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Abstract 

 

Site-directed spin labeling (SDSL) with continuous wave electron paramagnetic resonance (cw-

EPR) spectroscopy was utilized to probe site-specific changes in backbone dynamics that 

accompany folding of the isolated 82 nucleotide aptamer II domain of the Fusobacterium 

nucleatum (FN) glycine riboswitch. Spin-labels were incorporated using splinted ligation 

strategies. Results show differential dynamics for spin-labels incorporated into the backbone at a 

basepaired and loop region. Additionally, the addition of a biologically relevant concentration of 

5 mM Mg2+, to an RNA solution with 100 mM K+, folds and compacts the structure, inferred by 

a reduction in spin-label mobility. Additionally, when controlling for ionic strength, Mg2+ added 

to the RNA induces more folding/less flexibility at the two sites than RNA with K+ alone. 

Addition of glycine does not alter the dynamics of this singlet aptamer II, indicating that the full 

length riboswitch construct may be needed for glycine binding and induced conformational 

changes.  This work adds to our growing understanding of how splinted-ligation SDSL can be 
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utilized to interrogate differential dynamics in large dynamic RNAs providing insights into how 

RNA folding and structure is differentially stabilized by monovalent versus divalent cations.  
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1. Introduction 

Riboswitches are functional, non-coding RNA elements that bind a ligand usually related to the 

downstream genes they regulate. A riboswitch consists of a ligand-binding aptamer and a 

downstream effector called the expression platform domain (EPD). The riboswitch aptamer 

undergoes a conformational change upon ligand binding that modulates the structure of the EPD 

to affect gene expression. The glycine riboswitch is notable in that it consists of two aptamer 

domains, where each binds one molecule of glycine, linked to a single EPD. It was previously 

thought that the tandem aptamers functioned cooperatively, but this cooperativity was abolished 

by the inclusion of a leader sequence upstream of aptamer I that forms a highly conserved duplex 

with the linker sequence between aptamer I and aptamer II [1]. It is now believed that glycine 

binding enhances, and is enhanced by, interaptamer interactions upon ligand binding [2]. 

Fundamental questions still remain, however, regarding the dynamics of the riboswitch as it 

folds in the presence or absence of ligand as well as the necessary counterions [3]. Answers to 

these questions can be obtained from SDSL EPR investigations. 

 

This study uses X-band continuous wave electron paramagnetic resonance (cw-EPR) with 

nitroxide spin-labels incorporated into the phosphate backbone such that differences in mobility 

can be observed upon folding with monovalent K+ versus divalent Mg2+ ions and ligand 

(glycine) in solution.  X-band cw-EPR is a useful tool for probing dynamics at a specific site in 

the RNA molecule when site-directed spin-labeling (SDSL) is employed [4]. In this method, an 

RNA construct is synthesized with a modification that allows for the chemical attachment of a 

moiety containing an unpaired electron that can be probed with EPR. Line shape analysis of the 

cw-EPR spectrum provides information about the spin-labeled site’s relative mobility—which 
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includes both the rate of motion (dynamics) and the relative disorder or flexibility (order) [5-7]—

and can be used as a measure of relative folding and compaction of the RNA. Because of 

synthetic limits to RNA length, we utilize splinted ligation techniques to covalently join shorter 

RNAs to form a larger RNA construct [8]; alternative methods for spin-labeling large RNAs are 

also emerging in the field [9-14].  

 

Here, SDSL EPR is used to differentiate dynamics in aptamer II (84 nucleotides) of the 

Fusobacterium nucleatum (FN) glycine riboswitch [15,16] (Fig. 1A-D). Two spin labeled sites 

were chosen that were expected to reveal differential backbone dynamics upon folding due to 

structure: one in a base-paired region near the glycine binding site (A115), and one in a loop 

region further downstream (A153). The impact of a glycine binding mutation (U141A) [2] on 

dynamics was also investigated. Splinted ligation of two smaller synthetic fragments was used to 

generate each spin-labeled construct.  
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Fig. 1. Aptamers and crystal structure for the FN glycine riboswitch, along with the SDSL scheme.  Secondary 

and tertiary structure (PDB 3P49) of the tandem aptamer (A & B) and aptamer II (C & D) with glycine in yellow; 

(B-D) show the glycine binding mutation in pink, A115 in orange, and A153 in green. In (C), the splinted ligation 

site is indicated by a red line (between nucleotides 125 and 126), and the DNA splint complementary region is 

indicated by a green line. (E) Phosphorothioate backbone labeling scheme with the R5 nitroxide spin label [17]. 

 

2. Materials and Methods 

2.1. Synthetic RNA preparation and spin labeling 

Synthetic RNA oligomers (Table S1) were purchased from Dharmacon (Pittsburgh, PA) with a 

deoxynucleotide (to prevent autohydrolysis) prior to a phosphorothioate modification, and 

processed as previously described [15]. Phosphorothioate modifications were modified with an 

R5 nitroxide made from an R5 precursor (Toronto Research Chemicals, Inc., Toronto, Ontario) 

using a previously published protocol [18,19] before splinted ligation (Fig. 1E).  

 

2.2. RNA splinted ligation and purification  

For each FN glycine riboswitch aptamer II, a 51 nt RNA was ligated to a 33 nt RNA via a 

protocol from a published method [20].  To anneal the DNA splint (IDT, Coralville, IA, Table 

S1provides all sequences of RNA fragments and DNA splint), 1 nmole of each RNA fragment 

(51 nt and 33 nt) were combined with 0.9 nmole of the DNA splint in 0.5 M NaCl. Each reaction 

was heated to 95°C, annealed, and ligated as described, previously [2,19], with the following 

modifications. Annealing was performed to equilibration at around 10°C in a 4°C incubator. 

After ligation, reactions were concentrated using a speed vac system (Centrivap concentrator and 

cold trap from Labconco, Kansas City, MO, with Model 2025 Dry Vacuum by Welch, Mt. 

Prospect, IL).  Phenol Chloroform Isoamyl alcohol (PCA) extraction and ethanol precipitation 
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were performed before isolating the ligated product by gel purification on 10% or 20% 

denaturing PAGE gels. After the RNA was visualized by UV shadowing with a transiluminator 

and TLC plate, the 84 nt product bands were excised and eluted with mixing by rotation over 24-

72 hours at room temperature in 600 L TE buffer containing 10mM Tris-HCl and 1mM EDTA 

pH 8.0. The eluted RNA was extracted again with PCA and precipitated with ethanol. The 

recovered RNA was dissolved in autoclaved, nanopure water, and the concentration was 

determined by UV-vis spectroscopy (Cary 50 Bio from Varian, Palo Alto, CA). 

 

2.3. EPR data collection and analysis 

Along with RNA-only control samples (RNA in nanopore 18 MΩ water that may contain 

residual ions such as Na+ or Cl- from preparation procedures but no K+ or Mg2+), samples were 

prepared with biologically relevant concentrations of 100 mM K+, 5 mM Mg2+, and 5 mM 

glycine (Fig. 2C) [8] with reagents from Fisher Scientific (Pittsburgh, PA). To control for ionic 

strength, solutions were made with 15 mM, 100 mM, or 115 mM ionic strength KCl, MgCl2, or a 

86.96 : 13.04 ratio of KCl : MgCl2 (Fig. 2D, 86.96 : 13.04 is the same ratio as a combination of 

biologically relevant concentrations, above). Ionic strengths were calculated with the equation 

𝐼 =
1

2
∑𝑐𝑖𝑧𝑖

2 where 𝐼 is the ionic strength of the solution, 𝑧𝑖 is the charge on each ion, and 𝑐𝑖 is 

the concentration of each ion [21]. To determine the effect of glycine on each ionic condition, 

solutions were made with or without glycine (Fig. 3B). EPR samples, each 3 μL, had an average 

spin concentration of 96 ± 10 μM and RNA concentration of 100 ± 20 μM determined by 

absorbance at 260nm. Spin concentration was determined by measuring the double integrated 

area of a non-normalized EPR spectrum, which was converted to concentration via standard 
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curve. Each sample was loaded into a 0.60 mm inner diameter, 0.84 mm outer diameter glass 

capillary tube (Fiber Optic Center, New Bedford, MA), flame-sealed at one end [8].  

 

Spectra (Fig. S1) were recorded at X-band (9.5 GHz) cw-EPR on a Bruker E500 spectrometer 

with a loop gap resonator from Medical Advances (Milwaukee, WI). Measurements were taken 

with 23 dB power attenuation, 0.8 G modulation amplitude, 100 kHz modulation frequency, 100 

G scan, averaging 10 scans. Temperature was stabilized at 25 ± 0.2°C as previously published 

[15].  

 

Labview based software was used to baseline correct and determine h(+1) and h(0) intensities. 

Triplicate spectra were acquired for all constructs in each experimental condition, and h(+1)/h(0) 

values are reported as average values from triplicate spectra and from replicated samples where 

possible (Table S2), with the greatest standard deviation found from sample replicate h(+1)/ h(0) 

values of a single construct —a value of 0.02 for A153-labeled wild-type in 100mM K+ and 

5mM Mg2+ (Fig. S2)—was applied as the error to all measurements in the study, as a 

conservative error due to sample preparation. Student’s t-test was used to determine significance. 

 

2.4. In-line probing 

Dephosphorylation, 32P end-labeling, in-line probing, T1 digestion, alkaline digestion, and 

dPAGE analysis were carried out as described in Regulski and Breaker [22], except that the in-

line reaction buffer was made without Mg2+, and the RNA was heated at 95°C for 3 minutes and 

cooled to 21°C before adding Mg2+ to a final concentration of 20 mM and letting stand at room 
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temperature between 40 and 48 hours. Results were visualized using an Amersham Typhoon 

imager from GE Healthcare (Pittsburgh, PA) and ImageQuant 7.0 (GE Healthcare).  

 

3. Results 

EPR spectra and analysis that characterize the local folding and dynamics of the four FN glycine 

riboswitch aptamer II constructs are shown in Fig. 2.  Because motion averages the effects of the 

hyperfine anisotropy of the nitroxide spectra [5-7,23], the mobility of the spin label can be 

characterized by empirical line shape parameters. For this work, the ratio of the intensities of the 

low field and central field transitions (h(+1)/ h(0)) [15], was chosen as a means to quantitatively 

compare the mobility of the R5 nitroxide at the backbone labeled A153 and A115 sites (Fig. 

2A&B). Parameter values close to 1 reflect nearly isotropic motion with sub-nanosecond 

correlation times; whereas values that decrease to ~ 0.3 reflect slowed motion, but still faster 

than a correlation time of 1 ns that may have some degree of anisotropy [24].  

 

Results for h(+1)/ h(0 analysis of EPR spectra are shown in Fig. 2 C&D (All spectra are given in 

Supporting Information, Figure S1). RNA folding is greatly stabilized and often requires cations 

due in part to the polyanionic nature of the RNA backbone [3]. Even in the absence of added 

ions and ligand, A115-R5 experiences restricted mobility, h(+1)/ h(0)=0.54 (Fig. 1B&C) compared 

to A153-R5, h(+1)/ h(0)=0.78 (Fig. 1A&C; for comparison, h(+1)/ h(0)=0.89 was obtained for a 

labeled 20 nt synthetic RNA fragment [25]), indicating that the A115-containing portion of the 

RNA may be partially folded even in the absence of added K+ or Mg2+, perhaps due to residual 

Na+ from sample preparation. Additionally, in each of the environmental conditions tested, the 

spin-label backbone at A115-R5 shows reduced mobility compared to A153-R5 (p<0.01). This 



10 

 

result is expected, as A115 is located within a base-paired stem region of the aptamer, whereas 

A153 is located in a loop region that would likely be more flexible. These results add to the body 

of evidence that differential dynamics within regions of an RNA macromolecule can be 

characterized by cw-EPR [4,5,8,9,15,23], due to differences in flexibility within a single strand.  

 

 

Fig. 2. Example spectra as well as h(+1)/h(0) analysis for A153- and A115-labeled sites, with and without glycine 

binding mutant (U141A) under varied solution conditions. Example 100 G X-band CW-EPR spectra for RNA-

only (A) A153-R5 and (B) A115-R5. (C) Plot of mobility parameter (h(+1)/h(0)) for A115-R5 and A153-R5 wild-type 

and binding mutant in biologically relevant solution conditions. (D) Plot of mobility parameter for A115-R5 iso-

ionic strength solutions with one ion or two ion species.  

 

 

For both spin labeled sites, only a slight decrease in mobility is observed upon addition of K+ 

(p<0.05 at A115-R5, p<0.02 at A153-R5) with more enhanced decrease upon addition of Mg2+ 
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(p<0.01), and essentially no change upon further addition of glycine. This result contrasts our 

earlier findings where addition of K+ fully induced the folding of the VC glycine riboswitch 

leader-linker sequence [8].  Thus, the current work involving FN aptamer II shows a novel 

finding, because both A153 and A115 sites show a Mg2+ dependent folding inferred from 

changes in backbone spin-label mobility.   

 

Incorporation of the U141A glycine binding mutation in the presence of K+ with Mg2+ (p<0.05) 

induces a slightly greater mobility than in the wild-type for A115-R5, where mobility changes 

forA153-R5 were not statistically different within errors. This impact of U141A may be 

understood by considering the close proximity between nucleotides 141 and A115-R5 in the 

secondary helix structure of the aptamer, where the mutation may slightly disrupt the helix, 

preventing the level of compaction seen in the wild-type.  Interestingly, glycine addition does not 

alter the mobility of any of the four constructs, within error (discussed more below).  

 

A natural question arises as to the impact of ion identity versus ionic strength on inducing the 

fold observed in aptamer II. The EPR data in Fig. 2C reflect solution conditions with biologically 

relevant concentrations of K+ and Mg2+. Fig. 2D summarizes A115-R5 mobility as ionic strength 

is altered (15 mM, 100 mM, and 115 mM) for K+, Mg2+, and both ions. At each ionic strength, 

lower mobility is observed with Mg2+ than iso-ionic strength K+ (p<0.05 at 15 mM, p<0.02 at 

100 mM, p<0.01 at 115 mM), indicating that ion identity is important for the compaction of the 

RNA at the tested site.  
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The effect of the K+ plus Mg2+ combination is similar to that of K+ alone at both 15 mM and 100 

mM ionic strengths, but more closely mimics that of Mg2+ at 115 mM ionic strength. In this 115 

mM combination, Mg2+ contributes only an ionic strength of 15 mM (13.04% of 115 mM, see 

Materials and Methods), showing that a small amount of Mg2+ appears to act synergistically with 

higher concentrations of K+. Results indicate that both ionic strength and ion identity can impact 

the folding/compaction of this aptamer. 

 

Fig. 3. Glycine may not bind aptamer II singlet. (A)  In-line probing results verify a lack of structural change 

upon glycine addition to a solution including K+ and Mg2+.  (1) Uncleaved RNA, (2) T1 digested RNA cut 5′ to each 

G residue, (3) Alkaline digest cleaving each nucleotide, (4) inline probing in the presence of K+ and Mg2+ without 

glycine, (5) inline probing with K+, Mg2+, and 1mM glycine. Data for A153_U141A samples are shown at higher 

contrast due to lower labeling efficiency of the sample.  (B)  Plot of mobility parameter comparing solution 

conditions with and without glycine for RNA only (see Materials and Methods), RNA with K+, and RNA with 

Mg2+.  
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Although glycine addition did not modulate spin-label mobility at either A153-R5 or A115-R5 in 

the presence of both ions (Fig. 2C) or alter secondary structure as seen by inline probing  with 

both ions (Fig. 3A), we considered the hypothesis that perhaps glycine addition might alter RNA 

backbone dynamics/folding when only one ion species, or neither, was present. Therefore, EPR 

measurements were collected for both spin-labeled sites under various conditions (Fig. 3A).  

Most conditions investigated yielded little to no change in backbone mobility with the addition 

of glycine.  However, under two conditions we studied, alterations in backbone dynamics 

resulted from addition of glycine. Strangely, an increase in mobility (p<0.01) was observed in 

the RNA only condition at A115-R5, which is located in a base-paired helix. This finding may 

reflect that glycine is acting as an osmolyte and decreasing the stability of the RNA secondary 

structure in the absence of Mg2+ since nucleotide bases preferentially interact with some amino 

acids over water, shifting equilibrium toward the unfolded state [26]. Again, we note that the 

mobility observed in Fig. 2C for A115-R5 in water alone is lower (h(+1)/ h(0)=0.53; corr ~ 0.8 ns) 

[15] than expected for an unfolded RNA, so this aptamer may misfold in water (or fold due to 

residual Na+ from sample preparation) and glycine addition may cause an unfolding. 

 

In contrast, a slight decrease in local motion was also observed at A115-R5 when 5 mM glycine 

was added to the RNA already in 5 mM Mg2+ (p<0.01).  We are surprised by this observation 

because a recent report showed that a single glycine riboswitch aptamer, or “singlet” can bind 

glycine only when a portion of the other aptamer containing vital interaptamer contacts—a 

“ghost” aptamer—is also present [27]; which would imply that our aptamer II should not bind 

glycine. Although further experiments would be needed to unequivocally determine whether our 

aptamer II construct binds its native ligand, we chose not to pursue this further as our on-going 
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future work targets the full-length FN glycine riboswitch where the biologically relevant RNA 

will be investigated. Despite the apparent lack of glycine binding induced structural changes in 

folding or mobility, the current work reveals the novel finding that some features in the glycine 

riboswitch, such as the linker-leader interaction, are fully folded by K+ while others require Mg2+ 

to reach their fully folded state. 

 

4. Discussion 

SDSL EPR offers methodology to interrogate in a site-wise manner how solution conditions 

impact the mobility of dynamic RNAs by inducing folded states [5,7,25]. Previously, we found 

that 100 mM K+-induced folding of the kink-turn motif of the VC glycine riboswitch without 

further reduction in mobility upon addition of Mg2+ and glycine [8,15]. Here, we find that 100 

mM K+ alone is not sufficient to fully fold aptamer II of the FN glycine riboswitch, and Mg2+ is 

required to reach the fully compacted state. This ability of divalent Mg2+ to fold aptamer II to a 

greater extent than monovalent K+ has been demonstrated at three different ionic strengths of 

solution, and is consistent with prior thermodynamic analysis of the effects of K+ and Mg2+ on 

RNA folding, particularly secondary and tertiary folding, respectively [3]. Other recent EPR 

investigations on the tetracycline-binding RNA aptamer also demonstrate Mg2+ modulation of 

the fold and compaction [28].  

 

No change in mobility was observed for FN aptamer II constructs when glycine was added to a 

solution with biologically relevant concentrations of K+ and Mg2+, likely indicating that the 

singlet aptamer either does not bind glycine or exists in a pre-formed state ready to bind glycine, 

although we suspect the former.  Additionally, aptamer II of the VC riboswitch has been shown 
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to homodimerize at lower concentrations than those tested here [2] in the presence of K+ and 

Mg2+, as well as both ions and glycine. DEER dipolar oscillation curves showed no evidence of 

dimerization (data not shown), indicating that our construct in solution may be monomeric. 

Further experiments, such as native gel-shift assays or HPLC, could be used to determine the 

oligomerization of this aptamer II construct, but instead we will prioritize experiments on the 

full-length riboswitch in future. 

 

Our future efforts focus on utilizing this SDSL approach to characterize changes in backbone 

dynamics at select sites in various structural elements in the full-length FN glycine riboswitch to 

address how aptamer fold is impacted by ions, ionic strength, glycine binding, and interaptamer 

interactions. Future work will also include a functional model of an EPD. Prior work of others 

predicts that within the full riboswitch, aptamer II folding may depend on interaction with the 

EPD sequence [2].  The researchers proposed that the glycine riboswitch exists in equilibrium 

between an unfolded and a folded, glycine-bound state.  In the unfolded state, the EPD is 

sequestered from performing its regulatory function by forming a base-paired helix with a 

portion of aptamer II. In the folded state, however, the two aptamers each bind a ligand and fold 

together using interaptamer contacts, leaving the EPD free to affect gene expression [2]. This 

model for FN follows the demonstrated folding states in Bacillus subtilis by Mandal et al [29].  

 

The cw-EPR results clearly demonstrates that SDSL EPR can differentiate between the local 

motion at different sites within large dynamic RNA molecules where local conformation can be 

modulated by both the identity and ionic strength of the ions in solution. Our combined SDSL 
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studies on glycine riboswitch domains show that different regions of this dynamic RNA require 

different ionic environments to be stabilized in their folded states.  
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