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Abstract

In site-directed spin-labeling (SDSL), a stable nitroxide radical is attached to a specific location
within a macromolecule and electron paramagnetic resonance (EPR) spectroscopy is used to
interrogate the local environment surrounding the nitroxide. The SDSL strategy enables probing site-
specific structural and dynamic features of RNA in solution without being limited by the size of the
molecule, thus serving as a unique tool in biophysical studies of RNA. This chapter describes the
use of continuous-wave (cw)-EPR to study dynamic features of RNAs as well as to monitor
interactions between them. Various approaches for attaching nitroxide spin labels to nucleic acids
are described, followed by detailed descriptions of cw-EPR spectral acquisition and processing
procedures. Specific examples are subsequently used to illustrate analysis of EPR spectra, showing
how information regarding the parent RNA can be extracted.

Information about RNA structure and movement is critical for our understanding of how RNA
isable to carry out its multifaceted functions. One spectroscopic technique that has shown great
promise to study RNA, as well as other biopolymers, is electron paramagnetic resonance (EPR)
spectroscopy, also named electron spin resonance (ESR) spectroscopy. EPR is a magnetic
resonance technique that monitors the behaviors of unpaired electrons, and has long been used
to study structure and dynamics of biomolecules (see recent reviews by Klug and Feix, 2008;
Sowa and Qin, 2008). Structural information can be obtained by distance measurements, that
is, by determination of distances between two spin-centers, and is the topic of another chapter
in this volume (see Chapter 16 in this volume).

This chapter focuses on continuous-wave (cw)-EPR, which has been commonly used for
studying dynamic features and interactions between biomolecules. The technique is capable
of covering motions ranging from picosecond (ps) to millisecond (ms). Other advantages of
EPR are that small amount of material (typically 0.05-1.0 nmol) is required, samples are not
limited by molecular size, and the measurements can be carried out under physiological
conditions. However, RNA does not contain stable unpaired electrons and, therefore, spin-
centers must be introduced into the RNA in order to conduct EPR studies.

This chapter first summarizes methods for attaching spin labels to nucleic acids, with a special
focus on RNA (Section 1). Detailed protocols for these labeling methods have been described
in a series of recent publications (Edwards and Sigurdsson, 2007; Qin et al., 2007; Schiemann
et al., 2007), and will not be repeated here. Acquisition and processing of cw-EPR spectrum
will then be described in detail (Section 2), followed by a brief discussion of spectral analysis
(Section 3). Specific examples of using cw-EPR to study dynamics and interactions in RNA
will subsequently be given (Section 4).
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1. SITE-DIRECTED SPIN-LABELING

Since RNA is diamagnetic, EPR studies of RNA require incorporation of unpaired electrons
into the biopolymer. Nitroxides in five- or six-membered rings that are flanked by methyl
groups are stable organic free radicals that are commonly used for spin-labeling (Fig. 15.1).
For a free radical, the nitroxide is chemically unusually stable because the unpaired electron
is shared by the nitrogen and the oxygen atoms. The radical is also sterically protected from
reaction with solvent and other molecules by the methyl groups.

The labeling must be specific, that is, directed to a specific site in the RNA to yield meaningful
results pertaining to specific nucleotides. This is commonly referred to as site-directed spin-
labeling (SDSL) (Altenbach et al., 1989; Barhate et al., 2007; Edwards et al., 2001; Kim et
al., 2004; Qin et al., 2001, 2003; Schiemann et al., 2004). Therefore, incorporation of multiple
labels through enzymatic RNA synthesis (e.g., triphosphate poly-merization with polymerases;
Keyes et al., 1997) is of limited value. Instead, labels are generally introduced chemically,
either during chemical synthesis of the nucleic acid or by postsynthetic modification of the
polymer.

After selecting a specific nucleotide (or nucleotides for multiple labels) for spin-labeling in the
RNA of interest, the point of attachment is chosen. The label can be incorporated into the base
(Barhate et al., 2007; Fischhaber et al., 1997; Keyes et al., 1997; Piton et al., 2007; Prisner et
al., 2001;Qin et al., 2003; Schiemann et al., 2004; Spaltenstein et al., 1988), sugar (Edwards
et al., 2001; Kim et al., 2004), or the phosphodiester (Fidanza et al., 1992; Nagahara et al.,
1992; Qin et al., 2001) (Figs. 15.2 and 15.3). In addition, the structure of the label needs to be
taken into consideration. For example, if spin labels are linked to the RNA with a flexible
linker, the nitroxide ring may have considerable motions independent of the parent nucleic
acid, which must be accounted for during data analysis. Excess linker flexibility may give rise
to difficulties in detecting nucleic acid dynamics or measuring interspin distances. As with all
chemical modifications of RNA, spin-labeling may interfere with the structure and function of
the nucleic acid. Therefore, one must carefully evaluate the effect of the label itself by running
appropriate control experiments.

1.1. Spin-labeling during chemical synthesis of the nucleic acid

Nucleic acids are synthesized chemically in laboratories around the world using automated
synthesizers. Therefore, if one can prepare a phosphoramidite of a spin-labeled nucleoside,
which is the building block for oligonucleotide synthesis, the spin label can be incorporated
into any sequence and at any site in the sequence. Many different spin-labeled nucleosides
have been prepared, some of which are shown in Fig. 15.2, and incorporated into nucleic acids.
For example, spin labels have been attached to the exocyclic amino groups of C (1) and A
(2), the 2-position of A (3), and the 5-position of pyrimidines (4-6). The most important
advantage of this approach over the postsynthetic method described below is that it enables
incorporation of spin label modifications that require an elaborate synthetic effort, such as C-
nucleosides (7) (Miller et al., 1995) and the rigid spin label C (8) (Barhate et al., 2007).

The drawbacks of the synthetic approach include the effort in preparation of the spin-labeled
phosphoramidites and exposure of the spin label to the conditions of the chemical synthesis.
The latter also applies for methods that use on-column modification during the synthesis (Piton
et al., 2007; Schiemann et al., 2004). For example, the iodine solution that is commonly used
for the phosphorous oxidation during the synthesis reduces nitroxides (Cekan et al., 2008;
Gannett et al., 2002; Piton et al., 2007), although this problem can be circumvented by using
tert-butyl hydroperoxide (Cekan et al., 2008). Partial decomposition of nitroxides is also
observed due to the acid treatment that is used to remove the dimethoxytrityl protecting groups
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during the synthesis cycle (Abakumov and Tikhonov, 1969; Cekan et al., 2008; Piton et al.,
2007).

1.2. Postsynthetic spin-labeling

Chemical synthesis of RNA is more challenging than for DNA, due to the presence of the 2'-
hydroxyl group, which needs to be protected during oligomer synthesis and subsequently
deprotected. Thus, postsynthetic labeling has been more extensively used for the preparation
of spin-labeled RNA. In this approach, the nucleic acid is first synthesized and subsequently
incubated with a spin-labeling reagent. To ensure site-specific labeling, the RNA must contain
a reactive group that can be specifically modified with the labeling reagent. Such modified
RNAs and spin-labeling reagents are in many cases commercially available. Therefore,
scientists who do not have extensive training in organic synthesis can readily prepare spin-
labeled oligomers with the postsynthetic method. Another advantage of postsynthetic labeling
is that the spin label is not subjected to the reagents used in oligomer synthesis, thus avoiding
partial reduction of the nitroxide.

Incorporation of spin labels through chemical synthesis of the nucleic acid has focused on spin-
labeled nucleobases. On the other hand, postsynthetic labeling has been used for attaching
nitroxides to different parts of nucleotides: at nucleoside bases (Fig. 15.3A) (Hara et al.,
1970; Okamoto et al., 2004; Qin et al., 2003; Varani et al., 1999), sugars (Fig. 15.3B) (Edwards
etal., 2001; Kim et al., 2004), and the internal phosphate backbone (Fig. 15.3C) (Fidanza et
al., 1992; Nagahara et al., 1992; Qin et al., 2001). Spin labels have been attached to the 5'-end
of RNA by modification of a 5’-phosphorothioate (15, 16, Fig. 15.3D) (Grant et al., 2008;
Macosko et al., 1999) and the 3'-end by periodite oxidation and reductive amination (17, Fig.
15.3D) (Hermann, 1977). However, the most general spin-labeling approach is incorporation
of nitroxides at internal sites of the oligomer (Fig. 15.3A-C), which has been used extensively
to prepare spin-labeled RNA. For example, incorporation of 2’-amino groups at selected
nucleotides enables selective reaction with aliphatic isocyanates, resulting in 2'-urea-slabeled
oligomers (Fig. 15.4A) (Edwards et al., 2001). The reactivity of sulfur atoms has also been
utilized for postsynthetic labeling of pyrimidine bases (Fig. 15.4B) (Qin et al., 2003) and at
the phosphodiester (Fig. 15.4C) (Qin et al., 2001).

2. ACQUISITION AND PROCESSING OF cw-EPR SPECTRUM

A typical layout of an EPR spectrometer is shown in Fig. 15.5. While the general principles of
operation and detection are the same for different spectrometers, specific steps may vary. The
readers are encouraged to consult the manual and vendor regarding each individual
spectrometer. Examples used in discussions below are based on a Bruker EMX X-band
spectrometer that is equipped with an ER-041X microwave bridge and a high-sensitivity cavity
(ER-4119HS, Bruker Biospin, Inc.).

There are four general steps in acquiring an undistorted cw-EPR spectrum with the desired
signal-to-noise ratio (S/N): (1) sample preparation and insertion; (2) cavity coupling; (3)
spectral acquisition; and (4) spectral processing. Depending on the spectral line-shape, one
may be able to obtain a cw-EPR spectrum with a sufficient S/N in less than 15 minutes using
as low as 50 pmol of nitroxide-labeled samples. Data averaging, typically in the order of tens
of minutes to hours, can be used to measure weaker signals.

2.1. Sample preparation and insertion

The required total number of spins in a measurement is typically 1013-1014, which translates
into ~ 100 pmol of nitroxide. Biological samples are usually prepared in buffer solutions, and
it is important to ensure that no undesired EPR signal comes from the buffer. For nitroxide-
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labeled samples, diamagnetic (EPR silent) metal ions (e.g., K*, Na*, Mg2*, Ca2*) are
acceptable. Paramagnetic metal ions, such as Cu2*, Fe2*, Mn2*, have EPR signals and thus
may interfere with SDSL studies. In addition, compounds such as sucrose, glycerol, or ficoll
are often added to solution to increase solvent viscosity and reduce the overall rotational
tumbling motion of the macromolecular (vide infra). They may also serve as cryoprotecting
agents to ensure a glass-like homogeneous mixture when measuring frozen samples.

EPR samples are held in glass or quartz capillaries/cells. Glass is much cheaper than quartz,
and often sufficient for cw-EPR measurements. However, glass typically gives a much more
prominent background signal at low temperature due to the presence of impurities (e.g., defects
or paramagnetic metal ions). EPR capillaries/cells vary in size and shape depending on the
resonator used with the spectrometer. They are chosen to place the sample at the “active”
volume of the resonator (usually at the center), where the magnetic field is at its maximum and
the electric field is at the minimum.

To obtain an optimal signal, the sample should fill the resonator active volume as much as
possible. This dictates the sample volume and the positioning of the capillary/cell in the cavity.
For example, with the Bruker high-sensitivity cavity, a tilted capillary covers a smaller fraction
of the active volume and therefore reduces signal intensity. It should be noted that water absorbs
microwave radiations via interacting with the electric field, thus lowering the cavity Q value
and making it difficult or impossible to tune. Therefore, aqueous samples, which include almost
all RNA samples, tend to be “lossy” with low Q values. This may restrict the size of the
capillaries/cells and the sample volume.

2.2. Critical coupling of cavity

After sample insertion, the cavity is “tuned” to achieve critical coupling, so that the microwave
power stored in the cavity is maximized while its dissipation is minimized. Tuning generally
involves two steps: “rough-tuning” to approximately match the microwave frequency to the
cavity resonance frequency; followed by “fine-tuning” to establish critical coupling.

In rough-tuning, the spectrometer is put at the “tune” mode. A low microwave power (e.g., 25
dB, 0.63 mW) is applied to generate the “model pattern”, which is the microwave power
reflected from the resonator as a function of the microwave frequency. Microwave frequency
is adjusted to position the “dip”, which reports the frequency at which the microwave power
is absorbed, at the center of the model pattern. This indicates an approximate match between
the microwave frequency and the cavity resonance frequency. The resonator is then further
adjusted (e.g., move the iris and/or change the “signal phase” if using a Bruker EMX system)
to make the dip symmetrical and as deep as possible (maximal power absorbed). One should
also allow the cavity and sample to come to thermal equilibrium during rough-tuning in order
to minimize drifts in later fine-tuning.

To fine-tune the cavity, the spectrometer is put in the “operate” mode. Adjust the microwave
frequency, the iris position (resonator parameter), and the reference arm current (“bias”) so
that the analog indicators for the automatic frequency control (“AFC”) and the “diode” always
stay at the center as the microwave power is increased from minimum (e.g., 50 dB, 2 uW) to
maximum (e.g., 0 dB, 200 mW). This indicates that at all power levels, the majority of
microwave power is stored in the resonator and very little is reflected. Adjust the “signal phase”
to let the “diode” indicator reach the maximum, and then decrease the “bias” if necessary to
put “diode” back to center again.
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2.3. Spectral acquisition

After cavity tuning, acquisition parameters need to be set up before acquiring a spectrum. Table
15.1 lists these parameters together with example values used for acquiring a nitroxide
spectrum on a Bruker EMX system. These values vary significantly depending on the
spectrometer, the resonator, and the sample, and thus should be optimized in each individual
case. Improper acquisition parameters lead to low quality spectra, with the two major symptoms
being: (1) no signal or very weak signal; and (2) spectral distortion. These pitfalls and their
remedies are discussed in the following sections.

2.3.1. No signal or very small signal—If sufficient amount of spins (>103 for nitroxide-
labeled sample) is present but no signal or very weak signal is detected, one should check the
following parameters.

2.3.1.1. Sample positioning: The capillary/cell should be straight and not tilted, with the
sample occupying the resonator active volume (e.g., cavity center). To ensure proper sample
positioning, one can insert the sample with the spectrometer set at the “tune” mode, and adjust
the capillary so that the dip displacement is maximized.

2.3.1.2. Center field and scan width: These two parameters dictate the center and the width
of the measured spectrum, and should be set to cover the entire region of all desired signals.
For nitroxides, the splitting of peaks can be up to ~ 70 Gauss (G), and most studies use a
convenient scan width of 100 G.

The center field is related to the resonating microwave frequency according to

_ hv
8Be (15.1)

where h is the Planck constant (h = 6.626 x 10734 J s), v is the microwave frequency, B, is the
Bohr magneton (the intrinsic unit of an electron magnetic moment, B = 9.274 x 10724 J/T),
and g is the electron spin g-factor. The nitroxide g-factor is very close to that of a free electron
(ge ~ 2.0023), and Eq. (15.1) can be rewritten as:

H=356.8v (15.2)

where H is expressed in Gauss, and v in 10° Hz (GHz). For a microwave frequency of 9.5 GHz
(X-band), the corresponding magnetic field is 3390 G.

2.3.1.3. Modulation phase: EPR signal is detected using phase-sensitive lock-in amplification
(Blair and Sydenham, 1975; Cova et al., 1979; Poole, 1996), and therefore depends on the
cosine of the phase angle (phase difference) between a reference signal and the modulated EPR
signal. The parameter “modulation phase” is a phase shifter that changes the phase of reference
signal in order to optimize detection of the desired EPR signal. For cw-EPR, the in-phase signal
is detected, with the phase shifter adjusted to give a phase angle of 0° (maximal EPR signal).
To determine the proper modulation phase, one can measure a sample with a varying
modulation phase. The minimal signal corresponds to the out-of-phase position (phase angle
=90° or 270°) from which the in-phase value can be deduced by subtracting (or adding) 90°.

2.3.1.4. Receiver gain: Sufficient receiver gain is required for observing the signal. However,
a high receiver gain does not improve S/N, as noises are amplified to the same degree as the
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signal. One should also avoid excessive receiver gain to prevent “clipping” of the spectrum
(signal outside of maximal detection range).

2.3.1.5. Number of scans (signal averaging): EPR S/N is proportional to the square root of
number of scans. In theory, a desirable S/N can always be achieved by increasing the number
of scans. In practice, however, over a prolonged period, system instability (temperature
variations, air drift, etc.) and background signals (e.g., impurities at capillary and/or resonator)
may give a baseline with variable features. Therefore, very weak signals may not be detectable
even with a very large number of scans.

2.3.2. Spectral distortion—The line-shape of a true (undistorted) EPR spectrum should be
independent of the acquisition parameters, and therefore to assess spectral distortion one can
compare spectra acquired with different parameters. Figure 15.6 illustrates the effect of
modulation amplitude on EPR line-shape. The central line-width (peak-to-peak width AHp, =
1.6 G) remains unchanged when the modulation amplitude is increased from 0.5 to 1 G; while
atamodulation amplitude of 10 G, distortion and line-broadening (AHp, = 6.4 G) can be clearly
observed. The main sources of spectral distortions are modulation amplitude, microwave
power, and scanning rate (speed). These are discussed in the following sections.

2.3.2.1. Modulation amplitude and modulation frequency: High modulation amplitude
increases EPR signals intensity, but may also distort the line-shape (Fig. 15.6). It is advised to
use a modulation amplitude that is approximately equal to the line-width (AHpp) of the
narrowest peak one tries to resolve. This amounts to 1-2 G for most nitroxide systems.
Moreover, a modulation frequency of 100 kHz is typically used.

2.3.2.2. Microwave power: A microwave power of ~2 mW (20 dB) is typically used to acquire
a nitroxide spectrum. Without saturation, EPR signal is proportional to the square root of the
microwave power. As microwave power increases, the rate of excitation may become greater
than the rate of relaxation. This decreases the difference in spin populations between the ground
state and the excited state, thus reducing the EPR signal. High power may also cause line-
broadening (Fajer, 2000).

2.3.2.3. Scanning speed: Number of points, conversion time, and time constant: A greater
number of points in a spectrum gives better resolution, but requires longer sweep time. A
general rule is to have at least 10 points for the narrowest line in a spectrum. “Conversion time”
is the amount of time the detector spends integrating at one field position before moving to
next one, and “time constant” is a measure of the cutoff frequency of the lock-in detector, which
will filter out signals (noises) with frequencies greater than 1/(time constant). The time constant
is generally kept below the conversion time to prevent spectral distortion, although for weak
signal a long time constant may be used. Conversion time should be sufficiently long to ensure
that a weak signal is captured during the digitization steps. However, lengthy conversion time
may lead to a prolonged sweep time (sweep time = conversation time x number of points) and
may cause baseline drift. One may avoid this by acquiring more scans with short conversion
time. In doing so, the baseline drift may only cause a constant offset, which will not distort the
spectrum.

2.4. Spectral processing

After acquisition of the spectral data, a number of processing steps, including spectrum
averaging, baseline correction, and spectrum integration, are executed to prepare the spectrum
for further analysis. These steps can be carried out using software provided by the vendor (e.g.,
WInEPR from Bruker). The spectrum can also be exported using the “ASCII” format, then
processed and analyzed using customized programs relying on commercially available
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software, such as Microsoft Excel, Matlab, or Labview. The general ideas behind each
processing step, illustrated using examples generated with Microsoft Excel, are discussed in
the following sections.

2.4.1. Spectrum averaging—Spectrum averaging is probably the most effective way to
increase S/N (Fig. 15.7), and is particularly important when measuring spectrum with broad
lines.

2.4.2. Baseline correction—An ideal baseline should be completely straight without any
feature. This may not be the case, especially for samples with weak signals, due to a number
of reasons. The cavity, the cryostat, or the capillary/cell may have a small amount of
contamination, the signal of which may be reduced or even eliminated by cleaning. In addition,
system instability (temperature variations, air drift, etc.) may also yield broad features in the
baseline.

One may acquire a “background spectrum” and then subtract it from the averaged experimental
signal (Fig. 15.7). In doing so, the control should resemble the real sample as much as possible:
use the same buffer and the same exact type of capillary; insert to the same position of the
cavity; and performing the scan immediately after sample measurement with the same
parameters. A reasonably reproducible background spectrum can be obtained in many cases.
In extreme situations (e.g., large variations in background signal due to capillary changes), one
might have to quench the EPR signal in situ (e.g., injecting ascorbic acid to reduce the nitroxide)
to obtain the background spectrum.

2.4.3. Spectral integration—With the use of lock-in detection, the measured EPR signal
corresponds to the first derivative of the radical absorption spectrum. The 1st integral of a
measured EPR spectrum as a function of the magnetic field is computed according to

n
Y(H)=) y;AH
j=1 (15.3)

with

AH (15.3a)

in the calculations, yj is the amplitude of the detected EPR signal at magnetic field Hj, AH is
a fixed interval (e.g., AH = 1 G; smaller AH gives more precise integral), and n; is the number
of intervals between the beginning of the spectrum (Hp) and the current field position (H;). The
1st integral (Y;j vs. H;) gives the absorption spectrum (Fig. 15.8A).

The 1st integral can be integrated again to give the area under the absorption spectrum between
Hp and Hi:
nj
Area(Hy)= ) Y;AH
= (15.4)

The 2nd integral (designated as A) generally refers to the area computed over the entire
spectrum (n = (Hs — Hp)/AH, with Hy being the magnetic field at the end point of the spectrum),
and is directly proportional to the total number of spins (Fig. 15.8A). It should be noted that
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the actual value of the 2nd integral is affected significantly by the baseline, and therefore is
meaningful only if the baseline is acceptable or has been corrected. The 1st and 2nd integrals
are used in a number of processing steps described in the following sections.

2.4.3.1. Baseline corrections: With an ideal baseline, the 1st integral should be completely
flat in the outer low-field and high-field regions (Fig. 15.8A). Therefore, the 1st integral can
be used in baseline correction, with the rules of thumb in selecting the correct baseline being
that: (i) no negative regions in the 1st integral (absorption spectrum); and (ii) low-field and
high-field regions beyond the absorption peaks are flat and equals to 0.

2.4.3.2. Spectral normalization: Many spectral analysis procedures compare spectrum per
spin, therefore the measured spectrum has to be normalized (Fig. 15.8B). Normalization is
carried out by dividing the measured spectrum by its 2nd integral, which is proportional to the
total number of spins.

2.4.3.3. Spin counting: While the 2nd integral reports the total number of spins, the
proportional constant depends on acquisition parameters and the specific spectrometer. To
obtain the proportional constant, one can generate a calibration curve, where samples with
known amount of spins are measured (Fig. 15.8C). Spin counting generally yields a “spin
concentration”, which is proportional to the total number of spins as the spectrometer activity
volume is considered constant. An important reason for spin counting is to assess labeling
efficiency, which is the ratio of the spin concentration to that of the RNA (e.g., determined by
UV-Vis absorption measurement, Fig. 15.8C).

3. SPECTRAL ANALYSIS

The line-shape of a cw-EPR spectrum is dictated by the reorientation dynamics (motions) of
the nitroxide, which average the anisotropic nitroxide magnetic tensors. Figure 15.9A shows
simulated X-band EPR spectra of a nitroxide undergoing isotropic tumbling, with the nitroxide
motion characterized by a rotational correlation time t. As nitroxide motions reduce (longer
1), the EPR spectrum shows broader lines, and extra features appear at the low-field and high-
field regions.

The goal of assessing nitroxide dynamics is to obtain information at the labeling sites of the
macromolecule. In SDSL studies, the macromolecule may influence nitroxide dynamics via a
combination of three modes (Fig. 15.9B): (i) the overall rotational motion of the macromolecule
(characterized by a rotational correlation time tg); (ii) torsional rotations about bonds that
connect the nitroxide ring to the macromolecule (z;); and (iii) segmental motions of the
macromolecule at or near the labeling point (tg). The 1j and tg motions may be influenced by
site-specific macromolecular structural and dynamic features, while the tg motion is uniform
across the macromolecule, and depends on the molecular size (weight) as well as solvent
viscosity. As demonstrated by the examples of application, either tj/tg (example 1) or g
(example 2) effects can be used to study RNA.

A number of methods have been developed for assessing nitroxide dynamics based on the cw-
EPR spectrum (see review by Sowa and Qin, 2008). In the semiquantitative approach,
parameters measured directly from the EPR spectrum, such as the central line-width (AHpp,
Fig. 15.9A), the splitting of the resolved hyperfine extrema (2Aq¢f, Fig. 15.9A), and the second
moment (H», characterizing how broad the spectrum is), are used to characterize nitroxide
dynamics (Columbus and Hubbell, 2002, 2004; Mchaourab et al., 1996). These parameters
report on the nitroxide mobility, which describes a combined effect of the rate and the amplitude
of motion. For example, a broad center line gives a small (Apr)fl value and indicates low
mobility, which can result from low frequency but large amplitude motions, or small amplitude
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motions with fast rates. The line-shape parameters can be easily measured on a properly
processed EPR spectrum, and provide a means to quickly access relative nitroxide mobility at
different sites. This approach, specifically by measuring 2A¢s, was used in example 1 to probe
site-specific dynamic features of the HIV TAR RNA.

In addition to the semiquantitative approach, more quantitative analytical approaches have
been reported. For example, in the fast motion regime (t ~ 107 11-10" s at X-band), one can
compute the nitroxide rotational correlation time based on the measured line-widths and
amplitudes (Marsh, 1981; Qin et al., 2001; Xi et al., 2008). Furthermore, it is possible to
simulate a nitroxide spectrum based on quantum mechanics and specific motional models
(Columbus et al., 2001; Grant et al., 2009; Hustedt et al., 1993; Liang et al., 2000; Qin et al.,
2006; Schneider and Freed, 1989). The details of these advanced analysis techniques are not
discussed here, interested readers are instead referred to a recent review (Sowa and Qin,
2008) and the relevant literatures.

4. EXAMPLES OF APPLICATION
4.1. Example 1: cw-EPR studies of the HIV TAR RNA

4.1.1. Variable dynamic signatures in ligand-bound TAR RNA—The trans-activation
response (TAR) RNA is a structural motif at the 5’-end of the HIVV RNA, which interacts with
the Tat protein during HIV transcription. The binding site of the Tat protein is an internal loop
in the TAR RNA (Fig. 15.10A). The TAR-Tat interaction assures an efficient transcription
and thereby facilitates replication of the HIV virus (Frankel, 1992). Therefore, interference
with the TAR-Tat interaction has been pursued as a strategy to combat HIV. Below is a
description of how cw-EPR spectroscopy has yielded information about RNA dynamics that
are correlated with the structure of the TAR RNA receptor bound to various ligands.

Four spin-labeled TAR RNAs were prepared using the 2'-labeling strategy described in Fig.
15.4A, each RNA having one spin label in the 2'-position position of either U23, U25, U38,
or U40 (Fig. 15.10A) (Edwards et al., 2001). Using the width of the X-band EPR spectra
(2Acff) as a measure of mobility (Fig. 15.10B), it became clear that U23 and U25 had similar
mobility, which was faster than that observed for U38 and U40. This was consistent with the
fact that U23 and U25 were located in a flexible loop and showed that the spin label was a
good reporter of the mobility of nucleotide to which it was attached (Edwards et al., 2001).
Thus, these results encouraged investigation of the changes in dynamics of individual
nucleotides in the TAR RNA upon ligand binding.

The effects of several ligands, such as metal ions (Edwards and Sigurdsson, 2003; Edwards et
al., 2002), small organic molecules (Edwards and Sigurdsson, 2002), and peptides (Edwards
etal., 2002, 2005) on TAR RNA dynamics were studied by EPR. The EPR data were analyzed
by plotting the change in the spectral width (2Aq¢f) upon ligand binding as a function of spin
label position, which gives a dynamic signature for each ligand (Fig. 15.10C). The dynamic
signatures are very sensitive to the structure of ligand—receptor complex; of the six examples
shown, no two are alike. The first three dynamic signatures are representatives of three classes
of metal ions observed when studying the binding of 10 different metal ions to the TAR RNA
(Edwards and Sigurdsson, 2003). Not much change is observed in the spectral width for Li*,
whereas a large narrowing of the spectral width for U25 and U40 was observed for Mg2*
binding to the TAR RNA. The fact that Na* and Mg2* show different dynamic signatures (a
large difference in the spectral width of U25) indicates that the two structures are different,
which has been verified by NMR spectroscopy (Al-Hashimi et al., 2003).

The latter three dynamic signatures in Fig. 15.10C are those of small molecules that have been
found to inhibit the TAR-Tat interaction (Edwards and Sigurdsson, 2002). Each one of these
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molecules has been shown to bind to the TAR RNA in a different manner and all give different
dynamic signatures. Therefore, determination of dynamic signatures by cw-EPR spectroscopy
can readily identify binding sites in RNA and should be useful for screening libraries of ligands
for binding to specific sites in drug-discovery programs.

4.1.2. Dynamic sighatures and structural requirements in the TAR-Tat
interaction—Given the sensitivity of dynamic signatures for the structure of ligands binding
to the TAR RNA, this approach was applied to study the interaction of the TAR RNA with its
biological partner, the Tat protein. The Tat protein is ca. 86 residues long, but a short peptide
spanning this region, YGRKKR2RQRRR (Tat 47-58), binds to the TAR RNA with high
affinity (dissociation constant K4 ~ 200 nM) (Hamy et al., 1993; Roy et al., 1990). Arginine
52 (R52) has been identified as an essential amino acid for the TAR-Tat interaction. Although
the NMR structure of the TAR RNA bound to a peptide has not been solved, a high-resolution
NMR structure is available for argininamide, which is the simplest analog of the Tat protein,
complexed with the TAR RNA (Brodsky and Williamson, 1997). Figure 15.11A shows
dynamic signatures for argininamide, the Tat wild-type peptide (YGRKKR®2RQRRR) and a
Tat mutant peptide (YKKKKR?2KKKKA). The mutant peptide has been shown to bind to the
TAR RNA with similar affinity as the wild-type sequence (Edwards et al., 2002). The three
ligands have similar dynamic signatures: U23, U38, and U40 have lower mobility, while U25
is faster than the unbound TAR RNA. This indicates a similar structural motif for all three
complexes. There is, however, a striking difference between the mutant peptide and the wild
type: an enormous reduction of mobility of U23 and U38 for the wild type. Interestingly, U23
and U38 are involved in formation of a triple base pair upon binding argininamide (Brodsky
and Williamson, 1997). This indicates that amino acids flanking R52 in the wild-type sequence
make specific contacts to the RNA, which greatly affects its internal motion.

To determine which amino acids promoted specific TAR-Tat complex formation, a series of
peptide mutants were prepared and their dynamic signatures collected (Edwards et al., 2005).
Figure 15.11B shows the sequence of the peptides and the changes in spectral width for U38
upon binding the peptides. The data clearly show that amino acids flanking R52 at the carboxyl
terminus participate in this specific interaction. In particular, the R56K mutant (Fig. 15.11B,
second peptide from the bottom) shows a similar spectral width as argininamide, pointing to
the importance of this amino acid in the formation of a specific complex. Inspection of the
crystal structure of the Tat protein shows that R52 and R56 are the extremes of an apparent
palm on the protein surface that is a likely binding site (Edwards et al., 2005). Thus, information
about the dynamics of nucleotides in the TAR RNA obtained by cw-EPR has enabled
identification of specific structural requirements in the Tat protein and demonstrates the utility
of EPR spectroscopy for investigating RNA-protein interactions.

4.2. Example 2: Studying RNA/RNA interactions via cw-EPR reported Tr effects

The global tumbling of a 25 nucleotide (nt) oligonucleotide (~ 7500 Da) is estimated to have
a tr of approximately 4 ns in aqueous solution at room temperature (Cantor and Schimmel,
1980; Qin et al., 2003), which affects the X-band cw-EPR spectrum. In such cases, changes in
the size of the system due to interactions with other macromolecules, such as a complimentary
strand (Keyes and Bobst, 1998), a partner nucleic acid (Qin et al., 2001), or a protein (Keyes
and Bobst, 1998; Xi et al., 2008; Zhang et al., 2008), will change the EPR spectrum. Such
spectroscopic changes provide a reporter to monitor the interactions. In the following example,
the 1 effect was used to study a frequently used RNA tertiary interaction motif—binding
between a GAAA tetraloop and its RNA receptor (Qin et al., 2001) (Fig. 15.12).

In this study, nitroxide label 14 (Fig. 15.3C) is attached near the 5'-terminus of a 12-nt RNA
hairpin (TL1, Fig. 15.12A) containing the GAAA tetraloop (boxed region within TL1, Fig.
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15.12A). TL1 spectra were obtained in a Mg2* containing buffer with various concentrations
of a 23-nt RNA (TLR, Fig. 15.12A) that includes the GAAA tetraloop receptor (boxed region
within TLR, Fig. 15.12A). Line-broadening was observed when comparing spectra obtained

in the absence and presence of TLR (Fig. 15.12B). This indicates reduced nitroxide motions.
Asthe nitroxide was attached far away from the sites of interactions, no changes in tj/tg motions
are expected, and reduced nitroxide motion report increased tg due to the formation of a higher
molecular weight TL1/TLR complex (Fig. 15.12A). This provided the first direct evidence that
the GAAA tetraloop can dock into an isolated receptor in solution.

Furthermore, spectra obtained in the presence of various TLR concentrations were analyzed
using a spectral decomposition procedure (see an example in Fig. 15.12C). The normalized
TL1-alone spectrum was scaled and subtracted from normalized “TL1 + TLR” spectra. At each
TLR concentration, the fraction of unbound TL1 was represented by the largest possible scaling
factor that gives a difference spectrum resembling an EPR spectrum with the lowest possible
mobility. TLR concentration dependence of these fractions thus generates a binding curve, and
gave a measured Ky of 0.4 mM between the GAAA tetraloop and its receptor (Fig. 15.12D).
This is a weak interaction and is difficult to measure using other methods (Qin et al., 2001).

This study highlights two important facets of using the tg effect. First, the nitroxide may be
attached at a remote site and therefore will not perturb the native interaction. In addition, as an
EPR experiment generally requires a nitroxide concentration greater than 10 uM, the method
is suitable for measuring interactions where the K is approximately 10-1000 puM.
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Figure 15.1.
Structures of nitroxides that have been used for spin-labeling.
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Figure 15.2.
Spin-labeled nucleosides that have been incorporated into nucleic acids during chemical
synthesis of the oligomer. In structures 4 and 5, X is either H or OH.
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Figure 15.3.
Nucleotides that have been spin-labeled by postsynthetic modification of the oligomer at either

the base (A), the sugar (B), the internal phosphodiester (C), or the terminus (D). “B” indicates
the nucleoside base.
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Figure 15.4.

Postsynthetic labeling of internal nucleotides in RNA. (A) Reaction of a nitroxide containing
an aliphatic isocyanate with 2'-amino groups in RNA. (B) Reaction of methanethiosulfonate
nitroxide with a 4-thiouridine nucleotide in RNA. (C) Reaction of iodomethyl nitroxide with
deoxyribo-phosphorothiolate linkage in RNA.
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Figure 15.5.

The general layout of an EPR spectrometer. The spectrometer consists of a microwave bridge,
a cavity (or resonator), magnets, and a console. The microwave bridge houses the microwave
source and the detector, together with other control and support components. The cavity is
where resonance between the electron spins and the electromagnetic radiation takes place, and
is stationed between the magnets. The console contains signal processing units and electronics
that control the operation of the bridge. The console is generally connected to a computer for
spectral acquisition and data analysis.
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Figure 15.6.

Effects of modulation amplitude on cw-EPR line-shape. Spectra shown were obtained on a
Bruker EMX spectrometer equipped with a high-sensitive cavity. The sample was an aqueous
solution of tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) (12.5 uM, 5 ul) placed in
around glass capillary (0.6 mm ID, 0.8 mm OD; Vitrocom, Inc., Mountain Lakes, NJ) sealed
at one end. Acquisition parameters listed in Table 15.1 were used, except that the modulation
amplitude (M.A.) was varied as respectively indicated for each spectrum. Note that these
spectra have not been normalized, and differences in the amplitude of the spectrum are due to
the different modulation amplitudes used.
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Figure 15.7.

Examples of spectral processing. Acquisition parameters listed in Table 15.1 were used to
measure a solution of tempol. The background spectrum was collected using water, which
shows a feature due to a cavity defect.
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Figure 15.8.

Examples of spectral integration and normalization. Spectra shown were obtained with
nitroxide label 14 (Fig. 15.3C). Acquisition parameters are listed in Table 15.1, except that
number of scans = 4 and number of points = 1024. (A) Spectrum of an aqueous sample of a
23-nt RNA, together with its 1st and 2nd integrals. (B) Spectral comparison between a 23-nt
RNA (40 puM, dotted line) and a 49-nt RNA (30 pM, solid line). Comparison of the normalized
spectra is not skewed by the different amount of labeled RNAs used in the measurement, and
reports different nitroxide behavior due primarily to the difference in RNA size. (C) An
example of spin counting. The calibration curve was generated by linear fitting (solid line) of
data points (solid square) obtained using tempol solutions of various concentrations. Using this
calibration curve, the sample measured in (A) was found to contain 37.5 uM of spins
(Asample = 2.5). Based on an RNA concentration of 40 uM, the nitroxide labeling efficiency
was determined to be 93.6%.
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Figure 15.9.

Nitroxide dynamics and cw-EPR spectral line-shape. (A) Simulated X-band EPR spectra of
nitroxides undergoing isotropic rotation at different rotational correlation time t. (B) The three
modes of motion that contribute to nitroxide dynamics. Adopted from Sowa and Qin (2008)
with permission.
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Figure 15.10.

(A) The TAR RNA construct used in this study. Spin-labeled nucleotides are shown in bold.
(B) EPR spectra of spin-labeled TAR RNA samples (Edwards et al., 2001). The position of
the spin label is indicated on each spectrum. The samples were prepared in 50% sucrose/100
mM NaCl, 10 mM sodium phosphate, 0.1 uM Na,EDTA, pH 7.0. A line indicating the spectral
width of U23 TAR RNA is extended through the other spectra, to allow for visual qualitative
comparison of the EPR spectral widths. (C) Changes in EPR spectral width plotted as a function
of spin-labeled position (U23, U25, U38, and U40) to give a dynamic signature for each metal
ion and small molecule that binds to the TAR RNA (Edwards and Sigurdsson, 2002, 2003).
Chemical structures of Hoechst, CGP 40336A, and neomycin are shown.
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Figure 15.11.

(A) Dynamic signatures of argininamide and two Tat-derived peptides, the wild-type sequence,
and a mutant. (B) Sequences of the Tat-derived peptides and changes in EPR spectral width
of U38 in the presence of each peptide. Amino acid mutations are shown in bold. Arrow shows
the location of the essential R52 in the peptide sequence.
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Figure 15.12.

SDSL studies of GAAA tetraloop binding to its RNA receptor. (A) Schematics of the
experimental design, with R indicating the nitroxide label. (B) Normalized TL1 EPR spectra
obtained in the absence (i) and presence (ii) of TLR (1.75 mM). Due to weak binding, the “TL1
+ TLR” spectrum is a composite of the unbound TL1 and the complex. (C) Spectral
decomposition by subtracting scaled TL1 spectrum from that of “TL1 + TLR.” The value used
for properly subtraction (middle, 21%) represents the fraction of unbound TL1 in the presence
of 1.75 mM TLR. If the scaling factor is too small (top, under subtraction), the resulting
spectrum shows remaining features of the free TL1, which is most clearly observed by
comparing the low-field regions between the under subtracted spectrum (dotted line) and the
properly subtracted spectrum (solid line) (see inset). In the opposite case (bottom, over
subtraction), the resulting spectrum (dash line) is distorted (indicated by the triangle). (D)
Binding curve between TL1 and TLR. Data reproduced from Qin et al. (2001) with permission.
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Examples of acquisition parameters used with a Bruker EMX spectrometer

Table 15.1

Parameter Sample value  Trouble-shooting notes
Center field 3324 G Section 2.3.1.2
Scan width 100G Section 2.3.1.2
Microwave power 2mW (20dB)  Section 2.3.2.2
Modulation amplitude 1G Section 2.3.2.1
Modulation frequency 100 kHz Section 2.3.2.1
Modulation phase 42° Section 2.3.1.3
Number of points 2048 Section 2.3.2.3
Conversion time 40.96 ms Section 2.3.2.3
Time constant 20.48 ms Section 2.3.2.3
Number of scans 16 Section 2.3.1.5
Receiver gain 6.3 x 103 Section 2.3.1.4
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