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Abstract

Fragile X syndrome, the most common cause of inherited intellectual disability, is caused by a 

trinucleotide CGG expansion in the 5′-untranslated region of the FMR1 gene, which leads to the 

loss of expression of the fragile X mental retardation protein (FMRP). FMRP, an RNA-binding 

protein that regulates the translation of specific mRNAs, has been shown to bind a subset of its 

mRNA targets by recognizing G quadruplex structures. It has been suggested that FMRP controls 

the local protein synthesis of several protein components of the Post Synaptic Density (PSD) in 

response to specific cellular needs. We have previously shown that the interactions between 

FMRP and mRNAs of the PSD scaffold proteins PSD-95 and Shank1 are mediated via stable G-

quadruplex structures formed within the 3′-untranslated regions of these mRNAs. In this study we 

used biophysical methods to show that a comparable G quadruplex structure forms in the 3′-

untranslated region of the glutamate receptor subunit NR2B mRNA encoding for a subunit of N-

methyl-D-aspartate (NMDA) receptors that is recognized specifically by FMRP, suggesting a 

common theme for FMRP recognition of its dendritic mRNA targets.

INTRODUCTION

Fragile X Syndrome (FXS), an inherited developmental disorder, is caused by the 

trinucleotide CGG expansion and silencing of the FMR1 gene that codes for the fragile X 

mental retardation protein (FMRP). Loss of FMRP results in the disruption of the molecular 

composition of the Post Synaptic Density (PSD), affecting normal dendritic spine 

development and synaptic function 1, 2, 3. FMRP is an RNA-binding protein whose function 

is strongly implicated in mRNA translation regulation mechanisms, and whose absence 

severely affects the spatiotemporal dynamics of mRNA in neurons 4, 5. It is suggested that 

FMRP locally controls the synthesis of various protein components of PSD, by acting as a 

switch that suppresses/allows their mRNA translation depending on the current cellular 

requirements 6, 7. This translational switch is believed to be perpetually disabled in FXS 

patients where FMRP is absent, leading to an abnormal dendritic spine phenotype 7. 
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Dendritic spines are important excitatory synaptic networks and are crucial for proper 

communication among neurons 1, 8. There are several confirmed mRNA targets of FMRP 

that are encoding for important scaffold proteins in PSD and whose translational disruption 

has been linked to FXS phenotype. Using HITS-CLIP to identify FMRP target mRNAs in 

brain in vivo, several PSD components were identified: PSD-95 and Shank1-3, as well as 

mRNAs encoding the NMDA receptor subunits, NR1, NR2A, NR2B and NR3A9, 10. These 

PSD scaffold proteins play essential roles in the majority of synaptic functions, being 

responsible for trafficking, anchoring and clustering of glutamate receptors and adhesion 

molecules, in addition to their role of linking the postsynaptic receptors to their downstream 

signalling proteins 11. For instance, Mudashetty et al. (2011) 7 showed that there is a 

dysregulated translation of PSD-95 when FMRP is absent, while Schutt et al. (2009) 12 

identified disrupted levels of Shank1, SAPAP1-3, PSD-95 and of glutamate receptor 

subunits NR1 and NR2B in FMRP knock-out mice mimicking the disease. Given that these 

scaffold proteins are essential members of the PSD network, any disruption in their 

expression levels would lead to an abnormal synapse development and function. Schutt et al. 

(2009) 12 examined whether the changes in the scaffold protein levels affect the abundance 

of glutamate receptors in the PSD, given the role of these scaffold proteins in anchoring 

neurotransmitter receptors in the post synaptic membrane 12. They found elevated levels of 

NR1 in both the neocortex and hippocampus, of NR2B in the hippocampus and of GluR1 in 

the neocortex of FMRP-deficient mice as compared with wild type mice. In contrast, only a 

slight increase of the glutamate receptor subunits NR2A, GluR2/3, and GluR4 was found in 

the PSD fractions of the FMRP-deficient mice. Moreover, this study has also shown that 

FMRP associates in vivo with mRNAs encoding for scaffold proteins and glutamate receptor 

units (such as PSD-95, SAPAP1, SAPAP2, SAPAP3, Shank1, NR1 and NR2B) and 

concluded that the observed elevated protein levels in the FMRP-deficient mouse brain 

result from their dysregulated translation. The exact details of the mechanisms by which 

FMRP controls the translation of its mRNA targets are not known. It has been shown that 

the arginine-glycine-glycine (RGG) domain of FMRP has high affinity for specific G 

quadruplex structures of neuronal mRNA targets 13, 14, 15. G quadruplex structures are 

formed when four guanine nucleotides connected through Hoogsteen hydrogen bonding 

assemble into a square planar arrangement 16, 17. DNA G quadruplexes require the presence 

of potassium ions for folding, while RNA G quadruplexes of identical sequence can fold 

even in the absence of these ions, but have low stability 18. Previously, we have directly 

shown that the interactions between FMRP and mRNAs of the scaffold PSD-95 and Shank1 

proteins are mediated via stable G-quadruplex structures formed within the 3′-UTRs of these 

mRNAs 19, 20. In this work, we used biophysical methods to show that a comparable G 

quadruplex structure forms in the glutamate receptor subunit NR2B mRNA that is coding 

for a subunit of N-methyl-D-aspartate (NMDA) receptors, a class of ligand-gated ions 

channels acting as excitatory amino acid receptors 21. Our results indicate that this G 

quadruplex structure is recognized specifically by FMRP, suggesting a common theme for 

FMRP recognition of its dendritic mRNA targets.
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METHODS

RNA and peptides synthesis

NR2B mRNA (5′ GGGUACGGGAGGGUAAGGC UGUGGGUCGCGUG 3′) and the 

mutant NR2B mRNA (5′ GGGUACGCGACCCUAAGGCUGUG GGUCGCGUG 3′) were 

transcribed using synthetic DNA templates (TriLink BioTechnologies, Inc.) and expressed 

by T7 RNA polymerase driven in vitro transcription reactions. The RNA samples were 

purified by 20% polyacrylamide, 8 M urea gel electrophoresis and electroelution and were 

subsequently dialyzed against 10 mM cacodylic acid, pH 6.5. The 2-aminopurine (2AP) 

fluorescently labelled NR2B mRNA (5′ 

GGGU(2AP)CGGGAGGGUAAGGCUGUGGGUCGCGUG 3′) was chemically 

synthesized by Dharmacon, Inc.

The FMRP RGG box peptide and the HCV peptide derived from the HCV core protein, 

were chemically synthesized by the Peptide Synthesis Unit at the University of Pittsburgh 

Center for Biotechnology and Bioengineering.

Native gel electrophoresis

Prior to their use in the native gels, the RNA samples (10 μM) were annealed by boiling for 

5 minutes in the presence of various KCl concentrations, followed by incubation at room 

temperature for 10 minutes. For the electromobility shift assay experiments the NR2B 

mRNA (10 μM) was incubated with increasing ratios (1:1, 1:2 and 1:3) of the FMRP RGG 

box for an additional 20 minutes. The 20% native gels in in 0.5 X Tris/Borate/EDTA buffer 

were run at 4°C, 85 V for 6 h and visualized by UV shadowing at 254 nm using an 

AlphaImager (AlphaInnotech, Inc.).

UV spectroscopy thermal denaturation

The UV spectroscopy thermal denaturation experiments were performed on a Cary 3E UV-

VIS Spectrophotometer (Varian, Inc.) equipped with a peltier cell. 200 μL samples 

containing 10 μM RNA in 10 mM cacodylic acid buffer pH 6.5 and in the presence of 5–75 

mM KCl were annealed as described above and thermally denatured by varying the 

temperature in the range 20°C–95°C, at a rate of 0.2 °C/minute and monitoring the 

absorbance changes at 295 nm, wavelength sensitive to G quadruplex denaturation 22. In 

order to prevent sample evaporation, a layer of mineral oil was added to the cuvettes.

To study if an intermolecular or intramolecular G quadruplex is formed within NR2B 

mRNA, the UV spectroscopy thermal denaturation experiments were performed at variable 

RNA concentrations ranging from 10–40 μM and a fixed KCl concentration of 75 mM in 10 

mM cacodylic acid buffer, pH 6.5. In the case of G quadruplex structure formation between 

n number of RNA strands, the melting temperature (Tm) depends on the total RNA 

concentration (equation [1]), whereas the melting temperature of an intramolecular G 

quadruplex structure (n=1) is independent of the RNA concentration (equation [2]) 23:

[1]
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[2]

where R is the gas constant and ΔH°νH and ΔS°νH are the Van’t Hoff thermodynamic 

parameters. The thermodynamic parameters of the G quadruplex structures were obtained by 

fitting their UV thermal denaturation curves to equation 3, which assumes a two-state 

model 23:

[3]

where AU and AF represent the absorbance of the unfolded and native G quadruplex RNA 

structure, respectively, and R is the universal gas constant.

To calculate the number of K+ ions bound specifically by the G quadruplex structure, a 

simple model for folded to unfolded G quadruplex was assumed in which Δn K+ ions are 

lost upon heat treatment and G quadruplex unfolding. Δn is equal to the slope of the plot of 

ΔG° as a function of logarithm of K+ concentration:

[4]

where  and  is the slope of the plot of ΔG° as a function of the 

logarithm of K+ ion concentration 23.

Circular Dichroism (CD) spectroscopy

All experiments were performed on a Jasco J-810 spectropolarimeter at 25°C, using a 1 mm 

path-length quartz cuvette (Starna Cells). 200 μL volumes of 10 μM samples of annealed 

RNA were prepared in 10 mM cacodylic acid buffer, pH 6.5. The G quadruplex formation 

was monitored between 200–350 nm by titrating KCl in the range 5–150 mM, and averaging 

a series of 7 scans with a 1 s response time and a 2 nm bandwidth. The spectra were 

corrected by subtracting the cacodylic acid buffer contributions.

1H Nuclear Magnetic Resonance (NMR) spectroscopy

The G quadruplex formation was monitored by acquiring one dimensional (1D) 1H NMR 

spectra of the NR2B mRNA at 25°C on a 500 MHz Bruker AVANCE spectrometer. A 350 

μM RNA sample was prepared in 10 mM cacodylic acid buffer, pH 6.5 in a 90%H2O/

10%D2O ratio and KCl was titrated in the range 5–100 mM. The water suppression was 

accomplished using the Watergate pulse sequence 24. Similar experiments were performed 

for the NR2B mutant mRNA to show that when G nucleotides predicted to be engaged in G 

quadruplex formation were mutated the structure no longer formed.

Fluorescence spectroscopy

Steady-state fluorescence spectroscopy experiments of the NR2B 5 2AP mRNA (5′ 

GGGU(2AP)CGGGAGGGUAAGGCUGUGGGUCGCGUG 3′) were performed on a 

Horiba Scientific Fluoromax-4 and accompanying software fitted with a 150 W ozone-free 

xenon arclamp. Experiments were performed in a 150 μL sample volume, 3 mm path-length 
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quartz cuvette (Starna Cells). The excitation wavelength was set to 310 nm, the emission 

spectrum was recorded in the range of 330 – 450 nm, and the bandpass for excitation and 

emission monochromators were both set to 5 nm.

FMRP ISO1 and FMRP S500D were titrated (50 nM) into a fixed concentration of NR2B 

2AP mRNA (200 nM) and the quenching of the fluorescence signal was recorded as a result 

of protein-RNA interactions (each point was corrected for tryptophan fluorescence 

contributions originating from the protein). 1 μM of bovine serum albumin (BSA) was 

added in the RNA sample prior to FMRP titration to prevent non-specific binding. The 

binding dissociation constant (Kd) was determined by fitting the binding curves to the 

equation:

[5]

where  represents the ratio of the steady state fluorescence intensity of the bound and free 

mRNA, [RNA]t is the total concentration of mRNA, and [P]t is the total peptide/protein 

concentration 23. These experiments were performed in triplicate for each FMRP ISO1 and 

FMRP S500D, and the reported errors represent the standard deviations of the dissociation 

constants determined from independent fits to the three measurements. Control experiments 

were performed in identical conditions, titrating 50 nM increments of BSA into a fixed 

concentration of NR2B 2AP mRNA (200 nM).

RNA-based affinity pull down assay

A biotinylated control HCV RNA probe was denatured at 95°C for 3 minutes and cooled 

quickly in a dry ice-ethanol bath. The biotinylated NR2B mRNA and PSD-95 mRNA probes 

were denatured at 95°C for 5 minutes and cooled at room temperature for 15 minutes. 5 μM 

of either probe was incubated with E17 mouse brain lysate for 20 minutes at room 

temperature and NeutrAvidin agarose (Thermo Scientific, Inc.) pre-blocked with BSA was 

used to precipitate the probes. The pull-downs were performed with RIPA buffer that 

contained 150 mM NaCl, 50 mM Tris-HCl, pH 8.0, 1% NP-40, 0.5% deoxycholate and 

0.1% SDS. After extensive washing, the proteins were detected by immunoblot against 

FMRP (1:1250, Sigma) and SMN (1:500, BD Transduction Laboratories & San Jose) using 

an Odyssey Infrared Imaging System.

RESULTS

NR2B mRNA forms an intramolecular G quadruplex structure with parallel topology

It has been shown that for a subset of mRNAs, FMRP-facilitated translational control is 

carried on in regions located within their 3′-UTR 14. We have previously demonstrated the 

presence of G quadruplex structures in the 3′-UTR regions of several FMRP mRNA targets 

such as Semaphorin 3F, PSD-95, Shank1, that are bound specifically and with high affinity 

by both FMRP and its phosphorylated mimic FMRP S500D 19, 20, 25. Given that NR2B 

mRNA has been found to be associated with FMRP in whole mouse brain homogenates 12 

and directly crosslinked in vivo 9 we analyzed its sequence for the potential to adopt G 

quadruplex structures. We used an online G quadruplex prediction software QGRS Mapper 
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(http://bioinformatics.ramapo.edu/QGRS/analyze.php) which predicted the existence of a 

high score G quadruplex in the NR2B mRNA 3′-UTR (NM_000834.3, position 4659) 

(Figure 1, the Gs predicted to engage in G quadruplex formation are underlined). To 

determine if such a structure forms in the NR2B mRNA 3′-UTR we have produced by in 

vitro transcription reaction a 32 nucleotide (nt) sequence containing this G rich segment. 

The formation of G quadruplex structures in this RNA was tested first by 1D 1H NMR 

spectroscopy in the presence of increasing concentrations of K+ ions. This technique is 

commonly used to detect G quadruplex structures in DNA/RNA since the guanine imino 

protons engaged in G quadruplex formation have a signature chemical shift between 10 and 

12 ppm 23, 26, 27. We observed a strong signal in the region 10–12 ppm for the NR2B 

mRNA even in the absence of K+, indicating G quadruplex formation (Figure 2A, bottom 

spectrum). Additionally, low intensity and broad resonances were observed in the region 

12–14.5 ppm, indicative of the presence of a minor alternate structure involving Watson-

Crick base pairs. No significant changes in imino proton resonances were observed after 

titration of 5 and 10 mM K+. However, the broadening of the spectra was observed after the 

addition of 50 and 100 mM KCl, suggesting that additional G quadruplex conformations 

might be supported by an increased amount of salt. Additionally, at the concentrations used 

in NMR spectroscopy experiments, the G quadruplex structures might form higher order 

complexes stabilized by the K+ ions. The analysis of the 32-nt NR2B mRNA sequence 

revealed the possibility of formation of alternate G quadruplex structures containing two 

plane G quartets, that were also predicted by the QGRS Mapper, but with lower probability 

scores than the highest score three-plane G quadruplex (Figure 1).

A mutant NR2B mRNA was also synthesized in which G nucleotides predicted to be 

engaged in G quadruplex formation were replaced by Cs and its secondary structure was 

analyzed by 1H NMR spectroscopy. As seen in figure 2B, which shows the imino proton 

resonance region of the mutant NR2B mRNA in the absence and presence of 150 mM KCl, 

the G quadruplex imino proton resonances are no longer present in the 10–12 ppm region. 

This result confirms that the mutation of the G nucleotides abolishes the G quadruplex 

structure formation. Intense and sharp resonances are present in the region 12–14.5 ppm, 

corresponding to imino protons involved in Watson-Crick base pairs, consistent with the 

predicted structure of the NR2B mutant that contains an extended hairpin stem 

(supplemental figure 1).

Next, we performed 20% non-denaturing polyacrylamide gel electrophoresis of the 32-nt 

NR2B mRNA in 0.5 X TBE buffer to obtain additional information about its G quadruplex 

structure (supplemental figure 2). In the absence of K+, an more intense upper band is 

present as well as a faint lower band that indicates the presence of at least two 

conformations, one of which is dominant (supplemental figure 2, lane 1). Upon titrating KCl 

in the range 5 to 150 mM, the intensity of the upper band decreases with the concomitant 

increase of the lower band intensity, indicating that in the presence K+ ions the second 

conformation becomes stabilized (supplemental figure 2, lanes 2–7). Additionally, very faint 

upper bands appears in the presence of higher KCl concentrations (supplemental figure 2, 

lanes 3–7, arrow), corresponding to higher molecular weight complexes that could be 

formed by the stacking of G quadruplex structures. These results are consistent with the 
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NMR spectroscopy results in the presence of higher concentrations of salt, indicating the 

presence of multiple G quadruplex conformations and/or possible aggregation. It is known 

that the stability of G quadruplexes highly depends on their architecture, with more G 

quartet planes stacked within the G quadruplex increasing the overall thermodynamic 

stability of the structure 28. In our proposed 32-nt NR2B mRNA fragment, there is only one 

three-plane intramolecular G quadruplex that could be possibly formed due to existence of 

only four guanine triplets (underlined in figure 1A), and other G quadruplex structures 

would involve less stable two-plane arrangements. Another possibility could be that guanine 

residues engage in an intermolecular arrangement that will result in a G quadruplex formed 

from different strands. To examine if intramolecular or intermolecular G quadruplex 

conformations are formed by the 32-nt NR2B mRNA fragment, we performed UV thermal 

denaturation experiments at a fixed KCl concentration (75 mM KCl) and variable RNA 

concentration in the range 10–40 μM, varying the temperature from 25–95°C and 

monitoring the absorbance changes at 295 nm, wavelength sensitive to G quadruplex 

denaturation 29. For intramolecular species the melting temperature is independent of the 

RNA concentration (materials and methods, equations 1 and 2). A clearly defined transition 

with a melting temperature, Tm, of 68°C was observed at all RNA concentrations 

investigated (figure 3A and 3B), indicating that the G quadruplex conformation giving rise 

to it is intramolecular. A second minor hypochromic transition was also observed with a Tm, 

of ~42°C, which based on its lower melting temperature, we assign the unfolding of 

alternate G quadruplex structures containing only two G quadruplex planes. Upon 

establishing that the G quadruplex conformation giving rise to the main hypochromic 

transition in the UV thermal denaturation curve of NR2B mRNA is intramolecular we fitted 

it with equation 3 (materials and methods) that assumes a two state model 23, to determine 

the thermodynamic parameters of G quadruplex formation in the presence of 75 mM KCl 

(Supplemental figure 3). The enthalpy of formation of a single G-quartet plane has been 

reported to range between −18 kcal/mol and −25 kcal/mol 30. Thus, the value obtained for 

the enthalpy of G quadruplex formation in NR2B mRNA for the main transition (ΔH =

−64.6±0.1 kcal/mol) is consistent with the presence of three G quartet planes.

To determine the number of K+ ions coordinated with this G quadruplex structure we 

performed similar UV thermal denaturation experiments, keeping the RNA concentration 

constant (10 μM) and varying the KCl concentration in the range 5–75 mM. The minor 

transition with the lower melting temperature was not well defined at low KCl 

concentrations, precluding its further analysis (Figure 3C). Thus, only the major transition 

was fitted with equation 3 (materials and methods), determining the free energy of G 

quadruplex formation at each KCl concentration which was plotted as a function of the 

log[K+] to calculate the number of K+ ions coordinated within the main G quadruplex 

conformation (materials and methods, equation 4). On average ~ 2.9 K+ ions coordinate the 

main G quadruplex structure within the NR2B mRNA (Figure 3D).

To examine the fold of the NR2B mRNA G quadruplex structure we employed circular 

dichroism (CD) spectroscopy, technique widely used for G quadruplex analysis, due to 

unique signature responses of different G quadruplex folding arrangements. For parallel G-

quadruplex structures, a positive band at around 265 nm and a negative band at around 240 
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nm have been observed, whereas the signatures of an antiparallel G quadruplex structure are 

a negative band at around 260 nm and a positive band at around 295 nm 31–35. We 

performed the analysis in K+ concentrations ranging from 0–150 mM and observed a 

positive band at 265 nm and a negative one at 240 nm, even in the absence of KCl, 

indicating that NR2B mRNA folds into a parallel G quadruplex (Figure 4). The intensities of 

the bands increased as K+ was titrated, implying that salt is necessary to improve stability. 

However, no significant intensity changes are observed at KCl concentrations higher than 10 

mM, consistent with the 1H NMR spectroscopy results.

In summary, our biophysical analysis determined that the G rich stretch within the NR2B 

mRNA 3′-UTR folds into parallel, G quadruplex structures, the most stable of which is 

intramolecular, contains three G quartet planes and is coordinated by ~ 3 K+ ion equivalents 

(figure 1B).

FMRP recognizes specifically the NR2B mRNA G quadruplex structure

Previously it has been shown that the FMRP interactions with NR2B mRNA are located 

within the mRNA’s 3′-UTR 11. Thus, we investigated if the 32-nt G quadruplex forming 

NR2B mRNA fragment is sufficient for FMRP recognition, by using electromobility shift 

assay to analyze its interactions with the FMRP RGG box, the protein domain shown to 

recognize G quadruplex structures in other mRNA targets13, 14, 15 (supplemental figure 4). 

The bands corresponding to the free NR2B mRNA disappear in the presence of increasing 

FMRP RGG box ratios, indicating the formation of a complex with the peptide 

(supplemental figure 4, lanes 2–4). Because the FMRP RGG box confers the complex 

formed with the small size NR2B mRNA an overall positive charge, it does not give rise to a 

well-defined shifted band. The upper bands that we attribute to stacks of G quadruplex 

structures are also shifted in the presence of the FMRP RGG box, and in this case due to the 

larger sixe of the higher molecular weight RNA, the bands corresponding to complexes 

formed with the peptide are distinct.

Next, we analyzed the interactions of NR2B mRNA with the full-length FMRP (isoform 1), 

as well as with its phosphorylated mimic FMRP S500D 36 by fluorescence spectroscopy. 

The FMRP S500D has been included since it has been shown that the phosphorylation status 

of FMRP plays a role in mRNA translation control, where in phosphorylated state FMRP 

acts as a translation inhibitor, whereas upon its dephosphorylation triggered by synaptic 

input, it supports the mRNA translation 7. FMRP and FMRP S500D were in vitro expressed 

and purified according to the protocol previously established in our laboratory 37. We have 

designed a fluorescently labelled NR2B 2AP mRNA, in which the adenine at position 5 was 

replaced with 2-aminopurine (2AP) (Figure 1B, adenine 5 is circled). 2AP is a highly 

fluorescent analog of adenine whose steady-state fluorescence is sensitive to changes in its 

microenvironment 38, 39. A 200 nM NR2B 2AP mRNA sample was prepared in 10 mM 

cacodylic acid buffer pH 6.5 and 50 nM increments of either of FMRP or FMRP S500D 

were titrated, monitoring the changes in the steady-state fluorescence of the 2AP reporter 

(figures 5A and 5B). To demonstrate that the fluorescence quenching observed in the 

presence of FMRP or FMRP S500D is not due to non-specific interactions, similar control 

experiments were performed by titrating BSA into the NR2B 2AP mRNA sample. As 
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expected, the steady-state fluorescence of NR2B 2AP mRNA did not change significantly in 

the presence of BSA (supplemental figure 5). The resulting binding curves were fit with 

equation 5 (materials and methods), to determine the dissociation constants, Kd, of 370 ± 29 

nM for the complex formed by NR2B mRNA with FMRP and of 201 ± 25 nM for the 

complex formed with FMRP S500D (figures 5A and 5B). These dissociation constant values 

are within range with those reported for the binding of the full length FMRP or FMRP 

S500D to G quadruplex structures formed within other mRNA targets such as Shank1 19, 

FMR1 40, Semaphorin 3F 37. The dissociation constant values for FMRP and FMRP S500D 

binding to NR2B mRNA yield a free energy of binding of ΔG0
b = −8.7 ± 0.1 kcal/mol and 

of ΔG0
b = −9.1 ± 0.1 kcal/mol, respectively, hence a difference of only 0.4 kcal/mol in 

binding free energy for FMRP S500D, versus unphosphorylated FMRP. This finding 

suggests that a difference in binding G quadruplex target mRNA binding does not play the 

predominant role in mediating the function of the unphosphorylated versus phosphorylated 

FMRP with respect to translation regulation.

Finally, to confirm the interactions of the NR2B G quadruplex with endogenous FMRP, we 

performed a biotin-RNA pull down assay using a biotin labelled 32-nt NR2B mRNA probe 

that was incubated with lysates from E17 mouse brain and further precipitated with 

NeutrAvidin agarose. It is clear from the Western blot analysis that FMRP interacts with 

NR2B mRNA probe (Figure 6, lane 5, upper panel). The presence of several bands suggests 

that the NR2B mRNA probe pulled down more than one FMRP isoform that exists in the 

mouse brain lysates. A biotinylated probe derived from PSD-95 mRNA that contains two G 

quadruplex structures 19 was used as a positive control, and because this probe contains 

multiple binding sites for FMRP, it gives rise to more intense bands than those 

corresponding to the NR2B mRNA probe (figure 6, lane 4, upper panel). A biotinylated 

unrelated probe derived from the hepatitis C virus genomic RNA was used as a negative 

control, and as expected, it did not pull down FMRP (Figure 6, lane 3, upper panel). Western 

blot analysis was also performed for the survival of motor neuron (SMN) protein, and 

interestingly, while as predicted the HCV probe did not pull it down (Figure 6, lane 3, 

bottom panel), the PSD-95 probe pulled it down (Figure 6, lane 4, bottom panel), and a faint 

band seems also to be present for the NR2B probe (Figure 6, lane 5, bottom panel). The 

SMN protein is not an RNA binding protein, however it has been shown to directly interact 

with FMRP41, so it is possible that it is detected not due to its direct interactions with the 

RNA probes, but rather indirectly, through interactions with FMRP.

DISSCUSION

In this study we have shown for the first time that a main G quadruplex structure forms 

within 3′-UTR of the NR2B mRNA, which is of parallel type, consists of three G quartet 

planes and is coordinated by ~ 3 K+ ions. We have also proven that both FMRP and its 

phosphorylated mimic FMRP S500D bind with nM affinity to this G quadruplex, which also 

interacts with endogenous FMRP from E17 mouse brain lysates. Thus, our results indicate 

that from the entire NR2B mRNA that has been shown to co-IP with FMRP 12, only a 32-nt 

G quadruplex located in its 3′-UTR is sufficient to act as a recruiter of FMRP. NR2B mRNA 

joins other dendritic mRNAs, such as PSD-95 and Shank1 19, 20 that have been shown to 

adopt one or more G quadruplex structures in their 3′-UTR recognized specifically by 
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FMRP, suggesting a common mechanism of recognition. In the case of PSD95 mRNA these 

G quadruplex structures seem to be implicated together with FMRP and the microRNA 

mir-125a in mediating the translation of their mRNA. Further investigations are underway in 

our laboratories to determine if there are microRNAs that, similar to the case of PSD-95 

mRNA, work in conjunction with FMRP to control the translation of NR2B mRNA.

Supplementary Material
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Figure 1. 
(A) 32 nt guanine rich sequence located in the 3′-UTR of NR2B mRNA (NM_000834.3, 

position 4659) predicted to form G quadruplex (guanine triplets proposed to be involved in 

the structure are underlined). (B) Arrangement of the predicted G quadruplex structure in the 

NR2B mRNA. QGRS Mapper software was used for the prediction (http://

bioinformatics.ramapo.edu/QGRS/analyze.php)42. Adenine replaced by the 2-amino purine 

fluorescent analog is circled in red.
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Figure 2. 
(A)1H NMR spectra of 350 μM NR2B mRNA at various concentrations of K+ ions in 10 

mM cacodylic acid buffer, pH 6.5, at 25°C. (B) 1H NMR spectra of 350 μM NR2B mRNA 

mutant at 0 mM and at 150 mM KCl in 10 mM cacodylic acid buffer, pH 6.5, at 25°C.
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Figure 3. 
UV spectroscopy thermal denaturation data of NR2B mRNA. (A) NR2B mRNA at 75 mM 

KCl as a function of RNA concentration, indicating an intramolecular structure formation. 

(B) G-quadruplex melting temperature at 75 mM KCl as a function of the RNA 

concentration. (C) 10 μM NR2B mRNA as a function of KCl concentration, showing an 

increase in Tm due to K+ driven stability. (D) Plot of NR2B mRNA ΔG° as a function of 

logarithm of K+ ion concentration, where Δn represents the number of K+ ions released 

upon G quadruplex unfolding.
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Figure 4. 
CD spectra of NR2B mRNA in increasing salt concentration at 25°C. 10 μM RNA sample 

was suspended in 10 mM cacodylic acid buffer pH 6.5 and KCl was titrated in the range 5–

150 mM. The spectra were corrected by subtracting 10 mM cacodylic acid buffer 

contributions.
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Figure 5. 
Binding of (A) FMRP Isoform 1 and (B) FMRP S500D to 200 nM NR2B 2AP mRNA in 

150 mM KCl and in the presence of 5-fold excess of BSA. FMRP Isoforms were titrated in 

50 nM increments. Kd values were calculated for FMRP Isoform 1 (370 ± 29 nM) and 

FMRP S500D (201 ± 25 nM).
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Figure 6. 
Western blot analysis of FMRP interaction with G quadruplex within NR2B mRNA. The 5′-

biotin labelled NR2B mRNA, PSD-95 mRNA and HCV RNA probes were incubated with 

E17 mouse brain lysate. The probes were precipitated with NeutrAvidin agarose beads and 

co-purified FMRP and SMN proteins were assessed by immunoblotting. Lane 1: 15% of 

brain lysate input showing existence of FMRP; Lane 2: No detection of FMRP or SMN 

when the probe is not present; Lane 3: No detection of FMRP and SMN using HCV probe; 

Lane 4: FMRP detected with PSD-95 mRNA probe. Lane 5: FMRP detected with NR2B 

mRNA probe.
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