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ABSTRACT

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability caused by the CGG trinucleotide expansion
in the 3′-untranslated region of the FMR1 gene on the X chromosome, that silences the expression of the Fragile X mental
retardation protein (FMRP). FMRP has been shown to bind to a G-rich region within the PSD-95 mRNA which encodes for the
postsynaptic density protein 95 (PSD-95), and together with the microRNA miR-125a, to play an important role in the
reversible inhibition of the PSD-95 mRNA translation in neurons. The loss of FMRP in Fmr1 KO mice disables this translation
control in the production of the PSD-95 protein. Interestingly, the miR-125a binding site on PSD-95 mRNA is embedded in the
G-rich region bound by FMRP and postulated to adopt one or more G quadruplex structures. In this study, we have used
different biophysical techniques to validate and characterize the formation of parallel G quadruplex structures and binding of
miR-125a to its complementary sequence located within the 3′ UTR of PSD-95 mRNA. Our results indicate that the PSD-95
mRNA G-rich region folds into alternate G quadruplex conformations that coexist in equilibrium. miR-125a forms a stable
complex with PSD-95 mRNA, as evident by characteristic Watson–Crick base-pairing that coexists with one of the G
quadruplex forms, suggesting a novel mechanism for G quadruplex structures to regulate the access of miR-125a to its binding site.
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INTRODUCTION

Fragile X syndrome (FXS) represents the most common form
of inherited intellectual disability, being caused by the silenc-
ing of the fragile X mental retardation (FMR1) gene, which
is located on the X chromosome and encodes for the fragile
X mental retardation protein (FMRP). Due to the abnormal
expansion of a trinucleotide CGG sequence within its 5′-un-
translated region, the FMR1 gene becomes silenced, resulting
in the loss of FMRP, anmRNA-binding protein whose role in
messenger RNA (mRNA) translation control is essential for
normal brain function (Bassell and Warren 2008). It is eval-
uated that nearly one in 4000 males and one in 6000 females
are affected by FXS (Coffee et al. 2009). FMRP is part of a
small family of RNA-binding proteins, being most abundant-
ly expressed in the brain and testes and characteristic in both
fetal and adult tissues (Devys et al. 1993). FMRP is mainly lo-
cated in the cytoplasm, however, due to a nuclear localization
signal (NLS) and a nuclear export signal (NES) recognized
within its sequence, it can be transported between the cyto-
plasm and nucleus (Feng et al. 1997). Once in the nucleus,
FMRP associates with specific mRNAs and other proteins

as part of larger ribonucleoprotein complexes that can be
transported to dendrites where they control the expression
of certain proteins in response to synaptic stimulation signal
(Dictenberg et al. 2008). RNA-binding motifs of special in-
terest for FMRP–RNA binding, are its two ribonucleoprotein
K homology domains (KH1 and KH2) and a specific group of
arginine-glycine-glycine repeats, referred to as RGG box
(Siomi et al. 1993). It was identified that the FMRP RGG
box has high affinity for specific G quadruplex structures
of neuronal mRNA targets (Darnell et al. 2001; Schaeffer
et al. 2001; Menon and Mihailescu 2007), whereas the KH
domains recognize another specific RNA structure called a
kissing complex (Darnell et al. 2005). G quadruplex structures
are formedwhen four guanine nucleotides connected through
Hoogsteen hydrogen bonding assemble into a square planar
arrangement that is stabilized by potassium ions (Sen and
Gilbert 1990; Hud et al. 1996).
FMRP normally undergoes phosphorylation on its highly

conserved serine 500 residue, an important chemical post-
translational modification believed to have a prime role in
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regulatory function of FMRP (Ceman et al. 2003; Narayanan
et al. 2007). The exact details of the mechanisms by which
FMRP controls the translation of its mRNA targets are not
known. However, at least for a subset of these mRNAs, it
has been proposed that their translation regulation in neu-
rons is mediated through the interactions of FMRP with
the microRNA pathway (Edbauer et al. 2010; Muddashetty
et al. 2011). Among these mRNAs targets whose translation
is regulated by FMRP is PSD-95 mRNA (Todd et al. 2003;
Muddashetty et al. 2007, 2011), which encodes for the post-
synaptic density protein 95, a member of the membrane-
associated guanylate kinase family (MAGUK) of the postsyn-
aptic scaffold proteins essential for glutamate receptor local-
ization and synapse function (Keith and El-Husseini 2008).
Active control of PSD-95 expression in response to neuro-
transmitter signals is required to allow proper dendritic spine
development as this protein plays an important role in synap-
tic plasticity necessary for learning and memory (Colledge
et al. 2003; De Roo et al 2008; Xu et al. 2008). FMRP and
microRNAs have affinity to target localizedmRNAs and regu-
late protein synthesis. It has been demon-
strated by Muddashetty et al. (2011) that
the 3′ UTR of PSD-95 mRNA contains
specific binding sites for both FMRP
and the microRNA miR-125a, that ap-
pear to cooperate to regulate PSD-95
mRNA translation which is dysregulated
in neurons obtained from FMRP knock-
out mice. Previous work has shown
that FMRP binds a G-rich region on
the 3′ UTR of PSD-95 mRNA (Zalfa
et al. 2007) that overlaps with miR-125
binding site (Muddashetty et al. 2011).
However, it remains unclear whether
this G-rich region forms G quadruplex
structures that could play a role to medi-
ate miR-125a interactions. In an effort to
elucidate the mechanism by which miR-
125a regulates PSD-95 mRNA transla-
tion, we designed in vitro experiments
that analyze the interactions between
miR-125a and PSD-95 mRNA. This
study focuses on the analysis of the inter-
actions between miR-125a and its pro-
posed complementary sequence within
the 3′ UTR of PSD-95 mRNA. Our re-
sults indicate that the PSD-95 mRNA
G-rich region folds into alternate G
quadruplex conformations which coexist
in equilibrium with the miR-125a bind-
ing site being accessible only in one of
the conformations. These data suggest a
potential mechanism that involves inter-
play between FMRP, G quadruplex and
microRNA to regulate translation.

RESULTS AND DISCUSSION

The guanine rich region within PSD-95 mRNA 3′ UTR
is predicted to form multiple G quadruplex structures

The translation of PSD-95 mRNA is suggested to be con-
trolled by the cooperative action of FMRP and miR-125a
which interact with the PSD-95 mRNA 3′-UTR region
(Muddashetty et al. 2011). miR-125a is proposed to use its
seed sequence to recognize the specific “AGGGA” target
sequence within PSD-95 mRNA 3′ UTR (Fig. 1A), that is em-
bedded in a G-rich region (Fig. 1B). Given that G-rich se-
quences containing at least four repeats of consecutive Gs
have the potential to fold into G quadruplex structures, we
and others (Todd et al. 2003; Zalfa et al. 2007; Subramanian
et al. 2011) predicted the existence of G quadruplex structures
within PSD-95 mRNA 3′ UTR. We have used the QGRS
Mapper software (http://bioinformatics.ramapo.edu/QGRS/
analyze.php) to predict G quadruplex formation in the
3′ UTR of PSD-95 mRNA in a specific sequence surrounding
the miR-125a binding site [nucleotides 4152–4204]. Two

FIGURE 1. (A) G-rich segment of the PSD-95 mRNA with the putative miR-125a binding site
highlighted in red (Muddashetty et al. 2011). Base-pairing between mRNA and microRNA is
highlighted in red. (B) Four PSD-95 mRNA sequences were used in various experiments to char-
acterize the existence of predicted G quadruplexes and assess formation of a microRNA complex.
Five stretches of GGG repeats are involved in G quadruplex conformations; those base-paired
with the miR-125a (red) or external (blue) are highlighted. The long sequence spanning from
[nucleotides 4152–4204] is truncated into shorter sequences that involve predicted Q1 and Q2
G quadruplexes. (C) Arrangement of the predicted Q1 and Q2 G quadruplex structures in the
PSD-95 mRNA showing the putative miR-125a binding site in Q1 sequence (highlighted in
red). (Left) Four conformations are predicted to have the miR-125a binding site inaccessible with-
in the G quadruplex (one shown for Q1 conformation, the other three are shown in Supplemental
Fig. 1). (Right) One conformation (Q11234) is predicted to have an exposed miR-125a binding
site. QGRS Mapper software was used for the prediction (http:// bioinformatics.ramapo.edu/
QGRS/analyze.php).
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G quadruplex structures were predicted to form, named Q1
and Q2, with the complementary target site for miR-125a
being folded within the Q1 G quadruplex (Fig. 1B,C).
Muddashetty et al. (2011) have indirectly shown in vivo that
miR-125a binds to its proposed complementary seed se-
quence within PSD-95 mRNA 3′ UTR (Fig. 1A,B, in which
the putative miR-125a binding site is highlighted in red), as
mutations within this region abolish the effect miR-125a
has upon the regulation of the PSD-95 mRNA translation.
According to the QGRS Mapper prediction software, howev-
er, the miR-125a complementary sequence on PSD-95
mRNA is fully embedded into the predicted Q1G quadruplex
structure, raising the question of how is thismicroRNAable to
recognize and bind its mRNA target.

Thus, we used several biophysical methods to determine if
indeed the PSD-95 G-rich region surrounding the miR-125a
binding site folds into the predicted Q1 and Q2 G quadruplex
structures. Two PSD-95 mRNA fragments encompassing the
predicted G quadruplex structures Q1 [nucleotides 4152–
4177] and Q2 [nucleotides 4190–4204] (Fig. 1B) were pro-
duced by T7 RNA polymerase driven in vitro transcription
reactions. First, we used 1D 1H NMR spectroscopy to analyze
their imino proton resonance region, and as seen in Figure 2,
resonances are present in the region 10–12 ppm, for both
PSD-95 Q1 (Fig. 2A) and PSD-95 Q2 (Fig. 2B), even in the
absence of KCl (bottom spectra). Imino proton resonances
in the region 10–12 ppm have been assigned to guanine im-
ino protons engaged in Hoogsteen base pairs within individ-
ual G quartets and are considered signatures of G quadruplex
structure formation (Fürtig et al. 2003; Menon et al. 2008;
Nambiar et al. 2011). While DNA G quadruplexes require
the presence of potassium ions for folding, RNA G quadru-
plexes of identical sequence can fold even in the absence of
these ions, but have low stability (Joachimi et al. 2009). In
the case of PSD-95 Q1 RNA, low-intensity resonances in
the range 12–14 ppm, corresponding to guanine and uracil
imino protons involved in Watson–Crick base pairs, are
also present (Fig. 2A, bottom spectrum), indicating the for-
mation of an alternate Q1 conformation. As KCl was titrated
in the samples in the range 0–25 mM, the intensity of the Q1
G quadruplex imino proton resonances
increased with the concomitant disap-
pearance of the Watson–Crick imino
proton resonances (Fig. 2A), indicating
that in the presence of K+ ions this alter-
nate structure is converted to a G quad-
ruplex. No Watson–Crick imino proton
resonances are present for Q2 RNA,
however, for both the PSD-95 Q1 and
Q2 sequences, the relative intensities
and broadness of the G quadruplex reso-
nances changed as the KCl concentration
was increased above 10 mM, indicating
either a dynamic exchange between dif-
ferently folded G quadruplex conforma-

tions, or an exchange between conformations that involve
monomeric G quadruplex and complexes formed through
the stacking of such monomeric G quadruplex structures.
Because the PSD-95 Q2 sequence contains GGG repeats sep-
arated by single nucleotide loops, it is not prone to the forma-
tion of alternate G quadruplex structures, and is predicted to
form a very stable G quadruplex structure, even at low KCl
concentrations (Fig. 1B,C). Thus, in the case of PSD-95 Q2
we attribute the broadness of the imino proton resonances
to the formation of dynamic stacked G quadruplex structures
stabilized by high KCl concentrations, which are favored by
the high RNA concentration used in the NMR experiments.
Next, we analyzed the PSD-95 Q1 and Q2 G quadruplexes

by 20%nondenaturing polyacrylamide gel in 0.5× TBE buffer
(Fig. 3A,B), varying the KCl concentration in the range 0–100
mM. Twobands were observed for PSD-95Q1RNA at all KCl
concentrations investigated (Fig. 3A, black arrows), their rel-
ative intensities changing as the KCl concentration was in-
creased, suggesting that this sequence could adopt multiple
conformations, which is consistent with the NMR spectra
(Fig. 2). In contrast, the PSD-95 Q2 G quadruplex migrated
as a single band at all KCl concentrations investigated (Fig.
3B), suggesting the formation of a single G quadruplex
conformation.
To obtain additional information about the PSD-95 Q1

and Q2 G quadruplex folds we acquired their CD spectra in
the presence of increasing KCl concentrations in the range
5–150 mM. For parallel G quadruplex structure formation,
a positive band at ∼265 nm and a negative band at ∼240
nm have been observed, whereas the signatures of an antipar-
allel G quadruplex structure are a negative band at ∼260 nm
and a positive band at∼295 nm (Miyoshi et al. 2003; Parama-
sivan et al. 2007; Kypr et al. 2009; Vorlícǩová et al. 2012;
Randazzo et al. 2013). Both PSD-95 Q1 and Q2 exhibit the
signature of a parallel G quadruplex structure, even in the ab-
sence of K+ ions (Fig. 4A,B). As KCl levels increased, the in-
tensities of these bands increased, indicating the K+ ions
driven G quadruplex stability. However, minimal changes
were observed in the spectra upon the increase in salt concen-
tration from 10 to 150 mM implying that these sequences

FIGURE 2. 1H NMR spectra of (A) PSD-95 Q1 mRNA (350 µM) and (B) PSD-95 Q2 mRNA
(350 µM) at various concentrations of K+ ions in 10 mM cacodylic acid buffer, pH 6.5, at 25°C.
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require a low ionic strength to achieve a fully stable G quadru-
plex structure.
To obtain information about the overall stability of the

PSD-95 Q1 and Q2 G quadruplex structures, we performed
UV thermal denaturation experiments. The changes in absor-
bance as the temperature was raised from 25°C to 95°C were
monitored at 295 nm, wavelength sensitive to G quadruplex
denaturation (Mergny et al. 1998). For both sequences a typ-
ical hypochromic transition due to G quadruplex unfolding
at elevated temperatures was observed at KCl concentrations
in the range 0–25mMKCl (Fig. 5A,B; Hud et al. 1996). A sec-
ond hypochromic transition became apparent for the PSD-
95 Q1 sequence in the presence of 50 mMKCl (Fig. 5A, black
arrow). This result is consistent with the native gel electro-
phoresis results, which showed a second upper band corre-
sponding to one or more alternate conformations of PSD-
95 Q1 that became more intense at 50 and 100 mM KCl
(Fig. 3A, lanes 5 and 6). A second minor hypochromic tran-
sition, not as clearly defined, seems to be present for the PSD-
95 Q2 at high KCl concentrations, which could be due to the
dissociation of stacked Q2 G quadruplex monomers.
To determine if the main G quadruplex conformations in

PSD-95 Q1 and Q2 RNAs are intramolecular we performed

UV thermal denaturation experiments at a fixed KCl concen-
tration and variable RNA concentration in the range 3–50
µM. This analysis was performed in the presence of 25 mM
KCl for PSD-95 Q1 RNA and only in 0.5 mM KCl for
PSD-95 Q2 RNA as this G quadruplex is very stable and
in the presence of 25 mM KCl is only partially melted at
95°C (Fig. 5B). For intramolecular species the melting tem-
perature is independent of the RNA concentration (Materials
and Methods, Equations 1 and 2) and this was observed for
both PSD-95 Q1 (Tm = 75°C in the presence of 25 mM
KCl) and Q2 sequences (Tm = 74°C in the presence of
0.5 mM KCl) (Fig. 5C,D).
The thermodynamic parameters of G quadruplex for-

mation were obtained by fitting the 50°C–90°C region and
60°C–95°C region of the PSD-95 Q1 and Q2 thermal denatu-
ration curves, respectively, with Equation 3 (Materials and
Methods) that assumes a two-state model (Table 1; Menon
et al. 2008). The enthalpy of formation of a single G-quartet
plane has been reported to range between −18 and −25 kcal/
mol (Hardin et al. 2000). Thus, the values obtained for the
enthalpy of G quadruplex formation in PSD-95 Q1 (–59.4
± 0.1 kcal/mol) and PSD-95 Q2 (–62.4 ± 0.1), respectively,
are consistent with the presence of three G quartet planes
in each of these structures, as predicted by the QGRS mapper
software (Fig. 1B).
This thermodynamics analysis was expanded to obtain in-

formation about the number of K+ ions coordinated within
the main G quadruplex conformations of PSD-95 Q1 and
Q2 sequences (Materials and Methods, Equation 4). On av-
erage ∼1.9 K+ ions coordinate the main G quadruplex struc-
ture within the PSD-95 Q1 G quadruplex, whereas ∼1.4 K+

ions coordinate the PSD-95 Q2 G quadruplex (Fig. 5E,F).
Taken together these biophysical experiments provide di-

rect evidence that the PSD-95 sequence surrounding the
miR-125 binding site adopts several stable G quadruplex
structures. A closer analysis of the PSD-95 Q1 RNA revealed
that there are five stretches of GGG repeats in its sequence
(labeled 1–5 in Fig. 1A), allowing for the formation of several

FIGURE 3. Twenty percent nondenaturing polyacrylamide gel of (A)
PSD-95 Q1 mRNA and (B) PSD-95 Q2 mRNA in 0.5× TBE buffer in
increasing salt concentrations. Lane 1 (A): 20 μM PSD-95 Q1 mRNA
in the absence of KCl; Lane 1 (B): 20 μM PSD-95 Q2 mRNA in the ab-
sence of KCl; lanes 2–6 (A,B): 5–100 mM KCl concentration. The RNA
samples were annealed by boiling for 5 min in the presence of salt and
then incubated at room temperature for 10min. The gels were visualized
by UV shadowing at 254 nm.

FIGURE 4. CD spectra of (A) PSD-95 Q1 mRNA and (B) PSD-95 Q2 mRNA in increasing KCl concentrations at 25°C. 10 µM RNA sample was
suspended in 10 mM cacodylic acid buffer, pH 6.5 and KCl was titrated in the ratio of 1–150 mM. The spectra were corrected by subtracting the buffer
contributions.
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potential G quadruplex conformations: Q11245, which uses
the GGG repeats 1, 2, 4, and 5 in the formation of the G quar-
tet planes (Fig. 1B, left) (predicted by the QGRS software
mapper), Q11234, which uses the GGG repeats 1–4 (Fig. 1B,
right), Q11235, Q11345, and Q12345 (Supplemental Fig. 1). It
is interesting to note that among these possible structures
there is only one, Q11234, that exposes the miR-125 seed se-
quence binding site (Fig. 1C, right). To determine if the
Q11234 quadruplex could actually form as predicted, we tran-
scribed its sequence (nucleotides 4152–4170 in Fig. 1C,
right), and analyzed it by 1D 1H NMR spectroscopy. As
seen in Figure 6A, even in the absence of KCl, there are res-
onances in the imino proton region centered ∼11.5 ppm
which correspond to G imino protons involved in G quartet
formation. As the KCl concentration is increased these reso-

nances increase in intensity becoming more defined, indi-
cating that the G quadruplex structure formed by Q11234
is further stabilized by the presence of K+ ions.
As expected, PSD-95 Q11234 migrates as a single band in a

20% nondenaturing polyacrylamide gel in 0.5× TBE buffer

FIGURE 5. UV spectroscopy thermal denaturation data of (A) 10 µM PSD-95 Q1 mRNA and (B) 10 µM PSD-95 Q2 mRNA in increasing KCl con-
centration in 10 mM cacodylic acid buffer, pH 6.5. Tm represents the melting temperature at which half of the RNA has dissociated. G quadruplex
melting temperatures of (C) PSD-95 Q1 mRNA at 25 mM KCl and (D) PSD-95 Q2 mRNA at 0.5 mM KCl as a function of RNA concentration, in-
dicating “intramolecular” structure formation in both RNAs. Plots of (E) PSD-95 Q1 mRNA and (F) PSD-95 Q2 mRNA ΔG°s as a function of log-
arithm of K+ ion concentration, where Δn represents the number of K+ ions released upon G quadruplex unfolding.

TABLE 1. Thermodynamic parameters of PSD-95 Q1 and PSD-95
Q2 G quartet structure formation

RNA Tm (°C) ΔH°f (kcal/mol)

PSD-95 Q1
(25 mM KCl) 75.2 ± 0.1 −59.4 ± 0.1

PSD-95 Q2
(0.5 mM KCl) 74.2 ± 0.1 −62.4 ± 0.1
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(Fig. 6B) at all KCl concentrations investigated, as no alternate
G quadruplex conformations are predicted to form in this
truncated sequence. Similarly to PSD-95 Q1 and Q2, Q11234
exhibits the CD spectrum signature of a parallel G quadruplex
structure (Fig. 6C) that is stabilized by K+ ions. The UV ther-
mal denaturation profile of PSD-95 Q11234 reveals a single
hypochromic transition with a melting temperature of 76°C,
which is in very good agreement with the Tm of 75°C deter-
mined for the main hypochromic transition of PSD-95 Q1
RNA (Fig. 6D). These experiments indicate that the confor-
mation Q11234, which exposes the miR-125a seed sequence
binding site is accessible to the PSD-95 Q1 quadruplex.

miR-125a interactions with the PSD-95 mRNA
Q1 region

As described above, PSD-95 Q1 RNA, spanning nucleotides
4152–4177, is dynamic in forming several alternate G quad-
ruplex structures which are differently populated and only
one of which (Q11234) we predict exposes the “AGGGA” se-
quence complementary to the miR-125a seed sequence.
To test this prediction, we performed electromobility shift

assays in 20% nondenaturing polyacrylamide gels analyzing

the PSD-95 Q1 binding with miR-125a. As a negative control
we used the liver-specific microRNA miR-122 that has no
complementarity with PSD-95 Q1. As seen in Figure 7A, in
the presence of a 1:1 ratio of PSD-95 Q1 and miR-125a
there is a new band corresponding to the stable PSD-95
Q1- miR-125a complex (lane 3) that migrates slower than
the free PSD-95 Q1 (lane 1) or miR-125a (lane 2). In con-
trast, in the presence of a 1:1 ratio of PSD-95 Q1 and miR-
122 only the overlapped bands corresponding to the free
PSD-95 Q1 RNA and miR-122 are observed (Fig. 7A, com-
pare lanes 1, 4, and 5). In control experiments we have shown
that the short PSD-95 Q1234 G quadruplex that lacks the tar-
get mRNA sequence complementary to the miR-125a seed
sequence is not able to bind to miR-125a (Supplemental
Fig. 2A). Similarly, as expected, miR-125a does not bind to
the PSD-95 Q2 quadruplex that does not contain a region
complementary to its seed (Supplemental Fig. 2B).
These results suggest that the dominant G quadruplex con-

formation in PSD-95 Q1 RNA is Q11234, which exposes the
“AGGGA” sequence recognized by the miR-125a seed se-
quence. An alternate possibility is that in the presence of
miR-125a the G quadruplex structures adopted by PSD-95
Q1 sequence are unwound, allowing for the formation of

FIGURE 6. (A) 1D 1H NMR spectra of PSD-95 Q11234 mRNA at various concentrations of K+ ions in 10 mM cacodylic acid buffer, pH 6.5, at 25°C.
(B) Twenty percent of nondenaturing polyacrylamide gel in 0.5× TBE buffer in increasing salt concentrations. Lane 1: PSD-95 Q11234 mRNA in the
absence of KCl; lanes 2–6: 0–100 mM KCl concentration. The gel was visualized by UV shadowing at 254 nm. (C) CD spectra of PSD-95 Q11234
mRNA in increasing KCl 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 ratio of 1–150 mM. The spectra were corrected by subtracting the buffer contributions. (D) UV denaturation of 10 µM PSD-95 Q11234
mRNA at 25 mM KCl in 10 mM cacodylic acid buffer, pH 6.5.
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the PSD-95 Q1- miR-125a complex. To distinguish between
these possibilities we analyzed the binding of miR-125a to
PSD-95 Q1 RNA by 1D 1H NMR spectroscopy, a method
that reports on modifications of the G quadruplex structure
through its G imino proton resonance changes. As seen in
Figure 7B bottom spectrum, a single low-intensity resonance
was observed at ∼12.6 ppm in the imino proton resonance
region of the free miR-125a indicating that some secondary
structure involving the formation of a G–C Watson–Crick
base pair is formed in the free miR-125a RNA. The second
spectrum in Figure 7B shows the G imino proton resonances
involved in G quadruplex formation in PSD-95 Q1 centered
∼11 ppm.When PSD-95 Q1 andmiR-125a aremixed in a 1:1
ratio at room temperature, a new set of well-defined imino
proton resonances appears at 12.1, 12.4, 12.5, and 12.6
ppm in the region corresponding to Watson–Crick G–C
base pairs (Fig. 7B, third spectrum; Fürtig et al. 2003).
Broader resonances are also visible at 13.2 and 14.3 ppm, cor-
responding to U imino protons involved in Watson–Crick
A–U base pairs. These resonances report on the formation
of G–C and A–U base pairs between miR-125a RNA and
complementary bases in PSD-95 Q1 RNA. Interestingly,
the G quadruplex imino proton resonances did not change
significantly, indicating that the structure is not unwound
upon miR-125a binding. When miR-125a and PSD-95 Q1
were boiled together in a 1:1 ratio to promote their annealing,
the PSD-95 Q1 G quadruplex structure still forms as indi-
cated by the resonances centered ∼11 ppm (Fig. 7B, fourth
spectrum). The Watson–Crick imino proton resonances de-
scribed above are well defined, and several new resonances
become visible at 12.7, 12.8, 12.9, 13.5 and 13.8 ppm, indicat-
ing the formation of additional base pairs between miR-125a

and PSD-95 Q1 RNA. Taken together,
these results indicate that the dominant
G quadruplex conformation in PSD-95
Q1 RNA is Q11234, which exposes the
binding site for miR-125a and that this
structure is not unwound upon miR-
125a binding.

miR-125a interactions with the
PSD-95 mRNA Q1–Q2 region

We have confirmed that the isolated
PSD-95 Q1 and Q2 sequences form sta-
ble G quadruplex structures and that
miR-125a interacts with its complemen-
tary sequence located within the Q1 seg-
ment. Subsequently, we investigated if
miR-125a can still bind its complementa-
ry seed sequence within the Q1 region
in the context of an extended region
spanning nucleotides 4152–4204 which
comprises both Q1 and Q2 sequences.
This sequence, named PSD-95 Q1–Q2

mRNA [nucleotides 4152–4204] (Fig. 1B), was transcribed
in vitro by T7 RNA polymerase driven transcription reaction.
First, we performed 1D 1H NMR spectroscopy monitoring
the imino proton resonance region changes upon KCl titra-
tion to observe G quadruplex formation. As seen in Figure
8A, imino proton resonances are observed between 10 and
12 ppm even in the absence of K+ ions, indicating G quadru-
plex formation, consistent with the 1H NMR spectra of the
isolated PSD-95 Q1 and Q2 G quadruplexes (Fig. 2A,B).
Once the concentration of KCl was increased the intensities
of these resonances increased indicating the G quadruplex
structure(s) stabilization. To analyze the fold of these G
quadruplex structure(s), we performed CD spectroscopy ex-
periments in the presence of increasing KCl concentrations
in the range 5–150 mM. A positive band at ∼265 nm and a
negative band at∼240 nmwere observed, indicating a parallel
G quadruplex fold (Fig. 8B). The CD signal of the expanded
PSD-95 Q1–Q2 mRNA was significantly higher than the sig-
nals of the isolated Q1 and Q2 sequences (Fig. 4), consistent
with the expectation that more than one G quadruplex struc-
ture is formed in PSD-95 Q1–Q2 mRNA.
PSD-95 Q1–Q2 mRNA was also analyzed by 20% native

polyacrylamide gel in 0.5× TBE buffer, varying the KCl con-
centration in the range 0–100 mM. As seen in Figure 8C,
one band was observed in the absence of KCl (lane 1),
whereas upon the titration of KCl, the intensity of this
band decreased, with the concomitant apparition of a second
main band (lanes 2–6), indicating the presence of two dis-
tinct conformations in PSD-95 Q1–Q2 mRNA. A faint re-
tarded upper band becomes also visible upon the titration
of KCl, which we attribute to the formation of a dimeric
species.

FIGURE 7. (A) EMSA of PSD-95 Q1 mRNA and miR-125a/miR-122 in a 20% nondenaturing
polyacrylamide gel in 0.5× TBE buffer and 5 mM KCl. miR-122 was used as a negative control.
Lane 1: PSD-95 Q1mRNA (15 μM); lane 2: miR-125a (15 μM); lane 3: PSD-95 Q1 and miR-125a
RNAs in a 1:1 ratio (15 μM); lane 4: miR-122 (15 μM); lane 5: PSD-95 Q1 andmiR-122 RNAs in a
1:1 ratio (15 μM). PSD-95 Q1 samples were annealed by boiling in 5 mMKCl and cooled at room
temperature for 5 min. miR-125a/miR-122 was then added and incubated at room temperature
for 30min. The gel was visualized by UV shadowing at 254 nm. (B) 1D 1HNMR spectra of (1) 350
μMmiR-125a, (2) 350 μMPSD-95 Q1mRNA, (3) PSD-95 Q1mRNA andmiR-125a incubated at
room temperature in a 1:1 ratio (350 μM), (4) PSD-95 Q1 mRNA and miR-125a in a 1:1 ratio
(350 μM) boiled together to promote annealing. All RNA samples were prepared in 25 mM
KCl in 10 mM cacodylic acid buffer, pH 6.5. 1H NMR experiments were run at 25°C.

Stefanovic et al.

54 RNA, Vol. 21, No. 1



To explore the origin of these two distinct bands observed
in PSD-95 Q1–Q2 mRNA native gel in the presence of K+

ions, we performed thermal UV denaturation experiments
in the presence of different KCl concentrations (Fig. 8D).
At 5 mM KCl, two distinct hypochromic transitions are ob-
served (labeled transition 1 and 2 in Fig. 8D, black triangles),
which we attributed to the melting of the Q1 and Q2 G quad-
ruplexes. Themelting point of transition 1 was determined to
be Tm Q1–Q2 transition 1 = 59°C, whereas that of transition 2 was
Tm Q1–Q2 transition 2 = 87°C. Based on the melting tempera-
tures of the isolated Q1 and Q2 G quadruplexes in 5 mM
KCl (Tm Q1 = 64°C and Tm Q2 = 86°C), we tentatively as-
signed transition 1 to correspond to the Q1G quadruplex un-
folding and transition 2 to the Q2 G quadruplex unfolding.
To confirm these assignments we have designed two fluores-

cently labeled RNAs: the isolated PSD-95
Q2 and the extended PSD-95 Q1–Q2
mRNA sequences, in which the adenine
at position 4193 of Q2 (Q2 4193AP
mRNA) and the same corresponding ad-
enine in Q1–Q2mRNA (Q1–Q2 4193AP
mRNA) were replaced with 2-aminopur-
ine (2AP) (Fig. 1C, adenine 4193 is cir-
cled). 2AP is a highly fluorescent analog
of adenine whose steady-state fluores-
cence is sensitive to changes in its micro-
environment (Serrano-Andrés et al.
2006; Bharill et al. 2008). We performed
fluorescence spectroscopy thermal dena-
turation experiments of PSD-95 Q1–Q2
mRNA in the presence of 5 mM KCl,
monitoring the changes of the 2AP re-
porter steady-state fluorescence. In these
experiments only the 2AP reporter locat-
ed in the Q2 G quadruplex contributes to
the signal, thus, although the unfolding
of the Q1 quadruplex also takes place,
just the transition corresponding to the
unfolding of the Q2 quadruplex is ex-
pected to be observed. This is in contrast
to the UV thermal denaturation experi-
ment where all nucleotides contribute
to the absorbance changes as the Q1
and Q2 G quadruplexes unfold and two
transitions are observed (Fig. 8D). A sin-
gle transition was observed in the fluores-
cence spectroscopy thermal denaturation
profile of PSD-95 Q1–Q2 4193AP
mRNA, with a Tm of 84°C (Fig 8E).
This Tm is in close agreement with the
melting temperature of the transition 2,
Tm Q1–Q2 transition 2 = 87°C, observed in
the UV thermal denaturation profile of
PSD-95 Q1–Q2 (Fig. 8D, black trian-
gles), confirming our assignment of this

transition to the unfolding of the Q2 G quadruplex. As a pos-
itive control, we also performed fluorescence spectroscopy
thermal denaturation of the isolated Q2 4193AP mRNA in
5 mM KCl and observed a single transition with the Tm of
86°C (Supplemental Fig. 3).
Next we performed UV thermal denaturation experiments

of PSD-95 Q1–Q2 mRNA in the absence of KCl, conditions
in which a single band is observed in its native gel (Fig. 8C,
lane 1). As seen in Figure 8D (black diamonds) transition 2
corresponding to the unfolding of the Q2 G quadruplex
has a Tm Q1–Q2 = 56°C, in good agreement with the Tm Q2

= 51°C measured for the isolated Q2 sequence in the absence
of KCl (Fig. 5B). Transition 1 is not clearly defined in the ab-
sence of KCl, indicating that in the context of the extended
Q1–Q2 sequence, the Q1 sequence does not fold into a stable

FIGURE 8. (A) 1D 1H NMR spectra of PSD-95 Q1–Q2 mRNA at various concentrations of K+

ions in 10-mM cacodylic acid buffer, pH 6.5, at 25°C. (B) CD spectra of PSD-95 Q1–Q2mRNA in
increasing salt concentration at 25°C. 10 µMRNA sample was suspended in 10mM cacodylic acid
buffer, pH 6.5 and KCl was titrated in the ratio of 1–150 mM. The spectra were corrected by sub-
tracting the buffer contributions. (C) Twenty percent of nondenaturing polyacrylamide gel in
0.5× TBE buffer in increasing KCl concentrations. Lane 1: PSD-95 Q1–Q2 mRNA in the absence
of KCl; lanes 2–6: 0–100 mM KCl concentration. The gel was visualized by UV shadowing at 254
nm. (D) UV denaturation of 10 µM PSD-95 Q1–Q2 mRNA at 0, 5, and 25 mM KCl in 10 mM
cacodylic acid buffer, pH 6.5. (E) Fluorescence spectroscopy thermal denaturation of PSD-95
Q1–Q2 4193AP mRNA in the presence of 5 mM KCl.
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G quadruplex, in contrast to the isolated Q1 sequence which
had aTmQ1 = 44°C in the absence of KCl (Fig. 5A).Only upon
the addition of K+ ions is the Q1 sequence folding into a sta-
ble G quadruplex (transition 1: black diamonds, 5 mM KCl;
open circles, 25 mM KCl). This result suggests that in the
context of PSD-95 Q1–Q2, the Q2 G quadruplex is stably
folded independent of the presence of KCl, whereas the Q1
sequence is dynamic coexisting in equilibrium between stably
folded and unfolded G quadruplex conformations.

The PSD-95 Q1–Q2 mRNA interactions with miR-125a
were analyzed by electromobility shift assays in 20% nonde-
naturing polyacrylamide. As seen in Figure 9A, in the pres-
ence of a 1:1 ratio of PSD-95 Q1–Q2 and miR-125a in
25 mM KCl both bands present in the free PSD-95 Q1–Q2
(lane 1) are shifted (lane 3), with the concomitant disappear-
ance of the band corresponding to the free miR-125a (lane 2),
indicating that miR-125a binds to both conformations
adopted by the Q1 sequence. When Q1 is unfolded it is ex-
pected that miR-125a will bind to PSD-95 Q1–Q2 as its
seed sequence target on PSD-95 mRNA will be accessible
(Fig. 9A, compare lanes 1 and 3, lower band). However,
even when Q1 is folded into a stable G quadruplex, miR-
125a is still able to bind (Fig. 9A, compare lanes 1 and 3, up-
per band) indicating that the Q1 sequence adopts the Q11234
G quadruplex conformation in which the miR-125a seed se-
quence is exposed in the loop region between the Q1 and Q2
G quadruplexes (Fig. 1C, right). This result is in agreement
with our previous findings that the main G quadruplex con-
formation in the isolated Q1 sequence was Q11234. As a neg-
ative control we used the liver-specific microRNA miR-122
and determined that in the presence of a 1:1 ratio of PSD-
95 Q1–Q2 and miR-122 in 25 mM KCl no binding is ob-
served (Fig. 9A, compare lanes 1, 4, and 5).

Finally, we confirmed the binding between miR-125a and
PSD-95 Q1–Q2 mRNA by 1D 1H NMR spectroscopy. As
seen in Figure 9B, Watson–Crick base-pairing was observed
whenmiR-125a was mixed at room temperature in a 1:1 ratio
with PSD-95 Q1–Q2 mRNA in the presence of 25 mM KCl,
while the G quadruplex structures remained folded (compare
spectra 2 and 3), similarly to the results obtained for the iso-
lated Q1 sequence (Fig. 7B).
Our study shows that the guanine rich area in the 3′ UTR

of PSD-95 mRNA in close proximity to the miR-125a bind-
ing site adopts two intramolecular G quadruplex structures
with parallel-topology: PSD-95 Q2 that is very stable inde-
pendent of the presence of K+ ions, and PSD-95 Q1 that is
very dynamic, existing in an equilibrium between folded
and stably folded G quadruplex structure only in the presence
of K+ ions. The PSD-95 Q1–Q2 sequence contains an addi-
tional GGG stretch in the linker region connecting the Q1
and Q2 quadruplexes, which theoretically could participate
in the formation of alternate Q1 or Q2 quadruplex structures.
We rule out the participation of the linker GGG in the folding
of an alternate Q2 quadruplex, as such a structure would have
the first loop formed from 6 nt, hence being less stable that
the Q2 quadruplex pictured in Figure 1C. The results of
our UV and fluorescence spectroscopy melting experiments
indicate that the melting temperatures of the isolated Q2
quadruplex and of the Q2 quadruplex within the Q1–Q2 se-
quence are within 1°C from each other. Similarly, we rule out
the participation of the linker GGG stretch in the formation
of an alternate Q1 G quadruplex structure, as such a struc-
ture would completely embed the miR-125a target binding
site, validated by in vivo experiments (Muddashetty et al.
2011), preventing the binding of miR-125a, and this contra-
dicts our findings that both Q1 conformations are bound by

miR125a (Fig. 9A, lane 3). While many G
quadruplex conformations are accessible
to the Q1 sequence, in vitro, in the ab-
sence of any other cellular factors, the
Q1234 conformation in which the miR-
125a seed is exposed is preferred. As far
as we know, this is the first identified
case in which the G quadruplex structure
is implicated in the micro RNA pathway,
expanding the repertoire of biological
functions for this structure.
It was shown that FMRP works in con-

junction with the microRNA pathway to
regulate the PSD-95 translation (Mudda-
shetty et al. 2011). It is possible that the
equilibrium between the different struc-
tures adopted by the Q1 sequence will
be shifted in the presence of FMRP,
which could control the accessibility of
miR-125a to its target sequence on
PSD-95 mRNA. We used 1H NMR spec-
troscopy to determine if the FMRP RGG

FIGURE 9. (A) EMSA of PSD-95 Q1–Q2mRNA and miR-125a/miR-122 in a 20% nondenatur-
ing polyacrylamide gel in 0.5× TBE buffer and 25 mM KCl. miR-122 was used as a negative con-
trol. Lane 1: PSD-95 Q1–Q2 mRNA (15 μM); lane 2: miR-125a (15 μM); lane 3: PSD-95 Q1–Q2
and miR-125a RNAs in a 1:1 ratio (15 μM); lane 4: miR-122 (15 μM); lane 5: PSD-95 Q1–Q2 and
miR-122 RNAs in a 1:1 ratio (15 μM). PSD-95 Q1–Q2 sample was annealed by boiling in 25 mM
KCl and cooled at room temperature for 5 min. miR-125a/miR-122 was then added and incubat-
ed at room temperature for 30min. The gel was visualized by UV shadowing at 254 nm. (B) 1D 1H
NMR spectra of (1) 350 μMmiR-125a, (2) 350 μM PSD-95 Q1–Q2 mRNA, (3) PSD-95 Q1–Q2
mRNA and miR-125a incubated at room temperature in a 1:1 ratio (350 μM). All RNA samples
were prepared in 25 mMKCl in 10 mM cacodylic acid buffer, pH 6.5. 1H NMR experiments were
run at 25°C.
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box, its domain shown to bind G quadruplex RNA with high
affinity and specificity, has an effect upon miR-125a binding
to its target sequence on PSD-95Q1–Q2mRNA. PSD-95Q1–
Q2 mRNA was first incubated with the FMRP RGG box in a
1:1 ratio, followed by the addition of miR-125a in a 1:1 ratio
(Fig. 10, spectrum 1), or PSD-95 Q1–Q2 mRNA was first in-
cubatedwithmiR-125a in a 1:1 ratio, followed by the addition
of the FMRP RGG box in a 1:1 ratio (Fig. 10, spectrum 2).
Regardless of the addition order of the FMRP RGG box,
the same Watson–Crick imino proton resonances are pre-
sent, indicating that the presence of the FMRP RGG box
does not disrupt the formation of a complex between miR-
125a and PSD-95 Q1–Q2 mRNA (Fig. 10, spectra 1 and 2).
These results were also confirmed by EMSA experiments in

15% nondenaturing polyacrylamide gel, in which PSD-95
Q1–Q2 mRNA was incubated with miR-125a fluorescently
labeled by DY547 at the 3′ end, in the presence of the
FMRP RGG box (Fig. 11). The native gel was visualized
both, by UV shadowing detecting all RNA bands, as well as
by exciting and monitoring the DY547 fluorescence emis-
sion, detecting only the bands corresponding to complexes
containing miR-125a. As expected, the free PSD-95 Q1–Q2
mRNA forms two conformations (lane 1), visible by UV
shadowing (bottom gel), but absent when the gel was visual-
ized by DY547 fluorescence emission (top spectrum). Both
conformations are bound by miR-125a (lane 2), with the un-
bound and complexed miR-125a being clearly detected by
the DY547 fluorescence emission (top spectrum). When
the FMRP RGG box is bound to PSD-95 Q1–Q2 mRNA
(lane 3, bottom gel), the top band corresponding to the stable
folded Q1–Q2 quadruplexes disappears, indicating the for-
mation of a complex with the FMRP RGG box (likely in a
1:2 ratio), which due to its overall positive charge does not

migrate in the gel. The second conformation (lower band)
is also bound by the FMRP RGG box, possibly in a 1:1 ratio,
as in this conformation the Q1 G quadruplex is not stably
folded. PSD-95 Q1–Q2 mRNA was then first incubated
with miR-125a, followed by the addition of the FMRP
RGG box (lane 4), or first incubated with the FMRP RGG
box, followed by the addition of miR-125a (lane 5), or incu-
bated at the same time with both the FMRP RGG box and
miR-125a (lane 6). In all cases, miR-125a is able to form a
complex with PSD-95 Q1–Q2 mRNA, regardless of the pres-
ence of the FMRP RGG box. The formation of a complex
containing two FMRP RGG boxes and miR-125a cannot be
excluded, as such a complex would have an overall positive
charge, preventing its migration through the gel.
The FMRP regulation of PSD-95 mRNA translation is

complex, being mediated by the FMRP phosphorylation.
FMRP in its phosphorylated state and miR-125a containing
RISC synergistically inhibit the PSD-95 mRNA translation,
whereas upon FMRP dephosphorylation triggered by synap-
tic input, the RISC complex is no longer bound to PSD-95
mRNA, allowing for its translation to occur. While the re-
quirement for FMRP in the regulation of PSD-95 mRNA
translation is clearly established, the exact mechanism by
which this is achieved is not known. Future work is needed

FIGURE 11. EMSA of PSD-95 Q1–Q2 mRNA, miR-125a, and FMRP
RGG in a 15% nondenaturing polyacrylamide gel in 0.5× TBE buffer
and 25 mM KCl. miR-125a was fluorescently labeled by Dy547 at its
3′ end. Lane 1: PSD-95 Q1–Q2 mRNA (15 μM); lane 2: PSD-95 Q1–
Q2 and miR-125a RNAs in a 1:1 ratio (15 μM); lane 3: PSD-95 Q1–
Q2 and FMRP RGG in a 1:2 ratio (15:30 μM); lane 4: PSD-95
Q1–Q2, miR-125a and FMRP RGG in a 1:1:2 ratio (15:15:30 μM).
PSD-95 Q1–Q2 and miR-125a were preincubated first for 30 min at
room temperature, and FMRP RGG was added and incubated for 30
min at room temperature. Lane 5: PSD-95 Q1–Q2, miR-125a, and
FMRP RGG in a 1:1:2 ratio (15:15:30 μM). PSD-95 Q1–Q2 and
FMRP RGG were preincubated first for 30 min at room temperature,
and miR-125a was added and incubated for 30 min at room tempera-
ture. Lane 6: PSD-95 Q1–Q2, miR-125a, and FMRP RGG in a 1:1:2 ratio
(15:15:30 μM). All three were added at the same time and incubated at
room temperature for 30 min. Lane 7: miR-125a (15 μM). PSD-95 Q1–
Q2 sample was annealed by boiling in 25-mM KCl and cooled at room
temperature for 5 min. miR-125a/FMRP RGG was then added and in-
cubated at room temperature. The gel was first visualized by UV shad-
owing at 254 nm (bottom gel picture), and then exposed to the
excitation/emission spectra of 488/590 nm, to observe the fluorescence
of the Dy547 label within miR-125a (top gel picture).

FIGURE 10. 1D 1H NMR spectra of 1:1:1 ratio of PSD-95 Q1–Q2,
miR-125a, and FMRP RGG (300 μM). (1) PSD-95 Q1–Q2 was preincu-
bated with the FMRP RGG box for 30 min at room temperature, fol-
lowed by the additon of miR-125a and incubation for an additional
30 min at room temperature. (2) PSD-95 Q1–Q2 was preincubated
with miR-125a for 30 min at room temperature, followed by the addi-
tion of the FMRP RGG box and incubation for an additional 30 min
at room temperature. RNA samples were prepared in 10 mM cacodylic
acid buffer, pH 6.5, in the presence of 150 mM KCl. 1H NMR experi-
ments were run at 25°C.
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to assess the role of FMRP phosphorylation in these models
and experiments are in progress in our laboratories. It is antic-
ipated that this work will motivate future studies to examine
mechanisms of microRNA/RISC targeting by interplay be-
tween mRNA-binding proteins and G quadruplex structures.

MATERIALS AND METHODS

RNA samples

PSD-95 Q1 [nucleotides 4152–4177] (5′-GGGAAAAGGGAGGGA
UGGGUCUAGGG-3′, miR-125a target site underlined), PSD-95
Q1234 [nucleotides 4152–4170] (5′-GGGAAAAGGGAGGGAU
GGG-3′, miR-125a target site underlined, but lacking UCUAGGG
seed sequence), PSD-95 Q2 [nucleotides 4190–4204] (5′-GGG
AGGGAGGGUGGG-3′, no miR-125a target site), PSD-95 Q1–Q2
[nucleotides 4152–4204] (5′-GGGAAAAGGGAGGGAUGGGUCU
AGGGAGUGGGAAAUGCGGGAGGGAGGGUGGG-3′, miR-125a
target site underlined) were transcribed using the synthetic DNA
templates purchased from TriLink BioTechnologies, Inc. and ex-
pressed by T7 RNA polymerase driven in vitro transcription re-
actions. The RNAs were purified by 20% polyacrylamide, 8-M urea
gel electrophoresis and electroelution and subsequently dialyzed
against 10-mM cacodylic acid, pH 6.5. miR-125a (5′-UCCCUGA
GACCCUUUAACCUGUG-3′) and Dy547 labeled miR-125a
(5′-UCCCUGAGACCCUUUAACCUGUG Dy547-3′) were chemi-
cally synthesized by Dharmacon, Inc.

Native gel electrophoresis

Prior to their use in the native gels, the RNA samples (typically
10–20 µM) were annealed by boiling for 5 min followed by incuba-
tion at room temperature for 10 min. KCl was added to the RNA
samples at the desired concentration, prior to their annealing. To ex-
amine the effect of microRNA binding, miR-125a was added to the
RNA after cooling in equal molar ratios and incubated for 30 min at
room temperature. The native gels in 0.5× Tris/Borate/EDTA buffer
were run at 4°C at 85 V and visualized by UV shadowing at 254 nm
using an AlphaImager (AlphaInnotech, Inc.). In addition, miR-125a
was fluorescently labeled with Dy457 synthetic dye at its 3′ end and
binding with the PSD-95 Q1–Q2mRNAwas performed in the same
fashion as for the unlabeled miR-125a. The position of the labeled
miR-125a was detected by observing the fluorescence of Dy547
upon excitation at 488 nm.

UV spectroscopy thermal denaturation

UV thermal denaturation experiments were performed on a Cary
3E UV-VIS Spectrophotometer (Varian, Inc.) equipped with a pelt-
ier cell. Two hundred microliter samples containing 10 µM RNA
in 10 mM cacodylic acid buffer, pH 6.5 and in the presence of
0–25 mM KCl were annealed as described above and thermally de-
natured by varying the temperature in the range 20°C–95°C, at a rate
of 0.2°C/min and monitoring the absorbance changes at 295 nm,
wavelength sensitive to G quadruplex denaturation (Mergny et al.
1998). In order to prevent sample evaporation, a layer of mineral
oil was added to the cuvettes.

To study if an intermolecular or intramolecular quadruplex is
formed within PSD-95 mRNA G-rich region, the UV thermal dena-

turation experiments were performed at variable RNA concentra-
tions ranging from 3 to 30 μM and a fixed KCl concentration in a
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 the G quadruplex
structure formed within a strand (n = 1) is independent of the RNA
concentration (Equation 2) (Hardin et al. 2000):

1

Tm
= R(n−1)

DH°vH
lnCT + DS°vH − (n−1)R ln 2+ R lnn

DH°vH
, (1)

1

Tm
= DS°vH

DH°vH
, (2)

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

The thermodynamic parameters of G quadruplex structures were
obtained by fitting their UV thermal denaturation curves to
Equation 3, which assumes a two-state model (Menon et al. 2008):

A(T) = AU + AFe−DH°/RTeDS°/R

e−DH°/RTeDS°/RT + 1
, (3)

where AU and AF represent the absorbance of the unfolded and na-
tive 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:

Dn = dlnKeq

dln[K+] = − DDG°

2.3RTD log[K+] , (4)

where lnKeq = −(DG°/RT) and DDG°/D log[K+] is the slope of the
plot of ΔG° as a function of the logarithm of K+ ion concentration
(Hardin et al. 2000).

CD spectroscopy

All experiments were performed on a Jasco J-810 spectropolarime-
ter at 25°C, using a 1-mm path-length quartz cuvette (Starna Cells).
Two hundred microliter 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 and 350 nm
by titrating KCl in the range 5–150 mM, and averaging a series of
seven scans with a 1 sec response time and a 2 nm bandwidth.
The spectra were corrected by subtracting the cacodylic acid buffer
contributions.

1H NMR spectroscopy

The G quadruplex formation was monitored by acquiring 1D 1H
NMR spectra of RNA sequences at 25°C on a 500-MHz Bruker
AVANCE spectrometer. Three hundred fifty micromolar RNA sam-
ples were prepared in 10-mM cacodylic acid buffer, pH 6.5 in a 90%
H2O/10%D2O ratio and KCl was titrated in the range 5–25mM. The
water suppression was accomplished using the jump-and-return
pulse sequence (Plateau and Gueron 1982) with the maximum of
excitation set at 11 ppm or by using the Watergate pulse sequence
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(Piotto et al. 1992). To investigate the binding between PSD-95
mRNA (350 µM) and miR-125a (350 µM) in the presence or in
the absence of FMRP RGG at a fixed KCl concentration of
25 mM or 150 mM, miR-125a/FMRP RGG was added to the an-
nealed PSD-95 mRNA, followed by incubation at room temperature
for 30 min prior to the acquisition of the NMR experiments.

Fluorescence spectroscopy

Steady-state fluorescence spectroscopy experiments of PSD-95 Q2 4
2AP mRNA [nucleotides 4190–4204] (5′-GGG(2AP)GGGAGGGU
GGG-3′) and PSD-95 Q1–Q2 42 2AP mRNA [nucleotides 4190–
4204] (5′-GGGAAAAGGGAGGGAUGGGUCUAGGGAGUGGG
AAAUGCGGG(2AP)GGGAGGGUGGG-3′) were performed on a
Horiba Jobin Yvon Fluoromax-3 and accompanying software fitted
with a 150-W ozone-free xenon arclamp. Experiments were per-
formed in a 150-μL sample volume, 3-mm path-length quartz cu-
vette (Starna Cells). 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 3 nm. Both RNAs were melted in 5-mM KCl in the tem-
perature range 20°C–90°C and at each temperature point the
steady-state fluorescence was corrected to account for the known
dependence of the free 2AP emission at 371 nm.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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