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Orbital steering is invoked to explain how the three-dimensional struc-
ture of a small self-cleaving RNA, the hammerhead ribozyme, both pre-
vents and enhances RNA autocatalysis. Within the conserved catalytic
core of the ribozyme, the position of the 2’ oxygen atom of the G8 ribose
is observed to be aligned almost perfectly with the phosphorus atom and
the 5" oxygen atom of the adjacent A9 phosphate group for self-cleavage
via an in-line attack mechanism. Despite this apparent near-perfect atomic
positioning, no cleavage takes place. The explanation proposed is that a
network of hydrogen bonds in the ribozyme core orients or steers the
orbitals containing the electron lone pairs of the attacking nucleophile
(the 2 oxygen atom) away from the A9 phosphorus atom, eliminating
overlap with the vacant phosphorus d-orbitals despite the near-perfect
in-line positioning of the oxygen atom, thus preventing catalysis. Because
of the near-perfect atomic positioning of the 2’ oxygen atom relative to
the phosphate group, orbital steering effects in this case are fortuitously
uncoupled from conformational, distance and orientation effects, allowing
an assessment of the catalytic power due purely to orbital steering. In
contrast, a conformational change at the cleavage site is required to bring
the 2’ oxygen atom and the scissile phosphate group into atomic pos-
itions amenable to an in-line attack mechanism. In addition, the confor-
mationally changed structure must then steer the lone-pair orbitals of the
correctly positioned 2’ oxygen atom toward the scissile phosphorus atom
in order for cleavage to take place. We estimate that fulfilment of each of
these two required changes may contribute separately an approximately
1000-fold rate enhancement, potentially accounting for a significant frac-
tion of the catalytic power of this ribozyme. Orbital steering therefore
appears to be a general phenomenon that may help to explain catalysis
in both ribozymes and protein enzymes in a unified manner.

© 2001 Academic Press

Keywords: ribozyme; orbital steering; enzyme catalysis; hammerhead
RNA; catalytic RNA

Introduction

The simplest ribozyme-catalyzed chemical reac-

HDV and VS self-cleaving RNAs. In many respects
the reaction is identical with the random, base-
mediated degradation of RNA that accounts for its

tion is self-cleavage of the phosphodiester back-
bone. This reaction takes place via a process of
phosphodiester isomerization in which a 2’ proton
is abstracted from a ribose, and the resulting
nucleophilic attack of the ionized 2’ oxygen atom
upon the adjacent phosphate group results in a
break of the phosphate backbone in which the pro-
duct RNA strands have 2',3'-cyclic phosphate and
5 hydroxyl termini at the site of cleavage." This
reaction is catalyzed by four of the eight known
natural ribozymes, ie. the hammerhead, hairpin,

E-mail address of the author:
wgscott@chemistry.ucsc.edu

0022-2836/01/050989-11 $35.00/0

inherent instability. The main differences are that
the ribozyme-catalyzed reactions are completely
sequence-specific and occur at a rate enhanced
approximately 100,000-fold compared to the basal
rate of RNA self-cleavage. Both the catalyzed and
uncatalyzed reactions take place via an S\ 2(P)
mechanism in which the attacking nucleophile, the
ionized 2" oxygen atom, must be positioned in line
with the phosphorus atom and the leaving group
5 oxygen atoms, such that the required pentacoor-
dinated oxyphosphorane transition-state structure
is that of a trigonal bipyramid in which the 2’ and
5 oxygen atoms occupy the axial positions.'

© 2001 Academic Press
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The hammerhead ribozyme®™ is particularly

well-suited to biophysical studies because of its
small size, well-characterized biochemistry, bio-
logical relevance, and its known crystal structures
determined at several points along the reaction
pathway. The initial-state crystal structure of the
hammerhead ribozyme,”~” (Figure 1(a) and (b)), is
particularly intriguing, because the scissile phos-
phate group is maintained in the geometry
(g — ,g—) found in A-form RNA helices (Figure 2(a)
and (c)), whereas another phosphate group, that at
position 9, is found to be in a rather different geo-
metry, one that is almost perfectly compatible with
an in-line attack mechanism (Figure 2(b) and (d)).
An “in-line fitness parameter” has been devised,®
whereby a perfectly aligned phosphate group, hav-
ing the 2’ oxygen atom positioned 3.0 A from the
phosphorus atom, is assigned a geometrical fitness
value of 1.0, and the most poorly aligned phos-
phate group (one in which the attacking and leav-
ing oxygen atoms would be positioned 90° from
one another in a trigonal bipyramidal transition-
state), is assigned a fitness value of 0.0. Using this
characterization of in-line fitness, the scissile phos-
phate group found in the initial-state crystal struc-
ture of the hammerhead ribozyme has a fitness
parameter of 0.05, and that at position 9 has a
value slightly greater than 1.0. Cleavage at the scis-
sile phosphate group, based upon its observed geo-
metry, would then be predicted to occur at a rate
of about 10~® per minute, whereas cleavage at the
position 9 phosphate group would be predicted to
occur at about 1073 per minute, given its confor-
mation. Despite these observations and predic-
tions, actual cleavage at the scissile phosphate
group, in the crystal, has been measured to occur
on the order of 0.4 per minute, and cleavage at the
position 9 phosphate group is undetectable, both
in the crystal and in solution. In other words, the
reactivity of the two phosphate groups is exactly
the opposite of what one might reasonably predict,
based solely upon their respective geometrical con-
figurations.

Stem Ill ‘

Why is it that no cleavage occurs at the phos-
phate group at position 9, despite the fact that it is
aligned almost perfectly for an in-line attack? Simi-
larly, why does cleavage occur at the scissile phos-
phate group despite the fact that it is geometrically
completely unfit for an in-line attack? Clearly,
some factor, in addition to proximity and geo-
metric “fitness”’, must determine the potential reac-
tivity of these phosphate groups. By elucidating
the nature of the factor responsible for preventing
catalysis of a perfectly aligned phosphate group
(i.e. one capable of a three to five orders of magni-
tude suppression of catalysis), it might thus be
possible to illuminate the contribution of this factor
to the observed 100,000-fold cleavage rate enhance-
ment catalyzed by the hammerhead ribozyme. For-
tuitously, the hammerhead ribozyme has this
peculiar anti-symmetric relationship between the
geometries and cleavage activities at these two
phosphate groups, thereby providing an internal
control to test the validity of any mechanism pro-
posed to describe ribozyme-mediated -catalytic
cleavage of the phosphodiester backbone of RNA.

Based upon the initial-state structure of the ham-
merhead ribozyme,” as well as those of recently
observed pre-catalytic ribozyme conformational
intermediates”® and  an  enzyme-product
structure,'® we propose an “orbital steering”
mechanism!' '3 to explain both the suppression of
self cleavage at phosphate 9 and the enhancement
of catalysis at the scissile phosphate group. In this
analysis, we shall propose that the crucial factor
that determines catalytic activity, in addition to
atomic position as characterized by “in-line fit-
ness,” is the orientation of the orbitals containing
the non-bonding (or lone-pair) electrons of the
attacking nucleophile. As evidence for this propo-
sal, we will demonstrate that the structure of the
hammerhead ribozyme fixes (or steers) the orien-
tation of the electron lone-pair orbitals on the 2’
oxygen atom away from the adjacent phosphorus
atom at position 9, thus preventing nucleophilic
attack from occurring, despite the seemingly favor-
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Figure 1. (a) The initial-state crystal structure of an unmodified hammerhead ribozyme.” This particular construct
was selected based upon its ability to form crystals suitable for data collection. It consists of a 16 nucleotide enzyme
strand (red) and a 25 nucleotide substrate strand (yellow). The cleavage-site nucleotide (C17) is indicated in green,
and various regions of the ribozyme, as well as the numbering system used for hammerhead ribozymes, are ident-

ified (b) in the corresponding diagram.
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Figure 2. The geometry of the scissile phosphate
group between C17 and Al.l (shown in (c)), is in a
conformation (g —, g—) that is incompatible with the
known in-line attack mechanism. (b) The geometry of
the A9 phosphate group (shown in (d)), is almost
perfectly arranged for an in-line attack. Cleavage never-
theless occurs at the scissile phosphate group but not at
the A9 phosphate group.

able geometry of the phosphate group. Building
upon this finding, we show how the attacking 2’
oxygen nucleophile adjacent to the cleavage-site
phosphate group, as observed in the “late” inter-
mediate structure, can be oriented appropriately
via continued movement of the cleavage-site base
along the trajectory extrapolated between this and
the cleavage-product structures, thus allowing cat-
alysis via orbital steering to take place.

The A9 phosphate geometry should favor an
in-line attack

The structure of the unmodified, and therefore
catalytically active, hammerhead ribozyme has
been determined both in the absence and presence
of divalent metal ions.” In the absence of divalent
cations, as well as in the presence of Mn** and
other divalent cations bound to this site,” the phos-
phate group at position A9 adopts a conformation
that positions the 2’ oxygen atom of an adjacent
nucleotide, G8, in line with the phosphorus atom
and the 5 oxygen atom of A9. The structure of the
hammerhead ribozyme in the absence of any metal
ions is the most reliably refined structure of the
completely unmodified hammerhead RNAs.” In
this structure (URX057 in NDB’), the distance
between O2" and P is 2.77 A, that between 02’ and
05 is 434 A, and that between O5 and P is
1.59 A. The angle of attack is therefore 169.56 °© and

the in-line fitness, according to the formulation of
Soukup & Breaker,® is F = 1.17. This value exceeds
1.0 because the distance chosen for the ideal refer-
ence is 3.0 A. Using the composite plot depicting
the relationship between in-line fitness and
measured rate constant for RNA transesterification
for 136 linkages obtained from several RNA
structures,® one might reasonably expect to observe
a cleavage rate having an approximate magnitude
of 10~3/minute, or a four to five orders of magni-
tude-enhanced cleavage rate relative to an RNA
phosphodiester linkage structurally constrained to
a conformation in which F < 0.1.

Despite the prediction of enhanced susceptibility
to cleavage, the A9 phosphate group is observed to
be completely stable, both in solution and in the
crystal. Although it may be argued that the sol-
ution conformation of the A9 phosphate group
might be different from that observed in the crystal
structure, the fact remains that no RNA cleavage at
the A9 phosphate group is detectable at this site in
the crystal, where the geometry is known, even
after prolonged incubation of crystals with Mn*"
or Mg*". By contrast, pH-dependent cleavage rates
at the scissile phosphate group, as low as 107°, are
detectable using an assay developed explicitly for
detecting RNA cleavage in the crystal.'* Therefore,
it is clear that the A9 phosphate group is somehow
protected from self-cleavage, despite being
arranged in a conformation that is highly amenable
to in-line attack.

Orbital steering prevents the self-cleavage
reaction at the A9 phosphate group

What protects the A9 phosphate group from
self-cleavage, despite being positioned almost per-
fectly for in-line attack, and despite the fact that its
non-bridging pro-R oxygen atom has been
observed in several crystal structures®” to bind
directly to divalent cations (an interaction believed
to further enhance catalysis in RNA self-cleavage
reactions)? The answer to this question appears
when one considers the hydrogen bonding net-
work between G8, A9 and G12, as pictured in
Figure 3, which includes six potential hydrogen
bonds. These hydrogen bonds include the
reversed-Hoogsteen hydrogen bonding between
A9 and G12, a hydrogen bond between the exocyc-
lic amine group of G12 (the donor) and O2" of G8
(the acceptor), and a hydrogen bond between the
02" of G8 and the pro-S non-bridging phosphate
oxygen atom of A9. An additional contact between
this phosphate oxygen atom and the C8 hydrogen
atom of A9 may be a hydrogen bond of the sort
observed in a DNA quadruplex (K. Phillips et al.,
unpublished data).

The two hydrogen bonds that involve the O2' of
G8 appear to be particularly important. The hydro-
gen atom bound to O2" must be donated to the
non-bridging phosphate oxygen atom, as this atom
is unprotonated at neutral pH. The O2" of G8 must
also be the acceptor of the hydrogen bond donated
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Figure 3. The hydrogen bonding network involving G8, A9 and G12 is extensive, and includes two hydrogen

bonds that involve the O2" of G8.

by the exocyclic amine group of G12. Assuming
approximate sp® hybridization of the O2' valence
atomic orbitals, the hydrogen atom and two sets of
electron lone-pairs together form an approximately
tetrahedral configuration, with C2’, H2' and the
two non-bonding orbitals containing the electron
pairs each occupying the vertices of the tetrahe-
dron. This being so, the two hydrogen bonds, by
necessity, orient the tetrahedron, and therefore fix
the location of both lone-pair orbitals in space rela-
tive to the rest of the RNA structure. One of the
two sets of lone pairs forms the hydrogen bond to
G8, and the other does not interact directly with
the RNA structure. Each of the two hydrogen
bonds independently steers both of the lone-pair
orbitals away from the phosphorus center, thereby
preventing nucleophilic attack and bond formation.
The lone-pair orbital not involved in the hydrogen
bond is steered 90° away from the phosphorus

atom, thereby ensuring that this orbital is
orthogonal to the unoccupied d-orbitals of the
phosphorus atom. (The trigonal bipyramidal con-
figuration that the phosphate group adopts in the
oxyphosphorane transition state or intermediate
structure requires dsp® hybridization of the phos-
phorus valence orbitals.) The other lone pair is
sequestered as a hydrogen bond acceptor with the
exocyclic amine group of G12, and is oriented
about 120° away from the phosphorus atom
(Figure 4). The hammerhead ribozyme thus uses a
hydrogen bonding network in the vicinity of the
A9 phosphate group to orient the O2' non-bonding
orbitals, and therefore the potentially reactive
electron lone pairs, in a doubly redundant manner
that prevents nucleophilic attack upon the A9
phosphate group. Orbital steering, therefore, is
employed by the RNA structure to inhibit aberrant
self-cleavage by lowering the reactivity of this

Figure 4. One of the O2' hydrogen bonds on G8 involves hydrogen donation to the pro-S exocyclic phosphate oxy-
gen atom of A9, and the other involves hydrogen acceptance from the exocyclic amine group of G12. Each of these
hydrogen bonds by itself is sufficient to “steer”” the lone-pair electrons (indicated as light-blue spheres labeled l.p.)
away from the scissile phosphorus atom, thereby preventing orbital overlap and therefore bond formation. These
hydrogen bonds together thus inhibit RNA cleavage in a doubly redundant manner.
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phosphate group by at least three orders of magni-
tude. This is accomplished simply by steering the
orbitals away from the direction required for a
nucleophilic attack, despite the fact that the attack-
ing and leaving group oxygen atoms are aligned
almost perfectly with respect to the phosphorus
atom for an in-line nucleophilic attack to occur. We
therefore propose that two conditions, rather than
just one, must be present for RNA self cleavage to
occur. First is the well-known geometrical require-
ment for in-line attack: the positions of the 2" oxy-
gen atom, the phosphorus atom, and the 5 oxygen
atom must all be in-line with one another. The
second is that one of the O2' lone-pair orbitals
must be oriented in such a manner that significant
overlap between it and an unoccupied phosphate
d-orbital can occur, once the first condition has
been met.

It is noteworthy that binding of Zn** to the A9
phosphate group appears to enhance the reactivity
of this site somewhat, relative to other divalent
metal ions (S. Sigurdsson, personal communi-
cation). Unlike the other metal ions, Zn*" prefers
tetrahedral coordination, and thus distorts the
metal binding site in such a way as to begin to
steer the nucleophilic lone pair orbital toward the
A9 phosphorus atom (W.G.S., unpublished
results).

The scissile phosphate group must change
conformation to favor in-line attack

The initial-state structure of the unmodified, and
therefore catalytically active, hammerhead ribo-
zyme has been determined in both the absence and
the presence of divalent metal ions,” and its struc-
ture is essentially identical with those in which the
cleavage site attacking nucleophile has been altered
to prevent catalysis.”® It has been shown that this

particular unmodified construct can cleave in the
crystal at a rate that is somewhat greater than in
solution under otherwise identical conditions, i.e.
at 0.4/minute in 1.8 M Li,SO, and 25 mM Co?* at
pH < 8.5. This indicates that the crystallographi-
cally observed structures must possess at least
some degree of similarity to the catalytically active
structure.

Despite this observation, the cleavage-site phos-
phate group in all of the initial-state structures is in
a conformation that is almost completely incompa-
tible with in-line attack (Figure 2(a) and (c)),
the (g —, g—) phosphate configuration typically
observed in A-form helices,'>'® and can be
characterized with an in-line fitness parameter
of F=0.05. It is therefore fairly clear that a
conformational change must occur prior to
cleavage,® although the nature and extent of the

required change has been the subject of some
debate.7'9’10’17_21

Conformational and orbital steering
requirements for hammerhead
ribozyme catalysis

We have previously trapped and observed,
using X-ray crystallography, a conformational
change that rotates the nucleotide (base and sugar
as one rigid body) about the B-angles of the phos-
phate groups of residues 17 and 1.2 in such a way
as to flip the 2’ oxygen atom of the cleavage-site
nucleotide (C17) toward the phosphate group
(Figure 5(a)).?! We have also demonstrated that the
principal alternative model®® appears to be unten-
able, at least in its current formulation,?' and that
the products of hammerhead ribozyme cleavage in
the crystal are also observable using X-ray crystal-
lography,'* indicating that the reaction can take
place within the confines of the crystal lattice. For

intermediate

inilial-stale\

Figure 5. (a) The initial state (red) and conformational intermediate state (blue) configurations of C17, illustrating
that the base and ribose move as a rigid body about the p-angle of the phosphodiester backbone in such a way as to
reposition the attacking nucleophile, the 2" oxygen atom of C17, nearer to the scissile phosphate group. (b) A differ-
ence Fourier peak that corresponds to the center of mass of the phosphate group at 3 A resolution.” Together, these
results illustrate that conformational change has the effect of arranging the phosphate group in a configuration more

amenable to an in-line attack mechanism.



994 Ribozyme Catalysis via Orbital Steering

Scissile

In-line attack
by 2'-0

Figure 6 (legend opposite)



Ribozyme Catalysis via Orbital Steering

995

these reasons, we believe the conformational
change required for cleavage is approximated by
the structure (URX071%) observed using crystallo-
graphic freeze-trapping combined with a leaving-
group modification (talo-5'-methyl-adenosine at
position 1.1) that slows cleavage appreciably.’

Based upon the observed conformational change
of C17 (Figure 5(a)), and the location of the scissile
phosphate group center of mass deduced from a
31 A resolution difference  Fourier =~ map
(Figure 5(b)),” we can propose an approximate
transition-state structure (Figure 6(a)) that might
form in the absence of the leaving-group modifi-
cation. This proposed transition-state structure is
consistent with the observed conformation and the
positions of the 2’ oxygen attacking nucleophile
and cleavage-site phosphate atoms. Although such
a structure satisfies the first requirement for an in-
line attack mechanism, in terms of the positions of
the relevant atoms, our analysis of the second
requirement, that of orbital steering, permits us to
suggest that the catalytic efficiency might be
enhanced further by orienting one of the oxygen
lone-pair orbitals in such a way that overlap with
an empty phosphorus d-orbital would be maxi-
mized.

Unfortunately, it is impossible to visualize an
active transition-state structure using X-ray crystal-
lography due to the evanescence of its existence.
The best we can hope for is a good transition-state
analogue or at least a modified enzyme-substrate
structure that allows observation of an accumu-
lated conformational or chemical intermediate that
normally exists only transiently. By definition, such
analogues or modified structures must somehow
differ from the active transition-state structure in
order to have a lifetime sufficiently prolonged as to
allow their observation. In the case of the hammer-
head ribozyme, modification of the 5 carbon atom
adjacent to the leaving-group oxygen atom in the
reaction by adding an extra methyl group in the
talo- rather than allo- stereoisometric configuration
creates a “kinetic bottleneck” at the point of bond
scission in the cleavage reaction.’ It is therefore
likely that this modification somehow alters or pre-
vents formation of the required transition-state
structure.

Examination of the conformationally changed
structure, including the atomic positions as well as
the orientation of the lone-pair electrons on the
attacking O2" nucleophile, indicates that the
observed rigid-body pivoting motion about the B-
angle of the C17 phosphate group would be
required to continue along the trajectory deter-
mined by comparing the initial-state and confor-
mational intermediate structures (Figure 5(a)). The
additional small rigid-body rotation of C17, as
indicated by the curved white arrows in
Figure 6(b), is consistent with the rotational trajec-
tory observed when progressing from the initial
structure to the conformational intermediate and
product structures (Figure 6(c)). This compara-
tively small change in atomic positions would then
favor formation of a bond involving an electron
lone pair on the 2’ oxygen attacking nucleophile
with the adjacent phosphorus atom at a geometri-
cally acceptable angle. However, an additional
opportunity for catalytic enhancement should
result from simultaneous orienting of a 2’ oxygen
lone-pair orbital with respect to the axis formed by
02" and C2'. It is possible that a functional group
of the RNA, or an associated cation, might perform
this task. Alternatively, simply the absence of inter-
actions that prevent nucleophilic attack, such as
the two hydrogen bonds observed to orient the
oxygen lone-pairs at the A9 phosphate group, may
be sufficient to promote about a 1000-fold catalytic
rate enhancement. Unrestricted rotation of the
three sets of oxygen lone-pair orbitals about the
axis containing O2’ and C2' would still permit
bond formation to take place, albeit somewhat
more inefficiently than if the orbitals were steered
favorably. In any case, the small additional rigid-
body rotation of the cleavage-site nucleotide will
clearly be required for optimum -catalytic effi-
ciency.

It is therefore likely that catalysis at the scissile
phosphate group in the hammerhead ribozyme
conformational intermediate structure is attenuated
because the additional small rotation required to
position the relevant atoms and then orient one of
the oxygen lone-pair orbitals in-line for attack (the
thin red broken line in Figure 6(b)) is prevented by
the modification of the hammerhead ribozyme
with the extra methyl group. This extra methyl

Figure 6. (a) The trapped conformational intermediate is roughly compatible with the future formation of an in-line
trigonal bipyramidal transition state in which the attacking and leaving group oxygen atoms occupy the axial pos-
itions of the pentacoordinated oxyphosphorane. Actual formation of the transition state, however, is prevented by
steric hindrance involving the added methyl group, shown in red in (b), and the pro-S phosphate oxygen atom when
the latter tries to adopt its required equatorial position in the trigonal bipyramidal transition state. Formation of the
hindered transition state would require the simultaneous continued motion of the base and ribose of C17 to position
the electron lone pairs of the attacking nucleophile (the 2" oxygen atom of C17) in the orientation required for bond
formation. This motion is consistent with that required to reach the observed cleavage product structure, as shown in
(c). An animated gif “movie” corresponding to (c) can be viewed at http://chemistry.ucsc.edu/%7Ewgscott/pubs/
movies2.html. Because formation of the recgluired transition-state geometry is sterically hindered, the crystallo-
graphically observed conformational change’ is most likely that immediately preceding formation of the activated
complex.
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group, the red atom in Figure 6(b), occupies the
talo-position at C5’ of Al.1, and therefore sterically
hinders formation of a trigonal bipyramidal tran-
sition state by clashing with (and therefore repel-
ling) the pro-S non-bridging oxygen scissile
phosphate group, as shown by the thick red bro-
ken line in Figure 6(b). This observation also
explains why the methyl group as the talo- rather
than the allo- isomer inhibits the cleavage reaction;
no such clash would exist with the phosphate oxy-
gen atoms if the modified leaving-group 5-methyl-
ated ribose was of the allo- configuration
(Figure 6(b)). Because the pro-S oxygen atom is
repelled by an unfavorable contact with the extra
methyl group, it is confined to its initial position,
and therefore in turn likely repels the electron lone
pair on the 2’ oxygen attacking nucleophile, thus
preventing optimal overlap between the lone-pair
orbital on O2" and the vacant phosphorus d-orbital
with which it could potentially combine. The con-
formational intermediate structure is thus poised
for attack, pending the required small further
rotation of nucleotide C17, but this further adjust-
ment of atomic positions is prevented by a steric
clash with the extra methyl group.

Prevention of catalysis by orbital steering: a
complementary test of the hypothesis

Orbital steering was originally proposed as an
explanation for the extraordinary catalytic power
of protein enzymes,'"'** but should be equally
applicable to the case of RNA enzymes. Although
intuitively appealing from the perspective of a che-
mist, and inspired by the seminal work by Wood-
ward & Hoffmann® on the conservation of orbital
symmetry in pericyclic reactions, the orbital steer-
ing hypothesis has not enjoyed widespread
acceptance.”*”? This is likely because definitive
experimental evidence requires detailed structural
information about the enzyme-substrate or
enzyme-intermediate complex as a starting point
for analysis of the hypothesis,’® and because it
requires an accurate picture of the transition-state
of the reaction being catalyzed, including the tran-
sition-state ~ stabilizing interactions with the
enzyme.* Furthermore, an accurate procedure for
correlating structural interactions with catalytic
enhancement must be devised. But, as mentioned
in the previous section, the lifetime of a transition
state prohibits its direct observation via X-ray crys-
tallography, and observable intermediates or tran-
sition-state analogues must differ in some way
from the true transition state, or they would not be
stable enough to observe. This further complicates
analyses of the contribution of orbital steering to
catalysis.

One way around the difficulties for testing the
orbital steering hypothesis is to examine how a
reaction that occurs at a slow but significant back-
ground level, such as the base-mediated spon-
taneous self-cleavage of RNA, might be prevented
by orbital steering. If favorable orientation of mol-

ecular orbitals is required for catalytic enhance-
ment, it must be true that enforced unfavorable
orientation of molecular orbitals must contribute to
suppression of catalysis. Fortuitously, the hammer-
head ribozyme prevents catalysis at a phosphate
group (at A9) whose conformation appears to be
quite compatible with the known requirements for
atomic positioning in the in-line attack mechanism.
As discussed above, correct atomic positioning
apparently is a necessary but not a sufficient cri-
terion for RNA self-cleavage, and the reactivity of
the A9 phosphate group is suppressed by orbital
steering insofar as the two hydrogen bonds invol-
ving the O2' of G8 steer the lone-pair orbitals into
positions where they are orthogonal to the vacant
d-orbitals of the phosphorus atom, despite the
close proximity (2.77 A) of the reacting atoms and
the otherwise favorable angle of attack (~170°)
between O2', P and OY’, as shown in Figure 4.
Jencks & Page® have objected to the idea that
orbital steering can provide a significant rate
enhancement, suggesting instead that any such
effects are subsumed under translational entropy
effects and conformational effects. In the present
example, however, orbital steering effects are for-
tuitously uncoupled from conformational effects
(the A9 phosphate group has an in-line fitness par-
ameter of F > 1.0), and since the reaction is unimo-
lecular (i.e. there is only one substrate), elimination
of translational entropy cannot account for the
observed catalytic rate enhancement. Despite the
ideal conformation of the A9 phosphate group,
cleavage at this site is essentially undetectable (i.e.
is slower than ~1077 per minute), although it
would be predicted® to be of the order of 10~ per
minute or greater, based upon the positions of the
relevant atoms. Hence it appears, conservatively,
that at least three orders of magnitude rate
reduction are obtained from pure orbital steering
effects alone, and therefore a similar, further
enhancement in the magnitude of the rate might be
obtained by removing the orientational constraints
placed upon the O2' lone-pair orbitals. Further-
more, if one of the electron lone pairs was instead
steered toward the scissile phosphorus atom in
such a way that it would be constrained to have an
orientation facilitating maximum orbital overlap,
the magnitude of the rate enhancement should be
significantl}y greater than 10°-fold and may be as
high as 10°-fold, assuming a completely symmetric
relationship between catalytic inhibition and cata-
lytic enhancement. At the very least, orbital steer-
ing effects seem to be responsible for at least a 10°-
fold rate enhancement for a phosphodiester linkage
that is already optimally positioned with respect to
the atoms of the phosphate group and the attack-
ing nucleophile. Since the in-line fitness of the
phosphate group, with O2' orbital steering contri-
butions averaged out, may be responsible for a
10*-fold +10-fold cleavage rate enhancement,?® it is
possible that a conformational change at C17, com-
bined with favorable orbital steering, could
account for much, if not all, of the observed cataly-



Ribozyme Catalysis via Orbital Steering

997

tic enhancement (~10°fold) in the hammerhead
ribozyme, even if the individual free energy contri-
butions of these effects are not strictly independent
and additive.

Two of the most significant criticisms of the orbi-
tal steering hypothesis can be addressed in light of
our observation that orbital steering prevents RNA
cleavage at the A9 phosphate group in the ham-
merhead ribozyme. The first of these objections is
that the premises of the theory of orbital steering
were derived, in part, from incorrect models.?® The
second is that orientation effects have been said to
be of minor importance because the rather diffuse
shapes of orbitals suggest that the angular depen-
dence of orbital overlap should be rather weak.?*?®
In the absence of a prior theory of orbital steering,
the A9 phosphate example would have compelled
us to conclude that cleavage could be prevented
only by orientation of the 2’ oxygen atom in such a
way as to prevent orbital overlap between the lone
electron pairs and the d-orbitals of the phosphorus
atom. In other words, we would have concluded
that the hydrogen bonding pattern was responsible
for catalytic suppression via an orbital orientation
mechanism, and would have thus postulated that
such an effect could be employed to enhance cata-
lysis through favorable orbital orientation that
maximized overlap. Because the orientations of the
lone-pair orbitals are fixed by the hydrogen bond-
ing scheme at 90° and 120° away from the phos-
phorus atom, the orbital angular dependence of
reactivity is maximized in much the same way as
the solvent cage can maximize this effect, as
reported.”® Based on the latter observation, it is
likely that orbital steering, either within the con-
fines of a solvent cage, or perhaps within the “pre-
arranged solvent cage” of an enzyme active site
(consisting of hydrogen bonds between the enzyme
and the substrate and/or activated complex), can
significantly enhance catalysis.

Orbital steering effects in the context of
complementary catalytic strategies

Although we have argued that the magnitude of
the orbital steering effect alone might account for a
large fraction of the observed catalytic rate
enhancement in the hammerhead ribozyme relative
to uncatalyzed RNA self cleavage, it is likely that
other, well-recognized catalytic strategies are
employed by the hammerhead ribozyme to acceler-
ate RNA self-cleavage. These other effects include,
for example, general acid/base catalysis and tran-
sition-state stabilization interactions.

The reaction catalyzed by the hammerhead ribo-
zyme is the same as the first step of the RNA clea-
vage reaction catalyzed by RNase A, one of the
best-characterized protein enzymes. The canonical
roles of three active-site amino acid residues,
His12, His119 and Lys41, are those of a general
base catalyst, a general acid catalyst, and a cataly-
tic interaction that stabilizes the excess negative
charge that accumulates in the oxyphosphorane

transition state.>® However, some debate exists
over the microscopic mechanism by which acid/
base catalysis and transition-state stabilization
takes place’** In any case, the analogy with
RNase A leads quite naturally to the proposal that
hydrated divalent metal ion complexes, like
Mg(H,O),]*t and [Mg(H,0);(OH)] ¥, play the
roles of general acid and general base catalysts,
respectively,>? when specifically bound to the
RNA. In addition, the same or another divalent
metal ion can be invoked to catalyze transition-
state stabilization by binding via an inner-sphere
interaction (i.e. as a Lewis acid) to one of the non-
bridging phosphate oxygen atoms of the scissile
phosphate group before or during catalysis in
order to balance the excess negative charge that
accumulates in the oxyphosphorane transition
state.>

Our recent finding that the hammerhead ribo-
zyme, as well as the hairpin ribozyme and the VS
ribozyme do not require divalent metal ions for
efficient catalysis,® permits us to suggest that in
these three ribozymes (at least), the RNA itself
must supply the functional groups required for
acid/base catalysis and transition-state stabiliz-
ation if these types of catalysis are required.
Although we were not able to observe efficient
self-cleavage of the HDV ribozyme in the absence
of divalent cations, it has since been shown that
C75, rather than a divalent cation, plays the role of
a general acid catalyst.*’ > The X-ray crystal struc-
ture of the 50 S subunit of the ribosome***! veri-
fied the prediction*? that the ribosome is a
ribozyme, and A2451 has been implicated as an
acid/base catalyst in the peptidyl transfer
reaction.**** No divalent cation appears to be close
to the peptidyl transferase active site. The recent
crystal structure of the hairpin ribozyme** reveals
an active-site guanosine base that makes two
hydrogen bond contacts to the cleavage site on the
substrate. The N1 atom of G8 donates a hydrogen
bond to the 2’ oxygen-attacking nucleophile, and
the exocyclic amine group donates a hydrogen
bond to one of the non-bridging scissile phosphate
oxygen atoms. Thus G8 may play a role as both an
acid/base catalyst (the pK, of the N1 proton is
about 9.5) and a transition-state stabilization cata-
lyst. The enzyme-product structure of the hammer-
head ribozyme'® revealed potential interactions
between the exocyclic amine group of A6 and a
non-bridging scissile phosphate oxygen atom, as
well as G5 and the 2’ oxygen atom that may be rel-
evant to transition-state stabilization and acid /base
catalysis, respectively.

Acid/base catalytic interactions and transition-
state stabilization reactions, however, may not be
completely independent of orbital steering inter-
actions. For example, the hairpin ribozyme crystal
structure** shows two hydrogen bonds between
G8 and the cleavage site (Figure 7). In addition to
the potential catalytic roles already described,
these hydrogen bonds appear to steer the 2’ oxy-
gen lone pairs as well as to fix the atomic positions



998

Ribozyme Catalysis via Orbital Steering

Figure 7. Stereoview of the hairpin ribozyme active site, showing hydrogen bonding interactions between G8 and
the cleavage-site phosphodiester linkage. The vertical red broken line indicates the phosphate oxygen atom position
in a trigonal bipyramidal transition state, and the nearly horizontal red broken line indicates the direction of in-line
attack of the 2’ oxygen atom upon the scissile phosphorus atom. Movement of the G8 U +2 base-pair to the right in
such a way that the hydrogen bonds line up with the red broken lines will facilitate in-line attack by directing the
oxygen atom lone-pair electrons toward the phosphorus atom as well as formation of the pentacoordinated trigonal
bipyramidal transition state. G8 may also function as a general base catalyst.

of one of the scissile phosphate non-bridging oxy-
gen atoms and the 2’ oxygen atom. As cleavage is
initiated, it is required that the non-bridging phos-
phate oxygen atoms move into the axial plane, in
turn requiring a small movement of G8 if the
hydrogen bond is to be maintained. If both hydro-
gen bonds are maintained, the small movement of
G8 relative to the 2’ oxygen position will steer one
of the other lone-pair orbitals directly toward the
scissile phosphorus atom, thus optimizing the orbi-
tal orientation and overlap, facilitating bond for-
mation. Clearly, the two effects might be highly
coupled, and although physically distinct, would
be inextricably linked to the same nucleotide
movement.

Acknowledgments

I thank Professor Daniel E. Koshland Jr for inspiration
and advice, and Professor Andrew Mesecar and Dr
Barry Stoddard as well as members of my laboratory
and of the Center for the Molecular Biology of RNA at
U. C. Santa Cruz for helpful discussions, advice and
criticism. This work was funded, in part, by the NIH
(RO1 AI43393-02) and University of California, Santa
Cruz funds. The Center for the Molecular Biology of
RNA at U. C. Santa Cruz is supported by the William
Keck Foundation.

References

1. Zhou, D.-M. & Taira, K. (1998). The hydrolysis of
RNA: from theoretical calculations to the hammer-
head ribozyme-mediated cleavage of RNA. Chem.
Rev. 98, 991-1026.

2. Prody, G. A., Bakos, J. T., Buzayan, J. M., Scheider,
I. R. & Bruening, G. (1986). Autolytic processing of

10.

11.

12.

13.

dimeric plant virus satellite RNA. Science, 231, 1577-
1580.

. Uhlenbeck, O. C. (1987). A small catalytic oligoribo-

nucleotide. Nature, 328, 596-600.

. Haseloff, J. & Gerlach, W. L. (1988). Simple RNA

enzymes with new and highly specific endoribonu-
clease activities. Nature, 334, 585-591.

. Pley, H. W., Flaherty, K. M. & McKay, D. B. (1994).

Three-dimensional structure of a hammerhead ribo-
zyme. Nature, 372, 68-74.

. Scott, W. G, Finch, ]J. T. & Klug, A. (1995). The crys-

tal-structure of an all-RNA hammerhead ribozyme -
a proposed mechanism for RNA catalytic cleavage.
Cell, 81, 991-1002.

. Scott, W. G., Murray, J. B, Amold, J. R. P,

Stoddard, B. L. & Klug, A. (1996). Capturing
the structure of a catalytic RNA intermediate: the
hammerhead ribozyme. Science, 274, 2065-2069.

. Soukup, G. A. & Breaker, R. R. (1999). Relationship

between internucleotide linkage geometry and the
stability of RNA. RNA, 5, 1308-1325.

. Murray, J. B., Terwey, D. P., Maloney, L., Karpeisky,

A., Usman, N., Beigelman, L. & Scott, W. G. (1998).
The structural basis of hammerhead ribozyme self-
cleavage. Cell, 92, 665-673.

Murray, J. B., Szoke, H., Szoke, A. & Scott, W. G.
(2000). Capture and visualization of a catalytic RNA
enzyme-product complex using crystal lattice trap-
ping and X-ray holographic reconstruction. Mol.
Cell, 5, 279-287.

Storm, D. R. & Koshland, D. E., Jr (1970). A source
for the special catalytic power of enzymes: orbital
steering. Proc. Natl Acad. Sci. USA, 66, 445-452.
Danforn, A. & Koshland, D. E., Jr (1971). Theoretical
aspects of orbital steering. Proc. Natl Acad. Sci. USA,
68, 2463-2467.

Mesecar, A. D., Stoddard, B. L. & Koshland, D. E,,
Jr (1997). Orbital steering in the catalytic power of
enzymes: small structural changes with large cataly-
tic consequences. Science, 277, 202-206.



Ribozyme Catalysis via Orbital Steering

999

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Scott, W. G. & Murray, J. B. (2000). Conventional
and time-resolved ribozyme X-ray crystallography.
Methods Enzymol. 317, 180-198.

Sundaralingam, M. (1969). Stereochemistry of
nucleic acids and their constituents. IV. Allowed
and preferred conformations of nucleosides, nucleo-
side mono-, di-, tri-, tetraphosphates, nucleic acids
and polynucleotides. Biopolymers, 7, 821-860.

Govil, G. (1976). Conformational structure of
polynucleotides around the O-P bonds: refined
parameters for CPF calculations. Biopolymers, 15,
2303-2307.

Peracchi, A., Beigelman, L., Scott, E. C., Uhlenbeck,
O. C. & Herschlag, D. (1997). Involvement of a
specific metal ion in the transition of the hammer-
head ribozyme to its catalytic conformation. J. Biol.
Chem. 272, 26822-26826.

Peracchi, A., Karpeisky, A., Maloney, L., Beigelman,
L. & Herschlag, D. (1998). A core folding model for
catalysis by the hammerhead ribozyme accounts
for its extraordinary sensitivity to abasic mutations.
Biochemistry, 37, 14765-75.

Feig, A. L., Scott, W. G. & Uhlenbeck, O. C. (1998).
Inhibition of the hammerhead ribozyme cleavage
reaction by site-specific binding of Tb(III). Science,
279, 81-84.

Wang, S., Karbstein, K., Peracchi, A., Beigelman, L.
& Herschlag, D. (1999). Identification of the ham-
merhead ribozyme metal ion binding site respon-
sible for rescue of the deleterious effects of a
cleavage site phosphorothioate. Biochemistry, 38,
14363-14378.

Murray, J. B. & Scott, W. G. (2000). Does a single
metal ion bridge the A9 and scissile phosphates in
the catalytically active hammerhead ribozyme struc-
ture? [Published correction J. Mol. Biol. 304, 681].
J. Mol. Biol. 296, 33-41.

Dafforn, A. & Koshland, D. E., Jr (1973). Proximity,
entropy and orbital steering. Biochem. Biophys. Res.
Commun. 52, 779-785.

Woodward, R. B. & Hoffmann, R. (1970). The
Conservation of Orbital Symmetry, Verlag Chemie,
Weinheim.

Port, G. N. & Richards, W. G. (1971). Orbital steer-
ing and the catalytic power of enzymes. Nature, 231,
312-313.

Bruice, T. C. (1972). Views on approximation, orbital
steering, and enzymatic and model reactions. Cold
Spring Harbor Symp. Quant. Biol. 36, 21-27.

Hoare, D. G. (1972). Significance of molecular align-
ment and orbital steering in mechanisms for enzy-
matic catalysis. Nature, 236, 437-440.

Page, M. 1. (1972). Entropic rate accelerations and
orbital steering. Biochem. Biophys. Res. Commun. 49,
940-944.

Moriarty, R. M. & Adams, T. (1973). A criticism of
the use of certain bridged bicyclic hydroxycarboxylic

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

acids as model compounds for the concept of orbital
steering. J. Am. Chem. Soc. 95, 4070-4071.

Jencks, W. P. & Page, M. I (1974). “Orbital
steering”, entropy, and rate accelerations. Biochem.
Biophys. Res. Commun. 57, 887-892.

Zhou, G., Somasundaram, T. Blanc, E,,
Parthasarathy, G., Ellington, W. R. & Chapman,
M. S. (1998). Transition state structure of arginine
kinase: implications for catalysis of bimolecular reac-
tions. Proc. Natl Acad. Sci. USA, 95, 8449-8454.
Raines, R. T. (1998). Ribonuclease A. Chem. Rev. 98,
1045-1065.

Breslow, R. (1991). How do imidazole groups cata-
lyze the cleavage of RNA in enzyme models and in
enzymes? Evidence from “‘negative catalysis”. Accts
Chem. Res. 24, 317-324.

Wiladkowski, B. D., Svensson, L. A., Sjolin, L.,
Ladner, J. E. & Gilliland, G. L. (1998). Title. J. Am.
Chem. Soc. 120, 5488-5498.

Dahm, S. C., Derrick, W. B. & Uhlenbeck, O. C.
(1993). Evidence for the role of solvated metal
hydroxide in the hammerhead cleavage mechanism.
Biochemistry, 32, 13040-13045.

Dahm, S. C. & Uhlenbeck, O. C. (1991). Role of
divalent metal ions in the hammerhead RNA clea-
vage reaction. Biochemistry, 30, 9464-9469.

Murray, J. B., Seyhan, A. A., Walter, N. G., Burke,
J. M. & Scott, W. G. (1998). The hammerhead, hair-
pin and VS ribozymes are catalytically proficient in
monovalent cations alone. Chem. Biol. 5, 587-595.
Ferre-D’Amare, A. R., Zhou, K. & Doudna, J. A.
(1998). Crystal structure of a hepatitis delta virus
ribozyme. Nature, 395, 567-574.

Perrotta, A. T., Shih, I. & Been, M. D. (1999). Imida-
zole rescue of a cytosine mutation in a self-cleaving
ribozyme. Science, 286, 123-126.

Nakano, S., Chadalavada, D. M. & Bevilacqua, P. C.
(2000). General acid-base catalysis in the mechanism
of a hepatitis delta virus ribozyme. Science, 287,
1493-1497.

Ban, N., Nissen, P., Hansen, J., Moore, P. B. &
Steitz, T. A. (2000). The complete atomic structure of
the large ribosomal subunit at 2.4 A resolution.
Science, 289, 905-920.

Nissen, P., Hansen, ]J., Ban, N., Moore, P. B. &
Steitz, T. A. (2000). The structural basis of ribosome
activity in peptide bond synthesis. Science, 289, 920-
930.

Noller, H. F., Hoffarth, V. & Zimniak, L. (1992).
Unusual resistance of peptidyl transferase to protein
extraction procedures. Science, 256, 1416-1419.

Muth, G. W., Ortoleva-Donnelly, L. & Strobel, S. A.
(2000). A single adenosine with a neutral pKa in the
ribosomal peptidyl transferase center. Science, 289,
947-950.

Rupert, P. B. & Ferre-D’Amare, A. R. (2001). Crystal
structure of a hairpin ribozyme-inhibitor complex
with implications for catalysis. Nature, 410, 780-786.

Edited by ]. Doudna

(Received 13 February 2001; received in revised form 22 May 2001; accepted 22 May 2001)



	Introduction
	Figure 01
	Figure 02
	Figure 04
	Figure 03
	Figure 05
	Figure 06
	Figure 07
	The A9 phosphate geometry should favor an in-line attack
	Orbital steering prevents the self-cleavage reaction at the A9 phosphate group
	The scissile phosphate group must change conformation to favor in-line attack
	Conformational and orbital steering requirements for hammerhead ribozyme catalysis
	Prevention of catalysis by orbital steering: a complementary test of the hypothesis
	Orbital steering effects in the context of complementary catalytic strategies

	References

