ion assisted of the fluorophores over extended excitation times. In addition, all

formation (within 10—1000 s) of tertiary contacts between
subdomains to assume the final structure. Sub-population
of the RNA may or may not follow parallel alternative
folding pathways.

S

buffers {except those containing [Co(N}g]3*} were supplemented
with 25 mM DTT as radical quencher and singlet oxygen scavenger
(Songet al, 1996). Sample absorbencies wer8.01 at the excitation
wavelength, so that inner-filter effects of the solution did not play a
significant role. Fluorescein was excited at 485 nm, and fluorescence

The results presented in this paper support the idea thatemission for the kinetic FRET assay was monitored both at 515 and

folding of small RNA molecules such as the hairpin
ribozyme follows a similar pathway, although with fewer
kinetic intermediates than the large ribozymes. Folding of
the secondary structure in the two independently folding

560 nm by shifting the emission monochromator back and forth.
Excitation and emission slits were set to 4 and 8 nm, respectively.
Photobleaching of the fluorophores could be neglected. All buffer
substances were of ACS reagent quality. Metal salts typically contained
chloride as anionic component. Sample temperature was regulated by a

domains is rapid and precedes formation of the closed YWR 1160A circulating water bath, taking the temperature difference

complex. A flexible region between the two domains acts

between bath and cuvette content into account.
Ribozyme at a concentration of 20 nM was reconstituted by addition

as a hinge to enable a sharp bend for domain interactionsos 200 nM unlabeled 3half (3Rz) to 20 nM of the double-labeled 5

to occur. This global structure is superficially similar to
the P4-P6 domain of theetrahymenaroup | intron (Cate

et al, 1996). Further similarities between the two systems
are suggested by recent studies on the dynamics of th
P4-P6 domain, involving reversible docking of subdomains

half (5'Rz) and heating to 70°C for 2 min, followed by cooling to room

temperature for 5 min. This procedure ensured that all the fluorophore-
labeled strands were incorporated into ribozyme. Since both fluorophores
are contained in the same RNA strand, they are always present in a 1:1

€ratio. Unless otherwise stated, substrate was added at 200 nM to ensure

fast binding by the 5half of the ribozyme. Both substrate and ribozyme

separated by a flexible hinge between separately folding were separately preincubated in the same reaction buffer at the reaction
subdomains of the molecule. with the inactive conformer temperature for 15 min, and hairpin-ribozyme-substrate complex was

consisting of a species in an extended form with coaxial

formed by manually mixing 145! ribozyme with 5ul substrate stock
solution in the fluorometer cuvette. Tertiary structure formation was

stacking imeraCtion_S (Szewczak and Cech, 1997)-' It iS subsequently monitored as fluorescence changes of the two fluorophores
noteworthy that tertiary contacts between subdomains of over time.

the Tetrahymenantron appear to be formed more rapidly
(by nearly two orders of magnitude) than those in the
hairpin ribozyme (Sclavet al, 1997, 1998), suggesting

Fluorescence emission values (typically 1 datu) for both donor
(at 515 nm;Fg;5 and acceptor fluorophore (at 560 nfzgg were
recorded using the AB2 software package, and a r@tie FggdfFs5i5

. reflecting the relative FRET efficiency was calculated simultaneously.

that the larger number of contacts between subdomains inTo analyze the dataQ was normalized with its valu€, immediately

P4-P6 might mediate faster docking. In fact, the rate
of interchange between hairpin ribozyme conformers is
similar to that oberved between populations of alternative
stacking conformers in DNA four-way junctions (Miick
et al, 1997; Grainger, 1998), providing further support
for a model in which the interdomain interactions are
specific and functionally important, but weak.

Materials and methods

Synthesis and purification of oligonucleotides
RNA oligonucleotides were synthesized, and if necessaph8sphoryl-

after formation of the ribozyme—substrate complex [i@-Qg)/Qy was
calculated]. The resulting growth curves generally could be fitted to the
single-exponential functioy = y, + A(1-e"") to yield the observed
docking rate constantgkc ops = 1/t and A as the observed docking
amplitudeAgock ops The only exception was docking in the presence of
substrate mutant S(4G, dA_), where the double-exponential equation
y = Yo + Aj(1-e"™) + Ay(1-e¥2) had to be used to accurately fit the
data, yielding two docking rate constants and amplitudes. Exponential
decay curves were fitted to the equatipre yo + A(e TN yielding
rate constank = 1/t and amplitudeA.

The dependence of rate constants and amplitudes on th&" Mg
concentration were fitted to the cooperative binding equation:

[Mgz+]n

- 3
[Mg?*]" + (KB @

= Tmax

ated, by standard methods using solid-phase phosphoramidite chemistry
from Glen Research implemented on an Applied Biosystems 392 to yield an apparent dissociation constaki9 for Mg?* and a

DNA/RNA synthesizer. For 3end labeling with fluorescein as donor

cooperativity coefficientn. All fits were calculated with Microcal™

fluorophore for energy transfer, fluorescein CPG column supports were Origin™ 4.1 software employing Marquardt—-Levenberg non-linear least-

used (1umol; Glen Research). Forfnd labeling with hexachlorofluo-

rescein as the acceptor fluorophore, the commercially available phos-

phoramidite was used (Glen Research). Deprotection of RNA
oligonucleotides was accomplished by the methods of Spebal.
(1995) or Wincottet al. (1995), utilizing either methanolic ammonia or

squares regression.

Fluorescence anisotropy measurements
Depolarization of fluorescence is dominantly caused by rotational dif-
fusion of the fluorophore and therefore reflects its mobility. Basically,

a 3:1 mixture of concentrated aqueous ammonia and ethanol to removethe higher the fluorophore mobility, the more depolarized its emission

the exocyclic amine protection groups and triethylamine trihydrofluoride
to remove the 20H silyl protection groups. Fully deprotected, full-
length RNA (with or without fluorophores) was isolated by denaturing

will be (Lakowicz, 1983). To analyze anisotropies of solutions as a
measure for fluorescence polarization, the internal film polarizers of the
AB2 spectrophotofluorometer were utilized, and fluorescence intensities
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were measured with excitation and emission polarizers subsequently in  modifications of the hairpin ribozymélucleic Acids Mol. Biol. 10,

all four possible combinations of vertical (v, 0°) or horizontal (h, 90°) 129-143.
alignment,lyy, lyn, Iny @nd Iy Anisotropy, A, then could be calculated Butcher,S.E. and Burke,J.M. (1994) A photo-cross-linkable tertiary
as described (Lakowicz, 1983) from structure motif found in functionally distinct RNA molecules is
essential for catalytic function of the hairpin ribozyniochemistry
Al w9 @ 33, 992-999.

Butcher,S.E., Heckman,J.E. and Burke,J.M. (1995) Reconstitution of
hairpin ribozyme activity following separation of functional domains.
J. Biol. Chem. 270, 29648—-29651.

Buzayan,J.M., Gerlach,W.L. and Bruening,G. (1986) Non-enzymatic
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Chowrira,B.M., Berzal-Herranz,A. and Burke,J.M. (1991) Novel
guanosine requirement for catalysis by the hairpin ribozyNeure

Ivv + 29 ' Ivh

whereg = Ip/lhn

Radioactive cleavage and ligation reactions

5'-3%p_|abeled substrate was prepared by phosphorylation with T4
polynucleotide kinase andy¥P]ATP. Radiolabeled substrate and a
double-stranded version of the hairpin ribozyme as in Figure 1A, but
without fluorophores and including an additional guanosine at the 5
end, were separately preincubated in reaction buffer (50 mM Tris—HClI,
pH 7.5, and varying concentrations of Mgkt 25°C for 15 min. To
initiate cleavage, a trace<(L nM) amount of 5-32P-labeled substrate
was added to 100 nM ribozyme. Using up topM ribozyme gave
essentially the same results, indicating that single-turnover or pre-steady-
state conditions, with substrate binding significantly faster than cleavage,
were maintained. The'&leavage product was separated from uncleaved 354 320-322

substrate by denaturing 20% polyacrylamide gel electrophoresis, quantit- Chowrira,B.M., Berzal-Herranz,A. and Burke,J.M. (1993a) lonic

ated and normalized to the sum of the substrate and product bands using requirements for RNA binding, cleavage, and ligation by the hairpin
a Bio-Rad Molecular Imager System GS-525. The time trace of product ribozyme. Biochemistry 32, 1088-1095.

formation was fitted to the double-exponential equation yy + Aq(1— - i
el + AJ(1-e'"?) as described above. The fast-phase rate constants Chowrira,B.M., Berzal-Herranz,A., Keller,C.F. and Burke,J.M. (1993b)
Four ribose 2-hydroxyl groups essential for catalytic function of the

were plotted over the Mg concentration to analyze the data using hairpin ribozyme.J. Biol. Chem. 268, 19458-19462

cooperativity equation 3, as described above. The slow-phase rate DeYoupng MB y Sivv.kows.kiAM. LianY. and Ha{mpeIA (1995)
constants were discarded as they reflect dissociation of substrate from Catalyt}c braperties of hai}pin Hbozymyes. derived from cﬁic-ory yellow
an_lnactlve rlbozymefsubstrate conformer (Estz_eetaal., 1997, 1998). mottle virus and arabis mosaic virus satellite RNB&chemistry34,
Using the more precious fluorophore-labeled ribozyme gave rate con- 15785-15791

~ 0,
stants that were ~35% lower than those for the unlabeled catalyst. Downs,W.D. and Cech,T.R. (1996) Kinetic pathway for folding of the

Simulation of cleavage time traces for different alternative reaction : . . ;
mechanisms was performed using the program HopKINSIM 1.7.2 by ;(itlfgyrgigir;ggzyme revealed by three UV-inducible crossfinks.

Wachsstock and Pollard. Ligation rate constants were determined as Draper.D.E. (1996) Parallel worldMature Struct. Biol.3, 397400,
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