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Abstract—The design, synthesis and study of internally fluorescent hammerhead (HH) ribozymes, where changes in fluorescence
parameters directly reflect the progress of the ribozyme’s cleavage chemistry, are described. The approach relies on a HH substrate
modified at position 1.1, proximal to the cleavage site, with 2-aminopurine (2AP), an intensely fluorescent adenosine isoster. The
incorporation of 2AP, an unnatural nucleoside, does not interfere with the ribozyme folding and catalysis. Since 2AP is highly
sensitive to environmental changes, its fluorescence is dramatically altered upon ribozyme-mediated cleavage of the substrate. This
generates a measurable signal that directly reflects the progress of the ribozyme’s reaction in real time. Identical pseudo first order
rate constants are obtained for HH constructs using both continuous fluorescence monitoring and radioactive labeling. This rapid
and real-time monitoring facilitates the study of ribozyme activity under different conditions (e.g., ionic strength, pH, etc.), and
provides a useful assay to rapidly screen potential inhibitors. Three hitherto unknown HH inhibitors are presented and compared
to neomycin B and chlortetracycline, two previously studied HH inhibitors. All three new small molecules, neo-acridine, guanidino-
neomycin B, and [A-(Eilatin)Ru(bpy),]> ", prove to be better inhibitors than neomycin B or chlortetracycline. Investigating HH
inhibition under different ionic strengths reveals that the binding of neo-acridine, [A-(Eilatin)Ru(bpy),]> ", and chlortetracycline to
the HH involves hydrophobic interactions as their RNA affinities are largely unaffected by increasing salt concentrations. In con-
trast, neomycin B loses more than 50-fold of its inhibitory ability as the NaCl concentration is increased from 50 to 500 mM.

© 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Natural and in vitro selected RNA enzymes (ribozymes)
are intriguing biopolymers capable of catalyzing a vari-
ety of transformations.! Their functional diversity can
be attributed to the complex three-dimensional folds
that RNA can assume via a multitude of secondary
structures and tertiary interactions.”® Ribozymes,
therefore, provide a unique opportunity to correlate
RNA structure and function. Valuable information
regarding RNA-ligand recognition can be obtained from
analyzing ribozyme inhibition by exogenous molecules.*>
Such knowledge is necessary to advance the under-
standing of RNA—small molecule recognition and for the
continued development of small organic molecules as
modulators of cellular processes at the RNA level.%’

The hammerhead ribozyme (HH) is one of the best char-
acterized RNA enzymes.® 1 A wealth of information

*Corresponding author. Tel.:+ 1-858-534-6401; fax: + 1-858-534-
5383; e-mail: ytor@ucsd.edu

regarding its conserved base requirements, kinetics,
mechanisms and structure is available.!~'> Much less is
known, however, about the modulation of enzymatic
activity by low molecular weight ligands.'® The rapid
generation of molecular diversity via combinatorial
approaches provides new opportunities to further our
understanding of RNA recognition. Large-scale investi-
gations are hampered, however, by the inherent experi-
mental difficulties associated with evaluating ribozyme
function. Typically, the RNA substrate is radioactively
labeled. Upon annealing to the enzyme component, the
cleavage reaction is initiated and sampled over time.
The cleaved product is then separated from the full-
length product by polyacrylamide gel electrophoresis
and quantified by phosphorimagery. While this method
is very sensitive and precise, it is extremely time con-
suming and therefore not conducive to high throughput
analysis of RNA binders. Alternative methods, where
fluorescent tags have been appended to the termini of
ribozymes have recently been explored.!”2! We sought
to develop internally fluorescent ribozymes, such that
changes in fluorescence parameters would directly reflect
the progress of the ribozyme’s cleavage chemistry. Here
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Figure 1. Hammerhead ribozymes and cleavage reaction. HH16 (M =G, N=C), HHR1 (M=A, N=U), and HHR2 (M =2AP, N=U).

we report the design, synthesis and study of such inher-
ently fluorescent HH ribozymes, where an intensely
fluorescent adenosine isoster, 2-aminopurine (2AP), has
been incorporated proximal to the site of cleavage.
Since 2AP is highly sensitive to environmental changes,
it was anticipated that upon ribozyme-mediated clea-
vage of the substrate, the photophysical parameters of
2AP would be dramatically altered. In this report we
validate the proposed concept and demonstrate the uti-
lity of this assembly for the study of ribozyme activity
and inhibition.

Design

The hammerhead ribozyme HH16, a small and highly
active RNA enzyme,® has been chosen as the primary
system for the development of reporting ribozymes.
Strategically modified HH ribozymes, with 2AP at
position ‘M’ and uridine at position ‘N’, have been
selected as the prototypical assembly (Fig. 1). The fol-
lowing criteria were taken into consideration in design-
ing these inherently fluorescent ribozymes. The modified
nucleotide is not among the conserved core of nucleo-
tides.®? It is known that any base pair can be accom-
modated at the modification positions.® Since 2AP
forms Watson—Crick-type hydrogen bonds with uridine
resulting in a base pair that is isostructural to A=U, a
negligible structural perturbation is anticipated (Fig. 2).
The modification position is centrally located and adja-
cent to the cleavage site. Upon phosphodiester cleavage,
the base stacking, solvation, and dynamics of 2AP are
likely to change substantially.?? Since the photophysical
properties of 2AP are known to change in response to
changes in its local environment,>>2° it is expected that
continuous fluorescence measurements can be used to
monitor the progress of ribozyme-mediated cleavage in
real time.?’

Results
Proof of concept
5'-32P-labeled 17-mer HH substrates that contain a

2AP, an A or a G at position M, proximal to the clea-
vage site (Fig. 1), are annealed to a corresponding 38

mer enzyme in S0 mM Tris-HCI, pH 7.0 in the presence
of NaCl (200mM) and MgCl, (10mM), and tested for
their cleavage rate (Fig. 3). Under these single turnover
conditions, the following pseudo first order rate con-
stants k, are obtained: 0.2240.01 min~! (for G=C),
0.234:0.02 min~! (for 2AP=U), and 0.39+0.03 min~!
(for A=U). The reaction of the 2AP-containing ribo-
zyme HHR2 is monitored by fluorescence spectroscopy
under the same reaction conditions. Continuous
recording of the fluorescence at 370 nm upon excitation
at 305nm reveals a nearly 3-fold increase in emission
over a period of 20 min. Analysis of these data yields a
k, value of 0.23+0.01 min—'. Normalized data for
HHR2, generated using the radioactively- and fluores-
cence-monitored experiments, are overlaid (Fig. 4). An
excellent correlation is obtained.

To support the generality of our approach and its
applicability to related ribozymes of a markedly differ-
ent activity, a mutant enzyme has been designed (Fig.
5). This 35-mer is a truncated version of the 38-mer
enzyme, where the number of base pairs in stem I is
reduced from eight to five. Additionally, two wobble
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Figure 2. The isostructural U-A and U-2AP base pairs.
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Figure 3. Left: Cleavage reactions of HHR2, HHR1, and HH16 as determined by radioactive labeling of substrate strand. S and P; indicate sub-
strate and product strands, respectively (Fig. 1). All reactions were conducted at 37°C and contained 1.85uM substrate (including a trace of 5'-32P
labeled material), 10.3 uM enzyme, 50 mM Tris pH 7.0, 200 mM NaCl, and 10 mM MgCl,. Cleavage reactions were quenched at the given times (7 in
min) and resolved by 20% PAGE. Right: Initial kinetics of HHR2 (O), HHRI1 ([1J), and HH16 (#). The pseudo first order rate constant, k,, of the
cleavage reactions are determined as the slope of In(fraction cleaved) versus time.

0.8

Fraction Cleaved

0O 2 4 6 8 10 12 14 16 18 20
Time (min)
Figure 4. An overlay of ribozyme mediated cleavage curves derived

from HHR2 fluorescence (O), and radioactive data (@), as well as
from HHR4 fluorescence ([]) and radioactive () data.
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Figure 5. Truncated 35-mer hammerhead ribozyme. HHR3 (M =A,
N=U), and HHR4 (M =2AP, N=U).

GeU base pairs are generated upon enzyme-substrate
complex formation. Single turnover experiments using
32P-labeled substrates show that this enzyme cleaves the
A- and 2AP-containing substrates with pseudo first-order
rate constants k, of 0.019 and 0.024 min—!, respectively.
Fluorescence monitoring of the cleavage reaction of the
truncated construct HHR4 yields a curve that closely
matches the data obtained by radiolabeling (Fig. 4).

Effects of ionic strength and pH on cleavage rate

Cleavage of the fluorescent 2AP-containing ribozyme
HHR?2 is monitored at various salt concentrations. The
initial rate constants determined by fluorescence in the
presence of 50, 100, 200 and 500mM NaCl are
0.304.07, 0.314.01, 0.234.01, and 0.204.04 min—',
respectively. At 2M NaCl, substrate cleavage is com-
pletely abolished. Changes in pH also affect ribozyme
activity. Cleavage is accelerated when the basicity of the
reaction medium is increased. When the pH is increased
from 6.5 to 8.5 in increments of 0.5 pH units, the fol-
lowing rate constants are obtained: 0.1440.01 min~!
(6.5), 0.23£0.01 min~! (7.0), 0.5240.08 min—! (7.5),
0.84£0.1 min~—! (8.0), and 0.940.1 min—! (8.5).

Ribozyme inhibition by small molecules

Five ligands are studied for their effect on ribozyme
activity: neomycin B, neo-acridine, guanidino-neomycin
B, [A-(Eilatin)Ru(bpy),]*", and chlortetracyline (Fig.
6). Cleavage reactions are monitored in the presence of
increasing ligand concentrations and at three different
salt concentrations (50, 200, and 500 mM NaCl). Figure
7 shows a representative example of raw experimental
data. Table 1 lists the corresponding IECs, values,
defined as the inhibitor concentration at which the
initial rate of cleavage is decreased by a factor of two.
Experiments conducted with a radioactively-labeled
substrate confirmed that IECs, values correlate well
with the concentrations required for diminishing the
ribozyme pseudo first order rate constants to 0.5xk».

Discussion

Effect of 2AP incorporation on cleavage rates

All HH constructs are active and undergo efficient
phosphodiester bond cleavage (Fig. 3). The cleavage
rate for the 2AP=U construct (HHR?2) is identical to
the ‘wild type’ construct (HH16) while the A=U con-
struct is almost two-fold faster. Similar rate enhance-
ments have also been observed by others.?® The
truncated ribozymes shown in Figure 5 are significantly
slower than the corresponding longer constructs, but
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Figure 6. Structures of HH inhibitors.

initial rates derived for the ribozymes containing A=U
(HHR3) and 2AP=U (HHR4) are very similar. These
results indicate that the incorporation of 2AP, an
unnatural nucleoside, does not interfere with the ribo-
zyme folding and catalysis.

Comparison of ‘standard’ and fluorescence derived rate
constants

The initial rate constants obtained by continuously
monitoring 2AP’s increase in fluorescence quantum yield
are found to be the same as those obtained by radiolabel-
ing. The two cleavage curves are essentially identical for
both the highly active as well as the slower ribozymes (Fig.
4). These results validate our design and confirm that a
strategic placement of a reporter nucleoside adjacent to the
ribozyme’s cleavage site provides an effective approach to
continuously follow cleavage kinetics.

Origin of fluorescence emission enhancement

Experiments with individually synthesized cleavage
products indicate that the 3-fold increase in 2AP fluo-
rescence emission, upon cleavage, is not dependent on
the dissociation of product P2 from the enzyme (data
not shown). Based upon the crystal structure of the
cleaved-product HH ribozyme,?® position M (Fig. 1)
becomes more solvent exposed upon substrate cleavage.
Increased solvation, upon cleavage, is likely the origin
of the emission enhancement of 2AP.2#

OH
OH O O

Chlortetracycline

[A-(Eilatin)Ru(bpy)s] **

Modulation of cleavage

The presence of a fluorescent reporting nucleoside pro-
vides a facile method for the study of salt and pH effects
on cleavage rate. Increasing the ionic strength from 50
to 500 mM NacCl slows down the ribozyme by approxi-
mately 50%. At 2M NacCl the ribozyme is completely
inactive. This suggests that Na* can compete with
Mg*2 ions for essential folding or catalytic sites on the
hammerhead. Increasing the pH from 6.5 to 8.5 results
in approximately 6-fold enhancement of the ribozyme
initial rate. This observation is consistent with the trend
found by others.?® It is worth noting that this rate
enhancement prohibits the accumulation of reliable
data using alternative techniques (such as radiolabeling)
since manual sampling becomes more challenging and
user-dependent.

Inhibition of cleavage by small molecules

The 2AP-containing ribozymes provide a useful assay to
rapidly screen potential inhibitors. Three representative
small molecules are selected from our prior studies of
RNA ligands,>'33 and compared to two previously
studied inhibitors: neomycin B and chlortetracy-
cline.?*3> These new inhibitors; neo-acridine, guani-
dino-neomycin B, and [A-(Eilatin)Ru(bpy),]**, prove
to be more potent cleavage inhibitors than neomy-
cin B and chlortetracycline under all conditions
surveyed.
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To illustrate how fundamental knowledge regarding
ribozyme catalysis can be rapidly accumulated using
fluorescent constructs, the effects of ionic strength on
inhibitory activities were determined (Table 1). Each
inhibitor is analyzed under three different ionic
strengths. Neomycin B is known to bind to RNA via
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Figure 7. HHR2 cleavage curves in the presence of three inhibitors at
200mM NaCl: (a) neomycin B at 0 (Q), 100 (&), 250 (A), 500 (A),
and 1000 (£A) pM, respectively; (b) neo-acridine at 0 (O), 3 (O), 7 (),
10 (), and 50 (CJ) uM, respectively; and (c) guandidino-neomycin B
at 0 (O), 5 (©), 10 (Q), 25 (©), and 50 (O) uM, respectively. HHR2
excitation is at 305 nm and emission is monitored at 370 nm.

electrostatic interactions.’®37 Consequently, it shows
the highest sensitivity to changes in salt concentration.
As the NaCl concentration is increased from 50 to
500mM, neomycin B loses more than 50-fold of its
inhibitory activity. Guanidino-neomycin B is also affec-
ted by the change in salt concentration but to a much
lesser extent. Neo-acridine is thought to interact with
RNA through both electrostatic and intercalative inter-
actions.’! However, its relative insensitivity to ionic
strength changes hints that intercalation may be the
dominant energetic driving force for HH binding. The
inhibition activities of [A-(Eilatin)Ru(bpy),]*" and
chlortetracycline are unaffected by increasing salt con-
centrations. This indicates that these compounds bind
the HH exclusively through hydrophobic interactions.
Interestingly, neomycin B is a better inhibitor than
chlortetracycline at low salt concentrations; however,
the opposite is observed at high salt concentrations.
These observations indicate that inhibitory effects exhib-
ited by small molecules are often highly sensitive to the
conditions under which ribozyme cleavage is monitored.

Conclusions

The results outlined above demonstrate that incorpor-
ating 2AP next to the cleavage site in the HH ribozyme
provides a powerful method for the study of ribozyme
catalysis and inhibition. To our knowledge this is the
first time an internal fluorescent base has been utilized
to monitor RNA cleavage chemistry. This approach
possesses three important advantages over more tradi-
tional techniques: (1) results are generated much more
rapidly as cleavage is followed in real-time, (2) human
errors are minimized as continuous time measurements
replace sampling, and (3) it is amenable to automation
and high throughput screening. We anticipate that rapid
analysis of low molecular weight ligands, under various
conditions, will substantially advance the generation of
new structure—activity relationships and our under-
standing of RNA recognition.

Experimental

RNA oligonucleotides

The HH substrates were prepared on a Milligen
Cyclone Plus DNA synthesizer using standard protocols
for RNA synthesis. The 2'-TBDMS protected 2-amino-
purine ribonucleoside phosphoramidite was prepared
from 6-thioguanosine according to Eckstein and cow-
orkers,*® and introduced site-specifically by manual
coupling.?® Additional RNA sequences have been pur-
chased from Dharmacon. All deprotected RNA

Table 1. IECs, values (uM) for inhibitors under three different ionic strengths

NaCl (mM) Neomycin B Neo-acridine Guanidino-neomycin B [A-(Eilatin) Ru(bpy),]*>* Chlortetracyline
50 45+10 4.5+1 7+2 7+3 90430
200 200+ 50 5.5+2 13£3 10£2 100£30
500 >2000 7+2 55+10 8+2 100+30
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sequences were purified by preparative 20% denaturing
polyacrylamide gel electrophoresis. The gels were
visualized by UV shadowing and the desired bands
excised from the gel and extracted with Tris-borate-
EDTA (TBE) buffer pH 8.3 (90 mM Tris, 90 mM boric
acid, 1mM EDTA) for 24-36h. The RNA was con-
centrated by ethanol precipitation and stored in ster-
ilized water. Concentrations of all HH substrates were
determined at 260 nm under denaturing conditions (6 M
Urea, 100mM Tris—HCI, pH 7.5) by absorption spec-
troscopy (Hewlett Packard 8452A diode array spectro-
photometer) using the following molar extinction
coefficients: 15400 (A), 11700 (G), 10100 (U), 7300 (C),
and 1000 (2AP). The substrate was 5'-3?P labeled with
[y-?P]JATP and T4 polynucleotide kinase.*® Labeled
material was purified by gel electrophoresis on 20%
polyacrylamide/8 M urea gels, extracted with 200 mM
KOAc, 10mM EDTA (pH 5.45) for 12h at 4°C, and
ethanol precipitated in the presence of glycogen as a
carrier. The HH16 enzymes were synthesized by ‘run-
off’ in vitro transcription using T7 RNA polymerase
and synthetic DNA template as described by Uhlen-
beck.*! Transcription products were purified by dena-
turing gel electrophoresis and processed as described
above.

Ribozyme reaction conditions

All cleavage reactions were conducted in a reaction
volume of 70 uL at 37°C in a buffer containing 50 mM
Tris-HCI (pH 6.5-8.5) and NaCl (0-500 mM). Buffered
solutions of the substrate and enzyme were denatured
separately by heating to 90°C for 90s and cooled to
room temperature over 10 min to allow for refolding.
MgCl, (10 mM) and inhibitors (when appropriate) were
added to both the enzyme and substrate and allowed to
equilibrate at 37 °C for 5 min. The cleavage reaction was
then initiated by manually mixing the substrate with the
enzyme in a heat block or a fluorescence cuvette pre-
heated to 37°C. For all experiments the final con-
centration of substrate and enzyme is 1.85 and 10.3 uM,
respectively.

Radioactive assay

Experiments with radioactively-labeled substrates con-
tained a trace of 5'-3?P labeled substrate. For initial data
points (time=0), 2puL of the substrate were removed
immediately prior to starting the reaction. Following
initiation of the reaction, 4 uLL aliquots were removed at
designated time periods and quenched with 12 uL of a
urea containing loading buffer (8§M urea, 50 mM
EDTA, 0.1xTBE, 0.14nM bromophenol blue, and
0.19nM xylene cyanol FF). The tubes were heated to
90°C for 90 s and loaded on a 20% polyacrylamide/8 M
urea gel. Gels were quantified on a Molecular Dynamics
Phosphorimager™ 445 SI and analyzed with Image-
quant™ software (Molecular Dynamics).

Fluorescence experiments

All fluorescence measurements were conducted on a
Perkin Elmer LS50B Luminescence Spectrometer with

an attached temperature controlled unit. Experiments
with the 2AP containing substrate were conducted in a
masked micro fluorescence cuvette thermoregulated at
37°C. Fluorescence emission measurements were taken
by exciting the samples at 305 nm and monitoring
emission at 370nm. As a control, selected samples
were resolved on a 20% denaturing polyacrylamide
gel and visualized by staining (Stains-all®) to con-
firm the presence of the expected cleavage products
and the absence of non-specific RNA degradation.
To rule out non-specific substrate hydrolysis and
photochemical degradation upon continuous irradia-
tion, control experiments were run in the absence of
MgCl,; no detectable changes in emission were
observed.

Data analysis

When cleavage is conducted under single-turnover con-
ditions, the pseudo first order rate constant k, can be
easily extracted from measurements of the ribozyme’s
initial rate of cleavage.?’ Since the cleavage reaction
occurs within the hammerhead complex, it can be trea-
ted as a first order intramolecular reaction. Rate con-
stants (k,) were calculated as the slope of In(1—S/Sy)
versus time, where S/S, is the fraction of cleaved sub-
strate. For experiments utilizing a radioactively labeled
substrate, S/Sy was determined by dividing the amount
of cleaved substrate by the sum of the full length and
cleaved substrate. To confirm that pseudo first order
analysis of the data is justified, enzyme-substrate asso-
ciation was monitored (in the absence of MgCl,) by
measuring the decrease in fluorescence emission of the
2AP containing substrate with increasing enzyme con-
centration. These titrations confirm that greater than
95% of the substrate is bound by the enzyme for all
constructs under all ionic strengths reported (data not
shown). Furthermore, upon mixing the enzyme with the
substrate (in the absence of MgCl,) the observed asso-
ciation is faster than the ‘dead time’ of the kinetic
experiments (less than 20 s). These observations confirm
that, under these conditions, the influence of enzyme-
substrate association rate on the observed cleavage rates
can be neglected. The initial point (yy) of the fluores-
cently-monitored reactions was derived by fitting the
raw data to an exponential curve fit y=yqa(l—e=?),
where y = fluorescence intensity, a =the rise, b= the rate
and x=time. The end point (f) was separately deter-
mined by measuring the fluorescence of individually
synthesized cleavage products (P1 and P2) annealed to
the enzyme (E) under the same reaction conditions;
hence S/Sy (fraction cleaved) = (y—yo)/(f—yo). Using this
method the percent cleavage after 20 min was essen-
tially the same for the radioactive- and fluorescence-
generated data; both reactions were found to reach
75% of completion.*> The IECs, values (concentra-
tion of inhibitor leading to a 50% reduction of ribo-
zyme cleavage rate) were determined by measuring
the concentration of inhibitor needed to decrease the
initial slope (between 30 seconds and two min) by
50%.% The IECs, values are used only for compara-
tive purposes and are not to be confused with actual
k> values.
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