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Abstract

Background: Spin labels, which are chemically stable radicals attached at specific sites of a bio-molecule, enable
investigations on structure and dynamics of proteins and nucleic acids using techniques such as site-directed
spin labeling and paramagnetic NMR. Among spin labels developed, the class of rigid labels have limited or no
independent motions between the radical bearing moiety and the target, and afford a number of advantages in
measuring distances and monitoring local dynamics within the parent bio-molecule. However, a general
method for attaching a rigid label to nucleic acids in a nucleotide-independent manner has not been reported.

Results: We developed an approach for installing a nearly rigid nitroxide spin label, designated as R5¢, at a
specific site of the nucleic acid backbone in a nucleotide-independent manner. The method uses a post-synthesis
approach to covalently attach the nitroxide moiety in a cyclic fashion to phosphorothioate groups introduced at
two consecutive nucleotides of the target strand. R5¢c-labeled nucleic acids are capable of pairing with their
respective complementary strands, and the cyclic nature of R5¢ attachment significantly reduced independence
motions of the label with respect to the parent duplex, although it may cause distortion of the local environment
at the site of labeling. R5c yields enhanced sensitivity to the collective motions of the duplex, as demonstrated
by its capability to reveal changes in collective motions of the substrate recognition duplex of the 120-kDa
Tetrahymena group | ribozyme, which elude detection by a flexible label.

Conclusions: The cyclic R5c nitroxide can be efficiently attached to a target nucleic acid site using a post-synthetic
coupling approach conducted under mild biochemical conditions, and serves as a viable label for experimental
investigation of segmental motions in nucleic acids, including large folded RNAs.
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Background

Spin labels refer to chemically stable radicals attached at
macromolecules, and are utilized to study structure and
dynamics of bio-molecules in techniques such as site-
directed spin labeling (SDSL) and paramagnetic NMR.
In particular, SDSL monitors behaviors of spin labels
using electron paramagnetic resonance (EPR) spectros-
copy, and is capable of studying high-molecular-weight
systems under physiological conditions using a small
amount of samples. SDSL has been shown as a valuable
method for investigating structure and dynamics of
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proteins, biological membranes, nucleic acids, and their
assemblies [1-5].

Many SDSL studies use pyrroline- or piperidine-
based nitroxides that are covalently attached at a spe-
cific site of the target macromolecule. These labels
can be categorized into two groups based on the na-
ture of chemical coupling between the target molecule
and the nitroxide moiety bearing the unpaired elec-
tron. A large number of them fall into the “flexible”
category, with the nitroxide moiety connected to the
target molecule by rotatable bonds. Examples of flex-
ible labels include the prototypic R1 label for proteins,
where the pyrroline ring is connected via a disulfide
bond to a cysteine [1]; and the R5 and R5a nitroxides,
where the pyrroline ring is connected via single-bonds
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to a phosphorothioate introduced at the backbone of a
nucleic acid molecule [5]. The flexible labels in general
have a certain degree of adaptability, which can be ad-
vantageous in mitigating perturbations to the native
conformation and in sensing structural variations at
the labeling site [1]. On the other hand, they undergo
independent motions with respect to the target, which
may pose a challenge in correlating measurements ob-
tained from the nitroxide with structural and dynamic
features of the target molecule [3].

In contrast, rigid labels have limited or no independent
motions between the nitroxide moiety and the target
molecule. This can lead to a number of advantages, such
as a narrow distribution in the measured inter-nitroxide
distances [6-8], an enhanced ability to report orientation
of aligned target molecules with respect to the external
magnetic field [6,8], and a greater sensitivity to motions
of the target molecule [6-8]. An example of a rigid label
used in protein studies is TOAC (2,2,6,6-tetramethylpi-
peridine-1-oxyl-4-amino-4-carboxylic acid), which is in-
corporated via chemical synthesis and results in the
nitroxide piperidine moiety fused directly with the pep-
tide backbone [9]. In addition, a semi-rigid RX label has
been reported, in which a pyrroline moiety is attached in
a cyclic fashion to two engineered cysteine sites [6-8].

For nucleic acid SDSL, a C label, in which the nitroxide
is rigidly fused with a modified cytosine, has been synthe-
sized and incorporated at specific positions of either DNA
[10] or RNA [11]. C, which completely eliminates inde-
pendent motions of the nitroxide moiety with respect to
the nucleobase, enhances one's capability to derive infor-
mation on nucleic acid molecules from inter-C distance
measurements [12,13] or from monitoring C rotational
dynamics [14-16]. Nonetheless, C labeling involves com-
plex chemical synthesis procedures, and is confined by the
availability of cytosine in the target sequence.

Work reported here explores an alternative approach
for covalently installing a nearly rigid nitroxide label at
specific locations of nucleic acids in a nucleotide-
independent manner. Expanding on the strategy previ-
ously developed for attaching the R5 and R5a labels to
one phosphorothioate (ps) group [5,17,18], a R5¢ nitrox-
ide label was efficiently attached, in a cyclic manner, to
two ps groups introduced at consecutive nucleotides
within a target DNA or RNA strand (Figure 1A). Upon
hybridization to a complimentary strand, the cyclic nature
of the R5c attachment largely eliminates independent nitr-
oxide motions with respect to the nucleic acid duplex.
The advantage of such enhanced coupling was demon-
strated by the use of R5c to examine collective motions of
the substrate recognition duplex in the Tetrahymena
group I ribozyme. The results establish the applicability
of R5c as a nucleotide-independent semi-rigid label for
studying segmental motions in nucleic acids.
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Methods

Oligonucleotides

Table 1 provides sequences of oligonucleotides used in
this work. All synthetic oligonucleotides were obtained
commercially (Integrated DNA Technology, Inc.). The
L-16 Scal variant of the Tetrahymena group I ribozymes,
including both wild type and mutants (Additional file 1:
Supporting Information, Figure S1), were produced by
T7 in vitro transcription as previously reported [16,19].

Nitroxide labeling

R5c precursor, 3,4-bis(dibromomethyl)-2,5-dihydro-2,2,5,
5-tetramethyl-1H-pyrrol-1-yloxyl radical was synthesized as
reported [20]. In each 100 uL labeling reaction, 20-30 nmol
of a double ps-modified crude oligonucleotide was reacted
with 100 mM of the R5c¢ precursor in 50% (v/v) acetonitrile
and 100 mM MES (pH 5.8). The reaction mixture was
incubated overnight under constant agitation. The reac-
tion products were purified by anion-exchange HPLC
[21]; and labeled oligonucleotides were desalted by
reverse-phase HPLC. Desalted samples were lyophilized,
then re-suspended in ME buffer (10 mM NaMOPS,
pH 6.5, 1 mM EDTA) and stored at -20°C. The final
concentration of each labeled oligonucleotide was deter-
mined by absorption at 260 nm using extinction coeffi-
cients listed in Additional file 1: Table S1.

As previously noted [17,19,22], in an RNA strand, the
presence of a 2'-OH at position(s) adjacent to the phos-
phorothioate group(s) results in strand scission upon
nitroxide labeling. In this work, this problem was over-
come by 2'-H substitutions at appropriate nucleotides
(see Table 1), although other substitutions (e.g., 2’-F,
2'-OCH3) may achieve the same goal.

EPR sample preparation

To assemble a duplex, the R5c-labeled strand was incu-
bated with a two-fold excess of the unlabeled complemen-
tary strand in an aqueous buffer at room temperature for
1 hour. The DNA duplex, formed by CS and CS_B strands
(Table 1), was assembled in a solution containing 100 mM
NaCl and 50 mM Tris-HCI (pH 7.5). RNA duplexes,
formed by the IGS strand and S, S, or Ss (Table 1), were
assembled in buffer A (10 mM MgCl, and 50 mM
NaMOPS). The annealed samples were directly used for
EPR measurements.

To assemble an Rb5c-labeled ribozyme complex, the
ribozyme (300 puL of 1 pM) was first pre-folded at
50°C for 30 min in buffer A. Appropriate amount of
R5c-labeled strands dissolved in buffer A was then added
to achieve a substrate/ribozyme ratio of 1:2. The final
mixture was incubated at room temperature for 1 hour,
then concentrated to approximately 10-20 pL using a
pass-through membrane concentrator (MWCO 30 kDa,
Millipore Inc.). Concentration was performed twice to
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Figure 1 A cyclic nitroxide label for nucleic acids. (A) A schematic of the labeling strategy. (B) Characterization of R5c labeling of the S. RNA
by anion-exchange HPLC. The chromatographic trace for S, subjected to R5¢ labeling is shown in red, and that for the unlabeled S, is shown in
black. (C) Characterization of R5c-labeled oligonucleotides by MALDI-TOF mass spectrometry.

ensure removal of the unbound labeled strands, and the
assembled complex was immediately used for EPR mea-
surements. The final concentration of each EPR sample
ranged from 10 to 40 pM as determined by their re-
spective absorbance at 260 nm.

Continuous-wave EPR spectroscopy

Each EPR sample was placed in glass capillaries (0.60 mm x
0.84 mm) sealed at one end. X-band (~9.34 GHz)
continuous-wave (cw-) EPR spectra were acquired at 25°C
using either a Bruker EMX Spectrometer equipped with a
high sensitivity cavity (ER 4118 HS, Bruker Biospin, Inc.) or
an ELEXSYS E580 spectrometer equipped with an EN

Table 1 Oligonucleotides used in this study

4118X-MD4 resonator. The incident microwave power was
2 mW, and the field modulation was 1 to 4G at a frequency
of 100 kHz. Post-acquisition data processing, including
baseline correction and spectral normalization to the same
number of spins, were carried out using software kindly
provides by the Hubbell group of UCLA.

Thermal denaturation measurements

Measurements were carried out using a DU800 UV-Vis
spectrometer (Beckman Coulter, Fullerton, CA). Samples
(1- 2 uM) were heated gradually from 6 to 80°C, and ab-
sorbance at 260 nm was continuously recorded. The mea-
sured melting curves were analyzed as described [23] to

(a)

Name Sequence Notes

cs 5’-dCdTdAdCAT*dG*dCdTdTdTdAdG-3" DNA for cyclic ps attachment

CS_B 5'-dCdTdAdAdAJGACAAdGATdAdG-3’ Complementary to CS

[ 57-rCrCrCmUrCdUrArAdA*dC*rC-3/ RNA for cyclic ps attachment; directs ribozyme into the “open” complex
500 57-rCrCrCrUrCdUrArAdA*dC*rC-3" RNA for cyclic ps attachment; directs ribozyme into the “close” complex
s, ocd) 5-rCrCrCmUrCdUrArArAdC*rC-3’ RNA for single ps attachment; directs ribozyme into the “open” complex
IGS 5'-rGrGrUrUrUrGrGrArGrGrG-3’ Complimentary to Sy, S, or Sg

(a) Definition of symbols: *: phosphorothioate modification; r: 2’-OH; d: 2’-H; m: 2'-OCHj,
(b) 2’-H substituted at position(s) adjacent to the phosphorothioate group(s) to prevent strand scission upon nitroxide labeling [17,19,22].

(c) Bold position substituted to 2’-H to reduce ribozyme cleavage rate [19].

(d) Italicized position substituted to 2'-OCHs to remove a tertiary interaction with the ribozyme core [19].
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obtain the standard state enthalpy (AH°) and entropy
(AS®) of the transition, from which the standard state free
energy of transition at 37°C (AG35-c) was computed.

Mass spectrometry

For each mass spectrometry measurement, an oligo-
nucleotide (30 — 40 pM) was mixed with the matrix
(35 mg/mL of 3-hydroxypicolinic acid, 7 mg/mL of di-
ammonium hydrogen citrate, and 15/85% acetonitrile/
water) in a ratio of 1:2 (v/v). After vigorous mixing, each
sample was manually deposited (in 0.5 — 1 pL droplets)
onto a stainless steel sample plate (Applied Biosystems,
Foster City, CA) and air-dried. MALDI-TOF measure-
ments were carried out using a Voyager-DE STR system
(Applied Biosystems), and spectra were acquired in the
linear mode to monitor positives ions in the mass range
of 1,500 to 10,000 Da.

Results and discussion

A post-synthesis scheme for incorporating a cyclic
nitroxide label in nucleic acids

To incorporate the cyclic R5c, the bi-functionalized R5¢
precursor was reacted with a nucleic acid strand contain-
ing ps modifications introduced at two consecutive nucle-
otides during solid-phase chemical synthesis (Figure 1A).
Figure 1B shows an example of anion-exchange HPLC
traces obtained with the S, RNA (Table 1). Upon R5c la-
beling (red trace), two major peaks eluting earlier than the
unlabeled species (black trace) were observed. The species
eluted first was assigned to the cyclic S*, as the loss of
two negative charges in the S¥* product would result in
reduced column retention and earlier chromatographic
elution. This assignment was confirmed by mass spec-
trometry (Figure 1C).

The second species observed in the reaction mixture
(Figure 1B, marked by *) eluted later than the cyclic S
but earlier than the unlabeled strand. Based on mass
spectrometry data and comparisons with the reaction
product obtained using the S, strand that contains a sin-
gle ps (Table 1), this species was assigned as that of a
R5c attached to one of the two ps groups in S, in a lin-
ear fashion (Additional file 1: Figure S2). Other potential
side-products, such as those corresponding to different
R5c-to-RNA stoichiometry, were not observed.

Note that chemical synthesis results in two possible di-
astereomers (R, and S,) at each ps modified nucleotide,
and in a double-ps modified strand such as S, (Table 1),
there are a total of four possible stereomeric configura-
tions, which could account for the four overlapping
peaks observed in the HPLC trace (Figure 1B, black).
As R5c labeling was carried out with the oligonucleotide
in a highly flexible single-stranded state, and both
the R,- and S,-diastereomer react with the nitroxide
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precursor [24], the labeled stc is likely an unresolved
mixture of all four diastereomers with the nitroxide at-
tached. Although we have previously demonstrated
diastereomer separation by HPLC at certain sites in
single-ps modified oligonucleotides [24], the same proced-
ure was much less effective for the double-ps modified oli-
gonucleotides. Other approaches (e.g., modification of
chemical synthesis scheme) need to be explored should
one require to separate diastereomers in the double-ps
modified oligonucleotides.

In addition to S, R5c labeling was successfully carried
out on another RNA strand S, and the DNA strand CS
(Figure 1C, Table 1). Overall, the results demonstrated that
our protocol efficiently produces the desired cyclic R5c-
labeled oligonucleotides. We note that incorporation of the
R5c¢ label is independent of the nucleotide identity at the
target site. It relies on the presence of two phosphorothio-
ate groups, which can be installed at specific sites using a
simpler synthetic scheme as compared to that required for
C synthesis and incorporation. This enables facile produc-
tion of a variety of R5c labeled nucleotides (Table 1). In
principle, the two phosphorothioate groups can also been
installed enzymatically, as both DNA and RNA polymer-
ases accept [a-thio]triphosphate nucleotides. This may po-
tentially allow R5c¢ labeling in long nucleic acid strands that
are beyond the current limit posted by chemical synthesis.

Duplex formation with R5c-labeled oligonucleotides

To examine whether cyclic attachment of R5c reduces
independent motions of the nitroxide with respect to the
parent molecule, we compared cw-EPR spectra of S&
(i.e., S strand labeled with cyclic R5c) to SfSC, which has
R5c¢ attached via a single ps linkage (Figure 2A). In aque-
ous buffer at room temperature, spectra for the single-
stranded S**¢ and S®* both show three sharp lines with
uneven amplitudes, although lines in the S%*¢ spectrum
are broader than those for S¥¢. These spectral character-
istics can be attributed to the fast global tumbling of the
short oligonucleotide and a lack of structural restriction
in the single-stranded state.

Addition of a complementary strand results in spectral
broadening for both S**¢ and S***, reflecting reductions in
global tumbling and increased structural constraints associ-
ated with duplex formation. Importantly, the S duplex
spectrum features broader lines than that of SfSC, indicating
reduced nitroxide mobility of R5c. As the underlining RNA
duplexes are nearly identical, reduced motions in S re-
sulted from reduced rotations at bonds connecting the pyr-
roline moiety to the duplex. This indicates that the cyclic
R5¢ succeeded in reducing independent motions of the
nitroxide. Similar results were obtained from cw-EPR mea-
surements of 5556 and CS® (Additional file 1: Figure S3).
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Figure 2 Characterization of R5c-labeled oligonucleotide duplexes. (A) cw-EPR spectra of Sf“ (top, cyclic nitroxide attachment) and
SfSC (bottom, linear nitroxide attachment). RNA duplexes were formed by pairing with the complementary IGS strand (see Table 1). (B) Thermal
denaturation results. Errors in the reported AG3»c values were estimated to be < 1.0 kcal/mol from repeated measurements.

To assess R5c perturbation to the native duplex con-
formation, thermal denaturation measurements were car-
ried out (Figure 2B). For the two RNAs, R5c labeling
destabilized the duplex by 3.3 and 3.9 kcal/mol (Figure 2B,
SR and S®). These are approximately twice of the
1.6 kcal/mol value previously found for the Rb5a label,
which was attached to S; via a single ps linkage [19].
Moreover, destabilization of the CS®** DNA duplex was
4.4 kcal/mol (Figure 2B), which is much larger than
the 0.1 — 0.6 kcal/mol values previously measured for
R5a-labeled CS duplexes [25]. These data indicate that
R5c¢ labeling presents a larger degree of perturbations to
duplex conformations. We note that distances between
the two adjacent ps sulfurs are shorter in an A-form du-
plex compared to that in a B-duplex (Additional file 1:
Table S2), and the A-form RNA duplexes seem to better
accommodate R5c¢ as they were destabilized to a lesser
degree than the B-form DNA (Figure 2B). This suggests
that in the future one may explore R5c analogs with lon-
ger distance between the reactive functional groups in
order to decrease structural perturbations to nucleic
acid duplexes.

In summary, R5c-labeled strands are able to form du-
plexes, and the cyclic nature of the label significantly re-
duces independent motions of the pyrroline ring,
although it also presents a larger degree of perturbations
to the local duplex conformation. As such, R5c is less suit-
able for investigating the local environment at the level of
individual nucleotides, as previously demonstrated for the

R5 and Rb5a labels [24-27]. Instead, it may be advantageous
for sensing motions of “rigid body” elements, such as
an RNA duplex. This is demonstrated below using a
400-nucleotide Tetrahymena group I ribozyme.

Probing collective motions of the substrate recognition
duplex in the Group | ribozyme

The Tetrahymena group 1 ribozyme is a model system
for investigating structures, folding, and function of large
RNAs [28]. The ribozyme recognizes its substrate by
forming a duplex (designated as P1) between the sub-
strate oligonucleotide and a single-stranded Internal
Guide Sequence (IGS) within the ribozyme (Additional
file 1: Figure S1). Upon P1 formation, the ribozyme first
adopts a state called the open complex, in which P1 ex-
tends from the ribozyme core through a single-stranded
J1/2 linker and makes no tertiary contact to the ribo-
zyme core (Figure 3A, top). Subsequently, P1 docks into
the pre-folded ribozyme core via multiple tertiary inter-
actions, forming the “closed complex” in which the sub-
strate is properly positioned for cleavage at the cognate
site (Figure 3A, bottom). Previously, both the flexible R5a
and the rigid C have been incorporated into P1 to monitor
its dynamics [16,19]. These prior studies took advantage
of the fact that the P1 segment mimicking the 5" exon
makes no direct contact to the ribozyme core, hence mod-
ifications and local perturbations at this segment do not
affect studies of ribozyme structure and dynamics [19,28].
Following the same design, R5c was attached to the
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5'-exon segment of P1 (Figure 3A), and its ability to re-
port variation in P1 motions was investigated.

First, we investigated dynamics of P1 at the ribozyme
open complex. The open complex with a R5c-labeled P1
was assembled by mixing S¥° with an excess of the
wild-type ribozyme (Table 1, Figure 3B) [29]. The corre-
sponding cw-EPR spectrum shows a broad central line
and well resolved hyperfine extrema, and is drastically
different from the one obtained for the isolated S¥° du-
plex (Figure 3B). This reflects reduction in nitroxide mo-
bility arisen from reduced tumbling of the duplex as it
becomes attached to the high-molecular-weight ribo-
zyme core. Compared to SDSL data previously reported
for the open complex, nitroxide mobility observed using
S%¢ is much lower than that measured using the flexible
R5a [16] (Additional file 1: Figure S4), demonstrating a

significant reduction in independent nitroxide motions.
On the other hand, S¥° shows higher nitroxide mobility
as compared to the completely rigid C (Additional file 1:
Figure S4). This indicates that R5c retains a certain de-
gree of independent motions with respect to P1, which
may reflect a combination of limited bond motions in
R5c and local motions in the phosphodiester backbone
at or near the attachment points.

We previously showed that mutating J1/2 from “AAA”
(“3A” ribozyme) to “UUU” (“3U” ribozyme) induces al-
terations in P1 dynamics in the ribozyme open complex,
which are readily reported by the rigid C but not by
the flexible R5a [16]. To assess sensitivity of the cyclic
R5c¢ to P1 motions, 51;56 spectrum obtained with 3A was
compared to that of 3U. At 25°C, spectral differences were
observed (Figure 3C and Additional file 1: Figure S5). The
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SR /3A spectrum showed partial splitting of the central
line due to incomplete averaging of the g-tensors, while
the S%¢/3U spectrum showed no apparent splitting. In
addition, the hyperfine splitting (2A.¢) was slightly larger
in the 3A ribozyme; and at both low- and high-field mani-
folds, the 3A ribozyme showed narrower peaks with
higher amplitudes. Together, these spectral features indi-
cate lower P1 mobility in the 3A ribozyme as compared to
the 3U ribozyme, which is consistent with conclusions
drawn from the C data [16]. As such, the results demon-
strate that the cyclic R5c¢ label does achieve a more rigid
coupling to the P1 duplex than was previously obtained
using R5a, thus enhancing our ability to monitor collective
motions of P1 in the large ribozyme.

To further evaluate the capability of R5c, studies were
carried out on the closed complex, in which P1 docks
into the pre-folded ribozyme core via multiple tertiary
interactions [28]. Using the 3A ribozyme and the R5c
labeled oligonucleotide 555” (Table 1), which thermo-
dynamically favors formation of the closed complex, we
obtained an EPR spectrum representing the closed com-
plex (Figure 3D). As compared to the S®°/3A spectrum
representing the ribozyme open complex, the S%¢/3A
spectrum shows clear indications of reduced g- and A-
tensor averaging: a broader center line with a clear split-
ting; increased 2A.g; and narrower peaks at the low- and
high-field manifolds (Figure 3D and Additional file 1:
Figure S6). Collectively, these features indicate reduced
R5c¢ mobility in the closed complex, suggesting that
SR _labeled P1 is able to dock into the ribozyme core,
which restricts P1 motions.

Collectively, the data demonstrate that the semi-rigid
R5c label is able to report on, with enhanced degree of
sensitivity, nanosecond dynamics of the P1 duplex in
both the open and closed complexes of Tetrahymena
group I ribozyme.

Conclusions

Data reported here clearly demonstrate that the cyclic
R5c nitroxide can be efficiently attached to a given nu-
cleic acid post-synthetically and under mild biochemical
conditions. R5c-labeled nucleic acids are capable of pairing
with their respective complementary strands, although
thermal melting data indicate that the local environment
at the site of labeling is likely distorted. The cyclic nature
of the R5c attachment successfully reduces independent
motions between the nitroxide pyrroline ring and the
parent nucleic acid duplex, thus affording high sensitiv-
ity for the use of R5c to monitor collective duplex mo-
tions in RNA or DNA. This is clearly demonstrated by
the finding that R5c is able to report differences in P1
motions between the 3A and 3U ribozymes, the
detection of which evaded the flexible R5a label. The
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work established R5c as a viable label for experimental
investigation of segmental motions in nucleic acids, in-
cluding large folded RNAs. We also note that two-armed
lanthanoid-chelating paramagnetic NMR probes linked to
proteins in a cyclic fashion have been shown to enhance
one’s ability to detect protein dynamics and interactions
[30,31]. While work reported here focused on EPR
measurements, R5c should also be applicable for
paramagnetic NMR studies of nucleic acids and protein-
nucleic acid complexes.

Availability of supporting data
The data sets supporting the results of this article are in-
cluded within the articles and its additional file.
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Abbreviations

SDSL: Site-directed spin labeling; EPR: Electron paramagnetic resonance;
TOAC: 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid;

Ps: Phosphorothioate; MES: 2-(N-morpholino)ethanesulfonic acid; Tris: Tris
(hydroxymethyl)aminomethane; MOPS: 3-(N-morpholino)propansulfonic acid;
MALDI-TOF: Matrix-assisted laser desorption/ionization — time of flight;

IGS: Internal guide sequence.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

PHN, AP, and PZQ designed the research plan; KH designed and synthesized
the spin label; PHN and AP performed the experiments and analyzed the
data; PHN, AP and PZQ wrote the manuscript. All read and approved the
final manuscript.

Acknowledgement
Work reported here was supported by NSF grant CHE-1213673 to P.ZQ.

Author details

'Department of Chemistry, University of Southern California, 840 Downey
Way, Los Angeles, CA 90089-0744, USA. “Institute of Organic and Medicinal
Chemistry, University of Pécs, Szigetic Strasse 12, Pécs, Hungary. *Current
Address: Bachem Americas, Torrance, CA 90505, USA. “Current Address:
Department of Integrative Structural and Computational Biology, The Scripps
Research Institute, La Jolla, CA 92037, USA.

Received: 6 January 2015 Accepted: 16 March 2015
Published online: 09 April 2015

References

1. Hubbell WL, Altenbach C. Investigation of structure and dynamics in
membrane proteins using site-directed spin labeling. Curr Opin Struct Biol.
1994:4:566-73.

2. Nguyen P, Qin PZ. RNA dynamics: perspectives from spin labels. Wiley
Interdiscip Rev RNA. 2012;3(1):62-72.

3. Hubbell WL, Lopez CJ, Altenbach C, Yang Z. Technological advances in
site-directed spin labeling of proteins. Curr Opin Struct Biol. 2013;23(5):725-33.

4. Shelke S, Sigurdsson S. Site-Directed Nitroxide Spin Labeling of Biopolymers.
In: Timmel CR, Harmer JR, editors. Structural Information from Spin-Labels
and Intrinsic Paramagnetic Centres in the Biosciences. Berlin Heidelberg:
Springer; 2013. p. 121-62.

5. Ding Y, Nguyen P, Tangprasertchai NS, Reyes CV, Zhang X, Qin PZ. Nucleic
acid structure and dynamics: perspectives from site-directed spin labeling.


http://www.biomedcentral.com/content/supplementary/s13628-015-0019-5-s1.pdf

Nguyen et al. BMC Biophysics (2015) 8:6

22.

23.

24.

25.

26.

27.

28.

In: Electron Paramagnetic Resonance. vol. 24: The Royal Society of 29.
Chemistry; 2015: 122-147.

Thompson AR, Naber N, Wilson C, Cooke R, Thomas DD. Structural
dynamics of the actomyosin complex probed by a bifunctional spin label 30.
that cross-links SH1 and SH2. Biophys J. 2008;95(11):5238-46.

Fleissner MR, Bridges MD, Brooks EK, Cascio D, Kalai T, Hideg K, et al.
Structure and dynamics of a conformationally constrained nitroxide side 31.
chain and applications in EPR spectroscopy. Proc Natl Acad Sci U S A.
2011;108(39):16241-6.

Moen RJ, Thomas DD, Klein JC. Conformationally trapping the actin-binding
cleft of myosin with a bifunctional spin label. J Biol Chem. 2013,288
(5):3016-24.

Martin L, Vita C, Ivancich A, Formaggio F, Toniolo C. Solid-phase synthesis of
peptides containing the spin-labeled 2,2,6,6-tetramethylpiperidine-1-oxyl-4-
amino-4-carboxylic acid (TOAC). J Pept Res. 2001;58(5):424-32.

Barhate N, Cekan P, Massey Archna P, Sigurdsson Snorri T. A Nucleoside that
contains a rigid nitroxide spin label: a fluorophore in disguise. Angew Chem
Int Ed. 2007;46(15):2655-8.

Hobartner C, Sicoli G, Wachowius F, Gophane DB, Sigurdsson ST. Synthesis
and characterization of RNA containing a rigid and nonperturbing
cytidine-derived spin label. J Org Chem. 2012;77(17):7749-54.

Schiemann O, Cekan P, Margraf D, Prisner TF, Sigurdsson ST. Relative
orientation of rigid nitroxides by PELDOR: beyond distance measurements
in nucleic acids. Angew Chem Int Ed Engl. 2009;48(18):3292-5.

Marko A, Denysenkov V, Margraf D, Cekan P, Schiemann O, Sigurdsson ST,

et al. Conformational flexibility of DNA. J Am Chem Soc. 2011;133(34):13375-9.
Cekan P, Jonsson EO, Sigurdsson ST. Folding of the cocaine aptamer
studied by EPR and fluorescence spectroscopies using the bifunctional
spectroscopic probe C. Nucleic Acids Res. 2009;37(12):3990-5.

Cekan P, Sigurdsson ST. Identification of single-base mismatches in duplex
DNA by EPR spectroscopy. J Am Chem Soc. 2009;131(50):18054-6.

Nguyen P, Shi X, Sigurdsson ST, Herschlag D, Qin PZ. A single-stranded junction
modulates nanosecond motional ordering of the substrate recognition duplex
of a group | ribozyme. Chembiochem. 2013;14(14):1720-3.

Qin PZ, Butcher SE, Feigon J, Hubbell WL. Quantitative analysis of the GAAA
tetraloop/receptor interaction in solution: A site-directed spin labeling study.
Biochemistry. 2001;40:6929-36.

Qin PZ, Haworth IS, Cai Q, Kusnetzow AK, Grant GP, Price EA, et al. Measuring
nanometer distances in nucleic acids using a sequence-independent nitroxide
probe. Nat Protoc. 2007,2(10):2354-65.

Grant GPG, Boyd N, Herschlag D, Qin PZ. Motions of the substrate recognition
duplex in a group | intron assessed by site-directed spin labeling. J Am Chem Soc.
2009;131(9):3136-7.

Kélai T, Balog M, Jeko J, Hideg K. Synthesis and reactions of a symmetric
paramagnetic pyrrolidine diene. Synthesis. 1999;1999(06):973-80.

Grant GPG, Popova A, Qin PZ. Diastereomer characterizations of nitroxide-
labeled nucleic acids. Biochem Biophys Res Commun. 2008;371(3):451-5.

Cai Q Kusnetzow AK, Hideg K, Price EA, Haworth IS, Qin PZ. Nanometer
distance measurements in RNA using site-directed spin labeling. Biophys J.
2007;93(6):2110-7.

Qin PZ, Jennifer |, Oki A. A model system for investigating lineshape/
structure correlations in RNA site-directed spin labeling. Biochem Biophys
Res Commun. 2006;343:117-24.

Popova AM, Qin PZ. A nucleotide-independent nitroxide probe reports on
site-specific stereomeric environment in DNA. Biophys J. 2010;,99(7):2180-9.

Page 8 of 8

Bartley LE, Zhuang X, Das R, Chu S, Herschlag D. Exploration of the
transition state for tertiary structure formation between an RNA helix and a
large structured RNA. J Mol Biol. 2003;328(5):1011-26.

Liu WM, Skinner SP, Timmer M, Blok A, Hass MA, Filippov DV, et al. A two-armed
lanthanoid-chelating paramagnetic NMR probe linked to proteins via
thioether linkages. Chemistry. 2014;20(21):6256-8.

Liu WM, Keizers PH, Hass MA, Blok A, Timmer M, Sarris AJ, et al. A pH-sensitive,
colorful, lanthanide-chelating paramagnetic NMR probe. J Am Chem Soc.
2012,134(41):17306-13.

Popova AM, Kalai T, Hideg K, Qin PZ. Site-specific DNA structural and e
dynamic features revealed by nucleotide-independent nitroxide probes.
Biochemistry. 2009;48(36):8540-50.

Popova AM, Hatmal MM, Frushicheva MP, Price EA, Qin PZ, Haworth IS.
Nitroxide sensing of a DNA microenvironment: mechanistic insights from
EPR spectroscopy and molecular dynamics simulations. J Phys Chem B.
2012;116(22):6387-96.

Ding Y, Zhang X, Tham KW, Qin PZ. Experimental mapping of DNA duplex
shape enabled by global lineshape analyses of a nucleotide-independent
nitroxide probe. Nucleic Acids Res. 2014;42(18):e140.

Hougland JL, Piccirilli JA, Forconi M, Lee J, Herschlag D. How the Group |
Intron Works: A Case Study of RNA Structure and Function. In: Gesteland RF,
Cech TR, Atkins JF, editors. RNA World. 3rd ed. Cold Spring Harbor, New
York: Cold Spring Harbor Laboratory Press; 2006. p. 133-205.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Oligonucleotides
	Nitroxide labeling
	EPR sample preparation
	Continuous-wave EPR spectroscopy
	Thermal denaturation measurements
	Mass spectrometry

	Results and discussion
	A post-synthesis scheme for incorporating a cyclic nitroxide label in nucleic acids
	Duplex formation with R5c-labeled oligonucleotides
	Probing collective motions of the substrate recognition duplex in the Group I ribozyme

	Conclusions
	Availability of supporting data
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgement
	Author details
	References

