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ABSTRACT

The inherent chemical instability of RNA under physiological conditions is primarily due to the spontaneous cleavage
of phosphodiester linkages via intramolecular transesterification reactions. Although the protonation state of the
nucleophilic 2 9-hydroxyl group is a critical determinant of the rate of RNA cleavage, the precise geometry of the
chemical groups that comprise each internucleotide linkage also has a significant impact on cleavage activity.
Specifically, transesterification is expected to be proportional to the relative in-line character of the linkage. We have
examined the rates of spontaneous cleavage of various RNAs for which the secondary and tertiary structures have
previously been modeled using either NMR or X-ray crystallographic data. Rate constants determined for the spon-
taneous cleavage of different RNA linkages vary by almost 10,000-fold, most likely reflecting the contribution that
secondary and tertiary structures make towards the overall chemical stability of RNA. Moreover, a correlation is
observed between RNA cleavage rate and the relative in-line fitness of each internucleotide linkage. One linkage
located within an ATP-binding RNA aptamer is predicted to adopt most closely the ideal conformation for in-line
attack. This linkage has a rate constant for transesterification that is ;12-fold greater than is observed for an
unconstrained linkage and was found to be the most labile among a total of 136 different sites examined. The
implications of this relationship for the chemical stability of RNA and for the mechanisms of nucleases and ribozymes
are discussed.

Keywords: 2 9 hydroxyl; in-line attack; near-attack conformation; ribozyme; RNA structure; spontaneous RNA
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INTRODUCTION

Many ribonucleases and ribozymes cleave RNA by
an intramolecular phosphoester transfer reaction+ The
mechanism for this reaction (Fig+ 1) involves the nu-
cleophilic attack of a 29 oxygen on the adjacent phos-
phorus center (Kuimelis & McLaughlin, 1998; Oivanen
et al+, 1998; Raines, 1998; Zhou & Taira, 1998)+ The
59- and 39-cleavage fragments produced by this SN2-
like reaction carry 29,39-cyclic phosphate and 59-
hydroxyl termini (structures 3 and 4), respectively+ In
RNA, the nucleophilic oxygen of the 29-hydroxyl group
inherently is held in proximity to the phosphodiester
linkage and is the basis for the substantial decrease
in stability of RNA compared to DNA+ This single chem-
ical difference causes the average RNA linkage to be
;100,000-fold less stable than a corresponding DNA

linkage under physiological conditions (Li & Breaker,
1999)+

A number of chemical events can accelerate the cleav-
age of RNA by this phosphoester transfer pathway+ For
example, deprotonation of the 29-hydroxyl group by spe-
cific base catalysis accelerates transesterification by
increasing the fraction of the more nucleophilic 29-
oxyanion group relative to the 29-hydroxyl group+ Un-
der acidic conditions, specific acid catalysis becomes a
significant factor that influences the rate of RNA trans-
esterification+ Here, protonation of a nonbridging phos-
phate oxygen and protonation of the 59-oxyanion leaving
group both accelerate the transesterification reaction
(Oivanen et al+, 1998)+Another parameter that is known
to affect the rate of RNA transesterification is the po-
sition of the attacking nucleophile relative to the leaving
group (Westheimer, 1968; Usher, 1969)+ The nucleo-
philic group must be in a “near-attack conformation” for
the reaction to proceed (Lightstone & Bruice, 1996;
Bruice & Lightstone, 1999)+ For RNA, transesterifica-
tion is permitted only when the attacking 29-oxygen
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nucleophile is positioned in line with the 59-oxyanion
leaving group, such that the leaving group must be
located directly on the opposing side of the target phos-
phorus center relative to the nucleophile+

Each of the mechanisms described above could be
employed by RNA-cleaving enzymes to accelerate
transesterification+ For example, bovine pancreatic ri-
bonuclease A (RNase A) is proposed to combine both
general base catalysis and general acid catalysis to
promote RNA transesterification in the first step of its
catalytic mechanism (Walsh, 1979; Gerlt, 1993)+ In ad-
dition, the RNA phosphodiester substrate is positioned
by the active site of the nuclease such that a near
in-line conformation is established (Richards & Wyck-
off, 1971;Carlson, 1976)+When applied simultaneously
by RNase A, these catalytic strategies provide a rate
enhancement of nearly 1012-fold over the uncatalyzed
rate of RNA transesterification (Thompson et al+, 1995)+

The importance of the in-line orientation of nucleo-
phile and leaving group for RNA transesterification is
evident upon the examination of the chemical stability
of single-stranded RNAs compared to RNA duplexes+
Divalent lead ions, which accelerate the cleavage of
RNA by catalyzing the 29-hydroxyl-mediated transester-
ification reaction, preferentially promote cleavage in the
variably structured regions of otherwise well-folded
RNAs (Ciesiolka et al+, 1992; Welch et al+, 1997;
Zagórowska et al+, 1998)+ In the context of an A-form
helix, the 29-oxyanion group and the adjacent 59-
oxyanion leaving group of each 39,59-phosphodiester
bond are precluded from adopting an in-line confor-
mation, thereby making the linkage more resistant to
cleavage by RNA transesterification+ In contrast, single-
stranded RNAs are more susceptible to spontaneous
or metal-catalyzed transesterification because each link-
age is free to explore conformational space and occa-
sionally sample the reactive in-line structure+ This

phenomenon is made evident by the fact that the nat-
ural 39,59-phosphodiester bonds are more stable than
their 29,59-phosphodiester analogs when positioned
within an A-form helix (Usher & McHale, 1976)+Whereas
39,59-phosphodiester linkages are stabilized by the he-
lical conformation, 29,59-phosphodiester linkages are
held in an in-line conformation that accelerates cleav-
age by transesterification+

RNA stability and the action of protein- and RNA-
based nucleases are of fundamental importance to bio-
logical systems+ Therefore, establishing the maximum
enhancement that each individual catalytic mechanism
could impart on the rate of RNA transesterification would
greatly benefit the efforts to understand the pro-
cesses of RNA degradation+ For example, it has been
established that the maximum rate constant that can
be obtained for RNA transesterification of an average
internucleotide linkage by total deprotonation of the
29-hydroxyl group is ;0+02 min21 at 23 8C in 3+16 M
KCl at pH 14 (Li & Breaker, 1999)+ This equates with
an overall rate enhancement for RNA cleavage of
;100,000-fold compared to the uncatalyzed rate of RNA
cleavage under simulated physiological conditions+ Sim-
ilarly, in this study we set out to examine the magnitude
of rate acceleration that can be achieved by positioning
an RNA linkage for in-line nucleophilic attack to the
exclusion of all other mechanisms+

RESULTS

Folded RNAs provide a range of
internucleotide linkage conformations

The relative in-line character of a phosphodiester link-
age in RNA is established by the combination of three
structural parameters (Fig+ 2A)+ The two most signifi-

FIGURE 1. Mechanism for RNA cleavage by intramolecular phosphoester transfer+ The RNA internucleotide linkage (1) is
severed via a nucleophilic attack by the 29 oxygen on the adjacent phosphorus center to form a pentacoordinate inter-
mediate (2), with eventual departure of the 59-oxyanion leaving group+ This reaction produces RNA fragments with 29,39-
cyclic phosphate (3) and 59 hydroxyl (4) termini+
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cant contributions to the in-line character of an inter-
nucleotide linkage are made by rotation around the
C39-O39 («) and the O39-P (z) bonds+ The torsion an-
gles centered at these two bonds determine whether
the 59-oxygen leaving group will be positioned directly
on the opposite side of the electrophilic phosphorus
center relative to the nucleophilic 29 oxygen+ The third
structural parameter is the alteration in the sugar pucker
that varies with changes in the torsion angle centered
on the bond joining the C29 and C39 carbons (n2)+ These

more subtle changes in sugar pucker also influence the
overall in-line character of the linkage+

At any given time, each of the bonds identified above
can adopt one of a continuum of torsion angles+As a re-
sult, there may exist a continuum of structural states that
range between a perfect non-in-line conformation (t 5
458) and a perfect in-line conformation (t 5 1808) that
defines the orientation of the 29-oxygen, phosphorus, and
59-oxygen centers relative to each other (Fig+ 2B; see
Materials and Methods for definitions and equations)+

FIGURE 2. The internucleotide geometry of RNA+ A: The relative in-line conformation of each RNA linkage is defined by
the torsion angles centered on three bonds identified as «, z, and n2+ Free rotation is possible at « and z, whereas more
restricted rotation around n2 dictates the sugar pucker+ B: For any given structure, the t angle can be derived from a triangle
whose sides are defined by the O29-P and O29-O59 interatomic distances (dashed lines), and the P-O59 bond length+ A t
angle of 1808 is optimal for in-line attack+ Because of steric constraints, a t angle of ;458 approximates the most unfavorable
orientation that can be achieved by RNA+ Likewise, an attack distance of 3+0 Å is used as the closest approach that can be
achieved between the 29 oxygen and the phosphorus center in the ground state+ C: Model of a linkage formed by the
dinucleotide ApA in a non-in-line conformation+ This representative linkage resides within a standard A-form helix that
establishes a t angle of 668, an attack distance of 3+91 Å, and an F value of 0+07+ D: Model of an ApA dinucleotide with
a near perfect in-line fitness+ NMR analysis indicates that this structure may be formed by the A12 and A13 nucleotides of
an ATP aptamer (Sassanfar & Szostak, 1993)+ A t angle of 1718, an attack distance of 3+0 Å, and an F value of 0+95 are
predicted to form upon ligand binding to the aptamer (Jiang et al+, 1996; structural model 7)+ N represents any nucleobase+
Carbon, nitrogen, oxygen, and phosphorus atoms are represented as gray, blue, red, and orange, respectively+
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Presumably, adopting torsion angles that establish a
more perfect in-line orientation will produce a faster rate
of RNA transesterification+ However, a perfect in-line
orientation in itself is not expected to be sufficient to es-
tablish rapid RNA transesterification+ In addition, the
interatomic distance between the 29-oxygen nucleo-
phile and the phosphorus electrophile is expected to
influence the rate of transesterification+ Up to a point,
shorter “attack distances” should increase the fre-
quency of productive collisions between the nucleo-
phile and the electrophile, which would produce a
corresponding increase in the rate of the reaction+ The
same three torsion angles that determine in-line orien-
tation also establish the attack distance between the
29-hydroxyl group and the phosphorus atom+ Variations
in both the in-line orientation and the interatomic dis-
tances between reactive groups define the “in-line fit-
ness” (F ) of a particular RNA linkage+

To examine the contribution that in-line fitness makes
to the overall rate of RNA transesterification,we needed
to find a means by which the attack distances and the
torsion angles centered on bonds «, z, and n2 could be
established and maintained at specific levels of fitness+
Unfortunately, designing and synthesizing an adequate
series of model chemical compounds to comprehen-
sively survey different F values would be an enormous
challenge+ However, many RNA aptamers (Gold et al+,
1995; Osborne & Ellington, 1997) and ribozymes (Alt-
man & Kirsebom, 1999; Lambowitz et al+, 1999;McKay
& Wedekind, 1999) adopt complex tertiary folds that
inherently establish a variety of linkage conformations
that are held in place by the global RNA structure+More-
over, the recent advances in RNA structure determina-
tion using nuclear magnetic resonance (NMR) and X-ray
crystallography techniques offer atomic-level structural
models for specific RNA domains that provide explicit
information about the fine structures of many internu-
cleotide linkages (Cate et al+, 1996; Feigon et al+, 1996;
Chow & Bogdan, 1997; Patel, 1997; Ferré-D’Amaré
et al+, 1998)+ For example, an ApA dinucleotide that
resides within the context of a typical A-form RNA he-
lix1 adopts a chemically stable non-in-line conforma-
tion that inhibits cleavage by spontaneous phosphoester
transfer (Fig+ 2C)+ In contrast, this same dinucleotide is
predicted to form a near perfect in-line arrangement
(Fig+ 2D) in the context of an ATP-binding RNA aptamer
(Sassanfar & Szostak, 1993)+ This demonstrates the
structural variation in phosphodiester linkages that are
manifested in folded RNA structures+

We set out to examine the relationship between
the in-line fitness of RNA linkages and the rate con-
stants defining the spontaneous cleavage of RNA by
intramolecular transesterification+ Beginning with a

database2 of RNA structures, we determined the t
angles, O29-P attack distances, and the correspond-
ing in-line fitness values for a total of 136 internucle-
otide linkages that reside in one of several chosen
RNA motifs (Fig+ 3)+ This was achieved by using a
simple algorithm that defines the t angle and the at-
tack distance using the atomic coordinates in the data-
base (see Materials and Methods for details)+ The
calculations yield values for F that range from 0 to 1,
which represent in numerical form the least disposed
and most disposed orientations for in-line attack, re-
spectively+ We find that a substantial distribution of

1Coordinates for a typical A-form helix were obtained from the
MidasPlus graphics package from the Computer Graphics Labora-
tory, University of California, San Francisco (Ferrin et al+, 1988)+

2The RNA structural database can be accessed from the Protein
Data Bank compiled at the Brookhaven National Laboratory (www+
pdb+bnl+gov)+

FIGURE 3. Distribution of values for t angles (A), O29-P attack dis-
tances (B), and in-line fitness classifications (C) for 136 RNA link-
ages examined in the context of one of several tertiary-structured
RNAs+ Geometric parameters for the selected RNA linkages (iden-
tified in Results) were determined using the atomic-level structures
of the FMN aptamer (Fan et al+, 1996), ATP aptamer (Jiang et al+,
1996), P5abc (Cate et al+, 1996), and the HDV ribozyme (Ferré-
D’Amaré et al+, 1998)+ The sums of the linkages that fall within each
range of values specified are plotted for each parameter+
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geometric parameters established by the RNA ter-
tiary structures is present even among this relatively
small sampling of RNA linkages+ Therefore, we spec-
ulated that tertiary-folded RNAs with available atomic-
level structural data could be used to establish the
importance of in-line fitness for the cleavage of RNA
by transesterification+

The structure of the FMN aptamer
does not favor in-line attack

One of the RNAs used in this study is the FMN ap-
tamer, which is an RNA sequence that was isolated
by in vitro selection based on its ability to bind selec-
tively to flavin mononucleotide (Burgstaller & Famu-
lok, 1994)+ An atomic-level structure of a 35-nt version
of the FMN–RNA complex has been generated using
NMR (Fan et al+, 1996), which confirms the presence
of two stems that flank a ligand-binding pocket formed
by a conserved bulge domain (Fig+ 4A)+ Like many
aptamers, this RNA exhibits adaptive binding to its
corresponding ligand (Patel et al+, 1997)+ The core of
the FMN-binding RNA (nt 8–13 and 24–28) remains
largely unstructured in the absence of ligand, but
adopts a precise tertiary structure upon ligand bind-
ing+ Because of the ligand-dependent conformational
changes, the structural parameters of the core link-
ages as well as their cleavage activities should differ
when incubated in the absence versus the presence
of FMN+ This ligand-induced alteration of RNA ter-
tiary structure can be exploited as a control for our
studies, because the effects of FMN on the in-line
character of each linkage should be predictable+

As expected, we found that the uncatalyzed rates of
RNA cleavage are dependent upon the addition of FMN
to the aptamer+ Incubation of a trace amount of 59 32P-
labeled aptamer RNA in the absence of FMN for 24 h
gives a cleavage pattern that indicates more rapid RNA
cleavage occurs within the regions that comprise the
relatively unstructured ligand-binding core than in other
more structured regions (Fig+ 4B, lane 4, nt 8–13 and
24–28)+ In addition, linkages within the UUCG tetraloop
that closes the hairpin structure are more susceptible
to uncatalyzed RNA cleavage than are those within
adjacent base-paired regions+ These results are con-
sistent with the hypothesis that helical structures pre-
clude phosphoester transfer by preventing in-line attack,
whereas linkages that reside in unstructured or heter-
ogeneously structured regions are more susceptible to
this form of cleavage+Also as predicted, cleavage within
the two core regions of the aptamer is substantially
suppressed when FMN is included in the incubation
(Fig+ 4B, lane 5)+ This indicates that adaptive binding
of the ligand creates an RNA tertiary structure that
impedes the adoption of linkage orientations with fa-
vorable in-line fitness values by favoring the tertiary
structure that is predicted to form when FMN is bound+

The cleavage patterns observed with the FMN ap-
tamer can be rationalized by examining the t angles
and the O29-P attack distances for each linkage de-
rived from the atomic-level structure of the RNA–ligand
complex (Fig+ 4C)+ In nearly all cases, t angles are less
than 908, a value that is far below the optimal angle of
1808 for in-line attack+ Likewise, the attack distances in
most cases are nearly 1 Å greater than the closest
allowable approach of ;3 Å in the ground state struc-
ture+ This indicates that FMN binding brings about a
change in structure within the aptamer from a hetero-
geneously or variably structured (unbound) state that
occasionally samples the in-line conformation to a ho-
mogeneous (bound) conformation that disfavors RNA
cleavage+

A plot of the rate constants determined for each
internucleotide linkage versus their predicted in-line
fitness also reflects a relationship between linkage
geometry and the rate constant (kobs) for RNA cleav-
age (Fig+ 4D)+ All linkages have F values of less than
0+3 and all display kobs values that are below 1026

min21+ The average rate constant for an unconstrained
linkage residing within a single-stranded RNA region
under similar incubation conditions typically is greater
than 10-fold more reactive than the linkages that com-
prise the ligand-bound FMN aptamer (Li & Breaker,
1999)+ These results are expected if the aptamer-
ligand complex forms a stable structure that main-
tains RNA linkages in a non-in-line conformation+
Therefore, the geometric parameters derived from the
atomic-level structure are consistent with the ob-
served dampening of RNA cleavage rates in the
aptamer-ligand complex+

The ATP aptamer has a linkage with near
perfect in-line fitness

We used an identical approach to examine the ATP
aptamer that was isolated by Sassanfar and Szostak
(1993)+ Like the FMN aptamer, this RNA undergoes
adaptive binding when presented with ATP or with
related analogs such as adenosine+ In addition, two
groups (Dieckmann et al+, 1996; Jiang et al+, 1996)
have published atomic-level structural models for the
aptamer–ligand complex based on NMR analysis+ The
two structural models are similar within the ligand-
binding core, and both are consistent with a structure
wherein ATP binds within a central bulge that is flanked
by two helical domains (Fig+ 5A)+

As observed with the FMN aptamer, the uncatalyzed
rates of RNA transesterification within the ATP aptamer
are dependent on ligand binding+ In the absence of
ATP, the aptamer shows a general susceptibility to cleav-
age that is confined mostly to nt 6–17 (Fig+ 5B, lane 4),
which are positions that correspond to the relatively
unstructured bulge region+ The two stems are known to
form even in the absence of ligand (Nonin et al+, 1997),
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FIGURE 4. Uncatalyzed cleavage of the FMN aptamer by intramolecular phosphoester transfer+ A: Sequence and sec-
ondary structure of the FMN aptamer+ Internucleotide linkages located immediately 39 relative to the nucleotide positions
indicated by bold type were examined using structural and biochemical data to compare internucleotide geometry with the
observed rate of phosphodiester cleavage+ Brackets identify the two regions that comprise the ligand-binding bulge+
Nucleotide numbering system used is that described by Fan et al+ (1996)+ B: Analysis of ligand-dependent phosphodiester
cleavage of the FMN aptamer+ 59 32P-labeled RNA was incubated in the absence (2, lane 4) or presence (1, lane 5) of FMN
in reaction buffer and separated on a denaturing 15% polyacrylamide gel+Also shown are unreacted RNA (lane 1) and RNA
ladders generated by hydroxide cleavage (lane 2) and RNase T1 (G-specific cleavage; lane 3)+ Boxes identify the two core
regions (8–13 and 24–28) that display ligand-modulated cleavage patterns+ Cleavage within the loop region (bracket;
nt 17–20) is not affected by FMN binding+ Doublet banding patterns apparent at positions 1–11 are due to resolution of the
29,39-cyclic phosphate termini (upper bands) and 29(39)-phosphate termini (lower bands) present on otherwise identical RNA
cleavage products+ Numbered arrowheads identify the bands corresponding to cleavage 39 relative to guanosine residues
as indicated+ C:Geometric parameters determined for internucleotide linkages within the FMN aptamer complex+ Shown are
the t angle (open circles) and O29-P attack distance (filled circles) for each linkage located 39 to indicated nucleotides within
model 1 of the published atomic coordinates (Fan et al+, 1996)+ The most favorable linkages for in-line attack are made
evident when both data points for a given position reside near the top of the plot+ In this case, all linkages are predicted to
form a geometry that disfavors in-line attack+ Note that nt 1–3 and 32–35 were not included in the analysis because
structural heterogeneity due to helix fraying as well as interference from the precursor band complicate data analysis at
these sites+ D: Correlation between in-line fitness (F ) and the rate constant (kobs) for phosphodiester cleavage within the
FMN aptamer in the presence of ligand+ Open and filled squares represent data derived from two independent experiments+
The dashed line indicates the average observed rate constant for cleavage of a phosphodiester bond within an uncon-
strained linkage as determined from nucleotides composing the relatively unstructured loop region (G6 through G17) of the
ATP aptamer in the absence of ligand (see Fig+ 5)+ This rate constant also is consistent with the rate constant predicted for
an unconstrained linkage under similar reaction conditions (Li & Breaker, 1999)+
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and this explains the lower level of spontaneous RNA
cleavage in these regions+ In contrast, cleavage is sig-
nificantly diminished at most sites within the main bulge
region and at a single bulge position (nt 34) when the
RNA is incubated in the presence of ATP (Fig+ 5B,
lane 5)+ These results are consistent with a ligand-

induced conformational change within the bulge that
largely precludes the adoption of in-line conformational
states+ Cleavage of internucleotide linkages of the loop
spanning nt 24–27 remains unaffected by the addition
of ATP, indicating that this distal structural element is
not affected by ligand binding+

FIGURE 5. Analysis of the ATP aptamer complex+ A: Sequence and secondary structure of the ATP aptamer+ Internucle-
otide linkages located immediately 39 relative to the nucleotide positions indicated by bold type were examined in this study+
The nucleotide numbering system used is that described by Jiang et al+ (1996)+ B: Analysis of ligand-dependent phospho-
diester cleavage of the ATP aptamer+ Analysis of 59 32P-labeled RNA was conducted as described for Figure 4B using ATP
as the ligand+ Boxes identify bands corresponding to the bulge nucleotides (6–17 and 34) in the secondary structure of the
ATP aptamer+ Open arrowheads designate the ATP-dependent cleavages at nucleotides G11 and A12+ The asterisk des-
ignates the position of compressions that prevent resolution of individual bands+ Other annotations are as described for
Figure 4B+ C: Geometric parameters determined for internucleotide linkages within the ATP aptamer complex+ Shown are
the parameters determined for linkages within model 7 of the published atomic coordinates (Jiang et al+, 1996)+ Linkages
identified by the shaded lines (G11 and A12) are predicted to conform to an in-line geometry when bound to ATP+ D: Cor-
relation between F and the kobs for phosphodiester cleavage of the designated linkages within the ATP aptamer in the
presence of ligand+ Details of the plot are presented in the legend to Figure 4D+
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In contrast, two sites (G11 and A12) within the ATP-
binding core show significant levels of strand scission
in the presence of ATP+ The extent of RNA cleavage at
position G11 in the absence and presence of ATP largely
remains unchanged+ This finding indicates that ligand
binding either does not restrict conformational freedom
of this linkage, or that ligand binding establishes a near
in-line attack conformation that provides an equivalent
rate enhancement+ Furthermore, the cleavage activity
at position A12 is substantially increased upon the ad-
dition of ATP, indicating that ligand binding brings about
a significant increase in the in-line fitness+ Linkages
within the ATP-binding bulge present a wide range of
t angles and attack distances (Fig+ 5C), but these
two parameters both become favorable for RNA cleav-
age only at G11 and A12 upon ligand binding+ This
more detailed examination of the geometric param-
eters for the ATP aptamer linkages reveals that these
two sites indeed are uniquely positioned for in-line
attack, whereas all other linkages are predicted to be
held in orientations that are unfavorable for intramolec-
ular transesterification+

A plot of kobs versus F (Fig+ 5D) reveals that increas-
ing in-line fitness correlates with increasing suscepti-
bility to spontaneous RNA transesterification+ Most
linkages have F values below 0+2 and display rate con-
stants of less than 1026 min21, as was observed with
the FMN aptamer (Fig+ 4D)+ In comparison, positions
G11 (F 5 0+50) and A12 (F 5 0+95) exceed the typical
rate of cleavage for an unconstrained RNA linkage+
A12 is of particular interest because this linkage is pre-
dicted to be most favorably positioned for in-line attack+
This site cleaves ;12-fold faster (kobs 5 3+6 3 1025

min21) than a typical unconstrained linkage (average
kobs 5 3+0 3 1026 min21), and cleaves more than 100-
fold faster than most linkages that are constrained in
an orientation that is unfavorable for in-line attack+

Examination of an independently folding
domain of a large ribozyme

Investigating the importance of in-line fitness in RNA
transesterification using the experimental approach
described above can be fully implemented only when
adequate structural data are available+ Atomic-level
structural data are available for other aptamers that bind
theophylline (Zimmermann et al+, 1997), tobramycin
(Jiang et al+, 1997) and citrulline or arginine (Yang et al+,
1996)+ In addition, structures have been reported for hair-
pin loops such as UUGA (Butcher et al+, 1997), UUCG
(Varani et al+, 1991;Dieckmann et al+, 1996), and GAAA
(Jucker et al+, 1996)+ However, all the linkages within
these structures are predicted by our methods to have
low F values, and therefore are not expected to display
significant transesterification activity+ In accordance with
our hypothesis, the theophylline aptamer was found to
display diminished cleavage activity in the presence of

its corresponding ligand relative to its absence (data not
shown)+

To further expand our data set, we have examined
the atomic-level structures of several ribozymes and
ribozyme fragments that have been reported recently+
For example, P5abc RNA (Fig+ 6A) is an independently
folding fragment of the Tetrahymena group I ribozyme
(Murphy & Cech, 1993)+ This RNA displays multiple
cleavage sites that differ in the absence and presence
of Mg21 (Fig+ 6B)+ This finding is consistent with pre-
vious data (Cate & Doudna, 1996) indicating that metal-
binding sites are formed by P5abc, and that significant
structural changes occur when divalent metals are pre-
sented (Celander & Cech, 1991; Wu & Tinoco, 1998)+
Like many RNA aptamers, the ribozyme fragment un-
dergoes adaptive binding of divalent metal ligands,
which is expected to alter the in-line character of indi-
vidual RNA linkages+

In-line fitness values within the P5abc domain have
been quantified using the atomic coordinates from the
crystal structure of the larger P4–P6 domain of the
group I ribozyme that was determined by Cate et al+
(1996)+ Two sites in particular (C138 and G188) simul-
taneously display values for t angles and attack dis-
tances that are favorable for in-line attack (Fig+ 6C)+
Interestingly, the linkage at C138 is one of the most
labile sites in the absence of divalent metals, but cleav-
age is not accelerated when Mg21 is present (Fig+ 6D)+
In contrast, the linkage at G188 is not distinctively la-
bile in the absence of divalent metals, but cleavage
accelerates in the presence of Mg21+ Only the latter
result is consistent with our hypothesis, and this point
is examined in more detail in the Discussion section+

The RNA is also susceptible to cleavage at several
sites that are predicted by linkage geometry to disfavor
in-line attack (Fig+ 6B, lane 5, loop, i, and ii )+ Linkages
within the loop region defined by nt 168–172 of P5abc
cleave with rate constants that are expected for an
unconstrained single-stranded RNA+ Similar cleavage
effects are observed with both the FMN and ATP ap-
tamers (Figs+ 4A and 5A)+ The two bands identified by
i in Figure 6B represent cleavage at U185 and U179+
These linkages are formed by the dinucleotides UpA
and UpG, the former of which has been shown to un-
dergo greater spontaneous cleavage in certain cases
when presented in single-stranded regions (Kierzek,
1992; Williams et al+, 1995)+ The bands identified by ii
in Figure 6B result from RNA cleavage at nucleotides
(139, 140, 163, and 164) that are involved in the for-
mation of noncanonical G•A base pairs at the terminus
of stem P5b+ These weaker pairing interactions should
allow occasional sampling of linkage conformations that
favor in-line attack, and are expected to cleave with
higher frequency+ Therefore, a rationale exists for ac-
celerated cleavage at these particular sites that are
otherwise predicted to be stabilized by the Mg21-
induced RNA structure+
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FIGURE 6. Analysis of P5abc RNA+ A: Sequence and secondary structure of P5abc RNA+ Internucleotide linkages located
immediately 39 relative to the nucleotide positions indicated by bold type were examined in this study+ Nucleotide numbering
system for P5abc corresponds to that used by Cate et al+ (1996)+ B: Analysis of Mg21-dependent phosphodiester cleavage
in P5abc RNA+ 59 32P-labeled RNA was incubated in the absence (2, lane 4) or presence (1, lane 5) of 20 mM Mg21 in
reaction buffer and separated on a 10% denaturing polyacrylamide gel+ Lanes 1–3 were generated as described for
Figure 4B+ Regions of increased RNA cleavage that are not predicted by the in-line fitness values are denoted i and ii+ Other
annotations are as described for Figure 4B+ C: Geometrical parameters determined for dinucleotide linkages within P5abc
RNA+ Shown are the parameters determined for linkages within chain A of the published atomic coordinates (Cate et al+,
1996)+ Linkages identified by the shaded lines (C138 and G188) are predicted to conform to in-line geometry in the presence
of Mg21+ D: Correlation between F and the kobs for phosphodiester cleavage of the designated linkages within P5abc RNA
in the presence of Mg21+ Details of the plot are presented in the legend to Figure 4D+
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HDV ribozyme contains three linkages
with in-line conformation

In addition to the P4–P6 structural model, the crystal
structure of the hammerhead ribozyme (e+g+, Scott
et al+, 1995) and the crystal structure of the self-cleaving

ribozyme from the hepatitis delta virus (HDV; Ferré-
D’Amaré et al+, 1998) are available+ The hammerhead
ribozyme does not include any internucleotide linkages
that are predicted to adopt an in-line conformation+How-
ever, the HDV RNA (Fig+ 7A) structure contains several
linkages that are favorably positioned for nucleophilic

FIGURE 7. Analysis of HDV RNA+ A: Sequence and secondary structure of HDV RNA+ Internucleotide linkages located
immediately 39 relative to the nucleotide positions indicated by bold type were examined in this study+ Nucleotide numbering
system for HDV corresponds to that used by Ferré-D’Amaré et al+ (1998) with exceptions for the replacement of stem-loop
P4+ This latter domain (boxed nucleotides) remains unnumbered+ B: Analysis of Mg21-dependent phosphodiester cleavage
in HDV RNA+ End-labeled RNA was incubated in the absence (2, lane 4) or presence (1, lane 5) of 20 mM Mg21 in reaction
buffer and separated on a 10% denaturing polyacrylamide gel+ Lanes 1–3 were generated as described for Figure 4B+
Asterisks designate the positions of compressions that prevent resolution of individual bands+ The vertical bar encompasses
bands that correspond to the boxed nucleotides in A+ Other annotations are as described for Figure 4B+ C: Geometrical
parameters determined for dinucleotide linkages within HDV RNA+ Shown are the parameters determined from the pub-
lished atomic coordinates (Ferré-D’Amaré et al+, 1998)+ Linkages identified by the shaded lines (C22, C26, and C75) are
predicted to conform to in-line geometry in the presence of Mg21+ D: Correlation between F and kobs for phosphodiester
cleavage of the designated linkages within HDV RNA in the presence of Mg21+ Details of the plot are presented in the legend
to Figure 4D+
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attack+ The RNA cleavage patterns of the HDV RNA
differ in the absence and presence of Mg21, indicating
that conformational changes occur upon metal binding
(Fig+ 7B)+ This finding is in accordance with observa-
tions that the catalytic activity of HDV is dependent on
divalent metal ions (Suh et al+, 1993)+ Three of the sites
that display accelerated cleavage (C22, C26, and C75)
correspond to the three linkages that are modeled to
be preorganized for in-line attack (Fig+ 7C)+

A plot of kobs versus F (Fig+ 7D) for this RNA again
reveals that increasing in-line fitness correlates with
increasing susceptibility to uncatalyzed RNA trans-
esterification+ However, several sites predicted to have
F values less than 0+2 cleave with rate constants that
approximate those measured for unconstrained link-
ages+ Like similar linkages in P5abc RNA, two of these
more reactive sites (Fig+ 7B, lane 5, i ) again corre-
spond to purine–pyrimidine dinucleotides that are
known to cleave preferentially (Kierzek, 1992; Wil-
liams et al+, 1995)+ Therefore, in most instances the
positions of accelerated cleavage in this RNA and in
the P5abc RNA can be ascribed to structure-induced
in-line orientation, unconstrained structural explora-
tion, or previously observed sequence preferences for
spontaneous phosphodiester cleavage+

DISCUSSION

In-line orientation as a determinant
of RNA cleavage rates

Some single stranded RNAs are known to adopt
random-coil states that simulate the helical structures
of duplex RNA and DNA (Saenger, 1984)+ However,
these relatively weak structures are largely free to sam-
ple many possible linkage conformations in a dynamic
fashion and occasionally acquire an in-line orientation

and a proximal relationship between a reactive 29 ox-
ygen and its adjacent phosphorus group+ As a result,
single stranded RNAs are more prone than duplex RNAs
to uncatalyzed and metal-catalyzed cleavage by an in-
tramolecular phosphoester transfer mechanism (Ciesi-
olka et al+, 1992; Reynolds et al+, 1996; Welch et al+,
1997)+ Linkages near the ends of RNA helices are also
more susceptible to cleavage (Usher & McHale, 1976),
presumably due to fraying (Jin et al+, 1993; Puglisi
et al+, 1994) of the stabilizing helical structure+ In con-
trast, folded RNAs of greater complexity adopt second-
ary and tertiary structures that present a variety of
distinct linkage geometries+ The conformations either
preclude or favor RNA cleavage via an intramolecular
transesterification mechanism depending on their rel-
ative in-line character+ These observations are consis-
tent with the hypothesis that in-line character influences
the rates of RNA cleavage as implied earlier (Usher &
McHale, 1976)+

Among the 136 internucleotide linkages examined in
this study, we find that the majority have a geometry
(F , 0+2) that disfavors SN2 nucleophilic attack via an
in-line mechanism+Correspondingly,most of these sites
cleave between 1/10th and 1/1,000th the rate of a typ-
ical unconstrained linkage (Fig+ 8)+ Only five of these
122 linkages cleave with rate constants that approxi-
mate an unstructured RNA+ In three instances, these
rare sites with unpredictably high cleavage rates have
been identified as unusually predisposed to spontane-
ous scission+ Taken together, these findings are con-
sistent with the hypothesis that in-line orientation is
necessary for transesterification, and that common fold-
ing elements in RNA (e+g+,A-form helices) preclude the
adoption of this critical geometric conformation+

Seven sites among the combined data points are
predicted by the structural models to approach a near
in-line configuration with F greater than 0+4,while seven

FIGURE 8. Composite plots depicting the relationship between in-line fitness and rate constants for RNA transesterification
for 136 linkages distributed among four different RNA structures+ A: The kobs for cleavage at each phosphodiester linkage
is shown relative to an in-line fitness value determined for each corresponding linkage of the four RNA structures examined
in this study+ The dashed line indicates the average observed rate constant for cleavage of a phosphodiester bond within
an unrestrained dinucleotide linkage as described in the legend to Figure 4+ B: Similar plot depicting the correlation between
in-line fitness and the rate constant for RNA transesterification (slope 5 0+18, R 5 0+65) using data points with F values
greater than 0+2+
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additional linkages have an F value between 0+2 and
0+4+ Only two sites within the first group fail to cleave
with a rate constant that exceeds the typical value ob-
served for an unconstrained linkage (Fig+ 6)+ A plot of
the 14 linkages with F values greater than 0+2 reveals
a modest trend between in-line fitness and the rate of
spontaneous RNA transesterification (Fig+ 8B)+ It is im-
portant to note that several experimental parameters
discussed in more detail below may impact the accu-
racy of these plots+ However, with consideration for
these issues, we conclude that the general relationship
observed in this study is indicative of the importance of
in-line orientation to RNA cleavage proceeding via a
cyclizing mechanism+

Accuracy of the kinetic and structural data

Establishing an accurate value for the rate enhance-
ment that can be derived from in-line positioning is of
significant importance for developing a thorough un-
derstanding of RNA cleavage mechanisms and the
mode of action of RNA-cleaving enzymes+ Unfortu-
nately, the precision of the data points that are used
to generate the plots depicted in Figure 8 can be
adversely affected by a variety of factors+ First, mea-
surements of the uncatalyzed cleavage of RNA must
incorporate extended reaction times in a mixture that
is free from contaminating nucleases+ All materials
and procedures employed in this study have been
implemented with consideration for the prevention of
nuclease contamination+ Second, the cleavage prod-
ucts separated on high-resolution polyacrylamide gels
must be quantitated with exactness to assure the ac-
curacy of the rate constants+ We have observed that
replicate experiments with individual RNAs give highly
reproducible results, indicating that the kinetic data
reported herein are accurate+ Third, the presence of
RNA structural heterogeneity when a single defined
structure is expected could yield misleading cleavage
patterns and reaction kinetics+ As a result, we have
chosen to examine RNA motifs that are believed to
form a single structured state in the presence of their
small organic effector or metal-ion ligands+

We have not included an assessment of solvent ac-
cessibility in this study, given the small size of the RNAs
examined+ Accessibility at each internucleotide linkage
is critical because deprotonation of the 29-hydroxyl group
by solvent to generate the more nucleophilic 29 oxyan-
ion is likely to be a major determinant of RNA trans-
esterification rates (Li & Breaker, 1999)+ Chemical
accessibility of phosphodiester linkages is known to be
a factor for large RNA structures+ For example, Ce-
lander and Cech (1991) demonstrated that interior link-
ages of a folded group I ribozyme are not accessible to
cleavage by free radicals generated using Fe(II)-EDTA+
Interestingly, position C138 of the P5abc RNA cleaves
in the absence of Mg21, but fails to cleave as predicted

when the divalent metal is present (Fig+ 6)+ The cleav-
age patterns in this region indicate that the local RNA
structure may be identical in the absence and the pres-
ence of Mg21, as evident by the fact that accelerated
cleavage appears at the G•A base pairs in Figure 6B,
lanes 4 and 5+ Therefore, the robust cleavage ob-
served at C138 in the absence of Mg21 may indeed be
due to a stable conformation that favors in-line attack+
However, the C138 linkage resides immediately adja-
cent to a metal-binding site (Cate & Doudna, 1996),
and metal binding to this site may contribute to the
dampening of the RNA cleavage rate when Mg21 is
added+ Rate reduction could be due to metal-induced
steric exclusion of solvent or perhaps a shift in the pKa

of the 29-hydroxyl group+ However, the specific reasons
why our predictive method fails to more accurately
project the cleavage kinetics of this linkage remain
unclear+

A significant source of complexity in the interpreta-
tion of the data is derived from the observation of en-
hanced cleavage at sites that are predicted to adopt a
non-in-line orientation+We have identified several sites
within the four RNAs examined in this study that cleave
with unexpectedly high rates of cleavage+ In most cases,
however, increased cleavage can be ascribed to un-
stable structures (G•A base pairs; Fig+ 6) or the pres-
ence of certain pyrimidine/purine dinucleotides that have
been shown to favor spontaneous cleavage (Figs+ 6
and 7)+ Each of these unexpected sites may form dy-
namic structures that cleave via an in-line mechanism;
however, they may not be easy to predict by examining
a static model of an RNA structure+ The presence of
these unpredictable cleavage sites casts doubt over
any conclusions about sites that are predicted to show
and indeed do display enhanced cleavage rates+ Al-
though we have no reason to believe that any of the 14
sites depicted in Figure 8B are spurious, it may be
difficult in general to distinguish predicted in-line cleav-
age from enhanced cleavage due to another mecha-
nism of predisposition+

Perhaps the most important component of the analy-
sis used in this study is the resolution of the NMR and
X-ray structural data+ The accuracy of the in-line fitness
values generated for each linkage is highly dependent
on the correct placement of atoms in the RNA structural
models+Misplacement of atoms even by sub-angstrom
distances can significantly affect the calculated in-line
fitness value for a linkage+ As this is the primary pre-
dictive parameter for transesterification rate constants,
the resulting error could be substantial+ Unfortunately,
the resolution of the structural models can be affected
by a number of factors+ For example, molecular per-
turbations that may result from the physical processes
of structure determination may result in an incorrect
prediction of the in-line fitness values for the RNA in
solution+ Structural alterations due to crystal-packing
forces would be one possible source of error+ In addi-
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tion, the NMR methods used to generate the models
for the FMN and ATP aptamers do not directly visualize
the location of the phosphorus centers+ The location of
this critical atomic center is determined by the energy
minimizing algorithms used to establish structural mod-
els from a given set of NMR distance constraints+

The precision of the NMR model-generating process
can be assessed by examining the various t angles
and O29-P attack distances for the FMN and ATP ap-
tamers+ Five related models for the FMN aptamer have
been generated using the same set of NMR distance
constraints (Fan et al+, 1996)+ Considerable variability
exists in the internucleotide geometries between differ-
ent models (Fig+ 9A)+ Variability, of course, will affect
the accuracy of our in-line fitness projections, but in
this case the RNA linkages do not generally maintain
favorable attack angles or attack distances+ This is con-
sistent with the observed chemical stability of the FMN
aptamer in the presence of ligand (Fig+ 4)+ Likewise,
the internucleotide geometries for the ATP aptamer vary
between the eight structural models (Jiang et al+, 1996)
generated using NMR distance constraints (Fig+ 9B)+
Relative heterogeneity of linkage parameters is ob-
served for most linkages, with the exception of position
G11+ Here, all eight models consistently predict an ori-
entation that favors in-line attack and this prediction is
consistent with the enhanced cleavage rate observed
at this position+ A more complicated situation exists for
A12, the other site of enhanced cleavage+ In this case,
seven of the eight models predict a linkage configura-
tion that is not expected to favor in-line attack+ How-
ever, model 7 predicts that the A12 linkage is held with

near perfect in-line geometry+ The main difference be-
tween model 7 and the remaining structures is the po-
sition of nucleotides A12 and A13, which are rotated
toward the core of the ATP-binding bulge as opposed
to facing outward+ Based on the cleavage data de-
picted in Figure 5, we suggest that the ATP aptamer
may favor a conformation most similar to model 7, or at
least may sample this alternate structure on occasion
such that in-line nucleophilic attack at position A12 is
more frequent+

The influence of metal ions
on RNA transesterification

Cationic forms of the alkali earth metals promote the
nonspecific degradation of RNA via the transesterifica-
tion mechanism depicted in Figure 1+ The role of metal
ions in this process is generally believed to be that of a
general base catalyst involving a metal-hydrate com-
plex, or that of a Lewis acid catalyst involving the direct
coordination of the metal ion to one or more oxygen
atoms that comprise the labile RNA linkage (Cech &
Golden, 1999)+ Metal ions also may serve a structural
role by stabilizing intricately folded RNAs (Pyle & Green,
1995; Draper, 1996)+ These characteristics are be-
lieved to be important for the catalytic function of most
ribozymes that function as metalloenzymes (Pyle, 1993,
1996)+

As discussed above, metal ions can directly acceler-
ate RNA transesterification by functioning as a specific
base catalyst or as a Lewis acid catalyst+ In fact, the
precise roles that metal ions perform in some ribozyme-

FIGURE 9. Relative uniformity of the structural data for the (A) FMN and (B) ATP aptamers+ Values for t and the attack
distances are plotted for five structural models for the FMN aptamer (Fan et al+, 1996) and eight structural models for the
ATP aptamer (Jiang et al+, 1996) that were derived using NMR constraints+ Numbering systems for the FMN and ATP
aptamers are according to Figures 4A and 5A, respectively+ For the ATP aptamer, nucleotides 11 and 12 correspond to
linkages G11 and A12, respectively+ Note that some of the data points plotted are overlapping due to similar values+
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mediated RNA cleavages are still a point of fervent
debate (Kuimelis & McLaughlin, 1998; Zhou & Taira,
1998)+ The general perception of the catalytic roles of
divalent metal cations largely has been shaped by the
interaction of Pb21 with tRNAPhe of yeast+ RNA is par-
ticularly susceptible to nonspecific cleavage by Pb21

ions, though the cleavage preferentially occurs in single-
stranded regions when low concentrations of metal ions
are used (Ciesiolka et al+, 1992; Welch et al+, 1997;
Zagórowska et al+, 1998)+ The tertiary structure of yeast
tRNAPhe forms several binding sites for Pb21 (Brown
et al+, 1983), and the occupation of the “Pb 1” binding
site by lead ion induces site-specific RNA cleavage at
a proximal phosphodiester linkage (between nt 17 and
18)+ Based on the crystal structure of the Pb21-tRNAPhe

complex, this metal ion is believed to interact with the
29-hydroxyl group of nt 17 via an intervening hydroxide
ligand, which activates the nucleophile for attack on the
adjacent phosphorus center+ Hydrated Pb21 ions are
well suited to perform the role of a specific base cata-
lyst because the pKa of the water ligand is reduced ;7
units to near neutral pH (Feig & Uhlenbeck, 1999)+ Sim-
ilarly, other metal–water complexes with lowered pKa

values could promote specific base catalysis of RNA
transesterification+ However, the labile linkage in the
crystal structure of tRNAPhe is not well positioned for
in-line attack (F 5 0+06)+ Presumably relatively minor
conformational adjustments in the linkage coupled with
the catalytic power of Pb21-hydroxide are sufficient to
generate the modest rate enhancements observed in
this system+ The importance of specific base catalysis
of RNA cleavage by metal hydrates is further sup-
ported by the crystal structure of the leadzyme (Wede-
kind & McKay, 1999), a small Pb21-dependent ribozyme
that was isolated using in vitro selection (Pan & Uhlen-
beck, 1992)+

With analogy to this metal-hydroxide cleavage mech-
anism, several groups have examined putative metal
binding sites in RNAs by conducting RNA cleavage
experiments similar to those described in this article
(e+g+, Kazakov & Altman, 1991; Polacek & Barta, 1998)+
In these metal-ion-probing studies, RNA cleavage pat-
terns are examined in the absence and in the presence
of various divalent metal ions+ New cleavage sites that
appear only when metals are added are attributed to
the catalytic action of the ion when bound to a specific
divalent cation binding site+We find that both the P5abc
(Fig+ 6) and the HDV (Fig+ 7) RNAs show differential
cleavage in the absence and presence of 20 mM Mg21+
However, the extent of cleavage in the absence of Mg21

compared to the cleavage in the presence of Mg21 is
nearly the same in each case, suggesting that metal
ions are generally not necessary for the appearance of
significant levels of localized spontaneous RNA cleav-
age+Moreover, not all cleavage sites observed in P5abc
correspond with metal-binding sites that were deter-
mined by X-ray analysis of the crystallized P4–P6 do-

main (Cate & Doudna, 1996)+ Therefore, we propose
that metal ions indeed associate with distinct pockets
within each of these RNAs, but that local binding or
even binding at a great distance from the site of cleav-
age simply may alter the tertiary structure and gener-
ate linkage conformations that favor in-line attack+ In
other words,metal ions may not be directly involved as
general base catalysts or as Lewis acid catalysts, but
may only serve to stabilize specific conformations that
are inherently more susceptible to spontaneous cleav-
age+ Data from metal-ion-probing studies (Kazakov &
Altman, 1991; Polacek & Barta, 1998) do not provide
conclusive evidence that metal-ion-binding pockets re-
side near spontaneous RNA cleavage sites and thus
should be interpreted with caution+

The value of in-line fitness to the rate
enhancement of RNA transesterification

The hypothesis that in-line attack is important for RNA
cleavage reactions that proceed via an SN2-like mech-
anism has been extensively discussed in the litera-
ture+ However, little quantitative data exist concerning
RNA cleavage rate enhancements that can be de-
rived exclusively by positioning the reactive groups
for in-line attack+ Usher and McHale (1976) re-
ported a ;900-fold rate enhancement for cleavage of
a 29,59-phosphodiester linkage compared to the rate
constant observed for the cleavage of the analogous
39,59-phosphodiester linkage when both are posi-
tioned within the polyadenylated strand of a U•A•U
RNA triplex+ When the linkages are unconstrained by
helix formation, they both cleave at the same rate,
indicating that the inherent chemical stabilities of the
two isomers are identical+ The rate differential is es-
tablished by the helical structure, which positions the
29,59 linkage in an in-line conformation and positions
the 39,59 linkage in a non-in-line conformation+ Com-
pared to the rates observed for the unconstrained
29,59 linkage, the helix accelerates RNA transesterifi-
cation of the linkage by a modest 18-fold+

Also using unconstrained linkages as a reference
point (average kobs 5 3+0 3 1026 min21), we similarly
observed that cleavage rates can be reduced at link-
ages that adopt a non-in-line conformation, whereas
cleavage rate enhancements can be observed for sev-
eral linkages with established in-line geometry+The max-
imum rate constant for cleavage (kobs 5 3+6 3 1025

min21) was observed at position A12 of the ATP apta-
mer (Fig+ 5)+ Of the 136 linkages examined, the A12
site is predicted to most closely approach perfect in-
line geometry+ Therefore, we conclude from our data
that the rate enhancement that can be derived by or-
ganizing an RNA linkage for in-line attack is at least
12-fold+ Interestingly, the rate enhancement that occurs
at A12 corresponds with the value observed for trans-
esterification of the 29,59 linkage when similarly posi-
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tioned for in-line attack as discussed above (Usher &
McHale, 1976)+ However, given that the conformations
of three torsion angles influence the in-line fitness of an
RNA linkage, we expect that the true maximum rate
enhancement might be somewhat larger+ Conceivably,
one problem with the approach used in this study is the
possibility that folded RNA structures that occur natu-
rally or that are isolated by in vitro selection may avoid
perfect in-line geometries+ If the maximum rate en-
hancement is larger than 20-fold, then RNAs that con-
tain linkages with perfect in-line orientation may be
unstable to the extent that it becomes evolutionarily
disadvantageous+

The importance of in-line positioning consequently is
enigmatic+ Our data and that of Usher and McHale
(1976) indicate that the rate enhancement derived by
perfectly positioning a linkage for in-line attack may be
as little as 10- to 20-fold greater than the uncatalyzed
rate measured for a typical unconstrained linkage+Con-
sidering the fact that complete deprotonation of the
nucleophilic 29-hydroxyl group contributes ;2 million-
fold enhancement toward the rate of cleavage (Li &
Breaker, 1999), the paltry contribution that in-line po-
sitioning makes to the overall rate enhancement of an
enzyme seems unimportant+However, if the global struc-
ture of an RNA holds a linkage in a non-in-line confor-
mation (e+g+, an A-form helix) then the theoretical rate
for RNA transesterification at this site would be zero,
assuming that the structure is not transiently denatured
and that no alternate nucleophilic attack directions are
permitted+ Therefore, the theoretical maximum rate en-
hancement derived from in-line positioning compared
to the rate of zero for a non-in-line linkage would be
infinity+ Of course, attaining a perfectly stable non-in-
line conformation under physiological conditions is not
practical+ The lowest rate constants observed in our
study are ;1028 min21 for linkages that are positioned
in a non-in-line orientation+ Compared to these exper-
imentally derived values, in-line positioning provides
rate enhancements of as much as 103 to 104+

In-line orientation and RNA-cleaving enzymes

Protein enzymes and ribozymes that cleave RNA via
the transesterification reaction depicted in Figure 1 pro-
ceed via an in-line SN2-like mechanism (Walsh, 1979;
Kuimelis & McLaughlin, 1998)+ As a result, these en-
zymes are obligated to accommodate an in-line con-
formation at the site of cleavage+ Several atomic-level
structures are available for self-cleaving RNAs that pro-
vide details of the geometry at the cleavage sites (e+g+,
Brown et al+, 1983; Scott et al+, 1995; Wedekind &
McKay, 1999)+ In all cases, the cleavage-site linkage is
not well positioned for in-line attack+ Presumably, the
functional structure of the active site is transient and
the in-line conformation of the target linkage is not cap-

tured by the physical methods used for structure de-
termination (Murray et al+, 1998)+

One of the most studied RNA-cleaving enzymes is
RNase A, which uses a combination of catalytic strat-
egies to generate an overall rate enhancement of nearly
12 orders of magnitude above the uncatalyzed rate of
RNA cleavage (Thompson et al+, 1995)+ X-ray struc-
tural analysis of the related RNase S enzyme docked
with the noncleavable substrate analog UpcA (Rich-
ards & Wyckoff, 1971; Carlson, 1976) has been per-
formed with a resolution of 2 Å+ UpcA is a relatively
isosteric analog of the dinucleotide UpA that carries a
59-deoxy-59-phosphonomethylene linkage, which is ex-
pected to accurately simulate the conformation of the
normal substrate when bound in the active site+ The
linkage geometry of UpcA in the active site of RNase A
corresponds well with an in-line conformation (F 5 0+59),
suggesting that part of the catalytic strategy of this
enzyme is to preorganize the substrate for in-line at-
tack via an SN2-like mechanism+

CONCLUSIONS

In-line orientation of the attacking 29-oxygen nucleo-
phile relative to the 59-oxyanion leaving group is a
critical aspect of the cyclizing mechanism for RNA
cleavage+ Consequently, a comprehensive evaluation
of the function of enzymes and ribozymes that pro-
mote RNA transesterification can proceed only with a
detailed understanding of the contributions that in-
line orientation can make towards cleavage rate en-
hancements+ Although intricately folded RNA structures
inherently offer a source of precisely formed linkage
geometries, the recent increase in the number of
atomic-level structures being published has only now
provided access to the details necessary for assess-
ing the value of in-line orientation+ The methods re-
ported herein provide an experimental means by which
the importance of in-line preorganization to RNA-
cleaving enzymes can be assessed+ Furthermore, this
approach makes possible the experimental examina-
tion of theories relating to the importance of near-
attack conformations (Bruice & Lightstone, 1999) for
other chemical reactions+

In this study, we have established a continuum of
in-line fitness values for various RNA linkages using
several high-resolution structural models for RNA+Using
this data set, we find that in-line orientation provides a
minimum of 10- to 20-fold rate enhancement for the
cleavage of RNA by an intramolecular transesterifica-
tion mechanism+ Establishing an accurate value for the
maximum rate enhancement generated by in-line pre-
organization is difficult given the inherent imprecision
of structural data and the complications encountered in
establishing cleavage rate constants+ Improvements in
the resolution of these models would allow even more
precise determinations to be made of the importance
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of in-line orientation to RNA cleavage+However, it seems
reasonable to assume that the expansion of the current
data set using new RNA structures could provide suf-
ficient guidance for approximating the maximum rate
enhancement with reasonable accuracy+With this level
of understanding, it becomes practical to comprehend
in more detail the catalytic strategies used by various
RNA-cleaving enzymes+

MATERIALS AND METHODS

Determination of t and in-line fitness ( F )

For each RNA linkage investigated, the angular degree of
nucleophilic attack (t) by the 29 oxygen (O29) on the phos-
phorus electrophile (P) relative to the 59-oxygen leaving group
(O59) was determined from published atomic coordinates+
Equation (1) represents the cosine rule that holds for any
triangle with angles A, B, and C and sides opposite a, b, and
c, respectively+

cos A 5
b 2 1 c2 2 a2

2bc
(1)

Therefore, equation (2) can be used for a triangle whose
sides are defined by the O29-P and O29-O59 interatomic dis-
tances, and the P-O59 bond length (Fig+ 1B), where dx,y is the
distance between the specified atoms x and y+

cos t 5
dO29,P

2 1 dP,O59
2 2 dO29,O59

2

2dO29,PdP,O59

(2)

The estimated in-line fitness (F ) of each phosphodiester
linkage for intramolecular phosphoester transfer was ranked
from 0 (least disposed) to 1 (most disposed)+ Both t and
O29-P distance in angstroms are considered in the fitness
equation, where each factor is scaled by a minimum ob-
served valued of 458 for t, and 3 Å for O29-P distance among
the 136 sites examined in this study+ These minimum values
are established by the force fields (e+g+, Cornell et al+, 1995)
used to compute the minimum-energy structural models with
the structural constraints derived by NMR and X-ray crystal-
lography+ The distance-dependent reactivity of the nucleo-
phile towards the electrophile will depend on the proximity
distribution of the two groups relative to each other in space+
In this case, the reactivity of O29 with P is estimated to de-
crease as a function of the inverse cube of the distance+
In-line fitness (F ) may thus be estimated using equation (3),
where the first term represents the contribution of the t angle
and the second term represents the contribution of the attack
distance+

F 5
~t 2 45!

180 2 45
3

33

dO29,P
3 (3)

An exact value for the factor that determines the distance-
dependent reactivity of the 29 oxygen and the phosphorus
center is not known+ The frequency of productive collisions is
expected to decrease with increasing distance between the

reactive groups+ Above absolute zero, the distance between
the two nuclei is not static+ Therefore, both nuclei are clus-
tered around some thermodynamically optimal distance, each
with a distribution curve whose shape is dictated by the tem-
perature of the reaction+ The frequency of collision is a func-
tion of the shapes of the distance-distribution curves+ Because
the precise shapes of these curves are expected to vary with
temperature and are otherwise difficult to define, it is not
possible to assign a precise factor for the distance-dependent
reactivity+ To address the importance of the accuracy of the
distance-dependent reactivity factor for equation 3, we have
examined our data using exponents from one through six+ In
each instance, the trend of increasing F correlating with in-
creasing rate constant was present+ Therefore, we arbitrarily
chose to display the data that was generated using the in-
verse cube of the distance, which represents an intermediate
estimate for the distance-dependent reactivity factor+

Molecular graphics

Molecular graphics images were produced using the Midas-
Plus package from the Computer Graphics Laboratory,
University of California, San Francisco (supported by Na-
tional Institutes of Health grant P41 RR-01081)+ Models were
constructed and examined using a Silicon Graphics O2
workstation+

Preparation of RNAs

RNAs were transcribed from double-stranded DNA templates
using T7 RNA polymerase+ DNA templates complementary to
the FMN aptamer,ATP aptamer, and HDV RNAwere prepared
by standard solid phase methods (Keck Biotechnology Re-
source Laboratory, Yale University) and purified by denatur-
ing (8 M urea) polyacrylamide gel electrophoresis (PAGE) as
previously described (Tang & Breaker, 1997)+ Each synthetic
DNA template was converted to double-stranded DNA by
reverse transcriptase (RT) primer extension of the comple-
mentary oligonucleotide 59-TAATACGACTCACTATAG,which
encodes the T7 RNA polymerase promoter+ RT extension re-
actions (50 mL) containing 200 pmol template, 300 pmol primer,
50 mM Tris-HCl (pH 8+3 at 23 8C), 75 mM KCl, 3 mM MgCl2,
1 mM dithiothreitol (DTT), 1 mM of each dNTP, and 400 U Su-
perScript II reverse transcriptase (Gibco BRL) were incubated
at 37 8C for 30 min+ Extension products were precipitated with
ethanol and redissolved in deionized water (dH2O)+A double-
stranded DNA template encoding P5abc RNA was the gen-
erous gift of J+ Doudna+ Transcription reactions (50 mL)
containing ;40 pmol template, 40 mM Tris-HCl (pH 8+0 at
23 8C), 15 mM MgCl2, 5 mM DTT, 50 mg/mL bovine serum
albumin (BSA), 1 mM of each NTP, and ;1,000 U T7 RNA
polymerase were incubated at 37 8C for 1 h+ RNAs were pu-
rified by PAGE, isolated from the gel by crush-soak elution,
precipitated with ethanol, and redissolved in dH2O+

Prior to analysis, RNA was dephosphorylated using calf
intestinal alkaline phosphatase (CIAP; Boehringer Mann-
heim) and 59 end labeled using T4 polynucleotide kinase (T4
PNK; New England Biolabs)+ Phosphatase reactions (20 mL)
containing ;50 pmol RNA, 50 mM Tris-HCl (pH 8+5 at 20 8C),
100 mM EDTA, 2 U CIAP were incubated at 50 8C for 1 h+
Dephosphorylated RNA was precipitated with ethanol and
redissolved in dH2O+ Kinase reactions (20 mL) containing
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;10 pmol dephosphorylated RNA, 70 mM Tris-HCl (pH 7+6 at
25 8C), 10 mM MgCl2, 5 mM DTT, ;10 pmol [g-32P]-ATP
(;60 mCi), and 20 U T4 PNK were incubated at 37 8C for 1 h+
End-labeled RNAs were purified by PAGE, isolated from the
gel by crush-soak elution, precipitated with ethanol, redis-
solved in water, and quantitated by liquid scintillation counting+

Analysis of RNA cleavage kinetics

The rate constants for the spontaneous transesterification of
RNA linkages were determined using 59 32P-labeled RNAs+
Labeled FMN and ATP aptamers were incubated in the ab-
sence or presence of 200 mM FMN or 1 mM ATP, respec-
tively, in reactions (10 mL) containing ;200 fmol RNA, 50 mM
Tris-HCl (pH 8+5 at 23 8C), and 20 mM MgCl2+ Likewise, la-
beled P5abc and HDV RNAs were incubated in the absence
or presence of 20 mM MgCl2+ Reactions were terminated by
the addition of an equal volume of gel loading buffer contain-
ing 10 M urea and 1+5 mM EDTA+

RNA cleavage ladders were generated by incubating ;200
fmol 59 32P-labeled RNA in reactions (10 mL) containing
50 mM NaHCO3/Na2CO3 (pH 9+0 at 23 8C) and 1 mM EDTA
for 7 min at 90 8C (Knapp, 1989)+ G-specific sequencing lad-
ders were generated by incubating ;200 fmol of RNA in
reactions (10 mL) containing 25 mM sodium citrate (pH 5+0 at
23 8C), 7 M urea, 1 mM EDTA, and 1 U RNase T1 (Boehringer
Mannheim) for 15 min at 55 8C+ Reactions were quenched on
ice with an equal volume of gel loading buffer+ Reaction prod-
ucts were separated by PAGE and were visualized and quan-
titated using a PhosphorImager with ImageQuant software
(Molecular Dynamics)+ The fraction of total RNA cleaved at
the 39 side of each nucleotide position was calculated and
corrected for the fraction of cleavage observed at the anal-
ogous position of untreated RNA+ Observed rate constants
(kobs) for cleavage at each nucleotide position of end-labeled
RNAs was derived as the negative slope of a line that de-
scribes the natural logarithm of the fraction of RNA uncleaved
at that position as a function of time+
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