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ABSTRACT The method of site-directed spin labeling (SDSL) utilizes a stable nitroxide radical to obtain structural and dynamic
information on biomolecules. Measuring dipolar interactions between pairs of nitroxides yields internitroxide distances, from which
quantitative structural information can be derived. This study evaluates SDSL distance measurements in RNA using a nitroxide
probe, designated as R5, which is attached in an efficient and cost-effective manner to backbone phosphorothioate sites that are
chemically substituted in arbitrary sequences. It is shown that R5 does not perturb the global structure of the A-form RNA helix. Six
sets of internitroxide distances, ranging from 20 to 50 Å, were measured on an RNA duplex with a known X-ray crystal structure. The
measured distances strongly correlate (R2 ¼ 0.97) with those predicted using an efficient algorithm for determining the expected
internitroxide distances from the parent RNA structure. The results enable future studies of global RNA structures for which high-
resolution structural data are absent.

INTRODUCTION

RNA performs many essential cellular functions involving

the maintenance, transfer, and processing of genetic infor-

mation (1). With recent discoveries such as RNA interference

and riboswitches, the scope of RNA biological activities

keeps expanding. The versatile functions of RNA rely on its

ability to adopt diverse three-dimensional structures, and an

in-depth understanding of RNA structure and dynamics is key

to understanding RNA function. There has been a recent leap

in the number of available high-resolution RNA structures,

perhaps best exemplified by reports of ribosome structures

(2), but studies of RNA structure and dynamics remain

challenging. X-ray crystallography is limited by the avail-

ability of crystals and the static nature of the information

obtained, and NMR spectroscopy is inherently restricted

by the size of the nucleic acids. Therefore, it is of interest

to explore techniques that are capable of providing struc-

tural and dynamic information on arbitrary size systems in

solution.

Site-directed spin labeling (SDSL) has matured as a means

for studying structure and dynamics of proteins that are

difficult to analyze using x-ray crystallography or NMR

spectroscopy (3–9). In SDSL, a stable nitroxide radical is

covalently attached to a specific site within a macromolecule,

and information on the local site is derived via electron

paramagnetic resonance (EPR) spectroscopy. Development

of SDSL for studying nucleic acids lags behind that of

proteins, but the available literature indicates that SDSL is

capable of providing structural and dynamic information at the

level of individual nucleotides (10).

The most recent advancement in SDSL is to use pulse EPR

techniques to measure distances in the nanometer range (11–

14). The distance between a pair of electron spins can be

measured by monitoring the interspin dipolar interaction.

Interspin distances between 5 and 20 Å can be measured

using continuous-wave EPR (15–17), and those between 20

and 80 Å are accessible using pulse EPR methods (18–26).

The measured interspin distances provide direct structural in-

formation and potentially would allow one to map the global

structure of the parent molecule. Although the conceptual

framework of SDSL distance measurements is similar to that

of fluorescence resonance energy transfer (FRET), the nitr-

oxide probes used in SDSL studies are generally smaller than

the fluorophores and, therefore, should cause less perturba-

tion to the parent structure.

Recently, nanometer distance measurements in DNA

have been reported utilizing a nitroxide that is attached to

phosphorothioates that are introduced at specific backbone

positions via solid-phase chemical synthesis (26). This nitr-

oxide probe, designated as R5 (Fig. 1), has the advantage that

it can be attached, in an efficient and cost-effective manner, to

arbitrary DNA sequences. Studies have shown that R5 pres-

ents no measurable perturbation to the B-form DNA duplex

(26). When one properly accounts for the presence of the two

phosphorothioate diastereomers that are introduced during

solid-phase synthesis, the measured internitroxide distances

have an excellent correlation with predicted values obtained

based on the NMR structure of the parent DNA (26). The

results indicate that R5 is a universal tag for conducting
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unrestricted distance measurements that may yield the global

structure of arbitrary DNA molecules.

The R5 probe can also be attached to RNA (27) and is

potentially applicable in RNA structural mapping. However,

a number of issues need to be examined to confirm that R5 is

suitable for measuring distances in RNA. First, in RNA the

helices generally adopt the A-form configuration, which has

a narrower and deeper major groove as compared to the

B-form helix preferred by the DNA. The deep and narrow

major groove limits the available space for accommodating

the nitroxide and potentially may give rise to more structural

perturbation on R5 labeling. Furthermore, in RNA R5 label-

ing, the 29-hydroxyl group adjacent to the labeled phosphor-

othioate has to be removed to prevent strand scission upon

covalent attachment of the nitroxide (27) (Fig. 1). This can

be most conveniently achieved by replacing the nucleotide 59

to the labeling site by a deoxyribonucleotide (27) (Fig. 1).

The substitution of the 29-hydroxyl group could lead to

perturbation of the native RNA structure, which will add to

potential perturbation effects resulting from the presence of

the nitroxide.

In this report, R5 was evaluated for nanometer distance

measurements in a dodecamer RNA duplex with a known

x-ray crystal structure. Six pairs of R5 were examined, with the

average internitroxide distances predicted to fall between 20

and 50 Å based on the known structure. The results indicated

that the R5 probes do not alter the overall A-form confor-

mation of the RNA duplex. The experimentally measured

internitroxide distances, obtained using double electron-

electron resonance (DEER) spectroscopy, correlate strongly

(R2 ¼ 0.97) to the predicted values based on a search of

sterically allowable R5 conformations in the x-ray structure.

Overall, the data demonstrate that R5 is useful in long-range

distance measurements in RNA, thus establishing a basis for

using R5 to map global structures of RNA molecules without

known high-resolution structures.

MATERIALS AND METHODS

RNA oligonucleotides and R5 labeling

The sequence of the model RNA duplex, designated as ‘‘SDR’’, is shown in

Fig. 1, with the backbone phosphate positions numbered from 2 to 24. All RNA

oligonucleotides were synthesized using solid-phase RNA synthesis (Inte-

grated DNA Technology, Coralville, IA). For RNAs containing a site-spe-

cific phosphorothioate modification, the nucleotide 59 to the phosphorothioate

modification was modified to the corresponding 29-deoxyribonucleotide.

When a 29-deoxyuridine was required, the nucleotide was replaced by a

29-deoxythymine. The crude synthetic oligonucleotides were reacted with an

iodomethyl derivative of a nitroxide following a previously reported

procedure (26). The nitroxide-labeled oligonucleotides were purified using

anion-exchange HPLC (26). RNA concentrations were determined accord-

ing to absorbance at 260 nm, using extinction coefficients of 131,300

M�1cm�1 and 112,400 M�1cm�1 for the respective RNA strands and their

phosphorothioate and nitroxide-labeled derivatives. All RNAs were stored at

�20�C in water.

Characterizations of R5-labeled RNA

Thermal denaturation of RNA duplexes was carried out in a buffer

containing 100 mM NaCl and 10 mM sodium phosphate (pH 6.8) following

a previously reported procedure (28,29). The standard state free energy of

duplex-to-single-strand transition at 37�C (DG0
37�C) was obtained as de-

scribed (29). Circular dichroism spectra were measured at 20�C between 320

and 205 nm on a JASCO J-715 spectropolarimeter. The duplexes were dis-

solved in the same buffer as those used for thermal denaturation mea-

surements.

FIGURE 1 Model SDR RNA. The RNA sequence is

shown on the right, with the phosphate positions num-

bered. By convention each phosphate ‘‘belongs’’ to the

ribose that is on the 39-side of the P atom. The inset shows

the detailed chemical structure of an R5 (orange) attached

at position 9. Notice the deoxyribose substitution at nucleo-

tide 8, which replaces the 29-OH group adjacent to the labeled

phosphorothioate with a 29-H (blue).
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Four-pulse DEER spectroscopy

The double-labeled SDR duplexes were formed by mixing the appropriate

singly-labeled individual strands in a 1:1 ratio. The RNA mixture was heated

at 95�C for 1 min and then cooled at room temperature for 2 min. An

appropriate amount of a buffer containing NaCl and Tris (2-amino-

2-(hydroxymethyl)-1,3-propanediol, pH 7.5) was added, and the mixture was

incubated at room temperature for .5 h and then lyophilized. The SDR

duplex was then resuspended in 10 ml, with the final solution containing

100 mM NaCl, 50 mM Tris pH 7.5, 20% (v/v) glycerol, and 90–150 mM

double-labeled RNA.

Four-pulse DEER measurements were performed in a Bruker ELEXSYS

580 spectrometer following a previously reported procedure (26). The echo

decay data were analyzed using the DeerAnalysis2006 package developed

by Jeschke and co-workers (freely available at http://www.mpip-mainz.

mpg.de/;jeschke/distance.html). The distance distribution functions (P(r))

were computed using Tikhonov regularization. The mean distance (ÆrDEERæ)
and the width of the distance distribution (sDEER) for a selected range were

calculated as

ÆrDEERæ ¼
R r2

r1
PðrÞrdrR r2

r1
PðrÞdr

(1)

sDEER ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR r2

r1
PðrÞðr � ÆrDEERæÞ2drR r2

r1
PðrÞdr

vuut ; (2)

with r1 representing the lower bound and r2 representing the upper bound.

Error in ÆrDEERæ is estimated to be 5% based on multiple measurements of

selective samples.

Computer modeling

Theoretical internitroxide distances were calculated using an in-house

conformer-search algorithm, referred to as NASNOX, incorporated within

the framework of a larger nucleic acids modeling program, NASDAC (30).

The NASNOX algorithm, which has been described in detail elsewhere (31),

allows addition of R5 labels at desired phosphorothioate sites of an input

nucleic acid structure. Here, the input structure is the x-ray structure of the

SDR duplex (Protein Data Bank ID: 1SDR) (32), with deletion of the O29

atom adjacent to each R5 attachment site. If O29 deletion is required in an

rU nucleotide, the nucleotide was changed to a dT by addition of a C atom to

C5 in a standard geometry using WebLab ViewerPro (v. 3.7, Molecular

Simulations, San Diego, CA). For all calculations, protons were added by

NASNOX in a standard geometry (30,31). The torsion angle S-P-O59-C59

(Fig. 1 A) was set at the value in the original duplex (with S substituted for

O and a P-S bond of 1.99 Å) and torsion angles t1, t2, and t3 (Fig. 1 A)

were varied. The remaining geometry of the label has been described pre-

viously (26,31).

The ensemble of allowable R5 conformers was identified by stepwise

variation of torsion angles t1, t2, and t3 while fixing the RNA coordinates.

The increments (I) were set at 120� for t1 (i.e., torsions of 180�, 60�, and

�60�), 120� for t2 (torsions of 180�, 60�, and �60�), and 30� for t3 (12

torsional positions, starting at 0�). Allowable conformations of R5 are

defined as those conformers in which no atoms of the nitroxide and RNA are

within 75% of the sum of the van der Waals radii of the corresponding

atoms. During the search, if a clash between the nitroxide and RNA was

registered for a particular set of (t1, t2, t3), a ‘‘fine search’’ of the local

conformational space was carried out (31). The ‘‘fine search’’ subroutine

evaluates 125 (i.e., 53) sets of modified (t1, t2, t3) generated by

independently varying each torsion angle through five finer increments:

the original value of torsion angle (T) minus 20% of the corresponding

increment (I) (T � 0.2*I); T � 0.1*I; T; T 1 0.1*I; and T 1 0.2*I. Any

modified (t1, t2, t3) set that relieves the clash between the nitroxide and the

RNA is identified as a ‘‘modified-fit’’ conformer, and the average of all

modified-fit conformers for an original (t1, t2, t3) position is included in the

ensemble for calculating the internitroxide distance.

For a given SDR duplex with R5 modeled at two locations, distances

were calculated between the nitroxide nitrogen atoms. Corresponding

average distances and the widths of the distribution (as characterized by the

standard deviation) were calculated based on the ensemble of distances.

Calculations were carried out with inclusion of both Rp and Sp diastereomers

at each site. In the reported crystal structure (32), the unit cell includes

two double-stranded RNA molecules with similar structures. Internitroxide

distances were calculated for both structures, and the average distances are

reported.

RESULTS

The model system

For evaluating SDSL distance measurements, a dodecamer

RNA duplex containing non-self-complementary sequences

with Watson-Crick base pairings was chosen as a model

system (Fig. 1). The model RNA was designated as SDR,

following the Protein Data Bank ID of its x-ray structure,

which shows an A-form helix (32). In SDR, ;40% of the 121

interstrand phosphorus-phosphorus distances are in the range

of 17 Å to 40 Å. It is expected that these sites are suitable for

conducting DEER measurements.

Double-labeled SDR duplexes were assembled from two

singly labeled complementary strands. Anion-exchange

HPLC and denaturing gels showed that the efficiency of

R5 labeling is close to 100%, and MALDI-TOF mass spec-

trometry analyses confirmed that each RNA strand has one,

and only one, R5 attached (supplemental Fig. S1). RNA

duplex formation was confirmed on native gels. In this arti-

cle, a particular SDR duplex is identified by specifying the

positions of the nitroxide labeling sites. For example, in sam-

ple (9;17), nucleotides 9 and 17 are modified with phosphor-

othioates and labeled with R5, and nucleotides 8 and 16 (the

corresponding 59 nucleotides) are replaced by deoxyribo-

nucleotides. Phosphorothioate substitution via solid-phase

chemical synthesis yields two diastereomers (Rp and Sp) with a

;50/50 ratio. The diastereomers were not separated in the

studies reported here.

Circular dichroism (CD) spectroscopy was used to ac-

cess structural perturbations in the nitroxide-labeled RNA

duplexes. The CD spectra of the unlabeled and the double-

labeled SDR duplexes are very similar (Fig. 2). The CD

spectra showed a positive band centered at ;268 nm and a

negative band around ;210 nm, which are characteristic of

A-form RNA (33). The results indicate that the attachment of

the nitroxide and the substitution of a deoxyribonucleotide 59

to the labeling site did not globally alter the RNA duplex

structure.

The nitroxide-labeled duplexes were further characterized

by thermal melting measurements (Table 1). For the (12;24)

duplex, which has the nitroxides attached near the termini,

no change was observed in DG0
37�C between unlabeled and

double-labeled duplexes, indicating no perturbation caused

by nitroxide labeling. For the other duplexes, DDG0
37�C
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ranged from 1.6 to 3.3 kcal/mol. The largest DDG0
37�C

decrease (3.3 kcal/mol, Table 1) corresponds to ;10�C

decrease in the melting temperature. A similar decrease

of melting temperature has been reported (17), where SDSL

distance measurements were carried out on an RNA duplex

using a pair of spin labels attached to the 29 position of the

ribose.

It is noted that the (9;17) duplex, which shows the largest

DDG0
37�C; has very similar CD spectra between unlabeled

and double-labeled duplexes (Fig. 2), suggesting that the

difference in DG0
37�C might result from perturbations local-

ized to the labeling sites. Further melting studies showed that

the singly labeled (9;–) and (–;17) duplex each have a small

DDG0
37�C; and the sum is smaller than the measured DDG0

37�C

for the double-labeled duplex (9;17) (Table 1). This suggests

a cooperative effect between the two nitroxides, which might

occur because positions 9 and 17 are located directly across

from each other, and the nitroxides might be perturbing the

same basepair.

Overall, the data indicate that double nitroxide labeling

does not alter the global A-form helix structure, but may

locally perturb the parent structure. This is similar to the

situation in spin-labeled proteins, where introduction of a spin

label at some sites destabilizes the protein but does not

significantly alter the structure of the protein (34).

DEER measurements in RNA using R5

Application of the four-pulse DEER has been described for a

pair of R59s attached to DNA (26). Following similar

protocols (see Materials and Methods), SDR duplexes with a

pair of R59s attached to specific sites were assembled.

Dipolar evolution functions were measured, and the cor-

responding distance distribution probabilities (P(r)) were

computed via Tikhonov regularization. For the six sets of

measured internitroxide distances, the resulting average dis-

tances (ÆrDEERæ) range from 25.2 Å to 47.2 Å (Table 2 and

Fig. 3). The longest distance measured, ÆrDEER(12;24)æ ¼
47.2 Å (Fig. 3), is between a pair of R5 at sites 12 and 24,

which are located at the 39 termini of the individual SDR

strands. This is ;10 Å longer than the longest reported

DEER measured distance in an R5-labeled DNA duplex (26)

and reflects the nature of the A-form RNA duplex.

The widths of the distance distribution, characterized by

the standard deviations (sDEER), range from 3.2 Å to 5.6 Å

(Table 3). These are larger than those observed in the DNA

duplex (1.9 Å to 5.4 Å (26)) and reflect that P(r) for the SDR

duplex is broad and contains multiple peaks. Our current

method of analysis collapses P(r) to a single average distance

ÆrDEERæ, which is calculated from one major band distributed

continuously along the distance axis (indicated by the shaded

box, Fig. 3). The analysis excludes minor peaks, which in

this work were defined as those with P(r) , 25% of the

maximum P (Fig. 3). In every computed P(r), all minor

peaks are located outside of the major band and do not

disrupt the continuity of the major band. They may represent

minor RNA populations or may arise as a result of artifacts

in data fitting (35). Excluding these minor peaks does not

significantly alter the ÆrDEERæ values (supplemental Table S1).

FIGURE 2 Representative set of CD spectra of R5-labeled SDR RNA

duplexes. The ‘‘no spin label’’ spectrum is obtained from an all-ribose SDR

duplex without any phosphorothioate or deoxyribose modification. For spectra

of labeled SDR duplexes, the positions of R5 are indicated in parentheses.

TABLE 1 Thermodynamic parameters for R5-labeled

SDR duplexes

Nitroxide positions DG0
37�C (kcal/mol) DDG0

37�C (kcal/mol)

Unlabeled* 13.5

(12;24) 13.5 0.0

(11;23) 11.9 1.6

(12;19) 11.2 2.3

(9;23) 11.2 2.3

(9;24) 10.9 2.6

(9;17) 10.2 3.3

(9;–)y 12.3 1.2

(–;17)y 13.0 0.5

*All-ribose SDR duplex without any phosphorothioate or deoxyribose

modification.
y‘‘–’’ indicates no R5 label at the corresponding strand.

TABLE 2 Correlation between measured and predicted

average distances

Nitroxide positions ÆrDEERæ (Å)* Ærmodelæ (Å)y

(9;17) 25.2 24.5

(12;19) 28.1 31.1

(9;23) 32.7 34.7

(9;24) 37.9 38.8

(11;23) 40.5 42.4

(12;24) 47.2 46.6

RMSD (Å) 1.7

R2 0.97

*Measured from the major population marked by the shaded boxes in Fig. 3 C.
yComputed using NASNOX with the ‘‘fine search’’ procedure described

in Materials and Methods.
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Correlations between measured and
expected distances

The measured ÆrDEERæ was compared to expected mean

distances (Ærmodelæ, Table 2), which were computed using the

NASNOX algorithm as described in Materials and Methods

(Fig. 4). The result showed that ÆrDEERæ correlates with

Ærmodelæ with an overall root mean-square deviation (RMSD)

of 1.7 Å (Table 2). When ÆrDEERæ was plotted as a function of

Ærmodelæ, the data fit to ÆrDEERæ¼ 1.0 3 Ærmodelæ� 1.4 Å, with

a correlation coefficient (R2) of 0.97 (Fig. 5). The fit has a

slope of unity and an offset that is small compared to the

distances measured. Such a good correlation between ÆrDEERæ

and Ærmodelæ suggests that R5 can be used to reliably measure

distances in RNA.

The measured standard deviations (sDEER) are all larger

than the predicted values (smodel) (Table 3). Deviation of

sDEER from smodel has been observed in the DNA study (26)

and may be related to the fact that the coordinate of the RNA

is fixed in the search algorithm. A number of predicted

smodel in the RNA are larger than those in the DNA, which is

consistent with the broader measured distance distribution

(vide supra). For example, smodel(9;17) (direct cross-strand

distance) is 3.0 Å in RNA (Table 3), but its counterpart in

DNA is 1.5 Å (s(7;19) from Cai et al. (26)). This is

FIGURE 3 DEER data. The positions

of R5 are shown in parentheses. (A) Orig-

inal echo decay data. The black traces are

the measured echo amplitude that has

been normalized to the amplitude at t¼ 0.

The red traces are the background echo

decay computed using a homogeneous

three-dimensional spin distribution. (B)

Dipolar evolution functions. The black

traces represent the differences between

the measured echo decay and the back-

ground decay shown in A. The red traces

are the simulated echo decay computed

according to the corresponding distance

distributions shown in C. (C) The dis-

tance distributions (P(r)), which were

computed with a regularization parameter

of 10. Varying the regularization param-

eter from 1 to 100 did not significantly

change the computed P(r). The major band

in each P(r), defined as those distances

with P(r) $ (0.25 3 Pmax), is marked by

a shaded box. The red lines mark the

average distances calculated for each ma-

jor band.
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consistent with the measured sDEER(9;17) in RNA (3.4 Å)

being larger than its counterpart in DNA (1.9 Å) (26).

Therefore, both the DEER measurement and the NASNOX

algorithm report the difference between the A-form and

B-form duplex.

The ‘‘fine search’’ option in the NASNOX algorithm (see

Materials and Methods) lessens the problem of identifying

R5 conformers in the deep and narrow major groove of the

A-form RNA duplex. This provides better coverage of the

allowable R5 conformational space. As expected, more R5

conformers are identified when the ‘‘fine search’’ function is

invoked, and the ÆrDEERæ/Ærmodelæ correlation is slightly better

(supplemental Table S2).

DISCUSSION

Work presented here demonstrates that the R5 nitroxide

probe can be used to measure nanometer distances in RNA

molecules. These results complement a previous report on

measuring distances in DNA utilizing R5 (26). Together,

these studies establish the applicability of R5 for mapping

structures of nucleic acids.

The R5 probe has a number of features that are advan-

tageous for structural mapping in nucleic acids. It utilizes a

universal functional substitution in nucleic acids and there-

fore can be attached to arbitrary sequences. The chemistry

for R5 labeling, from the introduction of the phosphor-

othioate to the covalent addition of the nitroxide moiety, is

highly efficient. The cost of R5 labeling is ;10-fold less than

those of other methods (17,20,28,36–40). With these

features, it is possible to ‘‘scan’’ the R5 probe through the

sequence of a DNA or RNA and obtain multiple distance

constraints. This is key in mapping global structures.

R5 is a nonnative functionality of nucleic acids and is

subject to the limitations of an extrinsic probe, mainly

potential perturbations to the native structure. There are two

most likely sources of perturbation on R5 labeling in RNA:

1), the deep and narrow major grove of the A-form helix,

which gives limited space to accommodate the R5 probe; and

2), the required removal of the 29-OH group adjacent to the

labeling site. Data presented above reveal an excellent

correlation between the measured and predicted average

distances as well as standard A-form helix CD spectra in the

double-labeled RNAs. These indicate that R5 does not

TABLE 3 Measured and predicted widths of

distance distributions

Nitroxide positions ÆsDEERæ (Å)* Æsmodelæ (Å)y

(9;17) 3.4 3.0

(12;19) 3.2 2.6

(9;23) 3.4 2.7

(9;24) 4.1 3.1

(11;23) 5.6 3.1

(12;24) 3.8 2.3

*Measured from the major population marked by the shaded boxes in Fig. 3 C.
yComputed using NASNOX with the ‘‘fine search’’ procedure described

in Materials and Methods.

FIGURE 4 Ensembles of allowable R5 conformations modeled at sites

(9;17) (A) and sites (12;24) (B) of the SDR RNA. The RNA is shown in

white, with the labeled nucleotides shown in blue. Conformers attached

to the Sp diastereomer are shown in red, and those attached to the Rp

diastereomer are in green. On the right is a histogram of the predicted

distance distribution, with the average distance (Ærmodelæ) and width of the

distribution (smodel) shown.

FIGURE 5 Correlation between the measured (ÆrDEERæ) and predicted

(Ærmodelæ) average distances. The solid line represents a linear fit of ÆrDEERæ¼
1.0 3 Ærmodelæ � 1.4 Å.
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severely perturb the global structure of an RNA helix. On the

other hand, reductions of DG0
37�C were observed in melting

studies of certain double-labeled RNAs, suggesting that the

R5 label may, to a certain degree, perturb the local envi-

ronment at certain labeling sites. It is noted that perturbations

caused by an extrinsic probe, including R5, are system spe-

cific and need to be examined case by case. Data reported

here suggest one can selectively attach R5 within duplex

regions in mapping RNA global structures, thus minimizing

potential disruptions of the native structure.

Correlating the measured internitroxide distances to those

of the parent molecule is another challenge. In this study, the

conformer search method (NASNOX), which was originally

developed in DNA studies (26,31), was shown to be appli-

cable to RNA. With the improved fine-search option,

NASNOX is able to accurately predict the internitroxide

distances based on the available x-ray structure. The key

advantage of NASNOX is its speed: it can predict an

internitroxide distance within a couple of minutes on a PC,

as compared to weeks of computation time required for MD

simulations (31). In addition, NASNOX can simultaneously

account for the presence of the two phosphorothioate

diastereomers at both labeling sites. This is in contrast to the

MD simulations, where four separate simulations are required

to account for the diastereomers and yield the predicted

distances (31). The limitation in NASNOX is that the co-

ordinates of the nucleic acids are fixed, and therefore, the

algorithm is most useful in cases where the RNA structures

are not altered by the nitroxide probe.

In conclusion, data presented here establish two basic

components for mapping global RNA structures utilizing

R5: 1), experimental measurements of nanometer distances;

and 2), an efficient algorithm for correlating the measured

internitroxide distances to the parent RNA structure. This

approach will enable future studies of RNA without prior

high-resolution structures.
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