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EPIGRAPH 

... Dr. Rieux resolved to compile this chronicle, so that he should not be one of 
those who hold their peace but should bear witness in favor of those plague-
stricken people; so that some memorial of the injustice and outrage done them 
might endure; and to state quite simply what we learn in time of pestilence: that 
there are more things to admire in men than to despise.  
 Nonetheless, he knew that the tale he had to tell could not be one of a final 
victory. It could be only the record of what had had to be done, and what 
assuredly would have to be done again in the never ending fight... by all who, while 
unable to be saints but refusing to bow down to pestilences, strive their utmost to 
be healers. 
 
Albert Camus  
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ABSTRACT OF THE DISSERTATION 

 

Dissecting the RNA-Binding Specificity and Role in Regulating mRNA Translation of 
the Fragile X Mental Retardation Protein 

 

by 

 

Youssi Momen Athar 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2020 

Professor Simpson Joseph, Chair 

 

 Fragile X syndrome (FXS) is the most common form of inherited intellectual 

disability and is caused by a deficiency of the fragile X mental retardation protein 

(FMRP) in neurons.  FMRP regulates the translation of numerous mRNAs within 

dendritic synapses, but how FMRP recognizes these target mRNAs remains 

unknown. 

 FMRP has KH0, KH1, KH2, and RGG domains, which are thought to bind to 

specific RNA recognition elements (RREs).  Several studies used high-throughput 



   

 xvi 

methods to identify various RREs in mRNAs that FMRP may bind to in vivo.  

However, there is little overlap in the mRNA targets identified by each study.  To 

determine the specificity of FMRP for the RREs, we performed quantitative in vitro 

RNA binding studies with various constructs of human FMRP.  Our studies show that 

the KH domains do not bind to the previously identified RREs.  To further investigate 

the RNA-binding specificity of FMRP, we developed a new method called Motif 

Identification by Analysis of Simple sequences (MIDAS) to identify single-stranded 

RNA (ssRNA) sequences bound by KH domains.  We find that the FMRP KH0, KH1, 

and KH2 domains bind weakly to the ssRNA sequences suggesting that they may 

have evolved to bind more complex RNA structures.  Additionally, we find that the 

RGG motif of human FMRP binds with a high affinity to an RNA G-quadruplex (GQ) 

structure that lacks single-stranded loops, double-stranded stems, or junctions. 

 FMRP has been proposed to inhibit translation of target mRNAs in neurons.  

We investigated how human FMRP (hFMRP) regulates the translation of different 

mRNAs in rabbit reticulocyte lysate.  We find that hFMRP inhibits different mRNAs to 

similar degrees.  Furthermore, we observe inhibition is independent of the 5' cap-

dependent initiation using .  Finally, we dissected the RNA-binding domains of 

hFMRP and measured their inhibition of translation.  We determined the RGG 

domain and C-terminal domain (CTD) are sufficient to inhibit translation while the KH 

domains do not inhibit mRNA translation.  Interestingly, we see a correlation between 

ribosome binding and translation inhibition, suggesting the RGG-CTD tail of hFMRP 

may anchor FMRP to the ribosome during translation inhibition. 
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Chapter 1: 

Introduction 
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1.1 Fragile X Syndrome is caused by the FMR1 gene 

 

 Fragile X syndrome (FXS) is the most common form of inherited intellectual 

disability (ID).  FXS is an inherited X-linked condition and according to the National 

Fragile X Foundation, FXS affects approximately 1 in 4000 males and 1 in 6000 

females worldwide1.  Over 100,000 individuals in the U.S. suffer FXS with costs of 

treatment exceeding $200 million per year2.  

 While ID is a common symptom amongst FXS patients, severity of the 

symptom can vary.  Some patients display symptoms observed in patients with 

autism spectrum disorder (ASD).  ASD symptoms may include impaired cognitive 

function and unusual behavior, but more specifically difficulties with speech, social 

anxiety, seizures, and attention-deficit/hyperactivity disorder (ADHD)3,4.  Patients with 

FXS may display physical abnormalities as well, such as elongated facial features 

and ears, flat feet, and macroorchidism5. 

 Postmortem examinations of FXS patients’ brains revealed the physiological 

abnormality behind the disease.  The FXS patients’ neurons contained abnormally 

dense and immature dendritic spines6.  Genetic studies revealed FXS patients had a 

long expansion of cytosine-guanine-guanine (CGG) trinucleotide repeats at the 5’ 

untranslated region (UTR) of the same gene within the X chromosome, then 

identified as the Fragile X mental retardation gene (FMR1)7,8.  The CGG expansion 

causes FXS by two major mechanisms involving silencing of the FMR1 gene: (1) 

hypermethylation of the DNA and (2) hybridization of the encoded mRNA to the 

FMR1 gene’s complementary CGG array to repress transcription of the gene9.  While 
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it is unclear how these two mechanisms control transcription of the FMR1 gene, it is 

evident they effectively diminish the expression of the encoded Fragile X mental 

retardation protein (FMRP).  Overall, the studies suggest FXS is caused by FMRP 

deficiency in the neuron.  

 Later an isoleucine 304 to asparagine point mutation (I304N) within the K-

Homology 2 (KH2) domain was identified in patients suffering a severe form of 

FXS10.  Investigation of the I304N variant revealed a decrease in FMRP’s stability, 

affinity for target RNAs and association with polyribosomes10,11.  

 Interestingly, the length of the CGG repeat expansion can cause a different 

disease in those with shorter repeat expansions.  While normal individuals have 6-54 

CGG repeats and individuals with FXS have over 200 CGG repeats, individuals with 

55-200 CGG repeats can develop pre-mutation diseases such as Fragile X-

associated tremor/ataxia syndrome (FXTAS) and Fragile X-related primary ovarian 

insufficiency (FXPOI)5.  Unlike FXS symptoms that manifest as ID in childhood, 

FXTAS symptoms manifest in adulthood and result in neurodegenerative disorders 

that cause involuntary movements, imbalance, and symptoms generally associated 

with Parkinson’s and Alzheimer’s disease12.  FXPOI causes early-onset menopause 

in women before the age of 40 as well as dysfunctional ovaries which results in 

infertility13.  Studies of FXTAS suggest the pre-mutation number of CGG repeats 

results in elevated levels of the FMR1 messenger RNA (mRNA) levels but decreased 

FMRP levels14,15.  
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1.2 Architecture of FMRP 

 

 FMRP contains several highly conserved domains (Figure 1.1).  Amongst 

these, four are RNA-binding domains.  There are three K-Homology (KH) domains — 

KH0, KH1 and KH2 — and an arginine-glycine-glycine (RGG) box domain, all four of 

which are hypothesized to mediate FMRP binding to target mRNAs16.  

 The KH domains were first identified as nucleic acid binding domains in 

heterogeneous nuclear ribonucleoprotein K (hnRNP K) and have since been found in 

many eukaryotic (Type I) and prokaryotic (Type II) proteins17.  A 1.9 Å resolution 

crystal structure of the human FMRP KH domains confirms both KH1 and KH2 

domains’ topologies match the typical Type I found in several eukaryotic nucleic acid 

binding proteins11.  A GXXG loop located in FMRP KH domains are also found in 

several gene regulatory proteins, such as the KH-type splicing regulatory protein 

(KSRP), further suggesting FMRP KH domains play a role in specific RNA 

binding18,19. 
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Figure 1.1:  Architecture of human FMRP.  The relative position of each domain is 
depicted throughout the primary sequence above.  The Agenet 1 (cyan) and Agenet 
2 (orange) domains are also known as the Tudor 1 and Tudor 2 domains, 
respectively. 
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 Indeed, patients suffering a severe form of FXS often had a I304N mutation in 

the KH2 domain.  Even with a normal span of CGG repeats at the FMR1 5’ UTR, the 

I304N point mutation was sufficient to cause FXS11.  Subsequent studies of the 

I304N FMRP variant revealed the point mutation abolished FMRP’s ability to bind 

target mRNAs and associate with polysomes20,21.  Inspection of the KH2 domain’s 

structure shows isoleucine 304 resides within a hydrophobic region of the KH2 

domain.  Substitution of the hydrophobic isoleucine for a polar asparagine residue 

could therefore destabilize the protein’s structure11.  It is still unknown through which 

mechanism(s) the mutation causes FXS. 

 Another FXS patient was later found to have a glycine 266 to glutamate 

mutation within the KH1 domain21.  The G266E KH1 mutant FMRP was also unable 

to associate with polysomes and bind target mRNAs.  While only two point mutations 

within the KH domains have been identified, it is possible that other KH1 and KH2 

mutations that similarly disrupt FMRP stability or function may cause FXS as well.  

 In addition to the three KH domains, FMRP also contains an RGG domain 

composed of two tandem RGG motifs22.  An NMR structure of the human FMRP 

RGG motif bound to the in vitro-selected sc1 RNA G-quadruplex (GQ) reveals how 

the disordered RGG motif is stabilized upon binding to the GQ structure23.  A 

subsequent crystal structure reveals in atomic detail how each RGG motif amino acid 

interacts with the sc1 GQ nucleotides24.  While the sc1 RNA was selected as a stable 

RGG motif binding partner, it is possible that the RGG motif mediates FMRP binding 

to GQ structures in target mRNAs.  And considering the ubiquity of GQ structures 
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amongst mRNAs, the presence of the RGG motif within FMRP hints at FMRP’s 

potential to bind a vast pool of target mRNAs in vivo.  

 Besides FMRP’s RNA binding domains, FMRP contains a multifunctional 

domain spanning its N-terminal region known as the N-terminal domain of FMRP 

(NDF).  The NDF is defined as the beginning of FMRP up to the boundary of the KH1 

domain, and studies of the NDF suggests it mediates assembly of both FMRP-protein 

interaction as well as stable FMRP homodimers25,26.  The NMR structure of the NDF 

revealed the presence of two tandem Agenet domains that have been observed to 

bind trimethylated lysines on histones via hydrophobic patches26,27.  There is in fact 

evidence of FMRP involvement in gametogenesis and the DNA damage response 

(DDR) via binding of its tandem Tudor domains to chromatin28.  

 A recent 3.0 Å X-ray crystal structure of a stable region of the NDF spanning 

residues 1 to 209 of human FMRP (FMRPΔ) revealed a novel KH0 domain upstream 

of the KH1 and KH2 domains29.  The KH0 domain adopts a Type I topology similar to 

KH1 and KH2 domains, but shows three key differences from other KH domains: (1) 

the conserved GXXG present in KH domains is replaced with a single lysine reside, 

(2) the KH0 is missing the conserved hydrophobic residues of the IGXXGXXI motif, 

and (3) there is no positively charged groove for RNA binding.  These three 

differences suggest the KH0 domain interacts with putative binding partners in a 

different manner from other KH domains.  

 In the same study, FMRPΔ was found to exist as stable homodimers.  This is 

in agreement with previous studies showing the NDF mediates FMRP dimerization.  

However, this study revealed three possible dimer interfaces and attempted to 
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identify the true dimer interface. Small-angle X-ray scattering (SAXS) analysis of 

FMRPΔ hinted at an ensemble of dimers.  Subsequent minimal ensemble search 

(MES) to fit the SAXS data suggested all three dimer interfaces are somehow 

involved in FMRP oligomerization, although the authors propose the Agenet 2 

domain contains the primary dimer interface (Figure 1.2).  It remains unclear which 

of the proposed interfaces is primarily stabilizing FMRPΔ dimerization.   
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Figure 1.2:  3.0 Å crystal structure of human FMRPΔ depicting the Agenet 2 
dimer interface.  The dimerization interface between the the Agenet 2 domains 
(magenta and orange) of two monomers is proposed to be the primary dimer interface 
despite the small area of the dimer interface relative to the size of human FMRP.  The 
Agenet 1 and KH0 domains are highlighted in cyan and blue, respectively.  Protein 
Data Bank entry code 4OVA. 
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FMRP also contains both a nuclear localization signal (NLS) and a nuclear export 

signal (NES)30.  In light of FMRP’s RNA-binding domains, FMRP may also shuttle 

target mRNAs from the nucleus to the cytosol.  Interestingly, an arginine 138 

mutation to glutamine (R138Q) was identified in a patient suffering developmental 

delays31.  More recently, FMRP was found to function in gametogenesis and the 

DDR within the cell nucleus. Indeed, the R138Q mutation disrupted FMRP’s binding 

to nucleosomes, effectively impairing its role in DDR28.  

 

1.3 FMRP binds specific sequence or structure motifs in target mRNAs 

 

 FXS has been traced to the absence of the Fragile X mental retardation 

protein (FMRP) in neurons.  Loss of FMRP in turn has been linked to the 

deregulation of translation of specific mRNAs by the ribosome32,33.  This suggests 

FMRP is an RNA-binding protein that must be able to recognize its target mRNA and 

coordinate with the ribosome to regulate their translation.  While FMRP has been 

shown to bind the ribosome directly, it is still unclear how the FMRP, the target 

mRNA and the ribosome coordinate spatiotemporally to suppress translation of the 

mRNA34,35.  Most endeavors to identify FMRP mRNA targets have employed high-

throughput methods such as HITS-CLIP, PAR-CLIP, RNAcompete and TRIBE.  

Unfortunately, the proposed catalog of target RNAs, as well as RNA sequence and 

structure motifs, overlap poorly between each study34,36–38.  Analysis of the various 

proposed RNAs and RNA recognition elements yielded two relatively promising RNA 

recognition elements: the GACR (R is a purine, A or G) and the WGGA (W is an A or 
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U) sequences39.  The GACR sequences were enriched for an FMRP variant 

composed solely of the KH1 and KH2 RNA binding domains37.  The WGGA 

sequences were proposed to bind specifically to the KH1 domain of FMRP36.  

 A more recent study has proposed FMRP primarily binds and represses the 

mRNA encoding diacylglycerol kinase subunit kappa (DGKκ), and that loss of this 

single interaction is sufficient for causing FXS-like symptoms in mice40.  The 

proposition that FMRP’s role in FXS pathophysiology is dictated primarily through 

loss of binding solely to the DGKκ mRNA boldly refutes the field’s working 

hypothesis: FMRP binds a target set of mRNAs by recognizing either a sequence 

motif or a structural motif, and represses their translation by the ribosome locally.  

 Despite the controversy, one RNA motif that FMRP has been confirmed to 

bind experimentally is the RNA G-quadruplex (GQ)39,41.  In fact, the SELEX-derived 

GQ-assembling RNA sc1 was shown to bind FMRP’s arginine-glycine-glycine (RGG) 

box motif with high affinity (Figure 1.3)23,24.  However, being selected under 

optimized conditions in vitro, the sc1 RNA GQ may not be representative of any RNA 

GQ structures that FMRP may bind in vivo42.  It is also unclear if the FMRP RGG 

motif is sufficient for specifically binding GQ structures in target mRNAs.  Altogether it 

is unknown how FMRP specifically binds the GQ and if the RNA GQ is a general 

method by which FMRP recognizes target mRNAs.   

 To answer these questions, we sought to quantify binding affinity between 

FMRP and various model RNAs.  A PolyG17 RNA was originally used to serve as a 

model RNA GQ. Later we employed a six nucleotide RNA molecule UG4U that has 

been shown to assemble a stable intermolecular (UG4U)4 GQ structure in potassium, 
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but remain primarily as a monomer in lithium, as another model RNA GQ (Figure 

1.4)43,44.  Being able to switch a RNA between a GQ and a hexanucleotide would 

allow FMRP’s affinity for a RNA GQ to be determined more definitively.  
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Figure 1.3:  2.8 Å crystal structure of cesium-bound human FMRP RGG motif 
bound to sc1 RNA. Top view (left) reveals the guanosines (red) are assembling into 
G tetrads. Side view (right) shows two K+ ions (purple spheres) and a Cs+ ion (indigo 
sphere) each coordinating to O6 of the tetrad guanines. The Cs+ coordination 
suggests K+ is not specifically required at this site. Uridines, adenosines and cytidines 
are depicted in green, yellow and blue, respectively. The RGG motif (cyan) binds the 
sc1 RNA below the GQ structure. The oxygen atom (red sphere) may mediate binding 
between the RGG motif and sc1. Protein Data Bank entry code 5DEA. 
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Figure 1.4:  0.61 Å crystal structure of (UG4U)4. Top view (top) and side view 
(bottom) of four UG4U RNA molecules assembling into the intermolecular G-
quadruplex (UG4U)4. Uridines are depicted in green and guanosines in red. The blue 
spheres passing through the axis of the helix represent Sr2+ ions which coordinate to 
the O6 of every other guanine base plane within the quadruplex. Protein Data Bank 
entry code 1J8G. 
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1.4 FMRP represses translation of target mRNAs 

 

 FMRP was found to be mainly expressed in the mammalian brain’s neurons 

and reproductive organs45–47.  In each case, FMRP was found primarily involved 

within the cytoplasm where it interacted with translating polysomes and messenger 

ribonucleoprotein (mRNP) complexes48,49.  

 It was later confirmed that FMRP is indeed repressing translation of target 

mRNAs locally at the dendritic spines of neurons32,50,51.  Early studies of translation 

repression by FMRP established that FMRP could inhibit target mRNA translation 

dose-dependently whereas the I304N mutant identified in the FXS patient could 

not32,50.  

 While FMRP is understood to repress translation of RNAs, the mechanism(s) 

by which FMRP interacts with the target mRNA and the translating ribosome is still 

unknown.  One theory is FMRP hinders translation initiation by binding to the target 

RNA and recruiting the cytoplasmic FMRP-interacting protein (CYFIP1) which then 

binds the eukaryotic initiation factor 4E (eIF4E) at the mRNA 5’ 7-methylguanosine 

(m7G) cap.  Binding of CYFIP1 to eIF4E in turn prevents binding of eukaryotic 

initiation factor 4G (eIF4G) to eIF4E, and the eukaryotic initiation factor 4F (eIF4F) 

complex is prevented from assembling at the m7G cap52.   

 Interestingly however, most of the cytoplasmic FMRP has been found to 

associate with polysomes that are actively translating mRNAs.  Indeed, FMRP has 

been found to bind target mRNAs associated with stalled ribosomes34,53.  

Additionally, FMRP has been shown to interact with the ribosome even after 
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translation initiation is blocked54.  Altogether, FMRP is suggested to repress 

translation by binding the target mRNA and stalling the ribosome during elongation.  

 Recently FMRP was shown to both repress translation of target mRNAs and 

bind directly to the ribosome in a manner consistent with the model of elongation 

repression. A cryo-electron microscopy (cryo-EM) model of Drosophila FMRP 

(dFMRP) bound to the Drosophila 80S ribosome depicts FMRP binding at a site 

within the ribosome intersubunit space that would prevent binding of tRNA and 

translation elongation factors35.  Additionally, the FMRP-ribosome structure reveals 

the KH1 and KH2 domains binding near the ribosome’s peptidyl site and the RGG 

box domain of FMRP residing near the aminoacyl site, presumably available for 

binding target mRNA motifs (i.e. RNA GQ structures). Together with previous studies 

showing (1) FMRP primarily binds actively translating ribosomes (polysomes) and (2) 

FMRP binds RNA GQ structures through its RGG box domain, the cryo-EM structure 

suggests FMRP may tether itself to the ribosome and the mRNA via its KH and RGG 

domains, respectively, to stall the ribosome during elongation33–35,41,55,56. 

 FMRP is also suggested to repress translation via RNA interference (RNAi).  

FMRP has been shown to associate with the RNA-induced silencing complex (RISC) 

proteins Dicer and Argonaute 2 (Ago2) as well as specific microRNAs (miRNAs)57–59.  

In fact, FMRP has been reported to assemble the Ago2 and miRNA-125a inhibitory 

complex on the postsynaptic density protein 95 (PSD-95) mRNA through 

phosphorylation of FMRP60,61.  The PSD-95 RNAi case may be just one of many 

RNAi translation repression pathways FMRP employs.  It is possible that FMRP can 
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recruit from a catalog of miRNA complexes to specifically inhibit a variety of mRNAs 

via RNAi.  

 Post-translational modification of FMRP can also modulate FMRP activity.  

One report finds serine 500 of human FMRP must be phosphorylated for FMRP to 

bind the ribosome and inhibit translation54.  Additionally, methylation of four specific 

arginines within the RGG box domain of FMRP has been found to reduce FMRP 

binding to GQ-assembling target mRNAs62,63.  Regarding the aforementioned case of 

PSD-95 assembly by phosphorylated FMRP, signaling of the metabotropic glutamate 

receptor (mGluR) has been shown to decrease FMRP phosphorylation and 

disassemble the miRNA-125a-Ago2-PSD-95 inhibitory complex on the target 

mRNA61.  

 FMRP has been found to repress translation of target mRNAs through 

different mechanisms and during different stages (Figure 1.5)64.  It is possible FMRP 

employs all of these methods to specifically repress a wide catalog of target mRNAs 

under different conditions within the cell. 

 

1.5 FMRP and the mGluR-LTD pathway 

 

 Research into FXS therapeutics has implicated FMRP in the Group 1 

metabotropic glutamate receptor-long term depression (mGluR-LTD) pathway 

involved in learning and memory65.  To activate mGluR-LTD, certain proteins 

necessary for synaptic function must be synthesized66.  Studies in Fmr1 knockout 

mice revealed a connection between excess activation of mGluR-LTD and increased 
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Figure 1.5:  Models for translational repression by FMRP binding the target 
mRNA G-quadruplex. FMRP can inhibit translation initiation by binding mRNA and 
recruiting CYFIP, which prevents assembly of eIF4E and eIF4G into eIF4F at the 5' 
m7G cap (above). Alternatively, FMRP can inhibit translation elongation via direct 
binding to the ribosome to stall elongation (right), or via a Ago2/RISC mediator in the 
microRNA pathway (above).  
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internalization of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPAR) from excessive production of the membrane protein, suggesting FMRP 

normally represses translation of synaptic proteins required for mGluR-LTD67.  With 

loss of regulation by FMRP, these proteins are overly expressed which creates an 

imbalance between long term depression (LTD) and long term potentiation (LTP).  

This imbalance in turn is thought to degrade neurological function68.  

 

1.6 Translating FMRP and FXS studies into animal models 

 

 The FMR1 gene is highly conserved amongst eukaryotes.  Several orthologs 

exist even amongst model organisms such as Drosophila melanogaster, zebrafish 

and mouse.  The Drosophila dFmr1 gene which encodes Drosophila FMRP (dFMRP) 

shares 56% amino acid sequence identity with human FMRP (hFMRP), including 

RNA binding domains that are 75% identical.  In fact, dFMRP can regulate translation 

of some of the same mRNAs as hFMRP69–71.  

 The Gideon Dreyfuss group were the first to characterize dFmr1.  They 

highlighted the RNA binding capacity of dFMRP by mutating the KH1 and KH2 in a 

manner analogous to the I304N mutant isolated from the patient with the aggravated 

form of FXS72.  They isolated two mutations, an I244N in the KH1 domain and an 

I307N in the KH2 domain.  While homozygous expression of dFMRP caused 

aberrant apoptosis in the fly’s eyes, expression of either I244N or I307N caused less 

apoptosis.  However, heterozygous expression of I244N and I307N rescues wild type 

phenotype.  This suggests both mutations are unique loss-of-function mutations 
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presumably from dFMRP’s reduced RNA binding capacities.  Further studies on 

dFMRP found that loss of dFMRP causes abnormal axon morphology within 

mushroom bodies as well as disrupted courtship behaviors, both similar symptoms 

found in FXS patients69,73,74.  

 Like dFmr1, the mouse Fmr1 gene which encodes murine FMRP (mFMRP) 

shares 97% amino acid sequence identity with hFMRP.  Deletion of Fmr1 resulted in 

several FXS-like symptoms within the knockout mice75,76.  Unfortunately, completely 

replicating the full mutation-causing CGG expansion at the Fmr1 5’ UTR has proven 

futile as transcription of the Fmr1 gene does not seem to be silenced from 

hypermethylation as FMR1 is in humans15.  However, the large CGG expanse within 

the 5’ UTR did similarly drop mFMRP levels77.  Conditional knockout mice have been 

created more recently using Cre-Lox recombination.  The Cre-Lox recombination 

method has empowered researchers to generate specific Fmr1 mutations only to 

desired cells (such as neurons) and study the effects in the mouse78. 

 Both Drosophila and mice should prove invaluable in translating understanding 

at a molecular level to elucidating the effects of FMRP in FXS.
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Abstract 

 

 Fragile X syndrome (FXS) is the most common form of inherited intellectual 

disability and is caused by a deficiency of the fragile X mental retardation protein 

(FMRP) in neurons.  FMRP regulates the translation of numerous mRNAs within 

dendritic synapses, but how FMRP recognizes these target mRNAs remains 

unknown.  FMRP has KH0, KH1, KH2, and RGG domains, which are thought to bind 

to specific RNA recognition elements (RREs).  Several studies used high-throughput 

methods to identify various RREs in mRNAs that FMRP may bind to in vivo.  

However, there is little overlap in the mRNA targets identified by each study, 

suggesting that the RNA-binding specificity of FMRP is still unknown.  To determine 

the specificity of FMRP for the RREs, we performed quantitative in vitro RNA binding 

studies with various constructs of human FMRP.  Unexpectedly, our studies show 

that the KH domains do not bind to the previously identified RREs.  To further 

investigate the RNA-binding specificity of FMRP, we developed a new method called 

Motif Identification by Analysis of Simple sequences (MIDAS) to identify single-

stranded RNA (ssRNA) sequences bound by KH domains.  We find that the FMRP 

KH0, KH1, and KH2 domains bind weakly to the ssRNA sequences suggesting that 

they may have evolved to bind more complex RNA structures.  Additionally, we find 

that the RGG motif of human FMRP binds with a high affinity to an RNA G-

quadruplex (GQ) structure that lacks single-stranded loops, double-stranded stems, 

or junctions.  
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Introduction 

 

 Fragile X syndrome (FXS) is the most common form of inherited intellectual 

disability.  FXS is primarily caused by the deficiency of the Fragile X Mental 

Retardation Protein (FMRP) in neuronal cells1.  The expansion of CGG trinucleotide 

repeats in the 5’-untranslated region of the FMR1 gene leads to gene silencing and 

FMRP deficiency2-5.  FMRP has been proposed to regulate local protein synthesis 

within dendritic synapses6-8.  FMRP deficiency results in the formation of dendrites 

with long, thin, and immature spines possibly caused by the deregulation of 

translation of specific neuronal mRNAs9-11.  However, how FMRP binds to specific 

neuronal mRNAs to regulate their translation is unknown. 

 FMRP contains several conserved domains.  Amongst the conserved 

domains, four are putative RNA-binding domains.  Three K-Homology (KH) domains 

— KH0, KH1, and KH2 — and an arginine-glycine-glycine (RGG) motif are 

hypothesized to mediate FMRP binding to mRNAs12,13.  The KH domain was first 

identified as a nucleic acid-binding domain in heterogeneous nuclear 

ribonucleoprotein K (hnRNP K) and has since been found in many eukaryotic (Type I) 

and prokaryotic (Type II) proteins14,15.  A GXXG loop in the KH1 and KH2 domains of 

FMRP is conserved in many RNA-binding KH domains, such as the KH-type splicing 

regulatory protein (KSRP) and neuro-oncological ventral antigen (Nova-1 and 2) 

proteins, further suggesting FMRP KH domains play a role in binding specific 

RNAs16,17.  A third KH domain was recently discovered upstream of the KH1 domain, 

termed KH018,19.  Unlike KH1 and KH2, KH0 does not contain the GXXG loop, which 
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suggests KH0 may not bind RNA or bind a different RNA motif.  Mutations in the KH1 

and KH2 domains of FMRP also result in FXS, indicating that the RNA-binding 

function of FMRP is essential for normal health20,21.  The KH2 domain was shown to 

bind to an in vitro-selected kissing complex RNA called KC222.  Additionally, the RGG 

motif binds to an in vitro-selected G-quadruplex forming RNA called Sc123.  An NMR 

structure of the human FMRP RGG peptide bound to Sc1 RNA G-quadruplex (GQ) 

reveals how the disordered RGG motif is stabilized upon binding to the GQ 

structure24.  A subsequent crystal structure reveals in atomic detail the interaction of 

each amino acid within the RGG motif with the GQ nucleotides of Sc125.  

Interestingly, the RGG peptide interacts not with the GQ region, but binds to the 

junction between the GQ and a double-stranded stem in SC1.  While Sc1 was 

selected as a high-affinity binding partner for the RGG motif, it suggested that the 

RGG motif mediates FMRP binding to GQ structures in mRNAs.  Indeed, the FMRP 

RGG peptide has been shown to bind to various GQ structures found in mRNAs with 

a range of binding affinities26-30.  Given the ubiquity of potential GQ structures 

throughout the transcriptome, the presence of the RGG motif within FMRP hints at 

FMRP’s potential to bind a vast pool of target mRNAs in vivo. 

 The identification of FMRP target mRNAs is crucial for understanding the 

molecular function of FMRP and has been the focus of numerous studies.  Most 

endeavors to identify FMRP target mRNA motifs have employed high-throughput 

methods such as coimmunoprecipitation of mRNA-FMRP complexes (Co-IP), cross-

linking and immunoprecipitation combined with high-throughput sequencing (HITS-

CLIP), photoactivatable ribonucleoside-enhanced cross-linking and 
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immunoprecipitation (PAR-CLIP), RNAcompete, and targets of RNA-binding proteins 

identified by editing (TRIBE)31-35.  Unfortunately, the proposed catalog of RNA 

sequence and structural motifs, or RNA-recognition elements (RREs), overlap poorly 

between each study36.  Analysis of the proposed RREs yielded two promising RREs: 

clustered WGGA (W = A/U) sequences and the GACR (R = A/G) sequence36.  The 

WGGA clusters were originally proposed to bind specifically to the KH1 domain of 

FMRP31.  A subsequent study proposed that WGGA clusters could form GQ 

structures and therefore bind the RGG motif of FMRP instead36.  The GACR 

sequences were enriched in RNAcompete for an FMRP fragment composed solely of 

the KH1 and KH2 RNA binding domains, suggesting that the GACR motif binds a KH 

domain35.  

 Here, we use fluorescence anisotropy to quantify binding affinities between 

FMRP and RNAs of a defined length and sequence.  We modeled the RNAs after 

proposed FMRP RREs31,35,36.  Unexpectedly, our studies show that the KH0, KH1, 

and KH2 domains do not bind to the WGGA, ACUK, and GACR motifs.  Previous 

studies showed that many KH domains recognize only four to five nucleotides in 

ssRNAs16,17,37-39.  This inspired us to develop a new method to identify RNA 

sequences that bind to KH domains, which we named Motif Identification by Analysis 

of Simple sequences (MIDAS).  We synthesized a pool of RNAs having five 

randomized nucleotides flanked by fixed sequences of eight nucleotides at the 5’ and 

3’ ends.  We used the randomized RNA pool to identify RNA molecules that bind to 

the KH domains of FMRP (the pool will contain 45 = 1024 unique sequences).  

Surprisingly, the FMRP KH domains bind weakly to the selected RNA sequences 
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suggesting that the KH domains of FMRP may not interact with simple RREs as the 

canonical KH domains.  Instead, the FMRP KH domains may have evolved to 

recognize more complex RNA motifs.  Additionally, consistent with previous studies, 

we find that the RGG motif of human FMRP binds to RNA GQ structures with a 100-

fold range in affinities showing that FMRP can discriminate between the different GQ 

structures26-30,40,41. 

 

Results and Discussion 

 

2.1 Isolating the RNA-binding domains of FMRP 

 

 To elucidate how FMRP specifically binds its target RNAs, we isolated specific 

regions of FMRP and quantified their binding affinity to a catalog of RNAs modeled 

after reported FMRP RREs.  We sought to both test the validity of the proposed 

RREs within RNAs and clarify the roles of the KH0, KH1, KH2, and RGG domains in 

binding the RREs.  We expressed and purified nine human FMRP (hFMRP) variants 

from E. coli for our studies (Figure 2.1).  The N-terminus truncated human NT-FMRP 

construct was cloned by deleting the amino acids immediately upstream of the KH1 

domain from the full-length sequences (NT-hFMRP encodes Arg218 to Pro632).  

This truncation eliminates the FMRP N-terminal domain (NTD), which contains the 

tandem Agenet 1 and Agenet 2 domains as well as the KH0 domain; the NTD is also 

responsible for FMRP dimerization18.  The NT-hFMRP construct conserves the three 

proposed RNA-binding domains42-44.  We also generated a NT-hFMRP∆KH1 
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construct encoding Phe281 to Pro632 to determine the binding specificity of the KH2 

domain.  Additionally, we made individual KH0, KH1, KH2, KH1-KH2, and KH0-KH1-

KH2 fused downstream of the glutathione S-transferase (GST) tag.  The fusion 

proteins are large enough to generate clear shifts in fluorescence anisotropy should 

the KH motifs bind the fluorescein-labeled RNAs.   

 To evaluate the importance of the RGG motif in binding RNA GQ structures, 

we generated an hFMRP construct encoding Gly531 of the RGG domain to the C-

terminal Pro632 and fused it downstream of the GST tag to generate a GST-hFMRP 

RGG fusion protein.  Finally, we mutated all of the arginines to serines in the hRGG-

encoding region, generating a GST-hFMRP SGG fusion protein.  Together these 

FMRP constructs should delineate the contributions of the KH domains and the RGG 

motif towards binding to RNAs. 



   

 

 

36 

 
  

Figure 2.1:  Design and purification of human FMRP constructs.  (a) hFMRP is 
the full-length human FMRP isoform 1, spanning E2-P632 as indicated.  The different 
truncation constructs of hFMRP that were made are illustrated.  GST-hFMRP SGG is 
a fusion between the glutathione S-transferase and the RGG motif-containing 
sequence of hFMRP spanning G531-P632 where the 16 arginines spanning the RGG 
motif to the C-terminus were mutated to serines, illustrated using a different color for 
the C-terminus.  (b) SDS-polyacrylamide gel showing the purified proteins illustrated 
above.  Lanes are: molecular weight standards (MW), NT-hFMRP (47 kDa), NT-
hFMRP DKH1 (40 kDa), GST-hFMRP RGG (40 kDa), GST-hFMRP SGG (39 kDa), 
GST-hFMRP KH0 (38 kDa), GST-hFMRP KH1 (36 kDa), GST-hFMRP KH2 (45 kDa), 
GST-hFMRP KH1-KH2 (52 kDa), GST-hFMRP KH0-KH1-KH2 (63 kDa), and GST-
Nova-2 KH3 (38 kDa). 
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2.2 Design of model RNAs 

 

 We designed a set of RNAs modeled after three promising FMRP RREs — 

GQ structure, GACR clusters, and WGGA clusters — to determine if and how FMRP 

specifically binds these sequences (Table 2.1).  Apart from the UG4U 6-mer RNA, we 

standardized our model RNAs to 18 nucleotides in length to control for length-

dependent binding affinities; M1 served as an 8-mer RNA size marker for UG4U.  We 

used PolyG17 and UG4U as two different model GQ RNAs to quantify and compare 

FMRP binding affinities for different RNA GQ structures45-47.  UG4U is noteworthy 

because the x-ray crystal structure showed that it forms a highly stable, four stacked 

G-tetrad structure, and we wanted to test whether the RGG domain could bind to a 

GQ structure that does not contain single-stranded regions, junctions or double-

stranded stems46.   

 We generated (GACG)4 and (UGGA)4 18-mer RNAs containing four tandem 

repeats of GACG and UGGA to test FMRP binding to the GACR cluster and WGGA 

cluster, respectively.  The GACR array was reported to bind the KH1 and KH2 

domains of FMRP35.  The WGGA array was originally reported to bind the KH1 

domain but was later hypothesized to assemble an intramolecular GQ structure that 

may bind the FMRP RGG motif31,36.  We also tested FMRP binding to ACUU and 

UGGA RNAs to determine if a single ACUK (K = G/U) or WGGA motif is sufficient for 

binding to FMRP, respectively31.  Finally, we used two 18-mer RNAs with different 

base compositions that cannot assemble any secondary structures as control RNAs, 

denoted PolyC17, and CR1.  All RNAs had a 3’-terminal uridine to prevent quenching 
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of the fluorescein dye attached to the 3’ end48.  The fluorescein dye was used to 

visualize the RNAs on gels and for performing fluorescence anisotropy binding 

studies.  
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Table 2.1.  Nomenclature and sequences of the RNAs 
 

 
 
 
 
 
 
 
 
 
 
 

  

RNA Sequence (5’ to 3’) 
PolyG17 GGGGGGGGGGGGGGGGGU 
UG4U UGGGGU 
(UGGA)4 UUGGAUGGAUGGAUGGAU 
(GACG)4 UGACGGACGGACGGACGU 
UGGm6ACU UGGACUUGGm6ACUUGGACU 
PolyC17 CCCCCCCCCCCCCCCCCU 
ACUU CCCCCCCACUUCCCCCCU 
UGGA CCCCCCCUGGACCCCCCU 
CR1 GCUAUCCAGAUUCUGAUU 
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2.3 Folding of model RNAs 

 

 We first tested whether our model RNAs assemble into folded structures by 

denaturing and native PAGE analyses (Figure 2.2). We tested whether UG4U 

assembles the reported 24-mer intermolecular GQ composed of 4 stacked G-tetrads 

using two methods: (1) a denaturing urea PAGE in the presence of KCl, NaCl or LiCl 

as described previously, and (2) a native PAGE comparing UG4U migration to the 8-

mer M1, 18-mer PolyC17 and 18-mer CR1 RNAs, which remain unfolded49.  The 

denaturing PAGE showed UG4U migrating as two different species, with the 

presence of the slow-migrating species being K+-dependent (Figure 2.2a).  The 

UG4U GQ assembly was remarkably stable as it endured urea denaturing conditions 

even with Li+.  The native PAGE showed UG4U migrating much slower than the 8-

nucleotide M1 RNA and slightly slower than the 18-mer RNAs (Figure 2.2c).  

Together, both PAGE analyses indicate that UG4U indeed assembles the tetrameric 

GQ structure.  All 18-nucleotide RNAs migrated as expected on a denaturing PAGE 

(Figure 2.2b).  However, on a native PAGE, PolyG17 migrated much slower than the 

control 18-nucleotide RNAs as a heterogeneous array (Figure 2.2c).  This suggests 

the PolyG17 array may comprise a mix of 36-nucleotide intermolecular GQ structures 

in different registers.  This is consistent with a recent report that showed that PolyG40 

forms stable GQ structures47. 

 The (GACG)4 and (UGGA)4 RNAs migrated differently from the other RNAs.  

The (GACG)4 RNA migrated as two species, one migrating slowly at a similar rate as 

PolyG17 and the other migrating faster than the unstructured 18-nucleotide control 
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RNAs (Figure 2.2c).  Unlike PolyG17, (GACG)4 does not contain four repeats of at 

least two consecutive guanines required to assemble an intramolecular GQ 

structure50,51.  The slower (GACG)4 species may be a stable dimer structure formed 

by intermolecular base pairs (Figure 2.3).  The faster (GACG)4 species could then be 

the monomeric 18-mer stem-loop structure, which would be expected to migrate 

faster than the unfolded control RNAs.   

 The (UGGA)4 RNA is predicted to assemble an intramolecular GQ structure 

composed of 2 stacked G-tetrads52,53.  It is indeed migrating at a similar rate as one 

of the PolyG17 species within the PolyG17 array (Figure 2.2c).  To verify whether 

(UGGA)4 is forming a GQ structure, we used the BG4 antibody that binds specifically 

to GQ structures54.  The binding of the BG4 antibody to the fluorescein-labeled RNAs 

was monitored by fluorescence anisotropy, which should increase because the RNA-

BG4 antibody complex will tumble slower than the free RNAs.  We observed a 

substantial increase in anisotropy with UG4U and PolyG17, which is consistent with 

the fact that these RNAs form GQ structures (Figure 2.2d).  The (UGGA)4 RNA 

showed a modest increase in anisotropy, suggesting that the BG4 antibody binds 

poorly to the GQ structure formed by (UGGA)4.  Alternatively, the change in 

anisotropy is small because the fluorescein attached to the RNA is dynamic in the 

(UGGA)4 RNA-BG4 antibody complex and does not correlate with the tumbling rate 

of the complex.  No change in anisotropy was observed with (GACG)4, indicating that 

this sequence does not form a GQ structure. 

 To further validate the formation of GQ structures, we used the N-methyl 

mesoporphyrin IX (NMM) dye, which shows enhanced fluorescence when it 
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intercalates into GQ structures55,56.  We examined the presence of GQ structures in 

PolyG17, UG4U, (UGGA)4, (GACG)4, and tRNA reconstituted in buffer containing 

either KCl or LiCl with the NMM dye.  The tRNA served as a negative control.  

Consistent with the native gel analysis and the BG4 antibody assay, we observed 

increased fluorescence intensity with PolyG17, UG4U, and (UGGA)4 but not with 

(GACG)4 and tRNA (Figure 2.2e).  The increase in the fluorescence intensity was 

higher when the RNAs were in KCl than in LiCl, demonstrating that PolyG17, UG4U, 

and (UGGA)4 form GQ structures.  
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Figure 2.2:  Analysis of the structures formed by the model RNAs.  (a) Urea 
PAGE of UG4U denatured and then refolded in the presence of 100 mM LiCl, 100 mM 
NaCl or 100 mM KCl.  (b) Urea PAGE of the denatured 18-mer model RNAs.  (c) 
Native PAGE of the model RNAs.  G-quadruplex species are marked with red arrows 
and a blue bar; (GACG)4 hairpin monomer and dimer species are marked with green 
and magenta arrows, respectively; (UGGA)4 structure is marked with a cyan arrow. 
(d) Fold increase in fluorescence anisotropy of 5 nM fluorescein-labeled RNAs upon 
the addition of 430 nM anti-GQ BG4 scFV antibody.  All RNAs are labeled at 3' end 
with fluorescein.  The standard deviations from two experiments are shown.  (e) 
Increase in fluorescence intensity of NMM with increasing concentrations of 
unlabeled RNA.  The inset shows the data for the (UGGA)4 RNA performed at lower 
concentrations of RNA.  The closed and open symbols show RNAs in KCl and LiCl, 
respectively.  The standard deviations from three experiments are shown. 
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Figure 2.3:  (GACG)4 may form hairpin or duplex structures.  (a) Predicted 
secondary structure of (GACG)4 is a hairpin stabilized by two GC base pairs and one 
AU base pair.  (b) Two (GACG)4 RNAs are shown dimerizing through Watson-Crick 
base pairing to form a duplex structure. 
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2.4 FMRP binds to different G-quadruplex RNAs 

 

 Little is known regarding how FMRP specifically binds its target mRNAs.  A 

previous study suggested that the KH1 and KH2 domains of Drosophila FMRP bind 

to the ribosome while the RGG motif is available to bind the target mRNA57.  

Previous reports also showed that the FMRP RGG motif binds to the in vitro selected 

Sc1 RNA GQ structure and to a variety of GQ structures from potential mRNA targets 

of FMRP23,25-30,40,41,58.  However, it is unknown whether FMRP can bind with a high 

affinity to a GQ structure that does not have any single-stranded regions, double-

stranded stems, or junctions.  We employed fluorescence anisotropy to determine the 

equilibrium dissociation constants (KD) of several human FMRP variants binding to 

RNAs that assemble different GQ structures or contain RREs that have been 

reported to bind FMRP (Table 2.1).  

 We observed that NT-hFMRP binds to PolyG17 with a KD of 14 ± 2 nM and 

UG4U with a KD of 110 ± 16 nM (Figure 2.4a, Table 2.2).  Additionally, NT-hFMRP 

binds to (UGGA)4 with a KD of 710 ± 50 nM.  Since all three RNAs form GQ 

structures, our results show that NT-hFMRP binds to the different GQ structures with 

a 100-fold range in binding affinities.  Interestingly, NT-hFMRP failed to bind to the 

(GACG)4 RNA, which was modeled after the GACR array reported to bind to the KH 

domains of FMRP (Figure 2.4a).  The four tandem GACG repeats may be insufficient 

for binding to FMRP.  The (GACG)4 RNA could assemble a mixed population of GC 

stem-loop monomers and double-stranded dimers.  FMRP's inability to bind either 

the GC stem-loop monomer or dimer would suggest FMRP does not bind double-



 

 46 

stranded RNA assemblies even if they are G-rich.  NT-hFMRP did not bind to RNAs 

having a single UGGA or ACUU, which cannot form GQ structures (Figure 2.4a).  

Finally, despite lacking the KH1 domain, NT-hFMRP∆KH1 showed a binding pattern 

similar to NT-hFMRP (Figure 2.4b, Table 2.2). 

 

2.5 FMRP RGG motif specifically binds to RNA G-quadruplex structures 

 

 To determine whether the RGG motif is responsible for binding to the RNA GQ 

structures, we tested the binding of our model RNAs to GST-hFMRP RGG.  

Consistent with previous studies, the RGG motif was sufficient for binding PolyG17 

and UG4U GQ structures (Figure 2.4c, Table 2.2) 23,25-30,40,41,58.  In fact, GST-hFMRP 

RGG bound PolyG17 with a KD of 8.6 ± 1.2 nM and UG4U with a KD of 210 ± 18 nM, 

similar affinities as NT-hFMRP.  The nanomolar affinity of NT-hFMRP for UG4U 

shows that the RGG domain can bind to GQ structures that do not contain single-

stranded loops, double-stranded stems, or junctions.  Interestingly, GST-hFMRP 

RGG bound (UGGA)4 with a KD of > 4000 nM, a significantly lower affinity than NT-

hFMRP.  This suggests that the region from the KH2 to the RGG domain may be 

necessary for binding to (UGGA)4.  To confirm that the RGG motif is required for 

binding to GQ RNAs, we made a GST-hFMRP SGG construct with all sixteen 

arginines in the RGG motif and C-terminal domain changed to serines.  The GST-

hFMRP SGG protein did not bind to PolyG17 and UG4U GQ structures, demonstrating 

that the RGG motif is essential for binding to GQ RNAs (Figure 2.4d).  
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Figure 3

(UGGA)4

(GACG)4

PolyG17

UG4U CR1
PolyC17 ACUU

UGGA
PolyG17 + BSA
UG4U + BSA

(a) (b)

(c) (d)

  

Figure 2.4:  FMRP binding to model RNAs.  Fold increase in fluorescence 
anisotropy of 5 nM fluorescein-labeled RNAs upon the addition of 0-800 nM of (a) NT-
hFMRP, (b) NT-hFMRP DKH1, (c) GST-hFMRP RGG, and (d) GST-hFMRP SGG.  
Bovine serum albumin (BSA) binding to the GQ-assembling RNAs was also 
measured to test for non-specific protein binding by the two RNAs.  Binding trials were 
performed at least three times, with error bars depicting standard deviation.  The 
symbols indicate the identity of the different RNAs. 
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Table 2.2.  Equilibrium dissociation constant, KD (nM) of FMRP binding to RNAs 
 

 
 
 
 
 
 
 
 
 
  

RNA NT-hFMRP NT-hFMRP 
DKH1 

RGG SGG 

UG4U 110 ± 16 80 ± 7 210 ± 18 No binding 
PolyG17 14 ± 2 17 ± 3 8.6 ± 1.2 No binding 
(UGGA)4 710 ± 50 840 ± 39 > 4000 No binding 
(GACG)4 No binding Not tested No binding Not tested 
UGGm6ACU 1250 ± 610 Not tested Not tested Not tested 



 

 49 

 Finally, we tested whether the FMRP RGG motif is binding to the GQ 

assemblies of PolyG17 and UG4U, or unfolded forms of the RNAs.  To assess specific 

binding to GQ assemblies, we compared the binding efficiency of GST-hFMRP RGG 

to PolyG17 and UG4U in the presence of 75 mM KCl versus 75 mM LiCl.  If FMRP 

could bind unfolded forms of PolyG17 and UG4U, then we would observe increased 

binding efficiency in LiCl, where both RNAs favor unfolded states.  Conversely, if 

FMRP specifically binds the folded form, then we would observe decreased binding 

efficiency due to a drop in the folded population of RNA.  Indeed, substituting Li+ in 

place of K+ decreased the net anisotropy change for PolyG17, reflecting a smaller 

population of the RNA binding to FMRP (Figure 2.5a).  Additionally, GST-hFMRP 

RGG bound to PolyG17 with a 50-fold lower affinity in the presence of Li+ (KD = 480 ± 

62 nM), consistent with a recent report40.  In the case of UG4U, we observed only a 

slight decrease in anisotropy with Li+ (Figure 2.5b).  This may be because Li+ does 

not significantly destabilize the UG4U GQ assembly.  While we see some 

destabilization by Li+ in our urea-PAGE, the urea may be catalyzing it.  In both RNA 

cases, binding was not completely depleted in Li+.  This suggests the cation 

substitution did not destabilize the protein.  Instead, the protein was tightly binding to 

the remaining population of stable PolyG17 and UG4U GQ assemblies.  The 

concomitant drop in the extent of the anisotropy shift with the drop in the GQ 

population supports the conclusion that the RGG motif specifically binds to RNA GQ 

structures.  
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Supplemental Figure 2
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Figure 2.5:  FMRP RGG domain binding to GQ RNAs is dependent on K+.  (a) 
Fold increase in fluorescence anisotropy of 5 nM fluorescein-labeled PolyG17 upon 
addition of 0-800 nM GST-hFMRP RGG in 75 mM KCl (solid blue circle) and 75 mM 
LiCl (open blue circle) alongside control RNA CR1.  (b) Fold increase in fluorescence 
anisotropy of 5 nM fluorescein-labeled UG4U upon addition of 0-800 nM GST-hFMRP 
RGG in 75 mM KCl (solid red square) and 75 mM LiCl (open red square) alongside 
control RNA CR1.  The standard deviations from two experiments are shown.  
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2.6 The KH domains of FMRP do not bind to the WGGA and GACR motifs 

 

 Our studies showed that NT-hFMRP binds with low affinity to (UGGA)4 RNA 

and does not bind to (GACG)4 RNA.  Furthermore, we showed that (UGGA)4 forms a 

GQ structure suggesting that the RGG motif mediates the interaction of NT-hFMRP 

with (UGGA)4.  To confirm that the KH domains of FMRP do not bind to (UGGA)4 and 

(GACG)4 RNAs, we performed binding studies with the KH domains of FMRP fused 

to the GST tag (Figure 2.1).  GST-hFMRP KH0, GST-hFMRP KH1, GST-hFMRP 

KH2, GST-hFMRP KH1-KH2, and GST-hFMRP KH0-KH1-KH2 did not bind to 

(UGGA)4 and (GACG)4 RNAs demonstrating that the KH domains of FMRP do not 

bind to the WGGA and GACR motifs (Figure 2.6).  
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Supplemental Figure 3

(a) (b)

(d)(c)

(f)(e)

(UGGA)4
(GACG)4

(UGGA)4
(GACG)4

(UGGA)4
(GACG)4

(UGGA)4
(GACG)4

(UGGA)4
(GACG)4

(UGGA)4
(GACG)4

  

Figure 2.6:  KH domains binding to model RNAs (UGGA)4 and (GACG)4.  Fold 
increase in fluorescence anisotropy of 5 nM fluorescein-labeled (UGGA)4  and 
(GACG)4 upon addition of (a) 0-1000 nM GST-Nova-2 KH3, (b) GST-hFMRP KH0, (c) 
GST-hFMRP KH1, (d) GST-hFMRP KH2, (e) GST-hFMRP KH1-KH2, and (f) GST-
hFMRP KH0-KH1-KH2.  The standard deviations from two experiments are shown. 
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2.7 FMRP does not bind with high affinity to m6A RNA 

 

 Recent studies indicated that FMRP preferentially binds to mRNAs with the 

N6-methyladenosine (m6A) modification59-61.  We, therefore, tested the binding of NT-

hFMRP to the UGGm6ACU model RNA having a single m6A modification in the 

middle of the sequence.  UGGACU is the consensus sequence for m6A modification 

in mRNAs and is sufficient for binding to YTH-domain proteins62-64.  Surprisingly, our 

results show that NT-hFMRP binds poorly to the m6A modified RNA suggesting that 

at best, FMRP can only form a low-affinity complex with m6A-containing mRNAs 

(Figure 2.7).  



 

 54 Supplemental Figure 4

(c)
PolyG17

UGGm6ACU
CR1

(b)

CR
1

Po
lyG

17

UG
4
U

UG
G
m

6 A
CU

(a)

CR
1

UG
G
m

6 A
CU

  

Figure 2.7:  NT-hFMRP binding to UGGm6ACU RNA.  (a) Urea PAGE of 
UGGm6ACU RNA alongside CR1.  (b) Native PAGE gel of UGGm6ACU RNA 
alongside linear marker CR1 and GQ RNAs.  (c) Fold increase in fluorescence 
anisotropy of 5 nM fluorescein-labeled UGGm6ACU, PolyG17, and CR1 upon addition 
of 0-800 nM NT-hFMRP.  The standard deviations from two experiments are shown. 
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2.8 The KH domains of FMRP do not bind to short ssRNA motifs 

 

 The above results indicated that the KH domains of FMRP do not bind to the 

previously identified RREs.  Biochemical and structural studies have shown that KH 

domains generally recognize 4 to 5 nucleotides in ssRNAs16,17,37-39.  For example, the 

KH3 domain of Nova-2 protein binds to the UCACC sequence37,38.  Structural studies 

showed that the UCACC binds to a cleft formed by the invariant and variable loops of 

Nova-2 KH3.  Similarly, the KH3 and KH4 domains of ZBP1 bind to ACAC and 

CGGAC sequences, respectively39.  Thus, KH domains typically recognize short, 

ssRNA sequences. 

 The realization that KH domains recognize 4 to 5 nucleotides motivated us to 

develop a method called MIDAS (Motif Identification by Analysis of Simple 

sequences) to determine the RNA-binding specificity of the FMRP KH domains 

(Figure 2.8).  We synthesized a pool of RNA molecules having 5 nucleotides 

randomized in the middle and flanked by 8 nucleotides of fixed sequences in the 5’ 

and 3’ ends (the pool will have 45 = 1024 unique sequences).  The sequence of the 

fixed nucleotides was explicitly designed to avoid any of the known KH domain 

binding RREs.  The RNA pool was labeled at the 5’-end with 32P and incubated with 

10 μM protein having one or more KH domain.  The RNA•protein complex was 

separated from free RNA using a native gel (Figure 2.8b).  The band corresponding 

to the RNA•protein complex was excised, the RNA purified, and the sequences of the 

purified RNA molecules were identified by next-generation sequencing.  
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Figure 2.8:  Illustration of MIDAS method.  (a) Cartoon diagram of the MIDAS 
process.  Purified GST-Nova-2 KH3, GST-hFMRP KH0, and GST-hFMRP KH1-KH2 
are individually incubated with the RNA library containing a central N5 sequence.  The 
RNAs bound by each protein are separated by an electrophoretic mobility shift assay 
(EMSA) and purified from the gel.  The input RNA sequences and the selected RNA 
sequences are then reverse transcribed, amplified, and Illumina sequenced.  (b) 
Autoradiograph of EMSA.  Contrast-enhanced image showing the free RNA library 
migrates as an array (black bar) and the RNAs bound by Nova-2 KH 3, FMRP KH0, 
and FMRP KH1-KH2 migrate similar distances as distinct bands.  Control lanes are 
the MIDAS N5 RNA library incubated without protein. 
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 To validate the MIDAS method, we used the well-studied Nova-2 KH3 

domain37,38.  As shown in Figure 4b, Nova-2 KH3 binds to some of the RNA pool 

molecules resulting in the slower migrating RNA•protein complex band in the native 

gel.  Surprisingly, we observed very faint RNA•protein complex bands with both FMRP 

KH0 and FMRP KH1-KH2, suggesting very weak binding to the RNA pool molecules.  

Additionally, we observed no binding to the RNA pool with the individual FMRP KH1 

and FMRP KH2 domains (data not shown).  We analyzed the RNA sequences that 

bind to Nova-2 KH3.  Interestingly, the highly enriched sequences are UUUCA, 

UUUAA, UUCAC, UUCAU, and UCAAA (Table 2.3).  The previously studied UCACC 

sequence was ranked much lower than the highly enriched sequences37,38.  To further 

validate the MIDAS method, we synthesized RNA molecules corresponding to the 

highly enriched sequences and performed equilibrium binding studies (Figure 2.9a).  

We find excellent agreement between the enrichment factor and the KD for Nova-2 

KH3 binding to the selected RNA molecules, which shows that the MIDAS method is 

capable of identifying authentic single-stranded RREs (Table 2.3).   

 Analysis of the RNA molecules that bind to the FMRP KH0 and FMRP KH1-

KH2 domains indicated that the enriched sequences are UCACC and CCACC.  

However, the overall enrichment factors for FMRP KH0 and FMRP KH1-KH2 were 

significantly lower compared to Nova-2 KH3 (Table 2.3).  Binding studies showed 

that FMRP KH0 and KH1-KH2 does not bind to UCACC at the standard 

concentration range used in our anisotropy binding assay (Figure 2.9b and c).  It 

was not feasible to test higher concentrations of proteins with this assay.  Therefore, 

we used an electrophoretic mobility shift assay (EMSA) to estimate the binding 
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affinity of FMRP KH0 and KH1-KH2 for UCACC.  The EMSA indeed showed that 

hFMRP KH0 and KH1-KH2 bind to UCACC, but the affinity is weaker than that of 

Nova-2 KH3 binding to UCACC (KD = 3 μM) (Figure 2.10).  This suggests that the 

MIDAS method can identify even low-affinity RNA ligands.   

 To test whether the weak binding may be the result of having a single RRE, 

we synthesized RNAs having two UCACC sequences separated by 5, 10, or 15 

nucleotides.  The distance between the UCACC sequence was varied because we 

do not know what the optimal spacing is for the multiple KH domains in FMRP to bind 

to the RNA.  Additionally, we used the GST-hFMRP KH0-KH1-KH2 construct to 

evaluate potentially synergistic binding when all three KH domains of hFMRP are 

present.  Binding studies showed that hFMRP KH0-KH1-KH2 does not bind to the 

RNAs having the two UCACC (Figure 2.9d).  Our results indicate that the KH 

domains of FMRP do not bind to simple RREs, as proposed by previous studies.  

Instead, the KH domains of FMRP have likely evolved to bind to a more complex 

RNA or RNA-protein structure that is not represented in our MIDAS RNA pool.  

Indeed, FMRP is known to interact with the ribosome, and the KH domains may bind 

to a unique structure in the ribosome33,43,57,65-70.  
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Table 2.3.  MIDAS enrichment factor (EF) and binding affinity for RNAs  

a Enrichment factors were normalized to the relative abundance of selected 
RNAs from the EMSA gel 
b Estimated affinity based on EMSA selection using 10 µM FMRP KH domains 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 RNA EFa KD (nM) 
Nova-2 KH3    
 UUUCA 17.3 179 ± 23 
 UUCAC 14.7 739 ± 82 
 UUUAA 17.5 1038 ± 120 
 
 
FMRP KH0 

UCACC 
CCACC 

2.8 
1.1 

2991 ± 450 
6991 ± 1848 

 UCACC 0.9 > 10,000b 
 CCACC 0.6 > 10,000b 
 
 
 
FMRP KH1-
KH2 

GACUC 
UUCAC 
UUUCA 

0.2 
0.2 
0.1 

> 10,000b 

> 10,000b 

> 10,000b 

 UCACC 0.5 > 10,000b 
 CCACC 0.3 > 10,000b 
 GACUC 

UUCAC 
UUUCA 

0.3 
0.3 
0.1 

> 10,000b 

> 10,000b 

> 10,000b 



 

 60 

Figure 5
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Figure 2.9:  KH domains binding to RNAs identified by MIDAS.  Fold increase in 
fluorescence anisotropy of 5 nM fluorescein-labeled RNAs upon the addition of 0-
8000 nM of (a) GST-Nova-2 KH3, (b) GST-hFMRP KH0, (c) GST-hFMRP KH1-KH2, 
and (d) GST-hFMRP KH1-KH2-KH3.  Binding trials were performed at least three 
times, with error bars depicting standard deviation.  The symbols indicate the identity 
of the different RNAs tested for each protein construct. 
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Figure 2.10:  KH domains binding to MIDAS RNA UCACC.  EMSA of radiolabeled 
MIDAS RNA UCACC incubated with 10 µM Nova-2 KH3, hFMRP KH0, hFMRP KH1, 
hFMRP KH2, and hFMRP KH1-KH2 domains. 
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2.9 Discussion 

 

 FMRP has been estimated to regulate the translation of nearly 4% of the 

mRNAs in the human fetal brain12.  However, identifying the RRE of FMRP in these 

mRNAs has remained challenging.  Early RNA in vitro selection studies showed that 

the KH2 motif binds to kissing complex RNAs, whereas the RGG motif binds to a 

GQ-forming RNA22,23.  In addition, high-throughput approaches have been used to 

determine the RREs of FMRP.  For example, the WGGA and the ACUK motifs were 

shown to be enriched in FMRP mRNA targets by the PAR-CLIP method31.  The 

WGGA and ACUK motifs were proposed to bind to the KH1 and KH2 domains of 

FMRP, respectively.  In contrast to the above study, the GACR motif was identified 

using the KH1 and KH2 domains of FMRP by the in vitro technique called 

RNAcompete35.  Further in-depth analysis of the FMRP target datasets indicated that 

the GACR motif is highly enriched, the WGGA motif is modestly enriched, and the 

ACUK motif is not enriched36.  Moreover, the WGGA motifs are clustered together in 

the mRNA targets suggesting that they are enriched in the FMRP dataset because 

they form GQ structures36.   

 In the PAR-CLIP method, 4-thiouridine is incorporated into nascent mRNA 

transcripts to improve the efficiency of cross-linking proteins that bind to mRNAs.  

However, as noted previously, this may bias the selection of mRNA sequences 

having more uridine residues, which may explain the enrichment of the ACUK motif in 

the FMRP target dataset36.  Consistent with this interpretation, our studies show that 

FMRP does not bind to an RNA having a single ACUU sequence.  Furthermore, the 
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PAR-CLIP method used full-length FMRP to identify mRNA targets, which may bias 

the selection of mRNAs having GQ structures because of the presence of the RGG 

domain.  Consistent with this explanation, our results show that an RNA with four 

repeats of the WGGA motif forms a GQ structure and binds to the RGG domain but 

not to the KH domains of hFMRP.   

 Surprisingly, our studies show that FMRP does not bind to (GACG)4, which 

was identified by the RNAcompete method and appears to be highly enriched in the 

FMRP target datasets35,36.  The discrepancy between our data and the previous 

RNAcompete data may be explained by the size of the FMRP protein or the length of 

the RNA used in both studies.  We used NT-hFMRP and several deletion constructs 

to determine KD.  In contrast, the RNAcompete method used a KH1-KH2 fragment, 

which may not have the same structure and the RNA-binding specificity as the larger 

protein fragment.  Alternatively, we used 18 nucleotide RNA for our binding studies, 

whereas the RNAcompete used 30 - 41 nucleotides RNAs, which may fold into more 

complex structures that could bind to the KH1-KH2 fragment. 

 Interestingly, we show that FMRP has the highest binding affinity for PolyG17 

and UG4U RNAs, which form stable GQ structures.  Furthermore, the RGG domain of 

FMRP is sufficient for binding to PolyG17 and UG4U.  These results are consistent 

with previous studies that showed the RGG domain of FMRP binds specifically to GQ 

structures23-30,40,58.  Taken together, our results show that the KH0, KH1, and KH2 

domains do not bind to the WGGA, ACUK, and GACR motifs, whereas the RGG 

domain binds with high affinity to RNA GQ structures.  We developed the MIDAS 

method to identify in an unbiased manner single-stranded RREs that could bind to 
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the KH0, KH1, and KH2 domains of hFMRP.  Although the MIDAS method was able 

to identify RREs that bind with high affinity to the Nova-2 KH3 domain, we were only 

able to identify RREs that bind with weak affinity to the KH0 and KH1-KH2 domains 

of FMRP.  The inability to identify any RREs that bind to the KH domains of hFMRP 

using the MIDAS method is consistent with our data showing that they do not bind to 

model RNAs having the previously identified RREs.  One possibility for our 

unexpected results is that the phosphorylation of hFMRP at Ser500 is essential for 

the KH domains to bind to single-stranded RNAs with high affinity71,72.  Although 

Ser500 is not located within the KH domains, FMRP phosphorylation may induce 

some structural rearrangement in the protein that increases the binding affinity of the 

KH domains for single-stranded RNAs71.   

 A second possibility is that the KH domains of hFMRP recognize more 

complex RNA motifs than represented in our randomized RNA pool.  Indeed, Darnell 

and co-workers showed that an in vitro selection experiment performed with an RNA 

pool having 25 randomized nucleotides did not yield any RNA binders for the hFMRP 

KH1-KH2 domains22.  They obtained RNA binders only when they used an RNA pool 

with 52 randomized nucleotides.  The in vitro selected RNA binders formed a kissing 

complex RNA motif, which binds to the KH2 domain of FMRP, most likely in a 

different mode than simple RREs binding to the canonical KH domains.  These 

results suggest that that the KH domains of FMRP are more specialized than the 

canonical KH domains that recognize 4-5 nucleotides in single-stranded RNA.  The 

evolutionary changes in the sequence of the KH domains of FMRP may inhibit their 
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binding to simple single-stranded RNA sequences so that FMRP may bind to a 

unique structure such as the ribosome33,43,57,65-70.  

 

Materials and Methods 

 

2.10 Protein expression and purification 

 

 The human FMR1 isoform 1 gene was assembled from E. coli codon-

optimized gene blocks (IDT).  The gene encoding the full-length isoform 1 human 

FMRP (hFMRP) spanning residues E2-P632 was subcloned into the LIC expression 

vector pMCSG7 (DNASU plasmid repository) with the 5’ TEV cleavage site deleted, 

conferring a N-terminal hexahistidine tag.  The N-terminus truncated human FMRP 

(NT-hFMRP) spanning residues R218-P632 was subcloned into the LIC expression 

vector pMCSG7, conferring a N-terminal hexahistidine tag with the 5’ TEV cleavage 

site deleted.  The NT-hFMRP ∆KH1 construct spanning residues F281-P362 was 

subsequently generated from NT-hFMRP via PCR deletion of the KH1 domain.  The 

human FMRP RGG domain (GST-hFMRP RGG) spanning residues G531-P632 was 

subcloned into the LIC expression vector pMCSG10 (DNASU) which confers a N-

terminal hexahistidine-GST fusion tag that is cleavable using TEV protease.  The 

mutant SGG domain (GST-hFMRP SGG) was assembled from an E. coli codon-

optimized gene block where all 16 arginine residues of the RGG region were mutated 

to serines.  The resulting SGG fragment was subcloned into the LIC expression 

vector pMCSG10.  The human Nova-2 KH3 domain (GST-Nova-2 KH3) spanning 
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residues K406-G492 was subcloned into the LIC expression vector pMCSG10.  The 

human FMRP KH0 domain (GST-hFMRP KH0) spanning residues F126-R201, 

human FMRP KH1 domain (GST-hFMRP KH1) spanning residues A216-E280, 

human FMRP KH2 domain (GST-hFMRP KH2) spanning residues F281-K425, 

human FMRP tandem KH1-KH2 domains (GST-hFMRP KH1-KH2) spanning 

residues A216-K425, and human FMRP tandem KH0-KH1-KH2 domains (GST-

hFMRP KH0-KH1-KH2) spanning residues F126-K425 were also subcloned into the 

LIC expression vector pMCSG10.    

 The NT-hFMRP, NT-hFMRP ∆KH1, GST-hFMRP RGG, GST-hFMRP SGG, 

GST-Nova-2 KH3, and the five GST-hFMRP KH construct expression plasmids were 

all transformed in E. coli BL21(DE3) cells (Novagen).  NT-hFMRP and NT-hFMRP 

∆KH1 were purified using Ni-NTA affinity chromatography (Qiagen).  GST-hFMRP 

RGG, GST-hFMRP SGG, and the five GST-hFMRP KH constructs were purified 

using glutathione affinity chromatography (GE Healthcare).  All proteins were further 

purified using Superdex 75 16/60 or Superdex 200 16/60 (GE Healthcare) gel 

filtration chromatography and stored in their respective running buffers.  Gel filtration 

buffer composition varied between FMRP constructs.  NT-hFMRP and NT-hFMRP 

∆KH1 gel filtration running buffer contained 25 mM Tris pH 7.4, 150 mM KCl and 1 

mM DTT.  GST-hFMRP RGG and GST-hFMRP SGG gel filtration running buffer 

contained 50 mM Tris pH 7.5 and 1 mM DTT.  GST-Nova-2 KH3 gel filtration running 

buffer contained 10 mM HEPES pH 7.5, 100 mM KCl, 5 mM MgCl2 and 1 mM DTT.  

All five GST-hFMRP KH domain constructs were purified in gel filtration running 

buffer containing 50 mM Tris pH 7.4, 150 mM NaCl and 1 mM DTT. 
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2.11 Purification of RNAs 

 

 The PolyG17, UG4U, CR1, PolyC17, PolyA17, ACUU, UGGA, (GACG)4, 

(UGGA)4 and UGGm6ACU RNAs were purchased from Thermo Scientific/Dharmacon 

with a fluorescein tag at the 3’ end.  For the NMM assay, PolyG17 and UG4U were 

also purchased without a fluorescein tag, and (UGGA)4 was in vitro transcribed from 

annealed oligonucleotide template using T7 RNA polymerase.  Each RNA was 

purified under standard denaturing conditions by urea polyacrylamide gel 

electrophoresis (PAGE) and then extracted from the gel.   

 The RNA in solution was purified by chloroform extractions followed by ethanol 

precipitation.  The purified RNAs were dissolved in RNase-free water.  The RNA 

concentration was measured by absorbance at 260 nm using a spectrophotometer. 

 

2.12 PAGE analysis of labeled RNAs 

 

 Denaturing urea PAGE analysis of the UG4U RNA was performed as 

described previously49.  20 pmol UG4U was reconstituted in 50 mM Tris pH 7.8 and 

either 100 mM KCl, 100 mM NaCl or 100 mM LiCl.  The UG4U samples were heated 

at 37°C for 90 minutes, then incubated at 25°C for 5 minutes in a thermal cycler.  

Then formamide loading solution was added to each RNA sample to a final 8 μL 

volume.  The samples were heated at 60°C for 5 minutes and then incubated at 25°C 

for 5 minutes in a thermal cycler. Finally, the samples were run on a 16% urea 

polyacrylamide gel at room temperature for 4 hours at 600 V. 
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 For denaturing urea PAGE analysis of the 18-mer model RNAs, 10 pmol 

PolyG17, 3 pmol PolyC17, 2 pmol ACUU, 2 pmol UGGA, 6 pmol CR1, 4 pmol PolyA17, 

6 pmol (GACG)4, and 10 pmol (UGGA)4 in 20 mM Tris-HCl pH 7.45 and 100 mM KCl 

were run on a 15% urea polyacrylamide gel at room temperature for 2 hours at 25 W.  

 For native PAGE analysis of all the model RNAs, 10 pmol M1 5' UTR, 50 pmol 

UG4U, 10 pmol PolyG17, 3 pmol PolyC17, 2 pmol ACUU, 2 pmol UGGA, 6 pmol CR1, 

4 pmol PolyA17, 6 pmol (GACG)4, and 10 pmol (UGGA)4 in 20 mM Tris-HCl pH 7.45, 

100 mM KCl and 5% (v/v) glycerol were run on a 15% native polyacrylamide gel 

containing 1X TBE.  The gel was run at 4°C for 4 hours at 11 Watts. 

 

2.13 BG4 antibody assay 

 

 Antibody BG4 scFv was purchased from Millipore Sigma.  100 nM BG4 was 

mixed with 5 nM fluorescein-labeled RNA by diluting BG4 into fluorescence 

anisotropy buffer (20 mM Tris pH 7.7, 75 mM KCl, 5 mM MgCl2, and 100 ng/μL total 

tRNA from E. coli) followed by mixing with fluorescence anisotropy buffer 

supplemented with 5 nM fluorescein-labeled RNA directly in the well of a non-binding 

96-well black flat bottom plate (Greiner) in a final 200 μL volume.  The plate was 

incubated at room temperature for 30 minutes.  Samples were excited at 470 nm and 

emission was measured at 520 nm with a 20 nm bandwidth; optimal signal gain was 

determined per read.  Fluorescence anisotropy was measured on a Tecan Safire 2 

plate reader in polarization mode.  All experiments were performed a minimum of 2 or 

3 times to determine the standard deviations. 
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2.14 NMM assay 

 

 N-methyl mesoporphyrin IX (NMM) was purchased from Frontier Scientific.  

NMM stock solution was prepared by dissolving the stock in 0.2 N HCl to 5 mg/mL 

(equal to 8.61 μM).  Fresh working solution was prepared by diluting the NMM stock 

solution to 400 μM in 10% (v/v) DMSO.  Various concentrations of the RNAs were 

reconstituted in 158 μL solution containing 20 mM Tris pH 7.7, 5 mM MgCl2, 1 mM 

DTT, and either 100 mM KCl or 100 mM LiCl.  The samples were then heated at 

90°C for 2 minutes and slowly cooled to room temperature over 1 hour.  Samples 

were briefly spun down and collected before adding 2 μL of 400 μM NMM to each 

158 μL sample, to a final 5 μM NMM per sample.  The samples were incubated at 

room temperature for 10 minutes before taking fluorescence measurements (JASCO 

FP-8500).  Samples were excited at 400 nm and emission was scanned from 560 nm 

to 650 nm with a 5 nm excitation and emission bandwidths; automatic signal gain 

was used.  The peak NMM fluorescence (610 nm) was plotted as a function of RNA 

concentration.  All experiments were performed a minimum of 2 or 3 times to 

determine the standard deviations. 

 

2.15 Fluorescence anisotropy RNA binding assay 

 

 The various FMRP constructs were titrated against 5 nM fluorescein-labeled 

RNAs.  Fluorescence anisotropy was measured on a non-binding 96-well black flat 

bottom plate (Greiner) using a Tecan Safire 2 plate reader in polarization mode.  
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Some of the RNA fluorescence anisotropy measurements were also performed using 

a Tecan Spark plate reader. 

 FMRP was diluted into fluorescence anisotropy buffer supplemented with DTT 

(20 mM Tris pH 7.7, 75 mM KCl, 5 mM MgCl2, 100 ng/μL total tRNA from E. coli, and 

1 mM DTT) and mixed with fluorescence anisotropy buffer supplemented with 

fluorescein-labeled RNA within the plate wells in a final 200 μL volume.  The plate 

was incubated at room temperature for 30 minutes.  Samples were excited at 470 nm 

and emission was measured at 520 nm with a 20 nm bandwidth; optimal signal gain 

was determined per read.   

 To quantify the binding affinity between FMRP and RNA, the anisotropy data 

from each binding assay was normalized to the initial value without protein, plotted 

and fit to the quadratic equation below to calculate the equilibrium dissociation 

constant (KD) as described previously73: 

 

 Where [P+RNA]/[RNA] is the anisotropy value, [RNA] is the RNA 

concentration, and [P] is the protein concentration.  GraphPad Prism software 

(Graphpad Software Inc.) was used to perform the curve fits.  All experiments were 

performed a minimum of 2 or 3 times to determine the standard deviations.  



 

 71 

2.16 MIDAS DNA template and primers 

 

 The MIDAS N5 DNA template sequence: 5'-

mAmATGCGTANNNNNTGGATCCCTATAGTGAGTCGTATTA-3' was purchased 

from IDT and has two 2’-O-methyl substitutions (mA) at the 5’ terminus to reduce the 

amount of n+1 product during in vitro transcription.  The five randomized positions 

were produced by hand mixing the nucleotides to give equal ratio of all four 

nucleotides. 

18T7T sequence:  

5'-TAATACGACTCACTATAG-3'. 

First-strand primer:  

5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG AATGCGTA-3’. Second-

strand primer:  

5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGATCCA-3’. Index 1 

Read primer:  

5’-CAAGCAGAAGACGGCATACGAGAT [i7] GTCTCGTGGGCTCGG-3’. Index 2 

Read primer:  

5’-AATGATACGGCGACCACCGAGATCTACAC [i5] TCGTCGGCAGCGTC-3’.  
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2.17 MIDAS: Separation of RNA•protein complex using a native gel 

 

 The MIDAS RNAs were generated by in vitro transcription of annealed 18T7T 

and MIDAS template DNAs using T7 RNA polymerase.  The sequence of the 21-mer 

MIDAS N5 RNA is 5’-GGGAUCCANNNNNUACGCAUU-3’.  The transcription 

products were purified under standard denaturing conditions by urea polyacrylamide 

gel electrophoresis (PAGE) and then extracted from the gel.  Each RNA was purified 

by chloroform extractions followed by ethanol precipitation.  The purified RNAs were 

dissolved in RNase-free water.  The RNA concentration was measured by 

absorbance at 260 nm using a spectrophotometer.   

 The MIDAS N5 RNA pool was 5' dephosphorylated with alkaline phosphatase 

(NEB) and labeled with [γ-32P]-ATP and T4 polynucleotide kinase (NEB).  An EMSA 

was used to detect and isolate protein-bound MIDAS RNAs from the pool.  Briefly, in 

a 10 μL sample, 100,000 cpm of MIDAS N5 RNA was incubated with 10 μM protein 

(or protein storage buffer in control lane) in RNA binding buffer (50 mM Tris acetate 

pH 7.7, 50 mM potassium acetate and 5 mM magnesium acetate, 1 mM DTT, 0.1 

mg/mL BSA, and 100 ng/μL total tRNA from E. coli) for 45 minutes at room 

temperature.  Glycerol was added to 5% final concentration and the samples were 

run on an 8% (79:1 acrylamide:bisacrylamide) 0.5X TBE native polyacrylamide gel at 

4°C for 2 hours and 30 minutes at a constant 300 V.  The gel was exposed to a 

phosphor screen at -80°C and imaged on a Typhoon FLA 9500 phosphorimager 

(GE) after 18 hours.  The gel was thawed at room temperature and the shifted band 

for each protein was extracted from the gel.  Each selected RNA was purified by 



 

 73 

chloroform extractions followed by ethanol precipitation.  The purified RNAs were 

dissolved in 35 μL RNase-free water. 

 

2.18 MIDAS: Library preparation 

 

 The selected MIDAS RNAs were used to generate a cDNA library for next 

generation sequencing.  This was accomplished in three simple steps: (1) synthesize 

the first-strand cDNA by reverse transcription, (2) synthesize the second-strand by 

primer extension, and (3) amplify the dsDNA by PCR.  First, 8 μL of the selected 

RNA and 2 μL of 10 μM MIDAS reverse transcription primer were combined and 

annealed by heating at 65°C for 5 minutes and cooling to room temperature for 2 

minutes before placing on ice.  The 10 μL annealed RNA-primer was mixed with 10 

μL 2X cDNA synthesis mix containing 2X FS buffer (100 mM Tris pH 8.3, 150 mM 

KCl, and 6 mM MgCl2), 1 mM dNTPs, 10 mM DTT, and 10 U Superscript III reverse 

transcriptase (ThermoFisher).  The reverse transcription was carried out in a thermal 

cycler: (1) 10 minutes at 25°C, (2) 1 hour and 30 minutes at 30°C, (3) 15 minutes at 

70°C, (4) 37°C hold for RNase H digestion.  On step 4, the 20 μL first-strand samples 

were placed on ice for 1 minute and spun down. Then 1 μL of 5 U/μL RNase H (NEB) 

was added and the sample was incubated at 37°C for 20 minutes.  

 To the 21 μL first-strand cDNA sample, we added: 3.5 μL of 100 mM NaCl, 6.4 

μL of 100 mM MgCl2, 10 μL of 10 mM dNTPs, 10 μL of 10 μM MIDAS cDNA Klenow 

primer, 2 μL of 5 U/μL Klenow fragment 3' → 5' exo- (NEB) and water to a final 100 

μL volume.  This made an ideal 100 μL primer extension reaction containing 10 mM 
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Tris pH 8.2, 15 mM KCl, 35 mM NaCl, 7 mM MgCl2, and 1 mM DTT.  The reaction 

proceeded for 30 minutes at room temperature and was then deactivated for 20 

minutes at 75°C.  The second-strand product was then amplified by PCR with 

sample-specific Index 1 and Index 2 primers containing their unique i7 and i5 index 

sequences. 

 PCR was carried out using a KOD HS polymerase system (MilliporeSigma).  

50 μL PCRs were carried according to manufacturer protocol using 5 μL of the 100 

μL second-strand product.  The DNA was amplified over 25 cycles (annealing 

temperature of 60°C and a 3 second extension time).  The DNA library was finally 

cleaned up using an Amico Ultra-0.5 mL centrifugal filter with a 30,000 Da molecular 

weight cut-off.  The 50 μL PCR product was diluted in 450 μL water and concentrated 

down to approximately 50 μL a total of three times.  The DNA concentration was 

measured by absorbance at 260 nm using a spectrophotometer.  The Nova-2 KH3, 

hFMRP KH0, hFMRP KH1-KH2, and total input DNA libraries were mixed in 

equimolar ratios and then sequenced with Illumina HiSeq 4000 at the UCSD IGM 

Genomics Center. 

 

2.19 MIDAS: NGS data analysis 

 

 We obtained more than four million reads for each Illumina sequencing run.  

To identify and rank the favourite motifs of each protein we used a custom Python 

script, which first filtered the data by sequence length to show only the N5 region 

sequences.  Doing this revealed exactly 1,024 unique 5-mer sequences.  Counts 
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from each of the 1,024 sequences were compared between the protein-selected 

libraries and the total input library to generate a list of enrichment factors.  To 

determine if any of the top enriched sequences had a significant number of counts 

coming from mutated sequences, the data were also filtered by sequence length to 

show the N5 region plus 3 bases upstream and 3 bases downstream.  This revealed 

how many counts for each N5 motif came from the wild type sequence and how 

many came from mutated sequences.  More than 99% of the reads were the correct 

wild type sequence and only counts coming from the wild type sequences were used 

to calculate the enrichment factor.  Identical sequencing data were obtained when 

the Illumina sequencing was repeated with another set of independent library 

preparations showing that the process is reproducible. 

 

 Chapter 2, in full, is a reprint of the material as it appears in RNA-Binding 

Specificity of the Human Fragile X Mental Retardation Protein, Journal of Molecular 

Biology, 2020.  Athar, Youssi M.; Joseph, Simpson, Elsevier, 2020.  The dissertation 

author was the primary investigator and author of this paper.  
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The Human Fragile X Mental Retardation Protein Inhibits the Elongation Step of 
Translation through its RGG and C-terminal domains 
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Abstract 

 

 Fragile X mental retardation protein (FMRP) is an RNA-binding protein that 

regulates the translation of numerous mRNAs in neurons.  The precise mechanism of 

translational regulation by FMRP is unknown.  Some studies have indicated that 

FMRP inhibits the initiation step of translation, whereas other studies have indicated 

that the elongation step of translation is inhibited by FMRP.  To determine whether 

FMRP inhibits the initiation or the elongation step of protein synthesis, we 

investigated m7G-cap-dependent and IRES-driven, cap-independent translation of 

several reporter mRNAs in vitro.  Our results show that FMRP inhibits both m7G-cap-

dependent and cap-independent translation to similar degrees, indicating that the 

elongation step of translation is inhibited by FMRP.  Additionally, we dissected the 

RNA-binding domains of hFMRP to determine the essential domains for inhibiting 

translation.  We show that the RGG domain, together with the C-terminal domain 

(CTD), is sufficient to inhibit translation while the KH domains do not inhibit mRNA 

translation.  However, the region between the RGG domain and the KH2 domain may 

contribute as NT-hFMRP shows more potent inhibition than the RGG-CTD tail alone.  

Interestingly, we see a correlation between ribosome binding and translation 

inhibition, suggesting the RGG-CTD tail of hFMRP may anchor FMRP to the 

ribosome during translation inhibition.  
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Introduction 

 

 Fragile X syndrome (FXS) is the most common form of inherited intellectual 

disability and is caused by the reduced expression of the fragile X mental retardation 

1 (Fmr1) gene in neurons1.  The expression of the Fmr1 gene is reduced because of 

the expansion of the CGG trinucleotide repeats in the 5’-untranslated region of the 

gene, which results in abnormal methylation of the gene and the repression of 

transcription2–5.  Fmr1 encodes an RNA binding protein, fragile X mental retardation 

protein (FMRP), that is highly expressed in the brain6–10.  FMRP has four RNA-

binding domains: one RGG domain that is rich in arginines and glycines and three 

hnRNP K-homology domains (KH0, KH1, and KH2) (Figure 1)6,7,11.  FMRP is thought 

to regulate the translation of about 4% of the human fetal brain mRNAs by directly 

binding to specific sequences or structures in the target mRNAs12.  Additionally, the 

majority of FMRP in the cell is associated with polyribosomes, consistent with its 

proposed role in regulating protein synthesis13.  Interestingly, missense mutations in 

the KH1 and KH2 domains (Gly266Glu and Ile304Asn, respectively, of human 

FMRP) abolishes the binding of FMRP to polyribosomes and cause FXS in 

humans14,15.  These results suggest that the RNA-binding activity of FMRP is critical 

for the healthy development and function of the brain. 

 Several studies have focused their efforts on trying to identify the mRNA 

targets of FMRP.  Although thousands of mRNA targets have been identified over the 

years, there is minimal overlap among the mRNA targets from individual 

studies12,13,16–19.  These results suggest that it is difficult to discern the authentic 
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mRNA targets of FMRP.  Interestingly, in vitro selection experiments identified a G-

quadruplex (GQ) structure and a pseudoknot structure as the potential RNA ligands 

for the RGG and KH2 domains, respectively12,20–22.  Based on these results, it was 

proposed that FMRP may bind to mRNAs that possess GQ or pseudoknot forming 

sequences to repress their translation12,20,22,23.  We previously showed that the KH 

domains of FMRP do not bind to simple four or five nucleotide RNA sequence motifs 

compared to the canonical KH domains found in other RNA-binding proteins24–29.  It 

is possible that the KH domains of FMRP bind to pseudoknot structures in the 

mRNAs; however, such structures are not common in mRNAs and do not agree with 

the fact that FMRP appears to interact with thousands of mRNAs.  In contrast, the 

RGG domain of FMRP binds to GQ structures with high affinity, and potential GQ 

structures are prevalent in mRNAs24,30–36.  Interestingly, GQ structures are even 

present in the 28S and 18S rRNA expansion segments37,38.  Therefore, possibly the 

RGG domain of FMRP interacts with GQ structures in the mRNA target or in the 

rRNAs to regulate translation.   

 The mechanism(s) by which FMRP regulates translation, however, is still 

unknown.  One theory is that FMRP hinders translation initiation by binding to the 

target mRNA and recruiting the cytoplasmic FMRP-interacting protein (CYFIP1), 

which then binds the eukaryotic initiation factor 4E (eIF4E) at the mRNA 5’ 7-

methylguanosine (m7G) cap.  Binding of CYFIP1 to eIF4E, in turn, prevents binding 

of eukaryotic initiation factor 4G (eIF4G) to eIF4E, and the eukaryotic initiation factor 

4F (eIF4F) complex is prevented from assembling at the m7G cap39.  However, most 

of the cytoplasmic FMRP has been found associated with stalled polyribosomes13,40.  
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Additionally, FMRP has been shown to interact with the ribosome even after 

translation initiation is blocked41.  These results suggest that FMRP inhibits 

translation by binding to the target mRNA and stalling the ribosome during the 

translational elongation step.  

 Consistent with the idea that FMRP inhibits the elongation step, a cryo-

electron microscopy (cryo-EM) structure of the Drosophila FMRP (dFMRP) bound to 

the Drosophila 80S ribosome showed that FMRP binds to a site within the ribosome 

that would prevent binding of tRNA and translation factors42.  Additionally, the FMRP-

ribosome structure revealed that the KH1 and KH2 domains bind near the ribosome’s 

peptidyl site, and the RGG domain of FMRP residing near the aminoacyl site, 

presumably available for binding target mRNA motifs.  Thus, FMRP may tether itself 

to the ribosome and the mRNA via its KH and RGG domains, respectively, to stall the 

ribosome during the elongation step of translation12,13,20,21,42,43.  

 FMRP is also suggested to repress translation via RNA interference (RNAi).  

FMRP has been shown to associate with the RNA-induced silencing complex (RISC) 

proteins Dicer and Argonaute 2 (Ago2) as well as specific microRNAs (miRNAs)44–46.  

In fact, FMRP has been reported to assemble the Ago2 and miRNA-125a inhibitory 

complex on the postsynaptic density protein 95 (PSD-95) mRNA through 

phosphorylation of FMRP47,48.  The PSD-95 RNAi case may be just one of many 

RNAi translation repression pathways FMRP employs. It is possible that FMRP can 

recruit from a catalog of miRNA complexes to inhibit a variety of mRNAs via RNAi.  

 FMRP may use multiple mechanisms to specifically repress an extensive 

catalog of target mRNAs under different conditions within the cell.  To study the 
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mechanism of translational inhibition by FMRP, we analyzed the translation of 5’-

m7G-capped mRNAs and uncapped mRNAs initiated using different IRES structures.  

Our studies show that FMRP reduces both m7G-cap-dependent and the cricket 

paralysis virus (CrPV) IRES-driven translation to a similar extent demonstrating that 

FMRP inhibits the elongation step of translation.  Furthermore, we show that the 

RGG domain, together with the C-terminal domain (CTD), is sufficient to inhibit 

translation, whereas the KH domains do not inhibit mRNA translation.  Interestingly, 

the RGG-CTD tail of FMRP binds to the ribosome suggesting that translation 

inhibition may depend on the interaction of FMRP with potential GQ structures in the 

rRNAs. 

 

Materials and Methods 

 

3.1 Protein expression and purification 

 

 The human FMR1 isoform 1 gene was assembled from E. coli codon-

optimized gene blocks (IDT).  The gene encoding the full-length isoform 1 human 

FMRP (hFMRP) spanning residues E2-P632 was subcloned into the LIC expression 

vector pMCSG7 (DNASU plasmid repository) with the 5’ TEV cleavage site deleted, 

conferring a N-terminal hexahistidine tag.  The N-terminus truncated human FMRP 

(NT-hFMRP) spanning residues R218-P632 was subcloned into the LIC expression 

vector pMCSG7, conferring a N-terminal hexahistidine tag with the 5’ TEV cleavage 

site deleted.  The human FMRP RGG domain (GST-hFMRP RGG) spanning 
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residues G531-P632 was subcloned into the LIC expression vector pMCSG10 

(DNASU) which confers a N-terminal hexahistidine-GST fusion tag that is cleavable 

using TEV protease.  The mutant SGG domain (GST-hFMRP SGG) was assembled 

from an E. coli codon-optimized gene block where all 16 arginine residues of the 

RGG region were mutated to serines.  The resulting SGG fragment was subcloned 

into the LIC expression vector pMCSG10.  The human FMRP tandem KH0-KH1-KH2 

domains (GST-hFMRP KH0-KH1-KH2) spanning residues F126-K425 was also 

subcloned into the LIC expression vector pMCSG10.    

 The NT-hFMRP, GST-hFMRP RGG, GST-hFMRP SGG, and GST-hFMRP 

KH0-KH1-KH2 expression plasmids were all transformed in E. coli BL21(DE3) cells 

(Novagen).  NT-hFMRP was purified using Ni-NTA affinity chromatography (Qiagen).  

GST-hFMRP RGG, GST-hFMRP SGG, and GST-hFMRP KH0-KH1-KH2 were 

purified using glutathione affinity chromatography (GE Healthcare).  All proteins were 

further purified using Superdex 75 16/60 or Superdex 200 16/60 (GE Healthcare) gel 

filtration chromatography and stored in their respective running buffers.  Gel filtration 

buffer composition varied between FMRP constructs.  NT-hFMRP gel filtration 

running buffer contained 25 mM Tris pH 7.4, 150 mM KCl and 1 mM DTT.  GST-

hFMRP RGG and GST-hFMRP SGG were purified in gel filtration running buffer 

containing 50 mM Tris pH 7.5 and 1 mM DTT.  GST-hFMRP KH0-KH1-KH2 was 

purified in gel filtration running buffer containing 50 mM Tris pH 7.4, 150 mM NaCl 

and 1 mM DTT. 
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3.2 Preparation of reporter mRNAs 

 

 The gene encoding the Renilla luciferase (RLuc) protein was modified with an 

poly(A)25 insertion at the 3' end of the gene within the pRL-null vector (Promega).  

The gene encoding the NanoLuc luciferase was transferred from the pNL1.1 vector 

(Promega) into the pRL-null vector using 5' NheI and 3' XbaI restriction enzymes, 

then a poly(A)25 was inserted at the 3' end of the NanoLuc gene.  This generated 

RLuc and NanoLuc mRNAs with uniform 3' poly(A)25 tails to bypass the need for 

post-transcriptional 3' polyadenylation.  The PV IRES-, EMCV IRES-, HCV IRES-, 

and CrPV IRES-driven RLuc genes were subcloned into the EMCV-TurboGFP 

parental vector pT7CFE1 (ThermoFisher Scientific) in two steps. In the first step, the 

TurboGFP gene was replaced with the RLuc gene using 5' NdeI and 3' XhoI 

restriction enzymes to generate the EMCV-RLuc plasmid.  In the second step, the 

EMCV IRES was replaced with either the PV, HCV, or CrPV IRES using 5' ApaI and 

3' NdeI restriction enzymes to generate the PV-RLuc, HCV-RLuc, and CrPV-RLuc 

plasmids, respectively.  The four IRES-driven RLuc genes contain a 3' poly(A)30 

sequence from the pT7CFE1 vector, which resulted in the synthesis of mRNAs with 

uniform 3' poly(A)30 tails. 

 All 6 mRNAs were synthesized by run-off in vitro transcription using T7 RNA 

polymerase at 37°C for 4-6 hours.  The RLuc template DNA was prepared by 

linearizing the vector using XbaI, while the NanoLuc and IRES-driven template DNAs 

were prepared by PCR amplification.  The transcription reactions were treated with 

RQ1 DNase (Promega) at 37°C for 30 minutes to remove the DNA templates.  Each 
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transcription reaction was cleaned up in two steps, first by chloroform extraction and 

ethanol precipitation followed by Monarch RNA cleanup kit (NEB). 

 The RLuc and NanoLuc mRNAs were post-transcriptionally 5' capped with 7-

methylguanosine (m7G) using a homemade Vaccinia capping enzyme (REF).  The 

mRNAs were first heated for 5 minutes at 65°C and then put on ice for 5 minutes. 

Capping was carried out for 2 hours at 37°C in 50 μL reactions with 1X capping 

buffer (50 mM Tris pH 8, 5 mM KCl, 1 mM MgCl2, and 1 mM DTT), 0.5 mM GTP, 0.1 

mM SAM, and 4 μL homemade Vaccinia capping enzyme; the amount of mRNA 

substrate to be modified was limited to maintain a large stoichiometric excess of both 

GTP and SAM to ensure all mRNA molecules were capped.  The 5' m7G-capped 

mRNAs were then cleaned up using the Monarch RNA cleanup kit. 

 

3.3 In vitro translation assays 

 

 The rabbit reticulocyte lysate was prepared following the method described by 

(1) Feng and Shao, and (2) Sharma et al. 49,50.  In vitro translation (IVT) reactions in 

rabbit reticulocyte lysate (RRL) were carried out in a final 20 μL volume at 30°C for 

90 minutes.  First, in a 10 μL binding reaction, 24 mM HEPES pH 7.5, 100 mM 

potassium acetate, 20 nM mRNA, and 500-2000 nM protein were combined and 

incubated for 15 minutes at room temperature; the control sample contained the 

protein storage buffer equivalent to the highest volume of protein used in the titration 

(maximum 2 μL).  Then 10 μL RRL was added to make the final 20 μL IVT reaction.  

After 90 minutes at 30°C, the samples were brought to room temperature for 5-10 
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minutes while 2 μL of 30 mM coelenterazine (Promega), or 15 μL of 1-to-50 diluted 

NanoLuc substrate (Promega), was pipetted into a 384-well white flat bottom plate 

(Greiner).  In the case of IVT reactions containing RLuc mRNAs, 18 μL of the 20 μL 

sample was mixed with 2 μL coelenterazine, and luminescence readings were taken 

immediately on a Tecan Spark plate reader.  In the case of IVT reactions containing 

NanoLuc mRNAs, 15 μL of the 20 μL sample was mixed with 15 μL of 1-to-50 diluted 

NanoLuc substrate, and luminescence readings were taken immediately on a Tecan 

Spark plate reader.  Luminescence readings of samples in each titration were 

normalized to the signal of their respective control sample. 

 For the GST-hFMRP RGG cleavage reactions with TEV protease, GST-

hFMRP RGG fusion protein was combined with either TEV protease or storage buffer 

(50 mM Tris pH 7.4 and 1 mM DTT) at a 4:1 ratio for a final 20 μM GST-hFMRP 

RGG.  The cleavage reaction was carried out for 2 hours and 30 minutes at room 

temperature with gentle agitation, after which the protein samples were serially 

diluted in storage buffer for the IVT assay. 

 

3.4 Human 80S ribosome binding assay 

 

 In a 20 μL binding reaction, 0.8 μM human 80S ribosomes and 7.2 μM protein 

were incubated with 50 mM Tris acetate pH 7.7, additional potassium acetate (final 

50 mM K+), additional magnesium acetate (final 3.8 mM Mg2+), 10 mM DTT, and 30 

μg/mL total tRNA from E. coli.  The 20 μL reactions were incubated for 15 minutes at 

room temperature, placed on ice for 2 minutes, and then carefully pipetted onto a 
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pre-cooled 200 μL 40% (w/w) sucrose cushions reconstituted in RBB (50 mM Tris 

acetate pH 7.7, 50 mM potassium acetate, 5 mM magnesium acetate, and 10 mM 

DTT).  The sample was centrifuged at 4°C for 1 hour and 40 minutes at 182,753 x g 

(38,000 rpm in a Beckman Coulter Type 42.2 Ti rotor).   

 The supernatant was carefully removed then 16 μL RBB was gently pipetted 

onto the ribosome pellet and incubated covered at 4°C for 30 minutes.  The 16 μL 

sample was carefully mixed by gentle pipetting in place and transferred to a clean 

tube containing 4 μL 5X SDS sample loading solution.  10 μL of the 20 μL gel sample 

was analyzed by 10% SDS-PAGE and stained with Coomassie brilliant blue. 

 

Results and Discussion 

 

3.5 FMRP inhibits the translation of various mRNAs 

 

 We sought to identify how the RNA-binding domains of human FMRP 

(hFMRP) contributed to the regulation of mRNA translation.  We dissected hFMRP 

into two halves, the KH0-KH2 domains and the RGG domain with the C-terminal 

domain (CTD) (Figure 3.1).  We used a nuclease-treated rabbit reticulocyte lysate 

(RRL) in vitro translation (IVT) system to test FMRP effects on the Renilla luciferase 

(RLuc) reporter mRNA translation.  First, we measured the importance of two 

canonical post-transcriptional modifications, the 5'-m7G cap and 3' polyA tail, in 

increasing translation efficiency in the RRL system (Figure 3.2).  We observed that 

the individual modifications are not critical for efficient translation, but removing the 
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5'-m7G cap and 3' polyA tail, significantly decreases translation efficiency in RRL 

(Figure 3.2b).  FMRP has been proposed to regulate the translation of some mRNAs 

during the initiation step through interactions involving the 5' cap39.  Therefore, we 

tested how NT-hFMRP regulates the translation of a polyadenylated RLuc with and 

without the 5' cap.  We observed FMRP inhibits both mRNAs similarly, suggesting 

that the inhibition is independent of the 5' cap machinery. 

 However, it was unclear whether FMRP specifically inhibits translation of RLuc 

mRNA because it contains a feature that makes it a target mRNA, or if FMRP would 

have a similar effect on the translation of different mRNAs.  Therefore, we compared 

the effect of NT-hFMRP on the translation of Renilla luciferase (RLuc) and NanoLuc 

luciferase (NLuc) reporter mRNAs.  Surprisingly, we observed nearly identical effects 

on both mRNAs, suggesting FMRP indiscriminately inhibits translation through a 

common mechanism (Figure 3.2c).  
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Figure 3.1:  Human FMRP constructs.  hFMRP is the full-length human FMRP 
isoform 1, spanning E2-P632, alongside the truncation constructs that were used.  
GST-hFMRP SGG is a fusion between the glutathione S-transferase and the RGG 
motif-containing sequence of hFMRP spanning G531-P632 where the 16 arginines 
spanning the RGG motif to the C-terminus were mutated to serines, illustrated using 
a different color for the C-terminus. 
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Figure 3.2:  Human FMRP inhibits translation of different mRNAs in RRL.  (a) 
Diagram of Renilla luciferase (RLuc) mRNAs containing: both 5’-m7G cap and 3’-
polyA25 tail (+/+, blue), only 3’-polyA25 tail (-/+, cyan), only 5’-m7G cap (+/-, red), or 
neither 5’-m7G cap nor 3’-polyA25 tail (-/-, pink).  (b) Relative luminescence units 
(RLU) from 10 nM of the four aforementioned Renilla luciferase mRNAs, and upon 
the addition of 500 nM NT-hFMRP, all as a percentage of the (+/+) RLuc mRNA.  (c) 
RLU from 10 nM Renilla luciferase (blue) and 10 nM NanoLuc luciferase (maroon) 
upon the addition of 0-1000 nM NT-hFMRP as a percentage of the control containing 
no NT-hFMRP.  The standard deviations from three experiments are shown. 
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3.6 FMRP inhibits the elongation step of translation 

 

 We observed that hFMRP equally inhibited the translation of 5'-capped and 

uncapped RLuc mRNAs (Figure 3.2b).  Therefore, we sought to test hFMRP 

inhibition of canonical capped-and-tailed RLuc mRNA against internal ribosome entry 

site (IRES)-driven mRNAs.  We generated RLuc mRNAs driven by a representative 

IRES from the four different classes of IRESes: poliovirus (PV-RLuc), 

encephalomyocarditis virus (EMCV-RLuc), hepatitis C virus (HCV-RLuc), and cricket 

paralysis virus (CrPV-RLuc)51.  Unfortunately, the PV-RLuc and HCV-RLuc mRNAs 

did not translate efficiently enough for IVT studies, so we proceeded with the EMCV-

RLuc and CrPV-RLuc mRNAs at a fixed 10 nanomolar concentration for comparison 

against 10 nanomolar canonical RLuc (Figure 3.3a).  While one may expect more 

protein synthesis from having more mRNAs in the IVT reaction, too much of the 

EMCV IRES-driven RLuc mRNA actually decreases translation efficiency52.  

Consistent with our previous observation, we saw FMRP inhibits the translation of 

CrPV-RLuc as efficiently as the canonical RLuc, suggesting that FMRP indeed 

inhibits translation of RLuc exclusively at the elongation step because CrPV IRES 

mRNA does not require any of the initiation factors to bind to the ribosome and 

initiate protein synthesis53–56.  Inhibition of EMCV-RLuc was slightly milder compared 

to canonical RLuc and CrPV-RLuc (Figure 3.3b).  
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Figure 3.3:  FMRP inhibits translation of canonical and IRES-driven Renilla 
luciferase mRNAs.  (a) Relative luminescence units (RLU) from Renilla luciferase 
upon the addition of 0-400 ng of the indicated mRNAs in RRL.  (b) RLU from canonical 
Renilla luciferase (blue), EMCV IRES-driven Renilla luciferase (red), and CrPV IRES-
driven Renilla luciferase (green) upon the addition of 0-1000 nM NT-hFMRP as a 
percentage of the control containing no NT-hFMRP.  The standard deviations from 
three experiments are shown. 
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3.7 The RGG domain and CTD are sufficient to inhibit translation 

 

 To identify which regions and RNA-binding domains of hFMRP contribute to 

translation inhibition, we measured the effects of the GST-tagged KH0-KH1-KH2 

region (GST-KH0-KH1-KH2), GST-tagged RGG-CTD region (GST-hFMRP RGG), 

and a GST-tagged mutant SGG-CTD region (GST-hFMRP SGG) on RLuc mRNA 

translation.  We found that GST-hFMRP RGG was sufficient to inhibit the translation 

of RLuc (Figure 3.4a). In contrast, GST-KH0-KH1-KH2 did not inhibit translation and 

had a similar effect as the mutant GST-hFMRP SGG in which the RNA G-quadruplex 

(GQ)-binding arginines spanning the RGG domain and CTD of FMRP were all 

mutated to serines (Figure 3.4a).  Furthermore, we tested whether the RNA GQ-

binding RGG domain was sufficient to inhibit translation.  We used the 18 amino acid 

RGG peptide previously found to bind the sc1 GQ-forming RNA and observed it was 

insufficient to inhibit translation, suggesting the CTD of hFMRP plays an essential 

role in translation inhibition (Figure 3.4a)23,57.  Finally, the GST-hFMRP RGG is not 

as efficient at inhibiting RLuc translation compared to NT-hFMRP.  This suggests 

there may indeed be a cooperative effect between the C-terminus of hFMRP, 

containing the RGG and CTD, the KH1 and KH2 domains, and the unstructured 

region between the KH2 and RGG domains.  Altogether, it is possible the RGG and 

CTD are critical for the initial binding interaction as an anchor while the other regions 

of FMRP further stabilize that interaction. 

 To determine if the GST tag is involved in translation inhibition by the RGG-

CTD region, we cleaved the GST-hFMRP RGG with TEV protease to separate the 
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GST tag and RGG-CTD fragments before IVT (Figure 3.4b).  We observed no 

significant difference in translation inhibition between the intact GST-hFMRP RGG 

fusion protein and the cleaved protein, showing that the GST protein is not involved 

in translation inhibition by the RGG-CTD fragment (Figure 3.4c).  



   

 102 

 

  

Figure 3.4:  The RGG domain and CTD of FMRP are required for inhibition of 
translation.  (a) Relative luminescence units (RLU) from Renilla luciferase upon the 
addition of 0-1000 nM NT-hFMRP (blue), GST-hFMRP RGG (orange), GST-hFMRP 
SGG (orange with black diagonal stripes), GST-hFMRP KH0-KH1-KH2 domains 
(teal), and RGG peptide (black) in RRL.  (b) 12% SDS-PAGE of GST-hFMRP RGG 
before (- TEV protease) and after (+ TEV protease) cleaving with TEV protease.  (c) 
RLU from Renilla luciferase upon the addition of 0-1000 nM GST-hFMRP RGG 
(orange) and GST-hFMRP RGG pre-cleaved using TEV protease (orange with white 
horizontal stripes) in RRL.  The standard deviations from three experiments are 
shown. 
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3.8 FMRP binding to the ribosome correlates with inhibition of translation 

 

 Based on past findings and our observations that FMRP inhibits translation at 

the elongation step and the RGG-CTD region is sufficient for inhibition, we 

hypothesized the RGG-CTD might be serving as the anchor during direct binding of 

FMRP to the ribosome. Two recent studies found specific rRNA expansion segments 

in the ribosomes of higher eukaryotes contain G-quadruplex structures37,38.  Together 

with our recent study showing the RGG domain of hFMRP can bind even a minimal 

G-quadruplex structure, we investigated whether the RGG-CTD region of hFMRP 

could be binding directly to a G-quadruplex on the ribosome to inhibit translation24.  

To determine whether binding to the ribosome is correlated with translation inhibition, 

we tested the binding of the human 80S ribosome to NT-hFMRP, GST-hFMRP RGG, 

and GST-hFMRP KH0-KH1-KH2 by sucrose cushion co-sedimentation.  We 

observed both NT-hFMRP and GST-hFMRP RGG bind directly to the ribosome, 

while GST-hFMRP KH0-KH1-KH2 does not bind (Figure 3.5).  Our results suggest 

that the direct binding of FMRP to the ribosome is crucial for inhibition of translation.  
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Figure 3.5:  NT-hFMRP and GST-hFMRP RGG bind directly to the human 80S 
ribosome.  (a) A representative 10% SDS-PAGE of 40% sucrose co-sedimentation 
assay showing NT-hFMRP (blue dot) co-sediments with human 80S ribosomes 
(h80S).  Samples in lanes 4 to 6 were sedimented through the sucrose cushion.  
Lanes: 1, molecular weight ladder; 2, input h80S; 3, input NT-hFMRP; 4, NT-hFMRP 
in pellet; 5, h80S in pellet; 6, h80S+NT-hFMRP complex in pellet.  NT-hFMRP 
migrated close to a ribosomal protein; however, quantification showed that the band 
intensity of the NT-hFMRP and the ribosomal protein in lane 6 increased by ~30% 
compared to the same ribosomal protein band in lane 5.  (b) A representative 10% 
SDS-PAGE of 40% sucrose co-sedimentation assay showing GST-hFMRP RGG 
(orange dot) co-sediments with human 80S ribosomes, but GST-hFMRP KH0-KH1-
KH2 (teal dot) does not.  Samples in lanes 4 to 8 were sedimented through the 
sucrose cushion.  Lanes: 1, molecular weight ladder; 2, input h80S; 3, input KH0-
KH1-KH2; 4, KH0-KH1-KH2 in pellet; 5, h80S+KH0-KH1-KH2 in pellet; 6, h80S in 
pellet; 7, h80S+GST-RGG in pellet; 8, GST-RGG in pellet; 9, input GST-RGG; 10, 
molecular weight ladder.  GST-RGG migrated close to a ribosomal protein; however, 
quantification showed that the band intensity of the GST-RGG and the ribosomal 
protein in lane 7 increased by ~40% compared to the same ribosomal protein band 
in lane 6.  (c) Model for the inhibition of translation by FMRP.  Top: The RGG-CTD 
tail of FMRP binds to a GQ sequence in a rRNA expansion segment and the KH 
domains interact with a functional site on the ribosome to inhibit translation.  Bottom: 
The RGG-CTD tail of FMRP binds to a GQ sequence in the mRNA and the KH 
domains interact with a functional site on the ribosome to inhibit translation.  Labels: 
FMRP (red), 80S ribosome (blue), rRNA expansion segments (dark blue lines), and 
mRNA (black). 
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Figure 3.5 (legend on previous page)  
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3.9 Discussion 

 

 FMRP has been proposed to regulate the translation of thousands of mRNA 

targets suggesting that it either has relaxed RNA-binding specificity or the RNA 

recognition element is present abundantly in mRNAs12,13,16–19.  Alternatively, FMRP 

may globally inhibit translation by repressing the function of a specific translation 

factor or the ribosome.  Our IVT studies in RRL lead us to conclude that human 

FMRP inhibits mRNAs indiscriminately and to similar degrees when concentrations of 

two different mRNAs of different lengths are standardized.  This suggests FMRP 

does not necessarily regulate the translation of only a subset of target mRNAs, but 

can also regulate mRNAs globally through a common upstream translation 

mechanism independent of sequence or structure features in the mRNA.  

 FMRP also potently inhibits the translation of RLuc mRNA independent of the 

5' cap, showing that potent inhibition can occur without FMRP interacting with the 

initiation machinery.  To confirm our findings, we used CrPV IRES, which binds 

directly to the ribosomal P site to initiate translation without the need for any initiation 

factors53–56.  FMRP inhibits CrPV-RLuc just as potently as the canonical RLuc, 

supporting the hypothesis that FMRP inhibits at the elongation step regardless of the 

initiation rate and initiation machinery.  We observe milder inhibition of EMCV-RLuc 

by FMRP, which may suggest FMRP's ability to inhibit translation is linked to factors 

beyond translation elongation.  A recent study looked into the differences between 

canonical and EMCV-driven translation and found EMCV IRESes are 

indistinguishable from canonical 5' UTRs in terms of initiation and elongation rates.  
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However, the EMCV IRES is less efficient at recruiting ribosomes than the 5' cap 

machinery58.  Ribosome recruitment and availability, together with elongation, seem 

to be major factors for FMRP inhibition of translation. 

 Upon dissecting FMRP, we determined the arginine-rich RGG domain and 

CTD are the primary drivers of translation inhibition, while the region spanning the 

putative RNA-binding KH0 to KH2 domains alone cannot inhibit translation.  Although 

the RGG-CTD region may be sufficient for mild translation inhibition, potent inhibition 

requires additional features found in NT-hFMRP, such as the unstructured region 

between the KH2 and RGG domains.  Based on our ribosome-binding study, it is 

possible that the KH domains cannot inhibit translation alone because they cannot 

form a stable interaction with the ribosome.  Perhaps the KH domains cooperate with 

the RGG-CTD to stabilize the initial interaction between the RGG-CTD and the 

ribosome to enhance translation inhibition. 

 Overall our studies suggest hFMRP can globally inhibit mRNA translation by 

binding directly to ribosomes through its RGG domain and CTD tail to (1) effectively 

decrease the population of active ribosomes available to translate mRNAs, and (2) 

stall actively translating ribosomes at the elongation step (Figure 3.5c).  It remains to 

be seen whether RREs, such as G-quadruplexes, within the mRNAs can alter 

translation regulation by FMRP. 
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 Chapter 3, in full, has been submitted for publication of the material as it may 

appear in The Human Fragile X Mental Retardation Protein Inhibits the Elongation 

Step of Translation through its RGG and C-terminal domains, Biochemistry, 2020.  

Athar, Youssi M.; Joseph, Simpson, American Chemical Society, 2020.  The 

dissertation author was the primary investigator and author of this material.  
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 Dissecting the RNA-binding specificity of human FMRP (hFMRP) and the role 

of hFMRP in regulating mRNA translation has shed some light on (1) how the 

different RNA-binding domains of hFMRP contribute to binding specific RREs and (2) 

how these specific interactions between hFMRP and RREs may be triggering 

regulation of mRNA translation1,2. 

 Our investigation into the RNA-binding specificity of hFMRP provided much 

needed clarity on what RREs the KH domains of hFMRP actually bind1.  During our 

study we developed the method Motif Identification by Analysis of Simple sequences 

(MIDAS) to isolate and identify the short ssRNA target sequences of an RNA-binding 

domain of interest.  Using the Nova-2 KH3 domain as the benchmark protein in 

MIDAS, we identified new, higher affinity target ssRNA sequences of the Nova-2 KH3 

domain.  By comparison, the hFMRP KH0, KH1, and KH2 domains could not bind to 

any short ssRNA sequence with biologically relevant affinity, either in isolation or in 

tandem.   

 The MIDAS library preparation is simple enough to be accomplished quickly 

without expensive kits, and the next-generation sequencing data are easy to sort and 

interpret without the need for complex computational workflows.  In our study, MIDAS 

was employed such that the 5 nucleotide variable region was flanked by two linear 

sequences.  However, MIDAS is a versatile technique.  It can also be used, for 

example, to display a short 4-6 nucleotide variable region as a loop within a stable 

hairpin backbone.  This could identify new target sequences if the RNA-binding 

domain of interest binds to ssRNA sequences within loops of RNA hairpin 

structures3.  Furthermore, the identified sequences can be introduced in tandem RNA 
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hairpin structures to determine whether the protein of interest simultaneously binds to 

tandem loop sequences. 

 We also found that the hFMRP RGG domain and CTD can not only interact 

with a variety of RNA GQ structures but also bind with high affinity to a minimal RNA 

GQ core element1.  We determined the interaction is indeed mediated by arginine 

residues spanning the RGG-CTD tail region, but it remains unknown how this region 

binds each of the different GQ structures and which specific arginine residues are 

important for binding these various RNA GQ structures.  Considering the disordered 

nature of the RGG-CTD tail region, it is likely there are multiple GQ-binding 

conformations that involve different sets of arginines within the RGG-CTD that confer 

these observed differences in binding affinity between the various RNA GQ 

structures4–6.  We know hFMRP can bind with high affinity to GQ structures in various 

mRNAs, and now we have shown that hFMRP can also bind to a minimal RNA GQ 

core element1,7–11.  As such, hFMRP can probably bind to many RNA GQ structure 

with a range of affinities.  

 From our in vitro translation studies, we see that the RGG-CTD tail region of 

hFMRP is indeed both necessary and sufficient for inhibiting mRNA translation, and 

for mediating binding to the human 80S ribosome2.  While we did not test whether the 

RGG domain alone could bind the GQ structures, we determined the CTD is required 

for translation inhibition.  If we consider hFMRP RNA GQ-binding affinity together 

with translation inhibition potency, we can make a few connections: (1) the KH0-KH1-

KH2 domains alone are insufficient to mediate binding to RNA or inhibit translation, 

(2) the RGG-CTD shows weaker binding to RNA GQ structures and a milder 
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inhibition of mRNA translation, and (3) NT-hFMRP shows strongest binding to RNA 

GQ structures and the most potent inhibition of mRNA translation.  Altogether this 

suggests there is likely a connection between FMRP binding to RNA GQ structures 

and FMRP inhibiting mRNA translation.  In consideration of the recent finding that 

ribosomes of higher eukaryotes, including humans and rabbits, contain GQ structures 

in their RNA extension segments, we tested if our hFMRP constructs could bind 

directly to the purified human 80S ribosome12,13.  To our surprise, we observed both 

RNA GQ-binding proteins, RGG-CTD and NT-hFMRP, bind to the ribosome; the 

KH0-KH1-KH2 domains, which could neither bind RNA nor inhibit mRNA translation, 

did not bind to the ribosome.  Altogether these findings suggest FMRP can globally 

regulate mRNA translation perhaps by binding directly to a GQ structure on an 

extension segment of the 80S ribosome and preventing the ribosome from translating 

mRNAs.  However, this does not exclude the possibility that other mechanisms could 

contribute to how FMRP regulates a given mRNA.  For example, if an mRNA has GQ 

structures of its own, then it is possible for that mRNA to be inhibited by FMRP 

binding to the GQ structures in the mRNA and stalling actively translating 

polyribosomes.  This could be tested by introducing stable GQ structures within a 

reporter mRNA (e.g. Renilla luciferase) and measuring how its translation is 

regulated compared to the original reporter mRNA. 

 Elucidating the atomic interactions between the 80S ribosome and FMRP would 

clarify many of the questions regarding how FMRP regulates mRNA translation.  An earlier 

study by Chen et al. from our lab showed that Drosophila FMRP (dFMRP) can bind directly 

to purified Drosophila 80S (d80S) ribosomes, and we have since found that human FMRP 



   

 119 

can also bind directly to purified human 80S ribosomes2,14.  Interestingly, unlike in higher 

eukaryotic ribosomes, there is no evidence of d80S ribosomes having extension segments 

with GQ structures.  Indeed the NT-dFMRP•d80S cryo-EM structure model suggests (1) KH1 

and KH2 domains are occupying the ribosomal intersubunit space peptidyl site (P site) that 

would normally be occupied by a tRNA during translation, and (2) the C-terminus containing 

the RGG domain resides near the A site and is therefore possibly interacting with the mRNA.  

Overall, the model put forth by Chen et al. is that Drosophila FMRP inhibits translation by 

binding to the d80S ribosome intersubunit space to block binding of the 

eEF1A•GTP•aminoacyl-tRNA ternary complex and eEF2 components and therefore stall 

elongation14.  Human FMRP on the other hand could be inhibiting translation by binding to a 

GQ structure in an extension segment far from the intersubunit space where the elongation 

factors assemble.  The manner in which FMRP interacts with ribosomes in humans is likely 

different from how FMRP interacts with ribosomes in Drosophila.  Therefore, the 

mechanisms by which FMRP regulates translation of mRNAs in eukaryotes could be 

significantly different between species.  Obtaining high-resolution structures of both human 

FMRP•human ribosome and Drosophila FMRP•Drosophila ribosome complexes would help 

tremendously towards understanding how FMRP interacts with the ribosome in different 

manners to regulate translation of mRNAs in different organisms. 
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