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The Fragile X Proteins Differentially Regulate Translation of
Reporter mRNAs with G-quadruplex Structures

Madison Edwards, Simpson Joseph”
Department of Chemistry and Biochemistry, University of California at San Diego, 9500 Gilman
Drive, La Jolla, CA 92093-0314 USA

Abstract

Fragile X Syndrome, as well as some manifestations of autism spectrum disorder, results from
improper RNA regulation due to a deficiency of fragile X mental retardation protein (FMRP).
FMRP and its autosomal paralogs, fragile X related proteins 1 & 2 (FXR1P/2P), have been
implicated in many aspects of RNA regulation, from protein synthesis to mRNA stability and
decay. The literature on the fragile X related proteins’ (FXPs) role in mRNA regulation and

their potential mRNA targets is vast. Therefore, we developed an approach to investigate the
function of FXPs in translational control using three potential mMRNA targets. Briefly, we first
selected top mRNA candidates found to be associated with the FXPs and whose translation are
influenced by one or more of the FXPs. We then narrowed down the FXPs’ binding site(s) within
the MRNA, analyzed the strength of this binding in vitro, and determined how each FXP affects
the translation of a minimal reporter mRNA with the binding site. Overall, all FXPs bound with
high affinity to RNAs containing G-quadruplexes, such as Cyclin Dependent Kinase Inhibitor p21
and FMRP’s own coding region. Interestingly, FMRP inhibited the translation of each mRNA
distinctly and in a manner that appears to correlate with its binding to each mRNA. In contrast,
FXR1P/2P inhibited all mRNAs tested. Finally, although binding of our RNAs was due to the
RGG (arginine-glycine-glycine) motif-containing C-terminal region of the FXPs, this region was
not sufficient to cause inhibition of translation.

Introduction

Fragile X Syndrome (FXS) is the predominant type of inherited intellectual disability and
autism spectrum disorder, as well as the first genetic disorder to link RNA regulation

to human cognitive function [1,2]. Patients with this disorder may experience seizures,
hyperactivity, anxiety, and poor language development [1]. On a cellular level, patients
with FXS possess a greater density of dendritic spines, and increased numbers of long
and immature-shaped spines [3]. It is estimated that 1 in 5,000 males and 1 in 4,000

to 8,000 females possess the full FXS mutation [1]. FXS predominantly results from

"To whom correspondence should be addressed. Tel: 858-822-2957, sjoseph@ucsd.edu.

Contributions

All authors designed the experiments. M.E. performed the experiments, and all authors discussed the results. M.E. wrote the paper
with input from S.J. S.J. supervised all aspects of the work.

Competing Interests
The authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Edwards and Joseph

Page 2

a CGG trinucleotide repeat expansion in the 5’ untranslated region of the FMRI gene
[1,4]. The expanded repeats are hypermethylated causing transcriptional silencing of the
FMR1 gene, leading to a deficiency or absence of fragile X mental retardation protein
(FMRP) [1,4-6]. FMRP’s role in RNA regulation and translation repression has been
studied extensively, particularly as it relates to FXS [4]. Beyond FXS and autism spectrum
disorder, genes of FMRP mRNA targets are enriched for psychiatric disorders: a recent
article found genes with a high probability of being FMRP targets were enriched for
association with schizophrenia, bipolar disorder, and major depressive disorder [7]. If we
extend our discussion of RNA regulation to the entire fragile X protein family, the impacts
of RNA misregulation on human health go beyond neuronal development and cognition.

FMREP is one of three RNA-binding, ribosome-associating proteins involved in translational
regulation that comprise the fragile X protein (FXP) family; the other two members

are referred to as fragile X-related protein 1 (FXR1P) and fragile X-related protein 2
(FXR2P) [8-11]. While less studied, FMRP’s autosomal paralogs, FXR1P and FXR2P,

are noteworthy for their role in translational regulation as their deficiency also leads to
developmental abnormalities [8,9,12]. For example, FXR2P-deficient mice have impaired
dendritic maturation of new neurons, with new neurons possessing shorter and less
complex dendrites compared to wild-type mice [13]. These mice revealed decreased neural
connectivity as new neurons with shorter dendrites connected to fewer presynaptic neurons
[13]. On the other hand, FXR1P is unique among the FXPs as in humans, FXR1P

mMRNA demonstrates alternative splicing and is abundant in heart and skeletal muscle
tissue [8,14-16]. Furthermore, FXR1P expression is altered in myoblasts from patients with
facioscapulohumeral muscular dystrophy [15].

The FXPs are multidomain proteins with high amino acid identity over the first 58—-70%

of their sequences, but lower identity thereafter (Figure 1A) [17]. All three proteins

possess RNA-binding domains of interest: three K homology (KH) domains within the
highly conserved N-terminal region, and an arginine-glycine-glycine (RGG) motif with poor
conservation located in the divergent C-termini (Figure 1B-D) [12,18,19]. In addition, all
three proteins possess two Agenet domains which have been shown to bind methylated
lysines [20,21]. A less explored feature of the FXPs is their C-terminal intrinsically
disordered region (IDR) which constitutes ~30-43% of the entire protein sequence but

has lower sequence conservation (Figure 1A) [17]. IDRs are enriched in RNA-binding
proteins compared to the entire human proteome and can support protein aggregation, phase
transitions, and bind to RNA both specifically and non-specifically [22,23]. Within the IDR
of FXR1P and FXR2P are arginine-rich motifs that likely impart these paralogs with unique
RNA-binding capabilities. The isoform of FXR1P that we study, isoform 2, has one such
region, while FXR2P has two. Due to their similarity to the nucleolar-targeting signal (NoS)
of the protein Rev of human immunodeficiency virus type 1, these sequences are referred

to as NoS1 and NoS2 respectively [24]. In other proteins, these motifs have been shown to
support RNA recognition, where the few non-arginine amino acids mediate specific binding
[25].

Many studies have attempted to identify and validate the mRNA targets of FMRP, while
several papers have identified targets of FXR1P and FXR2P [13,26-32]. Although there

J Mol Biol. Author manuscript; available in PMC 2023 January 30.
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appears to be overlap in the mMRNA targets of the FXP family, there is evidence that each
protein has unique mRNA targets [12,13,26,29,31,33]. To validate, analyze, or compare the
MRNA targets of the FXP family determined from pull-down methods, researchers often
test the direct binding of each protein to its mMRNA targets in vitro. These studies allow
researchers to identify binding sites within a target mRNA or test binding to in vitro selected
RNAs, which can lead to the identification of sequence motifs or structural features the
proteins may recognize in vivo [34-36]. Such studies have identified G-quadruplexes and
kissing complexes as RNA features recognized by FMRP [12,34-36].

One immense challenge to determining the mRNA targets of FMRP has been confounding
influences such as the biological material or cell type used for assays, the assay
implemented, the analyses applied, the presence of FXP interaction partners, and even the
particular isoform of the FXP, to name just a few [26]. As just one example, it has been
reported that FXR1P can either repress or activate translation of its target mMRNAS in non-
neuronal cells depending on the cellular context, while different isoforms of FXR1P appear
to inhibit translation through distinct mechanisms such as destabilizing mMRNA transcripts
or through regulating the process of translation itself [30,37]. In an attempt to disentangle
our understanding of FMRP’s mRNA targets, Suhl et a/. performed a comparison of three
large FMRP mRNA target studies and found an overlap of only ~3.2%, indicating that

the methods used significantly impacted the results [26]. From this overlap between three
FMRP mRNA target studies (Brown, Darnell, and Ascano-RIP), Suhl et a/. provided a list
of the top 40 targets of FMRP that are associated with FXS, autism, and mental retardation/
intellectual disability [26]. Despite the many confounding factors clouding research into
FXS therapeutics, by identifying an enriched FMRP recognition motif (WGGA clusters that
could form G-quadruplexes), as well as top targets shared amongst three unique studies,
Suhl et al. provided researchers with a place to focus their attention for therapeutic targets
[26].

To further investigate reporter mRNA targets of the FXPs, we developed a method to
authenticate the numerous targets identified in vivo or through pull-down assays and

the few targets worth pursuing for therapeutics (Figure 2A). First, we narrowed our

focus to the most biologically relevant target RNAs with which one or more of the

FXPs have been shown to (1) interact with through RNA pull-down assays, (2) exert an
influence over in vivo, and (3) contain potential G-quadruplexes (Figure 2B). We then
validated and quantified direct binding of the FXPs to these RNASs in vitro by determining
binding affinities using a fluorescence anisotropy assay. At this stage we confirmed that

the targets are capable of forming G-quadruplexes with an N-methyl mesoporphyrin IX
(NMM) assay [38]. The validated candidates (and corresponding negative controls) were
then incorporated into our minimal reporter mRNA to observe if translation was altered

in the presence of the FXPs (Figure 2C). Our systematic studies revealed that FMRP,
FXR1P, and FXR2P all bind with high affinity to G-quadruplex RNAs. Interestingly, FMRP
inhibited translation of our minimal reporter mMRNA with the P21 -y G-quadruplex, whereas
FXR1P/2P inhibited translation independent of G-quadruplex structures in the mRNA.
Thus, FMRP’s translation inhibition correlated with its mMRNA binding affinity, whereas
FXR1P/2P inhibited translation independently of their mMRNA binding affinities.

J Mol Biol. Author manuscript; available in PMC 2023 January 30.
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The mRNA targets of the FXPs have been identified by RNA pull-down assays, such

as cross-linking immunoprecipitation (CLIP), which report RNA-protein interactions that
may not have a strong initial interaction, and may not be physiologically relevant [26].
Such errors can be introduced through the crosslinking method utilized, particularly as

the specificity of crosslinking is not fully understood [26,39]. This problem is prevalent

as many studies have reported results with little overlap and have identified few targets
with a validated association with FMRP [26]. For the initial testing of our approach, we
further narrowed our focus to two targets: G-quadruplexes and AU-rich regions. We selected
MRNAs that possess the potential to form G-quadruplexes as this structure has steadfastly
been reported as a target of FMRP, and we have recently shown it is a target of the

entire FXP family [12,17,35,36,40]. A very recent study supports our decision to focus

on G-quadruplexes: mRNA transcripts in FMRP-null mouse neuronal cells that depend

on FMRP for efficient transportation in neuronal cells were enriched for G-quadruplex
sequences in their 3" UTRs; similar results were also observed in the neurons derived from
FXS patients [41]. Additionally, FMRP has been found to bind to G-quadruplexes in both
the 5” and 3’ UTRs of its target mMRNAS, often as a means to inhibit their translation [42].
Second, we selected an AU-rich region, as this was a reported target of FXR1P [31,41,42].

For our biologically relevant RNA targets we selected the G-quadruplex forming regions of
Cyclin Dependent Kinase Inhibitor p21 (P21 y) and FMR1 (N19) mRNAs from previous
publications, as well as the AU-rich region of Tumor Necrosis Factor a (TNF-a) (Figure
2B) [30,31,36,43,44]. P21 y was discovered when Davidovic et al. searched for mRNA
targets of FXR1P that could be linked to the extreme muscular phenotypes that are observed
in FXR1P’s absence [30]. They observed that the cell-cycle progression regulator p21 was
increased in Fxrl knockdown Facio-Scapulo Humeral Dystrophy human myaoblasts leading
to premature exit of the cell-cycle [30]. Furthermore, FXR1P was found to bind p21 mRNA
through a G-quadruplex in its 3° UTR (referred to as P21 -y), with the FXR1P/G-quadruplex
complex leading to a reduced half-life of the p21 mRNA [30]. For our P21 -y RNA sequence
we reduced their P21 y sequence to the nucleotides listed as 918-955 of murine Cyclin
Dependent Kinase Inhibitor p21 as reported in Davidovic et a/. [30]. To create a negative
control RNA which we refer to as Mutant y, we simply replaced all the guanines in our P21
Y sequence with cytosines, which precludes the formation of G-quadruplexes in Mutant vy.

The second G-quadruplex of interest, referred to as N19, is located within the coding region
of FMRP’s own mRNA [36]. FMRP was found to bind to a 100-nucleotide region that codes
for FMRP’s RGG motif with a specific and high affinity interaction [36]. Additionally, when
this region was inserted into the 5 UTR of a reporter gene, FMRP inhibited its translation,
leading researchers to question if FMRP negatively regulates its own expression in vivo [36].
From this publication, we selected a portion (38 nucleotides of the 100-nucleotide region)

of Human FMRP’s mRNA that was reported to be necessary but not sufficient for FMRP’s
binding [36]. FMRP was originally believed to inhibit its own translation by binding to this
region; however, a follow-up study revealed that FMRZ mMRNA G-quadruplexes are potent
exonic splicing enhancers [42,45]. It appears that the binding of FMRP to G-quadruplexes
within its mMRNA regulates the production of different isoforms of FMRP [42,45]. It is

J Mol Biol. Author manuscript; available in PMC 2023 January 30.
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important to note that an additional study found that FXR1P (only the long isoform e) was
also able to bind to this RNA specifically [46].

Finally, we selected the 3 UTR AU-rich element (ARE) of Human TNF-a which is highly
conserved among mammals [43]. In fact, the region is so conserved that we were able to
select a portion that was present in all three papers we reviewed on this mMRNA [31,43,44].
All three articles cite this mMRNA as a target of FXR1P, with two reporting that FXR1P
represses TNF-a translation [31,43,44]. As we had selected three biologically relevant
mRNAs that (1) are bound by one or more of the FXPs, and (2) whose translation are
regulated by one or more of the FXPs, we were able to move to the next step of our analysis.

Since we had reduced the mRNA target sequences to 37 (ARE) or 42 nucleotides (P21 v,
Mutant y, & N19), we first used QGRS mapper and RNAfold to confirm that our reduced
G-quadruplex sequences were still predicted to form G-quadruplex structures [47,48]. Once
we had synthesized these RNAs, we used an N-methyl mesoporphyrin IX (NMM) assay to
detect G-quadruplex formation and found that our P21 -y and N19 sequences were capable
of forming G-quadruplexes [38] (Figure 3A-B). It is worth mentioning that the P21 y
G-quadruplex appears very stable, as it can form even after refolding in the presence of LiCl.

We subsequently utilized fluorescence anisotropy assays to determine if our RNAs were still
bound by the FXPs, and to rank the FXPs binding affinity for each RNA by determining
equilibrium dissociation constants (Kp values) (Figure 3C—-E). This step proved essential,
as we found binding to the AU-rich region of Tumor Necrosis Factor-a. was much weaker
than for the G-quadruplex RNAs, and thus a less ideal RNA for our in vitro translation
studies, or as a therapeutic target (Supplemental Figure 1). However, we obtained binding
affinities similar to those reported in the literature (0.96 uM), bolstering our confidence in
our methods (data not shown) [44]. Additionally, the FXPs showed little to no binding to
the Mutant y sequence, making it a potential negative control RNA. After this step, we
narrowed our focus to the G-quadruplex targets, P21 -y and N19, as the binding affinities of
the FXPs for these RNAs were much stronger than for the ARE.

When assessing a potential mMRNA target of FMRP, or its paralogs, researchers (including
our own lab) have often added the target MRNA sequence into the 5’ or 3’ (UTRs) of
reporters such as Renilla, firefly or NanoLuc luciferases [30,36,43,49]. However, the use

of large reporter RNAs can convolute the interpretation of data from in vitro translation
experiments (IVT), impairing the ability to specifically determine if a protein’s association
with the target mRNASs alters their translatability. With the length of these reporters
(NanoLuc - 557 nucleotides, Renilla— 997 nts, and firefly — 1702 nts) comes an increasing
probability for the presence of a FMRP target RNA sequence or motif located within

the reporter itself. Especially alarming is the fact that our bioinformatic analysis indicates
that all the luciferases” mRNA sequences possess potential G-quadruplex forming sites,
(NanoLuc- 3, Renilla— 3, and firefly — 5) a well-recognized RNA structural target of FMRP.
Moreover, preliminary data from our lab corroborates that the FXPs can bind to the reporters
themselves. Although researchers may attempt to control for such binding sites, we preferred
to create a minimal reporter mMRNA (118 nucleotides), to reduce the chance of extraneous

J Mol Biol. Author manuscript; available in PMC 2023 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Edwards and Joseph

Page 6

binding sites occurring within the mRNA and to eliminate potential G-quadruplex formation
sites.

We incorporated our target and control RNA sequences into the 3’ UTR of our minimalistic
reporter MRNA and added a 5’ methylguanosine cap, a Kozak sequence, and a 30 nucleotide
3’ poly(A) tail to mimic a eukaryotic mRNA (Figure 2C). We also created a control reporter
that lacks a 3° UTR sequence. Each reporter mMRNA encodes a FLAG peptide which allows
for purification from other proteins in our system, and several methionines, which enable
detection. The design of our reporter was influenced by other research groups who have had
success monitoring the translation of a small reporter RNA [50,51]. However, in contrast

to these groups, we found more success monitoring the production of our peptide through
radiolabeling, as opposed to immunoblot analysis [50,51]. We refer to our minimalistic
reporter RNAs as NanoFX mRNAs.

After creating our NanoFX mRNAs, we verified that the 5* capping step was successful

by ensuring that elF4E bound these NanoFX mRNAs (Supplemental Figure 2A). We also
verified that the G-quadruplexes could still form within the context of a NanoFX mRNA
using the NMM assay. Indeed, both P21 y and N19 NanoFX mRNAs formed G-quadruplex
structures (Supplemental Figure 3A). Next, we confirmed the FXPs’ ability to bind the target
sequences within the context of a NanoFX mRNA by EMSAs. For the NanoFX mRNAs,
we observed a similar binding affinity trend to that from our fluorescence anisotropy assays:
tightest binding to the P21 -y NanoFX mRNA, followed by the N19 NanoFX mRNA,

with similar or perhaps lower binding to the Mutant -y version, and no binding to our
NanoFX mRNA with no 3° UTR (Figure 4A-C). The two bands present in each lane

of this native gel represent the folded RNA monomers to which the FXPs bind (shifted
further), and an intermolecular dimer (present close to wells) (see Supplemental Figures
2B-C). Interestingly, we found that for the N19 NanoFX mRNA, refolding appears to lead
to increased binding by FMRP, which is likely true for all the FXPs (Supplemental Figure
3B). This suggests that refolding may need to occur for the G-quadruplex to form within the
N19 NanoFX mRNA. On the other hand, the P21 NanoFX mRNA was bound similarly by
FMRP regardless of refolding. We subsequently proceeded to test our NanoFX mRNAS in
our IVT assay, making sure to refold the N19 NanoFX mRNA prior to this assay.

Translation efficiency of the NanoFX mRNAs in the presence vs. absence of the FXPs

was assessed by tracking incorporation of 35S-methionine into the resulting peptide. We
performed our IVT reactions in rabbit reticulocyte lysate (RRL) lacking methionine (-MET),
then isolated the peptide from other proteins within the system using anti-FLAG M2 beads.
The translation efficiency was quantified by liquid scintillation counting and visualized by
phosphorimaging (Figure 5A). Overall, we observed different trends for FMRP compared

to its paralogs, FXR1P and FXR2P (Figure 5B-D). While FMRP regulated each NanoFX
mRNA distinctly, and in a manner that appears to correlate with its binding to each NanoFX
MRNA, FXR1P/2P inhibited all NanoFX mRNAs tested. Whereas FXR1P appeared to
inhibit each NanoFX mRNA to a similar extent, FXR2P inhibited the P21 -y NanoFX mRNA
the most. This data suggests that FMRP may function as a specific regulator of translation,
whereas FXR1P/2P may, at least in some contexts, function as global translation regulators.

J Mol Biol. Author manuscript; available in PMC 2023 January 30.
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To further investigate how the FXPs regulate mMRNAs in vitro, we tested the translation

of the P21 iy NanoFX and no 3° UTR NanoFX mRNAs the presence of lower quantities

of protein. Our titration revealed that all three FXPs appear to inhibit the translation of

the P21 NanoFX in a concentration dependent manner, with the greatest inhibition at 500
nM FXPs. The highest concentration we tested was 500 nM FXPs as this is a biologically
relevant concentration and due to the limitations of our chosen system (Supplemental Figure
4A-C). For instance, although we controlled for the addition of reagents to our system,
RRL is inhibited by addition of excessive salt, and the FXPs must be stored in high salt
storage buffers, precluding us from testing higher protein concentrations. For the no 3’ UTR
NanoFX, inhibition was seen at higher concentrations, but we did not observe a continual
decrease of inhibition as more protein was added.

Next, we tested how the FXPs regulate translation during our assay by performing a time
course assay. We compared the FXPs’ regulation to a protein control, maltose-binding
protein (MBP), a protein we have previously demonstrated does not bind RNA or regulate
translation [17]. Samples taken at various time points throughout the assay revealed that
translation of the P21 NanoFX reporter occurs continually in the presence of all proteins
tested (Supplemental Figure 5A). For all reactions, the amount of peptide being produced
increases throughout the experiment, with the rate of production slowing towards the end
of the experiment. After 50 minutes, the scintillation counts remain constant or begin to
decline for all samples. To further validate our results, we also performed a time course

to analyze the regulation of Renillaluciferase mMRNA, an mMRNA we have previously
demonstrated is inhibited by the FXPs, but not MBP [17]. In this assay, we compared
translation in the presence of the FXPs to MBP and to each protein’s respective buffer: the
FXPs clearly inhibited translation with respect to their buffer controls, whereas MBP did
not (Supplemental Figure 5B). Although the production of protein increased over time for
all samples, there was significantly less protein produced at each time point with the FXPs
compared to MBP or their buffer controls.

Finally, we tested whether the addition of the FXPs leads to degradation of the no 3* UTR
and P21 -y NanoFX mRNAs in RRL by purifying the mRNA from the RRL system after
incubation. Although we previously observed that the FXPs generally reduce the translation
of the NanoFX mRNAs compared to their buffer controls, we did not observe degradation in
the presence of the FXPs for either NanoFX mRNA (Supplemental Figure 6). We therefore
conclude that the inhibition we observed in our system is not due to degradation of the
NanoFX mRNAs. Overall, our IVT experiments were successful for determining how the
FXPs regulate each mRNA target sequence in vitro without the influence of other RNA
recognition elements (obvious or cryptic) that are present in the larger luciferase reporters.

For the final part of our study, we were curious how the different RNA-binding domains of
the FXPs contribute to the proteins’ ability to bind and regulate our mRNA targets. Many
in vitro studies of FMRP have focused on only a section of this protein, as the full-length
protein is challenging to purify, so we were also interested in comparing the results of the
full-length protein to those of its RNA-binding domains. As the KH domains and the RGG
motif of FMRP have been of primary interest to researchers, we decided to focus on the
KHO0-KH2 domains and the RGG motif through C-terminal end of FMRP (Figure 6A).

J Mol Biol. Author manuscript; available in PMC 2023 January 30.
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From our fluorescence anisotropy assays, we were not surprised to find that the RGG motif
of FMRP was able to bind RNA sequences whereas the KH domains were not (Figure

6B). This aligns with the plethora of research demonstrating that the RGG motif binds

to G-quadruplex structures [40,41]. However, when comparing the binding affinities of

the RGG motif to full-length FMRP, we observed greatly reduced binding for the RGG
motif. Thus, other regions of FMRP must contribute to its RNA-binding ability, perhaps the
region between the KH domains and the RGG motif that was not included in either of our
constructs but is present in the full-length protein.

The fluorescence anisotropy binding data were consistent with our binding studies with the
NanoFX mRNAs. Again, the KH domains did not bind to either of the NanoFX mRNAs
tested while the RGG motif bound to the G-quadruplex P21 -y NanoFX mRNA, yet not as
tightly as the full-length protein (Figure 6C). When testing the effect of these constructs on
in vitro translation, we observed that the RGG motif did not inhibit the NanoFX mRNA with
no 3’ UTR (Figure 6D). This aligns with the fact it did not bind this NanoFX mRNA and

is consistent with the results for full-length FMRP. The RGG motif only slightly inhibited
the P21 y NanoFX mRNA, even at 1 uM protein concentration, which is double the protein
concentration used for the studies with full-length FMRP. The KH domains did not inhibit
the P21 -y NanoFX mRNA as predicted, but we observed some inhibition for the no 3* UTR
NanoFX mRNA. Since the full-length FMRP did not inhibit the no 3> UTR NanoFX mRNA,
this suggests it is ideal to analyze the function of the full-length protein whenever possible,
as this should yield the most biologically relevant results. Nevertheless, our studies with the
KH domains and RGG motif yielded useful insight into individual contributions to the full
protein’s function: the RGG motif was responsible for binding G-quadruplex RNAs yet was
unable to lead to the same levels of inhibition as observed for the full-length protein. Thus,
the various domains in FMRP must cooperate to inhibit the translation of its mRNA targets.

Discussion

Our studies show that G-quadruplexes within biologically relevant mMRNAs P21 y and N19
are bound by all FXPs with high affinity: equilibrium dissociation constants (Kp) in the
nanomolar range. We confirmed that the FXPs still bound these target sites within the
NanoFX mRNAs before testing them in our IVT system. Both FMRP and FXR2P have the
highest binding affinity for P21 y mRNA and exert the greatest influence over its translation
in the context of a NanoFX mRNA. Additionally, refolding the P21 -y NanoFX mRNA does
not seem to greatly influence FMRP’s ability to bind this RNA, perhaps because it forms a
more stable G-quadruplex structure. Thus, of the two target RNA targets that we analyzed,
P21 -y appears to show the greatest potential for therapeutics. As FMRP reduced P21 y’s
translation, this suggests researchers could investigate inhibitors of the cell-cycle regulator
Cyclin Dependent Kinase Inhibitor p21 (p21) as a treatment to reverse the effects of FXS.
Our results support previous researchers’ speculations that an excess of p27 due to a lack
of FMRP may lead to errors in p21-dependent cell cycle exit of neuronal progenitors during
neurogenesis [52].

Our research also provided us with further insight into the differences between each of the
FXPs. For example, our finding that FMRP may regulate mRNAS in a manner distinct from

J Mol Biol. Author manuscript; available in PMC 2023 January 30.
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the other FXPs has led us to question whether the R-rich regions present only in FXR1P/2P
lead to enhanced or less specific RNA-binding and inhibition (Figure 7). Interestingly, while
studies have reported that only the long, muscle specific isoforms of FXR1P can bind to
G-quadruplexes, we did not find this to be true [46]. Our neuronal Human isoform 2/b of
FXR1P bound to and regulated the translation of G-quadruplex NanoFX mRNAs. In line
with previous research where FXR1P was found to preferably bind to a G-quadruplex over
an AU-rich region within the 3° UTR of P21 mRNA, we observed the same RNA-binding
preferences for FMRP and FXR1P in our studies as well (FXR2P was not tested with
AU-rich RNA, although we predict it would behave similarly) [30].

We further analyzed the functions of the KH domains and RGG motifs, which drew our
attention to potential new avenues of research. By comparing the functions of FMRP to its
KH domains and RGG motif, we found that the RGG motif appears to be predominantly
responsible for FMRP’s binding to G-quadruplexes, yet other regions of the protein must
contribute to the greatly increased binding affinity of the full-length protein, and its greater
translation inhibition. Therefore, it would be interesting to investigate contributions that the
region between the KH domains and RGG motif make to the overall protein’s function.

In agreement with this finding, previous work in our lab demonstrated that the C-terminal
region of FMRP plays an essential role in the inhibition of translation, yet an N-terminally
truncated FMRP led to greater inhibition [49]. This result, corroborated by our findings,
indicates that the unstructured region between the KH domains and the RGG motif, may
cooperate with the RGG motif/C-terminus of FMRP to regulate translation [49]. Another
possibility is that the RNA-binding capabilities of the RGG motif are augmented by the
FXPs’ ability to dimerize. As the ability of the FXPs to dimerize has been attributed to
their N-terminal regions, this could explain why our RGG motif construct bound RNA and
inhibited translation, but not to the same extent as full-length FMRP [53].

A second interesting finding was that the KH domains did not bind any RNAs we tested,
however, we cannot rule out the possibility that the KH domains can bind RNA sequences or
structures not tested in this study. We also observed slight translation inhibition of our no 3’
UTR NanoFX mRNA by the KH domains, leading us to consider that they may support the
overall function of the full-length FXPs in inhibiting translation. Our findings support using
the full-length versions of these proteins in vitro to gain a more thorough understanding of
their biological functions. We have previously published a method to purify the full-length
versions of all the FXPs, so researchers may now easily and accurately test how FMRP and
its paralogs behave, which have been shown to be important for proper neural, muscle, and
cardiac development as described previously [17].

Our work also provided insight into the stability of the RNA structures we tested. \We were
able to shorten the G-quadruplex targets to 42 nucleotide sequences, and still observed

high affinity binding and translation inhibition. Furthermore, we observed that in contrast to
N19, the G-quadruplex in P21 -y appears to be very stable, forming even after refolding in
the presence of LiCl. The sensitivity of the N19 G-quadruplex structure may explain why
Schaeffer et al. found that their 35 nucleotide sequence was necessary but not sufficient

for FMRP’s binding, whereas we were able to get binding with only 38 out of the 100
nucleotides from their reported functional binding site [36]. Interestingly, we observed
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that FMRP appeared to bind the N19 NanoFX mRNA more tightly after a refolding step.
In line with this finding, all FXPs had a slight inhibitory effect on the N19 NanoFX
mRNA after a refolding step (Supplemental Figure 3C). This finding indicates that the
FXPs regulatory effects may, in certain situations, depend on the structure of the RNA in
question. Additionally, the fact that the FXPs did not inhibit N19 NanoFX mRNA without
refolding demonstrates that reagents from our protein purification were not the cause of the
observed inhibition of translation. It is tempting to speculate, and future studies may wish
to address, whether the folded state of a G-quadruplex RNA is a mechanism through which
the cell controls how an mRNA should be regulated. Recent work has demonstrated that
G-quadruplexes can function as regulatory elements in neurological disorders, and thus may
themselves serve as effective therapeutic targets for FXS and other disorders [42].

Finally, our results illustrate how our approach can yield valuable information for FXS
therapeutics (or other disorders). As researchers pursue costly and lengthy therapeutics,
many seemingly viable targets for FXS treatments will not meet the necessary standards.

It is therefore imperative that biochemists continue performing stringent assays to validate
the overabundance of potential FMRP targets identified from RNA pull-down assays. Such
validations will refine our list of potential targets, providing researchers with greater chances
of success in identifying treatments for FXS.

Materials & Methods

Purification of Fragile X Proteins

The fragile X proteins (FMRP, FXR1P, & FXR2P) were purified as described previously
using KClI as the salt in elution buffers [17]. A step gradient of KCI was used instead of a
linear gradient to elute the fragile X proteins. The FMRP KH0-KH2 domains and the RGG
motif were purified by Youssi Athar as described previously [38].

In vitro Transcription of P21 vy, Mutant y, & N19 RNAs and NanoFX mRNAs

Oligos containing a T7 promoter sequence were ordered from Integrated DNA Technologies
(IDT). Oligos for the short 3° UTR sequences were first gel purified, then annealed to the
18T7T primer prior to transcription reactions. Oligos for the NanoFX mRNAs (except for
the no 3° UTR NanoFX mRNA) were PCR amplified prior to transcription.

For each 100 pL transcription reaction the following reactants were used: 1000 pmol of
oligo annealed to 1000 pmol 18T7T primer (for the 3 UTR sequences and no 3° UTR
NanoFX mRNA) or 10 pL of the PCR-generated DNA template (for the three NanoFX
mRNAs with a 3* UTR), 4 mM NTPs, 1X transcription buffer (40 mM Tris pH 8.0, 20 mM
MgCl,, 2 mM Spermidine, 0.1% Triton X-100), 5 mM DTT, and ~ 0.27 ug of T7 RNA
polymerase. Each reaction was treated with 2 units of RQ1 DNase (Promega) for 30 min at
37 °C, followed by gel purification on 15% denaturing polyacrylamide gels.

DNA Templates to Produce Target RNA Sequences—All DNA templates to
produce the target RNA sequences were transcribed using the 18T7T primer: 5’-
TAATACGACTCACTATAG-3’
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P21 y:5'-
ACCCCATCCCAGATAAGCCCACCCCCACCACCACACACCCCCTATAGTGAGTCGTA
TTA-3’

Mutant y: 5°-
AGGGGATGGGAGATAAGGGGAGGGGGAGGAGGAGAGAGGCCCTATAGTGAGTCG
TATTA-3’

N19: 5’-
AGAAGCCTCCTCCACGTCCTCTTCCTCCTTGTCCTCTTCCCCTATAGTGAGTCGTAT
TA-3’

ARE: 5’-
TAAATAAATAAATAATAAATAAATAATAAATAATCCCTATAGTGAGTCGTATTA 3’

Resulting Target RNA Sequences

P21 y: 42 nucleotides 5’-
GGGGGUGUGUGGUGGUGGGGGUGGGCUUAUCUGGGAUGGGGU-Fluorescein-3’

Mutant y: 42 nucleotides 5’-
GGGCCUCUCUCCUCCUCCCCCUCCCCUUAUCUCCCAUCCCCU -Fluorescein-3

N19: 42 nucleotides: 5'-
GGGGAAGAGGACAAGGAGGAAGAGGACGUGGAGGAGGCUUCU-Fluorescein-3”.

ARE: 37 nucleotides 5’-GGGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUA-
Fluorescein-3’

DNA Templates to Produce NanoFX mRNAs

No 3’ UTR NanoFX mRNA: 5’-
TTTTTTTTTTTTTITTTTITTTITTTTITTTTTTTTACATCATCATATCGCCGTCATGGTCTT
TGTAGTCCATGGTGGCGGCCTATAGTGAGTCGTATTA-3’

P21 vy NanoFX mRNA: 5’-
ACCCCATCCCAGATAAGCCCACCCCCACCACCACACACCTTACATCATCATATCGC
CGTCATGGTCTTTGTAGTCCATGGTGGCGGCCTATAGTGAGTCGTATTA-3’

Mutant y NanoFX mRNA: 5’-
AGGGGATGGGAGATAAGGGGAGGGGGAGGAGGAGAGAGGTTACATCATCATATC
GCCGTCATGGTCTTTGTAGTCCATGGTGGCGGCCTATAGTGAGTCGTATTA-3’

N19 NanoFX mRNA: 5’-
AGAAGCCTCCTCCACGTCCTCTTCCTCCTTGTCCTCTTCTTACATCATCATATCGCC
GTCATGGTCTTTGTAGTCCATGGTGGCGGCCTATAGTGAGTCGTATTA-3’
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Primers to PCR the NanoFX mRNA DNA templates and add a 30-nucleotide
Poly-A Tail—All NanoFX mRNAs with 3 UTRs were made using the same forward
primer: 5’-TAATACGACTCACTATAGGC-3’

Reverse primers:

P21 y NanoFX mRNA Reverse Primer: 5’-
[TTTTTTTTTTTTITTTITTITTTITTTTTTTTTACCCCATCCCAGATAAGC-3’

Mutant y NanoFX mRNA Reverse Primer: 5’-
[TTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGGGGATGGGAGATAAGG-3’

N19 NanoFX mRNA Reverse Primer: 5’-
TTTTTTTTTTTTTTTTTITTTTTTITTTTTTTAGAAGCCTCCTCCACGTC-3’

The NanoFX mRNA without a 3* UTR was produced through transcription after annealing
with the 18T7T primer: 5’-TAATACGACTCACTATAG-3’

3’ Fluorescein Labeling of P21 vy, Mutant y, & N19 RNAs and NanoFX mRNAs

RNAs used for fluorescence anisotropy, EMSAs, and mRNA stability experiments were 3’
labeled with fluorescein as described below.

To label the RNA, 0.5 nmoles of RNA was 3" oxidized for 90 min at room temperature (100
mM KI1Qy4, 100 mM NaOAc pH 5.2) then incubated with fluorescein 5-thiosemicarbizide
(FTSC) at 4 °C overnight (100 mM NaOAc pH 5.2, 1.5 mM FTSC). The RNA was then
purified using a Monarch RNA Clean-up Kit (New England BioLabs).

5’ Capping of NanoFX mRNAs with Vaccinia Capping Enzyme

To mimic a mammalian mMRNA, the NanoFX mRNAs with 3’ poly(A) tails were 5’ capped
as follows.

Pure RNA was denatured by heating at 65°C for 5 minutes and refolded by cooling on

ice for 5 minutes. Each 50 pL reaction consisted of 1X Capping Buffer (New England
Biolabs), 0.5 mM GTP, 0.1 mM S-adenosylmethionine (New England Biolabs), Vaccina
capping enzyme (0.24 pg/10 pg of RNA for RNAs >100 nucleotides), RNA (~ 20-30 pg),
and water. Each reaction was incubated at 37°C for 2 hours then purified using a Monarch
RNA Clean-up Kit (New England BiolLabs).

Successful capping was verified by testing the binding of 250 nM of eukaryotic initiation
factor 4E (elF-4E) to 50 nM of each 3’ fluorescein labeled NanoFX mRNA using an
electrophoretic mobility shift assay on a 0.6% native agarose gel run in 1X TBE for 75 min
at 66V.

N-methyl mesoporphyrin IX (NMM) assay to detect G-quadruplex formation

A stock solution of NMM (Frontier Scientific) was prepared as previously described [38].
The stock solution of NMM (8.61 mM in 0.2 N HCI) was diluted to 400 uM in 10% (v/v)
DMSO to make a fresh working solution. Each RNA was refolded in the presence of KCI
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and LiCl (50 mM Tris pH 7.5, 2 mM MgCly,, 75 mM KClI or LiCl). For 3° UTR sequences, 4
UM of RNA was used; for the NanoFX mRNAs, 2 uM of RNA was used. Refolding occurred
for 5 min at 68°C followed by slow cooling to room temperature for ~1 hr. After cooling,

2 pL of 400 uM NMM solution was added to 160 pL of refolded RNA to achieve a final
concentration of 5 UM NMM (1.25 pL to 100 L for the NanoFX mRNAs). The samples
were then incubated at room temperature for 10 min prior to loading 155 pL (90 pL for

the NanoFX mRNAs) of each sample into a 96-well non-binding plate (Greiner Bio-One)
for a fluorescence intensity scan using a multimode microplate reader (SPARK TECAN).
The samples were excited at 400 nm and the emission scanned at 560-650 nm with 5 nm
bandwidths for both excitation and emission. The fluorescence intensity values were plotted
as a function of wavelength from 580-640 nm. Two trials were performed for each RNA
(n=2).

Assessing RNA-binding of the Fragile X Proteins through Fluorescence Anisotropy

Prior to fluorescence anisotropy assays, each protein stock was thawed from —80°C then
centrifuged at 16,100 RCF, 10 min, 4 °C with a benchtop centrifuge to remove any
precipitated protein prior to each experiment. The supernatants containing soluble protein
were obtained and the concentration of protein determined using A280 readings (Thermo
Scientific NanoDrop 2000/2000c spectrophotometer). RNAs labeled with a 3" fluorescein
were diluted to 5X concentrations (~ 25 nM). The RNAs in these 5X solutions were
renatured in renaturation buffer (50 mM Tris pH 7.5, 75 mM KCI, 2 mM MgCl,) by heating
at 68 °C for 5 min, then slow cooled from 68 °C to ~ 28 °C for ~ 1 h in a water bath. Water,
binding buffer, protein storage buffer, protein, and the 5X RNA solution were added in the
order listed and mixed for a final reaction volume of 200 pL. The final reactions contained
20 mM Tris pH 7.5, 75 mM KCI, 5 mM MgCl,, 1 uM BSA, 1 mM DTT, 100 ng/uL

tRNA (to prevent non-specific binding), and ~ 5 nM RNA. Various concentrations of protein
were added for each protein to create a titration curve. It is important to note that for each
protein concentration tested the total volume of protein + protein storage buffer remained
constant. In each trial the binding buffer was adjusted to account for the Tris pH 7.5 and
DTT that were contributed from the protein storage buffer. Reactions were thoroughly mixed
and incubated in the dark at room temperature for 1 h. After incubation, each reaction

was added into a 96-well non-binding plate (Greiner Bio-One) for fluorescence anisotropy
using a multimode microplate reader (SPARK TECAN). Samples were excited at 485 nm
and emission was measured at 535 nm. To determine binding affinities, the anisotropy data
from each binding assay were normalized to initial values without protein, plotted, and fit
to a quadratic equation as previously described [38]. At least three independent trials (n=3)
were performed to determine standard deviations for all proteins except for at 9000 nM

for Mutant -y for the C-terminus of FMRP for which only two trials were performed. If
applicable, outliers (significance level set as 0.05) were removed.

RNA-binding of Fragile X Proteins by Electrophoretic Mobility Shift Assay

To confirm the proteins could still bind to the P21 v and N19 sequences within the context
of the NanoFX mRNAs, the binding of each protein to the 3’ fluorescein labeled NanoFX

MRNAs was tested through an electrophoretic mobility shift assay. This assay was used as
the NanoFX mRNAs are too large to be compatible with fluorescence anisotropy assays.
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The purified proteins were centrifuged at 16,100 RCF, 10 min, 4 °C with a benchtop
centrifuge to remove any precipitated protein prior to each experiment. The supernatants
containing soluble protein were obtained and the concentration of protein determined using
A280 readings (Thermo Scientific NanoDrop 2000/2000c spectrophotometer). Fluorescein-
labeled NanoFX mRNAs were diluted to 10X concentrations (1 UM) in water. For the RNA
refolding assays only, the 1 pM RNA solutions were made in 50 mM Tris pH 7.5, 75 mM
KCI, and 2 mM MgCl, and RNAs were refolded for 5 min at 68°C followed by slow cooling
in a water bath to ~ 28 °C for ~ 1 h. Water, 10X binding buffer, protein storage buffer,
proteins, and the 10X RNA solution were added in the order listed and mixed for a final
reaction volume of 26 pL. The final reactions contained 50 mM Tris pH 7.5, 135-150 mM
KCI, 5 mM MgCl,, 1 uM BSA, 10 mM DTT, 50 ng/uL tRNA (to prevent non-specific
binding), ~ 100 nM fluorescein-labeled RNA, and for reactions containing protein, 100—
1000 nM of protein. For each protein concentration tested the total volume of protein +
protein storage buffer remained constant. In each reaction the binding buffer was adjusted to
account for the Tris pH 7.5, KCI, and DTT that were contributed from the protein storage
buffer. The reactions were thoroughly mixed and incubated in the dark at room temperature
for 1 h. After incubation, 3 pL of loading dye (xylene cyanol in 50% glycerol) was added
to each reaction. A 0.8% native agarose gel (Seakem GTG agarose) was prepared in 1X
TBE buffer (100 mM Tris pH 8.3, 100 mM borate, 2 mM NayEDTA). After loading 13 uL
of each sample, the gel was run at 4 °C for 2 h at 66 V in 1X TBE buffer. The gel was

then scanned using a laser scanner (Typhoon FLA 9500, GE Healthcare) and the gel was
analyzed in ImageJ.

Analysis of in vitro Translation Regulation of NanoFX mRNAs by the Fragile X Proteins

The purified proteins were centrifuged at 16,100 RCF, 10 min, 4 °C with a benchtop
centrifuge to remove any precipitated protein prior to each experiment. The supernatants
containing soluble protein were obtained and the concentration of protein determined using
A280 readings (Thermo Scientific NanoDrop 2000/2000c spectrophotometer). For the N19
NanoFX mRNA only, prior to setting up the reactions, the RNA was refolded in renaturation
buffer (50 mM Tris pH 7.5, 75 mM KCI, 2 mM MgCl,) by heating at 68 °C for 5 min, then
slow cooled from 68 °C to ~ 28 °C for ~ 1 h in a water bath. 2X rabbit reticulocyte lysate
(treated with micrococcal nuclease to reduce endogenous mMRNAs and without methionine),
water, 5 capped NanoFX mRNAs with a 30-nucleotide 3" poly(A) tail, protein storage
buffer, the corresponding protein, and L-[3°S]-Methionine (PerkinElmer, 10mCi (370MBq),
Specific Activity: >1000 Ci (37.0 TBg)/mMole, 50 mM Tricine, 10 mM BME), were
combined in the order listed, mixed, and allowed to incubate for ~75 min at 30°C. For time
trial reactions, samples were taken from a master reaction at 0, 15, 30, 50, and 75 min.

The final 20 pL reactions contained 100 nM NanoFX mRNA mRNA and 500 nM protein.
For titrations, protein concentrations of 50, 100, 250, and 500 nM were tested. Higher
concentrations could not be tested due to limitations to how concentrated the FXPs can be,
and how much added salt is tolerated by the RRL. After incubation, each reaction was added
to 180 uL of 1X binding buffer (25 mM HEPES pH 7.5, 75 mM NaCl, 0.5 mM EDTA, 0.1%
Triton-X, 5% Glycerol, 4 mM MgCl,) and incubated with 2.5 uL of equilibrated anti-FLAG
M2 magnetic beads (Sigma-Aldrich) for at least 2 hours at 4°C. After the incubation, the
solution was removed from the beads, and the beads were washed three times with 100
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uL of 1X binding buffer. To elute the reporter peptide, 100 uL of FLAG peptide elution
buffer (25 mM HEPES pH 7.5, 100 mM NaCl, 4 mM MgCls, 200 ng/uL 3X FLAG peptide
(Sigma-Aldrich) was added to the beads. The elution was allowed to occur for at least 45
min at 4°C. The elution was subsequently removed, and the buffer evaporated (Savant Speed
Vac Plus). Once all the liquid was removed, the remaining pellet was resuspended in 10 pL
of H-0.

To quantify the amount of reporter peptide by scintillation counting, 6 puL of the resuspended
pellet solution was aliquoted onto 15 mm circular Whatman papers with a pore size of 11
um (GE Healthcare LifeSciences), which were dried under a lamp for 10 minutes. The filter
paper circles were transferred to scintillation vials and 4 mL of ScintiSafe 300% (Fisher
Scientific) was added. The S-35 counts were recorded by reading for 1 min/sample using a
scintillation counter (LS 6500, Beckman Coulter). If applicable, outliers (significance level
set as 0.05) were removed. Results shown are from at least three trials where in each trial,
percent activity values were calculated by normalizing to reactions without FXPs or protein
added (n=3). For titrations and time trials, two trials were performed (n=2), except for the
FMREP titration where four trials were performed for the 0 and 500 nM data points.

To visualize the production of reporter peptide, 3 pL of the resuspended pellet solution was
aliquoted onto a piece of Whatman paper and dried under a lamp for 10 min. After drying,
the paper placed in a phosphorimaging cassette, covered with Syran wrap, and placed under
a phosphorimaging screen. After exposure, the phosphorimaging screen was scanned using a
laser scanner (Typhoon FLA 9500, GE Healthcare) and the image was analyzed in ImageJ.

Time Course in vitro Translation Regulation of Renilla Luciferase mRNA by the Fragile X

Proteins

The in vitro translation regulation of Renilla Luciferase mMRNA by the FXPs and Hisg-MBP
was performed as described previously, with several modifications reported here [17].
Reaction buffer was added to contribute 4 mM HEPES KOH pH 7.8, 20 mM potassium
acetate, and 0.6 mM MgCI, to the treated rabbit reticulocyte lysate (RRL). A 100 uL master
reaction was made for each protein that contained 10nM of 5’ capped and 3’ poly A-tailed
Renillaluciferase mMRNA 500 nM FXP or Hisg-MBP Samples were taken from this master
reaction at 1, 30, 60, and 90 min during an incubation at 30 °C. At each time point, 18 pL
of sample was combined with 2 uL of 30 uM colenterazine to achieve a final concentration
of 3 uM colenterazine. The luminescence from reactions was analyzed using a multimode
microplate reader (SPARK TECAN) as described previously.

Stability of NanoFX mRNAs in vitro

To test the stability of NanoFX mRNAs in the RRL system, reactions were set up as
described previously with 2X RRL (treated with micrococcal nuclease to reduce endogenous
mRNAs), water, 5" capped NanoFX mRNAs with a 30-nucleotide 3" poly (A) tail and
fluorescein label, protein storage buffer or 500 nM of the corresponding protein. For

these assays, RRL was supplemented with methionine instead of radioactive methionine.
The reagents were combined in the order listed, mixed, and allowed to incubate for 75

min at 30°C. After reaction completion, the mRNA was purified using a Monarch RNA
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Clean-up Kit (New England BioLabs) and the RNA was eluted using 1% sodium dodecyl
sulfate warmed to 70°C. The purified mRNAs were then run on an 8% denaturing gel
and visualized using a laser scanner (Typhoon FLA 9500, GE Healthcare). As a control,
1.5 pmol of each NanoFX mRNA was loaded. The gel image was analyzed, and the band
intensities quantified in ImageJ.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematics of the fragile X proteins. (A) The fragile X proteins are multidomain proteins

that are well-conserved through the sequence RQIG of each protein (outlined in yellow),
but their conservation diverges after this point (outlined in green) [17]. (B-D) Schematics
of protein constructs used in this article showing relevant domains. We used human FMRP
isoform 1, human FXR1P isoform 2, and human FXR2P. Note all three FXP constructs are
purified with an N-terminal maltose-binding protein tag (MBP).
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Figure2.

Systematic analysis of FXP RNA targets. (A) The workflow we used to characterize the
FXPs” interaction with, and influence on selected RNA targets. (B) Sequences selected for
the three target RNAs and one negative control RNA (Mutant -y). (C) The NanoFX mRNAs
consist of a 5’-methylguanosine cap, a Kozak sequence, a constant coding sequence which
encodes a FLAG tag and four methionines, and a 30-nucleotide poly-A tail. For the reporters
that contain a 3” UTR, it is a constant 39-nucleotides but contains various target or control
RNA sequences. Figure created with BioRender.
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The FXPs bind G-quadruplex-forming RNAs P21 y and N19 with high affinity. (A) The
NMM assay demonstrates that P21 -y and N19 (4 pM) form G-quadruplexes like the positive
control RNA (G17U), indicated by the increase in fluorescence intensity after refolding in
buffer with KCI. All other RNAs do not show fluorescence intensity after refolding in buffer
with KCI, similar to the negative control (£. co/itRNA). One representative trial of two trials
is shown. (B) Zoomed in on the graph Figure 3A to show the comparison between traces.
FMRP (C), FXR1P (D), and FXR2P (E) bind P21 -y with high affinity (FMRP Kp = 27 + 4
nM, FXR1P Kp =12 + 1 nM, and FXR2P Kp = 14 + 2 nM) as well as N19 (FMRP Kp = 34
+ 4 nM, FXR1P Kp =15 + 1 nM, and FXR2P Kp = 29 £+ 4 nM). All proteins show poor or
no binding to Mutant y (FMRP > 2 uM, FXR1P and FXR2P no binding). Results are from 3
or more independent trials with error bars displaying the standard deviation.
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Figure 4.
The FXPs bind to NanoFX mRNAs with 3’ UTR target sequences. (A-C) The FXPs

show very little to no binding to the no 3° UTR NanoFX mRNA, stronger binding to the
G-quadruplex NanoFX mRNAs (P21 y & N19), and weak to moderate binding to Mutant -y
NanoFX mRNA. The concentration of each FXP was increased from 0 to 1 uM, as indicated
above the lanes.
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influence on target RNAs, we tested the FXPs’ ability to alter their translatability in rabbit
reticulocyte lysate (RRL) lacking methionine (-MET). Radioactive MET is incorporated into
our reporter peptide, which we purified from other proteins in the system using a FLAG
affinity purification. We quantified the abundance of our reporter peptide through liquid
scintillation counting. The results were subsequently visualized through phosphorimaging.

Figure created with BioRender. (B) FMRP does not affect the translation of the no 3’

UTR NanoFX mRNA but inhibits all NanoFX mRNAs with 3 UTRs (no 3’ UTR 100 +

6%, P21 vy 74 £ 6%, Mutant y 86 + 3%, and N19 85 + 16%). Results are from three

independent trials where, in each trial, values were normalized to reactions with FXP protein
storage buffer added instead of FXPs (n =3). Error bars display the standard deviation. (C)
FXR1P inhibits all NanoFX mRNAs to a similar extent (no 3’ UTR 59 £ 1%, P21 y 63
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+ 9%, Mutant iy 59 + 9%, and N19 60 + 7%). Results are from at least three independent
trials where in each trial, values were normalized to reactions with FXP protein storage
buffer added instead of FXPs. Error bars display the standard deviation. (D) FXR2P has

an inhibitory effect on all NanoFX mRNAs, but inhibition of the P21 v NanoFX mRNA

is the greatest (no 3” UTR 69 + 18%, P21 -y 51 + 6%, Mutant iy 76 + 11%, and N19 82

+ 6%). Results are from four independent trials, with one outlier value for P21 y NanoFX
mRNA removed (n=4). For all FXPs, phosphorimaging results were taken in all trials, with a
representative image shown.
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Figure 6.

RNA-binding and IVT studies with FMRP’s KH domains and RGG motif. (A) Schematic
of the two glutathione S-transferase-tagged FMRP constructs used to compare the functions
of FMRP’s two classes of RNA-binding domains. (B) The RGG motif principally binds to
the G-quadruplex RNAs (N19 Kp =550 + 50 nM, P21 y Kp =830 = 70 nM, Mutant y

Kp = 13 £ 2 uM), while the KH domains did not bind any of the RNAs tested. The graph
on the right shows the zoomed in view of the binding data for the construct with the KH
domains. Error bars display the standard deviation of three or more independent trials. (C)
The KH domains do not bind the target RNA sequences within the context of the NanoFX
mRNAs. Similar to full-length FMRP, the RGG motif binds the P21 -y NanoFX mRNA, but
not the no 3 UTR NanoFX mRNA. The concentration of each FXP were increased from 0
to 1 uM, as indicated above the lanes. (D) The KH domains only slightly inhibited the no 3’
UTR NanoFX mRNA (91 £ 5% at 500 nM and 80 + 8% at 1 uM) but did not significantly
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alter translation of the P21 y NanoFX mRNA (101 + 2.0% at 500 nM and 99 + 7% at 1
uUM). Similar to full-length FMRP, the RGG motif did not inhibit the no 3 UTR NanoFX
MRNA (108 £ 13% at 500 nM and 103 + 4% at 1 pM). The RGG motif slightly inhibited
P21 -y NanoFX mRNA, but only at 1 pM (98 + 13% at 500 nM and 92 + 1% at 1 uM).
Results are from three independent trials (n=3) where in each trial, values were normalized
to reactions with protein storage buffer added instead of protein. Error bars display the
standard deviation.
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Figure7.
The fragile X proteins differentially regulate translation of mMRNAs. (A). FMRP’s inhibition

of translation correlates with its binding to mMRNA. FMRP was found to bind with the
highest affinity to mRNAs with G-quadruplex structures, and this binding occurs primarily
due to the RGG motif/C-terminal domain. Therefore, FMRP may bind to G-quadruplexes
within mRNAs to inhibit translation. (B). FXR1P/2P likewise bind with the highest affinity
to mRNAs with G-quadruplex structures. However, their inhibition of translation does

not correlate with their binding to mMRNA. Rather, FXR1/2P appear to globally inhibit
translation. We propose that FXR1/2P may be able to bind target mMRNA structures to inhibit
translation and/or bind to the ribosome to globally inhibit translation.
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