
Coupling between conformational dynamics and catalytic
function at the active site of the lead-dependent ribozyme

NEIL A. WHITE,1,3 MINAKO SUMITA,1,4 VICTOR E. MARQUEZ,2 and CHARLES G. HOOGSTRATEN1

1Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, Michigan 48824, USA
2Chemical Biology Laboratory, Molecular Discovery Program, Center for Cancer Research, National Cancer Institute at Frederick,
National Institutes of Health, Frederick, Maryland 21702, USA

ABSTRACT

In common with other self-cleaving RNAs, the lead-dependent ribozyme (leadzyme) undergoes dynamic fluctuations to a
chemically activated conformation.We explored the connection between conformational dynamics and self-cleavage func-
tion in the leadzyme using a combination of NMR spin-relaxation analysis of ribose groups and conformational restriction
via chemical modification. The functional studies were performed with a North-methanocarbacytidine modification that
prevents fluctuations to C2′′′′′-endo conformations while maintaining an intact 2′′′′′-hydroxyl nucleophile. Spin-relaxation
data demonstrate that the active-site Cyt-6 undergoes conformational exchange attributed to sampling of a minor C2′′′′′-
endo state with an exchange lifetime on the order of microseconds to tens of microseconds. A conformationally restricted
species in which the fluctuations to the minor species are interrupted shows a drastic decrease in self-cleavage activity.
Taken together, these data indicate that dynamic sampling of a minor species at the active site of this ribozyme, and likely
of related naturally occurring motifs, is strongly coupled to catalytic function. The combination of NMR dynamics analysis
with functional probing via conformational restriction is a general methodology for dissecting dynamics-function relation-
ships in RNA.
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INTRODUCTION

A full understanding of the function of biological macro-
molecules requires a detailed understanding of their
conformational dynamics to complement high-resolution
structural data. This is particularly true in the case of
RNA, for which rugged conformational landscapes are
often limiting for function (Williamson 2000; Leulliot and
Varani 2001; Perez-Canadillas and Varani 2001; Rambo
and Doudna 2004; Al-Hashimi and Walter 2008; Walter
2009). Heteronuclear NMR has emerged as a powerful
probe of the conformational dynamics of RNA on a variety
of time scales (Bothe et al. 2011; Salmon et al. 2014), with
a particular strength in the detection and characteriza-
tion of low-population conformers, sampled on the micro-
second to millisecond time scale, that may be functionally
critical for RNA catalysis and recognition (Hoogstraten
et al. 2000; Dethoff et al. 2012; Ravera et al. 2014; Zhao

et al. 2014; Zhao and Zhang 2015; Furtig et al. 2016;
Schnieders et al. 2017). Given a spectroscopic or biophys-
ical analysis of a molecule’s dynamics, true mechanistic in-
sight can in principle be obtained by “dynamics-function”
studies, in which a chosen dynamic mode is selectively
quenched and the effect on catalysis, binding, or other
functional output is assessed. The selective experimental
quenching of dynamics, however, is significantly more
challenging than the mutational ablation of an observed
structural feature. As one effort toward dynamics-function
studies in RNA, our group introduced the use of locked
nucleic acid (LNA) modifications, which fix the ribose ring
in a single sugar pucker conformer, thereby preventing
the sampling of minor states with different ribose confor-
mations (Julien et al. 2008).

Many of the small, self-cleaving class of catalytic RNA
molecules, or ribozymes, rely on dynamics and conforma-
tional rearrangements to take up their chemically active
forms (Scott et al. 1996; Wilson et al. 2007; Liu et al.
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2014, 2017). The artificial lead-dependent ribozyme, or
leadzyme (Fig. 1), which undergoes similar chemistry
but with specificity for divalent lead as a cofactor (Pan
and Uhlenbeck 1992; Pan et al. 1994), has been useful
as a model system for structural and dynamic studies
of this class of ribozymes by NMR (Legault and Pardi
1997; Hoogstraten et al. 1998, 2000; Legault et al. 1998;
Westhof and Hermann 1999; Qi and Xia 2011; Hoog-
straten and Sumita 2013).
NMR spin-relaxation studies of conformational dynam-

ics in catalytic RNA, including the leadzyme, have thus
far been limited to the use of 13C resonances in the
nucleotide base groups due to strong 13C–13C magnetic
interactions in the backbone ribose ring. A general class
of approaches to such interfering effects is provided by
the introduction of 13C labels at specific sites within the
nucleotide. Significant progress in atom-specific labeling
has been made for DNA (Nelissen et al. 2016) and RNA
(Hoogstraten and Johnson 2008; Nelissen et al. 2008; Le
et al. 2015; Chen et al. 2016; Longhini et al. 2016a,b;

LeBlanc et al. 2017). Our group has introduced a metabol-
ically driven alternate-site labeling procedure in which nu-
cleotides are biosynthetically produced by E. coli deficient
in the pentose-phosphate pathway enzyme glucose-6-
phosphate dehydrogenase (zwf genotype) grown with
2-13C-glycerol as the sole carbon source. Under these
conditions, ribose-5-phosphate is synthesized only via
transketolase and transaldolase operating on 12C–13C–12C
isotopomers of three-carbon metabolites, resulting in nu-
cleic acids with ribose groups 13C-labeled to high atom
percent at C2′ and C4′ with no detectable 13C label at
C1′, C3′, and C5′ sites (Johnson et al. 2006; Johnson and
Hoogstraten 2008). With this labeling pattern, NMR spin-
relaxation studies can be performed on 13C2′ and 13C4′

resonances in the complete absence of the one-bond
JCC couplings that otherwise pose significant obstacles
to data acquisition and interpretation. Comparisons of
spin-relaxation data with uniformly labeled samples indi-
cated significant errors introduced by 13C–13C interactions
in the uniformly labeled molecules, emphasizing the
importance of the selective labeling scheme (Johnson
et al. 2006).We used this technology to perform a compre-
hensive spin-relaxation analysis of backbone ribose groups
in the GCAA tetraloop (Johnson andHoogstraten 2008). In
the current work, we extend applications of alternate-site
labeling techniques to catalytic RNA.
Ribose rings in nucleic acids generally are found in two

conformations corresponding to two locations on the
pseudorotation cycle (Altona and Sundaralingam 1972):
C3′-endo or “North,” characteristic of A-form helices,
and C2′-endo or “South,” characteristic of B-form helices
(Fig. 2; Wijmenga and van Buuren 1998; Li and Szostak
2014; Wang and Woods 2016). Nonhelical nucleotides
may be found in either conformer or in an equilibrium be-
tween the two, as can be analyzed byNMR J-coupling con-
stants (Wijmenga and van Buuren 1998). In the leadzyme,
the nucleotide immediately 5′ to the cleavage site, Cyt-6,
has been determined to be C3′-endo by J-couplings and
displays this conformation in both the NMR and crystallo-
graphic structures (Hoogstraten et al. 1998; Wedekind
and McKay 1999, 2003). In addition, these ground-state
structures show the reactive groups distant from the in-
line conformation of nucleophile (2′-hydroxyl), reaction
center (phosphorus), and leaving group (5′-oxygen) that
is ideal for self-cleavage (Fig. 1). Together with other
discrepancies between the biochemical and structural
data in this system (Chartrand et al. 1997; Westhof and
Hermann 1999; Hoogstraten and Sumita 2013), these
data suggest that the active state of the leadzyme is a
minor conformer that is distinct from those observed by
NMR or crystallography and is sampled in dynamic fashion
(Lemieux et al. 1998), with the reorientation of Cyt-6 from
C3′-endo to C2′-endo a key part of the structural transition
(Fig. 1D). The present work is designed as a specific test of
this model.

A
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D

FIGURE1. Sequence and three-dimensional structure of the lead-de-
pendent ribozyme. (A) Leadzyme secondary structure, indicating the
adenosine residue (Ade-25) with a shifted pKa of 6.5 as positively
charged (Legault and Pardi 1997), the noncanonical dynamic A-G
base-pairing interaction (Ade-8°Gua-24), and the self-cleavage site
(arrow). (B) Overall structure of the leadzyme as observed in solution
(Hoogstraten et al. 1998). Residues flanking the cleavage site are col-
ored red (Cyt-6) and yellow (Gua-7). (C ) Expanded view of Cyt-6 and
Gua-7 (colored as in B), illustrating the lack of in-line alignment for the
reactive groups (dotted line connecting nucleophilic O2′, reaction
center phosphorus, and leaving group O5′). (D) Schematic reaction
scheme for the leadzyme, illustrating the requirement for dynamic
sampling of a rare (“invisible”) conformational state ES∗ for self-cleav-
age. Structure panels were prepared with PyMol (Delano 2002).
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We previously applied LNA modification, which cova-
lently fixes the nucleotide in the C3′-endo conformation
and prevents fluctuations to C2′-endo, at several sites
in the leadzyme internal loop (Gua-7, Gua-9, and Gua-
24) as a probe of the importance of dynamics in activity
(Julien et al. 2008). LNA, however, cannot be used at
the critical Cyt-6 site, as the modification destroys the nu-
cleophilic 2′-hydroxyl and thus abrogates self-cleavage
completely. We have therefore opted to incorporate
synthetic N-methanocarba (N-MC) nucleotides, which
use a bicyclo[3.1.0]hexane pseudosugar structure to fix
the sugar pucker in a C2′-exo (North) conformer without
modification at the 2′ site (Fig. 2; Jeong et al. 1995; Choi
et al. 2003). The deoxy versions of these nucleotides
(Maier et al. 2004; Maderia et al. 2005; Wu et al. 2005)
have been used to probe systems including DNA thermo-
dynamics (Maderia et al. 2007) and thrombin-aptamer rec-
ognition (Saneyoshi et al. 2009), and an efficient synthesis
of RNA oligonucleotides containing the 2′-hydroxyl variant
ofN-methanocarba nucleotides is available (Terrazas et al.
2011).

Work in several systems has demonstrated the compat-
ibility of N-MC nucleotides with structural requirements
for North sugar puckers, consistent with the display of
functional groups in similar orientations to unmodified
nucleotides (Fig. 2). An siRNA duplex containing a ribo-
N-MC modification in the guide strand was taken up by
the intracellular RNAi machinery and showed near-wild-
type activity and target mRNA degradation (Terrazas
et al. 2011). A crystal structure of aN-MC-dATP nucleotide
bound at the active site of the model DNA polymerase
Dpo4 superimposed nearly perfectly with an unmodified
dATP bound at the same site, demonstrating selectivity
of the polymerase for the North substrate conformation

(Ketkar et al. 2012a), and no protein contacts to the cyclo-
propane ring were observed in either Dpo4 or humanDNA
polymerase iota (Ketkar et al. 2012b). Both N-MC and
S-MC nucleotides have been shown to reproduce the
preferences of the corresponding unmodified nucleotides
for rotamers at the sugar-base glycosidic bond (torsion
angle χ) and ring-adjacent C3′–C4′ bond (γ) (Marquez
et al. 1997, 2004). Finally, inhibition of HIV reverse tran-
scriptase by N-MC-AZT was kinetically indistinguishable
from that mediated by wild-type AZT (Marquez et al.
1998). In short, N-methanocarba nucleotides are good
structural and functional mimics of unmodified nucleotides
in their North conformation. When substituted at Cyt-6 of
the leadzyme, N-methanocarbacytidine (N-MCC) would
be expected to reproduce the observed ground-state
structure, and thus to be functionally active in the absence
of sugar pucker dynamics coupled to self-cleavage.

In this work, we have combined NMR spin relaxation
analyses of ribose pucker dynamics at cytosine residues
in the leadzyme, enabled by the metabolically driven
site-specific stable isotope labeling scheme (Hoogstraten
and Johnson 2008), with functional probing via N-MCC
substitution at the active site Cyt-6. We find that, nearly
uniquely among cytosine residues in the molecule, Cyt-6
shows dynamic sampling of a minor conformer with sub-
stantial chemical shift changes at 13C2′ and 13C4′ and an
exchange lifetime on the order of 10 µsec. N-MCC substi-
tution reveals that conformational restriction to North con-
formations at this site results in a drastic loss of self-
cleavage activity. Taken together, these results indicate
that dynamic sampling of a low-population “invisible”
state of the active-site ribose is an important factor in the
catalytic cycle of the leadzyme, suggesting that reorienta-
tion to a C2′-endo sugar pucker at Cyt-6 is characteristic of
the active state of the molecule (ES∗ in Fig. 1). Given the
similarity of the leadzyme chemical mechanism to naturally
occurring self-cleaving ribozymes, similar factors may very
well be at play in those biologically relevant species as well
(Cochrane and Strobel 2008). The combination of NMR ri-
bose spin relaxation with conformational restriction via
chemical modification is a generally useful technology
for probing the functional importance of ribose pucker dy-
namics in RNA.

RESULTS

Specific labeling of RNA

The use of standard uniformly 13C-labeled samples of RNA
poses serious obstacles to NMR spin relaxation analysis
along the RNA backbone. Large one-bond 13C–13C scalar
and dipolar couplings within the ribose ring significantly
interfere with the acquisition and interpretation of relaxa-
tion data, which generally relies on the approximation
that the behavior of the heteronucleus (13C, in this case)

A

B

FIGURE 2. (A) Three-dimensional representations of the two primary
pseudorotational conformations (sugar puckers) observed for ribose
rings in nucleic acids. (B) Structure of the North-methanocarba nucle-
otidemodification, which cannot take up South-like sugar pucker con-
formations, emphasizing the similar presentation of linkages and
functional groups to unmodified C3′-endo nucleotides.
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is dominated by interactions with the directly bonded
1H atom. Subtypes of valid data may be acquired in
some circumstances in DNA (Shajani and Varani 2008)
and RNA (Clay et al. 2017), but the most general solution
is to acquire data under conditions in which 13C nuclei
have only 12C neighbors along the carbon chain. Our
group’s metabolically driven labeling scheme using
glucose-6-phosphate dehydrogenase (zwf) mutants of
E. coli and 2-13C-glycerol as a carbon source achieves
this aim via high atom percent 13C labeling at C2′ and
C4′ sites (2′,4′-13C2) and undetectable 13C elsewhere in
the ribose (Johnson et al. 2006; Hoogstraten and
Johnson 2008; Johnson and Hoogstraten 2008). In addi-
tion, in RNA oligonucleotides of more than a few residues,
substantial overlap in the C2′/H2′ and C4′/H4′ regions of
two-dimensional NMR spectra greatly reduces the number
of signals that can be analyzed. In this work, we enabled ri-
bose spin-relaxation studies in the 30-nucleotide lead-

zyme construct via in vitro transcription in which cytidine
nucleotides are labeled in 2′,4′-13C2 fashion as described
above and the remaining nucleotides are present at natu-
ral isotopic abundance.
Figure 3A shows the ribose-sugar region of a non-cons-

tant-time 1H-13C HSQC NMR spectrum of the resulting
sample, demonstrating signals arising from 13C2′ and
13C4′ labels along with the complete absence of 13C sig-
nals in the regions containing C1′, C3′, and C5′ signals
from this molecule (Legault et al. 1998). Slices along the
13C axis through cross-peaks in this spectrum display sin-
glets rather than the triplets which arise from the ∼40 Hz
one-bond 13C–13C couplings in uniformly labeled samples,
indicating the efficiency of the alternate-site scheme (Fig.
3B). A comprehensive analysis of the isotopomers present
in this labeling scheme has been published previously
and is consistent with the complete absence of one-bond
13C–13C interactions (Johnson et al. 2006). Expansions of

A B

C D

FIGURE 3. (A) Two-dimensional non-constant-time HSQC spectrum for the ribose resonances of the 2′–4′-13C2-Cyt labeled leadzyme. Boxes
indicate the regions in which the five types of ribose 1H-13C cross peaks arising from cytosine residues in this molecule would be expected
(Legault et al. 1998). Predicted C5′ chemical shifts are folded from the ∼65 to 66 ppm region due to the restricted sweep width of the spectrum.
(Inset) Schematic of the alternate-site labeling patternwith 13C-labeled sites in red. (B) Section along the 13C axis for a representativeH2′–C2′ peak
demonstrating the lack of multiplet structures that would arise from any one-bond 13C–13C interactions present. (C,D) Expansions of the 2′ and 4′

regions from Awith the analyzed peaks labeled. “ov” indicates overlapped helical 4′ resonances not analyzed in this work, daggers indicate sig-
nals arising from 3′-end heterogeneity, and asterisks indicate inconsistently observed peaks that are attributed to aminor population of misfolded
RNA (see text).
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the analyzed signals (Fig. 3C,D) demonstrate the presence
of all expected peaks (Legault et al. 1998), albeit with sub-
stantial overlap for H4′/C4′ signals in helical regions that
prevented analysis for these signals for five of the eight
cytosine residues. A number of minor signals present in
this spectrum that were not consistently observed are indi-
catedwith asterisks and attributed to a small component of
misfolded ribozyme. Assignments of all analyzed signals to
the proper resonances of the correctly folded species were
confirmed based on a 3D 13C HSQC-NOESY spectrum
(not shown). Based on the results in Figure 3, spin-relaxa-
tion experiments on this sample can be taken as rigorously
free of contributions from 1JCC interactions. In addition,
the restriction of labeling to cytosine residues removes
22 of the 30 signals from each atom type. As a result, all
of the H2′–C2′ and three of the eight H4′–C4′ peaks
were sufficiently resolved for relaxation analysis.

Ribose dynamics at the cleavage site

The rate of decay of transverse NMR magnetization, com-
monly denoted R2 when measured under spin-echo (Carr–
Purcell–Meiboom–Gill, CPMG) conditions and R1ρ when
measured under spin-lock conditions, is sensitive to con-
formational changes on microsecond to millisecond time-
scales that cause a change in chemical shift (Δω) of the
nucleus according to

R (CPMG)
2 = R0

2 + Rex, (1)

R1r = R0
1r + Rex , (2)

where R0 represents the relaxation rate in the absence of
exchange contributions. In the case of exchange between
two states a and b with different chemical shifts, the
exchange contribution to R1ρ data is given in the fast-
exchange limit by

Rex = papb(Dv)
2 kex
v2
eff + k2ex

, (3)

where pa and pb are the populations of the interconverting
states, kex is the sum of the forward and reverse rate con-
stants for the interconversion, and ωeff is the effective
strength of the spin-locking field, obtained as the vector
sum of the resonance offset and the applied field strength
ω1 = γB1/2π. Exchange lifetimes τex are reported as the
reciprocal of kex. Thus, exchange processes give rise to
increased R2 values compared to those observed inmolec-
ular regions for which exchange on these time scales is not
present. For ribose rings in nucleic acids, interconversions
between C3′-endo and C2′-endo conformers (Fig. 2) give
rise to substantial changes in 13C chemical shifts, especial-
ly at the C2′, C3′, and C4′ sites (Ebrahimi et al. 2001; Rossi
and Harbison 2001). R0

1r, in contrast, depends only on
the chemical structure at the carbon site (especially the

near-constant C-H bond length), the overall tumbling of
the molecule, and the presence of sub-nanosecond local
dynamics, which will tend to decrease the relaxation rate.
Thus, in stable helical regions, near-constant R1ρ values
for a given carbon type are generally observed (Johnson
and Hoogstraten 2008). Increased values of R1ρ in nonhel-
ical regions can be taken as arising from microsecond-to-
millisecond conformational exchange (Palmer 2004).

We acquired R1ρ measurements of C2′ and C4′ nuclei to
detect and analyze the sampling of minor conformers for
cytidine nucleotides in the leadzyme. As an example of
the data obtained, Figure 4 shows decay curves for trans-
verse relaxation for two internal-loop resonances (Cyt-6
C2′ and C4′) compared to a typical helical resonance
(Cyt-28 C2′) at a spin-lock power ωeff of 3000 Hz. The loop
resonances display a significant increase in decay rate well
outside the error in the measurements, consistent with
the presence of an exchange contribution to relaxation.
Figure 5 collects R1ρ values for all observed resonances

A

B

FIGURE 4. Illustrative R1ρ transverse relaxation curves at γB1/2π=3.0
KHz for internal-loop peaks. (A) Cyt-6 C2′ (solid); (B) Cyt-6 C4′ (solid).
Open symbols in both panels are the helical residue Cyt-28 C2′ for
comparison. Curves were normalized such that extrapolated intensity
at t=0 was unity. Error bars were derived from threefold replicas of a
single time point.

White et al.

1546 RNA, Vol. 24, No. 11



at a single ω1 value of 2500 Hz. With the exception of
Cyt-10 C4′, discussed below, resonances from Watson–
Crick helical regions indeed show near-constant values
across the molecule, consistent with the absence of micro-
second-scale internal dynamics in helical regions. For
the active-site residue Cyt-6, in contrast, both C2′ and
C4′ resonances show substantially increased R1ρ values
compared to helical residues, indicating strong Rex contri-
butions from sampling of a minor conformer. This residue
is found by both NMR (Hoogstraten et al. 1998) and crys-
tallographic (Wedekind and McKay 1999, 2003) structural
analysis to take up an A-form structure extending the flank-
ing Watson–Crick helix, and is fully C3′-endo according to
NMR J-coupling constants (Legault et al. 1998). Chemical
shifts at 13C2′ and 13C4′ are expected to be strongly de-
pendent on changes in sugar pucker, with a particularly
dramatic shift possible if the glycosidic angle simultane-
ously shifts from anti to syn; in contrast, simple changes
in the exocyclic γ torsion lead to relatively minor chemical
shift changes at these two sites (Ebrahimi et al. 2001; Rossi
and Harbison 2001). Therefore, the most straightforward
interpretation of exchange dynamics at these sites is the
sampling of a low-population invisible state with the Cyt-
6 ribose in the C2′-endo conformation, although other
more complicated motional models cannot be ruled out.

Relaxation-dispersion analysis of exchange

According to Equation 3, the measurement of transverse
relaxation rates as the spin-lock power ω1 is parametrically
varied allows the determination of the motional parame-
ters pa pb (Δω)

2 (often expressed asΦex) and kex. If indepen-
dent estimates of the state populations are available, the
chemical shift difference between them (Δω) can be calcu-
lated directly from Φex; otherwise, a lower bound can be
placed on Δω by considering the limiting case pa=pb=
0.5 (Δωmin

2 =Φex/0.25). Observation of such relaxation-
dispersion effects also provides a more unambiguous

demonstration of the presence of conformational ex-
change than data at a single value of ω1. Therefore, we
obtained R1ρ data for our 13C2-Cyt sample at ω1 values
varying from 1.5 to 6.0 KHz. All measured relaxation
rates are collected in the Supplemental Information,
Supplemental Table S1. Figure 6 shows such relaxation-
dispersion data for the two active-site resonances, Cyt-6
C2′ and Cyt-6 C4′, in comparison to a typical helical reso-
nance, Cyt-28 C2′. In data of this type, for exchange
processes on the scale of a few tens of microseconds
or more, a 6 kHz applied field is sufficient to nearly or
completely suppress Rex, thus leading R1ρ to converge
to the asymptotic value R0

1r at the upper end of such
dispersion plots according to Equation 3 (Johnson and
Hoogstraten 2008). In the data in Figure 6, only weak
variation of dispersion effects with ω1 is observed, and
the exchange lifetimes cannot be determined quantita-
tively. We have simulated relaxation-dispersion curves
based on a number of combinations of parameters in an

FIGURE 5. Transverse relaxation rates for the 2′,4′-13C2-cytidine-
leadzyme. Values correspond to R1ρ data at γB1/2π=3.0 KHz. Error
bars are as reported by the fit software for a single-exponential decay.

A

B

FIGURE 6. Relaxation-dispersion curves. (A) Cyt-6 C2′ (solid); (B) Cyt-
6 C4′ (solid). Open symbols in both panels are the helical residue Cyt-
28 C2′ for comparison. Fits to the upper curves are to Equations 2 and
3 with R1ρ fixed to 12.7 sec−1 basedon themean value for helical Cyt-6
C2′. Fits inwhichR0

1r was allowed to vary resulted in extremely poor pa-
rameter determination. Fit parameters: Cyt-6 C2′, kex = (1.0 ±0.8) ×
105 sec−1, Φex= (2.0±1.3) × 106, Δωmin = (3.0±1.0) ppm; Cyt-6 C4′,
kex= (3.6±0.5) × 104 sec−1, Φex= (9.9±0.7) × 105, Δωmin = (2.1±0.1)
ppm.
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attempt to determine the limits of dynamic properties con-
sistent with the present data (see Supplemental Material).
We found that τex values of less than∼2 µsec would require
unrealistically large chemical-shift changes to reproduce
the observed magnitude of Rex (Supplemental Material,
Supplemental Fig. S1A–C), whereas lifetimes greater than
∼30 to 40 µsec are inconsistent with the observed weak
ω1 dependence (Supplemental Fig. S1D). The exchange
lifetime can therefore be qualitatively taken to be on the
order of 10 µsec. Using an exchange value of 10.0 µsec
yields a Δωmin value of roughly 3.0 ppm, consistent with
the expected magnitude of chemical-shift changes of
these atoms upon C3′-endo to C2′-endo conversion
(Ebrahimi et al. 2001; Rossi and Harbison 2001). For a 5%
population of the minor state, the data is consistent
with chemical shift changes of ∼7 ppm, corresponding to
shifts expected for a concerted shift from C3′-endo/anti
to C2′-endo/syn. Although the lack of strong variation of
relaxation rate with ω1 requires caution in quantitative
interpretation, especially given possible variations in R0

1r,
the analyses in Figure 6 and Supplemental Figure S1 un-
ambiguously demonstrate a dynamic process at this ribose
with an exchange lifetime on the order of 10 µsec. With
dispersion effects on comparable lifetimes observed at
both 13C sites with the ribose, the most parsimonious
explanation of these data is the sampling of a minor C2′-
endo state at this ribose. More precise quantitation of
the exchange lifetimes would require extension of the dis-
persion curve above ω1 = 6 kHz, a regime often difficult to
access due to excessive power deposition in the NMR
probe. Recent work with the most advanced current cryo-
probes allows the extension of this limit in favorable cases
(Ban et al. 2017; Reddy et al. 2018).

Activity of a conformationally restricted
leadzyme variant

We have demonstrated the use of LNA modifications,
which covalently restrict the corresponding nucleotide
to C3′-endo conformations using a methylene bridge
between C4′ and the 2′-hydroxyl oxygen, as a functional
probe of ribose dynamics in systems including leadzyme
catalysis (Julien et al. 2008) and hairpin ribozyme docking
(A McClain, N White, and CG Hoogstraten, unpubl.). LNA,
however, destroys the RNA 2′-hydroxyl nucleophile, and
would therefore be incompatible with self-cleavage if
used at the Cyt-6 active site. We therefore adopted the
north-locked methanocarbacytidine (N-MCC) nucleotide
modification (Fig. 2), which restricts the nucleotide to an
envelope C2′-exo conformation, leaving the 2′-hydroxyl
group in an axial disposition similar to a ribose in a
C3′-endo conformation (Fig. 2; Jeong et al. 1995; Choi
et al. 2003; Terrazas et al. 2011). North-methanocarba nu-
cleotides have been demonstrated to be excellent struc-
tural and functional mimics for unmodified nucleotides

in the C3′-endo conformation in a number of contexts
(Marquez et al. 1998; Terrazas et al. 2011; Ketkar et al.
2012a,b) and to reproduce the preferences of unmodified
nucleotides for glycosidic and exocyclic torsion angles
(Marquez et al. 1997, 2004). When incorporated at Cyt-6
in the leadzyme, this modification is thus expected
to only minimally perturb the ground-state structure, in
which the ribose is stably C3′-endo (Hoogstraten et al.
1998; Legault et al. 1998; Wedekind and McKay 2003).
The fluctuations to aminor C2′-endo conformation implied
by the above spin-relaxation data, however, are complete-
ly abolished.

The self-cleavage activity of the leadzyme as a function
of added [Pb2+] was determined by quantitating the con-
version of fluorescently labeled full-length RNA to cleav-
age product upon incubation with varying concentrations
of Pb(II) on a denaturing polyacrylamide gel. Figure 7
shows a comparison of the self-cleavage kinetics of wild-
type and N-MCC-6 leadzyme constructs at pH 7.0. A
maximum cleavage rate of roughly 1 min−1 for the wild-
type sequence is consistent with previous observations
at this pH (Pan et al. 1994). The decay of cleavage rates
at elevated [Pb2+] is characteristic of the system and is
ascribed to the formation of polyhydroxy-Pb(II) clusters in
solution (Pan et al. 1994; Yajima et al. 2007; Julien et al.
2008). We observe a dramatic decrease in the rate of
self-cleavage upon N-MCC modification, with kobs values
at the optimum 25 µM Pb2+ decreasing from (1.2± 0.1)
min−1 to (0.013±0.007) min−1. Thus, the specific quench-
ing of dynamics at the Cyt-6 ribose group has drastically
reduced the self-cleavage activity of the leadzyme.

Taken together, the sampling of a minor conformer
detected by spin relaxation and the loss of activity upon
restriction to a region of the pseudorotational cycle consis-
tent with the ground state suggest that repuckering of this

FIGURE 7. Self-cleavage rate constants for wild-type (solid symbols)
and N-MCC-6 modified (open symbols) leadzyme sequences. For
the wild-type sequence, biexponential decay was observed due to in-
complete folding, and the faster of the two resulting rate constants is
plotted (cf. Materials and Methods). Relative errors (σn−1) were aver-
aged across a given data set.
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nucleotide from C3′-endo to C2′-endo is directly coupled
to catalytic function, i.e., lies along the reaction coordi-
nate. The effects of selective conformational restriction
indeed strengthen our identification of the exchange
dynamics observed by NMR with a C3′-endo/C2′-endo
equilibrium at the active-site ribose.

DISCUSSION

This work combines detailed NMR spin-relaxation analysis
of the sampling of a minor state of the ribose ring at the ac-
tive site of the lead-dependent ribozyme with the use of a
conformationally restricted nucleotide to test the activity
of a variant in which that sampling is prevented, providing
an unambiguous correlation between conformational
dynamics and function. Due to the limited range of spin-
lock powers available, the quantitative precision of the
motional analysis is limited, but the overall conclusion
that a minor state corresponding to a change in 13C chem-
ical shift of several ppmof both the C2′ andC4′ resonances
at Cyt-6 is sampled on approximately the 10-microsecond
time scale is unambiguous.
The mechanism of self-cleavage of the in vitro selected

leadzyme, nucleophilic attack of a 2′-hydroxyl on the
adjoining phosphate with departure of the 5′-oxygen, is
common to the prominent Mg2+-activated family of self-
cleaving ribozymes that includes the paradigmatic ham-
merhead, hairpin, and hepatitis delta motifs (Esteban
et al. 1997; Fedor and Williamson 2005; Cochrane and
Strobel 2008) as well as several more recently discovered
species (Roth et al. 2014; Harris et al. 2015; Li et al.
2015; Weinberg et al. 2015). The proper alignment of
these groups for facile “in-line” attack is a substantial con-
tributor to the catalytic power of these motifs (Soukup and
Breaker 1999; Emilsson et al. 2003). Based on structural
and computational data in several systems, the coupling
of active-site alignment with the assumption of a C2′-
endo conformation at the active site, either via static struc-
tural stabilization or dynamic sampling, may be a common
feature of these motifs (Cochrane and Strobel 2008; Lee
et al. 2009, 2016; Heldenbrand et al. 2014; Gaines and
York 2016). For example, the corresponding nucleotide
in the hairpin ribozyme is C3′-endo in an NMR structure
of the inactive loop A in isolation (Cai and Tinoco 1996),
but converts to C2′-endo upon formation of the active
state via tertiary interface formation with loop B (Rupert
and Ferré-D’Amaré 2001). In the case of the leadzyme, a
binding partner to conformationally capture the active
state is not available, and self-cleavage instead proceeds
via dynamic sampling of a minor, catalytically proficient
state. The combination of NMR spin-relaxation and related
techniques and functional probing via conformational re-
striction is a powerful tool to map out such functionally rel-
evant states that are invisible to standard techniques of
structure determination.

Interestingly, the data in Figure 5 indicate that an
exchange process also perturbs the chemical shift of
the Cyt-10 C4′ resonance. This nucleus falls in the ribose
ring of a Watson–Crick base pair adjoining the internal
loop, for which repuckering dynamics are not necessarily
expected, and comparable dispersion effects are not ob-
served for the C2′ resonance of this nucleotide. This appar-
ent discrepancy may be resolved by reference to the
adjoining Gua-9 residue, whose base is extruded from
the helix via a sharp bend of the backbone, forms no stable
hydrogen bonds in solution, and is poorly ordered in the
solution structure (Hoogstraten et al. 1998). A LNA substi-
tution at this site resulted in a dramatic (up to 20-fold) gain-
of-function phenotype, strongly indicating functionally
relevant dynamics at Gua-9 (Julien et al. 2008). A reorien-
tation of the backbone to a minor conformer at this site
could put the base of either residue Gua-9 or Ade-8 in po-
sition to supply a strong ring-current chemical shift to the
Cyt-10 C4′ nucleus. Thus, a strong Δω effect and resulting
Rex contribution at this site could plausibly arise from
movements of these bases relative to a static Cyt-10 ribose
moiety, andwe tentatively ascribe the enhanced relaxation
at Cyt-10 C4′ (Fig. 5) to this indirect exchange effect.
The bicyclic N-MCC nucleotide modification was de-

signed to restrict the nucleotide to the C2′-exo conforma-
tion (approximately 342° on the pseudorotation cycle),
closely resembling the C3′-endo or “North” conformation
(0° to 36°) characteristic of A-form helices (cf. Fig. 2; Altona
and Sundaralingam 1972). Substantial experimental evi-
dence for both ribo- and deoxyribo-MC nucleotides in
a wide variety of contexts supports the assumption that
these modifications do not perturb oligonucleotide
structure beyond the intended restriction to a particular re-
gion of the pseudorotation cycle (Marquez et al. 1997,
1998, 2004; Maderia et al. 2007; Terrazas et al. 2011;
Ketkar et al. 2012a,b). In a 1.8 Å crystal structure of two
north-methanocarba-thymidine (N-MCT) nucleotides in-
corporated into a self-complementary DNA dodecamer,
however, an unexpected left-handed stem–loop formed,
with the N-dMCT residues located within the loop and
taking up pseudorotation angles of 48°–52° (Pallan et al.
2012). The structural context of these nucleotides varies
from the present study in important ways, including the
lack of the 2′-hydroxyl group on both the methanocarba
and native nucleotides and the presence of the unusual
left-handed structural motif. This study thus serves as an
important reminder that the structural effects of nucleotide
modifications do depend to some extent on context. In the
present study, the N-MCC nucleotide is incorporated at
a site where the native structure stabilizes a C3′-endo
pseudorotation, and we therefore believe that our inter-
pretation of the modification as stabilizing the observed
ground-state conformation of the ribozyme while prevent-
ing the formation of a minor conformer with Cyt-6 in the
C2′-endo state is fully justified.
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Several existing lines of evidence support the model
that the most-populated structure of the leadzyme, as ob-
served by NMR and crystallography, does not correspond
to the active form of the motif, and that fluctuations to a
minor active conformer (ES∗ in Fig. 1) are necessary for
self-cleavage. This evidence includes a severe mismatch
between the high-resolution structures and the extant bio-
chemical data in the system (Pan et al. 1994; Chartrand
et al. 1997), as well as the failure of the active-site groups
to adopt a catalytically relevant “in-line attack” conforma-
tion in the ground-state solution structure. In addition, two
modifications that destabilize the observed structure, an
8-bromo-guanosine substitution at position 24 that tends
to favor syn glycosidic conformation and an LNAmodifica-
tion at position 9 that disrupts the native C2′-endo state,
have been found to substantially increase the self-cleav-
age rate (Yajima et al. 2007; Julien et al. 2008). In the sim-
plified two-state model of Figure 1, these modifications
are taken as perturbing the conformational equilibrium in
favor of the active ES∗ state, whereas theN-MCC-6 species
analyzed herein has the opposite effect of opposing the
formation of ES∗. In practice, the ES and ES∗ states presum-
ably correspond to two families of conformers that are
distinguished by their relative abilities to approach the
chemical transition state without further thermally activat-
ed conformational transitions. The data in this paper sug-
gest that the sampling of the Cyt-6 C2′-endo sugar
pucker corresponds to a transition from the ES to the ES∗

state, rather than from one conformer to another within
the ES ensemble.

In cases where NMR-detected exchange lifetimes at
multiple sites quantitatively coincide, parsimony strongly
supports a single concerted exchange process affecting
all of the affected sites, as has been seen in RNase A
(Cole and Loria 2002; Kovrigin et al. 2003) and the
GCAA tetraloop (Johnson and Hoogstraten 2008). In the
present work, the precision of exchange lifetime determi-
nation is insufficient to judge whether those observed
at multiple sites are in quantitative agreement, although
they can be said to fall in the same order of magnitude.
The simplest explanation for our data is the existence of
a minor conformer in which Cyt-6 is C2′-endo and the
chemical shifts of both Cyt-6 C2′ and C4′ are modulated
accordingly, but other more complicated motional mod-
els, including indirect effects from reorientation of the
base of Gua-7, cannot be ruled out. Interestingly, an earlier
relaxation-dispersion study of side-chain 13C resonances in
the leadzyme found multiple processes near the active
site, including an ∼40 µs lifetime perturbation of Ade-25
C2 that was attributed to base-pair opening dynamics ex-
posing the protonated adenine ring to solvent exchange
(Hoogstraten et al. 2000). In addition, variants in which
the ground-state A25:C6 base pair is substituted with
more stable base pairs including the isosteric G:U are inac-
tive (Legault et al. 1998), whereas activity is maintained if

that base pair is weakened by modifications including
an abasic structure at residue 25 (Chartrand et al. 1997).
Based on these data, we have inferred that the A25:C6
base pair is broken, likely by base flipping at Cyt-6, as
part of the transition from ES to the active conformation
ES∗ (Hoogstraten et al. 2000). Because relaxation data
do not directly provide correlations between observations
at various sites, we cannot rigorously conclude that the
observed base dynamics are coupled to the Cyt-6 sugar
pucker dynamics analyzed here. Nevertheless, it is tempt-
ing to speculate that the opening of the protonated A25:
C6 base pair releases structural constraints on the back-
bone and thereby permits the adoption of the C2′-endo
pucker that the current results imply is central to the forma-
tion of the catalytically relevant conformation. From this
perspective, it is interesting that a base flipping process
consisting of a concerted conformational shift from C3′-
endo/anti to C2′-endo/syn can result in chemical shift
changes of up to 9–10 ppm (Ebrahimi et al. 2001; Rossi
and Harbison 2001). Shift changes of this magnitude could
yield the Rex effects seen in Figures 5 and 6 even for rela-
tively low (5% or less) populations of the minor activated
state, consistent with the results of LNA probing data
(Julien et al. 2008).

MATERIALS AND METHODS

NMR sample preparation

2′-4′-13C2 nucleotides were synthesized in E. coli in metabolically
driven fashion usingminor modifications of published procedures
(Johnson et al. 2006; Hoogstraten and Johnson 2008; Johnson
and Hoogstraten 2008). A kanamycin-resistant zwf strain of
E. coli (JW1841-1; Coli Genetic Stock Center, Yale) was used to
combine the glucose-6-phosphate dehydrogenase null (zwf)
genotype with antibiotic selection. Selective 13C labeling of
ribonucleotide ribose groups at the 2′ and 4′ sites was confirmed
using NMR spectroscopy of monomeric nucleotides. Purified 2′–
4′-13C2-CTP was incorporated into an in vitro transcription reac-
tion from a synthetic DNA template to yield a 30 nt leadzyme
construct (Fig. 1) which has been extensively studied by NMR
(Legault and Pardi 1997; Hoogstraten et al. 1998, 2000; Legault
et al. 1998). RNA was purified under native conditions using a
preparative Sephadex-75 column (McKenna et al. 2007). Final
buffer conditions were 0.6 mM RNA, 10 mM sodium phosphate,
100mM sodium chloride, 200 µM EDTA, and trace DSS at pH 5.5.
The sample was repeatedly lyophilized in 99.8%D2O, suspended
in 255 µL of 99.96% D2O to a final RNA concentration of 0.6 mM,
and placed in a reduced-volume NMR tube (Shigemi).

NMR spectroscopy and data analysis

Peak assignments for the sample were obtained via comparison
with published values (Legault et al. 1998) and verified with
a three-dimensional NOESY-HSQC (not shown). Spin-relaxation
data were acquired on a Varian UNITY INOVA 600 MHz (13C at
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150 MHz) spectrometer at 25°C using standard pulse sequences
provided by the manufacturer (VNMR/Biopack) (Lukavsky and
Puglisi 2001). Transverse relaxation curves were acquired at ten
spin-lock power settings with γB1/2π varying from 1.5 to 6.0 kHz.
Twelve time points varying up to 120 msec for R1ρ and 13 time
points between 10 and 1200 msec for R1 were acquired in random
order, with one time point repeated three times for error analysis.
At some powers, additional data was acquired at an array of short-
er delays for analysis of unusually fast-relaxing peaks.

Data analysis

NMR spectra were processed using NMRPipe 8.9 (Delaglio et al.
1995) and then exported into Sparky 3.115 for relaxation analysis.
Peak heights derived from Sparky were fit to a two-parameter sin-
gle-exponential decay in IgorPro 6.0 (WaveMetrics) to determine
the reported relaxation rates. Errors were as reported by the fit-
ting software. The fast-relaxing C2′ peak of cytidine-6 was partial-
ly overlapped with a slower-relaxing peak, complicating analysis.
Therefore, a more sophisticated data fitting procedure within
NMRPipe was used for this resonance. Spectra were transformed
using a Lorentz-Gauss window function, compiled into a pseudo-
3Ddatamatrix, and the overlapping peaks were simultaneously fit
via modeling as a 3D product of two 1DGaussian line shapes and
a time evolution profile. The resulting evolution curves were fit to
exponential relaxation with Monte Carlo estimation of parameter
error. Application of this procedure to selected nonoverlapped
peaks produced results identical within error to regular exponen-
tial fitting from peak height data (not shown). R1ρ values were cor-
rected for offset effects using

Robs
1r = R1cos2u+ R1rsin2u,

where θ= tan−1 (ω1/Ω) andΩ is the peak offset from the 13C carrier
frequency (Palmer 2004; Palmer and Massi 2006). Preliminary
CPMG spectra showed no evidence for additional dispersion
effects on the millisecond time scale (not shown) and detailed
analysis of this type was therefore not pursued. For the exchange
rates observed here, the exchange lifetimes are substantially be-
low the millisecond-scale reciprocal chemical shift changes. Thus,
neither CPMG nor R1ρ data can separately determine chemical
shift changes and state populations, and the simple expressions
in Equations 1–3 are appropriate (Palmer 2004).

Ribozyme cleavage assays

Leadzyme RNA samples used for kinetic studies were derived
via solid-phase synthesis incorporating a 5′-fluorescein tag. The
following sequence was used: 5′-Fl- GCGACC6GAGCCAGCG
AAAGUUGGGAGUCGC-3′.

For C6-North samples, the indicated cytidine at position 6
was replaced with a cytidine carrying a bicyclo[3.1.0]hexane
(North-methanocarba-cytidine, N-MCC) pseudosugar modifica-
tion. The wild-type sequence was chemically synthesized by the
W.M. Keck Foundation Biotechnology Resource laboratory at
Yale University. The RNAwas deprotected using tetrabutylammo-
nium fluoride (TBAF) solution in tetrahydrofuran (THF) for 6 h at
room temperature. The bicyclo[3.1.0]hexane cytidine phosphora-
midite was synthesized as previously described (Terrazas et al.

2011) and incorporated into the leadzyme sequence with TBAF
deprotection by Dr. Montserrat Terrazas at the Barcelona Institute
of Science and Technology. Deprotected RNAs were desalted on
Sephadex G25 (Sigma-Aldrich) and then exchanged repeatedly
against RNase-free double deionized water followed by 15 mM
MOPS pH 7.0 using Amicon Ultra 15 centrifugal filtration units. Af-
ter exchange was completed, RNAs were analyzed for purity on a
20% denaturing polyacrylamide gel.
RNA concentrations were determined with a single-stranded

extinction coefficient (ε) of 2.95×105 M−1cm−1 for both wild-
type and N-MCC-6 modified sequences. RNAs were renatured
via heating at 85°C for 2 min then allowed to cool slowly to
room temperature. Samples were equilibrated at the assay tem-
perature of 27°C for 15 min, the reaction was initiated by addition
of freshly prepared Pb(OAc)2, and data was collected for 3 h.
Typical 50 µL cleavage reactions contained 1 µM RNA, 15 mM
MOPS pH 7.0, and various concentrations of Pb(OAc)2 (10, 25,
50, 100, 200, and 300 µM). For each time point, a 5 µL aliquot
was removed and quenched via addition of 5 µL of a 9 M urea/
50 mM EDTA mixture followed by freezing on dry ice. Reactions
were analyzed on denaturing 20% polyacrylamide gels with visu-
alization on a Bio-Rad Fluor-S MAXmultiImager with excitation at
494 nm, measurement of emission at 518 nm, and band quantifi-
cation using Quantity One software (BioRad). Intensities for sub-
strate and 5′ cleavage product were corrected for background
and reported as percent of substrate remaining (substrate/[sub-
strate+product]). Time points representing the average of at least
two runs were fit to single and double exponential functions using
the software Igor Pro 5.04B. For the wild-type species, a standard
F-test of additional terms (Bevington and Robinson 2003) yielded
a statistically significant improvement in fit according to using a
double exponential in most cases, presumably indicating the
presence of a misfolded, slowly reacting fraction (typically 35%–

40%). The faster of the two rate constants is plotted in Figure 7.
For the N-MCC modified leadzyme, no reproducible multiexpo-
nential behavior was observed at any [Pb2+], and the reported
kobs values therefore derive from a single-exponential fit.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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