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ABSTRACT: The catalytic properties of the hammerhead ribozyme embedded in the (+) strand of the satellite
tobacco ringspot viral genome are analyzed with the goal of obtaining the elemental rate constants of the
cleavage (k2) and ligation (k-2) steps. Two different chimeras combining the sTRSV (+) hammerhead
and the well-characterized hammerhead 16 were used to measure the cleavage rate constant (k2), the rate
of approach to equilibrium (kobs ) k2 + k-2), and the fraction of full-length hammerhead at equilibrium
(k-2/k2 + k-2). When compared to minimal hammerheads that lack the recently discovered loop I-loop
II interaction, an extended format hammerhead derived from sTRSV studied here shows at least a 20-fold
fasterk2 and a 1300-fold fasterk-2 at 10 mM MgCl2. However, the magnesium dependence of the cleavage
rate is not significantly changed. Thus, the enhanced cleavage of this hammerhead observed in vivo is
due to its higher intrinsic rate and not due to its tighter binding of magnesium ions. The fasterk-2 of this
hammerhead suggests that ligation may be used to form circular RNA genomes. This in vitro system will
be valuable for experiments directed at understanding the hammerhead mechanism and the role of the
loop I-loop II interaction.

The hammerhead ribozyme is an RNA self-cleavage motif
present in the genomes of plant viroids and satellite RNAs
of plant viruses (1-4). Minimal hammerheads were initially
defined as having three nonconserved helices intersecting
at a conserved catalytic core of 15 nucleotides (5-7).
Recently, it has been shown that many, if not all, ham-
merheads present in natural RNAs have additional, noncon-
served, structural elements that are essential for cleavage in
vivo (8, 9) or in vitro (10). In many cases, such as in the
satellite RNA of tobacco ringspot virus (sTRSV), this added
element is a specific tertiary interaction between hairpin loops
at the ends of helix I and helix II, which are spatially close
in the X-ray crystal structures of minimal hammerheads (11,
12). In other cases, such as with the hammerhead from
Schistosoma mansoni, a tertiary interaction between a hairpin
loop at the end of helix II and an internal loop in helix I is
required for rapid cleavage (13, 14). In vitro cleavage of
these extended hammerheads indicates that the tertiary
interaction permits more rapid cleavage than minimal ham-
merheads at the lower magnesium ion concentrations present
within cells (8, 9, 13, 14). Recent FRET experiments show
thatSchistosomahammerhead also folds at lower magnesium
ion concentrations, suggesting that these hammerheads bind
magnesium ions more tightly (15). However, rapid reaction
kinetics ofSchistosomahammerhead indicated that, although
it cleaves much faster than minimal hammerheads, very high
concentrations of magnesium ions are required to reach the
maximum rate of cleavage (14).

Viroid genomes which possess hammerhead sequences are
often present as both linear and circular RNAs (2, 16, 17),
and the plus strand of sTRSV exists as an equimolar mixture
of linear and circular RNA in vivo (18, 19). It has been
postulated that circular genomes arise from hammerhead-
catalyzed ligation of linear genomes (3, 16). However, when
measured with minimal hammerheads, the reverse reaction
is approximately 100- fold slower than the cleavage reaction,
yielding less than 1% of ligated hammerheads at equilibrium
(20). Thus, it is of interest to determine whether the greater
proportion of circular genomes inside cells could partially
be the result of a faster rate of ligation for the extended
hammerheads that are embedded in their genomes. In all of
the kinetic experiments on extended hammerheads reported
thus far, apparent rates of cleavage are measured, and it is
often unclear whether the reverse, ligation reaction is
occurring at the same time. If ligation does occur, then the
apparent cleavage rate,kobs, equals the sum of the cleavage
rate constant,k2, and the ligation rate constant,k-2. If ligation
does not occur,kobs ) k2. In either case, the value ofk-2

remains unknown. The goal of this work is to establish a
kinetically well characterized extended hammerhead that
permits measurement of both of the rate constants. This
system can then be used to evaluate the effects of varying
magnesium ion concentration, pH, and temperature on
cleavage and ligation separately.

MATERIALS AND METHODS

RNA Oligonucleotides.Synthetic DNA oligonucleotides
were used to clone the catalytic portion of HH16-T1 and
the full-length HH16-T2 behind the T7 promoter into
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pUC18. After linearizing the plasmid withSmaI, in vitro
transcription using T7 RNA polymerase (21) and purification
on denaturing polyacrylamide gels yielded the 46-nucleotide
HH16-T1 and the cleaved 49-nucleotide HH16-T2 ri-
bozymes. HH16-T1M was transcribed directly from primer-
extended synthetic DNA. The uncleaved 58-nucleotide
HH16-T2 was synthesized in a T7 transcription reaction
containing a 20µM amount of a 25-nucleotide inhibitory
oligonucleotide (5′CGGACTCATCAGACCGGACACAT 3′)
with [R-32P]ATP (3000 Ci/mmol), quenched in a stop mix
containing 30 mM EDTA,1 purified on 8% polyacrylamide
gels and eluted in 5 mM EDTA to prevent self-cleavage (8,
9), ethanol precipitated, and stored in water at-20 °C. The
12mer substrate strand, P1-GUC, for the HH16-T1 reaction
was made by chemical synthesis (Dharmacon Research,
Boulder, CO), purified using 20% denaturing polyacrylamide
gel electrophoresis (22), and 5′ end labeled using [γ-32P]ATP
(approximately 6000 Ci/mmol) and T4 polynucleotide kinase.
[5′-32P]P1-GUC was purified on a MicroSpin G-25 (Amer-
sham Biosciences) spin column to remove excess [γ-32P]-
ATP and exchange the buffer into water. [5′-32P]P1 was
prepared from [5′-32P]P1-GUC by incubating with 5µM
HH16 ribozyme in 50 mM Hepes, pH 7.5, and 10 mM MgCl2

in a 25/40°C thermocycle (5-8 intervals) to maximize the
extent of cleavage. In some cases,<10% labeled P1-GUC
remained present in the [5′-32P]P1 preparations, but control
experiments with HH16-T2 ribozyme showed that the
remaining [5′-32P]P1-GUC was not cleaved in lengthy
incubations.

Rate Measurements.Bimolecular cleavage or ligation
assays were carried out essentially as described previously
(20, 23). Ribozyme (2µM) (HH16-T1, HH16-T1M, or
HH16-T2) was incubated with trace (<2 nM) 5′-32P-labeled
substrate (P1-GUC for the cleavage assay or P1 for the
ligation assay) in 50 mM Mes, pH 6.0, for 2 min at 95°C,
allowed to slow cool to 40°C over 30 min, and then
incubated at room temperature for 10 min. Aliquots of 20
µL were then placed in a 96-well plate, and the reactions
were initiated with the addition of 20µL of 50 mM Mes,
pH 6.0, and double the desired final MgCl2 concentration.
A ribozyme titration assay confirmed that all of the substrate
was bound under these conditions. Additionally, chemically
synthesized HH16-T1 and HH16-T1 transcribed in the
presence of GMP were also tested. At 50 mM Mes, pH 6.0,
and 10 mM Mg2+ these variations had no effect on the
measured rate constant. Methanol was used as a cryopro-
tectant for certain low-temperature incubations (24). For
reactions carried out at pH 7.0 and 7.5, Hepes buffer was
used instead of Mes. Time points (3µL) were quenched in
15µL of stop solution (7 M urea, 50 mM EDTA, and 0.02%
bromophenol blue and xylene cyanol dyes) on ice and the
products fractionated on 20% denaturing PAGE. The bands
were imaged with a Molecular Dynamics Storm Phospho-
imager (Amersham Biosciences) and quantified using Im-
ageQuant (Amersham Biosciences). The data were fit as
described previously (25). Independent experiments show
variations in rates of no greater than 2-fold.

Unimolecular self-cleavage of HH16-T2 was performed
essentially as described by Khvorova et al. (8). Full-length
ribozyme (final concentrations 0.1-0.3 µM) was heated in
50 mM Mes, pH 6.0, to 95°C for 2 min, slow cooled for 30
min, and incubated at 25°C for 10 min. At this stage, despite
all precautions, up to 30% of the hammerhead was already
cleaved. Since P1 is unlikely to remain associated during
purification, these cleaved hammerheads were presumed not
to be active. Cleavage was initiated by the addition of Mg2+,
and the rate and extent of cleavage were calculated from
the change in the fraction of full-length hammerhead that
occurred.

Cleavage reactions in the presence of LiCl were carried
out as described previously (26, 27). Reaction mixtures
containing 50 mM Hepes (pH 7.5), 1µM ribozyme (HH16-
T1 or HH16-T2), trace-labeled substrate (P1-GUC or P1),
and 0.9 mM EDTA were heated to 95°C for 2 min, allowed
to cool, and incubated at 25°C for 10 min. The reactions
were then aliquoted into 96-well plates and initiated by the
addition of the desired LiCl concentrations. Similar experi-
ments have shown rate variations up to 3-fold. LiCl was
99.99+ pure from Aldrich.

Coupled transcription cleavage reactions were performed
as described by Long and Uhlenbeck (28). A 50 µL
transcription reaction contained 50µg of T7 RNA poly-
merase, 4 mM each NTP, and 20µCi of [R-32P]ATP, 40
mM Tris-HCl buffer, pH 8.1, and 17 mM MgCl2. The
reaction was initiated by the addition of 5µL of 1 µg/µL
plasmid DNA template, and 5µL aliquots were removed at
the indicated times, quenched in 9µL of stop solution, and
analyzed on 10% denaturing polyacrylamide gels.

To measure the fraction of full-length hammerhead at
equilibrium, the cleaved 49-nucleotide HH16-T2 was mixed
with trace [5-32P]ATP-labeled P1 in 50 mM Mes, pH 6.0, at
95 °C for 2 min, slow cooled to 40°C over 30 min, and
then incubated at room temperature for 10 min. The reactions
were initiated with the addition of MgCl2 to the desired
concentrations and incubated for 45 min to reach equilibrium
(4 h for MgCl2 concentrationse0.1 mM). Aliquots of 2µL
were quenched in 10µL of stop solution (see above) on ice
and were loaded on 20% denaturing polyacrylamide gels.
After quantitation, the data were fit to a simple binding
equationflig ) (fligmax[Mg])/(Kapp(Mg) + [Mg]), whereflig )
the fraction ligated at a given magnesium concentration and
fligmax ) the fraction ligated at infinite magnesium concentra-
tion. The percent ligated varied for a given set of conditions
by up to 2-fold.

RESULTS

The hammerhead embedded in the (+) strand of sTRSV
RNA (Figure 1A) was shown by Khvorova et al. (8) to
contain the loop I-loop II interaction that leads to effective
cleavage in vivo. However, the length of helix III in this
hammerhead is too short to permit stable association of P1,
the 5′ reaction product, thereby prohibiting the reverse,
ligation reaction to be measured (25). This prompted the
design of two new hammerheads that contain the loop I-loop
II elements of sTRSV hammerhead but are primarily
hammerhead 16 (Figure 1B), a bimolecular hammerhead
which has a longer helix III and has been extensively
characterized biochemically (20, 29, 30). By containing a

1 Abbreviations: MES, 2-(N-morpholino)ethanesulfonic acid; Tris-
HCl, tris(hydroxymethyl)aminomethane hydrochloride; EDTA, ethyl-
enediaminetetracetic acid; Hepes,N-(2-hydroxyethyl)piperazine-N′-2-
ethanesulfonic acid; SDS, sodium dodecyl sulfate.
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high proportion of the hammerhead 16 sequence, the new
hammerheads are less likely to form the alternate folded
conformers that can lead to incomplete cleavage or other
kinetic heterogeneities (13, 25, 31). The first new ham-
merhead, termed HH16-T1 (Figure 1C), consists of two
annealed oligonucleotides, a 46-nucleotide ribozyme and a
12-nucleotide substrate. The substrate sequence is identical
to P1-GUC, a fully active substrate of hammerhead 16, and
cleaves to give a nine nucleotide 5′ product and a three
nucleotide 3′ product. After cleavage the longer 5′ product
P1 will be bound to the ribozyme through eight base pairs,
and measurements with HH16 indicate that it dissociates at
0.04 min-1 at 25°C, much longer than the time scale of a
typical experiment (20). In contrast, the 3′ product uses only
three base pairs to bind to the ribozyme and therefore
dissociates very rapidly (<1 s-1), so the reverse, ligation
reaction cannot occur (20, 23, 25, 32). The second ham-
merhead, termed HH16-T2 (Figure 1D), is a single 58-
nucleotide RNA molecule which is expected to cleave and
give the same nine nucleotide 5′ product, P1, and a
49-nucleotide 3′ product corresponding to the rest of the
hammerhead. In this case, the slow dissociation of the 5′

product will allow the reverse, ligation reaction to occur (20).
Thus, like hammerhead 16, HH16-T2 will be a mixture of
cleaved and ligated forms at equilibrium.

Direct Measurement of k2 Using the CleaVage of HH16-
T1. Cleavage of HH16-T1 is performed as a bimolecular
reaction using a saturating concentration of ribozyme (1µM)
and trace32P substrate in 50 mM Mes at pH 6.0 at 10 mM
MgCl2 at room temperature. The low pH was used to permit
the cleavage rate to be measured using manual pipetting.
Under these conditions, the rate of binding of substrate is
fast compared to the rate of cleavage (20) and fits a single
exponential, consistent with a single active species. The
extent of cleavage is greater than 70%, indicating that the
majority of molecules are in the active conformation. Under
the reaction conditions, HH16-T1 has an observed cleavage
rate,kobs) 0.62( 0.13 min-1 (Table 1). Since ligation does
not occur,kobs ) k2, the cleavage rate constant. This value
is approximately 20 times faster than thek2 ) 0.03 min-1

of HH-16 corrected to pH 6.0 (20, 30). A mutant ham-
merhead, HH16-T1M (Figure 1C), where the loop I-loop
II interaction is disrupted by replacing the native sTRSV loop
II sequence with loop II of PLMVd hammerhead, showsk2

FIGURE 1: Hammerhead secondary structures depicted in a manner that reflects the X-ray structure with the cleavage site indicated by the
arrow. Stems and loops are defined by structural nomenclature (50). (A) The natural hammerhead contained in the satellite RNA of tobacco
ringspot virus is shown in capital letters, and the immediate flanking sequences are shown in lower case. (B) Hammerhead 16, a well-
characterized minimal hammerhead (20). (C) The bimolecular HH16-T1 containing the sTRSV sequences in green and the HH16 sequence
in orange. A nick in the phosphate backbone between 1.3 and 1.4 is present in stem I. A difference in loop II defines HH16-T1M (red). (D)
The unimolecular HH16-T2 containing the sTRSV sequence in green and HH16 sequences in orange. Both HH16-T1 and HH16-T2 have
the same 5′ cleavage product, P1, as HH16.
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) 0.040( 0.006 min-1 (Figure 2A), which is 15-fold slower
than HH16-T1 but about 1.5-fold faster than HH16 under
the same conditions. While it is possible that the mutation
in HH16-T1M does not fully disrupt the loop I-loop II
interaction, it is clear that the loops contribute substantially
to the rate of cleavage.

The reactivity of HH16-T1 was measured over a range of
pH values between 4.7 and 7.5 in buffer containing 50 mM
Mes for the lower values and 50 mM Hepes for values of
7.0 and above (data not shown). In the narrow range of pH
5.5-6.5 HH16-T1 was found to have a similar log-linear
relationship between pH and rate as reported for other
hammerheads, both minimal and extended (14, 29, 33). At
pH 5.0 and below the reaction rate is less than expected,
presumably because the RNA structure is unstable as a result
of protonated bases. Conversely, at pH values greater than
6.5, HH16-T1 is too fast to measure accurately using manual
methods. However, since proton transfer rates are fast, it is
assumed that the log-linear relationship between rate and pH
can be extrapolated to higher pH values, permitting com-
parison with data of minimal hammerheads usually collected
at pH 7.5.

In addition to pH, temperature has been shown to affect
cleavage rates of minimal hammerheads (24, 29). Examina-
tion of the cleavage rate of HH16-T1 as a function of
temperature revealed that, like with the minimal ham-
merheads, the rate of cleavage increases with increasing
temperature (Figure 2B). When the data are reported on an
Arrhenius plot, the temperature dependence of the rate shows
a linear relationship between 5 and 37°C, having anEa )
7.3 kcal/mol. At temperatures greater than 37°C, the
cleavage rate for HH16-T1 no longer increases, unlike what
is seen for other cis extended hammerheads which show a
linear Arrhenius plot up to 55°C (34). The leveling off seen
for HH16-T1 is most likely due to the fact that the short,
three base helix that is part of stem I begins to “fray”,
preventing formation of the active structure at higher
temperatures, a phenomenon known to occur with other
hammerheads (23, 35).

The rate of hammerhead cleavage is known to be affected
by magnesium ion concentration (30, 36, 37). HH16-T1 and
HH16-T1M cleavage rates were measured at magnesium ion
concentrations ranging from 500µM to 400 mM at pH 6.0.
Under these conditions, data can be collected using manual
pipetting techniques and compared to other hammerheads.
As shown in Figure 2C, the log of the cleavage rate for both
hammerheads increases linearly with the log of magnesium
ion concentration at every ion concentration tested. The slope
of the plots are both less than unity (m ) 0.48 and 0.55),
indicating that cooperative binding of the Mg2+ ion does not
occur. This behavior is similar to that of several minimal

Table 1: Average Rate Constants of Hammerhead Cleavage and
Ligation at pH 6.0

10 mM MgCl2 1 mM MgCl2

k2 (min-1) k-2 (min-1) k2 (min-1) k-2 (min-1)

HH16-T1 0.62 0.15
HH16-T2 1.67 0.23 0.53 0.034
HH16 0.03a,b 2.5× 10-4 a 0.004b,c

a Value from ref20 corrected for pH.b Value from ref30 corrected
for pH. c Value from ref49 corrected for pH.

FIGURE 2: Cleavage properties of HH16-T1 and HH16-T1M. (A)
Single turnover cleavage at saturating ribozyme and trace substrate
concentrations for HH16-T1 (O) and HH16-T1M (1) in 50 mM
Mes, pH 6.0, and 10 mM Mg2+ at 25°C. k2 ) 0.62( 0.13 min-1

for HH16-T1 and 0.040( 0.006 min for HH16-T1M. Nearly 70%
completion for HH16-TIM was reached by 60 min, indicating that
the slower rate is not the result of a greater population of misfolded
molecules. (B) Arrhenius plot for HH16-T1 in 1 mM MgCl2. Ea )
7.3 kcal/mol for the linear part of the curve. (C) Metal ion
concentration dependence of the cleavage rate for various ham-
merheads at pH 6. HH16-T1 magnesium ion data were taken at
pH 6.0 (b) or pH 7.0 and divided by 10 (O) with slope) 0.48.
Magnesium ion data were for HH16-T1M (1) with slope) 0.56.
The dotted line (‚‚‚) is magnesium ion data for HH16 taken from
Clouet d’Orval et al. (30) and divided by 10 to correct to pH 6.0
with slope) 0.67. Lithium ion data for HH16-T1 (∆) were obtained
at pH 7.5 and divided by 31.6 to correct to pH 6.0 with slope)
1.7. The dashed line (- - -) is lithium ion data for the minimal HH8
(27) corrected in the same way.
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hammerheads [HH16,m ) 0.66 (30); HH8, m ) 0.7 (27)].
In addition, there is no indication that the rate for HH16-T1
saturates at high magnesium ion concentration. While this
has been observed (37), saturation at modest magnesium
concentrations is more commonly observed for hammerheads
(27, 30, 33, 36, 38-41). To obtain data at even lower
magnesium ion concentrations, data were collected at pH
7.0. At 0.1 mM Mg2+, pH 7.0,k2 ) 0.86( 0.13 min-1 for
HH16-T1, which agrees well with thekobs ) 1.2 min-1

reported by Khvorova et al. (8) for a slightly different sTRSV
hammerhead under very similar conditions. When the pH
7.0 data are corrected to pH 6.0 (open circles in Figure 2C),
it is clear that HH16-T1 continues to cleave about 20-fold
faster than minimal hammerheads at magnesium ion con-
centrations as low as 1µM. This suggests that the loop
I-loop II interaction stimulates hammerhead cleavage
equivalently well over a wide range of magnesium concen-
trations.

Hammerhead catalysis can also be stimulated in high
concentrations of monovalent ions (26, 27, 42). The cleavage
rate of HH16-T1 was determined at a series of lithium ion
concentrations between 0.5 and 4 M and 50 mM Hepes, pH
7.5, in the presence of 0.4 mM EDTA to chelate any trace
divalent ions present. At every lithium ion concentration
tested, the observed cleavage rates were identical to those
previously determined for a minimal hammerhead (27).
When the data are corrected to pH 6.0 and plotted in Figure
2C, it is clear that cleavage of extended hammerheads in
lithium ions is much slower than in magnesium ions. Taken
together, the data suggest that, in the presence of lithium
ions, the favorable tertiary interactions between loop I and
loop II do not form or, if they do form, are unable to enhance
catalysis.

Approaching Equilibrium with HH16-T2 Using both
Ligation and CleaVage Reactions.The approach to equilib-
rium for HH16-T2 was measured using either the forward,
cleavage reaction or the reverse, ligation reaction. To obtain
full-length HH16-T2, the in vitro transcription reaction
contained a single-stranded DNA oligonucleotide comple-
mentary to the hammerhead core that prevented cleavage
(8, 9). After purification, the full-length HH16-T2 was
prefolded in a buffer without magnesium, and cleavage was
initiated by the addition of magnesium to the desired
concentration. For the ligation reaction, the [5′-32P]P1
oligonucleotide was preincubated with the purified 49-
nucleotide fragment corresponding to the rest of HH16-T2,
and the reaction was initiated by the addition of magnesium
ions to the desired concentration. Both the measured rate,
kobs ) k2 + k-2, and the fraction of full-length hammerhead
at equilibrium,feq ) k-2/k2 + k-2, would be expected to be
the same regardless of the path taken to reach equilibrium
(20, 25). Figure 3A shows the approach to equilibrium from
both the forward and reverse direction in 50 mM Mes, pH
6.0, and 1 mM Mg2+. As expected, the observed rate of
cleavage [kobs(cleavage)) 0.54( 0.17 min] is the same as
the observed rate of ligation [kobs(ligation) ) 0.59 ( 0.10
min]. However, the fraction of full-length HH16-T2 at
equilibrium deduced from the cleavage reaction,feq(cleavage)
) 0.48( 0.08, was considerably more than the same value
deduced from the ligation reaction,feq(ligation) ) 0.06 (
0.013. The fact that the two assays do not meet at the same
equilibrium point indicates that a fraction of the molecules

in one or both of the reactions were inactive, presumably
because they were misfolded during renaturation after
purification on denaturing gels.

To assess HH16-T2 cleavage without renaturation, cleav-
age was measured during in vitro transcription, as had been
done for an intramolecular version of HH16 (43). A coupled
transcription-cleavage assay was performed at 25°C in 40
mM Tris-HCl, pH 8.1, 16 mM NTPs, and 17 mM MgCl2,
giving a free magnesium ion concentration of 1 mM, similar
to that used in Figure 3A. As shown in Figure 3B, the
fraction of full-length HH16-T2 decreases rapidly and
reaches a final value offeq(transcription)) 0.06 ( 0.008.
Although it is possible to extractkobs from such data (43),
the cleavage and ligation rate constants of HH16-T2 are
expected to be very fast at pH 8.1; therefore, the observed
rate must reflect some other process. To address this, a
pulse-chase experiment was performed where a nonradioac-
tive reaction similar to Figure 3B was initiated, [R-32P]ATP
added after 10 min, transcription terminated 10 min later by
the addition of SDS, and the fraction of full-length RNA
analyzed as a function of time as before. A kinetic profile
very similar to Figure 3B was observed (data not shown),
indicating that the slow rate is unlikely to be due to
transcriptional initiation and probably reflects a rate-limiting
conformational change for at least part of the HH16-T2
molecules. To test this possibility, a pulse-labeled transcrip-
tion reaction was terminated with EDTA, heated to 95°C

FIGURE 3: (A) Approach to equilibrium for HH16-T2 in 50 mM
Mes, pH 6.0, and 1 mM MgCl2. Cleavage reaction (b) with kobs )
0.54 ( 0.17 min-1 and feq (cleavage)) 0.48 ( 0.08. Ligation
reaction (9) with kobs ) 0.59 ( 0.10 min-1 and feq (ligation) )
0.06( 0.013 (also in inset). (B) Coupled transcription cleavage of
HH16-T2. The fraction of full-length hammerhead remains constant
as transcription proceeds:feq(transcription)) 0.06 ( 0.008.
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for 2 min, and cooled to 25°C. Upon addition of MgCl2 to
this reaction, cleavage was immediate and reached the same
feq ) 0.06 obtained in Figure 3B (data not shown). Taken
together, these experiments support the view that the rate
observed in Figure 3B is not the chemical cleavage rate but
a slower conformational change. However, the value offeq-
(transcription) ) 0.06 reflects the final value for the
hammerhead equilibrium. This in turn implies that the
cleavage reaction in Figure 3A contained 42% inactive
hammerheads, whereas the ligation reaction contained nearly
no inactive hammerheads. In other words, the 58-nucleotide
full-length RNA was incompletely renatured after purification
on denaturing gels, but the shorter 49-nucleotide ribozyme,
HH16-T2, was fully renatured.

The value ofkobs) k2 + k-2 and feq ) k-2/k2 + k-2 (for
HH16-T2) can be used to calculate the individual forward
and reverse rate constants. Using the average value ofkobs-
(cleavage) andkobs(ligation) of 0.57 min-1 and feq(ligation)
) feq(transcription)) 0.06, values ofk2 ) 0.53 min-1 and
k-2 ) 0.034 min-1 are obtained for 1 mM MgCl2. Similar
experiments established ak2 ) 1.67 min-1 and ak-2 ) 0.23
min-1 at 10 mM MgCl2 (Table 1). Similar to minimal
hammerheads, HH16-T2 has a rate of approach to equilib-
rium dominated by the cleavage rate constant and, therefore,
is mostly cleaved at equilibrium. However, althoughk2 still
dominates,k-2 has been increased substantially, and thus,
the “internal” equilibrium for HH16-T2 isKint ) k2/k-2 )
16 at 1 mM MgCl2 and 7.3 at 10 mM MgCl2. These values
are shifted considerably further toward ligation than HH16
(Kint ) 130 at 10 mM MgCl2) (20). Thus, it appears that
one role of the tertiary interactions in the extended ham-
merhead, HH16-T2, is to increase the relative rate of ligation
with respect to cleavage.

The more convenient and accurate ligation reaction was
used to further characterize the catalytic properties of HH16-
T2. The temperature dependence of thekobs was measured
from -20 to 25°C. As is the case with HH16 and HH16-
T1, kobsfor HH16-T2 decreases with decreasing temperatures
(24). If the assumption is made that the percent total active
molecules does not change with changing temperatures,
Arrhenius plots for k2 and k-2 of HH16-T2 using the
experimentalkobs and feq(ligation) values can be calculated
(Figure 4A). Thekobs for the forward reaction appears to be
more affected by changing temperatures than the reverse
reaction, giving Ea(cleavage)) 10.0 kcal/mol andEa-
(ligation)) 2.8 kcal/mol. The value ofEa(cleavage) is similar
to theEa ) 7.3 kcal/mol for HH16-T1. Similar behavior is
seen for HH16,Ea(cleavage)) 22 kcal/mol andEa(ligation)
) 10 kcal/mol (29). Since the ligation rate is less affected
by temperature than the cleavage rate, the fraction of full-
length molecules at equilibrium increases with decreasing
temperatures, reaching 20% at-20 °C.

As is the case with HH16-T1,kobs for HH16-T2 increases
with increasing magnesium ion with a similar slope (m )
0.44) and fails to saturate 100 mM Mg2+ (data not shown).
The fraction of full-length molecules increases with increas-
ing magnesium concentration and exhibits a simple binding
behavior with aKapp(Mg2+) of 1.6 mM (Figure 4B). HH16
shows a similar behavior but with a higherKapp(Mg2+) )
13 mM (29). Finally, kobs of HH16-T2 in 4 M LiCl at pH
7.5 is 0.47 min-1 (data not shown), which is similar to the
value for HH16-T1 (k2 ) 0.33 min-1) and HH8 (kobs )

approximately 0.32 min-1), another minimal hammerhead
very similar to HH16 (27, 44), confirming that the tertiary
interactions do not stimulate cleavage in this buffer.

DISCUSSION

The goal of this work was to obtain values ofk2 andk-2,
the forward and reverse rate constants for the cleavage step
of the sTRSV(+) hammerhead, which is a member of the
group of hammerheads that contain a stabilizing tertiary
interaction between loop I and loop II. A study of the
cleavage kinetics of this group of hammerheads is compli-
cated by the need to avoid disrupting the tertiary interaction
by introducing a break in the phosphodiester backbone within
loop I or loop II. Thus, the bimolecular formats usually used
to study hammerhead kinetics (25) were not appropriate. One
approach to convert the sTRSV (+) hammerhead into a
bimolecular format involved changing loop II into an internal
loop, but this only slightly improved cleavage compared to
a minimal hammerhead, suggesting that the tertiary interac-
tion had been disrupted (45). In an alternative attempt to

FIGURE 4: (A) Arrhenius plots for HH16-T2 in 1 mM MgCl2 for
k2 (b) and k-2 (9) assuming a constant total percent active
molecules.Ea(cleavage)) 10.0 kcal/mol.Ea(ligation) ) 2.8 kcal/
mol. (B) feq(ligation) of HH16-T2 as a function of magnesium ion
concentration in 50 mM Mes, pH 6.0. The line corresponds to a
best fit binding curve withKapp(Mg2+) ) 1.6 mM.
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overcome this limitation, we introduced a break in the chain
between residues 1.3 and 1.4 in the middle of stem I, thereby
preserving the tertiary interaction. This approach, embodied
in HH16-T1, allowed cleavage to be measured in the
conventional bimolecular format but only gavek2 and not
k-2. In addition, the value ofk2 for HH16-T1 was only
slightly slower than that deduced from its intact counterpart,
HH16-T2. The major variance between the two is the
distinctly different temperature dependence of the cleavage
rate which is likely due to “fraying”. In addition, the presence
of the nick close to the cleavage site subtly alters the
dynamics of this hammerhead, marginally reducing the rate
of cleavage. While it was not explored, it is possible that
placing the nick at other sites in stem I would yield a form
of a bimolecular sTRSV hammerhead less susceptible to
fraying and, thus, more active at higher temperature.

The conventional way to obtaink2 and k-2 is to follow
the approach to equilibrium of a hammerhead in a unimo-
lecular self-cleavage reaction and bimolecular ligation reac-
tion. It is necessary to perform both reactions to test whether
the same equilibrium is reached from each direction. To adapt
this assay for the sTRSV hammerhead, it was necessary to
lengthen stem III so that the cleaved products remain stably
bound to one another. While this approach was successful
in the sense that both reactions gave similar apparent
cleavage rates, they did not reach the same equilibrium value,
indicating that one or both reactions contained a portion of
inactive molecules. Since the inactive hammerheads are
presumably the result of misfolding that occurred during
purification, we attempted a number of different renaturation
protocols without improving the situation. As a result, the
successful dissection ofk2 from k-2 ultimately required an
independent measurement of the equilibrium point in a
coupled transcription-cleavage assay which had to be done
at slightly different reaction conditions. Interestingly, the
value offeq(transcription) was nearly identical to that obtained
in the ligation reaction, indicating that for HH16-T2k2 and
k-2 can be deduced by approaching the equilibrium from
the ligation side but not the cleavage side of the reaction.

A number of clear conclusions can be drawn from this
analysis of the cleavage and ligation properties of the sTRSV
hammerhead. First of all, in agreement with several others
(8, 9, 13, 14), it is clear that the apparent cleavage ratekobs

is considerably faster than corresponding minimal ham-
merheads. We now know this increase is due to both a faster
k2 and a fasterk-2. The sTRSV hammerhead shows ak2 that
is at least 20-fold faster than HH16 at 10 mM MgCl2. It is
clear that this increase is due to the loop-loop interactions
since a mutation in loop II dramatically decreases the rate
constant. However, from a mechanistic perspective it is
unclear why the rate constant is so much faster. The tertiary
interaction could either raise the ground state or lower the
transition state of the reaction. Since Wang et al. (46) have
proposed an additional isomerization step prior to the
transition state that involves the docking of domains 1 and
2 of the catalytic core, it is tempting to propose that the
tertiary interactions would shift the docking equilibrium
toward the closed form, thereby lowering the energy required
to achieve the active conformation. Clearly, additional
mechanistic experiments will be required to address this
point.

The dependence ofk2 on magnesium concentration for the
sTRSV extended hammerhead does not show saturation or
cooperative binding. Failure to reach saturation does not
resemble most minimal hammerheads but is similar to that
of the S. mansonihammerhead (13, 14). Since multiple
magnesium ions are involved in the folding of any ham-
merhead, it is difficult to make any specific conclusions about
the role of the magnesium ions in the cleavage mechanism.
It is interesting that the HH16-T1 and HH16-T2 ham-
merheads do not cleave faster than a minimal hammerhead
in LiCl. Whether this is due to nonproductive folding of the
tertiary elements in the monovalent ion, an additional divalent
binding site required by the loop I-loop II interaction, or is
simply a concentration issue cannot be resolved here.
However, this suggests that the loop-loop interaction, like
many tertiary interactions, requires magnesium ions to form
productively. In any case, since the sTRSV hammerhead does
not show a significant difference from minimal hammerheads
in the magnesium dependence ofk2, its improved ability to
cleave in vivo, where magnesium ion concentration is low,
is simply due to its faster intrinsic cleavage rate and not due
to its ability to bind magnesium ions unusually tightly.

An important conclusion of this work is thatk-2, the
reverse ligation rate constant of the sTRSV hammerhead, is
elevated by even more than the forward rate constant when
compared to a minimal hammerhead. The value ofk-2 for
HH16-T2 is 1300-fold faster than the corresponding value
for HH16 at 10 mM MgCl2. This large increase in the ligation
rate was not unexpected based on properties of hammerheads
with chemical cross-links between stem I and stem II (47,
48). In those works it was proposed that the cross-link
reduced the modes of motion available to the cleaved
hammerhead, permitting a more facile attack of the 5′-
hydroxyl on the 2′,3′-cyclic phosphate than when the cross-
link was absent. It seems reasonable that a similar explanation
can be used for the improved ligation rate of the extended
hammerhead, since the tertiary interactions could also
improve the positioning of the reactive groups. It is interest-
ing that several of the chemical cross-linked hammerheads
are actually much more effective at promoting ligation than
the tertiary interactions in HH16-T2. For example, with one
cross-linked hammerhead at 4°C, k-2 actually exceedsk2

(47), a situation that is not seen for sTRSV under any
condition tested. However, it is important to note that the
chemically cross-linked hammerheads do not affectk2 at all.
Thus, while it is clear that the tertiary interactions of the
extended hammerhead increasek-2 by improving positioning
in the cleaved hammerhead, they also contribute to the
enhanced rate by altering the transition state.

A property of HH16-T2 shared by HH16 is that the
fraction of ligated molecules forfeq(ligation) increases with
magnesium ion concentration. This presumably reflects the
binding of one or more magnesium ions that are needed for
ligation but not for cleavage. It is interesting that, unlike the
rate data, the dependence of feq(ligation) shows simple
saturating binding behavior with a relatively lowKapp(Mg2+)
) 1.6 mM. While it is not possible to tell whether this reflects
the binding of a single ion, it is striking that the value of
Kapp(Mg2+) is much weaker for HH16 [13 mM (29)].
Interestingly, the value ofKapp(Mg2+) for the chemically
cross-linked hammerhead is also tighter [6 mM (47)]. Thus,
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it appears that the constraint imposed by the tertiary
interaction and shared by the cross-link leads to tighter
binding of one or more magnesium ions to the cleaved
hammerhead.

The faster rate and greater extent of ligation observed for
the extended hammerhead support the view that the reaction
could be used to form the circular sTRSV genomes seen
inside cells. Although the 50% fraction of circles seen in
plant cells (18, 19) for sTRSV still greatly exceeds the 6%
that would form at 25°C by our in vitro measurements, it is
possible that RNA binding proteins or additional RNA
elements could shift the equilibrium.

The successful dissection ofk2 and k-2 using the two
versions of the sTRSV(+) hammerhead will make this
system useful for structure-function experiments directed
at understanding the mechanism of hammerhead catalysis
and the role of the tertiary interactions. It is most convenient
to use the HH16-T1 cleavage assay fork2 measurements and
the ligation assay with HH16-T2 to givekobsandfeq, thereby
avoiding the difficult purification of full-length HH16-T2.
Like HH16, the HH16-T1/T2 system can be considered
reasonably well behaved in the sense that no kinetic
heterogeneity is observed. Additionally, if HH16-T2 is
assembled by combining the two products, it is fully active,
making it a good candidate for structural studies.
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