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Structure and function of the hammerhead ribozyme:

An unfinished story
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INTRODUCTION

Two crystallographic structures have been reported re-
cently for the hammerhead ribozyme (Pley et al., 1994;
Scott et al., 1995). Although the constructs were quite
different (one was an RNA-DNA complex; the other
was an all-RNA complex with a 2’-methoxy-2'-deoxy-
ribose at the active site to prevent bond cleavage), as
were the crystal stabilization conditions (high Li,SO,
versus low ionic strength), the structures are nearly
identical in tertiary fold and conformation; the primary
structural difference arises from the presence of a
2'-hydroxyl on the nucleotide 5’ to the cleavage site in
the all-RNA structure (Us, 1), which forms specific hy-
drogen bonds that are not present in the RNA-DNA
complex. The ribozyme is Y-shaped in the crystals,
with stems I and Il forming the arms of the Y and stem
IIl making the base, in agreement with fluorescence en-
ergy transfer (Tuschl et al., 1994) and electrophoresis
(Amiri & Hagerman, 1994; Bassi et al., 1995) data dem-
onstrating the proximity of stems I and Il and the near-
collinearity of stems Il and III in solution. The catalytic
“core” of the ribozyme has two structural domains.
The consensus CUGA sequence (nucleotide positions
C3-A¢) forms a sharp turn that is identical in confor-
mation to the uridine turns observed originally in
tRNAs (Quigley & Rich, 1976). The remainder of the
core forms a non-Watson-Crick duplex that includes a
tandem GA mismatch; the statistically greater-than-
random frequency of tandem GA mismatches in se-
quences of larger RN As leads one to wonder whether
this is a structural motif that will appear elsewhere
(Gautheret et al., 1994). The simplicity of the structure
belies its ability to function as an enzyme.

Much to the dismay of at least some of the partici-
pants in the crystallographic endeavors, neither struc-
ture is in a “catalytic” conformation. The hammerhead
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ribozyme cleaves a phosphodiester bond to give a 2/,3'-
cyclic phosphate and a 5" hydroxyl as products in an
Mg?*-dependent reaction (Buzayan et al., 1986; Hutch-
ins et al., 1986). The 2’ hydroxyl of the ribose 5’ to the
scissile bond (hereafter referred to as “at the cleavage
site”) is absolutely required for activity (Dahm & Uh-
lenbeck, 1990), the pro-R, nonbonded oxygen of the
phosphate has been identified as a site of ligation of a
catalytic divalent ion (Koizumi & Ohtsuka, 1991; Slim
& Gait, 1991), and the pH dependence of the bond
cleavage rate favors a model in which a hydroxide ion
bound to the catalytic divalent ion abstracts a proton
from the 2" hydroxyl (Dahm & Uhlenbeck, 1991; Dahm
et al., 1993). The configuration of the phosphate is in-
verted by the reaction (van Tol et al., 1990; Koizumi &
Ohtsuka, 1991; Slim & Gait, 1991), arguing strongly
that bond cleavage proceeds with in-line attack by the
2" hydroxyl on the scissile phosphorus-oxygen bond;
however, in the crystallographic structures, the active
site is not in a conformation that would allow in-line
attack. It is apparent that, at a minimum, substantial
twisting at the active site would be required to align the
major players for catalysis (with either the nucleotide
flipping outward from the ribozyme, or the phosphate
twisting inward —described in detail in Pley et al.
[1994]); a specific proposal for rearrangement at the
cleavage site, based on the structure of the all-RNA
hammerhead, has been presented (described in detail
in Scott et al. [1995]). Further, there seems to be no
plausible alternative chemical scheme that can be in-
voked to circumvent this dilemma. Adjacent attack by
the 2" hydroxyl seems improbable because the 2’ oxygen
is >3.5 A from the target phosphorus atom; addition-
ally, this would not lead to inversion of configuration
of the phosphate. Adding a tandem step of mutarota-
tion after adjacent attack to circumvent the stereochem-
istry difficulty creates a somewhat complex catalytic
scenario of phosphodiester cleavage, for which there
are few, if any, established precedents.

In such a context, some discretion must be exercised
in evaluating the pertinence of the crystallographic
structures to understanding the catalytic mechanism of
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the ribozyme. It is fortunate that two independent
hammerhead structures that show only minor differ-
ences are available, because in concert they argue
strongly that the structures are valid, that they are not
fraught with artifactual information due to the use of
an RNA-DNA complex or particular crystallization
conditions, and that they must have some relation to
the overall catalytic cycle.

The kinetic scheme of a hammerhead has been elu-
cidated in detail (Hertel et al., 1994; Hertel & Uhlen-
beck, 1995). The activation energy for bond cleavage is
~22 kcal/mol, and the bond cleavage rate is ~1 min '
at 25°C. The equilibrium of the reversible cleavage/
ligation reaction is ~10? in favor of cleavage; bond
cleavage results in a substantial increase in entropy,
suggesting that the product is “floppy” relative to the
substrate; and the stability of the product complexes af-
ter bond cleavage is equal to what one estimates for
Watson-Crick duplexes.

If the crystal structures mimic the ground state of the
reaction, one might hope that the results of mutagen-
esis or functional group modification could be used to
extrapolate from the observed structures to a proposal
for the transition-state structure and catalytic mecha-
nism. It has been shown that mutating any nucleotide
except N7 in the catalytic core of the hammerhead re-
sults in nearly complete loss (>10°-fold reduction) of
cleavage activity (Ruffner et al., 1990). Hence, muta-
genesis between the naturally occurring nucleotides
has proved to be too coarse in its effects to give useful
structure—function relations, and an emphasis has been
placed on function group alteration studies, in which
modified nucleotides (Fig. 1) are incorporated at spe-
cific sites and their effect on ribozyme activity is
determined.

Because substrate binding specificity is determined
by Watson-Crick base pairing in stems I and III, it is as-
sumed that modifications within the ribozyme core that
reduce activity do so primarily by influencing cataly-
sis, rather than substrate binding. Effects on activity
could arise either from disruption of the overall tertiary
structure or from destabilization of the transition state
with minimal effect on the global structure. It is worth
noting in this context that a 10*>-fold reduction in the
rate of bond cleavage — which would slow the turnover
rate from ~1 min~' to ~1 day ' —corresponds to a
free energy change of ~4.1 kcal/mol at 25 °C, which is
much smaller in magnitude than the transition-state ac-
tivation energy of ~22 kcal/mol.

The most straightforward approach to extracting a
coherent picture from available functional group mod-
ification data is to compare the relative values of kinetic
constants between modified and unmodified ribo-
zymes assayed under identical conditions. Comparison
of absolute values of kinetic constants is more problem-
atical, because they depend strongly on (1) the config-
uration of hammerhead used, i.e., which stems are
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closed by loops and which are left open; results have
been reported on constructs with stem II closed, stem I
closed, or stem III closed; (2) temperature and pH; in-
creasing temperature from 25 °C to 37 °C or increasing
pH from 7.5 to 8.0 will increase the rate of chemical
cleavage approximately 4-5 fold (Hertel & Uhlenbeck,
1995); (3) divalent ion concentration; most kinetic con-
stants have been measured at 10 mM [Mg?*], whereas
the K, for the [Mg?*]-dependence of the hammerhead
activity is also ~10 mM, so that the activity is typically
not maximized with respect to [Mg?*]. Steady-state
k.. values have been reported commonly, in which
case the turnover numbers incorporate substrate bind-
ing and product release as well as the rate of the chem-
ical cleavage step. In some cases, measurements of the
rate of chemical cleavage under single-turnover condi-
tions are also reported. A summary of results is given
in Table 1 and Figure 2. Some license of interpretation
is implicit in the figures. In part, this is inevitable when
one tries to extract a consensus picture from such a
large body of data. In addition, it should be realized
that not all functional group alterations are single-site
in nature. For example, replacement of guanosine with
inosine or replacement of adenosine with purine ribo-
nucleotide deletes a single exocyclic amino group; such
a change is likely to only result in the deletion of one,
or at most two, hydrogen bonds, and the effects of the
change can be ascribed to that particular amino group.
On the other hand, replacement of guanosine with
2-aminopurine ribonucleotide removes O6 and also
converts N1 from a hydrogen bond donor to an accep-
tor, thereby altering the donor-acceptor pattern of the
base and making interpretation of the results more
problematical. In such a case, both groups that are al-
tered are highlighted in the figures, although it may be
the case that only one of them is important for func-
tion. In addition to the single-site modifications cited
in Table 1, the figures incorporate results in which re-
placement of several riboses simultaneously with 2'-
deoxyriboses has little effect on activity (Perreault et al.,
1990, 1991).

The break points of the color code for displaying re-
ductions of activity, relative to wild-type, have been ar-
bitrarily set to: red, less than 1% activity; yellow, 1-10%
activity; magenta, 10-40%; and green, activity at least
40% of wild-type (i.e., little alteration). If these break
points are converted to a value of AAG at 25 °C using
the relation AAG = RT In(k,.a/k.), they correspond to
0.5 kcal/mol for 40% activity, 1.4 kcal/mol for 10% ac-
tivity, and 2.7 keal/mol for 1% activity. As a point of ref-
erence, these can be compared to experimental values
of free energy increments for hydrogen bond formation
in RNA measured in a variety of contexts, which range
from a few tenths of a kcal/mol (e.g., in a GCAA tetra-
loop) to ~1.5 kcal/mol in duplexes (for review, see
Turner & Bevilacqua, 1993). If, hypothetically, a change
in activity reflected an alteration in transition-state-
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FIGURE 2. Effects of functional group modification on hammerhead activity, as summarized in Table 1. Color coding of
relative activity resulting {rom modification of functional group is: red, <0.01 x wild-type activity; yellow, 0.01-0.1 x wild-
type activity; magenta, 0.1-0.4 x wild-type activity; green, >0.4 x wild-type activity. In some cases, several reports of the
same modification give different values for the effect on k,,; an effort has been made to illustrate the majority result, but
the reader is encouraged to refer to the original literature in such cases. N3 of Gg has been colored yellow to emphasize
the large difference between the activities of ribozymes with xanthosine versus those with inosine at this position, although
the effect is not strictly assignable solely to the change from hydrogen bond acceptor to donor at N3; note that the differ-
ence between effects of xanthosine and inosine are not as large at other guanosine positions. Phosphates whose replace-
ment with thiophosphates results in a qualitative loss of activity have been colored yellow. A: Consensus sequence of
hammerhead core. B: Stereo view of domain 1 of the hammerhead, in approximately same view as in Pley et al. (1994).
RNA nucleotides C; 1-Us are blue; DNA nucleotides G4 »-G; ; are cyan. Probable hydrogen bonds are shown in orange.
Scissile phosphorus-oxygen bond is shown in gold. C: Stereo view of domain 2. Nucleotides U;-Gy., are colored cyan;
nucleotides Cq 1-Aq4 are colored blue; divalent ion is colored gold.
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FIGURE 2. (continued.)

ground-state energy difference, and the change was
due solely to deletion of specific hydrogen bonds that
were present in the transition state but absent in the
ground state, then a reduction to 40% activity might be
a consequence of loss of a single weak hydrogen bond,
reduction to 10% activity from loss of a single strong
hydrogen bond, and so forth.

If it were the case that those groups whose alteration
results in substantial decrease in activity were involved
in specific tertiary interactions, their interpretation
could (arguably) be straightforward: the modification
may affect activity by disrupting the ribozyme struc-
ture. Such apparent correlation is suggested in the re-
gion around a divalent ion binding site of domain 2,
where, in the crystal structures, N7 of Gy and the

pro-Rp phosphate oxygen of A, coordinate the diva-
lent ion, and the nearby 2" hydroxyl of G4 mediates
specific tertiary interactions (Fig. 2C). The ability of
modifications that are remote from the cleavage site to
substantially reduce catalytic activity also suggests that
cooperative, “action at a distance” effects are an intrin-
sic feature of hammerhead catalysis. However, many
of the effects of other modifications in domain 2 do not
submit to an equally straightforward rationalization.
And, nearer the cleavage site in domain 1, the ham-
merhead structures exhibit even greater discord with
the functional group modification data. Of particular
note is Gs; any alteration of its exocyclic groups re-
sults in ~103-fold reduction of activity; yet, these
groups interface only to solvent in the crystal struc-
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FIGURE 3. Functional groups that are involved in specific interactions in the hammerhead ribozyme structures. Red, groups
that are involved in apparent hydrogen bonds in both the RNA-DNA structure (Pley et al., 1994) and the all-RNA struc-
ture (Scott et al., 1993); yellow, groups that form hydrogen bonds in the all-RNA structure only, due to the 2"-OH of Uy 1;

magenta, groups that are identified as divalent cation ligands
for a potential hydrated Mg2+ ion in all-RNA structure only;

in both structures; cyan, group that is identified as a ligand
purple, group that forms hydrogen bond in both structures

and is also a ligand for a potential hydrated Mg?* jon in all-RNA structures. Note that, due to the different nature of the
information displayed, interpretation of the color coding differs from that of Figure 2A.

tures, raising the specter that a significant conforma-
tional shift may be required to allow the guanosine
base to interact with other parts of the ribozyme and
influence catalysis (Fig. 2B). Hence, in many cases,
functional groups that are identified as important for
catalysis are not involved in specific (ground state)
tertiary interactions (Fig. 3); nor are they clustered to-
gether in a topography suggesting an obvious “lock
and key” complementarity to the anticipated transition
state of the cleavage reaction.

Consequently, although the overall tertiary structure
of the hammerhead ribozyme is now known, the
mechanism by which such a simple structure catalyzes
a specific bond cleavage still remains a mystery. There
is no cogent argument that suggests either the crystal-
lographic or the enzymatic data are incorrect or irrele-
vant; hence, it is incumbent that proposals of catalytic
mechanism should satisfactorily rationalize both sets
of data. The inability of currently available data to un-
ambiguously reveal the mechanism of catalysis, al-
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though initially disappointing, may serve to focus
future endeavors in this area. On the enzymatic side,
one can hope that further characterizing ribozymes
with modifications that dramatically alter activity, in
the context of both the detailed kinetic scheme (Her-
tel et al., 1994) and probes of global conformation
(Tuschl et al., 1994; Bassi et al., 1995) of the molecule,
will help clarify the role of functional groups of the ri-
bozyme core. On the structural side, one can hope that
efforts to solve structures with transition-state or reac-
tion intermediate analogues of the hammerhead ribo-
zyme, thereby giving structural information that more
closely mimics a catalytic conformation, will prove suc-
cessful eventually.
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