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ABSTRACT: A site-specific chemical modification strategy has been employed to elucidate structure-
function relationships at the only phylogenetically nonconserved position within the core of the hammerhead
ribozyme (N7). Four different base substitutions at position 7 resulted in increased catalytic rates. A
pyridin-4-one base substitution increased the rate of the chemical step up to 12-fold. These results are
the first examples of chemical modifications within a catalytic RNA that enhance the rate of the chemical
step. Four base substitutions resulted in decreased catalytic rates. The results do not correlate with proposed
hydrogen bond interactions (Pley et al., 1994; Scott et al., 1995). This study demonstrates the utility of
using unnatural nucleotide analogssrather than mutagenesis with the four standard nucleotides alonesto
elucidate structure-function relationships of small RNAs.

Ribozymes are RNA molecules with enzymatic activity
that catalyze a variety of reactions including cleaving
themselves or other RNA molecules (Cech, 1992; Symons,
1994). Because of their high sequence specificity and
relatively small size (30-40 nt), trans-acting hammerhead
ribozymes show promise as therapeutic agents to downregu-
late a given RNA species in the background of cellular RNA
(Usman & Stinchcomb, 1996). Ribozyme activity is de-
pendent on formation of a precise, three-dimensional folded
structure between the ribozyme and its substrate RNA (Harris
et al., 1994; Latham & Cech, 1989; Uhlenbeck, 1995).
Despite a number of mutagenesis, phylogenetic, and chemical
modification studies [see Usman et al. (1996) for review]
and the availability of crystal structures for two hammerhead
ribozyme-inhibitor complexes (Pley et al., 1994; Scott et
al., 1995), the relationship between ribozyme structure and
catalytic mechanism is not understood.
One of the most poorly understood positions within the

ribozyme core is N7 (see Figure 1). Previous mutagenesis
studies (Ruffner et al., 1990) have demonstrated that the four
natural bases have relatively little effect on ribozyme activity
when substituted at position 7. In addition, phylogenetic
analyses demonstrated that position 7 is nonconserved; U is
most common; however, natural hammerhead isolates con-
taining A and C at this position have also been characterized
(Forster & Symons, 1987). These results argue that no
hydrogen bond donors or acceptors on the base at position
7 are critical for activity. Despite this argument, it has been
proposed that two hydrogen bond contacts (see Figure 7A
and Discussion) can form when uridine is present at position
7 (Pley et al., 1994; Scott et al., 1995). In addition, we have
recently shown that an abasic substitution at position 7 results
in a>50-fold decrease in activity (Beigelman et al., 1995a).
This significant drop in activity may result from the removal
of a critical hydrogen bond interaction and/or removal of
some other function of the base itself.
To better define the structure-function relationships at

position 7, we substituted the four natural nucleotides with

eight different pyrimidine analogs and analyzed their effects
on the ribozyme-substrate complex. We report that, unlike
the four natural bases, the modified pyrimidine analogs have
a profound effect on the catalytic rate. Four different
modifications increase the catalytic rate of the hammerhead
ribozyme. In one case (pyridin-4-one), the catalytic rate is
increased 12-fold relative to an unmodified (and already
extremely active) hammerhead ribozyme. This represents
the first example of improving the rate of the chemical step,
for a hammerhead ribozyme, through chemical modification.
Four modifications decrease the catalytic rate. In one case
(6-aza-U), the rate is decreased∼20-fold. Our results do
not support the hypothesis that the formation or disruption
of any potential hydrogen bond interaction is important for
activity. Rather, a preliminary analysis suggests that the base
at position 7 may be modulating sugar pucker and that this
feature may be important for ribozyme activity.

EXPERIMENTAL PROCEDURES

Preparation of RNAs.The synthesis of RNA containing
the pyridin-4-one ribofuranoside (Matulic-Adamic et al.,
1996a),C-(p-aniline) ribofuranoside (Matulic-Adamic &
Beigelman, 1996),N-3-methyluridine (Zemlicka, 1970),
C-phenyl ribofuranoside (Matulic-Adamic et al., 1996b),
pyridin-2-one (Matulic-Adamic et al., 1996a), 6-methyluri-
dine (Beigelman et al., 1995b), and 6-azauridine (Beigelman
et al., 1995b) modifications has been previously described.
Pseudouridine was purchased from Yamasa Corp. (Chiba-
Ken, Japan) and converted to the standard phosphoramidite
as previously described for this compound (Agris et al.,
1995). Standard phosphoramidites of uridine (U), cytosine
(C), guanosine (G), and adenosine (A) were purchased from
Pharmacia Biotech AB.

The oligoribonucleotides (2.5µmol scale) were synthe-
sized on polystyrene supports (ABI) on an Applied Biosys-
tems 394 DNA/RNA synthesizer. Synthesis, deprotection,
and analysis of oligoribonucleotides were performed as
previously described (Wincott et al., 1995). Ribozymes were
purified on 15% polyacrylamide, TBE (89 mM Tris-borate,
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2 mM EDTA),1 and 7 M urea gels. The full-length RNA
was identified by UV shadowing of the gel, passively eluted
into 10 mM Tris-HCl (pH 8) and 1 mM EDTA, and then
concentrated by ethanol precipitation. Final ribozyme
concentrations were determined by UV absorbance using an
extinction coefficient of 350 mM-1 cm-1 at 260 nM.
To verify the incorporation of unaltered pyridin-4-one

ribonucleoside, aniline ribonucleoside,N-3-methyluridine,
andC-phenyl ribonucleoside into the ribozyme, aliquots of
the purified ribozymes were analyzed by nucleoside com-
positional analysis (Beigelman et al., 1995c). The presence
and integrity of pyridin-2-one ribonucleoside, 6-methyl-
uridine, pseudouridine, and 6-azauridine were confirmed in
several different ribozyme backgrounds that had been
synthesized, deprotected, and purified identically to the
ribozymes used in this study. The modified ribozymes were
digested to ribonucleosides by incubation of 0.3A260 units
of oligonucleotide with 10 units of P1 nuclease (Boehringer
Mannheim) and 2 units of calf intestinal alkaline phosphatase
(Boehringer Mannheim) in 30 mM NaOAc and 1 mM
ZnSO4, at pH 5.2 (total volume) 100µL) overnight at 50
°C. The digested material was then injected directly onto a
C18 column (Waters, Symmetry, ODS 4.6× 250 mm), and
the ribonucleosides were separated by a gradient of buffers
A (50 mM potassium phosphate, pH 7.0) and B (95%
aqueous MeOH); 0-90% B in A over 35 min. The retention
times were compared with monomer standards that were
independently characterized by NMR.
CleaVage Assays. Ribozymes and 5′-32P-end-labeled

substrates were heated separately in reaction buffer to 95
ïC for 1 min, quenched on ice, and then equilibrated to the
final reaction temperature (37°C) prior to starting the
reactions. Reactions were carried out in enzyme excess and
were initiated by mixing equal volumes (20µL) of substrate
(final concentratione1 nM) and ribozyme (final concentra-
tion indicated). Aliquots (4µL) were removed at various
times (5 s to 2 h), quenched in 8µL of formamide loading
buffer (95% formamide, 20 mM EDTA), and loaded onto
15% polyacrylamide, TBE (89 mM Tris-borate, 2 mM
EDTA), and 7 M urea gels. Experiments presented in
Figures 2 and 3 were performed in 50 mM MES, pH 6.5,
and 10 mM MgCl2. The pH of some reactions (Figure 5A)
was varied by substituting different sulfonate buffers (MES,
pH 5.5-7; HEPES, pH 7-8). Because of the different
catalytic and binding properties of the ribozymes tested in
Figure 4, different reaction conditions were required to ensure
that the assay reflected changes ink2; these conditions are
indicated within the legend. The fraction of substrate and
product present at each time point was determined by
quantitation of scanned images using a Molecular Dynamics
PhosphorImager. Ribozyme cleavage rates were obtained
from plots of the fraction of substrate remainingVs time using
a nonlinear, least-squares fit to a double exponential curve
(KaleidaGraph, Synergy Software, Reading, PA). The initial,
fast portion of the curve represented 80-90% of the total
reaction; thus the observed cleavage rates (kobs) were taken
from the rate constant for the first exponential.

Determination of Ribozyme-Substrate Binding Constant
(KD). Equilibrium disassociation constants (KD) were de-
termined using a modification of methods described previ-
ously (Pyle et al., 1990). Ribozymes at a final concentration
of 0.001, 0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1,
and 10 nM were annealed at 95°C for 1 min with 0.3 nM
5′-32P-end-labeled substrate, containing a single 2′-deoxy-
nucleotide at the site of cleavage, in binding buffer (50 mM
Tris-acetate, pH 6.5, 10 mM magnesium acetate, 5%
sucrose). The Tris-acetate buffer is necessary to prevent
loss of buffering capacity during the electrophoresis run. We
have performed previous kinetics assays to demonstrate that
replacement of the standard reaction buffer (50 mM MES,
pH 6.5, 10 mM MgCl2) with binding buffer has no effect
on the rate of cleavage under both saturating and subsatu-
rating conditions. Reactions (20µL) were equilibrated at
37 °C for 15 min and immediately loaded onto a 12%
acrylamide (19:1), 50 mM Tris-acetate (pH 6.5), and 10
mM Mg(OAc)2 gel equilibrated at 37°C running at 10 W
constant power. The gel (19× 28 × 0.5 cm) was run at
constant temperature (37°C), and the buffer was continu-
ously recirculated to maintain constant pH for 6 h at 15 W.
The gel was dried, and the fraction of substrate bound to
ribozyme was determined by quantitation of scanned images
using a Molecular Dynamics PhosphorImager.KD values
were obtained from plots of the fraction of substrate bound
versus ribozyme concentration using a nonlinear, least-
squares fit (KaleidaGraph, Synergy Software, Reading, PA)
to the equation:

where R0 and S0 are the total ribozyme and substrate
concentrations at each point. The full quadratic equation
was used, in this case, because the total ribozyme concentra-
tion was not in excess over substrate concentration at all
points on the curve. A simpler binding equation, fraction
bound) R0/(KD + R0), is only valid whenR0 . S0 and gave
3-fold higher estimates ofKD when used on the data in Figure
4.

RESULTS

Base Modifications at Position N7.To define the struc-
tural features critical for activity at position 7, we initially
chose to substitute pyrimidine analogs at this position because
these analogs retain the closest steric relationship to uracil,
the most common base found at this position among natural
isolates. (We have defined uracil as the wild-type or control
base at position 7.) The three other standard bases (A, C,
G), and eight base modifications, were tested at position 7
in the background of the all-RNA hammerhead ribozyme,
RPI.1435 (see Figure 1). Figure 2 shows the cleavage rates
for these modified ribozymes expressed as a fraction of the
control ribozyme cleavage rate (the control rate was 0.52
min-1). The rate of substrate cleavage was measured under
single-turnover conditions, at a concentration (100 nM) that
is∼10-fold above the apparentKM for the control ribozyme.
Under these reaction conditions, the observed cleavage rate
should approximate the pseudo-first-order rate constant for
the conversion of enzyme-bound substrate into product (k2,

1 Abbreviations: D2O, deuterated water; E, ribozymes; EDTA,
ethylenediaminetetraacetic acid, disodium dihydrate; ES, ribozyme-
substrate-bound complex; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, sodium salt;J1′2′, proton spin coupling constant between
H-1′ and H-2′; MES, 4-morpholineethanesulfonic acid, sodium salt;
S, substrate; Tris, 2-amino-2-(hydroxymethyl)-1,3-propanediol.

fraction bound)

(KD + R0 + S0) - x(KD + R0 + S0)
2 - 4R0S0

2S0
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Figure 1). Reactions were also performed at 250 nM to
verify that the reactions performed at a ribozyme concentra-
tion of 100 nM were near saturation; only small changes in
rate were observed between these two reaction conditions
(data not shown; except see Figure 3B below).
The modifications shown in Figure 2 have a profound

effect on the observed cleavage rate. Four different base
substitutionssC-phenyl, aniline,N-3-methyluracil, and py-
ridin-4-onesshow reproducible increases in the rate of
substrate cleavage relative to RPI.1435 (uracil at position 7,
U7). A cytosine-substituted ribozyme was also slightly
faster; however, this small increase was not consistently
reproducible (data not shown). Two modifications show
reductions (>10×) in ribozyme activity. At the extremes,
the pyridin-4-one substitution (4P7) gave an∼10-fold
enhancement in rate under these conditions, whereas the
6-aza-U substitution gave a 17-fold decrease in rate.
All four standard nucleotides yield very similar cleavage

rates when tested at position 7 (Figure 2). This result is in
agreement with previous reports indicating that all four
standard bases can be placed at position 7 without significant
effects on cleavage rates (Ruffner et al., 1990) and that
position 7 is phylogenetically nonconserved (Forster &
Symons, 1987). The similarity in cleavage rates for the four
standard bases makes even more surprising the wide range
of cleavage rates seen for the modified nucleotides. Because
of the significant increase in the rate of the pyridin-4-one
substituted ribozyme, we have carried out a number of
experiments to determine which step or steps in the kinetic
pathway (Figure 1) are altered by this substitution.
Analysis of Ribozyme Containing Pyridin-4-one.Figure

3A shows the data used to derive the observed rate of
cleavage (kobs) for the wild-type (U7) and pyridin-4-one
substituted (4P7) ribozymes in the single-turnover reactions
described above (Figure 2). The fraction of substrate
remaining uncleaved as a function of time was fit to a double
exponential curve.kobs values were derived from the slope
of the first exponential. In theory, these data should follow
a single exponential decay; however,∼10-20% of the
ribozyme-substrate complexes decay at a significantly

slower rate. This slower population likely reflects ri-
bozyme-substrate complexes in alternative (inactive) con-
formations. A major complication in the kinetic character-
ization of the ribozyme cleavage reaction is the propensity
of the ribozyme and substrate to adopt multiple alternate
conformations; however, the modifications presented in
Figure 2 were kinetically homogeneous; the relative percent-
ages of “fast” or “slow” components of the curve remained
unchanged, only the rates of decay changed. The rates were
always determined from the initial fast component of the
curve fits.
To determine a more accurate value ofk2 (i.e., kobs at

infinite ribozyme concentration) and to determine an apparent
KM for the reaction, the rate of substrate cleavage was
determined as a function of ribozyme concentration for both
U7 and 4P7 ribozymes. The results are presented in Figure
3B. The 4P7 ribozyme shows a 12-fold increase ink2
relative to the U7 ribozyme (0.94Vs 12 min-1). Measured
rates of∼10 min-1 are close to the upper limit that can be
measured manually because of the very short time points
required to generate reliable curve fits (5-15 s). However,
when rate constants were determined at lower pH or
magnesium concentrations (see Figure 5 below), the 4P7
ribozyme reproducibly provided an order of magnitude faster
rate than the U7 ribozyme. These results provide confidence
in the values presented in Figure 3B.
The results presented in Figure 3B also show an 8.5-fold

increase in the apparentKM for the 4P7 ribozyme (15Vs
130 nM). This increase in the apparentKM does not
necessarily reflect a decrease in the ability of ribozyme to
bind substrate sinceKM depends on the elemental rate
constants for cleavage of substrate (k2) as well as substrate
binding (k1) and dissociation (k-1) according to the equation
KM ) (k2 + k-1)/k1 (Fersht, 1985). It is therefore possible
that the increase inKM seen for the 4P7 ribozyme simply
reflects the observed higher cleavage rate, rather than any
changes in substrate affinity. To test this possibility, the
equilibrium binding constant (KD) between ribozyme and a
noncleavable substrate analog was measured using a gel
mobility shift assay. The results (Figure 4) demonstrate that

FIGURE 1: Simplified kinetic scheme of a ribozyme-catalyzed reaction. Free ribozyme (E) and substrate (S) are diagramed on the left,
while ribozyme and cleaved product (P) are diagramed on the right. The center panel shows the ribozyme used in this study (RPI.1435)
bound to its substrate (ES). Phylogenetically conserved bases are shown in bold. The nucleotide numbering scheme follows that proposed
by Hertel et al. (1992). Position 7 is circled; the arrow indicates the site of ribozyme-catalyzed cleavage.k1 represents the ribozyme-
substrate association rate,k-1 represents the ribozyme-substrate dissociation rate, andk2 represents the rate of chemical cleavage.
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KD is unaltered by the 4P7 modification. The U7 and 4P7
ribozymes have nearly identicalKD values (0.07 and 0.05
nM, respectively) and are in close agreement with the values
estimated from nearest neighbor free energy rules [KD ) 0.1
nM (Freier et al., 1986)]. These low values forKD ()k-1/
k1), and the 100-1000-fold higher values forKM, demon-
strate that the numerator in theKM term is dominated by a
cleavage rate that is much faster than substrate dissociation
(k2 . k-1). Thus an increase ink2, as seen in the 4P7
modification, would be expected to produce the observed
large increase inKM. In addition, pulse-chase experiments
confirm that the rate of product dissociation is at least 10-
fold slower than the U7 ribozyme cleavage rate (data not
shown). Sincek2 . k-1, the rate of substrate dissociation
(k-1) can be ignored in theKM equation, andk1 for both U7
and 4P7 ribozymes can be determined (k1 ) k2/KM). The

values presented in Table 1 show thatk1 is unchanged, within
experimental error, by the pyridin-4-one modification (62
Vs 92 µM-1 min-1). Finally, the value ofk-1 for the U7
and 4P7 ribozymes can be determined since bothKD andk1
values are available (k-1 ) KDk1); k-1 is also unchanged by
the 4P7 modification (0.3 s-1).
The results presented in Figure 3B argue that the 4P7

substitution results in a greater than 10-fold increase ink2.
If the single-turnover reactions are reflecting changes ink2,
then the observed rate should show a log-linear dependence
upon pH. Dahm et al. have previously demonstrated that
the log of the rate of the chemical step (k2) of hammerhead
cleavage in Mg2+ increases linearly with pH (slope) 1)
(Dahm et al., 1993). We therefore measured the rate of
substrate cleavage for the U7 and 4P7 ribozymes as a
function of pH. Figure 5A shows that, for both ribozymes,
log(kobs) is dependent upon pH with a slope of approximately
1 (0.91 and 0.86, respectively). In addition, it has been
previously demonstrated thatk2 is dependent upon magne-
sium concentrations (Dahm et al., 1993), and as expected,
the kobs for both ribozymes shows the same, log-linear
dependency upon magnesium concentration over the range

FIGURE 2: Ribozyme activity from position 7 base substitutions.
The bases substituted at position 7 in ribozyme RPI.1435 are listed.
The observed rates relative to control ribozyme (uracil at position
7) are indicated. The observed rate of cleavage (kobs) under single-
turnover conditions for the control ribozyme was 0.52( 0.02 min-1.
The errors indicate the standard error derived from the curve fit of
the actual data.

FIGURE3: Single-turnover kinetics of the pyridin-4-one substituted
ribozyme. (A) The fraction of substrate remaining uncleaved as a
function of time is shown for ribozymes containing pyridin-4-one
(circles) or uracil (squares) at position 7. The derivedkobs values
for both ribozymes are indicated. (B) The rate of cleavage under
single-turnover conditions as a function of ribozyme concentration
is plotted for ribozymes containing pyridin-4-one (circles) or uracil
(squares) at position 7. The derivedk2 and KM values for both
ribozymes are indicated.
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from 1 to 20 mM (Figure 5B). Taken together, these results
provide confidence that the single-turnover reaction condi-
tions are measuring the rate of the chemical step,k2.
Effect of Pyridin-4-one in Multiple Ribozyme Backgrounds.

Although all hammerhead ribozymes share a common “core”
sequence (see Figure 1), the variable sequences in stems I,
II, and III can influence activity. These “background” effects
can be profound (Fedor & Uhlenbeck, 1990). It is therefore
important to demonstrate that the rate enhancement supplied
by the pyridin-4-one substitution is not unique to the
RPI.1435 ribozyme background. We therefore synthesized
two ribozymes (Figure 6) that have been extensively
characterized, HH8 (Fedor & Uhlenbeck, 1992) and HH16
(Hertel et al., 1994), with and without the pyridin-4-one
substitution at position 7, and measured the rate of cleavage
of the complementary substrate under the previously de-
scribed single-turnover conditions (Hertel et al., 1994). The
results in Figure 6 show that in both cases the 4P7
modification confers enhanced activity over the correspond-
ing U7 ribozyme. The observed rates of the unmodified
ribozymes are similar to published values (Fedor & Uhlen-
beck, 1992; Hertel et al., 1994). Two other, less well
characterized, ribozymes also have been tested with the 4P7
modification, and they exhibit 2.5-10-fold enhancements
in activity (data not shown).
In another test, the helical connections within the RPI.1435

ribozyme have been changed so that 5′- and 3′-ends of the
ribozyme are located at the ends of stems I and II,
respectively, instead of at the ends of stems I and III. In
this format, the absolute rate of cleavage of the unsubstituted

ribozyme is slower (0.1Vs 0.5 min-1); however, the same
∼10-fold rate enhancement is observed when pyridin-4-one
is substituted at position 7. The results demonstrate that
although the magnitude of the rate enhancement varies
between the different ribozymes, the modification always
results in a substantial, reproducible increase in the observed
cleavage rate.

DISCUSSION

We have identified four modified bases, phenyl,N-3-
methyluracil, aniline, and pyridin-4-one, that increase the
catalytic activity when placed at position 7 in the ham-
merhead ribozyme (RPI.1435). To our knowledge, this is
the first example of increasing the rate of the chemical step
of a ribozyme by chemical modification. It has been
previously demonstrated that it is possible to increase the
rate of hammerhead catalysis by increasing the rate of
ribozyme substrate association (10-20-fold enhancement;
Herschlag et al., 1994; Tsuchihashi et al., 1993) or by
increasing the rate of ribozyme product dissociation (10-

FIGURE 4: KD determination of the pyridin-4-one substituted
ribozyme. The fraction of noncleavable substrate bound to ribozyme
as a function of ribozyme concentration is plotted for ribozymes
containing pyridin-4-one (circles) or uracil (squares) at position 7.
The substrate contains a single 2′-deoxy residue at the site of
cleavage. The derivedKD values are indicated.

Table 1: Elemental Rate Constants for RPI.1435 (U7) and
RPI.1435 Containing Pyridin-4-one Substitution at Position 7 (4P7)a

U7 4P7

k2 (min-1) 0.94( 0.12 12( 1
k1 (µM-1min-1) 62+ 15 92( 16
k-1 (s-1) 0.3( 0.1 0.3( 0.1

aThe k2 values were obtained from Figure 3B. Values fork1 and
k-1 were calculated from the measured values fork2, KM andKD as
described in the text.

FIGURE 5: Rate of cleavage as a function of pH and magnesium
concentrations. (A) The log of the observed rate of cleavage under
single-turnover conditions (2.5µM ribozyme,<1 nM substrate,
10 mM MgCl2, 50 mM appropriate sulfonate buffer, 37°C) as a
function of pH is plotted for ribozymes containing pyridin-4-one
(circles) or uracil (squares) at position 7. The slopes of the resulting
lines are indicated. (B) The log of the observed rate of cleavage
under single-turnover conditions (250 nM ribozyme,<1 nM
substrate, 50 mM MES, pH 5.5, 37°C) as a function of magnesium
chloride concentration is plotted for ribozymes containing pyridin-
4-one (circles) or uracil (squares) at position 7.

14094 Biochemistry, Vol. 35, No. 45, 1996 Burgin et al.

+ +

+ +



100-fold enhancement; Shimayama et al., 1995; Hendry &
McCall, 1995). We have demonstrated, however, that the
increased activity of hammerhead ribozyme RPI.1435 sub-
stituted with pyridin-4-one does not result from changes in
rates of substrate association (k1) or dissociation (k-1) but
from a 12-fold enhancement in the rate of the chemical step
(k2).
Although it is clear that the base analogs listed in Figure

2 have both positive and negative effects on the rate of decay
(k2) of the ribozyme/substrate (ES) complex, it is not clear
how these substitutions modify the structure of this complex.
Previous mutagenesis studies (Ruffner et al., 1990) and the
fact that position 7 is phylogenetically nonconserved (Forster
& Symons, 1987) strongly argue that no particular functional
group present on the base is important for activity. However,
two different crystal structures of the hammerhead ribozyme

(Pley et al., 1994; Scott et al., 1995) suggest the presence of
a hydrogen bond to this nucleotide: the O2 atom of U7 and
the N6 proton of A14, and the N3 proton of U7 and the O6
atom of G8 (see Figure 7A). Our data suggest that these
proposed hydrogen bond interactions are not required for
maintaining catalytic activity. First, if the presence of the
2-keto function at position 7 is important for activity, then
one would not expect the pseudo-U substitution to result in
a 13-fold decrease in activity and the pyridin-4-one or aniline
modifications to result in increases in activity. Conversely,
if the absence of the 2-keto function is important for activity,
then one would not expect theN-3-methyl-U substitution to
result in an increase in activity. Second, if the presence of
the N3 proton is important for activity, then one would not
expect the 6-methyluracil, pseudo-U, or 6-azauracil substitu-
tions to result in decreased activity. In fact, the four “up”

FIGURE 6: Effect of pyridin-4-one modification in multiple ribozyme backgrounds. Ribozyme and substrate sequences are indicated; capital
letters indicate phylogenetically conserved positions (see Figure 1). The asterisk (*) indicates the sites of ribozyme-catalyzed cleavage. N
indicates position 7; the rates (kobs, min-1) under single-turnover conditions when N is uracil or pyridin-4-one are indicated at the right. The
relative enhancement due to the pyridin-4-one modification is indicated in parentheses. Reactions were performed under various conditions
to ensure that the rate reflects the rate of the catalytic step (k2). RPI.1435 I/II: 1µM ribozyme,<1 nM substrate, 50 mM MES, pH 6.5,
10 mM MgCl2, 37 °C. HH8: 1µM ribozyme,<1 nM substrate, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 25 °C. HH16: 1µM ribozyme,
<1 nM substrate, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 25 °C. All reactions were performed at multiple ribozyme concentrations (0.5
and 5µM) to ensure that the reactions were performed at saturating concentrations of ribozyme.

FIGURE 7: Structure-function relationships at position 7 based on available crystal structures (Pley et al., 1994; Scott et al., 1995). (A) A
schematic diagram of the proposed hydrogen bond interactions between the (i) N3 hydrogen of U7 and O6 of position G8, (ii) N6 hydrogen
of position A14 and O2 of position U7, and (iii) O2′ hydrogen of U7 and N1 of position A14. Carbon atoms are shown in yellow, oxygen
in red, nitrogen in blue, and phosphorus in green. Individual hydrogen atoms are not diagramed. (B) CPK rendering of the bases (uracil)
at positions 7 and 16.1, indicating the likelihood that these two bases stack upon one another within the crystal lattice. (C) A schematic
diagram of RPI.1435 complexed with its substrate (see Figure 1) that shows the structural architecture of the ribozyme/substrate as seen in
the crystal structure (Pley et al., 1994; Scott et al., 1995). The substrate RNA is shown in blue, with the exception that U16.1 is shown in
red. The substrate phosphodiester cleaved is indicated by a yellow arrow. Position U7 and the three nucleotides that are proposed to interact
with U7 (G8, A14, and U16.1) are shown in red.
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modifications (pyridin-4-one, aniline,N-3-methyl-U, and
phenyl) share the common feature of lacking a proton donor
at position N3. However, the pyridin-2-one substitution also
lacks a proton donor at position N3, but this modification
results in a decrease in cleavage rate.
It is likely that the pyrimidine analogs are not just simply

providing or removing potential hydrogen bond interactions
but are affecting several interrelated structural features. On
the basis of both three-dimensional crystal structure (Scott
et al., 1995) and photo-cross-linking data (Laugaa et al.,
1995), it has been proposed that the base at position 7 stacks
upon uracil at position 16.1 (see Figure 7B). The pyrimidine
analogs certainly change the stereoelectronic features of the
base, and it is therefore reasonable to propose that the four
modified bases that result in increased cleavage rates may
provide more favorable stacking interactions with U16.1.
Consistent with this notion, the reduced activity of the
6-aza-U and 6-Me-U substitutions may result from an
alteration of thesyn-anti conformation around the glycosidic
bond (Beigelman et al., 1995b), which would be expected
to interfere with stacking interactions. In addition, we and
others have demonstrated that removing the base entirely
(substituting with 1-deoxy-D-ribofuranose) reduces activity
(Beigelman et al., 1994; Fu et al., 1994). However, the four
natural bases also have very different stereoelectronic
features, yet these bases do not affect activity.
In addition to modulating stacking ability andsyn-anti

conformation about the glycosidic bond, it is also known
that base modifications can affect sugar pucker. As a
preliminary analysis to test the possibility that the base
analogs are modifying the sugar conformation at position 7,
we measured theJ1′2′ proton spin coupling constant of the
free nucleoside for each of the eight pyrimidine analogs,
uridine, and cytidine. TheJ1′2′ coupling constant is sensitive
to geometry about the C1′-C2′ bond and is therefore a crude
measurement of sugar pucker (Davies, 1978). A largeJ1′2′
constant reflects a more “Southern” (C2′-endo-C3′-exo)
conformation; a smallJ1′2′ constant reflects a more “North-
ern” (C3′-endo-C2′-exo) conformation (Altona & Sundaral-
ingam, 1972). When theJ1′2′ coupling constant of the free
ribonucleoside was plotted as a function of ribozyme activity
(kobs under single turnover conditions), a correlation was
observed (Figure 8). A largerJ1′2′ proton spin coupling
constant of the free ribonucleoside correlates with faster rates
of cleavage when the corresponding nucleotide was substi-
tuted at position 7 in the ribozyme. In addition to being
sensitive to the geometry about the C1′-C2′ bond, theJ1′2′
constant is also sensitive to different elemental substituents
present on C1′ and C2′. It is therefore necessary to analyze
the C-nucleosides (carbon at position 1) independent of the
N-nucleosides (nitrogen at position 1) (Davies, 1978;
Thibaudeau et al., 1994). However, among both classes of
molecules, the same correlation betweenJ1′2′ and activity is
observed. Supporting the conclusion that sugar pucker is
modulating activity at position 7, Heidenreich et al. observed
a small increase ink2 when 2′-amino-2′-deoxyuridine was
present at position 7 instead of 2′-fluoro-2′-deoxyuridine
(Heidenreich et al., 1994); one would expect the 2′-amino
modification to increase theJ1′2′ coupling constant of the
ribonucleoside relative to the 2′-fluoro modification (Gus-
chlbauer & Jankowski, 1980).
The current diffraction patterns of the available ribozyme-

inhibitor crystals do not provide the resolution needed to

characterize the sugar conformation at position 7. However,
inspection of the architecture of the ribozyme-inhibitor
complex (see Figure 7C) does emphasize the central location
of position 7 and suggests that sugar conformation could
affect activity. Position 7 can be viewed as the “linker”
between domain 2 and the proposed catalytic domain
[nucleotides C3, U4, G5, and A6 (Scott et al., 1995)]. Sugar
pucker changes the distance between adjacent phosphodiester
bonds and the position of the base relative to the phosphodi-
ester backbone. The sugar conformation at position 7 could
therefore change the positioning of the catalytic domain
relative to domain 2 and the cleavage site.
These preliminary results suggest that sugar pucker may

be one factor modulating activity at position 7. We are in
the process of attempting to separate and define the
importance of stacking ability,syn-anti base conformation,
and sugar pucker at this position by synthesizing and testing
additional base and sugar modifications; however, it is
important to note that many of these factors are interrelated.
For example, changes in sugar pucker also change the
orientation of the base relative to the sugar and phospho-
diester backbone (Saenger, 1984). Changes in sugar pucker
may therefore lead to a more favorable stacking conformation
and thereby lead to increased ribozyme activity.
Whatever the underlying mechanisms, this study demon-

strates the utility of using chemically modified base analogs,
rather than simple mutagenesis, to elucidate structure-
function relationships in small RNA molecules. The pyri-
midine analogs used in this study do not introduce any novel

2 An increase ink2 could potentially lead to a decrease in substrate
specificity. For example, ifk2 is fast relative to substrate dissociation
(k-1), every substrate molecule that binds will be cleaved. Naturally,
the same scenario is true if the ribozyme binds a mismatched substrate.
Therefore, to be an effective therapeutic,k2 should be fast, but not as
fast ask-1 for a mismatched substrate. Thus, it is possible that improved
catalytic rates can only be achieved with a concomitant (and undesir-
able) reduction in target specificity. This seems unlikely since it is also
possible to modulatek-1 by chemical modification and/or by shortening
the lengths of the ribozyme binding arms.

FIGURE 8: Correlation between theJ1′2′ proton spin coupling
constant of the free ribonucleoside and activity when the corre-
sponding ribonucelotide is present at position 7 in RPI.1435. The
observed rates of cleavage (also presented in Figure 2) are plotted
on a logarithmic scale. TheJ1′2′ constant (expressed in hertz) of
the free ribonucleoside was derived from1H NMR spectra, recorded
on a Varian Gemini 400 spectrometer operating at 400.075 MHz.
D2O was used as a solvent; the internal standard was 3-(trimeth-
ylsilyl)propionic acid (sodium salt).
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functional groups, yet these analogs modulate activity over
a 200-fold range. In contrast, the four standard bases showed
less than 2-fold variations in activity. Clearly, the identity
of the base at position 7 is an important determinant activity,
despite the fact that this position is phylogenetically non-
conserved. It has been proposed that one of the reasons why
RNA catalysts are relatively uncommon and one of the
driving forces in the transition from an “RNA world” to a
“protein world” is that RNA lacks the diversity of functional
groups needed to be an efficient catalyst (Orgel, 1986;
Westheimer, 1986). Our results emphasize that RNA nucle-
otides not only lack diversity of functional groups but also
lack structural diversity. For example, because the four
standard nucleotides have a defined range of sugar confor-
mations, limited stacking ability, or restrictedsyn-anti base
conformation, they do not result in dramatic differences in
catalytic rates when present individually at position 7. By
comparison, the pyrimidine analogs used in this study do
not introduce any unique functional groups that are likely
to improve catalysis directly, yet they have significant effects
on the catalytic rate, presumably because they can more
easily adopt different conformations or provide improved
interactions with other nucleotides. Within this framework,
it is not surprising that many naturally occurring structural
RNAs are highly modified posttranscriptionally. These
arguments also suggest that both mutagenesis studies andin
Vitro selection of small RNAs could benefit from additional
nucleotides that not only provide unique functional groups
but also possess more structural diversity.
In conclusion, because of the increase in the rate of the

chemical step (k2), the pyridin-4-one substitution will likely
be useful for improving the efficacy of exogenously delivered
ribozyme therapeutics.2 This chemical modification in-
creases the rate of the chemical step but does not alter the
affinity of the ribozyme for its substrate. In addition, the
modification can be placed in different ribozyme back-
grounds, making it applicable to a variety of different targets.
Finally, our initial studies have shown that the pyridin-4-
one substitution is resistant to nuclease degradation in human
sera (data not shown), thus making the modification attractive
for use in ribozyme stabilization as well as rate enhancement.
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