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In addition to the transfer of genetic information to the site of
protein synthesis, RNA also catalyzes chemical reactions.1 Insights
into the mechanism of RNA function can be obtained from
structural studies. One highlight in this research area was the
solution of a bacterial ribosome structure by X-ray crystallography.2

Nevertheless, growing crystals and solving the structure of complex
RNA molecules remains challenging. Therefore, spectroscopic
methods, such as fluorescence resonance energy transfer measure-
ments (FRET),3 nuclear magnetic resonance (NMR),4 and electron
paramagnetic resonance (EPR),5 are useful for obtaining structural
information in liquid or frozen solutions that resemble biological
conditions.

EPR spectroscopy is a valuable technique for the determination
of long-range distances in biopolymers using the dipolar coupling
between unpaired electrons. Hence, information about the folded
structure of RNA can be obtained by measuring the distancerAB

between spin labels that have been incorporated at known positions
in the primary sequence. Modern pulsed EPR methods, such as
pulsed electron double resonance (PELDOR, Scheme 1),6 have
shown promise for measuring, with high precision, significantly
longer distances7 than has previously been possible using continuous
wave EPR.8 However, PELDOR measurements on spin-labeled
molecules have only been applied to small organic molecules,9

polymers,10 or peptides11 in nonaqueous solutions. Here we present
the first example of using PELDOR for the determination of a
distance exceeding 30 Å on a folded RNA biopolymer in an aqueous
buffer solution.

PELDOR enables the measurement of the spin-spin coupling
νAB (eq 1) between two unpaired electrons A and B in frozen
solution by monitoring the echo amplitudeΦ as a function of the
position T of the inversion pulse between theπ/2- andπ-pulse of
the Hahn echo sequence. To suppress unwanted hyperfine coupling
contributions, theπ/2-τ-π detection sequence is applied at a
different microwave frequency than the inversion pulse. The echo
amplitude oscillates with the frequencyνAB, from which the distance
rAB can be calculated according to eqs 1 and 2,12 whereθ is the
angle between the applied magnetic fieldB0 and the electron
distance vectorrAB; J is the exchange coupling constant;13 µB is
the Bohr magneton;µ0 is the magnetic constant;h is the Planck
constant; andgA andgB are theg-values of the unpaired electrons
A and B, respectively. For spin-spin distances above 20 Å, the
exchange coupling constantJ is negligible,13 and the measuredνAB

contains only the distance dependent dipolar coupling constantνDip

and the orientation dependent factor (1- 3 cos2 θ). The latter one
can be determined from the same measurement if both singularities

of the Pake pattern atθ ) 90° and 0° are observed.14

We prepared the self-complementary RNA1 (Figure 1a),
containing spin-labeled uridines at the sequence 5′-UA‚UA. Ni-
troxide spin-labels were conjugated to 2′-positions of the RNA with
a urea linker (Figure 1b) by reaction of a 2′-amino group with a
spin-labeled isocyanate.15 Optical melting experiments showed only
a 1 °C lower melting temperature for the spin-labeled duplex, as
compared with the unlabeled sequence. Modeling the spin-labels
into a known RNA structure containing the 5′-UA‚UA sequence16

(Figure 1c) yielded an O-O distance of 35 Å. For comparison,
RNA 2 was prepared because it can populate different folds in
solution, including a short duplex structure, and should thus yield
a broad distance distribution.

The PELDOR spectra of RNA1 and RNA2 (Figure 2a, b) were
recorded on an ELEXSYS e580 pulsed X-band EPR spectrometer
extended by a second home-built pulsed microwave channel.14 The
shortT2 relaxation times for RNA1 and2 (Supporting Information)
restrict the choice ofτ-values suitable for the PELDOR measure-
ments to only 1.1µs and 520 ns, respectively. The echo decays
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Figure 1. (a) Sequence of RNA1 and 2. (b) The structure of the spin-
labeled U. (c) Crystal structure of an A-form RNA with the two spin-labels
attached using WebLab Viewer. The red arrow is the O-O distancerAB

between the nitroxides.

Scheme 1. PELDOR Pulse Sequence
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seen in both PELDOR spectra, which are due to the coupling of A
spins to randomly distributed B spins, were fitted exponentially
and subtracted from the time domain spectra (Figure 2c, d). The
result was Fourier transformed and yielded the frequency domain
spectra shown in Figure 2e, f.

RNA 1 showed a low-frequency oscillation in the time domain,
originating from the electron-electron couplingνAB (Figure 2a,
c). After Fourier transformation, a peak at a frequency of 1.2(
0.2 MHz is readily observed (Figure 2e). This peak is assigned to
the θ ) 90° orientation within Pake pattern, due to the weak
orientation selection achieved by the position of the pulses with
respect to the EPR field swept spectrum of the nitroxides.14 The
contribution of the exchange coupling constantJ to νAB of RNA 1
is negligible due to severalσ- and hydrogen bonds between the
two N-O groups.13 Thus, anrAB of 35 ( 2 Å can be directly
calculated using eq 2, in excellent agreement with the distance
obtained from the model structure (Figure 1c). The weak modulation
depth may be due to the flexibility of the linker used to attach the
nitroxides to the RNA or to aggregation of the RNA duplexes.

Therefore, the degree of aggregation was estimated by calculating
the average spin concentration of RNA1 from the decay of the
PELDOR echo, yielding 1.8 mM (Supporting Information).7,11This
is a factor of 3 larger than the nominal spin concentration of 0.6
mM, indicating that freezing the sample results in areas of
concentrated RNA. Nevertheless, calculating from this concentration
the average intermolecular spin-spin distances yields a value of
97 Å (Supporting Information), which is significantly larger than
the intramolecular distance of 35 Å, demonstrating thereby the
absence of aggregation for RNA1.

In contrast to RNA1, the PELDOR spectrum of RNA2 (Figure
2b) shows neither a modulation of the echo amplitude nor a peak
after Fourier transformation (Figure 2d, f). Furthermore, its time
domain spectrum reveals a steep PELDOR echo decay which

corresponds to a strongly enlarged average spin concentration of
6.8 mM and an average intermolecular distance of 63 Å. This
suggests some degree of aggregation for RNA2, which could be
rationalized by loop-loop or end-end interactions induced and
promoted by the secondary structures of this RNA. To test whether
the oscillation of RNA1 would be visible under the aggregation
conditions of RNA2, we simulated a time domain spectrum with
the oscillation of RNA1 and the decay and time window of RNA
2. In this case also for RNA1, no oscillation would be visible
(Supporting Information). Consequently, aggregation and/or a weak
population of duplex RNA2 are the reasons for the lack of
oscillation in its time domain spectrum.

In summary, in the absence of aggregation, PELDOR measure-
ments yield precise intramolecular long-range distances under
biologically relevant conditions. Application of this technique for
the study of RNA tertiary structure in complex RNA folds is
underway and will be reported in due course.
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Figure 2. Time domain spectra before (a,b) and after subtracting the echo
decay (c,d) and the frequency domain spectra (e,f) of RNA1 and RNA2
at 10 and 20 K, respectively. For the EPR measurements, both RNAs were
dissolved in 80µL of buffer (100 mM sodium chloride, 10 mM sodium
phosphate, 0.1 mM Na2EDTA, pH ) 7.2) yielding final RNA concentrations
of 0.3 mM.
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