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ABSTRACT

The speed at which RNA molecules decompose is a critical determinant of many biological processes, including those directly
involved in the storage and expression of genetic information. One mechanism for RNA cleavage involves internal phosphoester
transfer, wherein the 2’-oxygen atom carries out an Sy 2-like nucleophilic attack on the adjacent phosphorus center (transes-
terification). In this article, we discuss fundamental principles of RNA transesterification and define a conceptual framework
that can be used to assess the catalytic power of enzymes that cleave RNA. We deduce that certain ribozymes and deoxyri-
bozymes, like their protein enzyme counterparts, can bring about enormous rate enhancements.
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INTRODUCTION

Understanding the detailed mechanisms of catalysis used by
enzymes that cleave RNA via internal phosphoester transfer
has been a major research focus since RNA strand scission
was described in the early 1950s (Bacher and Kauzmann
1952; Brown and Todd 1952, 1953; Lipkin et al. 1954;
Brown et al. 1956). This reaction proceeds when the 2'-
oxygen atom adjacent to a given internucleotide linkage
executes a nucleophilic attack on the phosphorus center
(Fig. 1). The 5'- and 3’-cleavage products created by this
reaction carry 2',3'-cyclic phosphate and 5’-hydroxyl ter-
mini, respectively. Under reaction conditions similar to
those found inside human cells, the spontaneous cleavage of
RNA typically occurs with a rate constant of ~10~7 min !
(Li and Breaker 1999), which reflects a half-life of >1 year.
In comparison, pancreatic ribonuclease A (RNase A) accel-
erates this phosphoester transfer reaction by >12 orders of
magnitude (Adams et al. 1992; Raines 1998), resulting in a
half-life for an RNA linkage that is measured in microsec-
onds. RNase A is thought to achieve this impressive rate
acceleration by using four catalytic strategies (Fig. 1):
correct in-line substrate positioning, neutralization of nega-
tive charge at a nonbridging oxygen, activation of the 2’'-
hydroxyl nucleophile, and enhancement of the 5'-oxygen as
a leaving group.

For many years, researchers have worked to create arti-
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ficial nucleases by coupling the enormous rate enhance-
ments exhibited by enzymes like RNase A with the se-
quence-specific targeting ability that is required for the se-
lective destruction of specific mRNAs. To this end,
numerous chemical compounds that mimic ribonuclease
function have been created (for reviews, see Kirby 1996;
Trawick et al. 1998), and some have been made to show
selectivity for the sequences they cleave. However, these
agents typically do not promote RNA cleavage with the
same rate constant that can be achieved by most protein
enzymes. Presumably, these ribonuclease mimics take ad-
vantage of only a subset of the catalytic strategies that are
used by enzymes like RNase A, or otherwise do not exploit
these catalytic strategies fully.

Nucleic acid enzymes also can catalyze RNA cleavage by
the same internal phosphoester transfer mechanism. Four
of the eight ribozymes that are known to exist in nature
(Butcher 2001) promote site-specific RNA cleavage by this
mechanism. This collection of “self-cleaving” ribozymes in-
cludes the hammerhead (Stage-Zimmermann and Uhlen-
beck 1998; Scott 1999), hairpin (Walter and Burke 1998;
Fedor 2000), HDV (Taylor 1997; Wadkins and Been 2002),
and Neurospora VS RNAs (Lafontaine et al. 2001; Sood and
Collins 2002). Unfortunately, most engineered versions of
these ribozymes, like ribonuclease mimics, exhibit rate con-
stants for RNA cleavage that fall far short of that achieved
by RNase A. These findings are consistent with the view
held by some enzymologists that ribozymes might be inca-
pable of generating the same rate enhancements as those
achieved by protein enzymes.

We have been exploring the details of ribozyme catalytic
mechanisms in order to assess whether nucleic acid en-
zymes could ever match the catalytic power and sophisti-
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FIGURE 1. Mechanism for RNA cleavage by internal phosphoester
transfer involving the 2'-hydroxyl group. The RNA linkage (1) passes
through a pentacoordinate species (2) that degrades into fragments
that carry either a 2",3"-cyclic phosphate terminus (3) or a 5’'-hydroxyl
terminus (4). The four catalytic strategies that can influence the reac-
tion are identified as follows: «, in-line nucleophilic attack (blue); B,
neutralization of negative charge on a nonbridging phosphate oxygen
(purple); vy, deprotonation of the 2'-hydroxyl group (red); and 8,
neutralization of negative charge on the 5'-oxygen atom (green).

cation of protein enzymes. Recent findings indicate that
certain ribozymes and deoxyribozymes might use a combi-
nation of catalytic strategies that place an upper limit on
speed (Breaker et al. 2003). Meanwhile, other catalytic
RNAs and DNAs seem to use combinations of the four
possible catalytic strategies that would permit high-speed
RNA transesterification. In this report, we provide an over-
view of the reaction of RNA transesterification and the cata-
Iytic strategies that are exploited by RNA-cleaving agents.
We use the kinetic behavior of ribozymes and deoxyribo-
zymes to draw general conclusions about biological catalysis
of this reaction. From this framework, we conclude that it is
possible to create nucleic acid enzymes that exhibit catalytic
rate enhancements that match those of their protein coun-
terparts.

RNA and DNA enzymes as model catalysts

Ribozymes and deoxyribozymes are well suited to serve as
model enzymes for studying the factors that are responsible
for biological catalysis. Novel ribozymes and deoxyribo-
zymes can be created by in vitro evolution (Breaker 1997;
Wilson and Szostak 1999), and nucleic acid enzymes with
diverse structural and functional characteristics typically
emerge from such efforts (Williams et al. 1995; Santoro and
Joyce 1997; Tang and Breaker 1997, 2000). As a result, we
have access to many distinct RNA-cleaving ribozymes and
deoxyribozymes, of which at least some are expected to be
simple in structure and function. In contrast, natural pro-
tein enzymes that cleave RNA have relatively complex struc-
tures and undoubtedly use multiple catalytic strategies that
are not easy to separate experimentally from one another.
Furthermore, methods for the preparation, manipulation,
and kinetic characterization of nucleic acid enzymes are well
established, and thus permit direct comparisons to be made
among numerous examples.
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These factors have enabled us to examine the kinetic
characteristics of 14 distinct structural classes of ribozymes
and deoxyribozymes that catalyze RNA cleavage (Breaker et
al. 2003). The results of this study revealed that half of the
nucleic acid enzymes examined cannot exceed a rate con-
stant of ~2 min~'. Interestingly, this “speed limit” corre-
sponds to a theoretical maximum value that can be attained
if the enzymes fully exploit only two of the four possible
catalytic strategies that could be used to accelerate internal
phosphoester transfer (Fig. 1; Breaker et al. 2003; see be-
low).

RNA transesterification as a reaction of interest

RNA molecules are integral participants in all the funda-
mental processes carried out by modern living systems. Al-
though its propensity for spontaneous cleavage by internal
phosphoester transfer is considered to be its greatest liabil-
ity, RNA is nevertheless capable of carrying genetic infor-
mation in the form of messenger RNAs and of performing
chemical reactions such as ribosome-mediated peptidyl
transfer. Despite this reputation of chemical instability, en-
zymes that cleave RNA must increase this instability by a
million-fold or more in order for enzymatic RNA cleavage
to occur on a time scale that is of relevance to biology (Li
and Breaker 1999; Breaker et al. 2003).

A detailed understanding of the chemical processes that
accelerate internal RNA transesterification would therefore
provide a scientific basis for understanding the inherent
instability of RNA, as well as offer insight into how enzymes
promote RNA processing reactions. Unfortunately, RNA
transesterification is not a simple chemical reaction. Both
the stability of phosphate esters and their chemical pliability
have been suggested as foremost reasons why a phosphate
ester has emerged as the backbone of choice for the mol-
ecules responsible for genetic information storage and
transfer (Westheimer 1987). Thus, it follows that in order
for RNAs to be processed as required by certain biological
undertakings, the chemistry of RNA transesterification
must offer multiple and powerful catalytic strategies for
enzymatic exploitation. Given the fundamental importance
of internal phosphoester transfer, and given the availability
of a diverse collection of ribozymes and deoxyribozymes
that catalyze RNA cleavage, we see this reaction as an ideal
system for further examination. The basic principles that we
advance in this report, however, should be applicable to the
study of other enzymes that catalyze different reactions.

Nonenzymatic phosphoester transfer to an RNA 2’
oxygen: Identifying the four catalytic strategies

The backbone of RNA (Fig. 1, structure 1) is cleaved when
a phosphoester bond is transferred to an adjacent 2" oxygen
(2) to form a strained 2’,3’-cyclic phosphate compound (3)
and release a second product with a 5'-hydroxyl group (4).
This proceeds via an associative (Sy2-like) mechanism in
contrast to the dissociative (Sy1-like) mechanism of cleav-
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age of phosphoanhydrides, phosphomonoesters, and phos-
phoramidates (Benkovic and Schray 1973; Guthrie 1977;
Westheimer 1987; Thatcher and Kluger 1989; Admiraal and
Herschlag 1995; Oivanen et al. 1995; Almer and Stromberg
1996). RNA transesterification occurs spontaneously in the
absence of any added catalyst with a first-order rate con-
stant that varies with changing pH (Jarvinen 1991; Li and
Breaker 1999). By combining data acquired at high tem-
perature with data taken at high pH for the cleavage of a
natural RNA linkage, a characteristic profile for the loga-
rithm of the rate constant of nonenzymatic RNA cleavage
versus pH emerges (Fig. 2A). This profile shows that RNA
transesterification is accelerated many orders of magnitude
at extreme pH conditions by specific acid (hydronium ion)
catalysis or specific base (hydroxide ion) catalysis. The
maximum values for rate constant (k) are ~0.01 min ' at
either pH 0 or pH 14. We assume for this study that the
reaction pathway does not vary with pH. Therefore, the pH
profile for spontaneous RNA degradation should provide
clues to the chemical nature of the RNA transesterification
reaction and define upper limits for rate enhancement by
different catalytic mechanisms.
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FIGURE 2. Dependence of RNA transesterification on specific acid
and specific base catalysis. (A) Plot of the logarithm of the rate con-
stant (predicted, see Materials and Methods) for cleavage versus pH at
room temperature. Solid line indicates the region of the curve for
which measured data exists for comparison value (Jarvinen et al. 1991;
Li and Breaker 1999). Open points indicate the region of the curve that
is extrapolated based on the assumption that the pK, of the bridging
5" oxygen is less than zero (~—3.5) and that no other rate-determining
protonations occur below pH 0. The overall shape and slope of the
curve match the previously reported data collected at 90°C (Jarvinen
et al. 1991). (B) Interpretation of the slope transitions of the curve
depicted in A. The pH range over which the rate constant is dependent
on protonations (B and 8) are shown with thick purple and green
lines, respectively. The pH range in which the rate constant is affected
by a deprotonation (vy) is shown with a thin red line. Measurements at
90°C show that the region between approximately pH 3 and 5 appears
to have a slope of —1, which we interpret as reflecting two rate-
determining protonations and one rate-determining deprotonation
(see text).

The reaction progression detailed in Figure 1 shows the
predominant ionization state of each group as it is pre-
sumed to be at neutral pH. At pH 7, the 2’ oxygen nucleo-
phile exists primarily as a protonated (hydroxyl) species
(Fig. 1, 1). The nonbridging phosphate oxygen (NBPO)
atoms share a resonant negative charge and double bond to
phosphorus that results in a dianionic state of the pentaco-
ordinated species (2) formed upon nucleophilic attack. The
5" oxygen (Fig. 1) will depart as a negatively charged alkox-
ide ion at neutral pH and become protonated after cleavage
has occurred. The low background rate of spontaneous
RNA cleavage at neutral pH reflects the poor nucleophilicity
of a 2'-hydroxyl and the high negative charge developed
during the reaction at the NBPO atoms and the 5’-oxyanion
leaving group. That is, there are multiple rate-determining
proton transfer events that can be exploited for catalysis.
This conclusion is supported by the observed pH-depen-
dent character of spontaneous RNA cleavage (Fig. 2), as
detailed in the next sections.

Spontaneous RNA cleavage is also affected by the posi-
tion of the nucleophile, electrophile center, and leaving
group relative to one another. In an “in-line” configuration,
the nucleophilic 2" oxygen and the departing 5" oxygen are
in-line with the phosphorous center and thus occupy the
two apical positions in a trigonal bipyramidal geometry
prior to backbone cleavage. Pseudorotation is a rearrange-
ment that allows the nucleophile to attack and the leaving
group to depart at an angle to one another (Westheimer
1968). The products of RNA transesterification produced
by protein enzymes such as RNase A and by ribozymes such
as the hammerhead indicate that the in-line configuration
most likely is used in the active site and that no pseudoro-
tation occurs (Linn et al. 1993; Wedekind and McKay 1998;
Fersht 1999). Because the flexibility of an unconstrained
RNA linkage is such that the appropriate in-line arrange-
ment will occur only on occasion (Soukup and Breaker
1999), a fourth chemical effect that an enzyme could exploit
for rate enhancement is the promotion of proper substrate
orientation for in-line attack (Fig. 1, 2).

Together, the chemical barriers to the spontaneous
breakdown of RNA by transesterification are as highlighted
on Figure 1: the lack of constraint of the atoms in proper
geometry for formation of the pentacoordinate species (a
catalysis, blue), the high negative charge of the dianion
species (3 catalysis, purple), poor nucleophilicity of the 2'-
hydroxyl (y catalysis, red), and poor departure of the 5'-
oxyanion leaving group (8 catalysis, green). The absolute
limits of rate enhancement that can be achieved by the
reduction of each of these barriers are discussed.

Dissecting the speed limits of RNA cleavage by
phosphoester transfer

It should be possible to establish the maximum, chemically
allowed rate enhancement for {3, vy, and & catalysis by as-
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signing identities to the rate-determining proton transfer
events that are critical to the nonenzymatic cleavage of RNA
and by determining the pH range over which a particular
strategy productively impacts spontaneous RNA cleavage
(Fig. 2). These proposed pH ranges and the corresponding
proton transfer assignments are derived from known pK,
values for relevant groups. The maximum, chemically al-
lowed rate enhancement then sets the speed limit for each
catalytic strategy.

Speed limit for total deprotonation of the 2’-hydroxyl
group: <y catalysis

Figure 2A summarizes how the first-order rate constant of
spontaneous RNA cleavage by transesterification is expected
to vary with pH at ~23°C when no buffer-dependent ca-
talysis is observed. The simplest explanation for the slope of
one above neutral pH is that for every 10-fold increase in
specific base (hydroxide ion), there is a corresponding 10-
fold increase in RNA degradation due
to a single rate-determining deproto-
nation event in the RNA linkage. The

protonate the 2'-hydroxyl group completely. It should be
noted that under conditions of physiological pH, ~10*-fold
rate enhancement has already been provided by specific
base in bulk solvent, and an enzyme could do no better than
to make up the remaining 10°. However, specific base cata-
lyzed, RNA triester cleavage is observed even at acidic pH
conditions (Kosonen and Lonnberg 1995). As a result, the
2'-oxyanion has been proposed to a better nucleophile than
a hydroxyl by a factor of up to 10'° (Oivanen et al. 1998).
This parallels the observation that cyclic and acyclic phos-
phorous compounds are 10'°-fold more susceptible to nu-
cleophilic attack by hydroxide than by water (Almer and
Stromberg 1996). Therefore, the slope of one depicted in
Figure 2A under basic pH is established by a rate-determin-
ing deprotonation of the 2'-hydroxyl group (Li and Breaker
1999). Furthermore, it is likely that the 2'-oxyanion is the
dominant nucleophile for transesterification down to pH ~
3 (Fig. 2B).

Thus, the maximum rate enhancement for an enzyme

TABLE 1. pK, values for functional groups related to those of an RNA phosphodiester

rate constant reaches a plateau as the

pK, of this deprotonation event is ap- Gz Pk, Reference
proached and exceeded because the K, RSH 10-11 March 1992
group becomes fully deprotonated, o CH,0H 15.2 March 1992
and thus no further rate enhancement OH"

can be gained. The only rate-determin- r-U-oR, —6.5 March 1992
ing deprotonation with a pK, > 13 that R,COHCHR, 19-20 March 1992
is likely to dominate alkaline RNA CH,CH,H ~50 March 1992
cleavage is at the 2’—hy.droxyl group. R,—g-& 35 March 1992
The pK, for the transition on Figure

2A (pK,;) is 13.7. This value has been  pK,, H )
determined experimentally for cleav- W‘O’EO'W 0.7 (90°C)  Jarvinen et al. 1991

age of a single ribonucleotide imbed-

ded in a short DNA oligonucleotide H OQH
under conditions relevar%t to a cell adenosme_o-Eo_E-OH 12 RGBS
(23°C, 250 mM K*; Li and Breaker
1999). A value of 13.7 is consistent  PKg HO- o M
with other measured pK, values (Ve- HH 12.2 Izatt et al. 1966
likyan et al. 2001) that indicate that the A
actual pK, of a 2'-hydroxyl in an oli- HO,POPO- o
gonucleotide (Table 1, pK,;) is not as DHH — Saenger 1984
low as previously estimated (Izatt et al. ROPO R,
1966; Saenger 1984). 2 o .

The slope of 1 from pH ~5.5-13.5 CH,CH,O,;S_ZH 12.7-13.6 Velikyan et al. 2001
indicates that there is at least 10°-fold DNA N
in rate enhancement to be gained by ‘E_?z 13.7 Li and Breaker 1999
specific base catalysis. In other words, DN H

the nucleophilic power of a 2'-oxy-
anion over a 2'-hydroxyl group in
RNA is at least 10°. An enzyme could
realize this level of rate enhancement
at pH 5.5 by forming an active site that
exploits general base catalysis to de-
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The three rate-determining pK, values for spontaneous RNA degradation due to specific acid
and base catalysis are as follows: pK,; defines protonation at the 5'-oxygen; pK,, is for the first
NBPO; and pK,; relates to protonation of the 2'-oxygen from the oxyanion to a hydroxyl. The
pK, values are listed for the functional groups depicted in italics. Values in bold type were
determined experimentally, whereas the remainder are estimates. W indicates adenosine or

uridine.



Ribozyme speed limits

that uses deprotonation of the 2'-hydroxyl group to the
exclusion of all other catalytic strategies (a “y enzyme”) is at
least 10'. This can be achieved only if the enzyme remained
fully active at pH 3. For a y enzyme that is fully active only
at neutral pH, a maximum rate enhancement of ~10° would
be possible (Fig. 3).

Speed limit for total protonation of a NBPO:
B catalysis

Specific acid catalysis of RNA transesterification must in-
volve at least two rate-determining protonations, represent-
ing B and d catalysis. This conclusion is based on the fact
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FIGURE 3. Magnitudes of rate enhancement for the four catalytic
strategies. The individual and cumulative rate enhancements derived
from enzymes perfecting each catalytic strategy are shown (left scale)
from a baseline rate constant value of 107 min™! (right scale) for the
rate constant of RNA cleavage at neutral pH and 23°C without divalent
metals (Li and Breaker 1999). The rate enhancement for perfect uti-
lization of a combined ay strategy, a commonly encountered speed
limit of engineered ribozymes and deoxyribozymes (Breaker et al.
2003), is depicted next to the putative catalytic strategies used by
several nucleic acid and protein enzymes. Open-top columns denote
the fact that the highest rate constants measured for these enzymes do
not reflect the rate constant of the chemical step. The X-motif RNA
and 10-23 DNA columns are colored to reflect possible explanations
for their rate enhancement, but structures and catalytic mechanism
have not been definitively solved for either enzyme. The graded col-
oring is used to note the fact that it is not evident that the enzymes use
the various catalytic strategies to their fullest extent. First-order rate
constants of bond vibration and proton transfer from imidazolium ion
to water were taken from Fersht (1999). Those of proton transfer to,
and leaving group expulsion from, the dianion phosphorane interven-
ing species of phosphoester transfer were taken from Perreault and
Anslyn (1997).

that the pH profile displays an apparent slope of ~—2 be-
tween pH 1 and pH 2 (Oivanen et al. 1998). Additionally, if
v catalysis by specific base continues into the acidic pH
range, the slope of ~—1 in the pH range between 2 and 5 can
only be explained in the simplest case by two rate-deter-
mining protonations and 1 rate-determining deprotona-
tion, all of which act simultaneously to influence the overall
rate constant of RNA degradation (Fig. 2B).

Protonation of one NBPO (3 catalysis) is expected as the
solution becomes acidic. The pK, of an NBPO is 0.7 at 90°C
(Jarvinen et al. 1991) and probably between 1 and 2 at room
temperature (Saenger 1984). At 90°C, the minimum rate
constant of RNA transesterification (the onset of catalysis of
presumably both the 3 and & effects) occurs at pH ~5,
whereas the rate-determining pK, of a protonated NBPO is
slightly less than one (Jarvinen et al. 1991). This sets a
maximum rate enhancement for 3 catalysis at ~10* at 90°C.
As the temperature is lowered to 23°C, pK, values will in-
crease in a manner specific to each type of functional group,
and so this range may change by perhaps an order of mag-
nitude (Table 1; pK,,). The rate enhancement observed in
acyclic phosphotriesters over diesters (Westheimer 1968;
Kosonen and Lonnberg 1995), which is similar to direct
metal coordination to a NBPO in a phosphodiester (simu-
lating the effect of protonating a NBPO; Bruice et al. 1996),
can be as much as 10°. Therefore, at 23°C, the rate enhance-
ment for B catalysis is likely not to exceed 10° (Fig. 3). This
indicates that an internucleotide linkage with one proto-
nated NBPO is ~10°-fold more susceptible to nucleophilic
attack by the 2'-oxygen atom compared with an inter-
nucleotide linkage that carries two unprotonated NBPO
atoms.

Speed limit for total protonation of the 5’-oxygen:
d catalysis

The existence of just the B and +y catalytic strategies is in-
sufficient to explain the pH profile of nonenzymatic RNA
transesterification. A second rate-determining protonation
event must be occurring to explain the slope of —2 and to
explain a slope of —1 in the slightly acidic range in which 3
and y catalysis are proposed to overlap. Protonation of both
NBPO atoms would suffice as the two protonation events
required to explain the slope of the pH profile in the acidic
range. Accordingly, the slope of —2 has been explained pre-
viously (Oivanen et al. 1998) to be due to rate-determining
protonations at both of the nonbridging oxygens, and it has
been suggested that such protonation would significantly
increase the rate of attack of the 2’-nucleophile (Gerlt
1993). The two schemes describing protonations at either
one NBPO plus the leaving group or at both nonbridging
oxygens are kinetically indistinguishable (Fig. 4, upper and
lower pathways). However, it has also been observed that
the 2'- and 3’-oxygen atoms are 10°-fold better able to
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FIGURE 4. Mechanism of RNA cleavage at low pH. In the range of
pH 1 to 2, the rate constant for RNA cleavage is dependent on two
protonations. These may represent specific acid 3 (purple) and &
(green) catalysis (upper pathway; monoanion phosphorane mecha-
nism) or specific acid 8 catalysis with another protonation at the
second NBPO (lower pathway; neutral phosphorane mechanism).
Only the chemical structure of the RNA linkage that is directly in-
volved in the transformation is depicted. The apical bonds to the
pentacoordinated phosphorous in the trigonal, bipyramidal structure
are indicated with dotted lines. Deprotonation of the 2"-oxygen nu-
cleophile would be required in the lower pathway to prevent it from
departing more readily than the 5'-oxygen atom. The upper and lower
pathways will be kinetically indistinguishable if deprotonation of the
2" oxygen in the neutral phosphorane is more rapid than cleavage of
the P-O5’ bond, and protonation also occurs at the 5’ oxygen.

depart as oxyanions than the oxyanion of a primary alcohol
of a phosphotriester (Kosonen and Lonnberg 1995). This
indicates that the 5'-oxygen atom cannot depart easily with-
out prior protonation.

Consistent with this suggestion is the proposal that the
departure of the leaving group can be rate-determining un-
der defined conditions (Shiiba and Komiyama 1992; Zhou
et al. 1996) and that a 5’ thioate is a better leaving group by
a factor of ~10° (Kuimelis and McLaughlin 1995; Thomson
et al. 1996), which is also the extent of increase in basicity
from R-O™ to R-S~ (March 1992). Invoking a protonation
at the departing 5'-oxygen as the candidate for the second
required protonation also provides a rationale to explain
the simultaneous appearance of specific acid B and & ca-
talysis as the pH dips below 5.5. Protonation of the NBPO
(B catalysis) changes the chemistry of transesterification in
a subtle but fundamental way. It converts the pentacoordi-
nated, trigonal bipyramidal species from a dianion, 2, to a
monoanion (Fig. 5, 5). The dianion phosphorane has been
calculated to be too unstable to exist long enough to be
considered an intermediate, to pseudorotate, or to allow
diffusion controlled processes including proton transfer
(Lim and Karplus 1990; Perreault and Anslyn 1997). Ex-
perimental support of this calculation includes the obser-
vation that isomerization of the 3,5’ and 2’,5" links, which
requires pseudorotation to place the departing 3'-O at an
apical position (Fig. 4; Westheimer 1968), has never been
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detected in alkaline solution (Perrault and Anslyn 1997).
Likewise, the products of decomposition of RNA analogs
indicate that a monoanion or neutral species is required for
pseudorotation (Almer and Stromberg 1996). Furthermore,
pseudorotation of a dianion would place an electron-do-
nating group unfavorably in an apical position (Zhou and
Taira 1998).

This means that proton transfer events subsequent to
formation of the pentacoordinate species are possible only if
the phosphorane is a monoanion. Therefore, the protona-
tion of the 5'-oxygen would have to occur either prior to
the formation of the pentacoordinated dianion, or only
when the phosphorane is in the protonated monoanion
form. However, it can be predicted that protonation of the
5'-oxygen could be as much as 10°° times less likely prior to
formation of the phosphorane as after this event. Because
the pK, of the protonated 5'-oxygen has not been deter-
mined in either case, this conclusion was derived from a
comparison to carbon chemistry (Table 1, pK,;). The
change of pK, value of the 5'-oxygen as the phosphodiester
linkage approaches a pentacoordinated geometry reflects
the influence of a double-bonded phosphoryl oxygen on an
adjacent group compared with the two single-bonded oxy-
gens of the phosphorane. In carbon chemistry, the pK,
value of a proton of a methylene group decreases by ~30
units when positioned adjacent to a carbonyl group due to
the electron withdrawing character of this group, making
the methylene proton 10°° times more acidic (Table 1).
Compare the pK, of a methylene proton in a ketone, pK,
~19 to 20 for RCOCH,R, to a saturated hydrocarbon, pK,
of ~50, for C,H (March 1992). Because it can be concluded
that pK,, is <0 from the pH profile (Fig. 2A), protonation
of the 5’-oxygen prior to the formation of the phosphorane
would indicate that the protonated leaving group is as much

\_3'(
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FIGURE 5. Mechanism of RNA cleavage under mildly acidic condi-
tions. In the range of approximately pH 3 to 5, specific acid and base
produce B (purple), vy (red), and 3 (green) catalysis. 3 Catalysis by
specific acid changes the nature of the reaction pathway by allowing 5
to exist as an intermediate long enough to allow pseudorotation to 6.
This in turn allows departure of the 3’ oxygen to form a 2’,5'-phos-
phodiester linkage, 7. Other notations as in the legend of Figure 4.
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as 10°°-fold better able to depart (effective range pH, —30 to
5.5) than the oxyanion. It seems unrealistic that any cata-
lyst, specific acid or enzymatic, could impact such an ex-
traordinarily unfavorable event.

If our assumptions are correct, then protonation of the
leaving group most likely does not occur until the linkage
has attained significant pentacoordinated character. Be-
cause the dianion is not stable enough to allow for proton
transfer, rate enhancement from protonation of the 5’ leav-
ing group (8) can only occur in conjunction with protona-
tion at a NBPO (B). This is one plausible explanation for
the proposed chemical interdependence of two rate-deter-
mining protonations in RNA transesterification (Fig. 2).
The magnitude of § catalysis then will be a minimum of 10°
or 10° at 23°C (Fig. 3) given that 3 catalysis is observed from
slightly below pH 0 to approximately pH 5 at 90°C. The
maximum rate enhancement using 8 catalysis could be
much higher depending on the pK, of the 5'-oxygen atom
in the phosphorane (pK,;). Again, considering carbon
chemistry, the pK, of the protonated 5'-oxygen might be
expected to increase dramatically as the phosphorane is
formed, perhaps to the neighborhood of that for a proto-
nated ether (~—3.5). If no other chemical effects become
significant at this low pH, the pH profile should change
from a slope of —1 to a slope of zero when the pH reaches
pK,;, which cannot be experimentally obtained. However,
we expect that the rate enhancement could be as much as
10%, assuming that pK,, is near —3.5.

Speed limit established by proper geometric
alignment for in-line nucleophilic attack: « catalysis

The rate enhancement for a catalysis is dictated by the
extent to which the 2'-oxygen, phosphorous, and 5'-oxygen
atoms are oriented for direct in-line attack and also by the
distance between the 2'-oxygen nucleophile and the phos-
phorous center. The value of the potential rate enhance-
ment derived from constraining a free RNA linkage to an
in-line configuration has been determined to be at least 10-
to 20-fold by observing the cleavage rates of individual
phosphodiester bonds in structured RNAs (Soukup and
Breaker 1999; and references therein). This is most likely a
modest underestimate of the maximum rate enhancement
for a catalysis, as the geometries of most linkages used to
determine this rate enhancement range are less than opti-
mal. However, we speculate that the maximum rate en-
hancement for « catalysis is probably no greater than 10°
(Fig. 3). For example, extrapolation of the data described
previously (Soukup and Breaker 1999) implies that only a
modest increase in the rate enhancement generated by per-
fect in-line positioning is likely. Furthermore, the fitness for
in-line nucleophilic attack is largely dictated by rotation
around two bonds in RNA. From a highly simplified per-
spective, we assume that a structurally unrestricted linkage
would permit each of the two bonds to sample an orienta-

tion that is permissive of in-line attack ~10% of the time
(assuming that a 36° rotational window around a given
bond permits reactivity). Therefore, the linkage as a whole
would be in a configuration that would permit productive
nucleophilic attack ~1% of the time. Although this is a
crude estimate of the uncatalyzed reactivity of a typical RNA
linkage, it seems unlikely that maximal « catalysis can sig-
nificantly exceed 100-fold.

The speed limit hypothesis of enzymatic catalysis

The rate enhancement that can be generated by maximally
using all four catalytic strategies (., B, ¥, and &) is more
than sufficient to account for the speed of RNA-cleaving
enzymes. At neutral pH, the total rate enhancement that is
theoretically available for enzymes to exploit is at least 10"°
(Fig. 3; 102 x 10° x 10° x 10° for « through 3, respectively),
and may be orders of magnitude higher depending on the
value of pK,,. A key assumption of this rate-enhancement
accounting approach is that each chemical effect is inde-
pendent of every other effect. In other words, the maximum
possible catalytic rate enhancement derived from a particu-
lar strategy is fixed whether or not any other strategy is
engaged. With the exception of the proposal that & medi-
ated by protonation requires 3 to occur, we suggest that the
magnitude of the rate enhancements are not dependent on
one other. This hypothesis is supported by the fact that the
changing slope observed throughout the pH profile (Fig.
2A) can be explained by one, two, or three catalytic strat-
egies, each contributing separately to catalysis. As a result,
the combination of catalytic strategies has a multiplicative
effect on the rate of the reaction. The ability to attribute all
changes on the pH profile to particular chemical events also
supports the validity of assuming in this analysis that the
reaction pathway does not change with pH. The formidable
power of RNA-cleaving enzymes therefore can be wholly
explained as the ability to bring combinations of catalytic
strategies (or in some instances, all four strategies discussed
herein) to bear on the substrate simultaneously.

Analysis of crystal structures of RNase A indicates the
enzymatic use of all four strategies, although the exact
amount of rate enhancement contributed by any one strat-
egy is still vigorously debated (Richards and Wyckoft 1971;
Carlson 1976; Breslow 1991; Perreault and Anslyn 1997;
Raines 1998). The rate-determining step of the reaction
mediated by RNase A under multiple turnover conditions is
substrate desolvation and not the rate of chemistry
(Thompson et al. 1995). So the resulting rate enhancement
of 10"-fold at pH 6 does not indicate whether the enzyme
has maximally exploited any of the four chemical effects. In
contrast, the seven engineered ribozymes and deoxyribo-
zymes that meet a common speed limit are proposed to
have perfected the implementation of a and y catalysis, but
not make use of either 3 or d catalysis (Breaker et al. 2003).
Briefly, when tested under each respective set of optimum

www.rnajournal.org 913



Emilsson et al.

reaction conditions, these ay ribozymes and deoxyribo-
zymes each approach a rate constant for RNA cleavage that
is limited by the chemistry of the reaction. Typically, each
enzyme has a pH profile for activity between the range of 5
and 9 that increases log-linearly with a slope of one until
approaching a maximum pseudo first-order rate constant
for RNA cleavage of ~2 min™', indicating 10°-fold rate en-
hancement (Fig. 6). The pH profiles are consistent with a
base-catalyzed reaction mechanism wherein the pK, of the
2'-hydroxyl has been shifted down by the enzyme to be-
tween pH 7 and 9 (y catalysis; pink zone; Fig. 6). The
maximum rate constant of ~2 min~' corresponds to the
expected rate constant for complete deprotonation at the 2’
position combined with ideal alignment of the 2'-oxygen,
phosphorous, and 5'-oxygen (o + <y catalysis; blue zone).
What is striking is that so many enzymes share both this
profile and maximum rate constant. Although other sub-
optimal combinations of catalytic strategies could achieve
the same maximum rate constant, it seems unlikely that all
seven enzymes manage this task while also producing a
general base type of pH profile.

With four effects to manipulate, an enzyme has 16 dif-
ferent combinations of catalytic strategies that could be
used to catalyze RNA cleavage (Table 2). Note that one

combination of catalytic strategies is the state of no catalysis
at all, and this total will be further reduced to 11 combi-
nations if protonation (or metalation) of the leaving group
can only occur in conjunction with protonation (or meta-
lation) of a NBPO. This treatment of catalysis as a combi-
natorial problem is valid only if each effect is independent,
outside of the 33 exception, and if it can explain all possible
rate limiting steps inherent to the chemistry of the reaction
itself. To test whether or not this speed limit hypothesis can
explain the rate-limiting steps of RNA transesterification,
two pathways must be considered: that of the unstable di-
anion phosphorane intervening species, and that of the
monoanion phosphorane intermediate.

The reaction pathway of the dianion phosphorane species
has no intermediates and has a single high-energy transition
state. Once the dianion species is formed, the rate of leaving
group expulsion is faster than diffusion controlled processes
(Perreault and Anslyn 1997). Thus, catalysis can only pro-
mote the formation of the dianion phosphorane and not its
decomposition. It is clear that through both « and <y ca-
talysis, the rate of formation of the dianion will be en-
hanced. By definition, 3 catalysis is not occurring because
both NBPOs are unprotonated. Furthermore, because the
leaving group is expelled faster than it can receive a proton,

O catalysis cannot be occurring either.
Thus, consideration of the reaction path-

oy

way of the dianion phosphorane does not
change any conclusions of the speed limit
hypothesis.

On the other hand, the monoanion
phosphorane could occupy an energetic
well between two transition states corre-
sponding to the energy(s) of forming the
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FIGURE 6. Engineered ribozymes that appear to maximize two catalytic strategies. The
composite plot depicts the kinetic behavior of seven RNA-cleaving ribozymes (black text)
and deoxyribozymes (gray, italics text) compared with the profile expected for the spon-
taneous cleavage of RNA (see Fig. 2A). The pH range from 5 to 9 (purple) is expected to
permit Watson/Crick pairing without pH-induced disruption. The range for the maximum
rate constants for vy catalysis (pink), and for the combination of o and <y catalysis (light
blue) are indicated. The pH profiles for the enzymes were derived from (Breaker et al.
2003). The distinct slope of the MR5 ribozyme could be explained by a combination of ay
catalysis and the need for a second deprotonation event to satisfy a structural requirement.
(Inset) The o and vy catalytic strategies that, when used in combination, can explain the
maximum rate constants and the kinetic profiles of the enzymes depicted.

914 RNA, Vol. 9, No. 8

intermediate and of decomposing into

o products. If one of these two states is sig-

v .ﬁ, nificantly higher energy than the other, a

0 .OH rate-limiting barrier will occur (Jencks
_0_:,:0 1987). Again by definition,  catalysis is
ﬁ" o t’ B| occurring in the monoanion because one of
o the NBPOs is protonated. The validity of

\w the speed limit hypothesis then rests on

Q OH|  whether the same catalytic rate enhance-

: | ments can be derived from each of the re-

= ' 1; maining chemical effects, regardless of this

change in the chemistry of the reaction.
Under slightly acidic conditions, the pH
profile of the degradation of RNA and its
triester most likely reflects the continued
contribution of y catalysis due to hydrox-
ide ion with a log-linear relationship down
to pH ~3 (Fig. 2B). This indicates that al-
though this simulated B catalysis is fully
active due to charge neutralization in the
triester, no change can be observed in the
ability of specific base to catalyze formation
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TABLE 2. Possible combinations of the four catalytic strategies for
RNA cleavage by internal phosphoester transfer

Maximum rate

enhancement  Speed limit

Catalytic strategy combination (neutral pH) (min~")
No catalysis — 1078

a 10° 107°
B 10° 107°

v 10° 1072

3* =10° =10"°

o B 107 107"
a bY 108 10°
a 3* =10° =10°
B v 10" 103
B S =10" =10°

v d* =10"? =10*
« B v 10'3 10°
o v o* =10" =10°
a B S =10" =10°
B v 5 =10'7 =10°

@ B v ) =10'° =10""

Considering the presence or absence of four independent catalytic
strategies results in 16 possible combinations for enzymatic
mechanism. The first entry is the state of no catalysis and is the
background rate constant from which the remaining speed limits
are calculated (23°C, 250 mM K*). Speed limits are the predicted
rate constants for perfect use of the indicated catalytic combina-
tion. The highlighted speed limit is the common avy speed limit.
Asterisks (*) denote those speed limits for & catalysis without B
catalysis that are predicted not to be chemically permitted. Excep-
tions to this prediction might be permitted if an enzyme can meta-
late the 5’ oxygen without regard for the protonation or metalation
state of the NBPO.

of the monoanion intermediate. Thus, y catalysis is inde-
pendent of the presence or absence of 3 catalysis. Either
activation of the nucleophile impacts the rate-limiting step
or neither of the energetic barriers is high enough to be-
come a rate-limiting step.

Similarly, a catalysis is likely independent of B catalysis
based on the following results. An enzyme that correctly
positioned atoms for in-line attack (o), and that catalyzed
transesterification, would be required to continue to keep
these atoms in position for the duration of the reaction.
Otherwise, pseudorotation of the monoanion intermediate
would be allowed. Because departure of the 3"-oxygen atom
is more favorable than departure of the 5'-oxygen atom
under conditions of af+y catalysis (e.g., analogous to the
specific acid catalyzed reaction at pH 3 to 4; Kosonen and
Lonnberg 1995), isomerization rather than transesterifica-
tion would result. Therefore, o catalysis must reduce both
energetic barriers by promoting both formation and de-
composition of the intermediate to the desired products.

With & catalysis, it should be noted that B catalysis by
specific acid never occurs without specific acid 8 catalysis as
well (Fig. 2B). Similarly, 8 and vy catalysis never occur to-
gether without 3. However, RNA analogs complexed with
metal ions to simulate 3 catalysis show enhanced rates of

cleavage at pH 6, at which the specific acid contribution to
d catalysis is predicted to be very low (Bruice et al. 1996). It
is possible that this experiment demonstrates that catalysis
due to neutralizing the negative charge on a NBPO does not
require neutralization of the 5'-oxyanion leaving group as
well in order to enhance the rate of the reaction. As for -y
catalysis then, either B catalysis impacts the rate-limiting
step or neither of the energetic barriers is high enough to
become a rate-limiting step. Although & catalysis might re-
quire B catalysis in order to occur (see Table 2 for possible
exceptions), the two strategies are not cooperative and they
affect the rate of cleavage independently.

Predictions and scope of the speed limit hypothesis

The question of how fast a ribozyme or deoxyribozyme can
catalyze RNA phosphoester transfer has implications for
basic research and for commercial applications of nucleic
acid enzymes. The rate constant of 2 min~" is the theoretical
maximum for ay enzymes regardless of whether the poly-
meric composition of the enzyme is RNA, DNA, protein, or
any other form. One of the main conclusions of the speed
limit hypothesis is that individual catalytic strategies have
specific limitations, and that higher speed enzymes must
make use of multiple catalytic strategies to exceed the maxi-
mum allowable rate constants permitted by individual strat-
egies. Thus, the ay enzymes described (Breaker et al. 2003)
might never exceed a rate constant of ~2 min~' under typi-
cal physiological conditions without making use of addi-
tional catalytic strategies. Because certain ribozymes and
deoxyribozymes do exceed the ay speed barrier, nucleic
acid enzymes inherently must be able to use a set of catalytic
strategies that, in principle, could permit them to be as fast
as proteins. Interestingly, a ribozyme that uses only three
catalytic strategies in combination (a, 3, 8) could attain the
same speed as RNase A if the ribozyme were to use these
strategies to their full potential (Fig. 3). In addition, we
expect that the creation and characterization of engineered
ribozymes and deoxyribozymes can be made more efficient
by understanding the chemical nature of catalysis of RNA
transesterification.

Several other influences on catalysis that have not been
considered in this discussion could also contribute to the
catalytic function of RNA-cleaving enzymes. For example,
the structured environment of an enzyme active site could
also directly modify the strength of bonds through induc-
tion of strain. However, the contacts that would create bond
strain would be the same contacts that would promote o
through & catalysis, and so bond strain is not likely to be
independent of the catalytic strategies described herein. Ig-
noring bond strain does not seem to have complicated the
application of the speed limit hypothesis to the example of
the common ay combination, as we have observed no in-
dication that the ay enzymes benefit from bond strain
(Breaker et al. 2003). It seems reasonable then to conclude
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that the most common structural effect that the active site
of an enzyme can use is « catalysis, although bond strain in
combination with other catalytic strategies might be applied
less frequently. Furthermore, as enzymatic catalysis be-
comes increasingly more efficient through perfection of
given strategies or through addition of more strategies, the
demands on substrate positioning increase. In other words,
the formation of multiple contacts between active site
groups and the substrate promote multiple catalytic strate-
gies, but also constrain the RNA linkage. If this constrained
geometry is not in-line, then the reaction most likely cannot
proceed. Therefore, the more efficient an enzyme is, the
more likely it is to have perfected a catalysis. That makes
catalytic combinations lacking a catalysis less common, and
thus, the number of the most frequently encountered com-
binations of catalytic strategies drops to just six (Table 2).
Specifically, proposed examples exist of the 'y combination
(Breaker et al. 2003), a alone (Soukup and Breaker 1999),
and the afyd combination used by RNase A (although
probably suboptimally). The remaining combinations that
are most likely to occur then would be of3, afy, and af3d
unless ad and ayd are possible via metalation.

The speed limit hypothesis of enzymatic catalysis is based
on the premise that enzymes can do no more than bring
chemistry to its physically determined maximum rate. The
scope of the hypothesis does not address the energetic ex-
changes that enzymes use to bring about rate enhancement.
Enzymes may bring about changes in the entropy of acti-
vation or the enthalpy of activation and may do so by
exploiting intrinsic binding energy or transition state stabi-
lization (Jencks 1987; Trawick et al. 1998; Fersht 1999;
Bruice and Benkovic 2000). However, the molecular events
that lead to enzymatic catalysis will have their impact real-
ized ultimately by a change in catalysis of each strategy. For
example, a catalysis must have entropic effects, whereas the
same molecular contacts that allow enzymatic enhancement
of B, vy, and & catalysis must have contributions to the
stability of the transition state in order to impact the rate of
the reaction. Overall, the effect of energetic interchanges
will be expressed as an ability by the enzyme to bring about
o, B, v, and 9 catalysis.

Existing evidence indicates that RNA and DNA both have
the structural complexity to form active sites that seemingly
perfect both a and 7y catalysis for RNA cleavage (Breaker et
al. 2003). In addition, ribozymes that exhibit modified rates
in the presence of Rp or Sp sulfur containing substrates,
such as the X-motif and the hammerhead, demonstrate that
nucleic acid enzymes can make use of 3 catalysis (Scott and
Uhlenbeck 1999; Derrick et al. 2000; Breaker et al. 2003).
The rate enhancement of the X-motif ribozyme (Breaker et
al. 2003; Lazarev et al. 2003) is too great to be explained by
either B catalysis alone or by a combination of o and 3
catalysis. Interestingly, the second-order dependence of the
X-motif on magnesium is consistent with a double-metal-
ion mechanism (Steitz and Steitz 1993) wherein the ribo-
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zyme uses two metals to achieve simultaneously § and 8
catalysis. Regardless, a combination of any three of the cata-
Iytic strategies described herein, when optimized, should
yield an enzyme that can achieve a rate enhancement that
compares favorably with RNase A. Furthermore, through
the use of their own functional groups and metal ions,
structured RNA and DNA molecules have the ability to
surmount unfavorable functional pK, values in local micro-
environments by shifting pK, values by at least 10° pH units
(Cai and Tinoco 1996; Legault and Pardi 1997; Nakano et
al. 2000; Luptak et al. 2001; Breaker et al. 2003). This ability
should make nucleic acid enzymes entirely capable of ex-
ploiting B, vy, and & catalytic strategies to their maximum
extent.

Conclusions

Numerous protein enzymes and ribozymes catalyze RNA
cleavage by a phosphoester transfer reaction wherein the
2'-oxygen of the target linkage attacks the adjoining phos-
phorus center. This mechanism of RNA degradation also is
the dominant route by which RNA spontaneously degrades
under a wide range of conditions. Although this reaction is
of fundamental importance in enzymology, the precise
strategies used by natural and engineered ribozymes per-
forming this reaction remain a subject of much debate. We
have summarized the catalytic strategies that could be used
to accelerate RNA phosphoester transfer, and then used
these points to create a conceptual framework for under-
standing the function of RNA-cleaving enzymes. Recent
studies on the kinetic characteristics of engineered ribo-
zymes and deoxyribozymes provide data that are consistent
with this conceptual framework and thus support the hy-
pothesis that certain classes of ribozymes could exhibit the
same catalytic power as protein enzymes. A proposal that
the self-cleaving ribozyme from hepatitis 8 virus could also
attain a rate enhancement as high as RNase A if optimal
general base catalysis were used has been made previously
(Nakano et al. 2000). Furthermore, the conceptual basis of
the speed limit theory described herein could be applied to
other reactions to establish the limitations of other enzyme
classes.

It is likely that nucleic acid enzymes are capable of
achieving rate enhancement by influencing any of the four
catalytic strategies described herein that accelerate RNA
transesterification, either individually or in combination.
The potential rate enhancement to be gained by catalyzing
all effects at once far outstrips physical limitations on chem-
istry such as the time to transfer a proton or break the bond
to the leaving group. Therefore, even suboptimal applica-
tion of all four effects at once will result in rate enhance-
ments that are equivalent to RNase A. Because there appear
to be no theoretical barriers that would preclude nucleic
acid enzymes from attaining the extraordinary rate en-
hancements that are created by protein enzymes, we suspect
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that such high-powered ribozymes might have once existed
in biology, and that such enzymes could be created by en-
zyme engineers in the future.

MATERIALS AND METHODS

Construction of Figure 2A

The plot of the logarithm of predicted rate constants for RNA
cleavage by phosphoester transfer versus the pH of an enzyme was
derived as follows: The measured 2'-hydroxyl pK, (pK,;) of 13.7
and the maximum rate constant for cleavage at room temperature
at high pH (k,,,,,) of 0.02 min™" (Li and Breaker 1999) were used
to predict a minimum rate constant (k;,) of 2 X 10~"> min~"' for
cleavage in the absence of any catalysis. This is a theoretical value
only, because some catalysis will occur at any pH, and is used only
for the purposes of projecting rate enhancement. This value was
calculated by presuming that the nucleophilicity of a 2’-oxyanion
is 10" greater than that of a 2" hydroxyl and thus k,,;, = 0.02 = 10*".
The approximate increase in nucleophilicity had previously been
estimated to be at least 10'° (Oivanen et al. 1998) based on a
slightly lower pK, value (Jarvinen et al. 1991).

The measured maximum rate constant for cleavage at low pH is
presumed to reflect the contribution of two protonation events.
The independent maximum rate constants for either B or & ca-
talysis were estimated as follows. Using the rate enhancements
determined in the text and k,,;,, kpaxs Was approximated by mul-
tiplying 2 x 107"> by 5 x 10%, and similarly, k. = kmin X 10°.
This is based on the assumption that the value pK,, for the bridg-
ing 5'-oxygen atom is ~—3.5. The value of pK, for the first NBPO
is assumed to be 1. Each pair of pK, and k,,,, values was used to
calculate the predicted observed rate constant versus pH due to
specific acid/base catalysis of each of these protonations individu-
ally by using the Henderson-Hasselbalch relationship and the as-
sumption that k., =k, ., X ratio of molecules in the catalyzed
protonation state to molecules in the uncatalyzed state. For spe-
cific base catalysis (y), this is expressed as

min

max

kobw = [k x 10(PH ~ PKa®)] & (] 4 o(PH — pKad)},

max-y
For specific acid catalysis at the NBPO (B), the equation is

{1 + 10®PH ~pKa2)y

kobsB = kmaxB -
The equation for specific acid catalysis of & follows the same form,
using k.5 and pK,;.

The fold rate enhancement (enh) was calculated for each effect
in order to predict the overall rate constant for cleavage. The k.,
term was included to account for the point at which observed the
rate constant becomes for RNA cleavage becomes independent of
the B, v, and & effects. This shown for +y catalysis:
+k

enh’y = lOg (kobs'y lnin) - log(klnin)'

The overall log of predicted observed rate constant for RNA cleav-
age by phosphoester transfer versus pH is then given by

log(k,,,) = log(k,,;,) + enh,, + enhg + enhs.
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