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ABSTRACT

The ability of the hammerhead ribozyme to distinguish
between matched and mismatched substates was
evaluated using two kinetically defined ribozymes that
differed in the length and sequence of the substrate
recognition helices. A mismatch in the innermost base
pair of helix I affected k2, the chemical cleavage step,
while more distal mismatches had no such effect. In
contrast, mismatches in any ofthefour innermost base
pairs of helix III affeted k2. Chase experiments
indicated that mismatches also increased the rate of
substrate dissociation by at east 20-100-fold, as
expected from the stabilies of RNA helices.

INTRODUCTION

The hammerhead motif is found in several plant pathogenic
viroids and virusoids where it is involved in RNA self cleavage
in the course of genome replication (1-4). Hammerheads can be
assembled from two different RNA strands, one acts as the
ribozyme and the other as the substrate (5-8). The separation of
ribozyme and substrate has two major advantages: first, it permits
kinetic and mechanistic studies of the cleavage reaction, and
secondly, it permits the design of hammerheads that can cleave
cellular or viral RNA genes at defined positions (6). Such
sequence specific ribozymes could potentially be utilized as

therapeutics, similar to antisense oligonucleotides (9-11). For
hammerheads to bind and cleave a specific mRNA in a large pool
of intracellular RNA molecules, the specificity of the reaction is
crucial. The ribozyme has to be able to discriminate between the
correct substrate and RNA sequences differing from the target
sequence in only one position. The simplest model predicts that,
like antisense oligonucleotides, the specificity of ribozyme
cleavage depends on the difference in the affmities of binding
between matched and mismatched targets (12). The affinity can,
therefore, be adjusted with the length and base composition ofthe
substrate recognition helices. Whereas a minimum number of
base pairs is required to ensure that the targeted sequence is
unique, recognition helices that are too long will potentially
reduce the specificity of cleavage by reducing the difference in
binding affmnity between matched and mismatched substrates.
Herschlag (13) has pointed out that the specificity of ribozymes
is also greatly affected by the cleavage rate. If the cleavage rate

ofboth matched and mismatched substrate is much faster than the
rate of substrate dissociation, both will be cleaved no matter how
large the difference in binding affinity. Optimal specificity is only
achieved if the cleavage rate is in the same range as the rate of
substrate dissociation. In this paper we examine the effect of
single mismatches in the hammerhead recognition helices on the
kinetics and specificity of the cleavage reaction.

MATERIALS AND METHODS

RNA synthesis

Ribozyme RNAs were synthesized using T7 RNA polymerase
transcription of partially duplex synthetic DNA templates (14).
Substrate RNAs were synthesized chemically with an automated
synthesizer (Applied Biosystems 394) using ribonucleotide
phosphoramidites (Applied Biosystems, Glen Research or Mil-
ligen). After base deprotection with ethanolic ammonia accord-
ing to the instructions ofthe suppliers, the solvent was evaporated
and the residue dissolved in 1 M tetrabutylammoniumfluoride in
tetrahydrofuran and left at room temperature in the dark for 24 h
(15). The deprotected oligo was desalted by gel filtration on
Sephadex G25 column (NAP 10, Phannacia) equilibrated with 10
mM Tris-HCl, 1 mM EDTA, pH 7.5.
Both chemically synthesized and transcribed RNA molecules

were purified by gel electrophoresis under denaturing conditions
on 20% acrylamide gels containing 8 M urea. The bands were
visualized by UV shadowing and cut out. Following elution by
crushing the gel slices and soaking in 0.1 M sodium acetate pH
6.5, the RNA was purified on a DEAE ion exchange chromatog-
raphy column and subsequently precipitated with ethanol.
Substrate RNA was 5'-end-labeled with [(32P]ATP using T4
polynucleotide kinase. Radioactive substrates were gel purified,
electroeluted into 3 M sodium acetate using an IBI analytical
electroeluter, and ethanol precipitated twice. Oligonucleotide
concentrations were determined by assuming an extinction
coefficient of 6600 M-1 cm-l per residue.
The integrity ofeach chemically synthesizedRNA substrate was

confirmed by subjecting a portion of each oligomer to complete
digestion by a mixture of ribonucleases: A, T1 and T2. The
resulting nucleoside 3' monophosphates were 5'-labeled with
[y-32P]ATP and T4 polynucleotide kinase and subsequendy
separated by two-dimensional thin layer chromatography (16).
Fully deprotected oligonucleotides yielded four radioactive spots
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at the same locations as the four nucleoside 5',3' bisphosphate
standards, whereas partially deprotected RNAs resulted in a more
complex TLC pattern.

Cleavage reactions

Cleavage reactions were carried out in 50 mM Tris-HCl pH 7.5,
10 mM MgCl2 at 25°C, unless otherwise indicated. To disrupt
aggregates of RNA molecules which might form during storage,
all samples were heated to 95 °C for 1 min in 50mM Tris-HCl and
then cooled to 25°C (17). Two different protocols were used to
initiate the cleavage reaction. In one, ribozyme and substrate in a
volume of 23 p1 were heated and cooled together and the cleavage
reaction was started by adding 2.6 p1 of 100 mM MgCl2. In the
second, 14 pl of ribozyme solution and 10 jl of substrate were
heated and cooled separately, MgCl2 was added to each to a final
concentration of 10mM and the reaction was started by mixing the
two solutions. Cleavage rates measured using either protocol were
the same, within error of measurement. Reactions were conducted
with an excess of ribozyme (0.5-5 pM) and trace amounts of
radioactive labeled substrate. At each timepoint, a 2 p1 aliquot was
removed and the reaction quenched with 10 p1 stop mix containing
8 M urea, 50 mM EDTA and 0.1% of the dyes bromophenol blue
and xylene cyanol. Substrate and product were separated on
denaturing 15% polyacrylamide gels and the amount ofradioactiv-
ity in each band was quantitated using a Molecular Dynamics
PhophorImager. Each cleavage reaction was carried out for -10
times the half-life, to ensure completion of the reaction. The extent
of cleavage was typically between 85 and 95%. The amount of
product formed P/(P+S) was determined at each timepoint and
normalized to the final extent of cleavage. Each cleavage rate was
determined at least twice and varied by <2-fold.

Chase experiments

The rate of substrate dissociation was measured using two
different chase protocols. For each protocol, a 30 ,l reaction was
heated, cooled and started by the addition of MgCl2. For the
non-radioactive chase protocol (18), 2 p1 of a 600 pM solution of
unlabeled substrate was added 25 s after the initiation of the
reaction. Two p1 aliquots were removed at intervals and
combined with 10 p1 of stop mix. An identical control reaction
without chase was carried out in parallel. For the dilution chase
protocol, the entire reaction was diluted with 15-30 ml ofreaction
buffer shortly after the initiaton of the reaction (25 s to 10 min
depending on the cleavage rate). Alternatively, 2 pl ofthe reaction
mixture was diluted into 1 ml of reaction buffer in a siliconized
reaction tube. The results of both protocols were the same. At
each timepoint, a 50 p1 aliquot was removed and mixed with 100
p1 stopmix. The volume of these samples was reduced in a speed
vac to -70 p1 before loading them into the wells of a 2 mm thick
denaturing gel. Because the amount of radioactivity in each band
was very low, those gels were exposed for several days on the
PhosphorImager screen. An identical control reaction without the
dilution was performed in parallel. The amount ofproduct formed
was determined at each timepoint as described above.

RESULTS

The two hammerheads used in this study have been well
characterized kinetically. HH 15 (18) has five and seven base
pairs in recognition helices I and HI and HH 16 (19) has eight base
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Figure 1. Sequence and secondary structure of HH 15 and HH 16. Both
hammerheads consist of a ribozyme (R) and a substrate (S). The two parts of
HH 15 are R15 and S15, HH 16 contains R 16 and S 16. Each arrow indicates
the position of a single nucleotide mutation introduced in the substrate. The
mutations are named according to the hammerhead nomenclature (20).

pairs in both helices. Under the conditions used in these
experiments, substrates and ribozymes of both hammerheads do
not aggregate or form alternate conformers to a significant extent.
Single nucleotide mutations, named according to hammerhead
nomenclature (20), were introduced in the substrates of both
hammerheads as shown in Figure 1, resulting in mismatched base
pairs at various positions in the recognition helices. With the
exception of G16.2A mutation, all the mutations tested occur at
positions where previous experiments (21,22) have indicated that
base pair substitutions do not affect the cleavage rate. The recent
X-ray crystal structure of the hammerhead (23) reveals that the
complex central core of the hammerhead does not include any of
the bases that were mutated, again with the exception of position
16.2. Thus, while all the mutations are expected to reduce the
stability of the recognition helices and thus weaken substrate
binding, only G16.2A might be expected to disrupt the catalytic
core. While the consequences of the individual mismatches on
helix structure and stability vary considerably, the focus of this
study was to examine mismatches at various positions in the
recognition helices to determine whether the general expectations
are met. Future studies will focus on extensive examination of
many mismatches at certain positions.
The cleavage rate k2 was determined for each mismatched

hammerhead using a trace concentration of radioactively labeled
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Figue 2. Schematic drawing of binding and subsequent cleavage of the
substate by the hammerhead ribozyme.

substrte and a saurating concentation ofribozyme (Fig. 2). Two
experiments were perfonned to confirmn that the observed rates did
indeed reflect k2. First, the cleavage rate was shown not to change
over a 5-10-fold range of enzyme concentraion, confrming that
satraton was achieved. Secondly, each rate was shown to be
3-4-fold faster at pH 7.9 than at the standard pH 7.5. Since k2 has
been shown to be pH-dependent (24), this confirms that the
observed rates reflect the cleavage step and not substat binding
or a conformational change.
The values of k2 for the mismatched substrates are compared

with the matched countexparts in Table 1. Mismatches in helix I
were studied inHH 15. The mismatch closest to the core (G1.1A)
reduced k2 substanially, the mismatch at the next position
(G1.2A) had a small effect, and the most distal mutation (G1.5A)
gave the same k2 as the fully matched substrate. Mismatches in
the non-essential pairs in helix III were examined in the context
of both HH 15 andHH 16 and the general pattem was similar for
both hammerheads. For HH 16, k2 for the innernost mutation
(G16.2A) was 500-fold less than the matched substrate. Muta-
tions at the next two positions (C16.3A, A16.4C) were -10-fold
less than the matched substrate and the most exteral mutation
(A16.5C) has no effect on the cleavage rate. In HH 15, the k2 of
the 16.3 mismatch (C16.3G mutation) was nearly 600-fold less
than for the matched substrate, and thus had a much larger effect
than the corresponding mutation in HH 16. In contrast, the 16.4
mismatch in RH 15 has a modest effect that is quite similar to the
corresponding HH 16 mutation.
While the effect of mismatches on k2 had not been anticipated,

mismatches are ex d to increase the rate of substrate
dissociation, L1 since they destabilize the substae helices. The
extremely slow substrate dissociation of RH 16 (19) makes it
inapporiate for these experments. itead, Li measurements
were peformed on the HH 15 mismatches. The value of Li for
HH 15 had been originally determined by Fedor and Uhleneck
(18), using a chase experiment In this protocol, a tre of
radioative substrate was mixed with a saturating concentrtion of
ribzyme and after a short period to allow ling (10-20 s), a
large excess of non-labeled subsate was adde, and tim points
were taken to monitor cleavage of the radioactive substat. A
contol raction without the chase was run in parallel and LI was
calWla fomthe ratio ofthe extent ofcleavage at long times with
and without chase (F = k2/(2 + Li)). When this protocol was
repeated, a value of 1X1 = 1.6 mn1 was obinedfor HH 15 (Fig.
3A). While this value was in close agreement with the previous
data (18), two lines of evidence suggested ta this protocol does
not give anace value ofL1 and the actual rate is subsntially
slower. Fnt, a similar chase experiment perfomed with the G1.2A
mismatched substate gave aL1- ofnearly the same value as for the
matiched substrte. Since aC-A mi h is expectedtoreduce the
stability of an RNA helix by 2.3 kcal/nol (S. Freir, personal
comunuication), the Li of a msmatched substrate was expected
to be much faster than the matched. Secondly, the value ofAG for

substate binding in HH 15 alclated fronm the expeimental
values of kl and L1 (18) is nalously weak when compared
with the stability of the helical arms peiced from nearest
neighbor values (25). For several other h heads, the AG of
substrae binding was -5 kcal/mol less stable than the calculated
stability of the cofresponding RNA helix, while HH 15 was nearly
10 kcal/mol less stable (19,26). Since the value of kj for HH 15
was similar to that found for other hammheads, the anomalously
weak substrate binding is potenfally the result of an incortect IL1
value. If mH 15 had a substrate binding affinity consistent with
O hamm ds, its L1 would be 1 mmi or nearly 10
000-fold slower than was measured.

Table 1. Cleavage rates (k2) for different substrates of HH 15 and HH 16

Substrate k2 (Min-1)

S15 3.0±0.3

S15 Gl.lA 0.02 ±0.002

S15 G1.2A 1.5 ±0.2

S15 G1.5A 3.0±0.3

S15 C16.3G 0.005 ± 0.0005

S15 C16.4A 0.4 ± 0.03

S16 1.8 ±0.2

S16 G16.2A 0.003 ± 0.0005

S16 C16.3A 0.11 ±0.03

S16 A16.4C 0.15 ± 0.02

S16 A16.5C 1.7 ±0.2

These considerations prompted us to use a dilution chase protocol
as an alternative approach to detennine L1. In this protocol, the
reacion is iniated as before, but after substrate binding occurs the
reaction is diluted so tha the concenatiops of E and S are well
below the Kd of the ES complex. Under these conditions, the rate
of complex formation is so slow that no addional adioactive
substate can bind during the ime of the reacion. As before, a
difference will be seen in the extent of cleavage when the diluted
reaction is compared to the undilud conL When this ptocol
was used with HH 15, the control and the chase reaction were
identical (Fig. 3B), indicag that the bound bsWate goes on
to cleave and none dissociates during the dme of cleavage. These
data therefore indicate tiat Li must be >10-fold slower than k2.
In order to get a better esimate of L1i, dilution chase experiments
were conducted at both pH 6.1 and 5.5. At low pH, k2 will be
significantly reduced (24), thereby pi detminaion of
slowerL1 values. Under thse conditions, a substantal fiaionof
the substrate dissociatd in the course ofthe reaction, permitting an
estimat of kLI of 0.02 miir at both pH values (Fig. 3C).
The dilution chase protocol was then used to determine kLI

values for several of the mismatches in RH 15 (Table 2). For the
Gl.2A and G1.5A mutants, experiments performed at pH 7.5 did
not give reliable data because k2 was faster than subsate
dissociation. However, atpH 7.0, values of2 min-I forG1.2Aand
1 min7l for G1.5A could be obtained. In contrast, the k2 of the
Gl.lA mutation was so slow at pH 7.5 that all the substate
dissociated before cleavage occured. However, when the chase
experiment was performed at pH 8.8 where the value of k2 is
much faster, a value of 1X = 0.4 min7I was determined.
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Figure 3. Chase experiments to deternine substrate disso
L1. All experiments used 0.5 M R15 and btace concenb
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reaction, the reaction mix was diluted 1000-fold with pH
s after the initiation of the reaction (arrow). (C) Dilutior
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Table 2. Rates of subsae dissociation (kLj) for different substrates of HH 15

Substrate k- (miin1) pH of measurement

S15 0.02 ± 0.01 6.1

S15 Gl.A 0.4 ± 0.3 8.8

S15G1.2A 2±1.5 7.0

S15 G1.5A 1 ± 0.5 7.0

DISCUSSION

Mismatches at certain positions in the substrate recognition
. . helices reduce the rate of the catalytic step of the reaction. In the

10 240 of helix I, experiments with HH 15 indicate that this effect

is restricted to the innermost base pair. The GI.lA mutation
reduces the cleavage rate 150-fold while the more external
mismatches do not affect cleavage significantly. Considering that
residue 1.1 is adjacent to the cleavage site, this result is not
surprising since it is likely that the 1.1-2.1 base pair is needed to
maintain the position of the 5' hydroxyl leaving group. Thus,
when G1.1 is changed to an A, the position of the 5' hydroxyl is
either altered by the formation of an A-C pair or simply more
mobile, resulting in a reduced cleavage rate. When mismatches
are introduced further out in helix I, the structure of the
G1.1-C2.1 pair is not affected and the cleavage rate is normal.

In contrast to the situation in helix I, nearly all the hammerheads
with mismatches in helix III that were tested showed a reduced rate
of the chemical step of the reaction. This is not surprising in the
case of the G16.2A mutation in HH 16 since, as discussed above,
the 15.2-16.2 base pair shows a clear sequence requirement (21)

2;0 - -3;00 and the 2'-hydroxyl of position 15.2 makes a hydrogen bond with

the 2' OH of G5 in the catalytic core of the molecule (23). Thus,
it would not be surprising if a C15.2-A16.2 mismatch would
destabilize the core and reduce the cleavage rate. More surprising,
however, is the observation that mismatches in positions 16.3 and
16.4 in both hammerheads showed reduced cleavage rates. Neither
of these positions are involved in interaction with the catalytic core
and some natural hammerheads appear to be fully active without
the presence of a base pair at these positions. In the case of the HH
15, the mismatches may destabilize helix m sufficiently to
denature it resulting in an inactive hammerhead which only
contains helices I and II. The reduced value of k2 would simply
reflect the small proportion of molecules in which helix HI was
formed. While a similar explanation has been used to explain the
reduced k2 values of truncated substrates ofHH 16 (26), it is less
satisfactory as an explanation for the C16.3A and A16.4C
mutations in HH 16. In this case, the mismatches are unlikely to be
sufficient to fully denature helix HI. It remains possible, of course,

s0 'zo that the mismatches cause a local denaturation of helix HI so as to
disrupt the core. Mismatches in stem HI of other hammerheads
may help resolve this issue.
Our attempts to confirm the expectation that mismatches in the

ociation rate constants recognition helices will reduce the affinity of substrate binding
,, the chase experiment were complicated by the fact that the rapid (1.6 min7l) substrate
active substrates at pH dissociation rate, L1, previously deduced for HH 15 using a
after initiation of the protocol involving a chase with non-radioactive substrate is likely
H 7.5. For the chase to be incorrect. This conclusion was based on three observations.
7.5 reaction buffer 25 I
chase reaction at pH First, the experimental value of k1 = 1.5 min7 was much faster

1000 fold with pH 6.1 than a value of 104 min71 predicted from a theory that accurately
DW). predicts the substrate binding affmnity ofother hammerheads (26).
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Secondly, when an alternative dilution chase protocol was
performed with HH 15, a much slower substrate dissociation rate
was observed. Thirdly, the values ofLI for the three mismatches
in HH 15 determined here and a HH 15 truncated by two
nucleotides (T. Stage, unpublished observation) are also in the
order of 1 min-1, a result inconsistent with the expectation that
helix stability should affect dissociation rate.

It is unclear why the non-radioactive chase protocol gives an
anomalously fast value of k1 for HH 15. The protocol has given
values of kl that are consistent with the dilution protocol in at least
one other hammerhead. It is possible that the high concentration of
the S15 in the chase inhibits the reaction in some way, although
changing the concentration of S15 in the chase did not alter the
results (18) and S15 in similar concentration did not affect the rate
ofHH 16 cleavage (M. Wemer, unpublished observations). While
it is possible that inactive complexes containing one ribozyme and
two molecules of S could be forming in the chase experiment, no
evidence for such trimeric complexes were observed on non-dena-
turing gels (18). In any case, itis clearthat in order to obtain reliable
kinetic data it is valuable to detmine a rate constant using more
han one protocol.
Since any chase protocol can only give an accurate value of LI

if it is of the same order as k2, the value of kL1 forHH 15 was too
slow to be determined atpH 7.5. By performing the dilution chase
experiment at pH 6.1, where k2 is much slower, an estimate of
k-i = 0.02 min-1 was obtained. This value was confirmed in a
separate experiment at pH 5.5 where k2 is even slower. While
these experiments give an esfimate of L1 that is considerably
slower han the non-radioactive chase experiment, it must be
taken with caution since it was measured at a fairly low pH. While
no evidence for a pH dependence of L1 was observed, we note
that the experimental value is still 200-fold faster than the value
predicted from helix stability.
When the dilution chase protocol was used for C-A matches

in helix I, substrae dissociation rates between 0.4 and 2 minmI were
obtained. If we assume that dissociation rates are independent ofpHK
the mismathes inrease dissciation rates by 20-100-fold. A C-A
mismatch has been found to inaease the AG of a RNA helix by 2.3
kcal/mol (S. Freier, personal communication) which cresponds to
a 46-fold increase in the dissociation constant Since single
mismatches are not expected to grtly affect the association rate of
RNA helices, the C-A mismatch would be expected to incease the
dissocon rate 46-fold as well. Thus, quite good agreement
between the experimental and calulated numbers is observed.
Future experiments evaluating the effects ofmismathes should use
a hammerhead with a dissociation rate that is somewhat faster than
HH 15, so thatnwasurements of dissociation rates can be caied out
in a narrower pH range. In any case, it is clear dtat, as expected,
mismatches reduce subsate binding affity substantially.
The results presented here indicate that hammerhead ribo-

zymes are capable of distinguishing between matched and
mismatched substrates in two different ways. First, as anticipated,
mismatched substraes bind the ribozyme with a reduced affinity
and thus will be cleaved at a lower rate under subsaturating
conditions. The specificity of ribozyme cleavage will therefore
depend on the length of the helices. Hammerhead ribozymes with
short helices will have higher specificity, because the dissociation
rate of mismatched substrates will be in the range of the cleavage
rate. For hammerheads with longer helices such as HH 16,
mismatched substrates will bind too tightly and will not cleave

with mismatches close to the ham rhead core have a reduced
rate of cleavage and thus will be cleaved more slowly. This
provides a second, unanticipated source of specificity that may be
an advantage for using the hamm had ribozyme instead of an
antisense oligonucleotide in certain gene inactivation applica-
tions where discrimination between the matched and a known
mismatched target is needed. In such an application, the target
sequence must be appropriate such that the mismatch occurs
within one or two residues of the required UpH dinucleotide
sequence (H = U, C, A) 5' to the cleavage site. If this can be
arranged, one can expect that the mismatched target will cleave
even slower than predicted by its reduced binding. Since an
antisense oligonucleotide will primarily discriminate a mis-
matched target through reduced binding, the hammerhead should
show better specificity. It would be valuable to test this prediction
in a biological context.
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