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ABSTRACT: Conformational dynamics are an important property of ribozymes and other RNA molecules
but there is currently only limited information on the relationship between dynamics and RNA function.
A recent structural study of the lead-dependent ribozyme, known as the leadzyme, showed significant
dynamics at the active site and indicated that a structural rearrangement is required for the reaction to
proceed from the ground to the transition state. In this work, microsecond-to-millisecond dynamics of the
leadzyme are probed by analysis of the power dependence of13C NMR relaxation times in the rotating
frame (T1F). These results revealed a wide range of conformational dynamics for various residues in the
leadzyme. For residue A25 in the active site, the power dependence ofT1F yielded an exchange lifetime
similar to that previously measured by line-shape analysis, and provides an important calibration of this
T1F methodology for probing the dynamics of macromolecules. Strong evidence was also found for a
previously suggested dynamic network of hydrogen bonds stabilizing the GAAA tetraloop motif. Within
the active site of the leadzyme, internal motions are observed on a wide variety of time scales, suggesting
a complex landscape of accessible states, and potential correlations between observed motions and catalytic
function are discussed. These results demonstrate that the power dependence of13C T1F relaxation times
provides a valuable method for probing dynamics in nucleic acids.

The recent dramatic progress in RNA structural biology
(1-3) has emphasized the key role that conformational
dynamics play in the function of many RNA molecules. In
particular, reactive groups in the hammerhead ribozyme (4-
6) and the lead-dependent ribozyme (7, 8) are not positioned
for in-line nucleophilic attack, as proposed for the phosphoryl
transfer mechanism (9). Therefore, these ribozymes rely on
thermal fluctuations to proceed from the highly populated
equilibrium conformation to a low-population active con-
formation that is required for catalysis. Conformational
transitions also play key roles in RNA recognition of proteins
and other ligands (10), in the function of the ribosome (11)
and the spliceosome (12, 13). Thus, a full understanding of
the structure-function correlations of catalytic RNAs and
ribonucleoproteins requires characterization of both the static
structure and conformational dynamics of the molecule.

A recent NMR structural study of the lead-dependent
ribozyme, or leadzyme (7), found that the most populated
conformation in solution is not positioned for approach to
the presumed transition state, and that a conformational
rearrangement is therefore necessary for catalysis. The active-
site internal loop of the leadzyme contains an intriguing
mixture of stable structural features and conformational
dynamics, as assayed by both chemical probing and NMR
techniques (see Figure 1). Additional information on the

ensemble of structures present in solution will be important
for elucidating the catalytic mechanism of this ribozyme. In
this work, the power dependence of13C T1F spin relaxation
times for the purine C8 and adenine C2 resonances are used
to probe the conformational dynamics of the leadzyme on
microsecond-to-millisecond time scales. The dynamics for
one site had been previously characterized by line-shape
analysis (14, 15), and comparison of the lifetime obtained
here by the13C T1F measurements provides a valuable cross-
validation of the more generally applicable13C T1F spin
relaxation technique. Conformational dynamics on a variety
of time scales are observed for residues in the active site of
the leadzyme.

Solution NMR is well adapted to studying macromolecular
dynamics on a variety of time scales (16). Specifically,
heteronuclear spin relaxation measurements are sensitive to
dynamics ranging from picoseconds to milliseconds (17-
19). Conformational dynamics associated with molecular
function in ribozymes will likely occur on a time scale of
microseconds to milliseconds and involve thermally induced
“exchange” between two or more relatively well-defined
conformational states. The standard model-free analysis of
relaxation data (20, 21) is not well suited to the study of
such dynamics, since exchange on this time scale is only
represented byRex, which represents an error term used to
account for inconsistently short values for the transverse
relaxation time. Thus it is often difficult to unambiguously
interpretRex. For example, apparentRex contributions have
been found to arise instead from anisotropy of molecular
diffusion (22).

Macromolecular dynamics in the microsecond-to-mil-
lisecond regime can be more rigorously studied by analysis
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of the power dependence ofT1F. For a system exchanging
between two states, the transverse relaxation rate under spin-
locked conditions,R1F is described by eq 1 (23, 24):

where T1F is the measured relaxation time,T1F
∞ , is the

relaxation time at infinite spin-lock power,pa andpb are the
fractional populations of conformations a and b (assuming
two-site exchange),∆ω is the chemical shift difference
between states a and b,ω1 ) γB1 is the spin-lock power
expressed in radians per second, andτex is the lifetime for
the exchange process (23, 24). For more complicated
multisite exchange, the detailed form of eq 1 will not hold,
but the extracted parameterτex does give a general indication
of the time scale of the processes involved (25). For two-
site exchange,τex is related to the microscopic rate constants
by

wherekifj is the rate constant for the conversion of statei
to statej. This methodology has been applied to analysis of

proton relaxation data in peptides (24, 25) and DNA
oligomers (26, 27). More recently,T1F analyses of hetero-
nuclear relaxation have been applied to specific sites in
proteins (28-31).

The development of isotope-labeling techniques (32, 33)
allowed the use of13C and 15N nuclei as probes of
conformational dynamics in RNA (34-37). However, de-
tailed analyses of microsecond-to-millisecond motions in
nucleic acids using heteronuclear techniques are quite rare
(38). The results in this paper therefore both provide insight
into the dynamic properties of the leadzyme and demonstrate
the usefulness of the power dependence ofT1F relaxation
techniques in studies of RNA.

MATERIALS AND METHODS

RNA Sample Preparation.A uniformly (>98%)13C, 15N-
labeled sample of the 30mer leadzyme RNA was prepared
by in vitro transcription as previously described (32, 39).
The leadzyme sequence is shown in Figure 1A. The 1.2 mM
sample was dissolved in 10 mM sodium phosphate buffer,
> 99% D2O, pH 5.5, 100 mM NaCl, 0.1 mM EDTA.

NMR Spectroscopy and Data Analysis.All spectra were
acquired on Varian VXR or UnityInova 500 MHz spectrom-
eters at a temperature of 25°C. Aromatic 13C T1F and T1

relaxation were measured using nonconstant-time variations
of published pulse sequences (40). These pulse sequences
include elements to suppress cross-correlation effects and
to minimize signal losses due to projection of magnetization
onto tilted spin-lock axes. ForT1F studies of adenine C2
carbons, the13C carrier was positioned at 151.2 ppm with a
sweep width of 4500 Hz. A total of 56 complext1 increments
of 32 transients each were collected with a recycle delay of
2 s, and a set of 14 different relaxation delays between 4
and 50 ms were used, with one time point acquired four times
for error analysis. For the two highest spin lock powers, the
longest relaxation delay was set to 28 ms to avoid sample
heating. Six spin-lock powers (γB1/2π) between 0.9 and 6.5
kHz were used. ForT1F studies of purine C8 carbons, the
13C carrier was shifted to 139.5 ppm and 80 complext1
increments were collected. For measurement of13C T1 values,
spectra were acquired with a carrier of 145.6 ppm, a sweep
width in t1 of 3000 Hz, a relaxation delay of 1.9 s, usingT1

delays every 50 ms from 50-750 ms. In all cases, the proton
carrier was set at the residual HDO signal, and low-power
13C WALTZ decoupling was applied during acquisition (41).
Spectra were processed with FELIX 97.0 (Molecular Simu-
lations) using 3 Hz exponential line-broadening int2 and a
cosine-squared window int1. Resolved cross-peaks were
integrated in FELIX and employed previously determined
resonance assignments for the leadzyme (39). Relaxation
rates were extracted by fitting the data to single-exponential
decays using Mathematica (Wolfram Research), including
a constant offset in the case ofT1. Errors were propagated
from the estimated uncertainty in peak intensity based on
repetition of a single time point using Monte Carlo techniques
(42).

Extraction of Dynamical Parameters.For off resonance
cross-peaks, the spin-lock field must be considered as the
effective field resulting from the appliedB1 field and the
offset Ω:

FIGURE 1: (A) Sequence and schematic structure of the lead-
dependent ribozyme construct used here (55). The active-site
internal loop is boxed, the scissile phosphate is indicated by an
arrow, and the adenine residue protonated at the experimental pH
is marked. Dotted lines connecting A8 and G24 indicate that, in
the ribozyme ground state, these residues were found to be within
the helix and mutually interacting but did not exhibit a unique base
pair (7). (B) Expanded view of the active site showing data relating
to dynamic features. The symbols correspond to the following
properties: filled box, protection from chemical modification upon
ribozyme folding; open box, no protection; half-filled box, partial
protection; filled circle, single sugar pucker conformation (C3′-
endo or C2′-endo); open circle, averaged sugar pucker; asterisk,
NOEs to base proton inconsistent with a single conformation (7,
39, 56).
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In addition, the observedT1F decay process will have
contributions from both transverse and longitudinal relax-
ation, since the spin-lock axis is tilted out of thexy plane.
This effect was taken into account using measured values
of R1 ) 1/T1 according to (43, 44):

whereθ ) tan-1(ω1/Ω) is the angle of the spin-lock axis
from vertical. The maximum experimental offset was 550
Hz (for A18 C2), resulting in ranges for the tilt anglesθ of
59-90° and 81-90° at 0.9 and 3.7 kHz, respectively.

For those aromatic carbon resonances in the leadzyme that
showed variation ofR1F with ωeff, offset-corrected values
were fit to eq 1 using the nonlinear Marquardt-Levenberg
algorithm as implemented in Mathematica 3.0 (Wolfram
Research) with Monte Carlo error propagation (42). Two-
site exchange was assumed throughout. For the full three-
parameter fit, the independent variables wereτex, papb(∆ω)2

andT1F
∞ . The data generally covered an insufficient range of

ω1 to unambiguously define all three parameters. Thus the
T1F

∞ values were calculated from the averageT1/T1F ratio for
C8 resonances in the helical stem regions that showed no
power dependence forT1F. This ratio was used to calculate
T1F

∞ values for other resonances from the measuredT1 value
for the resonance (24). T1F values from the 3.7 kHz
measurement were used because it is the highest power for
curves extending past 40 ms. This independent estimate of
one parameter allowed the use of a two-parameter fit toτex

andpapb(∆ω)2. We note that assuming a constantT1/T1F ratio
amounts to neglecting variations in the carbon-hydrogen
bond length and13C chemical shift anisotropy (CSA),1 but
does not require known values for these parameters. Ab initio
calculations (45) and cross-correlation measurements (46)
have hinted at variations in CSA between C2 and C8 groups,
possibly leading to errors inT1F

∞ values for C2 resonances
calculated using this procedure. The only C2 resonance in a
helical region for which we have data, A12, however, showed
a rate ratio within the range observed for helical C8
resonances, supporting the validity of this assumption. An
estimate of the isotropic rotational correlation time was
obtained from theT1/T1F

∞ ratio for resonances in the helical
stem that showed no evidence of exchange contributions
when analyzed including dipole-dipole and chemical-shift
anisotropy relaxation mechanisms (19, 47). Using the fully
anisotropic chemical shift tensor ofσz ) 217.8 ppm,σy )
146.3 ppm,σx ) 58.4 ppm measured for guanine C8 (48)
and a bond length ofrHC ) 1.09 Å (49) yields an isotropic
correlation timeτm of 6.4( 0.2 ns at 25°C for the leadzyme.
From the limited relaxation data available, it is not possible
to reliably determine the rotational diffusion anisotropy in
this system.

RESULTS AND DISCUSSION

NMR Data and Relaxation Rates. Transverse and longi-
tudinal relaxation rates could be obtained for the C8
resonances of 14 of the 19 purines in the leadzyme, the C6
resonances of 5 of the 11 pyrimidines, and the C2 resonances

of 4 of the 7 adenines, for a total of 23 probes of base
dynamics. All data were adequately fit to single-exponential
decays. Representative relaxation curves for the G13 C8
resonance, which showed no variation ofR1F with spin lock
power, are shown in Figure 2A, and can be compared with
the A25 C2 resonance, which shows a strong power
dependence (Figure 2B) indicating a significantRex contribu-
tion. The reported transverse relaxation rates were corrected
for the effects of offset using eq 4 (see Materials and
Methods). Histograms ofR1F relaxation rates at two selected
spin-lock powers, as well asR1 values, are shown in Figure
3. The complete set of determined relaxation rates is given
in Table 1. Except for the resonances discussed below, only
minor variations inR1F between 1.5 and 6.5 kHz were
observed. For the 1.0 kHz (0.9 kHz for C2) data, by contrast,
an enhancement in the relaxation rate of∼10-15% was
observed in most cases (Figure 3C). Although we cannot
rule out the possibility that this observation reports on global
conformational transition(s) with an exchange lifetime of tens
to hundreds of milliseconds, it could also arise from
systematic artifacts in theT1F measurement at very low spin-
lock powers (see below). Thus caution should be used
interpreting data where there are only small changes in
relaxation rates with spin-lock power. Consistent with
previous work at a single power (39), no significant
differences were observed for relaxation rates of the pyri-
midine C6 resonances. This is not surprising because all the
resolved pyrimidine resonances are within helical secondary
structure. The only pyrimidine resonance in the active-site
internal loop, on residue C6, could not be analyzed due to
spectral overlap. The C8 and C2 resonances from residues
in the helical regions showed no evidence of exchange
contributions from these relaxation data. By contrast, three
purine C8 resonances (G7, A18, and G24) and one adenine
C2 resonance (A25) in the internal loop or the GA3 tetraloop,
show a significant power dependence ofT1F (Table 1 and

1 Abbreviations: CSA, chemical shift anisotropy; DMS, dimethyl
sulfate; NOE, nuclear Overhauser effect.

R1F
obs) R1 cos2 θ + R1F sin2 θ (4)

FIGURE 2: Representative13C T1F relaxation data on the leadzyme.
Peak intensities versus relaxation delay are plotted at six different
spin-lock powers for (A) G13 C8 and (B) A25 C2. Curves represent
nonlinear least-squares fits to a single exponential.
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Figures 2 and 3). This unambiguously demonstrates that these
resonances are involved in an exchange process that con-
tributes to their transverse relaxation. The observed dynamics
in various regions of the molecule are described in more
detail below.

Microsecond to Millisecond Motions in the Leadzyme.The
power dependence ofR1F for various resonances in the
leadzyme are shown in Figure 4. For resonances that show
changes inR1F with spin-lock power, the motional parameters
can be extracted by nonlinear least-squares fitting to eq 1.
This process is simplified by using theT1 data to derive an
independent estimate ofT1F

∞ , as described above. The
calculated values ofτex andpapb(∆ω)2 are given in Table 2
along with values of∆ω (ppm) corresponding to the case
of pa ) pb ) 0.5, which is the minimum possible chemical
shift change between states to account for the observed
dynamics. The base of A25 in the leadzyme forms a AH+-C
base pair which leads to the adenine N1 having an unusual
pKa of 6.5 (14, 15), thus Table 2 also lists∆ω for pa ) 0.91,
pb ) 0.09, which corresponds to the populations for the
protonation equilibrium for A25 N1 at pH)5.5.

Cross-Validation of Lifetimes Obtained from Line-Shape
Analysis and Power Dependence of T1F. For resonances that
are in intermediate exchange on the chemical shift time scale,
exchange lifetimes can be derived from line-shape analysis
if the chemical shifts, populations and line widths of the

exchanging states are known (50). However, it is rare to have
data for all these parameters. The A25 C2 resonance in the
leadzyme shows pH dependent line broadening which was
previously assigned to the protonation/deprotonation equi-
librium at the adjacent N1 site (14). Full line-shape analysis
of the A25 13C resonance yielded an exchange lifetime
between the protonated/deprotonated states of 31( 8 µs (15).
Significantly, analysis of the power dependence ofT1F for
this resonance yields the sameτex, within experimental error
(see Table 2). Using the previously determined values ofpa,
pb, and ∆ω for this protonation/deprotonation equilibrium
(15, 51) it is possible to independently determine thepapb-
(∆ω)2 parameter (3.1× 106), which is in excellent agreement
with the value determined here from the analysis of theT1F
data (Table 2). The agreement for these dynamical parameters
obtained by the two different methods helps validate the
power dependence ofT1F technique and increases our
confidence in the analysis of theT1F data at other sites in
the leadzyme.

Exchanging Hydrogen Bonds in the GA3 Tetraloop.In the
GAAA tetraloop of the leadzyme, G15 stacks on the 5′ strand
and is followed by a sharp turn in the backbone at G15pA16,
leaving the three adenine bases to stack on the 3′ strand (7,
52, 53). This structure is reflected in the dynamical data
reported here (Figure 3B), for which the capping residue A16
has a longerT1F than the helical regions, indicating rapid
(ps-ns) disorder. This base was previously proposed to be
disordered from structural and phylogenetic data (52). The
base of A17 is involved in stacking interactions on both sides
and is protected from chemical modification upon RNA
folding (7, 39) and shows no evidence for dynamics at the
C8 site. Previous studies on the leadzyme showed a larger
R1F for the C8 resonance of A18 compared to resonances in
helical regions (39), suggesting an exchange contribution.
This is confirmed by theR1F curve in Figure 4B, which has
a clear power dependence of the relaxation rate, and yields
an exchange lifetime of 80µs (Table 2). This shows that
the stable GAAA tetraloop is undergoing exchange between
at least two conformers of roughly comparable free energy.
We have previously proposed that the GNRA tetraloops are
stabilized by a heterogeneous, dynamic network of hydrogen
bonds (53). This hypothesis helps explain the relatively small
impact of deletion of individual hydrogen-bonding groups
on the thermodynamic stability of the loop (54). The first
and fourth nucleotides in the tetraloop, G15 and A18, are
involved in a sheared anti-anti G-A base pair (53). Figure
5 illustrates that a reshuffling of hydrogen bonds from the
depicted arrangement for the G15-A18 base pair would be
expected to have a significant effect on the chemical shift
of A18 C8 (adjacent to a hydrogen-bonded nitrogen), a
smaller effect on A18 C2, and little direct effect on G15
C8, which is on the opposite face of the guanine base from
the groups involved in hydrogen bonds. Intriguingly, this is
the same relative pattern of effects observed for these
resonances in theR1F data (see Table 1 and Figure 4B). In
addition to the significantRex for A18 C8 discussed above,
a smaller but significant effect is observed for A18 C2
(Figure 4B and Table 2). The C8 resonance of G15, by
contrast, shows no significant change inR1F over the range
of field strengths used here. In summary, the spin-relaxation
analysis presented here strongly indicates that the GAAA
tetraloop takes on multiple conformations on the microsecond
time scale, and is consistent with the previous model of a

FIGURE 3: Histograms of the measured relaxation rates in the
leadzyme are shown for (A) longitudinal relaxation, (B) transverse
relaxation at 3.7 kHz spin-lock power, (C) transverse relaxation at
1.0 kHz spin-lock power. Error bars are based on Monte Carlo
analysis of the data (see text). Purine C8 and C2 data are open
bars and pyrimidine C6 data are hatched bars. Dotted horizontal
lines represent the upper and lower data limits for C8 atoms in
helical stems, which correspond to the expected range of relaxation
rates for C8 resonances unaffected by internal motions.
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dynamically interconverting network of hydrogen bonds that
stabilize this tetraloop (53).

Multiple Independent Motions Near the ActiVe Site.In
addition to the effects observed for A25 C2 discussed above,
previous measurements indicated enhancedT1F relaxation for
the G24 and G7 C8 resonances in the leadzyme active-site
(Figure 4, panels C and D; ref39). The results for the power
dependence ofT1F obtained here (Table 2) confirm exchange
contributions affecting these groups, but do not support a
hypothesis that all these active site13C resonances are
reporting on the same conformational equilibrium. Specifi-
cally, the exchange lifetime for G7 C8 is incompatible with
that for the dynamics affecting A25 C2. In addition, the
extracted value ofpapb(∆ω)2 for G7 C8 requires a minimal
chemical shift change of 2.1 ppm, or 3.6 ppm forpa/pb )
10, which are both substantially larger than the value from
the pH titration (Table 2). Thus, the chemical shift of G7
C8 is affected by another exchange process in addition to
the opening of the AH+-C base pair, although the proto-
nation equilibrium may well contribute a portion of theRex

term for this resonance. A complicated pattern of confor-
mational dynamics for this residue is consistent with the
observation of NOE cross-peaks to G7 C8 that are incompat-
ible with a single structure (7). The adjacent residue, A8
C8, by contrast, shows picosecond to nanosecond dynamics
as reflected in a decreased value forR1F (Table 1).

The G24 C8 resonance, which is unaffected by pH in the
range of 4.4-8.3 (51), also shows a power dependence of
T1F (Figure 4D and Table 2). Interestingly, the N7 site on
this residue is protected from chemical modification with
dimethyl sulfate (DMS) upon ribozyme folding (39). There-
fore, the observed exchange process either involves transi-
tions between two (or more) significantly populated confor-
mations, both of which sequester N7, or the NMR data are
dominated by exchange with a very low population confor-
mation that is not efficiently sampled in the chemical probing
data (for example, ifpb ) 0.05, the∆ω calculated from the
T1F data is>7 ppm). It appears that the dynamics observed
for G24 C8 are distinct from both the pH-dependent AH+-C

Table 1: 13C Relaxation Rates in the Leadzyme

R1F (s-1) at givenB1 field

C6/C8 R1 (s-1) 1.0 kHz 1.6 kHz 2.6 kHz 3.7 kHz 5.2 kHz 6.5 kHz

G1 2.06( 0.04 40.8( 0.3 28( 1 31.8( 0.5 29.5( 0.6 30.1( 0.4 26.9( 0.7
C5 2.96( 0.09 49( 2 44.2( 0.6 47( 1 44.1( 0.5 48( 1 50( 1
G7 2.54( 0.01 85( 2 75( 4 61( 2 53( 3 54( 2 50.1( 0.4
A8 2.40( 0.05 39( 1 31.7( 0.6 29.5( 0.5 28.2( 0.3 30( 2 29.9( 0.9
A12 2.14( 0.03 44( 1 32.4( 0.4 34.9( 0.3 33.7( 0.4 35( 1 35.5( 0.3
G13 2.20( 0.03 38.8( 0.5 34.6( 0.5 34.7( 0.9 34.3( 0.4 37( 1 36.3( 0.4
C14 2.52( 0.05 49.7( 0.9 44( 1 44.2( 0.4 41.1( 0.1 43.4( 0.6 44.2( 0.9
G15 2.24( 0.02 42.8( 0.6 39.6( 0.3 38.6( 0.9 37.5( 0.2 43.3( 0.9 41.4( 0.8
A16 2.19( 0.02 34.9( 0.3 28.2( 0.4 28.1( 0.3 27.2( 0.3 28.3( 0.7 28.1( 0.4
A17 2.30( 0.02 45( 1 35.0( 0.5 34.5( 0.5 34.3( 0.1 35.0( 0.9 34.3( 0.1
A18 2.7( 0.2 77( 3 73( 5 60( 2 53( 1 51( 1 50( 1
G19 2.16( 0.02 37( 1 31.4( 0.3 31.5( 0.7 31.4( 0.4 33.3( 0.6 33.5( 0.3
U20 2.34( 0.03 52( 2 44.4( 0.3 43.3( 0.7 42.8( 0.5 49( 1 47( 1
U21 2.62( 0.05 49( 1 48.3( 0.5 42( 1 41.2( 0.5 44( 2 43( 1
G23 2.12( 0.02 44( 1 39.8( 0.4 38.7( 0.9 37.2( 0.3 38( 1 38.5( 0.5
G24 2.39( 0.06 81( 2 75( 4 78( 1 56( 1 68( 3 63( 4
A25 2.05( 0.03 50.7( 0.9 43.6( 0.6 42.2( 0.6 39.0( 0.5 43( 1 38.3( 0.6
G26 2.13( 0.03 43.1( 0.8 39.4( 0.7 39( 1 36.9( 0.4 38( 1 38.1( 0.3
C30 2.82( 0.05 48( 2 46.2( 0.9 44( 1 42.1( 0.5 49.2( 0.9 48( 1

Ade C2 R1 (s-1) 0.9 kHz 1.7 kHz 2.6 kHz 3.7 kHz 5.2 kHz 6.5 kHz

A8 2.26( 0.02 44.8( 0.4 38.3( 0.5 35.7( 0.7 34.8( 0.2 36.8( 0.3 35.6( 0.2
A12 2.18( 0.03 46.5( 0.7 40.6( 0.9 40( 1 38.0( 0.2 39.5( 0.4 39.0( 0.8
A18 2.39( 0.08 51.3( 0.6 46.1( 0.9 42.6( 0.2 39.4( 0.2 40.6( 0.5 38.8( 0.3
A25 2.60( 0.02 171( 4 160( 2 138( 5 104( 2 98( 2 83( 1

FIGURE 4: Power dependence of13C transverse relaxation rates (R1F
) 1/T1F) as a function of applied spin-lock strength,ω1

eff, in hertz.
(A) A25 C2, upper curve; A12 C2 and A8 C2, lower curves. (B)
A18 C8, upper curve; A18 C2, lower curve. (C) G7 C8. (D) G24
C8. (E) A25 C8. Curves shown are fits to eq 1 except for the lower
two curves in panel A, which are third-degree polynomials meant
only to guide the eye.
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base pair opening and the exchange process reported on by
G7 C8. The conformational energy landscape for the internal
loop of the leadzyme is thus quite complex, with different
NMR probes reporting on a variety of processes intercon-
verting among several populated states.

Finally, we examined the power dependence ofT1F data
for A25 C8 to determine if this resonance is affected by the
AH+-C base pair opening dynamics or by any other
exchange process (Figure 4E). Indeed, this resonance exhibits
a moderateRex term yielding an exchange lifetime of 47(
18 µs (Table 2), consistent with the AH+-C base pair
opening as reported by A25 C2. In addition, previous data
reported a chemical shift change of+1.9 ppm for this
resonance upon protonation (15, 51), in reasonable agreement
with the |∆ω| of 2.5 ( 0.4 ppm obtained from theT1F data
usingpa/pb ) 10 (Table 2). Thus the entireRex contribution
for A25 C8 is explained by the exchange between the
protonated and deprotonated states of the A25 base. We also
note that in monomeric 5′-AMP the C8 chemical shift
changes by approximately+2.5 ppm upon protonation at
N1 (15), implying that the source of the chemical shift change
at A25 C8 in the leadzyme is polarization effects propagating
from N1, rather than a conformational change in the
immediate vicinity of the C8 atom that affects the chemical
shift.

Despite the complexity of the internal loop dynamics
described here, is it possible to make some conclusions about
the nature of the internal motions for this region. In earlier
work, we noted that G24 C8 showed essentially no pH
dependence of chemical shift, indicating that the environment
of this atom is not affected by the opening of the AH+25-
C6 base pair (39). Here we showed that theT1F data for the
A25 C8 is completely accounted for by electronic changes
within the adenine base upon deprotonation, and we also
observed no power dependence ofT1F for G26 C8 (Table
1). The simplest explanation of these results is that the

structure of the 3′ (ribozyme) strand of the internal loop,
residues 23-26, is not significantly affected by the transition
between the open and closed states of the AH+25-C6 base
pair. Therefore the base-pair opening dynamics for these
residues, observed previously by line-shape analysis (15) and
here by the power dependence ofT1F, consists of confor-
mational changes of the 5′ (substrate) strand residues.
Specifically movement of the base of C6 would expose the
protonated A25 N1 to solvent, leading to hydrogen exchange.

A Mechanistic Hypothesis: Base Pair Breakage along the
Reaction Coordinate.One of the challenges in interpreting
conformational fluctuations identified by NMR techniques
is to try to understand which of these fluctuations are critical
for function, in this case catalytic activity of the leadzyme.
Sufficient phylogenetic and modification data are available
for the leadzyme to allow initial models to be proposed. We
focus here on conformational dynamics associated with the
protonation/deprotonation equilibrium of A25 (15), which
we propose consists of motion of the base of C6 relative to
the more static A25 on the 3′ strand. The scissile phosphate
group in the leadzyme is immediately adjacent to C6 (Figure
1), therefore conformational changes involving this base
might affect the structure of the reactive groups. It is
interesting to note that substitution of the AH+-C base pair
with either an isosteric G-U pair or a G-C pair results in
inactive ribozyme (39, 55), whereas replacement of the
protonated A with an abasic site is fully compatible with
catalysis (56). One explanation for these results is that there
is no base pair formed in conformations leading to the
transition state. This hypothesis explains the inactivity of the
G-C and G-U base pairs at this site, since the increased
stability of these base pairs compared with AH+-C would
increase the kinetic barrier to an active conformation. In the
abasic-25 variant, no such barrier would be present. Further
biochemical studies are required to confirm this hypothesis.

Two conformations were observed for the active site in
the X-ray crystal structure of the leadzyme (8), and the
conformation closest to having an in-line attack configuration
contains a Ba2+ ion on the N1 of A25. Thus the protonated
AH+-C base pair, unambiguously identified in the NMR
studies, is not observed in the X-ray structure even though
it would be the predominant protonation state in solution at
the pH used in the crystallization (8). However since the
adenine at position 25 is dispensable for catalysis, and may
be replaced by an abasic site without loss of activity (56),
the mechanistic relevance of either the specific ion ligation
observed crystallographically, or the protonated AH+-C base
pair observed by NMR, is uncertain. In a molecular modeling
study of the active conformation of the leadzyme, the
AH+-C base pair observed in the ground state in solution

Table 2: Chemical Exchange Parameters Determined from Analysis of the Power Dependence ofT1F in the Leadzymea

R1F
(s-1)

τex

(µs)
papb(∆ω)2

(×105) ∆ωmin
b ∆ω10:1

c pKa
d ∆ωpH

d

G7 C8 42( 2.6 76( 13 6.8( 1.0 2.1( 0.2 3.6( 0.3 6.2( 0.1 1.0( 0.1
A18 C8 45( 3.9 80( 20e 5.2( 1.7 1.8( 0.3 N/A N/A N/A
A18 C2 40( 2.8 190( 80e 1.6( 0.4 1.1( 0.1 N/A N/A N/A
G24 C8 40( 2.7 25( 4 16( 3.0 3.2( 0.3 5.6( 0.5 N/A <0.2
A25 C2 43( 2.7 40( 1.8 34( 2.0 4.6( 0.1 8.1( 0.2 6.5( 0.1f 7.8( 0.1f

A25 C8 34( 2.2 47( 18 3.4( 1.1 1.4( 0.2 2.5( 0.4 6.4( 0.1 2.1( 0.1
a Data were extracted from two parameter fits to eq 1. All chemical shift values (∆ω) in parts per million.b Calculated frompapb(∆ω)2 usingpa

) pb ) 0.5. c Calculated frompapb(∆ω)2 usingpa ) 0.91,pb ) 0.09. d Derived from chemical shift vs pH data in ref51. e Errors are reported from
the covariation matrix due to poor numerical conditioning in the Monte Carlo procedure.f Ref 15.

FIGURE 5: Schematic structure of the G15-A18 sheared base pair
found in the GAAA tetraloop in the leadzyme (adapted from ref
53).
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is replaced by a base triple formed by C6, G9, and G24 (57).
In the X-ray structure of a putative conformational interme-
diate in the hammerhead ribozyme, the base (C17) im-
mediately 5′ to the cleavage site is not in its ground state
conformation, which involves a noncanonical base pair with
C3 on the opposing strand, but instead moves completely
out of the helical structure thus causing a conformational
rearrangement of the active-site functional groups (58). The
placement of a less stable noncanonical base pair 5′ to the
scissile phosphate, leading to a reduction in the energetic
barrier for conformational rearrangement, may be a generally
useful catalytic strategy for small ribozymes.

Extracting Dynamical Information from the Power De-
pendence of T1F. The studies reported here on the dynamics
of the leadzyme employed spin-lock powers of 1.0-6.5 kHz,
which allows analysis of exchange lifetimes ranging from
approximately 10-5 to 10-3 s. This range is limited on the
short time scale side by power deposition in the NMR probe.
The application of off-resonance spin-locking fields to
increase the magnitude ofω1

eff (59-61) should also aid in
studying shorter time scale motions. On the low-power side,
we observed oscillatory behavior inT1F decay curves obtained
substantially below 1.0 kHz (data not shown), which we
tentatively attribute to contributions arising from residual
scalar coupling interactions with neighboring nuclei. The use
of CPMG-type sequences may extend the range of the
analysis to several millisecond lifetimes (62, 63). The
application of1H WALTZ decoupling during the relaxation
delay may also alleviate problems arising from13C-1H scalar
coupling interactions (29).

In this study on the leadzyme, we focused on13C nuclei
that are not involved in covalent13C-13C bonds (with the
exception of pyrimidine C6 atoms, which are well separated
in chemical shift from the adjacent C5s, and were only
interpreted in a qualitative sense). For many carbon atoms
in RNA, however, scalar and dipolar13C-13C couplings are
likely to interfere with the acquisition and/or interpretation
of relaxation data in uniformly labeled samples. Interference
due to Hartmann-Hahn transfer (40) will be a problem for
the ribose carbons, which have similar chemical shifts and
substantial scalar coupling constants. It is likely that specific
(32, 64-66), fractional (46), and/or alternating site (67, 68)
isotopic labeling will be required for complete analysis of
ribose carbon dynamics in RNA.

CONCLUSIONS

Conformational dynamics appear to play a key role in the
catalytic function of the leadzyme. In this report we
demonstrate how measurements of the power dependence
of 13C T1F data can be used to probe the extent, time scale,
and molecular nature of conformational dynamics in RNA.
The conformational dynamics for protonation of the A25 base
in the active site of the leadzyme were probed by the13C
T1F experiments and the results were in excellent agreement
with the exchange lifetime previously determined by line-
shape analysis (15). These data therefore provide an ex-
tremely valuable calibration for conformational dynamics
determined by analysis of the power dependence of13C T1F
technique. The13C T1F relaxation data obtained here revealed
a variety of conformation dynamics for the active site internal
loop and the GAAA tetraloop in the leadzyme. These studies
reemphasize that a complete understanding of the mechanism
of catalysis in RNAs requires detailed studies of both the

structure and dynamics of the molecule. The results presented
here provide an important step toward achieving this goal
for the leadzyme, and also demonstrate how the power
dependence ofT1F data can be used to probe microsecond-
to-millisecond time scale conformation dynamics in RNAs.
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