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ABSTRACT Kinetic and thermodynamic factors that de-
termine specificity of RNA cleavage by ribozymes are illus-
trated with examples from recent work with a ribozyme derived
from the group Lintron of Tetrahymena thermophila pre-rRNA.
The conclusions also apply to other ribozymes, to antisense
oligonucleotide experiments, and to RNA and DNA cleavage
agents that can recognize a single-stranded or double-stranded
region of variable length. At first, adding bases to a ribozyme’s
recognition sequence is expected to increase cleavage of the
target RNA relative to cleavage of other RNAs. However,
adding more bases ultimately reduces this discrimination, as
cleavage occurs essentially every time the target RNA or a
mismatched RNA binds the ribozyme. This occurs despite the
weaker binding of the mismatched RNA because dissociation
becomes too slow (binding is too strong) to allow the ribozyme
to ‘‘choose’’ between cleavage of the target RNA and a
mismatched RNA. In summary, more (base pairing) isn’t
always better, because maximal discrimination requires equi-
librium binding prior to cleavage. The maximum discrimina-
tion that can be obtained is expected to be greater with an
A+U-rich recognition sequence than with a G+C-rich recog-
nition sequence. This is because the weaker A-U base pairs
(relative to G-C base pairs) allow recognition to be spread over
a larger number of bases while preventing binding that is too
strong. Finally, creating an A-rich ribozyme rather than a
U-rich ribozyme avoids the loss in discrimination expected with
U-rich ribozymes from the formation of U-G wobble pairs in
addition to the ‘‘targeted’’ Watson—Crick U-A pair.

The discovery of catalytic RNA has created interest in using
RNA enzymes, or ‘‘ribozymes,’’ to target the degradation of
specific RNA molecules in vivo (e.g., refs. 1-3). Targeted
destruction of viral or cellular mRNA, to eliminate the
formation of a protein that is deleterious in a disease state,
has potential therapeutic utility. Targeting also has potential
utility for identification of gene function, analogous to ex-
periments using antisense oligonucleotides (e.g., refs. 4-6).
Since ribozymes recognize specific sequences in RNA by
base pairing (7-10), the design of a therapeutic ribozyme
could ultimately be much simpler than the development of
new inhibitors directed at protein active sites. Furthermore,
the rules for developing a ribozyme for one target can be used
to develop a ribozyme for any other target. In contrast,
protein active sites are idiosyncratic.

Although a tremendous future obstacle in the development
of ribozymes as drugs is a stratagem for their delivery, the
initial challenge is to determine whether ribozymes can be
made to operate specifically and efficiently once provided in
vivo. It is estimated that stretches of 11-15 nucleotides define
unique sequences for cellular RNA. Thus, formation of a
““matched”” duplex with a single cellular RNA requires a
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recognition sequence of an antisense oligonucleotide (or
ribozyme) of =11-15 nucleotides (6, 11). However, an an-
tisense oligonucleotide that forms a perfect duplex with a
single RNA in vivo still has the potential to hybridize with
other RN As, forming duplexes with one or more mismatches.
Several experiments with antisense oligonucleotides have
investigated the affect of mismatches within the recognition
sequence, as it is important that nontarget RNAs in the cell
not be inactivated (reviewed in ref. 4). In another context, the
interplay of kinetic and thermodynamic factors for sensitivity
and discrimination in the identification of unique sequences
by hybridization and crosslinking has been analyzed in detail
12).

Rational design of ribozymes for in vivo targeting will rely
upon our understanding of the efficiency and specificity of
RNA-catalyzed cleavage. A recent kinetic analysis of a
ribozyme derived from Tetrahymena pre-rRNA has provided
some understanding of factors that determine efficiency and
specificity (13). Here these results are applied to discrimina-
tion between correct and incorrect sequences in the targeted
cleavage of specific RNA molecules. This analysis also holds
for other targeting strategies: e.g., antisense binding to a
target RNA by an oligodeoxynucleotide followed by cleavage
with RNase H or with a chemical reagent or enzyme cova-
lently attached to the oligodeoxynucleotide (10, 14) and
triple-strand formation between an oligodeoxynucleotide and
aDNA duplex followed by cleavage with a reagent covalently
attached to the oligodeoxynucleotide (15). In each case
recognition occurs residue by residue along the target and is
followed by chemical cleavage. The counterintuitive nature
of some of the conclusions presented herein is emphasized by
introducing each section with a question.

ANALYSIS OF DISCRIMINATION

Section L. True or false? The more bases in the recognition
sequence of a ribozyme, the better its specificity. Increasing
the length of a recognition sequence (i.e., the number of bases
that pair to the target RNA) would appear to increase
specificity, because longer recognition sequences lower the
probability of finding an identical sequence or even a se-
quence with only one or two differences. However, beyond
a certain number of base pairs, more base pairs actually
decrease specificity rather than increase it.

Consider the reaction of two RNA substrates, Sygn and
Swrong. differing in nucleotide sequence (Scheme I). Discrim-
ination between cleavage of these substrates (i.e., specificity)
is determined by the ratio of k.,;/ Ky values, multiplied by the
ratio of substrate concentrations (16). k.,;/Ku is the second-
order rate constant for reaction of free ribozyme (E) with free
substrate; this kinetic parameter determines specificity
regardless of whether the substrate concentrations are satu-
rating or subsaturating.
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The solid line of Fig. 14 represents the free energy-reaction
profile of a hypothetical ribozyme E; with Sign, which forms
a perfectly matched helix; the dotted line represents the free
energy-reaction profile for one of many ‘‘wrong’’ substrates
that have a single nucleotide difference from the ‘‘right”
substrate and therefore form less stable (higher energy) E;-S
complexes. The chemical step is shown as rate-limiting in Fig.
1A, because the short recognition sequence of ribozyme E; is
expected to result in weak binding and fast dissociation. (Weak
bindirig causes the free energy barrier for dissociation of S
from E-S to be lower than the barrier for the chemical step, so
that the highest barrier to reaction is that for the chemical
step.) The higher energy barrier for reaction of Song in the
transition state (1) shows that it is discriminated against.
Fig. 1B shows the consequences of lengthening the ri-
bozyme’s recognition sequence. Although binding of both
Sright and S,,rong are stronger with ribozyme E,, as it has a
longer recognition sequence than E;, the energy difference
between complexes E-S;igne and E-Sy,ong is the same with E,
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FiG. 1. Hypothetical free energy profiles for reaction of Spignt
(solid line), a substrate that forms a perfect matched duplex with the
recognition sequence of the ribozyme, and for reaction of Syrong
(dotted line), which forms a duplex with the ribozyme that contains
a single mismatch. Reaction profiles are shown for ribozyme E;,
which has a short recognition sequence (4), and for ribozyme E,,
which has a longer recognition sequence (B). It is assumed that
lengthening the ribozyme’s recognition sequence strengthens bind-
ing, while not changing the rate of the chemical step subsequent to
binding or the rate constant for duplex formation, and that mis-
matches affect only the binding affinity, not the rate of the cleavage
step (i.e., once the substrate is bound it reacts at the same rate
whether or not there is a mismatch; see ref. 13). In addition, it is
assumed for simplicity that the rate constant for duplex formation is
the same for Signe and Swrong. (A small observed difference is
described in the text.) The reaction profiles are drawn for subsatu-
rating or kc,;/ Ky conditions, such that [S] << Ky.
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as with E;. The difference in energy between S;one and Syrong
in the transition state of the chemical step is also the same
with E, and E;. However, this difference no longer provides
discrimination, because the highest barrier to reaction is that
for binding of the substrates by E, (Fig. 1B, ). That is,
binding rather than chemistry is rate-limiting so that the
potential for discrimination from the weaker equilibrium
binding of S,ong is no longer realized (17). The values of
keat/Km for E; with Spigny and Syong are similar. (A small
difference is described in the next paragraph.)

An absence of discrimination caused by rate-limiting sub-
strate binding has been observed for a ribozyme derived from
the Tetrahymena thermophila pre-rRNA intron (saturating
guanosine cofactor, pH 7, 10 mM MgCl,, 50°C; refs. 13 and
18). An RNA substrate that forms a perfect duplex with this
ribozyme’s recognition sequence (i.e., Sygny) reacts in the
chemical step with a rate constant of ~350 min~?, whereas it
dissociates with a rate constant of only 0.2 min~!. Therefore,
every time this substrate binds, it reacts. However, a sub-
strate that forms a mismatched duplex with the recognition
sequence (i.€., Syrong) also reacts essentially every time it
binds, since the chemical step occurs at =200 min~! and
dissociation at ~50 min~. Thus, despite the 10*-fold weaker
binding of the mismatched RNA the discrimination is only
~5-fold, and this arises predominantly from the 4-fold slower
formation of the mismatched helix with Sy;one than of the
matched helix with Syigh. _

Discrimination with a pool of potential RNA substrates. A
discrimination index representing the rate of cleavage of the
target RN A relative to the rate of cleavage of all other RNAs
is defined in Eq. 1:

(kcat/ K M)right[sright]
2 (kcat/ K M)i,wrong[si,wrong] '

(11

discrimination index =

Because most cellular RNAs are long molecules, the wrong
substrates include those with mismatches within the recog-
nition region of the ribozyme as well as molecules that match
the recognition sequence but differ outside this region. Add-
ing bases to a short recognition sequence at first increases the
discrimination index. This occurs simply because fewer
RNAs in the pool of long RNA molecules have an identical
sequence over five residues than over three residues, for
example. However, extending the recognition sequence be-
yond a certain length decreases the discrimination index by
allowing more RN As with single and multiple mismatches to
react at the same k.../ Ky as the ‘‘right’’ (matched) RNA (Fig.
1B). Thus, as the length of the recognition sequence is
increased the discrimination index first increases and then
decreases.

This maximum in the discrimination index as a function of
recognition sequence length is demonstrated with the follow-
ing numerical example. A pool of all possible RNAs of length
m = 15 are considered, at equal concentrations. A simple
model for binding is used in which each base pair provides a
stabilization energy E = 2 kcal/mol and there is an energetic
cost of 3.5 kcal/mol for heliX initiation (Eq. 2, where n is the
length of the recognition sequence and x is the number of
mismatched bases).* (k¢at/Km)a, x fOr each ribozyme of length

*In this model the free energy for a duplex is given solely by the
number of base pairs, without an energetic penalty for mismatches.
Mismatched bulges within a duplex have been shown to destabilize
a helix beyond the the loss in energy from the absence of a single
base pair, and ‘‘nearest neighbors’’ also affect duplex stability (19).
In addition, cleavage at only a single position along éach RNA
molecule is considered in this calculation, and the possibility of
reaction via duplexes with residues of the substrate ot recognition
sequence ‘‘looped out’ is ignored. More complete treatment is
expected to give quantitative, not qualitative, differences.
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n and each incorrect substrate with x mismatches to the rec-
ognition sequence was calculated from Eq. 3 using k,, = 10®
M~1min~! [the rate of duplex formation for substrates with the
Tetrahymena ribozyme and for simple complementary oligo-
nucleotides (ref. 18 and references therein)l, k. = 1 min~!
(chosen arbitrarily), and (ko). x = (Kg)u,x(kon). The numbeér of
different (incorréct) RNA sequences with x mismatches (V)
was calculated from Eq. 4. The term n!/x!(n — x)!is a statistical
factor representing the number of ways to distribute x mis-
matchies over n basés; 3* arises from three possible mismatches
in each of the x mismatchéd positions; and 4™~ corresponds to
the number of sequence possibilities outside of the recognition
sequence, where m is the length of the RN A molecules; for x =
0, when there are no mismatched bases, this value is reduced by
1 (the correct target sequence).

AGS . = —(n — »E + 3.5 keal/mol;
(Ko, = e A9/RT 2]
(kcat/ KMn,x = konkc/lke + (Kofo)n, <;
(kotDn,x = (Kan,x(kon)  [3]
N = [n!/x!(n — )(3*)@A™™")
—mm -1

forx=1ton

forx=0 (4]

e (keat/ KMDn,o
discrimination index = -
zx=0 N(kcat/KM)n,x

(51

The discrimination index (Eq. 5) for reaction of ribozymes
with recognition sequences of length n = 1 to 15 with a pool
of all RNAs of length m = 15 is plotted in the solid line of Fig.
2A. There is a maximum in the discrimination index for a
recognition sequence of length n = 7 in this example, despite
the fact that a récognition sequence of length 15 is needed to
form a perfect duplex with only one RNA in this pool. There
is clearly more to specificity than simply forming a perfect
duplex with a unique RNA. The maximum in Fig. 24 occurs
as the value of k.,;/Ky for the target RNA approaches its
upper limit of 10° M~min~', which is set by the rate of
binding (Fig. 2B, ®). Once the maximum value of k. /Ky is
achieved for the ‘‘correct’” RNA, further increases in the
length of the recognition sequence only enhance k,./ Ky for
the incorrect RNAs, thereby lowering discrimination.

The ribozyme with a recognition sequence of length n = 7
gives the maximum discrimination index in Fig. 24 but still
cleaves incorrect RNAs =~10°-fold more often than it cleaves
the target RNA. These incorrect RNAs fall into two classes:
(?) about half of the incorrect cleavage arises from RNAs that
form matched duplexes with the recognition sequence but
contain differences outside of this region and therefore are
cleaved at the same rate as the target RNA (Egs. 2-4, x = 0);
(i) the other half of the incorrect cleavage arises from the
slower cleavage of RNAs that form duplexes with the rec-
ognition sequences containing one or more mismatches (Egs.
2-4,x = 1ton).

(i) It might be thought at first that class i incorrect cleav-
ages could be avoided simply by lengthening the recognition
sequence to eliminate these RNAs. However, this lowers the
discrimination index, as shown in Fig. 24, because RNAs
with mismatches are then cleaved as fast as the target RNA.
Thus, to solve this problem, conditions must be found that
allow discrimination against mismatched RNAs when the
recognition sequence is longer. Such conditions are de-
scribed below and in Section II.

(ii) In contrast, class ii miscleavage appears to be unavoid-
able (however, see Section I11.2). This miscleavage may not
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F1G. 2. Discrimination index (4) and k.,;/Ky (B) for cleavage of
the target RNA by hypothetical ribozymes with varying length of the
recognition sequence (n). The simple model described in the text was
used to calculate the discrimination index (Eq. 5; i.e., the ratio of
cleavage of the target RNA relative to cleavage of all other RNAs in
a pool of all possible RNAs of length m = 15 present at equal
concentration) and the value of (kcat/Km)target for cleavage of the
target RNA (i.e., (kcat/Km)n,0 in Eq. 3 for cleavage of an RNA that
forms a perfect duplex with the recdgnition sequence). The discrim-
ination index and k.,./ Ky values were calculated with each base pair
contributing E = 2 kcal/mol (Eq. 2) (@) or E = 1 kcal/mol (0). The
dotted line in B represeénts the upper limit for k¢, /Ky that is set by
the rate of binding (k,, = 10 M~1:min~1); the arrows correspond to
the maxima in the discrimination index from A. A temperature of
37°C was used in these calculations. Note the logarithmic scale for
the y axis in both panels.

be problematic because, despite thé large total amount of
class ii miscleaved RNA, the target RNA is still cleaved faster
than any individual incorrect RNA (i.e., k.at/ Ky is larger for
the target RNA). However, as the reaction proceeds, the
preferential depletion of the target RN A results in even more
cleavage of the incorrect RNAs relative to the target RNA
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because the relative rates of cleavage are dependent on the
relative concentrations of the target and incorrect RNAs (Eq.
1and Scheme I; note that the concentration terms of Eq. 1 are
omitted in Eq. 5, as an equal concentration of all RNAs is
assumed for Eq. 5). This relationship between the extent of
cleavage of the target RNA and the amount of miscleavage
causes the intracellular concentration of ribozyme and its
lifetime to affect the relative amount of target and nontarget
RNA that is cleaved over a given time interval. For example,
increasing the ribozyme concentration increases cleavage of
the target RNA but increases miscleavage by a greater
amount. A corollary is that the observed specificity of
cleavage will be greater for an abundant RNA as compared
to arare RNA, all other factors being equivalent (Eq. 1). (See
ref. 12 for a related discussion of the quantitative effects of
probe concentration on the specificity of hybridization. The
situations are analogous, as specificity is lost in clearing the
target RNA or hybridizing the target DNA to near comple-
tion.) A significant loss in the amount of individual RNAs
from miscleavage of class ii RN As is expected only when the
target RNA is nearly completely removed or when a partic-
ular class ii RNA is much more abundant than the target
RNA. In addition, although decreased levels of some RNAs
may be detrimental, the decreased levels of others may be
readily tolerated, especially if their intracellular concentra-
tions are tightly regulated.

Is there anything that can be done to allow greater discrim-
ination? As stated above, the specificity problem for ri-
bozymes with long recognition sequences arises because mis-
matched RNA does not have time to dissociate before cleav-
age. Thus, changes that allow this dissociation so that
substrates can equilibrate between free and ribozyme-bound
prior to cleavage will increase specificity. This can be done in
two ways: (a) by slowing the rate of chemistry or (b) by
increasing the rate of dissociation (see also Sections II and
IIT). With respect to Fig. 2A, these changes allow discrimi-
nation to reach a maximum with longer recognition sequences
(n), resulting in a larger value of the discrimination index. For
the Tetrahymena ribozyme, there are examples of each that
give the expected increase in specificity. (@) Chemistry has
been slowed by lowering the concentration of guanosine, a
cofactor in the site-specific endonuclease reaction, resulting in
an =50-fold increase in discrimination between a matched and
amismatched substrate (13). For the model calculations of Fig.
2A, decreasing the rate constant for the chemical step 100-fold
to k. = 0.01 min~! gives an increase in the maximum discrim-
ination of =~5-fold, with the maximum occurring for a recog-
nition sequence of length n = 8 rather than n = 7 as in Fig. 2A.
(b) The rate of dissociation has been increased (and binding
weakened) by the introduction of mutations outside of the
recognition sequence that interfere with tertiary binding in-
teractions between the ribozyme and substrates. This results
in increases of up to 70-fold in discrimination between
matched and mismatched substrates (B. Young, D.H., and
T. R. Cech, unpublished data).

For actual ribozymes, how long is too long? That is, what
length recognition sequence gives the maximum discrimina-
tion in Fig. 2A? As stated above, the wild-type ribozyme
derived from the group I Tetrahymena pre-rRNA intron does
not discriminate between matched and mismatched RNA
substrates, even though it recognizes only 6 bases (13, 18). The
lack of discrimination for a recognition sequence of only 6 base
pairs occurs because tertiary interactions with the Tetrahy-
mena ribozyme, which slow dissociation by a factor of 10* for
both the matched and mismatched substrates, and a fast
chemical step (=200-350 min~!) prevent equilibrium binding
prior to cleavage (13, 18). The specificity of other ribozymes
has not been reported. It is possible that the hammerhead and
hairpin ribozymes (7, 8, 20, 21) lack stabilization from tertiary
binding interactions and therefore will be able to provide
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greater discrimination using longer recognition sequences than
the Tetrahymena ribozyme. In addition, the formation of two
helices between these ribozymes and their substrates, 5’ and
3’ of the cleavage site, may result in less total binding energy
than would occur with a continuous helix. This would allow
longer recognition sequences before binding became too
strong and reduced discrimination.

Section IL. True or false? G-C base pairs, with more energy
realized per base pair than A-U pairs, give a ribozyme greater
ability to discriminate against RNA molecules of the wrong
sequence. Although more discrimination from more energy
sounds reasonable at first, Figs. 1 and 2 showed that beyond
a certain amount of recognition energy, binding becomes
rate-limiting, specificity is sacrificed, and the discrimination
index begins to decrease rather than continuing to increase.
Thus, it is not immediately clear whether recognition se-
quences rich in guanine and cytosine residues or those rich in
adenine and uracil residues can give more discrimination.

The following numerical example shows that recognition
sequences that are rich in A-U pairs can, in principle, provide
more discrimination than those rich in G-C pairs. Consider
two series of ribozyme-target RNA complexes, one with all
G-C base pairs and the other with all A-U base pairs. Each
G-C base pair provides more binding energy than each A-U
pair, and for purposes of illustration it is assumed that a G-C
pair is worth 2 kcal/mol and an A-U pair is worth 1 kcal/mol.
(The actual value depends on the nucleotide sequence; ref.
19.) The discrimination for G+C-rich ribozymes with varying
recognition sequence lengths is then estimated by the solid
line in Fig. 2A, the calculation for which was described
above. Performing the analogous calculation for A+ U-rich
ribozymes with an energy per base pair of E = 1 kcal/mol
(Eq. 2) gives the dashed line in Fig. 2A. The maximum in the
discrimination index is larger for the A+U-rich ribozyme
than for the G+C-rich ribozyme (Fig. 24, arrows). In addi-
tion, this maximum occurs with a recognition sequence of
length n = 14, which is long enough to form a matched duplex
with a unique RNA sequence in vivo (10, 11).

How can the greater discrimination with an A+U-rich
ribozyme than a G+C-rich ribozyme be understood? With
both the A+U- and G+C-rich series of ribozymes, the
discrimination index begins to decrease as the value of
kcai/ Ky for the target RNA approaches the limiting value set
by the rate of binding (Fig. 2B; arrows correspond to the
recognition sequence length that gives the maximum in the
discrimination_index). But because there is less binding
energy for each base pair with the A+ U-rich ribozymes, this
limit is not reached until the recognition sequence is longer
(Fig. 2B, dashed line). The ability to discriminate against
more sequences outweighs the disadvantage from less dis-
crimination against each incorrect sequence, giving greater
maximal discrimination with the longer A+U-rich ri-
bozymes. Thus, spreading out the recognition energy over
more base pairs allows greater discrimination.

Do factors in addition to the A+U vs. G+C content of the
recognition sequence affect specificity? Each U residue in a
recognition sequence can forth the correct U-A base pair with
the target RNA or a wobble U-G pair with a different RNA.
Compilations of free energies of duplex formation suggest
that correct U-A pairs are favored over wobble U-G pairs by
only =0.5-1.4 kcal/mol (37°C; the value is sequence-
dependent; ref. 19). This free energy difference is much less
than that of 1.8—4.4 kcal/mol estimated for the change from
an A-U base pair to a mismatch (19), and corresponds to only
2.4- to 12-fold discrimination against the wobble RNA. Thus,
placing A residues rather than U residues in the ribozyme’s
recognition sequence is expected to enhance discrimination.

A+U-rich recognition sequences increase discrimination
by lowering the amount of energy per base pair (Fig. 2A).
Discrimination could also be enhanced by lowering the
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amount of energy per base by other means. For example,
holding the bases of a recognition sequence nonoptimally for
helix formation through interactions with other parts of the
ribozyme could decrease the binding energy realized upon
formation of a base pair. In practice, such subtle changes in
base positioning may be hard or impossible to achieve.
Creating a ribozyme with alternative nucleotides in the
recognition arms could lower the energy per base pair by
substitution of sugars such as deoxyribose or glycerol that
give less stable base pairs than ribose, or by adding abasic
sites or other linkers that create helix defects (22-24).

The experimenter, of course, cannot always find U-rich
sequences in the target RNA. To further complicate matters,
bound proteins and the structure of target RN As can interfere
with ribozyme cleavage (9, 25, 26).

Section III. Is there anything else that can be done to
increase specificity? The answer is yes, at least in principle.
Two types of improvement are considered.

1. The rate of binding of an RNA substrate to a ribozyme
provides the upper limit to k.,./Ky (Fig. 1B). If both binding
and dissociation were faster, the maximum £,/ Ky would be
higher (Fig. 2B, dotted line). There could then be a continued
increase in specificity for ribozymes with longer recognition
sequences, until a new higher specificity limit was reached.
If in vivo RN A concentrations are subsaturating, there would
also be an advantage from faster cleavage of the target RNA.

How could the rate of binding be increased? The Tetrahy-
mena ribozyme binds an RNA substrate complementary to
its recognition sequence at 108 M~min~!, similar to the rate
constant for duplex formation between simple oligonucleo-
tides but well below diffusional encounter (ref. 18 and refer-
ences therein). The rate of binding to the Tetrahymena
ribozyme increases with increasing concentrations of Mg?*
or Ca?*, because of reduced electrostatic repulsion or be-
cause Mg?* and Ca?* hold the ribozyme’s recognition se-
quence in the proper geometry to increase the probability of
helix nucleation (T. McConnell, D.H., and T. R. Cech,
unpublished results). In addition, there is evidence that
proteins that bind both single- and double-stranded nucleic
acids can increase the rate of equilibration between single-
stranded and duplex nucleic acid (27).

2. Asecond way to increase specificity would be to design
a ribozyme in which discrimination against mismatched
RNAs is heightened due to unfavorable interactions of the
mismatched RNA with the ribozyme. This may occur with
RNA molecules that differ from the target RNA at conserved
positions (e.g., ref. 28).

Although it is not clear how to design a ribozyme that can
bind RNA faster or can heighten discrimination by unfavor-
able interactions with ‘‘mismatched’” RNA substrates, it
might be possible to obtain such a molecule through succes-
sive rounds of mutation and selection (29-31).

CONCLUSIONS

Adding more bases to a ribozyme’s recognition sequence at
first increases discrimination but then decreases discrimina-
tion. The underlying principle is that discrimination from
differential binding affinities requires equilibrium binding
prior to the cleavage step. When dissociation of the RNA
substrate is too slow or cleavage is too fast to allow equilib-
rium binding, specificity is sacrificed. This principle for
discrimination and the discussions herein also hold for other
targeting strategies: in each case binding is followed by
cleavage. They can also be applied to targeting that involves
inhibition of RNA function by simple duplex formation
without subsequent cleavage. In this case, if dissociation of
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duplexes that contain mismatches is slow on the time scale of
the experiment (or the cell’s life-span), then the antisense
oligonucleotide will remain bound to whatever RNA mole-
cules it finds first, and will never find the RN As that it binds
most stably. Analogous to the conclusions herein, allosteric
interactions that weaken binding of both cognate and non-
cognate tRNAs to ribosomes have been suggested to enhance
discrimination (32).

General scenarios have been presented in the hope of
illustrating principles that can then be applied to specific
ribozymes and specific targets. It is hoped that an awareness
of basic factors that determine discrimination will help ex-
perimental design and analysis.
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