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ABSTRACT: Site-directed spin labeling utilizes site-specific attachment of a stable nitroxide radical to probe
the structure and dynamics of macromolecules. In the present study, a 4-thiouridine base is introduced at
each of six different positions in a 23-nucleotide RNA molecule. The 4-thiouridine derivatives were
subsequently modified with one of three methanethiosulfonate nitroxide reagents to introduce a spin label
at specific sites. The electron paramagnetic resonance spectra of the labeled RNAs were analyzed in
terms of nitroxide motion and the RNA solution structure. At a base-paired site in the RNA helix, where
the nitroxide has weak or no local interactions, motion of the nitroxide is apparently dominated by rotation
about bonds within the probe. The motion is similar to that found for a structurally related probe on
helical sites in proteins, suggesting a similar mode of motion. At other sites that are hydrogen bonded
and stacked within the helix, local interactions within the RNA molecule modulate the nitroxide motion
in a manner consistent with expectations based on the known structure. For a base that is not structurally
constrained, the mobility is higher than at any other site, presumably due to motion of the base itself.
These results demonstrate the general utility of the 4-thiouridine/methanethiosulfonate coupling method
to introduce nitroxide spin labels into RNA and the ability of the resulting label to probe local structure
and dynamics.

RNA is a versatile molecule that plays multiple roles in
gene expression and acts as an information carrier, catalyst,
and regulator (1). Many aspects of RNA function depend
on its ability to form compact and complex three-dimensional
structures. During the past 5 years, there has been an
explosion of high-resolution RNA structures, increasing the
size of the database of known RNA structures (2). However,
to elucidate structure-function relationships, it is necessary
to go beyond the static structure and understand the dynamics
of the molecule in solution. For this purpose, it is essential
to develop spectroscopic tools that provide information on
both fluctuations of the structure at equilibrium and confor-
mational changes. Picosecond to nanosecond motions in
RNA bases have been studied by NMR spectroscopy (3-
5). Conformational rearrangements of RNA loops in the

microsecond to millisecond regime have been studied by both
NMR spectroscopy (6) and fluorescence spectroscopy (7).
Conformational changes of large RNA molecules on the
millisecond or slower time scales have been probed by
fluorescence spectroscopy (8-12) and chemical modification
footprinting (13, 14). These studies reveal an enormous
complexity in RNA dynamics and show that there is a
general correlation between RNA dynamics, structure, and
function.

The technique of SDSL1 has been developed to study
structure and dynamics in proteins (15-21). The basic
strategy of SDSL in proteins involves the substitution of a
cysteine for the native residue, followed by modification of
the reactive SH group with a selective paramagnetic nitroxide
reagent. The most commonly employed reagent is a meth-
anethiosulfonate derivative that generates a disulfide-linked
nitroxide side chain. Analyzing the EPR spectrum of the
labeled protein yields information on three aspects of
interest: (1) the dynamics of the nitroxide (i.e., the overall
rotational motion of the nitroxide); (2) the collision rate
between the nitroxide and a freely diffusing paramagnetic
agent, a quantity proportional to the solvent accessibility;
and (3) the distance between the nitroxide and another
paramagnetic species fixed in the structure. Methods have
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been established to extract protein structural and dynamic
information from these parameters. For example, the motion
of the nitroxide side chain can provide information on
backbone dynamics (21, 22) and conformational changes
(19), while the sequence dependence of solvent accessibility
identifies regular secondary structure and features of the
tertiary fold (23). The interspin distance between two
nitroxides, or between a nitroxide and a fixed paramagnetic
metal ion, provides direct structural data (24-28).

SDSL allows one to deduce key structural features of a
protein at the backbone level and, more importantly, to follow
structural changes by monitoring the time-dependent varia-
tion of the spectral parameters of a spin label. The scope
and capabilities of the method have been demonstrated in
studies of many proteins, especially membrane or membrane-
associated proteins that are difficult to tackle with other
techniques. With the advantage of being able to gain
information from a small amount of sample (∼100 pmol) in
solution conditions, SDSL should also be an ideal technique
for studying RNA structure and dynamics.

SDSL has only recently been applied to study RNA (29-
32). Because SDSL is a method that relies on external
reporter groups, efficient attachment of the spin label to RNA
is critical. Labeling at RNA backbone locations has been
achieved by introducing a site-specific phosphorothioate
group and subsequent reaction with anR,â-unsaturated
iodomethane derivative of a nitroxide (31). Spin labels have
also been attached to the 5′ terminus of RNA by taking
advantage of a 5′-phosphorothioate (29). Substitution of
specific 2′-hydroxyl groups with amine groups allows the
attachment of nitroxides at specific sugar positions (30).
Attachment of nitroxides to modified RNA bases using
iodoacetamide reagents has also been reported (33).

Currently, most SDSL studies of RNA have focused on
deriving RNA structural information from the motion of the
nitroxide (30-32). The overall motion of a nitroxide in a
macromolecule is determined by three dynamic modes: (1)
the rotation of the entire molecule (characterized by cor-
relation timeτR); (2) torsional oscillations about bonds that
connect the nitroxide moiety to the macromolecule; and (3)
structural fluctuations within the macromolecule. Although
τR does not contain site-specific information, changes ofτR

can be used to probe RNA/RNA interactions in solution (31).
On the other hand, the other motions reflect the RNA local
environment and dynamics.

The point of attachment and the structure of the probe
dictate the type of information that can be obtained. In RNA,
the nucleobase and the sugar ring are connected by a
glycosidic bond, and in general, the base and the sugar have
different dynamic characteristics. To probe base dynamics,
it is therefore important to develop methods to attach
nitroxide probes directly to the RNA base. The naturally
occurring 4-thiouridine modification, which contains a reac-
tive thiol group and can be incorporated into RNA both
enzymatically or via chemical synthesis, provides an attrac-
tive target for spin labeling. An iodoacetamide spin label
derivative has been employed to attach a spin label to a
4-thiouridine base for the purpose of obtaining distance
constraints in NMR studies of an RNA/protein complex (33).
However, the sensitivity of the spin label to local RNA
structure and dynamics has not been investigated.

The goals of the present study are twofold: (1) to devise
a method to attach nitroxide spin labels to specific base
positions within an RNA molecule and (2) to investigate the
correlation between the nitroxide motion and the RNA base
structure and dynamics. For attachment of spin labels to
RNA, it is shown that thiol-reactive methanethiosulfonate
nitroxide reagents, which have been extensively investigated
in protein studies (15), selectively derivatize a site-specifi-
cally substituted 4-thio-U base (Figure 1A). Thus, the spin-
labeled 4-thio-U base itself is employed as a probe, and
evidence is presented to show that the motion of the nitroxide
reflects both local RNA structure and the dynamics of the
base to which it is attached.

To explore the utility of the probes as monitors of RNA
structure and dynamics, a 23-nucleotide RNA molecule
(Figure 1B), which contains the 11-nucleotide GAAA
tetraloop receptor motif (34) capped by an UUCG terminal
loop, was selected as a model. In keeping with previous
literature, this RNA is hereafter referred to as “TLR” (35).
Although there are less complex structures available, TLR
was selected because the solution structure has been obtained
by NMR (35) and the dynamics of the UUCG loop
investigated (3). The RNA provides several different ar-
rangements of U nucleotides (Watson-Crick paired, non-
Watson-Crick paired, unpaired) to test the utility of the spin
label in probing different environments. In addition, the
GAAA tetraloop receptor motif is a component of one of
the most frequently occurring RNA tertiary interactions: the
GAAA tetraloop/receptor interaction (34). Spin labeling
studies reported here provide a foundation for future
investigation of the GAAA tetraloop/receptor interaction
using the SDSL method.

EPR spectral analyses show that at a base-paired site in
the RNA helix, where the nitroxide has weak or no local
interactions, the motion of the nitroxide in label Ra (Figure
1A) is constrained and apparently dominated by the rotation
about bonds within the nitroxide probe. The motion is
essentially identical to that found for a similar label on helical
surface sites in proteins, suggesting a similar origin. At other
base-paired sites, local interactions within the RNA molecule
modulate this motion in a manner consistent with expecta-
tions based on the known structure. Finally, at a previously
identified non-base-paired site in the UUCG tetraloop, the
nitroxide shows the highest mobility observed, presumably
reflecting the motion of the base itself.

MATERIALS AND METHODS

RNA Preparation.The sequence of TLR is 5′GGCCUAA-
GACUUCGGUUAUGGCC. TLR molecules containing sin-
gly substituted 4-thiouridine at positions 5, 11, 12, 16, 17,
and 19 (numbering from 5′ terminus) are designated 4-thio-
Ux-TLR, wherex indicates the position of substitution. The
4-thio-Ux-TLR molecules were obtained from Dharmacon
Research, Inc. (Lafayette, CO) and deprotected according
to protocols provided by the vendor. For NMR studies, TLR
was generated enzymatically as reported (35). All RNAs
were purified by denaturing polyacrylamide gel electro-
phoresis.

Synthesis of Spin-Labeling Reagents. General.Melting
points were determined on a Boetius micro-melting point
apparatus and are uncorrected. Elemental analyses (C, H,
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N, and S) were performed on EA 1110 CHNS elemental
analyzer, and the bromine was analyzed tritrimetrically by
Schöniger’s method. IR spectra were recorded on a Zeiss
Specord 75. Mass spectra were recorded on a Finnigan
Automass Multi instrument.

The thiol-reactive reagenta [1-oxyl-3-(methanesulfo-
nylthiomethyl)-2,5-dihydro-2,2,5,5-tetramethyl-1H-pyr-
role] was synthesized as reported (36), and the thiol-reactive
reagentb [1-oxyl-3-(methanesulfonylthiomethyl)-2,5-dihy-
dro-2,2,4,5,5-pentamethyl-1H-pyrrole] was synthesized as
previously reported (37).

Reagentc was prepared according to Scheme 1.
1-Oxyl-3-(1-bromoethyl)-2,5-dihydro-2,2,5,5-tetramethyl-

1H-pyrrole (2). To a stirred solution of 1-oxyl-3-(2-hydroxy-
ethyl)-2,5-dihydro-2,2,5,5-tetramethyl-1H-pyrrole (1) (920
mg, 5.0 mmol, prepared as described in ref38) and Et3N
(555 mg, 5.5 mmol) in CH2Cl2 (30 mL) was added
methanesulfonyl chloride (920 mg, 5.5 mmol) dropwise at
0 °C. The mixture was stirred at room temperature for 1 h.

The organic phase was washed with brine (10 mL), separated,
dried (MgSO4), filtered, and evaporated to yield the corre-
sponding mesylate. The crude mesylate and LiBr (434 mg,
5.0 mmol) were stirred and refluxed in acetone (20 mL) for
1 h. Acetone was evaporated, and the residue was dissolved
in methylene dichloride (20 mL) and washed with brine (15
mL). The organic phase was dried, filtered, evaporated, and
purified with flash column chromatography on silica gel
(hexane/Et2O) to give 1-oxyl-3-(1-bromoethyl)-2,5-dihydro-
2,2,5,5-tetramethyl-1H-pyrrole (2) as a deep yellow oil: 890
mg (72%). Anal. Calcd for C10H17BrNO (247.15): C, 48.60;

FIGURE 1: (A) 4-Thiouridine labeling scheme. An uridine base is substituted by 4-thiouridine during chemical synthesis and subsequently
labeled with methanethiosulfonate derivativesa, b, or c to generate the corresponding labels Ra, Rb, or Rc. (B) Sequence and secondary
structure of the TLR molecule. The bases are represented by open rectangles and numbered from 5′ to 3′. Dashed lines between bases
represent hydrogen bonds. Small black rectangles between bases represent stacking interactions. The six uridines within the TLR are shown
in red. (C) Absorbance spectra of wild-type and modified TLR. Representative spectra between 220 and 400 nm are shown for TLR
molecules with modifications at U16, and the difference spectra between wild-type and modified TLR are shown in the corresponding
insets.

Scheme 1
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H, 6.93; N, 5.67; Br, 32.33. Found: C, 48.50; H, 7.10; N,
5.50; Br, 32.50. MSm/z (%): 248/246 (M+, 10), 218/216
(4), 167 (19), 152 (84), 137 (100).

1-Oxyl-3-(1-methanesulfonylthioethyl)-2,5-dihydro-2,2,5,5-
tetramethyl-1H-pyrrole (3). The above bromide2 (247 mg,
1.0 mmol) and NaSSO2CH3 (202 mg, 1.5 mmol) in aqueous
acetone (8:2) (10 mL) was cautiously heated to 50°C, and
the mixture was monitored by TLC. After consumption of
starting material (30 min), the solvent was removed by
evaporation, and the residue was extracted with CHCl3 (2
× 30 mL). The organic phase was separated, dried (MgSO4),
filtered, and evaporated, and the residue was purified by flash
chromatography on silica gel (hexane/ethyl acetate) to yield
the title compound3 as an orange solid: 181 mg (65%);
mp 116°C. Anal. Calcd for C11H20NO3S2 (278.40): C, 47.46;
H, 7.24; N, 5.03; S, 23.03. Found: C, 47.70; H, 7.10; N,
5.20; S, 23.30. MSm/z (%): 278 (M+, 21), 264 (8), 248
(4), 169 (100), 152 (80).

Labeling of 4-Thiouridine DeriVatiVes.RNA containing
singly substituted 4-thiouridine (1-50 µmol in 100µL) was
treated for 30 min with 100µM DTT in buffer A at room
temperature. The reaction mix was then loaded onto a PD-
10 column (Amersham Biosciences) and eluted with buffer
A. Fractions containing the RNA (∼2 mL) were reacted
directly with the appropriate nitroxide reagent or MMTS
(Toronto Research Chemicals, North York, Ontario, Canada)
(final concentration 100µM). After incubation at room
temperature overnight, the excess reagent was removed by
first passing it through a PD-10 column, followed by
extensive washing using an Ultrafree 0.5 centrifugal filter
(Millipore, Inc.). Labeled RNAs were stored in water at-20
°C to minimize the detachment of spin label from RNA due
to the labile nature of the disulfide bond on the uridine
heterocycle. Under conditions reported here, the labeled RNA
can be stored at least 4 weeks, and dissociation of the label
during room temperature measurement was slow (<1% for
up to 6 h).

For MMTS, the degree of labeling was monitored via the
quenching of the 4-thio-U absorbance peak at 335 nm. For
spin label modifications, the percentage of labeling was
estimated by comparing the concentration of the attached
nitroxide to that of the RNA. RNA concentration was
measured by its absorbance at 260 nm and calculated using
an extinction coefficient of 248 966 M-1 cm-1. The con-
centration of nitroxide was determined by comparing the total
number of spins in the labeled RNA sample with that of a
TEMPOL standard. In each case, the number of spins in the
sample was determined by double integration of the EPR
spectrum.

Thermodynamic Analyses of Labeled RNA.Thermal de-
naturation of RNA was carried out in a DU800 UV-vis
spectrometer (Beckman Coulter, Fullerton, CA). RNA (0.7-3
µM in 380 µL) was dissolved in a buffer containing 50 mM
sodium phosphate (pH 7.0) and 0.5 mM EDTA. The
temperature was increased from 25 to 90°C at a rate of 0.5
°C/min. Absorbance at 260 nm was recorded at every 0.5
°C. For labeled RNAs, comparison of either the absorbance
or the EPR signals showed that the label remains attached
to the RNA after thermal melting.

Thermodynamic data for the transition between the hairpin
and the single-stranded form of RNA were calculated using
the two-state model as described (39). Briefly, the fraction

of single-stranded RNA (R) was calculated by taking the
ratio at each temperature of the height between the experi-
mental curve and the lower baseline and the height between
the lower and the upper baseline. The temperature at which
R ) 0.5 is the melting temperature (Tm). The van’t Hoff
transition enthalpy and entropy were calculated as

Values of the free energy of transition at 37°C were
calculated as

EPR Spectroscopy.EPR spectra were obtained in a Varian
E-109 EPR spectrometer as described (31). Measurements
were carried out with 30-100µM labeled TLR. All spectra
reported were obtained in 500 mM NaCl and 50 mM MOPS,
pH 6.6, at room temperature. Measurements were carried
out in 33.8% (w/v) sucrose to minimize effects due to
tumbling of the entire molecule. Spectra were baseline
corrected and normalized to a fixed number of spins. Signals
from a small amount of free spin label (<1%) were
subtracted (40). Values of the central line width and second
moment were measured on the corrected spectra (41).
Simulations of nitroxide spectra were carried out using the
MOMD program developed by Freed and co-workers (42).

A rough estimate of the rotational correlation time (τR)
for TLR, assuming a spherical shape, was made according
to (43)

whereVh is the hydrated volume,η is the viscosity of the
solution,k is the Boltzmann constant, andT ()293 K) is
the absolute temperature. The hydrated volume was calcu-
lated as (43)

where M is the molecular weight (M ) 7554.5 for TLR
labeled with Rb),N0 is Avogadro’s number,V2 andV1 are
the partial specific volumes of RNA and water, respectively,
andδ1 is the hydration factor. With values forV2, V1, and
δ1 of 0.50 cm3 g-1, 1.0 cm3 g-1, and 0.84, respectively (43),
the rotational correlation time is estimated to be≈16.6 ns
at η ≈ 4 cP. Correction for a nonspherical shape based on
actual TLR dimensions was<5% (43).

NMR Spectroscopy.NMR spectra were acquired at 500
MHz on a Bruker DRX spectrometer. One-dimensional
proton spectra were acquired at 278 K on samples that were
0.5-1.0 mM RNA strand, 100 mM NaCl, 10 mM sodium
phosphate, pH 6.6, and 95% H2O/5% D2O. Two-dimensional
NOESY spectra were acquired as described (35).

RESULTS

4-Thiouridine Labeling Scheme.Six uridine sites within
TLR were singly substituted with 4-thiouridine (Figure 1B)

∆HVH ) 4RTm
2(∂R
∂T)T)Tm

(1)

∆SVH ) ∆HVH/Tm (2)

∆G°37°C ) ∆HVH - 310∆SVH (3)

τR )
Vhη
kT

(4)

Vh ) M
N0

(V2 + δ1V1) (5)
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and modified with methanethiosulfonate derivatives (Figure
1A). In the following paragraphs, the labeled TLR RNA will
be identified by specifying the base position and the spin
label. For example, 4-thio-U19Ra-TLR is the TLR molecule
with label Ra at position 19.

Upon reaction of the substituted 4-thiouridine with a
methanethiosulfonate reagent to form a disulfide bond, the
characteristic 4-thio-U absorbance (λmax ∼335 nm) was
replaced by a new peak withλmax ∼310 nm that represents
the adduct (Figure 1C). This is consistent with previous
reports (44) and provides an independent method to monitor
the progress of the labeling reaction. The reactions of the
4-thiouridine derivatives with methanethiosulfonate reagents
were essentially quantitative, with the measured labeling
efficiency ranging from 85% to 100%, and no RNA
degradation was detected by HPLC or gel electrophoresis.

Perturbation to RNA Structure.Disruption of RNA
structure due to the 4-thio-U labeling could arise from two
sources. First, derivatization of the 4-thio-U to form a
disulfide bond is expected to result in loss of the imino
proton. At positions U5 and U16, this will also result in the
loss of a hydrogen bond involved in base pairing and might
lead to significant structural perturbations. In addition, the
nitroxide group of the spin label might interact with the RNA
and either stabilize or destabilize the structure.

Structural perturbation due to the loss of the N3 proton is
the greatest concern, and the degree of perturbation was
assessed by three methods. First, NMR studies were carried
out to probe the effect of 4-thio-U substitution and subse-
quent derivatization to form a disulfide. The U16 base was
selected for detailed study. Comparison of the imino region
of the 1D NMR spectra of TLR and 4-thio-U16-TLR reveals
no difference in the 5′/3′ stem (G2C3C4/G20G21C22) and
the UUCG loop region (Figure 2). The imino proton
resonance of 4-thio-U16 is present, indicating that base
pairing and H-bonding at position 16 are maintained.
Chemical shift changes relative to TLR are observed at G15
and U17, the neighboring bases of 4-thio-U16. This is
consistent with previous reports on 4-thio-U-modified RNAs
(45). Collectively, the data indicate that the 4-thio-U
substitution itself does not significantly alter the structure
of TLR.

NMR studies were then carried out on 4-thio-U16-TLR
modified with the MMTS reagent. MMTS forms the same
disulfide bond with the 4-thio-U as the spin label reagents
but replaces the nitroxide moiety with a simple methyl group.
With this derivative, referred to as 4-thio-U16M-TLR, it is
possible to obtain high-resolution NMR spectra and to
eliminate possible effects of the more bulky nitroxide ring,
thereby isolating effects due to loss of the imino proton. The
NMR spectrum of 4-thio-U16M-TLR is shown in Figure 2.
As anticipated, the resonance for the imino proton of U16
is missing. The assignment of imino proton resonances of
G2, G8, G21, G20, U11, and G14 can be made by
comparison with the spectrum of 4-thio-U16-TLR, because
shifts are either small (G8, U11, G14) or absent (G2, G21,
G20). Assignments for G2, G20, and G21 were confirmed
by the 2D NOESY spectrum (not shown). The presence of
the G2, G20, G21, U11,and G14 resonances clearly dem-
onstrates that the wild-type structure in the 5′/3′ stem and
the UUCG loop are preserved.

Assignments for the imino proton resonances of G15 and
U17, the neighboring bases of U16, are uncertain because
of significant chemical shifts and loss of sequential imino-
imino connectivities in the NOESY spectrum due to the lack
of the U16 imino proton. Tentative assignments are based
on observed (weak) NOEs to the aromatic/aminos. The
chemical shift changes for G15 and to a lesser extent U17
are consistent with changes in ring current shifts from the
stacked 4-thio-U16M-TLR due to changes in its electronic
structure relative to 4-thio-U16-TLR. Atomic level structural
information in the region around the labeled base is not
available without13C,15N-labeled RNA for additional NMR
data on which to base assignments. Of the assignable
resonance lines, those of G8 and G14 are clearly broadened
relative to 4-thio-U16-TLR. Irrespective of the assignments,
there is also broadening of the resonances in the region
corresponding to U5 and U17. A likely origin of this effect
is discussed below.

The above NMR data are consistent with the 4-thio-U16M-
TLR base being stacked in the TLR following chemical
modification. To further address this question, site-specific
hyperchromicity measurements were carried out. Comparison
of UV-vis spectra of 4-thio-U16M-TLR at 25 and 85°C
(above the melting point) reveals an 11% and 17% increase
in absorbance at 260 and 310 nm, respectively. The increase
at 260 nm that reports the melting of the entire molecule is
similar to that of the unmodified 4-thio-U16-TLR under the
same conditions (12%). Because the absorbance at 310 nm
is specific to the labeled base (Figure 1C), the 310 nm
hyperchromicity represents unstacking of labeled base (U16)

FIGURE 2: One-dimensional NMR spectra for the imino region.
(A) TLR. Resonance peaks were assigned on the basis of 2D
NOESY measurements and previously reported assignments (35).
(B) 4-Thio-U16-TLR. Compared to TLR, the resonance positions
of U16, G15, and U17 were slightly changed due to the 4-thio-U
substitution. The G1 resonance was altered due to the presence of
a 5′-hydroxyl group instead of a 5′-triphosphate. (C) 4-Thio-U16M-
TLR. The asterisks indicate tentative assignments. The presence
of an imino proton resonance overlapping with that of G2 was
confirmed in the 2D spectrum. This was tentatively assigned to
G15.
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upon melting of the molecule, indicating that the labeled U16
base is stacked in 4-thio-U16M-TLR below the melting point.

The third measure of the perturbation due to 4-thio-U
labeling is the melting temperature (Tm). As listed in Table
1, the 4-thio-Ux-TLR’s have small melting point depressions
of e1.3 °C (relative to TLR), except for 4-thio-U11-TLR,
which has the largest depression observed for any of the TLR
analogues investigated (-2.5 °C). Even for this site, the
decrease in free energy∆G°37°C is less than 1.0 kcal/mol.
This small effect of 4-thio-U substitutions in RNA is
consistent with a previous report (45).

Table 1 also shows the effect of chemical modification of
the 4-thio-U on thermodynamic parameters. Of particular
interest are the TLR molecules with 4-thio-U substitutions
at U5 and U16, the positions where base pair hydrogen
bonding is compromised following disulfide formation at the
4-thio group. The melting point of 4-thio-U16M-TLR should
reflect any destabilization due to the loss of a hydrogen bond
in the corresponding base pair. As shown in Table 1, the
melting point depression relative to TLR is modest at-1.4
°C, only 0.7°C less than the melting point of 4-thio-U16-
TLR itself where the U16 is known to be stacked. This result
strongly supports the above conclusion that, upon chemical
modification at U16, one hydrogen bond is lost, yet the base
remains stacked within the helix.

Table 1 also includes thermodynamic data on all of the
spin-labeled TLR molecules investigated in this study.
Compared to TLR, all spin-labeled RNAs showed small
decreases inTm (e2.2 °C) and ∆G°37°C (e1.0 kcal/mol).
Moreover, variations of∆G°37°C between 4-thioUx-TLR and
4-thio-UxRb-TLR were between-0.34 and 0.25 kcal/mol,
indicating that the nitroxide group does not cause significant
perturbation to the RNA structure.

Collectively, the data indicate that neither 4-thio-U
substitution nor subsequence modification with the nitroxide
spin label causes significant disruption of the structure of
the TLR RNA.

Motion of Ra and Rb at U16.The EPR spectra of TLR
with spin labels Ra and Rb in 33.8% sucrose solution (w/v)
are shown in Figure 3. The high viscosity of the sucrose
solution (η ≈ 4 cP) reduces the overall tumbling rate of the
receptor to the point where it has only minor effects on the

X-band EPR spectra (τR ≈ 16.6 ns). Thus, the spectra reflect
internal motions of the label and motions of the base to which
it is attached. It has been reported that sucrose alters the
local dynamics of proteins (46), presumably mediated by
changes in osmolarity. However, when sucrose was substi-
tuted with Ficoll, a polymer that has little effect on
osmolarity, no changes in EPR spectra were observed at the
same effective viscosity.

The spectra of Ra at positions 5, 11, 12, 17, and 19 are
complex, having at least two components, identified in Figure
3 as R and â for 4-thio-U5Ra-TLR, corresponding to

Table 1: Thermodynamic Data for TLR Molecules

RNA
Tm

a

(°C)
∆Tm

b

(°C)
∆HVH

a

(kcal/mol)
∆G°37°C

a

(kcal/mol)
∆∆G°37°C

c

(kcal/mol)

TLR 64.9( 0.2 NAd 66.8( 2.3 5.47( 0.15 NAd

4-thio-U5-TLR 63.6( 0.1 -1.3 56.1( 2.9 4.42( 0.23 -1.05
4-thio-U5Rb-TLR 62.9( 0.5 -2.0 59.0( 1.3 4.52( 0.17 -0.95

4-thio-U11-TLR 62.4( 0.2 -2.5 60.3( 0.3 4.56( 0.1 -0.91
4-thio-U11Rb-TLR 62.7( 0.2 -2.2 63.3( 2.4 4.81( 0.23 -0.66

4-thio-U12-TLR 64.2( 0.2 -0.7 67.9( 1.1 5.48( 0.04 0.01
4-thio-U12Rb-TLR 63.5( 0.4 -1.4 71.5( 1.3 5.59( 0.02 0.12

4-thio-U16-TLR 64.3( 0.5 -0.6 62.4( 2.9 4.98( 0.19 -0.49
4-thio-U16M-TLR 63.5( 0.8 -1.4 49.0( 4.4 3.98( 0.44 -1.49
4-thio-U16Rb-TLR 63.0( 0.4 -1.9 62.2( 0.5 4.78( 0.10 -0.69

4-thio-U17-TLR 64.5( 0.2 -0.4 64.9( 1.3 5.28( 0.14 -0.19
4-thio-U17Rb-TLR 64.2( 0.9 -0.7 67.5( 7.2 5.42( 0.74 -0.05

4-thio-U19-TLR 63.7( 0.1 -1.2 66.3( 2.4 5.25( 0.21 -0.22
4-thio-U19Rb-TLR 64.7( 0.5 -0.2 68.1( 1.2 5.54( 0.19 0.07

a Errors were calculated from at least two independent measurements.b ∆Tm ) Tm - Tm(TLR). c ∆∆G°37°C ) ∆G°37°C - ∆G°37°C(TLR). d Not
applicable.

FIGURE 3: EPR spectra of Ra (left column) and Rb (right column)
at various sites in TLR. Spectra were obtained in 33.8% (w/v)
sucrose to limit the influence of the overall tumbling of the
molecule. Arrows in the spectrum of 4-thio-U5Ra-TLR identify
two distinct components (R andâ). In the Rb series, vertical lines
that mark the outer hyperfine extrema in the 4-thio-U5Rb-TLR
spectrum are provided to aid in comparison of the spectra at
different sites. The scan width is 100 G.
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relatively immobile (R) and mobile (â) spin populations.
Such spectra arise from interactions of the nitroxide with
the local environment that modulate the mobility (41, 47).
On the other hand, the distinctive spectrum of 4-thio-U16Ra-
TLR is characteristic of a single dynamic population of
nitroxides having an anisotropic motion. This line shape has
been observed, and its molecular origin studied in detail, for
spin-labeled lipids in bilayers (48) and for the nitroxide side
chain designated R1a at helix surface sites in proteins (22,
41). Figure 4A shows the structure of the R1x series of side
chains used in proteins (22). The R1a side chain (R1) R2
) H) is introduced by reaction of the methanethiosulfonate
reagenta with a cysteine residue. With the exception of the
Câ carbon atom, R1a has the same structure as the spin label
Ra on uridine (compare panels A and B of Figure 4).

For comparative purposes, panels C and D of Figure 4
(top panels) show the EPR spectra of R1a at helix surface
site 72 in T4L (T4L72R1a) and Ra at U16, respectively. The
positions of well-resolved hyperfine extrema in the spectrum
of T4L72R1a, characteristic of axial anisotropic motion, are
indicated by vertical lines in Figure 4C (top panel), and the
splittings are labeledApar andAperp. For helix surface sites,
the R1a side chain has no interaction with nearest neighbors
(by definition), and the motion is determined by bond
rotations within the side chain and fluctuations of the
backbone structure. At site 72 in T4L, backbone motions
are expected to be minor (22). Previous analyses suggested
that the anisotropic motion of R1a at helix surface sites arises
predominantly from motion about the two terminal bonds
in the side chain, i.e., torsional oscillations of theX4, X5

dihedral angles (Figure 4A) (22). X-ray crystallographic data
(49) indicate that motions about bonds more proximal to the
backbone (X1-X3) are damped by interaction of the disulfide
with main chain atoms.

The similarity of the spectra for 4-thio-U16Ra-TLR and
T4L72R1a (Figure 4C,D) indicated that the motion of the
nitroxide must be similar in the two cases. Given the
similarity of the structures for the two labels, it is reasonable
to infer that the motion of 4-thio-U16Ra-TLR may also be
dominated by motion about the two terminal bonds in the
label, namely,X3

r andX4
r (Figure 4B). This model can be

tested using spin label analogues with specifically hindered
internal motions, as was done for R1a at helix surface sites
(22). For example, a-CH3 substituent introduced at the 4′′
position of the nitroxide ring in R1a (to produce the new
side chain R1b) has a steric clash with Sδ that reduces the
amplitude of torsional oscillations about the terminal dihedral,
X5 (Figure 4A). This produces a dramatic reduction in
nitroxide mobility only if the overall motion has dominant
contributions from theX5 oscillations, and this is the case
for R1a at helical sites in proteins, as mentioned above. The
effect is illustrated in Figure 4C for R1a and R1b at site 72
in T4L, where the large increase in the apparent hyperfine
coupling (Apar) due to the 4′′-CH3 indicates reduced mobility
(22). Panels C and D of Figure 4 show the striking similarity
of the effects of the 4′′-CH3 substituents in both 4-thio-
U16Rb-TLR and T4L72R1b in reducing the nitroxide
motion. This supports the contention that the internal motion
of 4-thio-U16Rb-TLR has dominant contributions from
torsional oscillations aboutX3

r andX4
r, while motion about

X1
r andX2

r must be constrained. As will be discussed below,
molecular models suggest possible origins for the constraints
on motions ofX1

r andX2
r.

Further support for the “X3
r/X4

r” model for Ra motion at
U16 in the TLR comes from fitting of the experimental
spectra to the microscopic order/macroscopic disorder
(MOMD) model developed by Freed and co-workers (42).
This model characterizes the spectra from anisotropic mo-
tions in terms of an order parameter and diffusion rates about
three mutually perpendicular axes and has been previously
shown to accurately account for the experimental spectra of
R1a and R1b at site 72 in T4L (Figure 4C, top and center
panels, red traces) (22). Remarkably, the spectrum of 4-thio-
U16Ra-TLR can be fit with essentially the same parameter
set as for T4L72R1a but with slightly higher diffusion rates
(Figure 4D, top panel, red trace). Moreover, the effect of
the 4′′-CH3 can be accounted for by a simple increase in the

FIGURE 4: Structures of spin labels and the corresponding EPR
spectra in T4L and TLR. (A) Structure of the R1x series of side
chains employed in proteins. These side chains are generated when
reagents Rx (Figure 1A) react with cysteine residues.X4 and X5
are the dihedral angles of the two bonds adjacent to the nitroxide
ring. (B) Structure of the Rx series of spin labels, showing the
designation of the various atoms and dihedral angles. (C) EPR
spectra of R1a, R1b, and R1c at helix surface site 72 in T4L (black
traces). Spectra of R1a and R1b were taken from ref22. Dr. Ned
van Eps provided the spectrum of R1c (unpublished data). Spectra
simulated according to the MOMD model for R1a and R1b are
shown in red. The order parameters for the simulated spectra of
R1a and R1b are 0.47 and 0.81, respectively, and the diffusion tilt
angle (âD) is 36° (22). The vertical lines in the spectrum of R1a
identify the outer (Apar) and inner (Aperp) hyperfine extrema. (D)
EPR spectra of Ra, Rb, and Rc at site U16 in the TLR (black traces).
Also shown for Ra and Rb are spectra simulated with the MOMD
model (red traces). For Ra and Rb, the order parameters for the
simulated spectra are 0.46 and 0.82, respectively; the diffusion tilt
angles (âD) are 36°. For both simulated spectra, theg andA tensor
values weregz ) 2.0023,gx ) 2.0076,gy ) 2.0050,Az ) 37.2,Ax
) 7.5, andAy ) 5.9. The rotational diffusion tensor values were
Rx ) 1.45 ns,Ry ) 1.42 ns, andRz ) 1.24 ns.
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order parameter, just as for the labels at T4L72 (Figure 4C,D,
center panels, red traces).

It could be argued that the effect of the 4′′-CH3 in 4-thio-
U16Rb-TLR arises from interactions of the methyl group
with the environment, rather than from steric interactions
within the side chain. This can be tested using the derivatives
R1c and Rc in the protein and RNA, respectively. Molecular
models indicate that the 4′′-CH3 in R1b and Rb and the
Cε-CH3 of R1c or Cγ-CH3 of Rc have similar steric clashes
that reduce the internal motion of the nitroxide by restrict-
ing the amplitudes of oscillations ofX4/X5 or X3

r/X4
r (not

shown). In the case of the 4′′-CH3, the steric clash is with a
sulfur of the disulfide, while in the Cε-CH3 or Cγ-CH3 it is
between the methyl group and the 2,2,5,5-methyl groups in
the nitroxide ring. Thus, repositioning of the methyl group
is expected to preserve the restriction on bond rotations but
would alter any local interactions that occur with the
environment. As shown in Figure 4C (center and lower
panels), the spectra of R1b and R1c at T4L72, where there
are no local interactions, are essentially identical. This
supports the assertion that the steric effects of the methyl
groups at the two positions are indeed similar. The fact that
a similar result is found for Rb and Rc at U16 (Figure 4D)
strongly argues against possible interactions of the 4′′-CH3

with the RNA environment at this site.

ComparatiVe Mobility of Rb.For each site investigated,
with the exception of U12, the effect of the 4′′-CH3

substituent is to dramatically reduce the mobility (Figure 3)
of the nitroxide to produce a state similar to that of 4-thio-
U16Rb-TLR, as would be anticipated if theX3

r/X4
r model

were applicable to these sites on the RNA. At U12, the effect
of the substituent is also to reduce the mobility, but to a
much lesser degree than at the other sites, suggesting that
other dynamic modes are adding to theX3

r/X4
r internal bond

motions.

To provide a semiquantitative relative measure of the
mobility of nitroxides at different sites in proteins, the values
of the inverse central line width [(∆Hpp)-1] and of the inverse
second moment [(〈H2〉)-1] have been utilized (22, 41). For
these measures, larger values of (∆Hpp)-1 and (〈H2〉)-1

represent higher mobility. In spectra corresponding to
nitroxide motion in the slow motional regime, or where the
motion is highly ordered, the splitting between the outer
hyperfine extrema (Apar) provides another measurement of
the nitroxide mobility, with largerApar indicating lower
mobility. It should be noted that a full description of the
nitroxide motion requires assessment of both the rate and
the amplitude (order) of the motion. In the semiquantitative
approach used here, “mobility”, as measured by (∆Hpp)-1

and (〈H2〉)-1, is a function of both rate and order, and these
are not distinguished.

For the Rb label, values of (∆Hpp)-1 and (〈H2〉)-1 are
shown in Table 2. In a plot of (∆Hpp)-1 vs (〈H2〉)-1, the data
points fall on a straight line (Figure 5), indicating that
(∆Hpp)-1 and (〈H2〉)-1 are equivalent measures of mobility.
In addition, the mobility trend reported by (∆Hpp)-1 and
(〈H2〉)-1 is reflected in that of theApar values (Table 2). Thus,
(∆Hpp)-1, (〈H2〉)-1, or Apar can be used to characterize the
mobility of Rb in RNA.

As mentioned above, the spectra of Ra at sites other than
U16 reflect at least two dynamical populations of the label
arising from interactions with the local environment. The
relative proportion of the components and their mobilities
contain detailed information on the environment and the
dynamic modes of the local structure. However, the simple
measures of (∆Hpp)-1 and (〈H2〉)-1 are not equivalent, because
(∆Hpp)-1 is biased toward the most mobile component, while
(〈H2〉)-1 is biased toward the most immobile component. In
addition, hyperfine extrema are not generally well resolved,
andApar cannot be employed.

Correlation of Rb Mobility with RNA Base Dynamics and
Structure.On the mobility plot of Rb in TLR (Figure 5),
the six labeling positions can be grouped into three classes:
high mobility (U12), intermediate mobility (U16), and low
mobility (U5, U11, U17, and U19). The spectrum of 4-thio-
U12Rb-TLR reflects a much higher mobility than that for
any of the other sites, with a relatively narrow central
resonance line, no resolved hyperfineApar splitting, and the
highest values of (∆Hpp)-1 and (〈H2〉)-1 (Figure 3, Table 2).
This high mobility of the spin label likely originates from
RNA base motion. U12 is located within the UUCG terminal
loop that caps the TLR molecule, and NMR studies have
shown that this base has no structural constraints and its
conformation cannot be defined (50). This indicates that U12
is highly dynamic, a result that correlates well with the
observed EPR spectrum.

The four sites U11, U17, U5, and U19 (the low-mobility
group) show relatively immobilized EPR spectra, having
well-resolved outer hyperfine extrema and low values of
(∆Hpp)-1 and (〈H2〉)-1 for the Rb label (Figure 3, Table 2).
In Figure 5, they cluster in the region of lowest mobility. In
the TLR structure, bases within the low-mobility group are
all hydrogen bonded and stacked within the helix (35): U17
is involved in a U/G pair, U5 and U19 form an unusual U/U
pair, and U11 forms a bifurcated hydrogen bond with G14
and stacks on the adjacent C/G pair (50). Moreover,15N
relaxation studies show that U11 has a high order parameter

Table 2: Spectral Parameters for Rb-Labeled TLR Molecules

RNA
(∆Hpp)-1

(G-1)
(〈H2〉)-1

(×10-3 G-2)
2Apar′
(G)

4-thio-U5Rb-TLR 0.209 3.70 66.15
4-thio-U11Rb-TLR 0.203 3.68 66.39
4-thio-U12Rb-TLR 0.359 4.17 NA
4-thio-U16Rb-TLR 0.274 3.89 62.19
4-thio-U17Rb-TLR 0.181 3.66 66.68
4-thio-U19Rb-TLR 0.173 3.59 68.34

FIGURE 5: Correlation of the inverse central line width (∆Hpp)-1

and the inverse second moment (〈H2〉)-1 for Rb on TLR. The box
indicates the group of sites designated as low mobility.
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and is as rigid as those bases that are paired within the RNA
duplex (3). For this group of RNA bases, base motion is
highly ordered with small amplitude. The rigid EPR spectra
at these positions correlate well with the low mobility of
the bases and provide further support that nitroxide labeling
does not disrupt the structure of the TLR.

However, the nitroxide mobility in the low-mobility group
is significantly lower than that of U16, which in the TLR
structure participates in a standard Watson-Crick base pair
embedded in the middle of the helix (35). As nitroxide
mobility at U16 reflects primarily theX3

r/X4
r internal bond

motions that are free from local RNA contacts, a possible
origin for reduced mobility in the low-mobility group is that
the nitroxides have interactions with the local RNA environ-
ment that are absent in 4-thio-U16Rb-TLR. For instance, the
nitroxide at U19 is the most immobilized. TheApar measured
from the 4-thio-U19Rb-TLR spectrum is 68.3 G, which
corresponds to correlation time of≈16.5 ns (51), very close
to the calculated rotational correlation time for the entire TLR
molecule (16.6 ns; Materials and Methods). This indicates
that at U19 the nitroxide is essentially immobilized relative
to the molecule, a condition that clearly requires strong local
interactions.

To examine possible origins of nitroxide ring interactions
within the TLR structure, the spectrum of 4-thio-U17Rc-
TLR was obtained and compared with 4-thio-U16Rc-TLR
(Figure 6). Unlike the case for position U16, the spectrum
of 4-thio-U17Rc-TLR is clearly more mobile than that of
4-thio-U17Rb-TLR, as judged by the center line width and
Apar (Figure 6). Interestingly, the spectrum of 4-thio-U17Rc-
TLR closely resembles that of 4-thio-U16Rc-TLR (Figure
6). Taken together, these data suggest that the 4′′-CH3 in
4-thio-U17Rc-TLR provides an additional restriction on the
motion of the nitroxide ring. From modeling studies dis-
cussed below, this extra restriction is likely steric interaction
between the methyl group and the phosphate backbone of
the RNA.

DISCUSSION

AdVantages and Limitations of the 4-Thiouridine Method
for RNA Spin Labeling.The 4-thio-U RNA spin labeling
scheme presented here parallels what has been developed
for protein SDSL studies: The nitroxide is attached to the
molecule of interest via a disulfide linkage, and the nitroxide
mode of motion is similar between the RNAs and proteins.
This implies that knowledge obtained in protein SDSL
studies, and the vast array of spin label derivatives developed,
might be applied to some degree in RNA SDSL studies. This
should greatly accelerate the development of RNA SDSL.

The degree of perturbation is always an issue for tech-
niques such as SDSL, which employ external reporter groups.
In the TLR system, thermal denaturation analyses, site-
specific hyperchromicity measurements, and NMR studies
all indicate that the 4-thio-U labeling does not alter the basic
RNA fold at the level of structural resolution currently sought
in the SDSL experiment, namely, the state of stacking of
the RNA bases. Consistent with this conclusion, the dynamics
of the nitroxide at all sites investigated can be interpreted in
a straightforward manner in terms of the known structural
and dynamical information on the native TLR molecule.

As noted above, the 1D NMR spectrum of 4-thio-U16M-
TLR showed an increase in line width and small shifts for
the assignable imino proton resonances of G8 and G14
relative to those in 4-thio-U16-TLR (Figure 2). It is likely
that this effect arises from exchange on the microsecond to
millisecond time scale between two (or more) conformations
of the bases that have significant differences in chemical shift
of the imino proton. Because the shifts that accompany the
broadening are small, the dominant conformation must be
similar to that in 4-thio-U16-TLR (52). On the EPR time
scale, the proposed base exchange is slow, and multiple
conformations would be detected as separate populations in
the EPR spectrum of the spin-labeled U16 base. As shown
in Figure 4, the EPR spectra of the spin-labeled U16 base
can be accurately simulated as a single homogeneous spin
population. However, a spin population less than about 10%
would not be readily detected, and this result is compatible
with the interpretation of the NMR resonance broadening
given above. Within the context of this model, the NMR
line broadening has little consequence for interpretation of
the EPR spectra. The origin of the multiple populations is a
matter of speculation, but one possibility is slight chemical
degradation of the synthetic RNA during NMR studies.
Indeed, analysis of the NMR sample shows some degradation
at the level of a few percent (data not shown).

Among the disadvantages of the 4-thiouridine scheme is
the limitation to uridine sites within RNA. Alternatively,
other modified bases, such as 6-thio-G, may be exploited to
expand the scope of available RNA labeling sites. Comple-
mentary to the 4-thiouridine scheme reported here, a method
has recently been reported for attaching spin labels to the
2′-sugar positions in RNA, and it was shown that the
dynamics of the nitroxide correlates with the RNA structure
(30). In addition, a scheme for attaching nitroxides to the
phosphorodiester backbone of RNA has been reported (31).
Together, these methods provide a powerful set of tools for
studying RNA dynamics and structure by SDSL.

Anisotropic Internal Motion of Rx Labels.Data presented
above suggest a model for the internal motion of 4-thio-

FIGURE 6: Interaction between the nitroxide moiety and RNA. (A)
EPR spectra of 4-thio-U16Rb-TLR (black) and 4-thio-U16Rc-TLR
(red), reproduced from Figure 3 for comparison. The superposition
of the two spectra shows their near identity. (B) EPR spectra of
4-thio-U17Rb-TLR (black) and 4-thio-U17Rc-TLR (red). The
superposition reveals that the hyperfine splitting,Apar, is significantly
smaller in the spectrum of Rc, indicating that it is more mobile
than Rb.
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U16Ra-TLR in which rotations of theX1
r and X2

r torsion
angles are restricted, leading to an anisotropic motion of the
nitroxide dominated by torsional oscillations ofX3

r andX4
r.

The absence of interaction of U16-labeled Ra with the local
environment and the restrictedX1

r andX2
r rotations would

account for the striking similarity of the line shapes of 4-thio-
U16Ra-TLR and R1a at helical surface sites in proteins. On
the basis of theX3

r/X4
r model, a similar motional model, with

the amplitude modulated by the methyl group, is expected
for both Rb and Rc.

The restrictedX2
r motion is due to characteristics of the

disulfide bond, where the preferred energy minimum con-
figuration isX2

r ) (90° and the free energy of activation
for the interconversion between the states is∼6.6-9 kcal/
mol (53). Therefore, disulfide bond isomerization is too slow
to contribute to the observed nitroxide motion (54), although
limited torsional oscillations aboutX2

r may contribute. The
origin for the apparent restriction inX1

r rotation is not clear.
Whatever the origin, theX1

r andX2
r restrictions for the Ra

label at U16 are apparently due to the interactions that occur
within the spin-labeled base. If so, a restrictedX1

r andX2
r

rotation would be characteristic of any disulfide-linked spin
label at 4-thiouridine, independent of position, although at
highly constrained sites steric interactions could dictate
alternative configurations of the label.

As for any labeling scheme where the label has internal
modes of motion, the modes must be understood in order to
distinguish effects of local interactions and base motions on
the EPR spectrum. The simple motional model introduced
here is a step in that direction. However, more data are
required to establish a database relating the observed EPR
spectra to RNA structural elements in order to critically
evaluate the model.

Comparison of Ra, Rb, and Rc as Probes for Local RNA
Structure and Dynamics.The EPR spectra of spin label Ra
reflect both internal motion within the label and motion of
the uridine base relative to the RNA molecule. As revealed
by the presence of multiple components in the EPR spectra
of Ra (Figure 3), the internal motion is modulated by
interactions between the nitroxide label and RNA, making
it a sensitive indicator for the difference in local RNA
structure. On the other hand, labels Rb and Rc have restricted
internal motion, making them more sensitive indicators for
motion of the base to which they are attached. For these
labels, the mobility is moved into a sufficiently low range
that a second low-mobility state arising from a local
interaction is not resolved as a second spectral component.
In spectra of Rb and Rc, simple spectral parameters, such
as (∆Hpp)-1, (〈H2〉)-1, andApar, suffice as semiquantitative
measures of probe mobility. Rb and Rc differ only in the
position of a single methyl group, and at noninteracting sites
in proteins and RNA, their internal motions, as judged by
X-band EPR line shapes, are essentially identical (Figure
4C,D). This result is apparently due to similar effects from
steric interactions of the methyl group within the label itself.
However, at sites where interactions with the environment
are possible, their motions can be quite different (Figure 6).
For example, a direct interaction with the nitroxide ring might
be strongly modulated by the 4′′-CH3 in Rb but not by the
Cγ-CH3 in Rc. Even if contacts between the Cγ-CH3 and the
RNA were made, the effects on ring motion would be
minimized, because this interaction would not alter the

dominant motions ofX3
r andX4

r. Thus, the Rb, Rc pair may
prove to be of general use in exploring features of the local
environment in RNA and protein structures.

Correlation of Rb Mobility with RNA Structure and
Dynamics.Data presented here reveal a direct correlation
between Rb mobility and the structural state of the RNA
base. In particular, all bases that are hydrogen bonded and
stacked show lower mobility than U12, the structurally
unrestricted base of the UUCG loop. This is expected on
the basis of current knowledge of base dynamics. NMR
studies of RNA base dynamics using hydrogen exchange
showed that the lifetime of an RNA base in the paired state
ranges from microseconds to minutes (55, 56). Therefore,
large amplitude motion of a paired base is very slow and
will not contribute to the EPR spectrum of nitroxide, which
is sensitive to motion in the 0.1-50 ns regime. On the other
hand, for the structurally unrestricted U12 within the UUCG
loop, the data revealed RNA base motion in the 0.1-50 ns
regime that contributes significantly to the overall motion
of nitroxide. This represents the first report of such RNA
motion revealed via an experimental technique. It will be
interesting to see whether motions in this regime are common
among unrestricted RNA bases.

As discussed above, the Rx labels at U16 apparently do
not have interactions with the local environment, a result
consistent with the molecular model for the site shown in
Figure 7A. In this case, internal motions within the label
and motions of the base itself determine the overall mobility
of the nitroxide. Because U16 is apparently stacked within
the RNA helix, base motions in the nanosecond regime are
expected to be of relatively low amplitude. Moreover, in
4-thio-U16Rb-TLR, internal motions are constrained (but not
eliminated) by the 4′′-CH3 substituent, and the label is
enhanced for detecting changes in base motion. Within the
context of this model, shifts towardhigher mobilityrelative
to the simple 4-thio-U16Rb-TLR reference state are assigned
to contributions from base dynamics, while shifts toward
lower mobilityare assigned to contributions from direct RNA
interactions. Thus, 4-thio-U12Rb-TLR, discussed above, is
an example of the former, while members within the low-
mobility group (U5, U11, U17, and U19) are examples of
the latter.

It is of interest to consider possible origins of nitroxide/
RNA interactions that distinguish the low-mobility group
from U16. In helical regions of RNA, the spin label resides
within the major groove, and the different geometry of the
RNA groove in different sequences should lead to variable
restrictions on the motion of the nitroxide moiety. Figure 7
shows the Rb label modeled onto the TLR structure at sites
U5, U16, U17, and U19 (see legend for details). As
mentioned above, the model of 4-thio-U16Rb-TLR clearly
reveals an unrestrictive environment consistent with the rapid
anisotropic motion and lack of interaction of the nitroxide
(Figure 7A). On the other hand, it is not possible to find a
conformation for 4-thio-U5Rb-TLR and 4-thio-U19Rb-TLR
that eliminates all contact interactions of the nitroxide ring
with the RNA backbone (Figure 7B,C), consistent with the
lower mobility relative to 4-thio-U16Rb-TLR (Figure 3). This
is particularly pronounced in the case of 4-thio-U19Rb-TLR,
where the nitroxide is nearly completely buried within the
RNA (Figure 7C), and the nitroxide has the lowest mobility
in the low-mobility group (Figure 5). As mentioned above,
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the nitroxide at this site has the same correlation time as
that estimated for the rotational diffusion of the entire
molecule.

The models for 4-thio-U11Rb-TLR and 4-thio-U17Rb-
TLR are not substantially different than that for 4-thio-
U16Rb-TLR (not shown), and the origin of the interactions
of the nitroxide ring with the RNA at these sites is not
evident. However, the difference in mobility between Rb and
Rc at U17 (Figure 5) does suggest that the 4′′-CH3 makes
contact with the environment. Figure 7D is included to show
the possible interaction of the 4′′-CH3 with a phosphate
moiety in the backbone. The details and generality of
correlation between the dynamics of the nitroxide label and
local RNA structure will be the subject of future investiga-
tions.

Studies reported here are the first attempts on extracting
information from base attached spin labels, and much more
needs to be done to explore the limits of SDSL. For example,
it is not clear whether one missing hydrogen bond will give
rise to variations in RNA base motion that will alter the EPR
spectrum, which is only sensitive to motions within 0.1-
50 ns. It will also be interesting to investigate whether

different EPR spectral characteristics might occur for base
pairing variants, such as A/U and G/U. Further studies in
other RNA systems, as well as the effects of mutations in
the TLR system, will serve to address these issues.
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