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ABSTRACT: Two kinetically well-characterized hammerheads with different arm lengths were used to
reinvestigate the cleavage properties of substrates with the four natural nucleotides at position 17, the
residue 5′ to the cleavage site. From experiments measuring substrate binding affinity, cleavage rates.
and the internal equilibrium, free energy profiles of the reaction of all four substrates were constructed.
Each nucleotide at the cleavage site affects the energy profile quite differently. Whereas C and U have
the same ground state energy, U destabilizes the transition state by 1 kcal/mol. A destabilizes both the
ground and transition states by 1 kcal/mol, and G stabilizes the ground state by 2 kcal/mol and destabilizes
the transition state by 4 kcal/mol. These data, along with experiments with the C3U mutant hammerhead,
indicate that although an N3-N17 pair can form, the contribution to the binding energy for the wild-type
(C3-C17) hammerhead is quite small. Thus, the energetic cost of disrupting the C3-C17 pair is not
great, consistent with several proposals that this occurs during cleavage. The data also suggest that the
structure in the transition state involves different stabilizing interactions with nucleotide 17 than those
that are observed in the ground state. Finally, the A17 hammerhead may cleave by a slightly different
reaction pathway.

The hammerhead ribozyme is a small RNA motif that
catalyzes an intermolecular reaction in which a unique 2′-
hydroxyl group in the RNA attacks the adjacent phosphate
to generate 2′,3′-cyclic phosphate and 5′-hydroxyl cleavage
products (Buzayan et al., 1986; Hutchins et al., 1986; Prody
et al., 1986; Uhlenbeck, 1987). Like with many protein
ribonucleases that catalyze the same reaction, hammerhead
cleavage involves inversion of stereochemical configuration
about the scissile phosphate (Perreault et al., 1990; van Tol
et al., 1990; Slim & Gait, 1991), suggesting a mechanism
where the 2′-oxygen attacks the phosphate in line with the
leaving 5′-oxygen. Two recent X-ray crystal structures of
the hammerhead ribozyme (Pley et al., 1994; Scott et al.,
1995) show that the relative orientation of the ribose and
phosphate at the cleavage site is incompatible with the in-
line conformation needed for cleavage. Instead, the exocy-
clic amino group of the cytidine residue 5′ to the cleavage
site (C17) forms a single hydrogen bond with the nitrogen-3
of cytidine 3 in the catalytic core, and the resulting C-C
pair stacks on the end of helix 1 (Figure 1). As a result, the
backbone conformation at the cleavage site resembles that
in an A-type RNA helix, which is unfavorable for in-line
attack (Figure 1B). Several of the models suggested for the
cleavage mechanism (Pley et al., 1994; Scott et al., 1995;
Setlik et al., 1995) invoke disruption of the C3-C17 pair
and partial or complete unstacking of C17 from the adjacent
G1.1-C2.1 base pair in order to obtain the in-line config-
uration.
The possible importance of the C17-C3 pair in the

hammerhead cleavage mechanism has increased interest in

the properties of hammerheads with mutations in these
locations. Mutagenesis of C3 to any other nucleotide has
been shown to result in a greatly reduced cleavage rate,
identifying this residue as an important part of the ham-
merhead core (Koizumi et al., 1988b; Ruffner et al., 1990;
Koizumi & Ohtsuka, 1991; Adams et al., 1994). Partly
because of the potential application of the hammerhead in
gene inactivation studies, mutagenesis of C17 has been
examined by many groups (Koizumi et al., 1988a,b, 1989;
Ruffner et al., 1990; Koizumi & Ohtsuka, 1991; Perriman
et al., 1992; Nakamaye & Eckstein, 1994; Shimayama et
al., 1995; Zoumadakis & Tabler, 1995). Although the results
differed somewhat, there is general agreement that while
C17, A17, and U17 are active, G17 is not. The poor
cleavage activity of G17 has been hypothesized to be the
result of a G17-C3 base pair (Ruffner et al., 1990; Koizumi
& Ohtsuka, 1991; Perriman et al., 1992; Shimayama et al.,
1995).

In this work, we have reinvestigated the effects of
mutations in C17 and C3 on the hammerhead cleavage
reaction. The primary motivation for doing this is that it is
not possible to deduce mechanistic conclusions from the
available activity data for two quite different reasons. First,
many of the hammerheads previously studied showed very
slow cleavage rates or incomplete cleavage, presumably due
to the presence of alternative conformations of either the
ribozyme or the substrate oligonucleotides. Second, the
earlier experiments either obtained simple cleavage rates or,
at best, determinedkcat andKM. However, the only kinetic
parameters that can be meaningfully related to the crystal
structure are those describing elemental steps in the cleavage
mechanism. The Michaelis-Menten parameters,kcatandKM,
can each reflect different combinations of rate constants,
depending upon the length of the hammerhead arms and
initial reaction conditions chosen. The discovery of several
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hammerheads that appear to be free of major alternative
conformers and the development of methods to determine
the elemental rate constants for the different steps in the
cleavage reaction (Fedor & Uhlenbeck, 1992; Hertel et al.,
1994) make it possible to meaningfully evaluate the effect
of any hammerhead mutation on the cleavage pathway.

MATERIALS AND METHODS

Synthesis and Characterization of Oligonucleotides.The
substrate RNAs were chemically synthesized using phos-
phoramidite techniques (Usman et al., 1987). Hammerhead
ribozymes 8 and 16 were prepared byin Vitro transcription
from synthetic DNA templates using T7 RNA polymerase
(Milligan et al., 1987). RNAs were purified by electro-
phoresis on 20% polyacrylamide gels containing 7 M urea,
visualized by UV shadowing, cut out, eluted, and desalted
using a C-18 column (Scaringe et al., 1990). Substrate RNAs
were labeled at their 5′ termini using [γ-32P]ATP and T4
polynucleotide kinase.
CleaVage Reactions.Single-turnover experiments with

ribozyme in excess (550-2000 nM) and trace32P-labeled
substrate were used to determine the rate constant for the
cleavage reaction (Hertel et al., 1994). Most cleavage
reactions were carried out in 50 mM Tris-HCl, pH 7.5, 10
mM MgCl2, and 25°C, as described previously (Fedor &
Uhlenbeck, 1990). The ribozyme and substrate were first
annealed together in Tris-HCl buffer by heating at 90°C
for 1.5 min and slowly cooling down to room temperature.
Reactions were initiated by adding MgCl2 to a final
concentration of 10 mM. Aliquots (1µL) were removed at
appropriate intervals and quenched with 10µL of denaturing
quench buffer containing 90% (v/v) formamide, 50 mM
EDTA, and 0.05% bromphenol blue and xylene cyanol dyes.
Product separation, identification, and quantitation were done
as described in Hertel et al. (1994). The experiments
measuring the cleavage rate as a function of temperature were
performed in 50 mM Hepes buffer, and the pH was adjusted
to 7.5 at each temperature.
The inhibition of S8C cleavage by S8G was measured at

concentrations of S8G from 0 to 500 nM, a trace concentra-
tion of labeled S8C, and subsaturating (10 nM) ribozyme.

The fraction of inhibition at each S8G concentration was
calculated as 1- (k2S8G/k2), wherek2S8Gandk2 are the rate
of cleavage in the presence and absence of S8G, respectively.
The fraction inhibition versus concentration of S8G was
plotted and fit to a bimolecular binding equation to obtain
KI.
The internal equilibrium constantKeq

int was determined
as described in Hertel and Uhlenbeck (1995) using 0.55µM
E16, 1.1µM P2, and a trace concentration of 5′-32P-labeled
P1.
Measurement of Equilibrium Dissociation Constant for the

E‚S Complexes.The equilibrium dissociation constant for
the complex between E8 and substrate S8G was measured
using nondenaturing gel electrophoresis with some modifica-
tion of the method of Pyle et al. (1990) described by Fedor
and Uhlenbeck (1992). Trace amounts (picomolar) of 5′-
32P-labeled substrate were mixed with a series of 15 ribozyme
concentrations ranging from 0.01 nM to 1.5µM in 50 mM
Tris-HCl, pH 7.5, in an 18µL sample volume. After heating
for 1.5 min at 90°C, solutions were slowly cooled down to
25 °C, and 2µL of 100 mM MgCl2 was added to give a
final concentration of 10 mMMgCl2. The resulting solutions
were then incubated at 25°C for 18 h. Two microliters of
5% sucrose, 0.02% bromophenol blue, and xylene cyanol
was added to each sample prior to loading onto a 15%
polyacrylamide native gel. Electrophoresis and determina-
tion of Kd were performed as previously described (Fedor
& Uhlenbeck, 1992). Equilibrium dissociation constants of
E8C3U with substrates S8C, S8A, S8U, and S8G were
measured by the same protocol except Pipes, pH 6.5, was
used as a buffer.
Each cleavage rate constant report here is an average of

at least three measurements which varied by less than 20%.
Equilibrium dissociation constants (Kd) reported are also the
average of three independent experiments with a standard
deviation of less than 2-fold.

RESULTS

Two well-characterized hammerheads, HH8 and HH16,
were used to examine the effects of changing the nucleotide
at position 17 on the cleavage pathway. The sequences of

FIGURE 1: Structure of the hammerhead ribozyme near the cleavage site. (A) Overview of the hammerhead structure of Pley et al. (1994).
The region around the cleavage site is darkened. (B) Detail of the cleavage site, showing the C17-C3 hydrogen bond and the relative
positions of the attacking 2′-OH and the cleavage site phosphate (solid arrow). The dashed arrow indicates the reaction that must occur.
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both hammerheads (Figure 2A) are identical in their central
core and in stem-loop II, but differ in the length and
sequence of helix I and helix III that join the longer ribozyme
oligonucleotide to the shorter substrate oligonucleotide. A
minimal kinetic mechanism for intermolecular hammerhead
cleavage (Figure 2B) involves the binding of the substrate
oligonucleotide to the ribozyme through intermolecular base
pairing, the reversible cleavage step, and two pathways for
the release of the two products. The short stems of HH8
result in a rate of substrate dissociation (k-1) that is much
faster than the cleavage rate (k2) (Fedor & Uhlenbeck, 1992).
Consequently, theKM of HH8 is equal tok-1/k1 or theKd of
substrate binding. HH16 has sufficiently long stems that the
reaction products remain stably bound to the ribozyme after
cleavage (Hertel et al., 1994). This permits determination
of the reverse cleavage rate (k-2) and the internal equilibrium
constant (Keq

int
) k2/k-2) (Hertel & Uhlenbeck, 1995; Long

et al., 1995). Since product binding is too weak in HH8 to
obtainKeq

int and substrate binding in HH16 is too tight to
obtain Kd, it is not possible to use a single ribozyme-
substrate pair to obtain data for both the substrate binding
and cleavage equilibria. However, since the values ofk2
for both HH8 and HH16 are very similar to one another
under a variety of buffer conditions (Dahm & Uhlenbeck,
1990; Dahm et al., 1993; Clouet-d’Orval et al., 1995; Hertel
& Uhlenbeck, 1995; Stage et al., 1995), they are likely to
react identically, making it reasonable to use them together
to deduce the effects of the cleavage site nucleotide on the
energetics of the reaction pathway. Most of the reactions
were performed under “standard” hammerhead cleavage
conditions of 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2 at
25 °C.
Cleavage rates for the four N17 substrates of HH8 were

determined by using a low concentration of32P-labeled
substrate and a series of ribozyme concentrations. Values

of kcat andKM for the C17, A17, and U17 substrates could
be obtained from Eadie-Hofstee plots (Table 1). Both the
kcat (1.4 min-1) andKM (50 nM) values for the C17 substrate
were in close agreement with those previously reported
(Fedor & Uhlenbeck, 1992). The A17 substrate had only a
slightly lower value ofkcat than the C17 substrate, but a 6-fold
greaterKM. In contrast, the U17 substrate had a 5-fold slower
kcat than the C17 substrate, but the same value forKM. The
G17 substrate cleaved extremely slowly, making it impos-
sible to obtain an accurateKM value. At high concentrations
of ribozyme, where the other three substrates are saturated,
the cleavage rate of the G17 substrate of HH8 was 4× 10-5

min-1. Whereas cleavage of the G17 substrate is at the
correct site, the rate is only about 10-fold faster than the
rate of nonspecific RNA cleavage under these conditions
(Hertel et al., 1996).
Two independent methods were used to obtain the binding

affinity of the inactive G17 substrate to the ribozyme. In
the first, theKd was measured directly using nondenaturing
gel electrophoresis (Pyle et al., 1990). AKd ) 2.0 nM was
obtained for the G17 substrate by fitting data from a series
of ribozyme concentrations (Figure 3A). In the second
method, the inhibition of the rate of cleavage of the C17
substrate by the G17 substrate was determined. As shown
in Figure 3B, the fraction of inhibition could be plotted as a
function of competitor concentration and fit to a binding
curve. The resulting value ofKI ) 1.9 nM for the G17
substrate is in close agreement with theKd determination.
Thus, the hammerhead substrate with a G at thecleavage
site is inactive, but binds the ribozyme more tightly than
the active substrates.
In order to test whether the variability in the cleavage

properties observed among the N17 substrates is due to the
interaction of N17 with C3, the cytidine 3 residue in HH8
was mutated to a uridine (HH8C3U), and the cleavage
properties of the four N17 substrates were investigated. Since
the C3U hammerheads were not very active, it was not
possible to determine accurateKM values by using Eadie-
Hofstee methods, so cleavage rates were determined at a
saturating ribozyme concentration and binding constants were
measured by native gel techniques. The rates of cleavage
of the C, U, and A substrates with the C3U ribozyme (Table
2) were about 3000-fold less than the wild-type ribozyme;
however, the relative order of cleavage was similar, with C
and A somewhat faster than U. The G substrate remains
nearly totally inactive. These data indicate that the differ-
ences in cleavage rates observed among the different N17
substrates are not due to the identity of C3, but that C3 has
an important role in the cleavage mechanism.
The substrate binding affinities of the four N17 substrates

to the C3U ribozyme were determined by using nondena-
turing gels. As shown in Table 2, the C17 and G17
substrates bind the C3U ribozyme with affinities quite similar
to those observed with the wild-type ribozyme. Presumably,

A

B

FIGURE 2: (A) Secondary structures of hammerhead 8 (HH8) and
hammerhead 16 (HH16) arranged in a format that reflects the crystal
structure. The stems and residues are numbered according to the
standard nomenclature (Hertel et al., 1992). The cleavage site is
indicated by the arrow. (B) Minimal kinetic mechanism for the
intermolecular hammerhead cleavage reaction which consists of
substrate (S) binding to the ribozyme (E), chemistry of the
phosphodiester bond cleavage (k2), and two pathways of product
(P1, P2) release. The equilibrium dissociation constant (Kd) of the
ribozyme-substrate complex (ES) and the internal equilibrium
(Keq

int) between the ES and the ribozyme-product complex (EP1P2)
are equal tok-1/k1 andk2/k-2 respectively.

Table 1: Kinetic Parameters for HH8 Cleavage

residue 17 kcat (min-1) KM (nM)

C 1.4 50
A 0.7 300
U 0.3 57
G 4.3× 10-5 a 2b

aCleavage rate at 2µM ribozyme.b Kd value obtained in Figure 3.
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the continued tight binding of the G17 substrate is due to
the formation of a G17-U3 pair, whereas any energy derived
from a C3-C17 pair is not significantly different from that
derived from a U3-C17 pair. In contrast, the A17 and U17
substrates bind the C3U ribozyme 100-fold and 30-fold more
tightly than to the wild-type ribozyme. This additional
binding energy is presumably due to the formation of the
A17-U3 pair and the relatively stable U17-U3 mismatch

(SantaLucia et al., 1991; Baeyens et al., 1995; Wu et al.,
1995; Wahl et al., 1996). Thus, although it appears quite
possible to obtain binding energy of certain N17-N3
combinations, it is quite variable and shows little relation to
the ability of the hammerhead to cleave.
The four N17 substrates of HH16 were used to verify the

cleavage rate and determine the internal equilibrium. The
cleavage rates were determined with trace32P-labeled
substrate and a saturating concentration of ribozyme (Table
3). The cleavage rate for the C17 substrate (0.9 min-1) is
in good agreement with that obtained previously (Hertel et
al., 1994). Although the absolute rates of all four HH16
substrates are slightly slower than for HH8, their relative
rates are virtually the same, indicating that the effect of the
cleavage site nucleotide is likely to be the same for both
hammerheads.
One advantage of the longer helices in HH16 is that they

permit measurement of the cleavage rate over a broader range
of temperature than is convenient with HH8. Arrhenius plots
(Figure 4) for the C, U, and A substrates of HH16 were
obtained from data between 4 and 45°C. These permit
calculation of the values for∆Hq and∆Sq at 25°C (Table
4). The values obtained for the C17 substrate are slightly
different from those reported previously (Hertel & Uhlen-
beck, 1995), but are believed to be more accurate since the

A

B

FIGURE 3: (A) Determination of theKd of the E8‚S(G17) complex
by native gel electrophoresis. Autoradiogram of the gel separating
labeled substrate from complex (top) is quantitated and fit to a
simple binding equilibrium with aKd ) 2 nM (bottom). (B)
Inhibition of HH8 by S(G17). At each S(G17) concentration, the
cleavage rate (kobs) of HH8 was determined and the fraction of
inhibition (I ) 1 - (kobs/k2) calculated. The line assumes simple
competitive inhibition withKI ) 1.9 nM.

Table 2: Cleavage Rates and Substrate Dissociation Constants of
HH8C3U

residue 17 kobsa (min-1) Kd
b (nM)

C 4.7× 10-4 40
A 3.8× 10-4 3
U 1.1× 10-4 2
G 2.6× 10-5 4

aCleavage rate obtained at 2µM ribozyme.bMeasured with
nondenaturing gels.

Table 3: Cleavage Rate and Internal Equilibrium Constant of HH16

residue 17 k2a (min-1) Keq
int

C 0.9 100
A 0.4 120
U 0.07 120
G 1× 10-5 18b

aRate at 1µM ribozyme.b Estimated from the relative binding
affinities of P1(G) and P1(C) (see text).

Table 4: Activation Parameters for Hammerhead 16 Variants

hammer-
head

Ea
(kcal/mol)

∆Hq

(kcal/mol)
∆Sq

[cal/(mol‚deg)]
T∆Sq

(kcal/mol)
∆Gq

(kcal/mol)

C17 18.3( 1.2 17.7( 1.0 -8.2( 1.5 -2.4( 0.4 20.1( 1.0
A17 19.3( 0.9 18.8( 0.8 -5.3( 1.0 -1.5( 0.3 20.3( 0.9
U17 22.1( 1.0 22.6( 1.1 0.6( 1.0 0.2( 0.3 21.4( 1.0

FIGURE 4: Temperature dependence of the rate constants of S16C,
S16A, and S16U. Slopes of the Arrhenius plots of S16C (b), S16A
(0), and S16U (O) give the values of activation energy,Ea, of the
cleavage reactions (Table 4).
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buffer was adjusted to pH 7.5 at each temperature rather than
correcting the cleavage rates for temperature-dependent pH
changes of the buffer as was done previously. There is little
difference between the activation parameters for the C17 and
A17 substrates, and the slower U17 substrate is characterized
by a greater∆Hq and∆Sq.
The internal equilibrium constants of the C, A, and U

substrates were determined in reactions containing saturating
ribozyme, a small excess of P2, and a trace concentration of
each labeled P1. The internal equilibrium constant (Keq

int)
is the ratio of product to ligated substrate at equilibrium
(Hertel et al., 1994; Hertel & Uhlenbeck, 1995). In all these
cases, the value ofKeq

int was virtually identical, with the
formation of products favored over substrate by a factor of
about 100.
The slow cleavage rate of the G17 substrate makes it

impossible to determineKeq
int since nonspecific cleavage

would occur during the 5 half-lives (240 days) needed to
reach equilibrium. Since tighter substrate binding was
observed with the G17 substrate of HH8, it was of interest
to see whether tighter binding of the P1 product could be
observed with HH16. A nondenaturing gel method was used
to determine the affinity of P1 (C17) and P1 (G17) to the
ribozyme-P2 complex. As shown in Figure 5, the affinity
of the G17 product (Kd ) 0.08 nM) was significantly more
stable than the C17 product (Kd ) 0.6 nM), suggesting that
the G17-C3 pair also can form in the cleaved complex.
Thus, P1 (G17) is only 1 kcal/mol more stable than P1 (C17)
while the G17 substrate is 2 kcal/mol more stable than the
C17 substrate (Table 1). This result suggests that∆Gint for
the G17 substrate is 1 kcal/mol less than the other three
substrates, which would correspond to aKeq

int ) 18 instead
of 100.

DISCUSSION

Two hammerheads with identical catalytic cores and
different helix lengths were used to evaluate the effect of
mutations at two critical positions in the molecule. This
strategy was necessary because it is not possible to obtain
both accurate substrate binding affinity and the rate of
ligation with the same hammerhead. Since both ham-
merheads cleave at virtually the same rate in a variety of
reaction conditions, they appear to be catalytically identical,
so their joint use to study mutations is justified.

A useful way to summarize the hammerhead reaction
pathway is with a free energy diagram of the reaction
coordinate. Since the data were obtained using two different
hammerheads, the diagrams for each N17 mutation shown
in Figure 6 are composites. They summarize three measure-
ments of free energy changes that relate the different states
in the reaction pathway. The free energy of substrate
binding, ∆GE‚S, is obtained from theKM or Kd of HH8
mutants. The free energy difference between uncleaved and
cleaved hammerhead,∆Gint, is obtained from the internal
equilibrium of HH16 mutants. Finally, the free energy of
the transition state,∆Gq, is calculated from the average of
the very similark2 values of the two hammerheads. It is
striking that each N17 mutation affects the reaction pathway
quite differently. If the C17 hammerhead is used as a basis
of comparison, the U17 mutation increases the transition state
energy by about 1 kcal/mol, but has no effect on substrate
binding or the internal equilibrium. In contrast, the A17
substrate binds weaker than the C17 substrate, but the relative
free energy of the transition state and the product remains
the same for both. The G17 mutation is the most compli-
cated since it shows about 2 kcal/mol tighter binding and a
4.3 kcal/mol higher transition state. It was not possible to
obtain a∆Gint for G17, but it can be estimated from the
binding of P1 to E‚P2 and is perhaps slightly different than
the others. This involved picture of the consequences of
mutating a single position with different residues is not
unexpected for a biochemical catalyst. Similar results are
often observed with protein enzymes. For example, when
the identity of the amino acid adjacent to the cleavage site
of collagenase is modified, eitherKM or kcat is changed,
depending upon the amino acid that is inserted (Tsu & Craik,
1996). Similarly, different mutations of an active site residue
in thymidylate synthase can perturbKM or kcat differently
(Carreras & Santi, 1995). The results clearly emphasize the
importance of examining a spectrum of mutations and
evaluating the complete pathway before activity data are
related to a structure.
Both available X-ray crystal structures of the hammerhead

are enzyme-inhibitor complexes since the attacking 2′-
hydroxyl has been altered to either a hydrogen (Pley et al.,
1994) or a 2′-O-methyl (Scott et al., 1995). The assumption
that these structures closely resemble an E‚S complex
(McKay, 1996) has recently been supported by the observa-
tion that an all-RNA version of one of the hammerheads
has an identical structure when crystallized in the absence

FIGURE 5: P1(C17) (b, solid line) and P1(G17) (O, dotted line)
binding to E16‚P2 determined by native gel electrophoresis. The
lines are best fits to binding curves and correspond toKd ) 0.6
nM for P1(C17) andKd ) 0.08 nM for P1(G17).

FIGURE 6: Composite free energy diagrams for hammerhead
cleavage reactions with different nucleotides at position 17. A
standard state of 1 M free substrate and ribozyme at 298K is
assumed to be the same for each hammerhead,∆GE‚S ) -RT ln
KE‚S for HH8, ∆Gint ) -RT ln Keq

int for HH16, and∆Gq ) -RT
ln (kh/kBT) wherek is the average ofk2 values for HH8 and HH16.
Dotted lines represent the substrate which contains C at the cleavage
site.
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of divalent ion (W. Scott, personal communication). Thus,
the value of∆GE‚S, the energy of formation of the E‚S
complex, is expected to be the parameter most easily
correlated with the crystal structure.∆GE‚S reflects the
energy of formation of helices I and III as well as any
energetic contribution of formation of the catalytic core,
including the C3-C17 interaction.

Although it is difficult to account for all the factors that
contribute to the magnitude of∆GE‚S, it is easier to interpret
differences in∆GE‚S between the eight N3-N17 combina-
tions that were tested. Since the most stable combinations
involved either a base pair (C3-G17 and U3-A17), a
wobble pair (U3-G17), or a mismatched pair that is reported
to be quite stable (U3-U17) (SantaLucia et al., 1991;
Baeyens et al., 1995; Wu et al., 1995; Wahl et al., 1996), it
seems clear that a certain amount of stabilization energy may
be contributed by the N3-N17 interaction. However, the
C3-C17 combination present in the crystal structure, as well
as the U3-C17 and C3-U17 combinations, bound with
affinities about 1 kcal/mol weaker than the four most stable
pairs. The only available thermodynamic data that can be
used to put these results into any context are the values for
the free energy contribution of various base combinations
at the end of an RNA helix (Freier et al., 1986). Although
such terminal pairs are likely to be under quite different
thermodynamic constraints than the N3-N17 pair in the
hammerhead, it is interesting that a terminal base pair will
stabilize the adjacent helix by 2-3 kcal/mol, while the C-C,
U-C, and C-U mismatches stabilize the helix by about 1
kcal/mol. Thus, the binding increments in the hammerhead
do not seem to be very different than a terminal pair.

If the absolute contribution of the C3-C17 interaction to
∆GE‚S is indeed in the neighborhood of 1 kcal/mol, the
energetic cost of disrupting this interaction to reach an active
conformation is not very large. Thus, even a mechanism as
extreme as that proposed by Pley et al. (1994), where C17
is rotated nearly 180° from its position in the crystal structure,
cannot be excluded on thermodynamic grounds. This model
not only results in anin-line configuration of the attacking
and leaving oxygens but also places the cleavage site in
proximity to C3, a residue that is clearly important for
catalysis. Other models which involve less extreme disrup-
tions of the C3-C17 interaction (Scott et al., 1995; Setlik
et al., 1995) are, of course, also compatible with the data.

The exceptionally weak binding of the C3-A17 pair
deserves special mention. Since∆GE‚S for this is more than
2 kcal/mol weaker than either of the N3-N17 base pairs
and weaker than expected for a terminal mismatch, it appears
that this combination is particularly detrimental in the
hammerhead structure. Perhaps the larger adenosine ring
cannot be accommodated in position 17 without forming a
disruptive contact with C3 or a neighboring functional group.
As a result of this potential interaction, the position of A17
may be shifted to an environment where less stabilization
energy is available.

In general, changing the residue at position 17 affects the
cleavage rate quite differently than it affects substrate
binding. When the U17 substrate is compared to the C17
substrate, there is no difference in the substrate binding
energy, but the cleavage rate is 5-10-fold slower. This
finding suggests that the cytidine ring can stabilize the
transition state in a way that uridine cannot. The availability

of additional binding energy in the hammerhead transition
state has been proposed based upon a kinetic and thermo-
dynamic analysis of a series of truncated variants of HH16
(Hertel et al., 1996). Presumably, the 1 kcal/mol difference
in binding energy in the transition state is due to the
nitrogen-3 and exocyclic amino functional groups of cytidine
as well as its comparatively larger dipole. The precise
identification of all the functional groups in the cytidine ring
responsible for transition state stabilization awaits experi-
ments with modified nucleotides at this position.
The cleavage properties of the G17 substrate are more

complicated. As discussed above, the ground state of the
G17 substrate is stabilized about 2 kcal/mol by the proposed
formation of a G17-C3 pair. However, the cleavage rate
of the G17 substrate is much too slow to simply be explained
by the need to break this pair before the transition state is
reached. As shown in Figure 6, the transition state of the
G17 substrate is about 3 kcal/mol higher in energy than that
of C17 and not far from the transition state of the uncatalyzed
rate of cleavage. Presumably, the guanosine is unable to
make all the contacts necessary to stabilize the transition
state, or it is more difficult to reach the transition state
structure due to a steric constraint.
The A17 substrate is perhaps the most interesting. The 1

kcal/mol weaker substrate binding does not result in a faster
cleavage rate. In contrast to U17 and G17, the cleavage rate
of the A17 substrate is essentially the same as C17. These
results suggest that both the ground state and transition state
structures of the A17 substrate are not the same as the C17
substrate. In other words, the reaction pathway of the A17
substrate is thermodynamically different from the C17
substrate. X-ray crystallographic and NMR experiments will
be useful to determine whether any structural differences
exist in the ground state. An analysis of the cleavage rate
of purine analogues may be informative in identifying the
functional groups responsible for the large differences
between the A and G reactions.
The free energy term,∆Gint, reflects thermodynamic

differences between the E‚S and E‚P complexes and, for the
C17 substrate, greatly favors cleavage. Several different
factors are believed to contribute to∆Gint including a change
in the relative affinity of one or more metal ions to the two
states and an increased flexibility after cleavage (Hertel &
Uhlenbeck, 1995; Long et al., 1995). Interestingly, despite
large effects in the binding and catalysis steps, there is little
or no effect of changing the cleavage site nucleotide on∆Gint.
In the case of C, U, and A, where∆Gint can be obtained
directly, it remains the same. The value of∆Gint for the
G17 variant appears to favor ligation somewhat more than
the others, but the value is obtained indirectly, and this may
lead to increased error in the value. Therefore, it appears
that metal ion binding, flexibility, and other factors that
influence∆Gint may not involve the residue at position 17.
In summary, kinetic and thermodynamic methods were

applied to investigate the effects of hammerhead mutations
on the cleavage reaction. In the current study, only three
mutations at a single nucleotide position were examined.
However, this approach is applicable to any mutation in the
hammerhead. It is clear from the limited data that the
structural requirements of the substrate binding, catalysis,
and internal equilibrium steps are quite different. In order
to relate the data to the crystal structure of the hammerhead,
with the ultimate goal of understanding the cleavage mech-
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anism, more sophisticated atomic substitution of the cleavage
site nucleotide will be needed, together with additional
structural studies.
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