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Real-time monitoring of hairpin ribozyme kinetics
through base-specific quenching of
fluorescein-labeled substrates
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ABSTRACT

Current methods for evaluating the kinetics of ribozyme-catalyzed reactions rely primarily on the use of radiolabeled
RNA substrates, and so require tedious electrophoretic separation and quantitation of reaction products for each data
point in any experiment. Here, we report the use of fluorescent substrates for real-time analysis of the time course of
reactions of the hairpin ribozyme. Fluorescence of 3’ fluorescein-labeled substrates was quenched upon binding to
the hairpin ribozyme or its isolated substrate-binding strand (SBS), under conditions of ribozyme or SBS excess. This
decrease was accompanied by an increase in anisotropy, and resulted from a base-specific quenching by a guanosine
residue added to the 5’ end of the SBS, close to fluorescein in the complex. Fluorescence quenching was used to
determine rate constants for substrate binding (1.4 x 102 M-! min-"), cleavage (0.15 min~"), and substrate dissociation
(0.010 min-") by a structurally well-defined ribozyme at 25 °C in 50 mM Tris-HCI, pH 7.5, 12 mM MgCl,. These rates are
in excellent agreement with those obtained using traditional radioisotopic methods. Measurements of dissociation
rates provided physical support for interdomain interactions within the substrate-ribozyme complex. We estimate
that 2.1 kcal/mol of additional substrate binding energy is provided by the B domain of the ribozyme. Part of this free
energy apparently stems from coaxial stacking of helices in the hinge region between domains, and it is plausible that
the remainder might be contributed by direct interactions with loop B. The fluorescence quenching and dequenching
methods described here should be readily adaptable to studying a wide variety of RNA interactions and reactions
using ribozymes and other model systems.

Keywords: anisotropy; dissociation; fluorescence; hybridization; loop-loop interaction; pre-steady-state kinetics;
RNA cleavage; single-turnover kinetics

INTRODUCTION 1990), and the hairpin ribozyme from the (—)strand of
the tobacco ringspot virus satellite RNA (Buzayan
et al., 1986; Feldstein et al., 1989; Hampel & Tritz, 1989).
Group I introns (Zaug & Cech, 1986), hammerhead
(Uhlenbeck, 1987; Haseloff & Gerlach, 1988), HDV
(Branch & Robertson, 1991; Perrotta & Been, 1991),
Neurospora VS RNA (Guo & Collins, 1995), and hairpin
ribozyme (Feldstein et al., 1990; Hampel et al., 1990) all
have been engineered into frans-acting species that can
serve as simplified model systems to study the cleav-
age of external substrates.

With these intermolecular configurations, conven-
tional enzymologic methods are applicable to study
the kinetic mechanisms involved in the site-specific
cleavage reaction in multiple-turnover (steady-state,
substrate excess) as well as single-turnover (pre-steady-
state, enzyme excess) conditions (e.g., Herschlag &

e e oy ) Cach 1990; Bodor & Uhlenbeck, 1052 Besbe & Firke,
glt::fforg Hall, Universit’y of Ve{-mont, Burlington, Vermont 0."';405, 1994; Hegg & Fedor, 1995; Michels & Pyle, 1995). These
USA; e-mail: jburke@zoo.uvm.edu. assays use radiolabeled substrates and subsequent gel
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Since the discovery of complex catalytic function of
certain highly structured RNAs, such as group I in-
trons (Kruger et al., 1982) and the ribonuclease P RNA
(Guerrier-Takada et al., 1983), a major challenge has
been to understand how these ribozymes achieve their
functionality. Recently, a number of smaller ribozymes
have been defined that exploit the nucleophilic poten-
tial of the 2" OH group of RNA to perform site-specific
cleavage through a transesterification mechanism.
Among these are the hammerhead ribozyme in certain
plant viroids (Forster & Symons, 1987), the hepatitis
delta virus (HDV) genomic and antigenomic ribozyme
(Sharmeen et al., 1988), the ribozyme derived from
mitochondrial Neurospora VS RNA (Saville & Collins,
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analysis of formed complexes or reaction products to
detect and measure rates of binding, cleavage, and
dissociation. Recently, a nonradioactive multiple-turn-
over cleavage assay for micromolar concentrations of
hairpin ribozyme substrate has been described. Prod-
uct formation is measured through a change in absorp-
tion profiles of subsequent HPLC analyses of the
reaction mixture (Vinayak et al., 1995).

Alternative methods for measuring dynamic pro-
cesses of nucleic acids have made use of covalently
attached fluorophores. Hybridization and dissociation
of DNA complexes have been monitored directly using
either fluorescence resonance energy transfer (FRET)
between two different fluorophores (Cardullo et al.,
1988, Morrison & Stols, 1993; Livak et al.,, 1995;
Parkhurst & Parkhurst, 1995; Tyagi & Kramer, 1996),
fluorescence correlation analysis of diffusion times
(Kinjo & Rigler, 1995; Schwille et al., 1996), or fluores-
cence quenching/dequenching assays (Yamana et al.,
1992; Manoharan et al., 1995; Dapprich et al., 1996).
Moreover, endonucleolytic cleavage of DNA by a pro-
tein enzyme could be followed when strand cleavage
was linked to dissociation (Lee et al., 1994). Along
with providing high sensitivity and avoiding prob-
lems associated with the use of radioisotopes (short
half-life, health hazards, waste disposal), these assays
enable real-time monitoring of reaction kinetics with-
out a need for subsequent analytical steps. The fluo-
rophores can be attached to the ends of a DNA strand
or, in some cases, are incorporated randomly during
enzymatic primer extension (Hiyoshi & Hosoi, 1994).

Structure and dynamics of RNA have been investi-
gated in the hammerhead ribozyme by attaching two
fluorophores enabling FRET-based distance measure-
ments (Tuschl et al. 1994; Perkins et al., 1996). In sub-
strate binding to a group I intron, the dynamic behavior
of RN A could be followed by fluorescence quenching/
dequenching of a single fluorophore (Sugimoto et al.,
1989; Turner et al., 1996). In the extensive studies by
Turner and coworkers (Bevilacqua et al., 1992, 1993,
1994; Li et al., 1995), a large excess (multiple-turnover
or steady-state conditions with micromolar concentra-
tions) of a 5'-pyrene-labeled substrate binding to the
ribozyme causes fluorescence dequenching, which
could be detected by stopped-flow methods. This ap-
proach lead to the discovery of a multiple-step bind-
ing mechanism.

We developed a set of fluorescein-based quenching/
dequenching assays to follow in real-time and with
readily available equipment the binding, cleavage, and
dissociation of a substrate-hairpin ribozyme complex
under single-turnover conditions similar to standard
radioactive assays (Fig. 1). By standard 3’ end-labeling
of model substrates during solid-phase synthesis, we
obtained fluorescent molecules that become quenched
upon binding by a guanosine within their cognate ri-
bozyme. Kinetic rate constants for the different steps
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FIGURE 1. Kinetic analysis of an improved version of the hairpin
ribozyme utilizing a fluorescein-labeled substrate. A: Ribozyme-
substrate complex. The hairpin ribozyme contains a substrate-
binding strand that binds the 14-nt substrate 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 “hinge” region to the B
domain of the ribozyme, containing helices 3 and 4 and an asym-
metric internal loop B, bearing several highly conserved nucleo-
tides. Catalytic function appears to be dependent on interactions
between loops A and B (Burke et al., 1996). The base pair sequence
of helices 1 and 2, the length and closing loop sequence of helix 4,
and the base in position 39 were changed from the naturally occur-
ring wild-type molecule to improve structural and catalytic perfor-
mance of the ribozyme and substrate (see Results). Fluorescein was
coupled to the 3" end of the substrate and is located close to a
non-base paired 5'-terminal guanosine residue of the ribozyme. Ar-
row indicates the cleavage site. B: Simplified kinetic mechanism of
catalysis by the hairpin ribozyme in trans. Substrate (S) is bound by
the ribozyme (Rz) with a rate constant k;, and then can either be
cleaved with a rate constant k.eav to form products P, or dissociate
from the complex with a rate constant k_;. Finally, products either
will be religated in a reverse cleavage reaction or will dissociate
from the ribozyme.

involved in ribozyme catalysis could be measured rap-
idly at nanomolar substrate concentrations. The de-
scribed assays should have widespread applications in
studying the molecular mechanisms involved in ribo-
zyme function.

RESULTS

Standard synthesis procedures yield
fluorescein-labeled substrates and substrate
analogues that become quenched upon
binding to their cognate hairpin ribozyme

In the present study, we used modified substrate and
hairpin ribozyme (HpRz) sequences optimized for
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structural and kinetic homogeneity. It has been shown
that the naturally occurring wild-type substrate se-
quence migrates as a heterogeneous subpopulation of
conformations on nondenaturing gels (Chowrira &
Burke, 1991; J.E. Heckman, unpubl.). By introducing
three base pair changes in helices 1 and 2 without
changing the GC content, the substrate-ribozyme com-
plex maintains its catalytic activity, while minimizing
its conformational heterogeneity (Butcher et al., 1995).
Moreover, extension of helix 4 stabilizes the loop B
structure, which is essential for catalytic activity (Sar-
gueil et al., 1995). Finally, a U3C mutation has been
found to increase catalytic activity generally (Joseph &
Burke, 1993). These alterations to the wild-type ribo-
zyme have been included in the molecules utilized
here (Fig. 1A). The resulting hairpin ribozyme and sub-
strate migrate as single bands on nondenaturing gels
(data not shown).

Fluorescence labeling of the 3" end of the RNA sub-
strate was found to be straightforward utilizing com-
mercially available, fluorescein-coupled solid-phase
synthesis, mild deprotection conditions, and standard
purification protocols (see Materials and Methods).
When a 10-fold excess of cognate ribozyme is allowed
to bind a fluorescein-labeled, noncleavable substrate
analogue (deoxy-A in position —1) in standard reac-
tion buffer (50 mM Tris-HCl, pH 7.5, 12 mM MgCl,) at
25°C, the steady-state fluorescein fluorescence de-
creases by 55% (Fig. 2). Substrate analogue binding
was accompanied by a slightly red-shifted emission
spectrum (Fig. 2), and an increase in anisotropy of
the fluorophore from 0.072 to 0.125 (Table 1). Similar
changes (Fig. 2; Table 1) were observed upon addition
of a 10-fold excess of isolated substrate-binding strand
(SBS) with 5" G (G-SBS; comprising the ribozyme se-
quence from positions —1 to 14, Fig. 1A). No changes
were observed with addition of unspecific tRNA (re-
sults not shown).

Fluorescein quenching is mediated by
base-specific interaction with a guanosine

Increased yield during transcription is facilitated by
the addition of a 5" G in the hairpin ribozyme con-
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FIGURE 2. Steady-state fluorescence emission spectra of 10 nM
fluorescein-labeled, noncleavable substrate analogue (dA ) in stan-
dard reaction buffer (50 mM Tris-HCl, pH 7.5, 12 mM MgCly) at
25°C, before (solid line) and after addition of a 10-fold excess of
either hairpin ribozyme (dashed line) or substrate-binding strand
with 5" G (dotted line). Excitation was at 490 nm. Curves were
obtained by averaging three spectra from the same solution. After
addition of either ribozyme or G-SBS, a quenched spectrum is ob-
served, and the emission peak maximum is shifted slightly from
516 nm to 518 nm.

struct, leaving the 5" end with an overhanging nucle-
otide (Fig. 1A). Omitting this nucleotide diminished
fluorescein quenching upon mixing of noncleavable
substrate analogue and substrate-binding strand. To
systematically analyze base-specific effects on the
quenching of the fluorophore, each of the four natural
nucleotides was separately coupled to the 5’ end of a
synthetic SBS sequence, yielding G-SBS, A-SBS, C-SBS,
and U-SBS, respectively. As Figure 3 indicates, only
G-SBS induces a fluorescence decay curve upon addi-
tion to the 3'-fluorescein-labeled substrate analogue.
Addition of all other substrate-binding strands results
in slightly altered, but stable, fluorescence signals due
to changes in scattering after manual mixing. When an
equal concentration of hairpin ribozyme transcript (con-
taining a 5’-terminal guanosine) is added to the latter

TABLE 1. Fluorescence intensities and anisotropies of 3'-fluorescein-labeled, noncleavable
substrate analogue (dA_,), before and after binding to the hairpin ribozyme (HpRz) and to the
isolated substrate-binding strand with additional 5’ G (G-SBS).

Relative intensity

Molecules g Anisotropy®

10 nM Substrate (dA_;) 1 0.072 = 0.005
10 nM Substrate (dA_;) + 100 nM HpRz 0.45 * 0.05 0.125 £ 0.007
10 nM Substrate (dA_;) + 100 nM G-SBS 0.45 * 0.05 0.126 * 0.007

*Fluorescence intensities were measured before (Ip) and after (I) binding to ribozyme and
G-SBS in 50 mM Tris-HCl, pH 7.5, 12 mM MgCl,, at 25°C.

® Anisotropies were calculated from the mean of at least 100 intensity values for the different
excitation and emission polarizer alignments, substracting the dark current from each.
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FIGURE 3. Base-specific quenching of fluorescein by guanosine. Flu-
orescence emission of 1 nM fluorescein-labeled, noncleavable sub-
strate analogue (dA -,) in standard reaction buffer (50 mM Tris-HCI,
pH 7.5, 12 mM MgCl,) at 25 °C was followed over time. After pre-
incubation at 25°C, a 10-fold excess of a substrate-binding strand
either without (SBS) or with one of the four natural nucleosides
additionally at the 5’ end (G-SBS, U-SBS, C-SBS, A-SBS) was added.
After several minutes, an addition of 10 nM hairpin ribozyme
followed. Only G-SBS induces the same quenching effect as the
ribozyme, resulting in a decay curve upon binding. Addition of all
other substrate-binding strands leads to slightly altered, but stable
fluorescence signals due to changed scattering. Only with added
ribozyme do the intensities decrease over time, due to gradual re-
placement of SBS by ribozyme in the complex. All curves were
corrected for minor photobleaching.

mixtures, the fluorescein signal decreases with similar
low rates. In the case of G-SBS, addition of ribozyme
does not influence the already quenched fluorescence
(Fig. 3). These observations suggest that the different
substrate-binding strands bind to the substrate ana-
logue and can be displaced by addition of ribozyme.
However, only G-SBS or the ribozyme with 5'-terminal
guanosine residues were observed to quench the flu-
orophore. These findings hold true for the cleavable
substrate and for the dephosphorylated ribozyme, as
well as the triphosphorylated, transcribed G-SBS, in-
dicating that only guanosine derivatives act to quench
fluorescein.

Fluorescence-based assays for substrate
binding, cleavage, and dissociation

For real-time monitoring and quantitation of forma-
tion, cleavage, and dissociation of the substrate-hairpin
ribozyme complex, as defined in Figure 1B, different
assays were designed (Fig. 4) based on the observed
quenching of the 3’'-fluorescein-labeled substrate by
the 5" guanosine of the ribozyme. In conditions of ri-
bozyme excess with all the substrate becoming bound
and quenched, this effect results in significant fluores-
cence changes.
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Figure 4A illustrates the binding assay. For concen-
trations of 1 nM substrate and 10-30 nM ribozyme,
binding is slow, taking 1-2 min for apparent (>99%)
completion. Thus, the fluorescence decay conveniently
could be followed after manual mixing (Fig. 5A). All
obtained fluorescence traces could be fitted by the
least-squares method using a single-exponential de-
cay curve. Under the applied single-turnover condi-
tions, the calculated pseudo-first-order reaction rates
could be plotted against varying ribozyme concen-
trations and binding rate constants extracted by lin-
ear regression (Fig. 5B). Dissociation rates, in principle,
can be calculated from the intercept of this plot
with the y-axis (Turner et al., 1996), but a direct disso-
ciation assay (see below) yielded more reproducible
data.

Table 2 lists the rate constants for binding of a non-
cleavable substrate analogue by either ribozyme or iso-
lated substrate-binding strand containing an additional
5" G (G-SBS). Because cleavage at 25°C is slow (rate
constants in the range of 0.1-0.2 min 1), the fast bind-
ing step for the cleavable substrate could be calculated
from the fluorescence trace for the first minute after
mixing substrate and ribozyme. The error from ne-
glecting the onsetting cleavage was estimated to lie
within the given deviation limits. All binding rate con-
stants for the 14-nt substrate to its complement in stan-
dard reaction buffer (50 mM Tris-HCl, pH 7.5, 12 mM
MgCl,) at 25°C are in the range of 1.4-2.0 X 108 M~!
min~! (Table 2).

Cleavage of substrate by the hairpin ribozyme can
be observed using the method shown in Figure 4B. It
has been shown that reaction product dissociation is
much faster (by at least a factor of 10) than the trans-
esterification steps involved in cleavage and ligation
(Hegg & Fedor, 1995). Furthermore, substrate concen-
trations used here are too low (by about a factor of
100) to saturate the ribozyme with ligatable cleavage
products (Hegg & Fedor, 1995). Consequently, disso-
ciation of fluorescein-labeled 3’ reaction product, re-
sulting in a fluorescence increase (Fig. 6A), will reflect
the slower cleavage kinetics. A single-exponential least-
squares fit yields a reaction rate constant of 0.15 min ™"
in standard reaction buffer at 25 °C (Table 2). This value
compares well with the 0.11 min~! obtained in a tra-
ditional radioactive assay after [5'-3?P]-labeling the flu-
orescent substrate (Fig. 6B). Up to a 30-fold ribozyme
excess leads to the same rate, confirming that single-
turnover conditions are maintained with all substrate
becoming and remaining bound. A similar cleavage
rate of 0.11 min~" also has been found for a nonfluo-
rescent substrate-ribozyme complex of the same se-
quence using radiolabeling and electrophoresis (J.A.
Esteban, A.R. Banerjee, & J.M. Burke, submitted). Fi-
nally, cleavage of the 3’-fluorescein-labeled substrate
could be visualized directly utilizing an automated
DNA sequencer (Fig. 6C). Two additional bands were
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FIGURE 4. Quenching/dequenching assays to monitor kinetics of the hairpin ribozyme under single-turnover conditions.
A: Binding assay. When free in solution and being excited, fluorescein at the 3' end of the substrate emits fluorescence.
Upon binding to the ribozyme, part of the fluorescence becomes quenched. Under single-turnover conditions with all the
substrate becoming bound, a significant fluorescence decrease can be observed. B: Cleavage assay. Cleavable substrate is
prebound to ribozyme and the coupled fluorescein shows quenched fluorescence. Upon cleavage of substrate and disso-
ciation of reaction products, the fluorophore becomes dequenched and its emission signal increases. C: Dissociation assay.
Noncleavable substrate analogue with 3’ fluorescein is prebound to ribozyme, resulting in quenched fluorescence. To start
the reaction, an excess of noncleavable, unlabeled substrate analogue (chase) is added. Upon dissociation and dequenching
of the labeled substrate, it will be replaced by a molecule from the chase, leading to an increasing fluorescence signal.

observed in comparison to the analysis of the [5'-**P]-
labeled cleavage products in Figure 6D. This can be
explained by the fact that phosphorylation with P
only can visualize nucleic acids with 5" OH group. In
contrast, fragments with blocked or unlabeled 5' ends
may still contain the synthetically attached 3'-fluores-
cein label, leading to additional fluorescent bands
(Fig. 6C).

Dissociation of noncleavable substrate analogue can
be monitored directly by a substrate dilution or chase
experiment (Fig. 4C). Dissociation of fluorescein-labeled
substrate analogue results in a fluorescence increase,
because a displaced and dequenched molecule is re-
placed with the unlabeled substrate analogue, sup-
plied in excess as a chase. The fluorescence trace for
dissociation in standard reaction buffer at 37 °C could
be fitted with a single-exponential equation character-
ized by a rate constant of 0.54 min ' (Fig. 7). Disso-
ciation at 25°C is considerably slower (0.01 min’,
Table 2) and close to the detection limit of this assay,
which is a consequence of photophysical bleaching of
the fluorophore upon extended excitation (data not
shown). It is noteworthy that only about 50% of the
initial fluorescence could be recovered after the fluo-
rescence increase had reached its plateau (data not
shown).

Dissociation of the substrate analogue—hairpin
ribozyme complex is considerably slower than
that of the substrate analogue-SBS complex
Dissociation of the substrate analogue-ribozyme com-
plex at 25°C has a rate constant of 0.01 min~' and
is 39-fold slower than dissociation of the substrate
analogue-G-SBS complex (Table 2; Fig. 8). The sub-
strate can potentially have additional tertiary contacts
with loop B domain of the ribozyme mainly through
interactions between loops A and B, if the “hinge”-
region is bent, or through coaxial stacking of helices 2
and 3 (Fig. 1A). G-SBS alone cannot have any of these
tertiary interactions with the substrate, because it lacks
both loop B and helix 3.

To analyze the source of the observed difference in
dissociation rates between the complexes with ribo-
zyme and G-SBS, the ribozyme was hybridized to an
excess of a complementary oligodeoxynucleotide anti-
sense to the complete B domain (termed cDNA(LB);
sequence: 5'-d(TACCAGGTAATGTACCACGACTTA
CGTCGTGTGTTTC TCTGGT)). Thus, no interactions
with nucleotides in loop B are possible while still allow-
ing coaxial stacking of helix 2 onto helix 3 (now in a
DNA/RNA hybrid) (Figs. 1A, 8B). The binding rate of
substrate analogue to this hybrid increases only slightly
(from1.4t02.0 X 108 M~ min~!, Table 2). However, the
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FIGURE 5. Determination of binding rate constants of substrate to the hairpin ribozyme, as exemplified with the 3'-
fluorescein-labeled, noncleavable substrate analogue. A: Fluorescence decrease of 1 nM substrate analogue upon binding
to 10-30 nM ribozyme as indicated. The reaction was performed in 50 mM Tris-HCI, pH 7.5, 12 mM MgCl,, at 25°C. Data
(one datum per second) were least-squares fitted to the equation I = Iy + Lie™"/, yielding, e.g., a pseudo-first-order
reaction rate constant of kpsy = 1/7; = 2.18 min™! with [} = 1.95 and y? = 0.0025 (dashed line), at 10 nM ribozyme. B:
Dependence of rate constant kps; on ribozyme concentration. Data points stem from fits of a single exponential to fluo-
rescence signal over time as demonstrated in A. Linear regression (dashed line) is used to calculate the bimolecular rate
constant for substrate binding to hairpin ribozyme.

dissociation rate at 25 °C increases from 0.01 min ! to
0.07 min~", still being lower than that of the substrate
analogue-G-5BS complex (0.39 min !, Fig. 8). At 30 °C,
this difference between substrate analogue dissociation
rates from the substrate-ribozyme versus substrate-
HpRz/cDNA(LB) complexes is less pronounced (0.06

min "' versus 0.15 min !). Finally, it is reversed at 37 °C
(0.54 min ! versus 0.41 min~!) (Table 2). These values
were used to confirm the rate constants at 25 °C by ex-
trapolation in an Arrhenius plot (data not shown). A
more detailed analysis of the temperature dependence
of dissociation will be presented elsewhere.

TABLE 2. Kinetic rate constants for binding, cleavage, and dissociation of 3'-fluorescein-labeled substrate (and analogue
dA-,) in its complex with hairpin ribozyme (HpRz), isolated substrate-binding strand with additional 5' G (G-SBS), and
ribozyme hybridized to a cDNA against loop B domain, as determined by the described fluorometric assays.?

Molecules Assay T (°C) Rate constant

1 nM Substrate (dA-;) + 10 nM HpRz Binding 25 (1.4 * 0.3) X 108 M~! min™!
1 nM Substrate (dA-;) + 10 nM G-SBS Binding 25 (1.7 = 0.3) X 10° M ! min !
1 nM Substrate (dA-;) + 10 nM

HpRz/cDNA(LB) Binding 25 (2.0 = 0.3) X 10° M~! min™!
1 nM Substrate + 10 nM HpRz Binding 25 (1.7 £ 0.4) X 10° M"! min™*
10 nM Substrate + 100 nM HpRz Cleavage 25 (0.151 * 0.007) min"!

10 nM Substrate (dA-;) + 100 nM HpRz Dissociation 25 (0.010 = 0.002) min !

10 nM Substrate (dA—,) + 100 nM HpRz Dissociation 30 (0.06 = 0.01) min™!

10 nM Substrate (dA_;) + 100 nM HpRz Dissociation 37 (0.54 * 0.04) min™!

10 nM Substrate (dA_;) + 100 nM G-SBS Dissociation 25 (0.39 * 0.03) min !

10 nM Substrate (dA_;) + 100 nM

HpRz/cDNA(LB) Dissociation 25 (0.07 + 0.01) min !

10 nM Substrate (dA-;) + 100 nM

HpRz/cDNA(LB) Dissociation 30 (0.15 = 0.01) min !

10 nM Substrate (dA_;) + 100 nM

HpRz/cDNA(LB) Dissociation 37 (0.41 = 0.01) min !

“Rate constants were measured in at least two independent samplings to obtain the given deviations. All reactions were
performed in 50 mM Tris-HCI, pH 7.5, 12 mM MgCl, at the indicated temperatures.
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FIGURE 6. Measurement of rate constants for cleavage of 3'-fluorescein-labeled substrate by the hairpin ribozyme. A:
Fluorescence increase upon cleavage of 10 nM substrate by 100 nM ribozyme in 50 mM Tris-HC, pH 7.5, 12 mM MgCl,,
at 25°C. Data (one datum every 2 s) were least-squares fitted to the equation [ = Iy + I;(1 — ¢ /™), yielding a first-order
reaction rate constant of 1/7; = 0.151 min ! with I; = 1.20 and x* = 0.0009 (dashed line). Note that the increase in
fluorescence from a value of 1.6 to about 3 is of the same magnitude as the initial decrease upon binding of substrate to
the ribozyme (by about a factor of 2). This confirms that the drop in fluorescence upon binding can be recovered fully by
cleavage and dissociation of the products. B: The same reaction as in A, detected by a traditional radioactive assay with
both 3'-fluorescein and [5'-*P]-labeled substrate. Data points correspond to individual aliquots from the reaction mixture,
analyzed by gel electrophoresis and also quantified using a Bio-Rad Molecular Imager instrument. They were fitted to a
single exponential as in A, with 1/7; = 0.115 min ! with I; = 0.812 and x? = 45 X 1077 (dashed line). C. Analysis of 3'
fluorescein-labeled cleavage products on a nonradioactive sequencing gel. One-microliter aliquots were taken at the
indicated times (above the lanes in minutes) from a reaction similar to A, but with 10-fold higher concentrations of both
substrate and ribozyme, and fluorescent RNA was visualized on an automatic sequencer as described in Materials and
Methods. Besides the substrate (S) and 3’ product (3'P) bands, two additional fluorescein-labeled fragments are visible.
They are not observed in the radioactive gel in D, most probably because they are resistant to [5"-*2P]-labeling due to a 5’
cap from synthesis. The one just below S, S(—1), is the —1 byproduct of substrate synthesis that is consumed during
cleavage as is S. The other band (2) is not affected by the reaction. D. An autoradiogram from the gel used for the analysis
in B. [5'-%2P]-labeled substrate (S) is converted into the 5’ product (5'P) over a time course as indicated above the lanes (in
minutes).

From these binding and dissociation rate constants
using the noncleavable, 3'-fluorescein-labeled substrate
analogue at 25 °C, equilibrium constants K, and free
energies AGy;;, of dissociation of the different complexes
could be calculated. The complex with the ribozyme is
the most stable one (K = 70 pM, AGgjss = 13.9 kcal/
mol), followed by the complex with HpRz/cDNA(LB)
(Kaiss = 360 pM, AG;ss = 12.9 kecal/mol), and the com-

plex with G-SBS (Kiss = 2.3 nM, AG;,, = 11.8 kcal /mol)
(Table 3).

DISCUSSION

In the present work, we have labeled the 3" end of
synthetic 14-nt model substrates and noncleavable sub-
strate analogues of the hairpin ribozyme with fluo-
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FIGURE 7. Determination of dissociation rate constants for the 3'-
fluorescein-labeled, noncleavable substrate analogue. Fluorescence
increase of 10 nM labeled substrate, prebound to 100 nM ribozyme,
was followed upon addition of 1 uM unlabeled substrate as chase
(see Materials and Methods). The reaction was performed in 50 mM
Tris-HCl, pH 7.5, 12 mM MgCl,, at 37 °C. Data (one datum every 2 s)
were least-squares fitted to the equation I = Iy + Li(1 — e7¥/™),
yielding a first-order reaction rate constant of 1/7; = 0.54 min™’
with I; = 1.13 and y? = 0.001 (dashed line). Note that the increase
in fluorescence from a value of 2.2 to about 3 is smaller than to be
expected from a reversal of the initial decrease by 55% upon binding
of substrate analogue to the ribozyme (Table 1).

rescein, and have used these molecules for quenching/
dequenching assays to measure rate constants for
binding, cleavage, and dissociation (Fig. 1). Although
similar efforts have been undertaken involving radio-
labeled substrates (Hegg & Fedor, 1995; ].A. Esteban,
AR. Banerjee, & ].M. Burke, submitted), fluorescent
assays offer a number of advantages. Among these are
the potentially unlimited half-life of the probe, and the
avoidance of health hazards, waste disposal problems,
and special training of staff. More important, however,
is the fact that fluorescence quenching allows the di-
rect observation of binding and dissociation events with
rapid collection of many time points for high precision
(Turner et al., 1996). Otherwise, these processes are
difficult to follow, because fractions of bound radio-
labeled substrates can be identified only by subsequent
analyses, such as gel shifts or more complex, indirect
assays based on cleavage. These indirect methods bear
the risk of influencing the observed yield of formed
complex.

To our knowledge, we present here the first system-
atic investigation of quenching efficiencies of RNA
nucleobases on fluorescein. By showing that the fluo-
rophore becomes efficiently quenched by only guano-
sine, we provide a basis for designing experiments
to study RNA interactions employing base-specific
quenching. Guanosine has earlier been suspected to be
an efficient quencher for fluorescein attached to DNA
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(Lee et al., 1994; Livak et al., 1995). Its effect might
stem from an electron transfer mechanism, possibly
coupled with a proton transfer from the nucleobase to
the excited fluorophore (Shafirovich et al., 1995; Seidel
et al.,, 1996). The slightly red-shifted emission spec-
trum found after binding of substrate analogue to
ribozyme or G-SBS (Fig. 2) might indicate the forma-
tion of a weak ground-state charge-transfer complex
between fluorophore and nucleobase (Lianos & Geor-
ghiou, 1979). However, effects from nonisotropic fluo-
rescence cannot be ruled out, because polarizers were
not used (Lakowicz, 1983). In an earlier study on fluo-
rescein quenching by DNA, decrease in steady-state flu-
orescence was accompanied by a decrease in average
lifetime of the excited fluorophore (Lee etal., 1994). This
finding would support a dynamic (collisional, diffusion-
controlled) rather than a static (ground-state complex-
mediated) quenching mechanism (Lakowicz, 1983).
Moreover, the linkers of both fluorescein and guano-
sine in the complex (Fig. 1A) have sufficient flexibility
to allow collisional quenching of the fluorophore. Fi-
nally, the observed increase in fluorophore anisotropy
upon substrate analogue-ribozyme binding (Table 1) is
consistent with the fluorophore being converted from a
small molecule (labeled substrate) into a larger com-
plex (Lakowicz, 1983).

Fluorophores coupled to oligonucleotides have been
described previously to show sensitivity to their local
environment (Murchie et al., 1989; Cooper & Hager-
man, 1990; Clegg et al., 1992). Base-specific quenching
effects have been characterized in some detail for py-
rene (Koenig et al., 1977; Yamana et al., 1992; Kierzek
et al.,, 1993; Manoharan et al., 1995; Dapprich et al.,
1996). In the latter case, the effects of either guanosine
or pyrimidines on the fluorophore emission are pro-
nounced (up to a 25-fold change with quenching) and
could be used to monitor the binding of a micromolar
excess of pyrene-labeled substrate to a group I intron
in real-time (Bevilacqua et al.,, 1992, 1993, 1994; Li
et al.,, 1995; Turner et al., 1996). With a 5’ fluorescein,
these authors could observe only a 10% change in flu-
orescence (Kierzek et al., 1993). This is not surprising
because the sequences of substrate and ribozyme were
not optimized for a maximum difference in interaction
between fluorescein and its quencher guanosine upon
binding. Small effects might have been obscured by an
excess of unbound substrate. In contrast, the much
larger extent in fluorescence quenching by a vicinal
guanosine observed in the present work, together with
their highly sensitive detection in the visible spectral
range, make fluorescein-labeled substrates and their
analogues ideal probes for studying interactions un-
der single-turnover conditions (low substrate, high
ribozyme concentration), similar to standard radioiso-
topic assays.

The binding, cleavage, and dissociation rates from
traditional isotopic assays are in excellent agreement
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FIGURE 8. Fluorescence traces and rate constants for dissociation of the 3'-fluorescein-labeled, noncleavable substrate
analogue from different complexes. A: Fluorescence signals over time. Ten nanomolar labeled substrate had been prebound
to either 100 nM G-SBS, ribozyme, or the complex of ribozyme with a cDNA of loop B domain (Fig. 1A). Dissociation could
be followed in 50 mM Tris-HCI, pH 7.5, 12 mM MgCl,, at 25°C, after addition of 1 M unlabeled substrate as chase (see
Materials and Methods). Similar measurements at elevated temperatures with faster dissociation were used to confirm the
slower rate constants in an Arrhenius plot. B: Dissociation rate constants k-, for the indicated complexes, measured at
25 °C. Rate constants were determined by fitting equation I = Iy + I;(1 — ¢~/1) to the data in A. Note that, in the complex
with ribozyme hybridized to cDNA(LB), coaxial stacking of helices is possible as illustrated, while loop B of the ribozyme

is no longer accessible for tertiary interactions.

with data derived from the fluorescence assays de-
scribed here (Table 2). For example, a rate constant of
3 X 10® M™! min~" has been determined for substrate
binding to the utilized hairpin ribozyme by indirect
radioactive analyses (J.A. Esteban, A.R. Banerjee, &
J.M. Burke, submitted), as compared to 1.4-2.0 x 10®
M~ min~" using fluorescence quenching. This rate is
among the fastest ones observed for complex forma-
tion between complementary nucleic acids (Pérschke
etal., 1973; Schwille et al., 1996), in agreement with the
idea that the substrate and substrate-binding strands
display no significant secondary structure to interfere
with complex formation (Fig. 1A). Under the chosen
reaction conditions, only one fluorescence transient
could be observed, consistent with either a one-step
binding mechanism or a multiple-step mechanism with
similar fast rate constants for the different steps. This

is in contrast to fluorescence-detected, two-step bind-
ing of pyrene-labeled substrates to a large group I in-
tron capable of forming complex tertiary interactions
(Turner et al., 1996). In the latter studies, stopped-flow
methods with high substrate concentrations were ap-
plied to resolve the different binding steps, an ap-
proach that could be utilized in future studies of the
system described here.

A cleavage rate constant of 0.11 min ! has been found
using 5'-*?P-labeled substrate, both in the presence (this
work) and absence (]J.A. Esteban, A.R. Banerjee, & ].M.
Burke, submitted) of a 3’ fluorescein. This indicates
that the fluorescein label does not influence cleavage
rates significantly. In the fluorescence assay, a slightly
higher value of 0.15 min~! was observed, which could
fall within the range of batch-to-batch experimental
variation. Rate constants of 0.19-0.45 min~" have been

TABLE 3. Equilibrium constants Ky;;; and free energies AGys-c qiss for dissociation of substrate
analogue from its complex with the hairpin ribozyme (HpRz), the isolated substrate-binding
strand with additional 5' G (G-5BS), and the ribozyme hybridized to a cDNA of loop B domain,
as calculated from binding (k;) and dissociation (k-;) rate constants at 25 °C.

Molecules

Kaiss = k-1 /Ky

AGasec,diss = —RT In(Kyigs)?

Substrate (dA-;) + HpRz
Substrate (dA_,) + G-SBS
Substrate (dA ;) + HpRz/cDNA(LB)

(70 + 25) pM
(2,300 + 600) pM
(360 + 120) pM

13.9 kcal/mol
11.8 kcal /mol
12.9 kecal/mol

R, gas constant; T, temperature in degrees Kelvin.
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found utilizing other radioactive substrates under sim-
ilar single-turnover conditions (Hegg & Fedor, 1995).
These data verify the hypothesis that product dissoci-
ation is significantly faster than cleavage. If this were
not the case, cleavage of 3'-fluorescein-labeled sub-
strate, as observed by dequenching upon product dis-
sociation, would be expected to be slower than cleavage
observed by gel electrophoretic analysis after sample
denaturation.

The data from both fluorometric and radioisotopic
assays could be fitted with single-exponential curves
for the 30-min time courses shown in Figure 6. Longer
time courses are difficult to follow by fluorescence,
because deviations due to irreversible photophysical
bleaching of the fluorophore cannot be excluded. Thus,
the slow second phase of cleavage kinetics by the hair-
pin ribozyme, which has been detected in the isotopic
assay (J.A. Esteban, A.R. Banerjee, & ].M. Burke, sub-
mitted), could not be observed reliably by fluorescence
dequenching (data not shown).

The presence of low amounts of 3'-fluorescein-labeled
fragments in addition to substrate and 3’ product can
be detected using established nonradioactive sequenc-
ing methods on instruments that are commonly avail-
able. In the case of the 1-nt short substrate (—1), this
byproduct of synthesis is cleaved by the ribozyme
(Fig. 6C). This cleaved fraction will contribute to the
fluorescence dequenching signal, but cannot be de-
tected by [5'-*?P]-labeling because of the 5' cap at-
tached during synthesis (Fig. 6D). Molecules binding
to the ribozyme with a 1-base pair shorter helix 2
(Fig. 1A) have been shown to be cleaved with a faster
rate (J.E. Heckman, E.K. O’'Neill, & J.M. Burke, in prep.).
Thus, the additional substrate (—1) fraction might, in
part, account for the slight increase in cleavage rate of
the fluorogenic versus isotopic assay. Other fluores-
cent fragments not affected by the presence of ribo-
zyme (e.g., band 2 in Fig. 6C) will increase background
fluorescence signal without interfering with measured
cleavage rate constants.

Dissociation of noncleavable substrate analogue
(dA_,) has been studied here in some detail at three
different temperatures and with three substrate-binding
strand configurations. All time courses could be ac-
counted for by a single fluorescence transient, again
consistent with a simple one-step mechanism. The dis-
sociation rate constants obtained at 25°C for the
substrate-ribozyme complex are in the same range as
values obtained for the same (J.A. Esteban, A.R. Ban-
erjee, & J.M. Burke, submitted) and other constructs
(Hegg & Fedor, 1995) when measured by complex ra-
dioisotopic pulse/chase experiments using cleavable
substrates. However, it is worth noting that only about
50% of the initial fluorescence is recovered in the course
of the described dequenching assay after reaching a
stable plateau value (Fig. 7). This limitation does not
exist for dissociation of substrate cleavage products
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under similar conditions (Fig. 6A), and therefore seems
unlikely to relate to a fluorescence loss by photobleach-
ing. It is rather in agreement with the observation that
part of the noncleavable substrate analogue remains
bound to the ribozyme in radioactive gel shift assays
after extended incubation with a chase (J.E. Heckman,
E.K. O'Neill, & J.M. Burke, unpubl.). Whether this ob-
servation is an intrinsic feature of the noncleavable
substrate analogue has yet to be analyzed.

Surprisingly, substrate analogue dissociation from
the isolated substrate-binding strand G-SBS is consid-
erably (39-fold) faster than that from the full-length
hairpin ribozyme, implying a difference of 2.1 kcal/
mol in dissociation free energy at 25 °C (Table 3). This
value is well within the range of free energies that can
be expected for coaxial stacking interactions between
RINA double helices (Walter et al., 1994). Nevertheless,
after blocking loop B domain of the ribozyme (Fig. 1A)
by annealing a complementary DNA, about half (1.0
kcal/mol) of the free energy gain in the substrate-
ribozyme versus substrate-SBS complex is lost. With
the hybridized cDNA, stacking interactions in the he-
lix 2/helix 3 junction (now partly formed by an RNA /
DNA hybrid) should still be possible. Note that the
cDNA lacks the 3’ overhanging adenosine residue of
loop B domain of the ribozyme (Fig. 1A). Whether the
loss of free energy for substrate dissociation from this
complex is due to this change or due to lost tertiary
interactions between loops A and B of the trans-acting
ribozyme (Burke et al., 1996) remains to be examined.

In conclusion, we have demonstrated the applicabil-
ity of 3'-fluorescein-labeled substrates for measuring
the rates of several basic steps in the reaction mecha-
nism of trans-cleavage by the hairpin ribozyme. High
sensitivity and the possibility for direct and real-time
observation of binding and dissociation events make
this technique a valuable tool to study RNA inter-
actions under single-turnover or pre-steady-state con-
ditions. We believe that this technique will complement
existing radioactive and spectroscopic approaches, al-
lowing a deeper understanding of structure/function
relationships in ribozyme biochemistry.

MATERIALS AND METHODS

Synthesis and purification of oligonucleotides

DNA and RNA oligonucleotides were synthesized by stan-
dard methods using solid-phase phosphoramidite chemistry
from Glen Research implemented on an Applied Biosystems
392 DNA/RNA synthesizer. For 3’ end-labeling of RNA with
fluorescein, fluorescein CPG column supports were used
(1 wmol, Glen Research). DNA oligonucleotides were depro-
tected and purified using standard protocols. Deprotection
of RNA oligonucleotides was accomplished by the method
of Sproat et al. (1995), utilizing methanolic ammonia to re-
move the exocyclic amine protection groups and triethyl-
amine trihydrofluoride to remove the 2’ OH silyl protection
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groups. Fully deprotected full-length substrates and sub-
strate analogues (with or without 3’ fluorescein) and substrate-
binding strands were purified by denaturing 20% PAGE and
subsequent Cg-reversed-phase HPLC with a gradient of
acetonitrile in 0.1 M triethyl ammonium acetate, where
fluorophore-coupled RNA was considerably retarded rela-
tive to unlabeled RNA. To obtain accurate concentrations for
the fluorescein-labeled RNA, the additional absorbance of
the fluorophore at 260 nm was taken into account with Ase/
Agn = 0.3 (Bjornson et al., 1994). Noncleavable substrate
analogues were obtained by introducing a dA modification
at the cleavage site (position —1). Hairpin ribozyme and
3'-triphosphorylated substrate were transcribed from a syn-
thesized, double-stranded DNA template with the RiboMax™
protocol (Promega) and purified by denaturing 10% and 20%
PAGE, respectively, as described (Sargueil et al., 1995). Ri-
bozyme transcripts were dephosphorylated with an excess
of alkaline phosphatase (from calf intestine, Boehringer) for
4 h at 37 °C, phenol/chloroform extracted, and recovered by
ethanol precipitation.

Steady-state fluorescence kinetic assays

Steady-state fluorescence spectra and intensities were re-
corded on an SLM 8000 spectrophotofluorometer with OLIS
Stopped-Flow Operating System software in a cuvette with
3-mm excitation and emission path lengths (150 uL total
volume). All buffer solutions were degassed prior to addi-
tion of RNA by heating to 95°C for 1 min. Sample absorb-
ances were less than 0.01 at the excitation wavelength, so
that inner-filter effects of the solution did not play a signif-
icant role. Fluorescein was excited at 490 nm, and fluores-
cence emission for kinetic assays was monitored at 520 nm.
Excitation and emission slits were set to 4 nm (for substrate
concentrations of 10 nM) or 8 nm (substrate concentrations
of 1 nM). Unless otherwise stated, photobleaching of the
fluorophore could be neglected. All reactions were per-
formed in standard reaction buffer (50 mM Tris-HCI, pH 7.5,
12 mM MgCl,). Sample temperature was regulated with a
LAUDA RMé6 water bath, taking the temperature difference
between bath and cuvette content into account.
Substrate-binding kinetics were observed at 1 nM 3'-
fluorescein-labeled substrate (either cleavable or noncleav-
able analogue) and 10-30 nM ribozyme or isolated substrate-
binding strand (SBS; ribozyme sequence of positions 1-14,
with an additional 5’ nucleotide where required) final con-
centrations. Both substrate and ribozyme or SBS were pre-
incubated separately in standard reaction buffer (see above)
at 25 °C for at least 5 min, and hybridization was initiated by
manually mixing 145 pL substrate with 5 uL ribozyme or
SBS stock solution in the fluorometer cuvette. Binding was
then monitored as fluorescence decrease over time.
Cleavage kinetics could be observed at final concentra-
tions of 10 nM 3’-fluorescein-labeled substrate and 100 nM
ribozyme. Both substrate and ribozyme were preincubated
separately in standard reaction buffer (see above) at 25 °C for
at least 5 min, and cleavage was initiated by mixing 145 pL
substrate stock solution in the fluorometer cuvette with 5 uL.
ribozyme solution, leading to a fluorescence increase over
time. To visualize the cleavage products, an identical reac-
tion with 10-fold higher substrate (100 nM) and ribozyme
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(1 uM) concentrations was performed in a plastic tube, 1-uL
aliquots removed at defined times, quenched with 4 uL of a
1:5 mixture of 50 mM EDTA with deionized formamide, and
analyzed on a 12% sequencing gel using a model 373A non-
radioactive DNA sequencer (Applied Biosystems). Fluores-
cein was recorded as a blue signal.

To monitor dissociation of intact substrate, noncleavable
(dA_;), 3'-fluorescein-labeled substrate analogue (10 nM fi-
nal concentration) was preincubated in standard reaction
buffer (see above) at the selected temperature for at least
5 min, mixed with preequilibrated hairpin ribozyme, HpRz/
c¢DNA(LB) complex, or substrate-binding strand (100 nM
final concentration) in a cuvette, and hybridized for 2 min.
The sequence of oligodeoxynucleotide cDNA(LB) is comple-
mentary to the loop B domain of the ribozyme: 5'-d(TACCA
GGTAATGTACCACGACTTACGTCGTGTGTTTCTCTGGT).
A two-fold excess of it was hybridized to the ribozyme by
heat denaturation at 95 °C for 1 min and slow cooling down,
prior to addition of labeled substrate analogue. Finally, an
excess of 1 uM noncleavable, unlabeled substrate analogue
was added as chase, and dissociation monitored as fluores-
cence increase over time. If the chase was added before the
labeled substrate analogue, no change in fluorescence was
observed. Evidently, the chase concentration was high enough
to prevent rebinding of the labeled substrate analogue. For
higher than ambient temperatures, the cuvette was covered
against evaporation.

Fluorescence anisotropy measurements

Depolarization of fluorescence is dominantly caused by ro-
tational diffusion of the fluorophore and therefore reflects its
mobility. Basically, the higher the fluorophore mobility is,
the more depolarized its emission will be (Lakowicz, 1983).
To analyze anisotropies of solutions as a measure for fluo-
rescence polarization, 10-mm Glan-Thompson polarizers were
used on the SLM 8000 spectrophotofluorometer, and fluo-
rescence intensities measured with excitation and emission
polarizers subsequently in all four possible combinations of
vertical (v, 0°) or horizontal (i, 90°) alignment, I, L, Ly,
and Ij,. Anisotropy A could then be calculated as described
(Lakowicz, 1983) from:

A= (I?Jv - g'[Uir)/Uirv it Zg'[vh): Wlthg = Ik-v/[hfr'

Radioactive cleavage reaction

[5"-72P]-labeled substrate was prepared by phosphorylation
with T4 polynucleotide kinase and [y**P]ATP. To observe
cleavage for the 3'-fluorescein-labeled substrate by radio-
activity, a trace (<1 nM) amount of [5'-*?P]-labeled substrate
with 3’ fluorescein was added to 10 nM fluorescent sub-
strate, preincubated, and cleaved with 100 nM ribozyme in a
plastic tube under conditions identical to those applied for
the steady-state fluorescence cleavage assay (see above). The
5 cleavage product was separated from uncleaved substrate
by denaturing 20% PAGE, quantitated, and normalized to
the sum of the substrate and product bands using a Bio-Rad
Molecular Imager System GS-525.
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