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RNA can catalyze chemical reactions1 and interacts in specific
ways with other macromolecules, such as proteins. The mecha-
nistic understanding of RNA function relies on structural informa-
tion; however, solving crystal structures of complex RNA
molecules remains challenging.2 Therefore, other biophysical
techniques have been used to determine the position of RNA
secondary structure elements (i.e., helices, stem-loops, etc.) in
three-dimensional space.3 For example, fluorescence resonance
energy transfer (FRET) can be used to measure long-range
distances (35-85 Å). Techniques that allow measurement of
intermediate distances would be valuable for improving the
resolution of RNA structural models that are derived from FRET4

and other biophysical techniques.
Electron paramagnetic resonance (EPR) spectroscopy has been

used to study protein structure and folding,5 and an EPR
“spectroscopic ruler” has been described for measurement of
distances between two unpaired electrons separated by 8-25 Å.6

Moreover, EPR has been used to determine the solvent acces-
sibility of spin-labels,7 making EPR analysis of RNA containing
a single unpaired electron a viable tool for the study of RNA
tertiary structure. EPR is also a sensitive probe of dynamics over
a wide range of motions (ps-ms) and has, for example, been
used to determine the sequence-dependent motion of DNA
duplexes.8 EPR may, thus, yield information about the role of
dynamics in RNA function, for which there is limited data
available.9 Furthermore, EPR active probes of dynamics have been
used to elucidate structural differences in local regions within
macromolecules.10 The application of EPR for the study of RNA
structure and dynamics requires incorporation of a stable free
radical. We describe here the incorporation of a nitroxide spin-

label into specific internal, base-paired sites of RNA and analysis
of the spin-labeled RNA by EPR.

Nitroxide spin-labels have been incorporated into DNA, by
conjugation to either the nucleoside base11 or the sugar-phosphate
backbone.12 However, the currently available methods for the
incorporation of spin-labels into RNA are restricted to either an
unpaired uridine13 or the 5′-end.14 Both of these strategies are
somewhat limited because the spin-label cannot be conjugated
to internal, base-paired nucleotides. A variety of molecules have
been conjugated to the 2′-position of base-paired nucleotides in
RNA.15 Particularly attractive is the use of a 2′-amino-modified
RNA, which can be prepared by automated chemical synthesis
using commercially available phosphoramidites (Scheme 1). The
2′-amino group can be reacted with electrophiles, such as aliphatic
isocyanates.16

An isocyanate derivative of tetramethylpiperidyl-N-oxy (TEMPO)
(1) was prepared in one step from the commercially available
4-amino-TEMPO (Scheme 1).17 Subsequent reaction of isocyanate
1 with 2′-amino-modified RNA gave spin-labeled RNA in>90%
yield (Supporting Information). Electrospray MS and enzymatic
digestion of the modified oligomer verified incorporation of the
spin-label into RNA. HPLC analysis of the enzymatic digest
revealed the absence of a 2′-amino nucleoside and the presence
of a strongly retained substance that was shown to coelute with
the expected spin-labeled nucleoside, prepared by chemical
synthesis (Supporting Information). A nucleoside containing a
reduced spin-label was shown not to be present in the enzymatic
digests, demonstrating that the nitroxide was not reduced during
preparation of118 or incorporation into RNA. Finally, EPR
spectroscopy of the spin-labeled RNA revealed the presence of a
free radical, as described below.

To investigate the effect of the spin-label on the stability of
RNA secondary structure, we incorporated the spin-label into the
structurally well-characterized trans-activation responsive region
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Scheme 1.Preparation of Spin-Labeled RNA
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(TAR) of HIV RNA (Figure 1),19 whose interaction with the Tat
protein is essential for efficient transcription during replication
of the HIV virus.20 Four TAR RNAs were prepared, each
containing a single spin-label in position U23, U25, U38 or U40.
Optical melting experiments were used to determine the thermo-
dynamic parameters of duplex formation for the unmodified TAR
RNA and the spin-labeled RNAs (Table 1).21 The melting curves
for each sample showed a single cooperative and reversible
melting transition. The modified RNAs had melting temperatures
within 3 °C of the unmodified RNA. The only modification that
destabilized the TAR RNA was that of U38, but only by∼0.7
kcal/mol. Interestingly, modification of both U23 and U25, located
in the bulge loop, stabilized the TAR RNA by∼0.5 kcal/mol.
These results indicate that the spin-label does not appreciably
perturb the secondary structure of RNA.

The EPR spectra of the spin-labeled TAR RNAs were recorded
in a viscous medium (Figure 2). Under these conditions, the
uniform modes of motion for the duplexes are slow enough for
the spectra to be sensitive to the internal motion of the spin-
label. The spectra for TAR RNA containing spin-labels at U38
and U40 are similar and show the correlation times expected for

the uniform modes of the TAR RNA (Supporting Information).
These results show that there is limited motion of the spin-label
independent of the nucleic acid, a prerequisite for probes of
dynamics. This was not a foregone conclusion, because there is,
in principle, free rotation possible around two bonds in the tether,
namely, those flanking the urea moiety.

The spectra of U23 and U25 show significantly more mobility
(∼40-fold) than spin-labeled U38 or U40. In fact, the mobility
of U23 or U25 is similar to that of a single strand, exhibiting
motion on the nanosecond time scale (Supporting Information).
The finding that nucleotides in a loop are more dynamic than
those located in a duplex region is not unexpected and has been
previously observed in EPR studies of DNA using both partially
flexible10 and rigid spin-labels.22 Relaxation experiments using
13C NMR have also shown increased motion of the bases in the
TAR loop.23 While it is possible that some of the differences in
mobility of U23 (or U25) relative to U38 (or U40) are due to
motion of the spin-label independent of the nucleic acid, the EPR
probe clearly distinguishes between nucleotides constrained in a
duplex region and those found in a bulge loop.

To our knowledge, this is the first EPR study of nucleic acid
dynamics using spin-labels that are tethered to the sugar-moiety
of nucleotides. In contrast to previous EPR studies of nucleic acid
dynamics, this approach does not require a multistep synthesis
for the site-specific incorporation of the spin-label.11 The spin-
labeling method is applicable to RNA prepared by solid-phase
synthesis (ca. 40-50 nt long). However, spin-labeled RNA can
be ligated to a much longer RNA that has, for example, been
prepared by in vitro transcription.24 Although this ligation strategy
is not very efficient, it is feasible because small quantities (nmol)
are required for EPR studies.

In conclusion, we have shown that nitroxide spin-labels can
be site-specifically incorporated into internal sites of RNA
utilizing readily available materials. Incorporation of the spin-
label into the TAR RNA does not appreciably affect the stability
of the duplex, indicating that the spin-labels are structurally
nonperturbing. EPR analyses of the spin-labeled TAR RNAs
revealed dramatic structure-dependent mobility differences among
the spin-labeled sites. The changes in mobility of these sites upon
binding to the Tat protein are currently under investigation and
will be reported in due course.
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Note Added after ASAP.The version of this article posted
ASAP on 1/26/01 contained incorrect data forTm and-∆G°37

in Table 1 that was introduced during the production process.
The correct version was posted on 2/14/01.
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Figure 1. The TAR RNA. Four samples were prepared, each containing
one spin-label at position U23, U25, U38 or U40.

Table 1. Thermodynamic Data for Spin-Labeled TAR RNAsa

Tm

(°C)
-∆G°37

(kcal/mol)
-∆H°

(kcal/mol)
-∆S°

(cal/mol‚K)

unmodified 50.7( 1.1 2.45( 0.17 58.2( 5.2 180( 16
U23 51.6( 1.2 2.93( 0.24 66.4( 8.4 205( 26
U25 50.7( 0.8 3.12( 0.39 73.7( 1.8 227( 12
U38 47.8( 0.8 1.78( 0.07 53.5( 5.3 167( 17
U40 49.1( 1.2 2.19( 0.12 59.6( 2.8 185( 10

a Optical melting experiments were performed in 50 mM NaCl, 0.05
mM Na2EDTA, and 5 mM sodium phosphate buffer (pH 7.0).

Figure 2. EPR spectra of spin-labeled TAR RNAs at 0°C in 50%
sucrose/100 mM NaCl, 0.1 mM Na2EDTA, and 10 mM sodium phosphate
buffer (pH 7.0). The arrows identify the high and low field extrema of
the spectra. The decreased motion of U38/U40 relative to U23/U25 results
in a wider spectrum.
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