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ABSTRACT: The dynamic nature of ribozymes represents a
significant challenge in elucidating their structure-dy-
namics-function relationship. Here, using femtosecond
time-resolved spectroscopy and other biophysical tools,
we demonstrate that the active site of leadzyme does not
have a unique structure, but rather samples an ensemble of
conformations that undergo picosecond structural
changes. Various base modifications have a profound
context-dependent impact on the catalysis.

Leadzyme, a small lead-dependent self-cleaving RNA motif
identified by in vitro selection (1), features a cleavage site located
within an asymmetric purine-rich internal loop (Figure 1A). The
cleavage is highly specific for Pb2+ ion and is pHdependent (2-4).
The cleavage reaction is unique among known ribozymes in that it
undergoes a two-step mechanism (Figure 1A) in which the
intermediate 20,30-cyclic phosphate product from the first step is
specifically hydrolyzed to generate the 30-monophosphate product
(5). Leadzyme’s small size makes it an excellent model system for
studying the structural and thermodynamic basis ofRNAcatalysis
using NMR (6, 7), crystallography (8, 9), molecular modeling
(10, 11), and biochemical and atomic mutational approaches
(2, 10, 12, 13). These studies produced multiple models that are
distinct in subtle but important ways in the precise conformations
of the active loop. This suggests that the leadzyme is structurally
dynamic (6, 14-16), and all the observed structures likely repre-
sent a few frames from an ensemble that can be adopted by the
motif at ground state in the absence of Pb2+ (9). The catalytically
active form that can be promoted by specific Pb2+ binding is not
likely present in significant population, and a certain degree of
conformational rearrangement is necessary for the in-line nucleo-
philic attack. Conformational constraints play a significant role
(12, 13), so that locking either the bases or sugars in a particular
conformation may enhance or reduce catalysis.

We are interested in elucidating the dynamic nature of the
active site of leadzyme to understand the role of conforma-
tional distribution and dynamic motion on the catalytic activity.
We have recently developed an ultrafast spectroscopic approach
that allows us to analyze the heterogeneous base stacking
patterns for an RNA motif (17-19). We have designed a series
of leadzyme constructs (Table S1, Supporting Information)

where 2-aminopurine (P) replaces one of the purine bases in
the active site, allowing us to follow the ultrafast quenching
dynamics on a picosecond-nanosecond time scale to define the
multitude of its stacking interactionswith surrounding bases (19).
Some constructs also carry a second modified base, either 7-
deazaguanine (Z) or 7-deazaadenine (X) (Scheme S1, Supporting
Information), that quench the fluorescence of P faster than the
natural bases of guanine and adenine (20), to facilitate assigning
site-specific interactions (17, 18). Some also have 8-bromogua-
nine (8BrG, Scheme S1, Supporting Information) replacing G24.
All of these constructs showed similar thermodynamic stabilities
(Table S2 and Figure S1, Supporting Information) and circular
dichroism profiles (Figure S2, Supporting Information) com-
pared with the WT leadzyme (21, 22).

Catalytic activity, however, is amuchmore stringent test of the
relevance of these constructs. We have developed a high resolu-
tion ion-exchange HPLC-based assay for monitoring the kinetic
progress of leadzyme self-cleavage, where the uncleaved 30-mer
and the cleavage products can be readily resolved (Figure 1B).
TheWT construct cleaves with an overall kinetic rate constant of
1.4 ( 0.2 min-1 (200 μM Pb2+), independently fitted to the
reactant 30-mer and the 6-mer and 24-mer products (Figure 1C),
similar to earlier reports for similar conditions (12, 13). In
particular, we were able to resolve the two different 6-mer
products from the two cleavage steps,that is, the 20,30-cyclic
phosphate product from the first step and the 30-mono phosphate
product from the second step, in the early time traces, and
monitor the conversion from the former to the latter (5). Note the
individual kinetic rates of initial build up (2( 0.2 min-1) and the
subsequent decay of the 20,30-cyclic phosphate product that is
coupled to the lagging appearance of the 30-mono phosphate
product (1.3 ( 0.2 min-1). This conversion can be inhibited by
the addition of EDTA, suggesting that the second step of the
reaction requires the presence of Pb2+ ion aswell as the structural
context of the initial cleavage reaction products of the 6-mer and
24-mer still properly hybridized (5, 11). The total kinetics of
combined 6-mers are in agreement with the buildup of 24-mer
and the decay of the 30-mer (Figure 1C). It is not clear, however,
whether the same or a different bound Pb2+ ion is involved in the
two separate steps (3, 4, 8, 10, 21, 22).

The designed constructs showed a range of cleavage activity
(Table S3 and Figure S3, Supporting Information), demonstrat-
ing various degrees of the influence of the functional group
mutations that are highly context dependent. In particular,
the P25 construct, where A25 is replaced by P, cleaves 3-fold
(4( 0.1min-1) faster than theWT. It has been suggested that the
base at 25 is not directly involved in catalysis, as long as it is not
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a G (presumably not to form a detrimental Watson-Crick base
pair with C6), and even an abasic site is as active as the WT (10).
A faster rate for P25 indicates that the precise location of the
exocyclic amino group can influence the transition state energy
barrier of the cleavage reaction by either enforcing a favorable
local conformation (see below) or by causing conformational
changes elsewhere in the loop, or both.

We sought to characterize the conformational ensemble of
leadzyme, in particular, the stacking patterns within the internal
loop that is relevant to the catalytic mechanism. Figure 2A shows
the fluorescence decay dynamics of P25 at pH 6.8, fitted with
four unique decay terms (5.2 ps, 33%; 27 ps, 22%; 189 ps, 8%;
11.3 ns, 37%). The multiphasic decay profile suggests a hetero-
geneous stacking pattern involving this base. The decay profile is
very similar to that reported earlier (18) of a 50-dangling end
purine base on a GC pair. The base of P has a partial population
(55%) that is stacked with G26 and/or G24, reflected in the first
two decay components (18), but also a significant population that
is completely unstacked from the loop (the long nanosecond
component, 37%). The unstacked component does not represent
a totally unfolded state as such unfolded population is less than
0.05% based on the thermodynamic stability. The assignment of
stacking interactions of P25 was facilitated by a comparison with
the decay profiles for P25Z26 and P25Z24 (17, 18), where
changing G to Z led to faster decays (Table S4, Supporting
Information). These findings suggest that there is an equilibrium
distributionbetween partially stacked andunstacked populations
at position 25 of the active site.

We also used femtosecond time-resolved anisotropy decay (18)
to capture the ultrafast base motion of P25 (Figure 2B). Besides
a ∼10 ns component that represents the tumbling of the entire
molecule, there are a 13 ps and a 160 ps component that represent
the internal motion of this base (Table S5, Supporting Informa-
tion). This is again characteristic of a 50-dangling purine base
(18). As demonstrated before, the 13 ps component corresponds
to local base motion about the glycosidic bond, and the 160 ps
component corresponds to base stacking and unstacking mo-
tions. These motions allow the base to sample various stacked
and unstacked states and their detection confirms the flexible
nature of the active loop (6, 16). These motions also act to gate
the charge transfer between P and surrounding quencher bases,
leading to the apparent quenching rates on such similar time
scales. In other words, the first decay component (5.2 ps) is due to
quenching by a statically stackedG26, and the second (27 ps) and

third (189 ps) components are mostly due to conformational
dynamics-gated quenching.

NMR (7) and crystallographic studies (8, 9) showed thatA25 is
stacked intrahelically forming a pair with C6 in the ground state,
andNMRrelaxationmeasurements showed that the dynamics of
A25 are similar to those of helical regions at pH 5.5, with a
population distribution of 10:1 between protonated and unpro-
tonated states (7). The MC-Sym model, however, suggests that
this base is bulged out for catalysis (10, 11). Unpairing of A25
from C6 is necessary for transition to the active conformation
(6, 7, 16), allowing C6 to form a base triple with G9 and G24
(10, 13). The phenomenon of opening of alternative base pairs for
ligand recognition or proper folding has also been observed in
other RNA systems, for example, theophylline aptamer (23) and
purine riboswitch RNAs (24-26). Although P25 is capable of
forming a base pair with C6 at either neutral or low pH (27), the
pair is not as stable, leading to a lower energetic penalty and
enhanced catalysis (16). At pH 5.5, the stacking population is
slightly enhanced (Figure S5, Supporting Information), similar in
trend with results of the NMR studies (7). Another possible
source of catalytic enhancement may come from the P base
adopting a partial syn conformation due to the amino group
being in the 2-position, analogous to guanine which is known to
prefer the syn conformationmore readily than doother bases.We
note that the syn conformation favored by 6-methyl U at this
position also enhances the cleavage rate (10).

Other positions that are modified with P, or together with Z or
X, reduce the activity by different degrees (Table S3, Supporting
Information). A strong correlation is evident that those mod-
ifications that interfere with the formation of the C6-G9-G24
base triple either significantly diminish the activity or render the
constructs totally inactive. For example, for P25Z24, where one
single hydrogen bond involving the N7 of G24 is disrupted, the
activity is completely abolished. These findings further support
that this base triple is on the pathway toward the transition state,
although it may not be present in significant population at the
ground state. Modification of guanine bases at 23 (P25Z23) and
26 (P25Z26) by Z reduce the activity by 6- and 20-fold,
respectively, compared with P25, in agreement with earlier
observations (10). Purine N7 is the best nucleophile of the
nucleobases, most likely to be metal binding sites. The observed
reduced activity is likely due to interference of Pb2+ binding by
mutations at the N7 of these guanine bases.

Positions 7 and 8 have not been found to be totally conserved,
but purines are preferred (2, 10), and constructs with P, Z, orX at
these positions can undergo complete cleavage yet with slower
rates (Table S3, Supporting Information). Precise base stacking
patterns involving these bases differ in the NMR solution
structure, the crystal structures, and the MC-Sym model
(7-10). Figure 2C,D shows the decay dynamics of constructs
P7 and P8. Similar to that of P25, these multiexponential decay
profiles (Table S4, Supporting Information) indicate multiple
subpopulations that each have a different mode of base-base

FIGURE 1: Leadzyme motif and cleavage reaction. (A) Secondary
structure of leadzyme and two-step cleavage scheme. (B) HPLC time
course of WT cleavage reaction. Peaks corresponding to the two
6-mers (a, b), 24-mer (c), and 30-mer (d) are labeled. (C) Fitting of
cleavage kinetics for 6-mers, 24-mer, and 30-mer.

FIGURE 2: Ultrafast dynamic decay profiles of leadzyme constructs.
(A) P25 andP25B24. (B)Anisotropy decayofP25. (C) P7 andP7B24.
(D) P8 and P8B24.
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interactions. The lack of ∼1 ps component from certain con-
structs, for example, P8Z7 and P8Z9, suggests that adjacent bases
on the longer strand are not well stacked within the loop. In the
single stranded state, however,∼1 ps components were observed
when P8 is adjacent to Z7 or Z9 (Table S4, Supporting Informa-
tion), indicating that it is the internal loop context that causes the
lack of perfect base stacking. NMR studies showed that the A8
sugar dynamically fluctuates between C30- and C2’-endo con-
formations on subns time scales (6). Femtosecond anisotropy
decay showed amain component of 137 ps for the internalmotion
of this base (Table S5, Supporting Information), complementing
the NMR results on the sugar moiety. Although shown to be
mostly intrahelical, G24 flips out in about 20% of the NMR
structures (7). In MC-Sym, G24 partially stacks on G23 (11).
AlthoughP at 24 renders the relevant constructs, for example, P24
and P24Z23, totally inactive, the decay dynamics for these
constructs (Table S4, Supporting Information) indicate that on
average in ∼70% of the population the base P24 is stacked with
G23, similar to that of P as a 30-dangling end on a GC pair (18).

It has been demonstrated recently that separate incorporations
of an 8BrG (B) base at the three guanine positions in the active
site each resulted in different effects on the activity (13). In
particular, 8BrG at G24 was shown to enhance the cleavage
activity by 3-30 fold. We also observed a 3-25 fold enhance-
ment of activity upon 8BrG-24 substitution (Table S3, Support-
ing Information), as long as the original construct without 8BrG
had at least residual activity. In particular, construct P25B24 had
hyperactivity beyond our ability to capture the initial reaction
using the HPLC assay, suggesting an additivity of the enhance-
ment effects of P at 25 and 8BrG at 24. For totally inactive
constructs (e.g., P9), however, 8BrG-24 could not rescue the
activity, consistent with the notion that the integrity of the C6-
G9-G24 base triple is crucial.We proceeded to examine whether
8BrG substitution at 24 changed the distribution of conforma-
tions elsewhere in the loop such that the transition state energy
barrier was lowered. We first confirmed that 8BrG quenches P
similar to quenching by the natural baseG (Table S4, Supporting
Information) using a 50-GBP-30 trimer to mimic the local
sequence of G23-G24-A25. Figure 2A,C,D shows a compar-
ison of ultrafast decay dynamic profiles withG and with 8BrG at
position 24. The 8BrGmodification enhances the overall popula-
tion of stacking interactions for P25. The base A25 is bulged out
in the catalytically relevant base triple model. Therefore, the
change in stacking at P25 cannot be the main mechanism of
enhanced activity. For both P7 and P8, 8BrG-24 moderately
increases the overall unstacked populations. This is consistent
with the fact that both bases need to flip out to allow the
formation of the C6-G9-G24 triple. Therefore, it is likely that
8BrG-24 enhances leadzyme activity partially by enforcing a
favorable conformational distribution at these two bases, in
addition to favoring a syn conformation at G24 (13).

In summary, we sought to establish the correlation between
conformational heterogeneity and dynamics of leadzyme’s active
site with its catalytic potential. The active site is very dynamic and
is not one unique structure. The intrinsic tendency for purine
bases to act as the dangling end (18) dominates their dynamic
behavior. On the basis of the observed population distribution,
theΔG� values between different states arewithin 1 kcal/mol, and
the picosecond fast base motion suggests that the energy barrier
for interconversion between certain conformations is very low.
As demonstrated before (16), there is a balance between orderli-
ness and dynamics, and the presence of multiple independent
motions and heterogeneity at the active site has a significant
impact on ribozyme function (6, 13).
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FIGURE 3: Conformational heterogeneity of leadzyme and transition
to active state of base triple model. Major (green, based on NMR
structure) andminor (red) base stacking patterns for 7, 8, and 25, and
the base triple of C6-G9-G24 (pink) are indicated.
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