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Internal motions occurring on microsecond-to-millisecond time
scales play essential roles in the functions of nucleic acids.1,2

Relaxation dispersion NMR spectroscopy is one of few techniques
that can be used to site-specifically quantify these motions.3,4 R1F

carbon relaxation dispersion has provided unique insights into such
site-specific processes in nucleic acids,5,6 although studies to date
have employed effective radiofrequency (RF) fields in the range
of 1-6 kHz, thus limiting the sensitivity to exchange processes
occurring on microsecond time scales. Slower millisecond motions
can in principle be accessed by Carr-Purcell-Meiboom-Gill
(CPMG) relaxation dispersion experiments, but extensive C-C
scalar coupling networks in the base and sugar moieties of nucleic
acids can severely complicate these experiments.7 Current multi-
dimensional relaxation dispersion experiments also remain pro-
hibitively time-consuming for carrying out measurements at natural
abundance, making it difficult to characterize exchange processes
in a large class of functional dynamics found at chemically modified
sites that are difficult to enrich isotopically.

Here we present a carbon R1F NMR experiment (Figure 1) that
extends the range of accessible time scales to ∼10 ms and can be

applied to both uniformly labeled and unlabeled nucleic acid
samples. Sensitivity to slower motions can be achieved through
the appropriate use of 1H decoupling and magnetization alignment
schemes that permit use of significantly weaker RF fields (25-1000
Hz), as described by Palmer and co-workers8 and Kay and co-
workers9 for amide 15N in proteins. We have adapted the scheme
introduced by Kay and co-workers for measuring nitrogen off-
resonance R1F in proteins in designing the pulse sequence shown
in Figure 1, which is optimized to measure off-resonance R1F for
protonated carbons in uniformly labeled and unlabeled nucleic acids.

The experiment uses selective Hartmann-Hahn polarization
transfers10-12 to excite specific spins of interest and collect data
in a one-dimensional (1D) manner.9-14 This scheme is particularly

well-suited for nucleic acids, where chemical exchange is very often
limited to a small number of residues in noncanonical regions,
making it unnecessary to record full multidimensional experiments.
The resultant ∼100-fold time savings makes it possible to com-
prehensively map out the carbon R1F dependence on the spin-lock
amplitude (ω1) and offset (Ω) and thus to thoroughly characterize
the exchange process. It can also obviate the need for isotopic
enrichment when working with concentrated nucleic acid samples
(>2 mM). One-bond C-H scalar coupling (1JCH) evolution and
cross-correlated relaxation between C-H dipole-dipole and carbon
CSA during the relaxation period are efficiently suppressed by a
strong 1H continuous-wave (CW) field applied on the resonance
of interest. Focusing on a single carbon resonance at a time makes
it trivial to apply appropriately calibrated flip-angle pulses that align
the magnetization along the effective magnetic field. These features
make it possible to employ effective spin-lock fields as low as ∼100
Hz. However, in uniformly labeled samples, appropriate experi-
mental parameters (ω1, Ω) should be chosen to avoid additional
C-C interactions (see the Supporting Information).15,16

The A-site is a classic example of an RNA that uses conforma-
tional dynamics to carry out its function (insets in Figure 2). It
decodes the mRNA message by dynamically flipping out two
internal-loop adenines (A92 and A93, insets in Figure 2) once a
proper codon-anticodon minihelix has been formed between the
aminoacyl tRNA and mRNA.17,18 The A-site is also the target for
many antibiotics that bind the internal loop and stabilize the flipped-
out A92 and A93 conformation.

We used our experiment to probe the intrinsic dynamics in the
A-site RNA internal loop, which may be important for decoding
and adaptive recognition. In this unbound form, A92 and A93 adopt
a looped-in conformation, with A93 forming a noncanonical
hydrogen bond with A08.17 Monoexponential R1F decays were
observed for carbon spin-lock fields in the range 90-3200 Hz
(Figure S1). The strong offset and spin-lock-power dependence
observed for the C2 R2 of residue A08 (Figure 2a) and the C1′ R2

of residue A93 (Figure 2b) demonstrates existence of exchange at
the internal loop. Importantly, this process would be difficult if
not impossible to characterize by conventional methods, since the
observed exchange is already nearly completely suppressed at spin-
lock fields of ∼1000 Hz (Figure 2a,b, right panels). In contrast to
the internal loop, we did not observe any evidence of exchange at
A10 in the canonical helix (Figure 2c and Figure S2).

The data from loop residues A08 and A93 could be fit
simultaneously to a single exchange process with a time constant
of 319 ( 8 µs and a low-populated (4.6 ( 0.1%) “invisible” state.
The measured time constant is short compared with decoding (∼10
ms) and could reflect internal fluctuations that disrupt the A08-A93
base pair and thus enhance the looping out of A93. The dramatic
time savings afforded by the new experiment also allowed us to

Figure 1. Selective 13C R1F pulse sequence for quantifying microsecond-
to-millisecond exchange in uniformly labeled and unlabeled nucleic acids.
Briefly, proton magnetization is selectively transferred to the carbon spin
using weak CW irradiation (ωCP), where it is then allowed to relax under
a variable offset and power spin-lock. The magnetization is returned to the
proton for detection, and signal intensities are monitored as a function of
spin-lock time, T, to determine R1F at a given offset and power. More details
are provided in the Supporting Information.
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thoroughly map the offset dependence of R2 for C2 in A08 and
C1′ in A93 and thus deduce the sign of the chemical shift difference
(Ω ) -∆ω; see the Supporting Information). This is not feasible
using either on-resonance R1F or CPMG experiments alone at
multiple static magnetic fields.19

The new experiment also makes possible the characterization of
chemical exchange in unlabeled samples. This is particularly
important for chemically modified molecules that cannot easily be
isotopically enriched, including a wide range of DNA lesions in
which motions are believed to play an important role in the
recognition by repair enzymes.20 To this end, we used our
experiment to probe a DNA duplex containing a 1,N6-ethenoad-
enine (eA) lesion (see Figure 3a and the Supporting Information).

This allowed us for the first time to use relaxation dispersion to
quantify dynamic exchange at a damaged DNA site.

Well-resolved C2H2 and C5H5 resonances in eA (Figure 3b) with
anomalously weak intensities (Figure S3a) provided ideal probes for
measuring exchange at the damaged site. A small but significant offset
and power dependence for R2 was observed for C2 in eA20 (Figure
3c and Figure S3b), which was measured in a constant-time manner
to further reduce the experiment time. In contrast, the power depen-
dence for R2 measured in an identical sample lacking the damaged
base was negligible (Figure 3c, open symbols). Despite the relatively
large intrinsic R2, which can be attributed to elevated viscosity due to
the high DNA concentration (∼5 mM), and the very fast time scale
of the exchange, the time constant for the eA20 exchange process could
be reliably determined to be 26 ( 8 µs. This faster process may reflect
transient destacking of eA20 that may help present the damaged base
to repair enzymes.

In conclusion, we have presented an NMR experiment for measuring
exchange dynamics over a broad range of time scales in both labeled
and unlabeled nucleic acids. Use of very weak spin-lock fields affords
a unique opportunity to quantify biologically important millisecond
time scale motions in nucleic acids that have to date proven difficult
to characterize reliably by conventional methods.
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Figure 2. Characterization of decoding motions in the ribosomal A-site.
The bacterial ribosomal A-site construct is shown in the insets of the right
panels. (a-c) Relaxation dispersion profiles for (a) C2 in A08, (b) C1′ in
A93, and (c) C2 in A10. The left panels show the offset and power
dependence of R2 at spin-lock powers of (red) ∼100, (green) ∼200, (blue)
∼500, and (black) ∼1000 Hz. The right panels show the corresponding
on-resonance power dependence of R2. Dashed lines represent the ap-
proximate limits of R1F dispersion experiments measured using conventional
2D relaxation experiments. Solid lines represent the best-fit solution to two-
site asymmetric chemical exchange (see the Supporting Information for
details).

Figure 3. Quantification of chemical exchange in an unlabeled 1,N6-
ethenoadenine damaged 26-mer DNA. (a) DNA sequence and chemical
structure of the eA base. (b) 2D 1H-13C correlation spectrum of the DNA
sample at 14.4 T and 25 °C with 1D overlays to illustrate the sensitivity
and selectivity of the pulse sequence in Figure 1. (c) Effective-field
dependence of R2 + Rex. Data with errors >15 Hz have been omitted for
clarity (Figure S3c). A sequence where eA20 is replaced with an adenine
was used as a control (open symbols, C8 spin of A20). See the Supporting
Information for details.
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