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Abstract

Pathogenesis of novel FMRI mutations in fragile X syndrome
By Leila Khoogar Myrick

Fragile X Syndrome (FXS) is the most common form of inherited intellectual disability
(ID) and also the leading monogenic cause of autism spectrum disorder. In most cases,
FXS is caused by a trinucleotide repeat expansion within the FMRI gene that causes
transcriptional silencing and loss of the encoded protein, FMRP. FMRI missense
mutations that disrupt FMRP function are also expected to cause FXS, however, in over
two decades since FMR1 was discovered, only a single pathological missense mutation
has been reported (I304N). Recently we identified two novel variants, G266E and
R138Q, in males with ID who tested negative for repeat expansion. To determine if these
variants are pathological, we infected Fmrl KO cells with either G266E-FMRP or
R138Q-FMRP lentivirus. We found that G266E behaves like a functional null and is
unable to rescue any of the functions associated with FMRP’s canonical role as a
postsynaptic translation regulator. Specifically G266E failed to rescue AMPAR
trafficking, associate with polyribosomes, or bind mRNA. We also modeled the G266E
mutation onto crystallographic data of FMRP’s KH1-KH2 domain and found this
mutation is likely to cause significant structural disruption. Conversely, R138Q-FMRP
rescued all the phenotypes associated with translation regulation. However, when
neuronally expressed in transgenic dfmrI-deficient Drosophila, R138Q did not rescue
synaptic overgrowth at the neuromuscular junction, suggesting this mutation specifically
impairs FMRP’s presynaptic function. Electrophysiological and biochemical studies
confirmed the presynaptic defect and revealed that R138Q-FMRP is unable to modulate
action potential duration through loss of interaction with presynaptic BK¢, channels. In
order to determine if R138Q causes any structural changes, we solved the crystal
structure for the amino terminal domain where R138Q resides. We did not find any
significant conformational changes between wild-type or R138Q crystal structures,
however we unexpectedly discovered a novel RNA binding domain instead. In
conclusion, G266E is a pathological null mutation while R138Q is a partial loss-of-
function mutation that confers isolated loss of FMRP presynaptic function. These results
separate the pre- and postsynaptic functions of FMRP and demonstrate investigational
and clinical utility of screening for conventional FMR] mutations in individuals with ID.
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Chapter 1. Introduction and Background



1.1 Fragile X syndrome

Fragile X syndrome (FXS) is the most common hereditary cause of intellectual
disability (ID), affecting approximately 1:5000 males (Coffee et al., 2009) and 1:8000
females (Crawford et al., 2001). FXS accounts for approximately 2% of all intellectual
disability and is also the leading monogenic cause of autism spectrum disorders (ASD)
(Jacquemont et al., 2007, Wang et al., 2010b). In addition to ID, the syndrome is
characterized by a wide array of behavioral and neurological symptoms (see Section
1.1.1 Clinical description), and it is most often caused by a trinucleotide repeat expansion
mutation that transcriptionally silences the FMRI gene (see Section 1.1.2 Genetics of
FXS). Loss of the encoded protein, Fragile X Mental Retardation Protein (FMRP), is the
underlying basis of FXS pathophysiology and has been the focus of intense study for over
20 years (see Section 1.2 Fragile X Mental Retardation Protein). However, repeat
expansion mutations are not the only mode for acquiring FXS. Conventional mutations
within FMR1, such as gross deletions, small indels, and missense/nonsense mutations
have also been reported (see Section 1.3 Conventional mutations). The focus of this
present dissertation is to characterize two novel FMR I missense mutations, G266E and

R138Q, and determine their pathological relevance in FMRP function and FXS.

1.1.1 Clinical description

The cardinal symptom in FXS is intellectual disability (ID). Male patients
typically have 1Q scores in the mild to severe ID range (FSIQ 25-70), while female
patients are usually higher functioning and have IQ scores in the average to mild ID
range (FSIQ 55-110) (Hessl et al., 2009). In fact, most females with FXS are not

considered intellectually disabled and only about 30% have FSIQ < 70 (Hessl et al.,



2009). Since FXS is an X-linked disorder, the generally less severe female phenotypes
are believed to be due to the production of FMRP by cells with the normal FMRI allele
on the active X chromosome, also known as the X activation ratio (Abrams et al., 1994).
Along with ID, patients experience global developmental delay and their intellectual
functioning typically develops 2.2 times slower than unaffected children (Hall et al.,
2008).

Other features commonly associated with FXS include autism, attention deficit
hyperactivity disorder (ADHD), anxiety, seizures, macroorchidism, distinct facial
characteristics, and connective tissue abnormalities (Chudley and Hagerman, 1987,
Jacquemont et al., 2007). The facial abnormalities are often subtle but include long
narrow face, large prominent ears, and a large forehead. Connective tissue problems
include mitral valve prolapse, flat feet, joint hyperextensibility, and high arched palate,
however these connective tissue manifestations, along with the dysmorphic facies, have
an unknown relationship with intellectual disability and have received little research
attention.

Conversely, the neuropsychiatric disorders contribute significantly to the
morbidity of FXS and their molecular bases within the context of FXS are beginning to
be understood (Tranfaglia, 2011). ADHD is present in an overwhelming 80% of FXS
patients, and anxiety has been reported to affect anywhere from 70-100% of individuals
(Jacquemont et al., 2007). In one rigorous study of 97 patients affected with FXS, 82.5%
met the criteria for any anxiety disorder and 58.3% met the criteria for multiple anxiety
disorders, with social phobia and specific phobia as the most common diagnoses

(Cordeiro et al., 2011). Seizures are also commonly associated with FXS, affecting



approximately 20% of patients (Wisniewski et al., 1991, Musumeci et al., 1999,
Incorpora et al., 2002), however this association is not unique to FXS since most
developmentally disabled populations have a high prevalence of epilepsy. Interestingly,
the use of animal models to better understand cognitive dysfunction in FXS has
inadvertently also provided insights on the molecular mechanisms underlying FXS-
associated seizures with evidence linking loss of FMRP to neuronal hyperexcitability,
and the involvement of metabotropic glutamate and GABA receptor pathways
(Hagerman and Stafstrom, 2009, Pfeiffer and Huber, 2009).

There is also a strong connection between FXS and ASD with up to 60%-90% of
FXS patients exhibiting at least some autistic behaviors (Merenstein et al., 1996, Harris et
al., 2008). When using ADI-R, ADOS, and DSM-IV gold standard diagnostic criteria,
30% of FXS patients meet the criteria for autism and an additional 30% for pervasive
developmental disorder not otherwise specified (PDD-NOS) (Harris et al., 2008,
Cordeiro et al., 2011). FXS is also the leading single gene cause of ASD with reports of
the FMRI mutation being found in up to 8% of autistic children (Li et al., 1993, Estecio
et al., 2002). The heterogeneity of ASD has made scientific progress within this field
difficult, however FXS offers a well-defined single gene model for which to study ASD
related mechanisms, and indeed significant overlap has been found in the molecular
pathways of both disorders (Wang et al., 2010b, Darnell et al., 2011, De Rubeis and

Bagni, 2011).

1.1.2 Genetics of FXS

FXS is an X-linked disorder with an unusual inheritance pattern. The term

“fragile X actually originated from observations of a chromosomal constriction on the



long arm of the X chromosome that appeared to segregate in families with X-linked
intellectual disability (Lubs, 1969, O'Donnell and Warren, 2002). These chromosomal
constrictions were later termed “fragile sites” and their link to FXS was confirmed in
1981 (Richards et al., 1981). 10 years later, the exact genetic locus was narrowed down to
a CGQG trinucleotide repeat region within the FMRI gene, and it still remains as the single
gene responsible for this syndrome (Verkerk et al., 1991). The inheritance of FXS is
atypical from other X-linked disorders in that 1) there are non-affected obligate carrier
males and 2) the risk of inheritance increases with each generation (Sherman et al.,

1985). This genetic anticipation event was termed the “Sherman Paradox” and remained
unexplainable until the cloning of the FMRI CGG repeat expansion mutation.

The variable CGG repeat region is located within the 5 UTR of FMRI and is
quite polymorphic with normal alleles spanning anywhere from 6 to 54 repeats (Fu et al.,
1991). Due to the nature of repeat DNA being difficult to replicate (Richards and
Sutherland, 1994), this region is susceptible to repeat expansion resulting in premutation
alleles of 55-200 repeats, and full mutation alleles of >200 repeats (Fu et al., 1991).
Within premutation carriers, the larger the repeat length, the more likely an expansion
will occur in the subsequent generation, thus accounting for the Sherman Paradox and the
unusual inheritance pattern of FXS (Fu et al., 1991). Once the repeat size exceeds 200
repeats, delayed replication upon entering metaphase causes the appearance of “fragile
sites” on chromosome spreads (Yudkin et al., 2014), and the entire region undergoes
extensive CpG methylation and chromatin condensation (Coffee et al., 2002). This
epigenetic change is actually triggered by the FMRI mRNA itself. Early in

embryogenesis when FMRI mRNA is still transcribed, the expanded CGG repeat in the



5’UTR of the mRNA forms an RNA*DNA duplex with the complementary CGG repeat
on the FMR1 DNA and this interaction is required in order to induce transcriptionally
repressive histone marks at the FMR1 promoter (Colak et al., 2014). The net result of
these epigenetic changes is sustained transcriptional silencing of FMR1 (Penagarikano et
al., 2007). Thus, FXS is actually due to loss of the encoded protein, FMRP, which has
been confirmed by lack of FMRI expression in FXS patients (Pieretti et al., 1991), and a
handful of FMR1 deletion and missense mutations (Gedeon et al., 1992, Wohrle et al.,

1992, De Boulle et al., 1993, Myrick et al., 2014c).

1.2 Fragile X Mental Retardation Protein (FMRP)

1.2.1 Structure and domains

FMREP is a complex protein with several structural domains and multiple
functions. The full-length protein is encoded from 17 exons to yield a 632 amino acid
product (71.1 kDa), however alternative splicing between exons 11-17 can result in
several smaller versions that range in size from 47.3 to 69.9 kDa (Eichler et al., 1994,
Sittler et al., 1996). From amino terminus to cytoplasmic, FMRP is comprised of two
tandem Agenet domains in exons 1-3 and 3-5, a nuclear localization sequence in exons 5-
6, two tandem KH domains in exons 8-9 and 9-13, a nuclear export sequence in exon 14,
and an RGG box in exon 15 (Figure 1.1A) (Santoro et al., 2012).

Perhaps the best-studied domains are the three RNA binding motifs, which
include KH1, KH2 and the RGG box. These were first identified in 1993 and helped
establish FMRP as an RNA binding protein that selectively associates with

approximately 4% of mRNA in the brain (Ashley et al., 1993). How FMRP uses these



domains to recognize a specific subset of messages has, however, been a long-standing
question that will be discussed in Section 1.2.2 and Section 1.2.3 below. Less well
studied is the amino terminus of FMRP, which encompasses two Agenet domains and a

nuclear localization sequence, and will be discussed in Section 1.2.4.

1.2.2 KH domains

How does FMRP use the KH domains to recognize RNA? Crystallographic
studies of other RNA binding proteins have shown that RNA binds to KH domains in a
hydrophobic “RNA binding cleft” that is flanked by a G-X-X-G motif on one side and a
variable loop on the other side (Valverde et al., 2008). The RNA binding cleft only
accommodates up to 4 nucleic acids, however greater RNA binding specificity can be
achieved by multiple tandem KH domains or other structural motifs that act in concert
with the KH domain. The hydrophobic core of the RNA binding cleft is very important
for RNA binding, and in fact, the I304N patient mutation lies directly within this
hydrophobic core in FMRP’s KH2 domain and is expected to disrupt all KH2 mediated
RNA binding (Lewis et al., 2000, Ramos et al., 2003, Valverde et al., 2008).

Later studies identified that while most KH domains recognize a 4-7 nucleotide
consensus sequence, FMRP’s KH2 domain actually recognizes RNAs with a much more
complex structure known as the “kissing complex” (Darnell et al., 2005). A kissing
complex is comprised of two stem loops that form a 4 base pair interaction with one
another into a loop-loop-pseudoknot. This association with kissing complex RNAs was
specific to the KH2 domain because 1304N mutation abolished the interaction but an
equivalent KH1 mutation had no effect. Moreover, synthetic kissing complex RNAs were

able to compete off FMRP binding with natural mRNA targets identified by HITS-CLIP,



confirming that kissing complex motifs are indeed critical for FMRP’s RNA binding
selectivity (Darnell et al., 2011). However, natural FMRP targets that harbor the kissing
complex motif have yet to be identified.

Most recently a novel approach to isolate FMRP target binding sites, PAR-CLIP,
was used in combination with next generation sequencing and computational analysis to
identify possible RNA-recognition elements (RREs) within FMRP’s bound mRNAs
(Ascano et al., 2012). This study revealed that FMRP recognizes “ACUK” and “WGGA”
motifs and that the KH2 domain is specifically responsible for ACUK recognition. FMRP
with the [304N mutation and isoforms of FMRP that lack the extended variable loop in
KH2 (alternative splicing that skips exon 12, see Figure 1.1B) both had reduced binding
affinity for ACUK containing mRNAs, but not WGGA. Interestingly, the variable loop in
exon 12 seems to play a developmental role in modifying the RNA binding properties of
FMRP. Early in development, there is a 1:1 ratio between isoforms that exclude or
include exon 12, however, by adulthood, exclusion of exon 12 is much more common
and these isoforms are now at a 3:1 ratio (Brackett et al., 2013). Furthermore, higher
levels of exon 12 retaining isoforms are found in cultured neural progenitor cells as well
as brain regions that have significant neural stem cell populations (i.e. the hippocampus
and olfactory bulb), all of which suggest that the extended variable loop in KH2 is
important for neurogenesis and neural development. As mentioned above, the variable
loop is an integral part of the RNA binding cleft within KH domains (Valverde et al.,
2008), and therefore shortening of the loop through skipping of exon 12 could in theory
modify the RNA binding specificity of FMRP’s KH2 domain (Brackett et al., 2013).

Thus, the hydrophobic core of the RNA binding cleft, kissing complex RNA structures,



ACUK motifs, and the variable loop have all been implicated in KH domain mediated

RNA binding by FMRP.

1.2.3 RGG domain

At the C-terminus is another interesting FMRP RNA binding motif that has
gathered a lot of attention, the RGG box. Similar to the KH2 domain, the RGG box is
involved in binding mRNAs with a complex structural motif called the “G-quartet”
(Darnell et al., 2001, Schaeffer et al., 2001). G-quartet RN As are formed by four guanine
nucleotides that form hydrogen bonds with each another into a square planar
conformation and can stack on top of one another. Only a handful of G-quartet FMRP
targets have been experimentally validated (Melko and Bardoni, 2010), however among
the targets identified by Brown et al. that are both bound and translationally regulated by
FMRP, a surprising 67% were predicted to contain the G-quartet motif (Brown et al.,
2001, Darnell et al., 2001). In 2011, the NMR solution structure for the FMRP RGG box
with bound G-quartet RNA confirms that the RGG box does indeed bind G-quartet RNAs
(Phan et al., 2011), yet the full extent to which native FMRP targets harbor G-quartets
still remains to be determined. The NMR structure also identified two arginine residues
that make critical contacts with G-quartet RNA, and interestingly, these two residues are
two out of the four arginines within the RGG box that are methylated in vivo and regulate
FMRP’s affinity for G-quartet RNA (Blackwell et al., 2010, Phan et al., 2011).

In addition to regulation of RNA binding by methylation, the position of the G-
quartet within an mRNA sequence can dictate how FMRP binding will affect translation.
For instance, for FMRP targets that have validated G-quartets in their 5’UTR, it has been

proposed that FMRP binding stabilizes the G-quartet structure and could either prevent



polyribosome scanning or induce ribosome stalling, either way leading to translational
repression of the target mRNA (Melko and Bardoni, 2010). This is certainly supported by
reports of FMRP suppressing translation of a reporter gene with the G-quartet RNA
sequence inserted into the 5’UTR (Schaeffer et al., 2001). However, FMRP does not
always act as a translational repressor given that half the G-quartet containing targets
identified by Brown et al. had decreased and the other half had increased association with
polyribosomes in the absence of FMRP (Brown et al., 2001). Since G-quartets have been
found within coding sequences and 3’UTRs as well, it is possible their variable location
may contribute to different regulatory effects upon FMRP binding.

It should be noted that FMRP has two autosomal homologs, FXR1 and FXR2,
that share significant sequence homology with FMRP, especially in exons 1-13 (Siomi et
al., 1995, Zhang et al., 1995, Kirkpatrick et al., 2001). While all three contain the same
basic protein structure of two Agenet domains, two KH domains, and an RGG box
(Siomi et al., 1995, Zhang et al., 1995, Adams-Cioaba et al., 2010), only FMRP’s RGG
box has been demonstrated capable of binding G-quartet RNA, suggesting a functionally
non-redundant role in mRNA metabolism that is served by FMRP and not its homologs
(Darnell et al., 2009). In contrast, the KH2 domains from all three proteins are able to
bind kissing complex RNAs. RGG motifs are loosely defined as three to four closely
spaced arginine-glycine-glycine tripeptide repeats (Burd and Dreyfuss, 1994), which
explains how FXR1/2 can contain RGG boxes despite their poor sequence homology
with FMRP in the C-terminus, and also suggests that FMRP’s specific recognition of G-

quartets may be more sequence dependent. In fact, despite low C-terminal sequence
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conservation with FXR1/2, the human FMRP RGG box shares significant conservation
with the RGG boxes of 5 other FMRP species (Darnell et al., 2009).

Thus, FMRP can recognize G-quartet mRNAs through the RGG box, kissing
complex RNAs at the KH2 domain, and ACUK and WGGA RNA sequence motifs
throughout the transcriptome. Whether FMRP targets mRNAs with a combination of
these features or separately across different mRNAs is a question that will require further
exploration. However, since RNA binding is a critical function of FMRP, understanding
the precise mechanisms that confer FMRP’s RNA binding selectivity will undoubtedly

help advance our understanding of FXS pathophysiology.

1.2.4 Amino-terminal domain

The amino-terminal domain comprises a large segment of the entire FMR protein,
however its role in the pathophysiology of FXS has been understudied and is still largely
unknown. It includes two tandem Agenet domains (Maurer-Stroh et al., 2003, Ramos et
al., 2006), a nuclear localization sequence (Eberhart et al., 1996, Bardoni et al., 1997),
and two distinct protein-protein interaction domains: the region spanning exons 4-5 that
mediates interactions with NUFIP and 82-FIP (Bardoni et al., 1999, Bardoni et al., 2003),
and the region spanning exon 7 that mediates interactions with CYFIP and FXR1/2
(Siomi et al., 1996, Schenck et al., 2001) (Figure 1.1A). This latter region has also been
shown to be important for homo- and heterodimerization of FMRP with itself and the
FXR1/2 proteins (Siomi et al., 1996, Adinolfi et al., 2003), and for shuttling FMRP
between stress granules and the cytosol (Gareau et al., 2013), all of which have an

unclear role in the pathophysiology of FXS.
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Perhaps of most interest are the tandem Agenet domains, which despite their
identification within FMRP over 10 years ago, have only recently been shown to mediate
a nuclear FMRP function in chromatin binding and DNA damage response (Alpatov et
al., 2014). The tandem Agenet domains preferentially recognize methylated lysine
(Ramos et al., 2006), and at least two residues are critical for binding to chromatin, T102
and Y103 (Alpatov et al., 2014). The Agenet domains are also well conserved in the
FXR1 and FXR?2 proteins, which have been shown to bind trimethylated histone peptides
as well (Adams-Cioaba et al., 2010). According to Alpatov et al., FMRP is recruited to
the nucleus in response to replication stress where it binds chromatin via these Agenet
domains and elicits H2A.X phosphorylation, a key signaling mechanism in the DNA
damage response pathway (Alpatov et al., 2014). In the absence of FMRP, double
stranded break repair was impaired and meiotic cells from Fmr/ KO mice were shown to
inappropriately retain many elements of the DNA damage response pathway on
unrepaired regions of their chromosomes during meiosis. This nuclear role in the DNA
damage pathway is strikingly different from FMRP’s previously defined role as an RNA
binding protein, but nonetheless is an important novel insight for FXS pathophysiology
given the germ cell specific phenotypes of macroorchidism in FXS males (Chudley and
Hagerman, 1987) and enlarged ovaries in Fmr! KO mice (Ascano et al., 2012). Whether
FMRP’s nuclear function also plays a role in intellectual disability or other neurological

phenotypes still remains to be determined.

1.2.5 FMRP Function

mRNA transport and local translation within synapses is absolutely critical for

synaptic plasticity and learning and memory. Thus, it is not surprising that a mutation in
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an RNA binding protein, such as FMRP, would cause intellectual impairment. In fact,
several other RNA binding proteins have been implicated in cognitive dysfunction as
well, including FMR2 in FRAXE-associated ID (Bensaid et al., 2009), PQBP1 in several
X-linked ID disorders such as Renpenning syndrome (Kunde et al., 2011), ZC3H14 in
nonsyndromic autosomal recessive ID (Pak et al., 2011), EXOSC3 in ID with associated
spasticity (Zanni et al., 2013), and UPF3B in syndromic and non-syndromic ID (Tarpey
etal., 2007).

In the context of FXS, FMRP is necessary for binding to and regulating the
translation of a specific subset of mRNA ligands at the synapse (Bassell and Warren,
2008, Santoro et al., 2012). Several lines of evidence support this role in local protein
synthesis. First, FMRP has been localized to dendritic spines (Feng et al., 1997b, Antar et
al., 2004), along with several of its mRNA targets including Arc, CamKIla, GluR,,
Maplb, PSD95, and Sapap3/4 (Santoro et al., 2012). At the synapse, FMRP associates
with actively translating polyribosomes (Feng et al., 1997b, Weiler et al., 1997), and in
the absence of FMRP, there is excessive protein synthesis of several FMRP targets,
including Arc, CamKlla, GluR;, Map1b, and PS95 (Zalfa et al., 2003, Muddashetty et
al., 2007). Moreover, these targets fail to be translated in response to activity resulting in
specific loss of activity dependent protein synthesis, a crucial component of synaptic
learning and plasticity (Muddashetty et al., 2007). Perhaps the ultimate evidence comes
from finding exaggerated group 1 metabotropic glutamate receptor dependent long term
depression (mGIuR-LTD) in Fmrl KO mice, the first and most thoroughly characterized

synaptic plasticity defect reported in FXS (Huber et al., 2002).
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mGIluR-LTD is a form of synaptic plasticity in the hippocampus that depends on
activity dependent local protein synthesis (Bear et al., 2004). In Fmr! KO mice, mGluR-
LTD is enhanced rather than defective, which is consistent with the view that FMRP
generally acts as a translational repressor (Laggerbauer et al., 2001, Li et al., 2001). Thus,
in the absence of FMRP, there is no counterbalance to mGluR induced protein synthesis
and mGluR-LTD becomes exaggerated (Bear et al., 2004). This model, commonly
known as the “mGluR theory” of FXS, explains the connection between dysregulated
translation of synaptic proteins and many of the synaptic and cognitive defects observed
in FXS. Further experiments have since refined the model to state that FMRP is needed at
basal states for translational suppression of specific synaptic proteins, and that this
repression can be temporarily released to allow stimulus-induced episodes of protein
synthesis that are timed with synaptic activity (Santoro et al., 2012). mGluR-mediated
synaptic plasticity defects have now been reported in other areas of the brain outside the
hippocampus including cerebellum (Koekkoek et al., 2005, Huber, 2006), neocortex
(Wilson and Cox, 2007), and amgydala (Suvrathan et al., 2010), and furthermore, loss of
stimulus-induced protein synthesis has also been seen in muscarinic acetylcholine (Volk
et al., 2007), dopamine (Wang et al., 2010a), and TrkB (Osterweil et al., 2010) receptor
signaling pathways. Thus, the loss of FMRP seems to cause a generalized deregulation of
activity dependent protein synthesis across the brain, leading to elevated basal protein
levels and absence of stimulus-induced translation (Bassell and Warren, 2008).

In addition to synaptic plasticity, these findings may also be particularly relevant
for synaptic development. In fact, one of the only morphological changes seen in FXS

brain is the hyperabundance of long, thin dendritic spines with immature morphology
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(Rudelli et al., 1985, Comery et al., 1997, Irwin et al., 2001). These immature spines are
reminiscent of what is seen in early development and are due to defects in spine
maturation and stability with Fmr/ KO mice showing delayed turnover from immature to
mature spine formations and continual overproduction of transient spines (Cruz-Martin et
al., 2010, Pan et al., 2010). Along these same lines, FMRP is required for experience-
dependent axonal pruning (Tessier and Broadie, 2008), and has been shown to negatively
regulate synapse number (Pfeiffer and Huber, 2007) and neuronal elaboration (Zhang et
al., 2001, Pan et al., 2004). In essence, loss of FMRP leads to a generalized synaptic
overgrowth phenotype during development that presumably is based on dysregulated
protein synthesis, however a direct connection between translation regulation and

FMRP’s synaptic connectivity defects remains to be experimentally proven.

1.3 Conventional FMR1 Mutations

1.3.1 Gross and small FMRI1 deletions

FXS is most often caused by trinucleotide CGG repeat expansion that induces
transcriptional silencing of the FMRI gene, however conventional mutations affecting
FMR1 have also been reported. Two of the earliest cases come from reports in 1992 of
patients with classic FXS phenotype, but without fragile X chromosomes or CGG repeat
expansion (Gedeon et al., 1992, Wohrle et al., 1992). Both patients were intellectually
disabled with macroorchidism and characteristic FXS facies. Southern blot analysis of
their DNA with probes complementary to the CGG region of FMRI did not show any
detectable autoradiographic signal, indicating a deletion of this region must have

occurred. In the past, absence of the cytogenetic fragile X chromosomes would have led
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to the conclusion that these patients did not have FXS. However the strong clinical
suspicion for FXS led to further molecular analysis and revealed for the first time that
deletions of FMRI can also give rise to the same clinical phenotype.

Since the initial report of these two patients, one of which who had a 2.5Mb
deletion and the other who had a 250 kb deletion, a number of other large deletions have
been reported ranging from 10kb up to 13Mb (reviewed in Coffee et al., 2008). Some of
these large deletions can affect neighboring genes such as IDS or MTM1 (Figure 1.2),
leading to FXS in combination with other clinical phenotypes such as Hunter syndrome
or myotubular myopathy, respectively (Dahl et al., 1995, Birot et al., 1996). Smaller
deletions that perturb only the FMRI gene sequence and not any flanking DNA, or
deletions of the FMRI promoter region alone further clarify that isolated loss of FMRI
gene expression is the underlying cause of FXS (Gu et al., 1994, Meijer et al., 1994,
Trottier et al., 1994, Hammond et al., 1997). It is important to note that more distal
deletions of FMR1 that do not affect the 5” portion of the gene may also exist, however
they are not usually surveyed for during FXS testing and therefore remain unidentified.

Only two very small intragenic deletions have ever been reported in FMR]
(Lugenbeel et al., 1995). The patients carrying these mutations both had classic FXS
phenotype including ID, autistic features, dysmorphic facies, and hypermobile joints.
Neither patient had any fragile X chromosomes on cytogenetic examination, and
molecular analysis by Southern blot and PCR both showed CGG repeats within normal
limits. This would ordinarily rule out a diagnosis of FXS, however strong clinical
suspicion led to the testing of the patients’ blood by Western blot, which revealed

absence of FMRP expression. Subsequent sequence analysis identified a 1 base pair
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deletion in exon 5 of the first patient that causes a frameshift and early termination. In the
second patient, a 2 base pair deletion was detected that changes a splice acceptor site in
exon 2. This mutation also results in a frameshift and premature termination due to the
splicing out of exon 2. Thus, both of these intragenic deletions cause an absence of the
protein product, FMRP, and would not have been detected by standard cytogenetic and

molecular FXS testing at the time.

1.3.2 FMRI mutation screening

The idea has been put forth that additional intragenic FMR1 sequence variants,
such as missense, nonsense, and small indels, may also exist within the population but
have not been discovered due to lack of screening for these types of mutations. These
variants could certainly cause dysfunctional or absent protein expression and may
contribute significantly to disease, especially in individuals with ID who test negative for
CGG repeat expansion or large deletions. In search of such mutations, there have been
four studies to date that performed FMRI mutation screening. These studies are briefly
discussed below, but the point mutations they have uncovered are discussed in greater
detail in Section 1.3.3 FMRI point mutations.

In 1997, Wang et al. screened 406 ID patients to find 27 patients with
characteristic FXS phenotype but no chromosomal abnormality, CGG repeat expansion,
or FMR1 promoter deletion (Wang et al., 1997). These 27 patients were then screened for
FMR1 point mutations in exons 1-10 and 15, and only one splice site/frameshift mutation
was found, however it was present in three unrelated individuals. In 2004, Shinahara et
al. screened all 17 exons from 90 patients with either autism or ID. They found no

mutations in any of the male individuals and only one splice site/frameshift mutation in a
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female patient who had autism and severe ID (Shinahara et al., 2004). Collins et al.
performed the largest scale study in 2010 using next generation sequencing techniques on
963 developmentally delayed males negative for FMRI CGG repeat expansion (Collins
et al., 2010). The promoter, all 17 exons, and a substantial portion of the introns were
sequenced to discover a single missense variant (R138Q), three promoter variants, and
several non-coding variants of unknown functional significance. It is important to note
that from this study there is incomplete evidence to determine whether any of these
variants are the cause of disease; however, the novel missense variant, R138Q), is
discussed further in Chapters 3 & 4.

The large-scale study performed by Collins et al. was very useful for the
discovery of novel sequence variants, however we still do not know the true frequency of
point mutations within FXS since ID can be caused by numerous different factors and
FXS only accounts for ~2% of all ID. To more directly address this point, Luo et al.
screened for FMR sequence variants in 60 patients with ID and at least one other FXS
symptom, such as dysmorphic facies, ADHD, or autistic features (Luo et al., 2014). They
found only one coding sequence variant, but it was the same mutation that had already
been reported by Shinahara et al. They concluded that FMR 1 point mutations do not seem
to be highly prevalent in FXS, which suggests that they either give rise to atypical
phenotypes or may induce a gain-of-function lethal effect in males. In light of recent
discoveries pointing at a new role for FMRP in the DNA damage repair pathway
(Alpatov et al., 2014), FMR1 point mutations may actually result in negative selection
against sperm with defective FMRP more so than simply the absence of FMRP, which

could explain the low prevalence of point mutations even though males with deletion
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mutations can clearly survive. In either case, screening females for heterozygous

mutations may help unveil additional FMRI conventional mutations.

1.3.3 FMRI point mutations

To date, two splicing/frameshift, one nonsense, and three missense mutations
have been reported within FMRI as disease causing mutations. The first splicing
mutation, ¢.990+14C>T, was reported in three unrelated individuals with typical FXS
presentation (Wang et al., 1997). This point mutation within intron 10 causes skipping of
exon 10 and direct splicing of exon 9 to exon 11. Exon 11 is consequently in frameshift
with a stop codon occurring shortly thereafter. The net result is a truncated transcript
missing the coding sequence for the KH2 and RGG box RNA binding domains, however
the authors did not confirm whether this protein is actually made. The second splicing
mutation, ¢.879A>C, was found in two independent reports separated by 10 years, and is
a synonymous mutation of exon 9 that destroys a splice donor site (Shinahara et al., 2004,
Luo et al., 2014). Shinahara et al. originally reported the mutation in a female patient
with autism and severe ID. They showed evidence that the destruction of the primary
splice donor site activates a cryptic site in intron 9 that results in a 47 nucleotide insertion
between exons 9 and 10, followed by premature termination shortly thereafter. This
transcript is predicted to produce a truncated protein that is again missing the KH2 and
RGG box domains. Even though the mutation was reported in a heterozygous female,
they showed that the mutant allele was predominantly transcribed and therefore
concluded that the patient’s phenotype could be explained by truncated FMRP produced
in the brain. Conversely, Luo et al. found the same mutation in a young boy with severe

ID and developmental delay, however they were unable to detect any aberrantly spliced
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transcripts or truncated protein from the patient’s blood. This does not rule out the
possibility for aberrant splicing and truncated FMRP products in the brain, however due
to the discrepancy between reports it is unclear at this time whether the mutation actually
causes cognitive impairment.

The only nonsense mutation that has been linked to FXS is ¢.80C>A and it results
in a stop codon within exon 2, p.Ser27X (Gronskov et al., 2011). The patient presented
with all the typical symptoms of FXS including ID, developmental delay, dysmorphic
facies, macroorchidism, hyperextensible joints, epilepsy, and autistic features. Molecular
FXS testing showed a normal 29 CGG repeat size; however no FMRP expression was
detected in the patient’s blood by Western blot, which prompted subsequent DNA
sequencing. This revealed a nonsense mutation in the patient and in his heterozygous
mother who was also mildly intellectually disabled. This study highlights the usefulness
of evaluating protein expression in patients that test negative for FMRI repeat expansion
or deletion mutations.

The first point mutation ever reported in FMRI was a missense mutation causing
isoleucine substitution for asparagine at residue 304 (I304N) (De Boulle et al., 1993).
This patient presented with severe ID (IQ < 20), seizures, dysmorphic facies, and extreme
macroorchidism. Coincidentally, the patient also suffered from X-linked liver
glycogenesis, which was highly prevalent in his family pedigree, and caused symptoms
of growth retardation and hepatomegaly in his childhood. The FXS-like symptoms of ID
and macroorchidism are not part of the clinical phenotype for X-linked liver glycogenesis
and none of the other family members affected with this disorder had any neurological

manifestations. Thus, the patient’s severe ID and macroorchidism were highly suggestive
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of a separate disorder and prompted FXS testing. Cytogenetic and molecular analysis
revealed no fragile x chromosomes, normal CGG repeat length, and an unmethylated
CpG island, however sequence analysis discovered a ¢.911T>A missense mutation that
results in 1304N substitution. This mutation was not present in any of the patient’s family
members or in 130 control individuals. Numerous studies have since shown that 304N
missense mutation significantly disrupts FMRP function both in vitro and in vivo (Feng et
al., 1997a, Brown et al., 1998, Laggerbauer et al., 2001, Pfeiffer and Huber, 2007,
Valverde et al., 2007, Zang et al., 2009). The existence of this missense mutation also
serves to show that not only absence of FMRP expression, but also dysfunctional FMRP
expression, can yield the same FXS phenotype.

Since 1993, only two additional FMR I missense mutations have been identified.
These include glycine substitution for glutamate at residue 266 (G266E), which is
discussed further in Chapter 2, and arginine substitution for glutamine at residue 138
(R138Q), which is discussed further in Chapters 3 & 4. This is in stark contrast to the
over 100 missense mutations reported in MECP2, a gene involved in the X-linked ID
disorder known as Rett syndrome. It is arguable that FMR] missense mutations are less
common because they may lead to less severe phenotypes, such as learning disability
without any other classic FXS features, and therefore would not prompt extensive
diagnostic pursuits. Or they may be less common because of potential dominant-negative
or gain-of-function lethal effects. Regardless, whenever missense mutations are identified
it is important to determine how they affect protein function. Unlike deletion, frameshift,
or nonsense mutations, the functionality of missense mutations is often difficult to predict

without experimental evidence.
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1.3.4 Proposed research

Prior to this current body of research, the direct involvement of G266E and
R138Q in FXS pathophysiology was unknown. Therefore, the goal of this dissertation is
to examine whether these two novel FMRI missense variants are pathological mutations
that affect the function of FMRP.

G266E missense was discovered in a patient with prototypical FXS phenotype in
the absence of CGG repeat expansion. The patient’s classic FXS phenotype along with
the position of the mutation within an important RNA binding domain, led to the
hypothesis that this mutation would abolish FMRP function similar to the [304N
mutation. This was indeed true and the effects of G266E mutation on FMRP function are
addressed in Chapter 2.

R138Q missense was discovered in a patient that was also negative for CGG
repeat expansion, but with less characteristic FXS symptoms, which included ID and
seizures. The patient’s milder phenotype and position of the mutation in a domain with
unclear function made hypotheses about the effect of this mutation more difficult. It was
determined that R138Q disrupts parts, but not all, of FMRP function and these effects are
discussed in Chapter 3.

The amino terminal domain of FMRP, where R138Q mutation is located, is not
well understood in terms of structure or function. To better understand the potential
effects that R138Q might have on FMRP structure, structural data for the amino terminal
domain encompassing this residue is needed. The wild-type and R138Q amino terminal

domain structures are described in Chapter 4.
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The outcomes of this research provide a deeper understanding of FMRP function
and identify key residues that are important for specific functions of FMRP. FMRP is an
important molecule involved in learning and memory, and knowledge of its function and
dysfunction has clinical relevance for the pathophysiology of FXS as well as broader

biological significance for understanding the neurobiology of cognitive function.
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Figure 1.1: FMRI gene structure and protein domains
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Figure 1.1: FMRI gene structure and protein domains

A: FMRP domain boundaries (bottom panel) with corresponding FMR exon boundaries
(top panel). Agenetl and 2 are in blue, nuclear localization sequence (NLS) is in orange,
KH1 and 2 are in pink, nuclear export sequence (NES) is in green, and RGG box is in
purple. Locations of patient mutations are also denoted: R138Q in NLS, G266E in KHI,
and I304N in KH2.

B: FMRI gene structure and alternative splicing. Exons 1-17 are shown in alternating
fuchsia and gray, introns are shown in yellow (at 1/25" scale compared to exons), and
untranslated regions (UTR) are shown in blue-gray. 5’ UTR includes variable CGG
repeat length. Top panel indicates transcript isoforms that include exon 12, and bottom
panel indicates transcript isoforms that exclude exon 12. For both conditions, exon 15 can
be spliced at either the first, second, or third sites. Isoforms 1, 2, 3, 7, 8, and 9 include

exon 14, while isoforms 4, 5, 6, 10, 11, and 12 skip exon 14.
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Figure 1.2: FMRI neighboring genes
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Figure 1.2: FMRI neighboring genes

Chromosome X with expanded q27.3 - q28 region and gene locations. Upstream of
FMRI is largely a gene desert with SLITRK? as the closest upstream gene. Downstream
of FMRI are the AFF2, IDS, and MTM1 genes. Mutations in IDS cause Hunter

syndrome, and mutations in MTMI1 are associated with myotubular myopathies.
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Chapter 2. Fragile X syndrome due to a G266E missense
mutation’

! Adapted from Myrick LK, Nakamoto-Kinoshita M, Lindor NM, Kirmani S, Cheng X,
Warren ST. (2014c). Fragile X syndrome due to a missense mutation. Eur J Hum Genet
22:1185-1189.

Author Contributions: Myrick designed the lentiviral constructs and performed the
polyribosome association and mRNA binding assays. Nakamoto-Kinoshita performed the
AMPAR assay. Lindor and Kirmani evaluated the patient. Cheng assisted with
crystallographic modeling of the G266E mutation.
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2.1 Abstract

Fragile X syndrome is a common inherited form of intellectual disability and
autism spectrum disorder. Most patients exhibit a massive CGG-repeat expansion
mutation in the FMRI gene that silences the locus. In over two decades since the
discovery of FMRI, only a single missense mutation (I304N) has been reported as
causing fragile X syndrome. Here we describe a 16-year old male presenting with fragile
X syndrome but without the repeat expansion mutation. Rather, we find a missense
mutation, ¢.797G>A, that replaces glycine 266 with glutamic acid (G266E). The G266E
FMR protein abolished many functional properties of the protein. This patient highlights

the diagnostic utility of FMRI sequencing.

29



2.2 Introduction

Fragile X syndrome (FXS) is an X-linked disorder presenting in males and, less
frequently, females with developmental delay. It is characterized by intellectual
disability, speech and language delay, and a characteristic physical appearance of a long
narrow face with prominent ears and jaw and macroorchidism in males (Santoro et al.,
2012). Most patients suffer from severe social anxiety and hyperarousal with 60% of
patients meeting diagnostic criteria for some form of autism spectrum disorder (ASD).
Indeed, FXS is the most common single gene cause of ASD (Wang et al., 2010b).

FXS was one of the first examples of a trinucleotide repeat expansion disorder
with the discovery of its causal gene, FMRI (Verkerk et al., 1991). This gene harbors a
CGG-repeat in its 5’ untranslated region. In normal individuals, repeat length is
polymorphic with 29-30 repeats being the most common allele (Fu et al., 1991). In
patients with FXS, there is a large expansion of the repeat sequence to over 200 repeats,
referred to as the full mutation. Once the repeat length reaches 200, an epigenetic event is
triggered that results in methylation of the entire FMRI gene and silences transcription
(Santoro et al., 2012).

The absence of FMRI transcription leads to the loss of the encoded protein,
FMRP. FMRP is a selective RNA-binding protein that regulates translation of its target
mRNAs at the synapse in an activity-dependent manner (Bassell and Warren, 2008).
Precise translation of these messages modulates synaptic strength and in the absence of
FMRP, synaptic strength is defective with excess internalization of AMPA receptors
from the synaptic membrane (Bhakar et al., 2012). This mimics excessive group 1

metabotropic glutamate receptor signaling, which is an insight that has initiated several
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FXS clinical trials with therapeutic approaches directly targeting this pathway (Berry-
Kravis et al., 2009, Jacquemont et al., 2011, Berry-Kravis et al., 2012).

FXS is almost exclusively diagnosed by molecular testing for CGG repeat
expansion, even though the causal link to FXS is not due directly to repeat expansion, but
rather loss of the encoded FMR protein. This CGG repeat test is among the most
frequently ordered genetic tests and is standard of care for any child not meeting
developmental milestones. Consequently, the actual diagnostic yield is only 1-2% (Strom
et al., 2007). While it is clear that CGG-repeat expansion is the most frequent cause of
FXS, more conventional mutations, particularly FMRI deletions, have also been reported
in FXS (Coffee et al., 2008). Deletions are typically found as an anomaly of the CGG-
repeat test or by microarray analysis, and sequencing of FMR] is not frequently done.
This lack of clinical FMR1 sequencing is not surprising as it was assumed sequencing
would not uncover a significant number of mutations and therefore negatively affected
insurance coverage of diagnostic sequencing. The lack of FMRI sequence testing has led
to a marked deficit of conventional mutations, particularly missense mutations, even
though the full mutation is a null allele like many conventional mutations. Indeed, in over
two decades since the discovery of FMR1 only a single missense mutation, isoleucine
304 to asparagine (I304N), has been reported (De Boulle et al., 1993). Here we report a
second missense mutation in FMR1, glycine 266 to glutamic acid (G266E), leading to
FXS. This highlights the clinical utility of FMR1 sequencing, particularly at a time when
gene sequencing is now more affordable and targeted therapeutics for FXS are being

developed.
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2.3 Methods

2.3.1 Cloning and lentivirus production

Full length human FMR] (iso-13 variant that uses second splice acceptor site in
exon 17 (Sittler et al., 1996)) with an N-terminal Flag tag was cloned into the
BamHI/EcoRI sites of the FUGW lentiviral vector and the ¢.797G>A (G266E) mutation
was introduced using the Quikchange Lightning Site-Directed Mutagenesis Kit (Agilent).
Both WT and G266E lentiviral constructs were verified by restriction enzyme digest and
sequencing of the FMRI insert prior to being sent to the Emory University Viral Vector

Core for lentivirus production.

2.3.2 Cell culture

Primary neuron cultures were dissected from WT and Fmrl KO mice at
embryonic day 16.5 and cultured as described previously (Henderson et al., 2012) in
accordance with the Institutional Animal Care and Use Committee guidelines. For
imaging experiments, hippocampal neurons were plated at low density (5¢3 cells/cm?)
onto poly-L-lysine coated coverslips (Img/mL) and cocultured with glia. For biochemical
experiments, cortical neurons were plated at high density (84e3 cells/cm?) directly onto
poly-L-lysine coated dishes (0.2mg/mL). Immortalized mouse embryonic fibroblasts

(MEFs) from Fmrl KO mice were cultured in DMEM with 10% FBS.

2.3.3 AMPA receptor trafficking

Hippocampal neurons were transduced with lentivirus at 18 DIV. Six hours post-

transduction, live neurons were processed for constitutive AMPA receptor internalization
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as described previously (Henderson et al., 2012). For each experimental condition, 30

individual dendrites were analyzed using a one-way ANOVA.

2.3.4 Polyribosome profiling and western blotting

MEFs were plated in T225 flasks (Corning), transduced with lentivirus at
approximately 40 to 50% confluency for 16 h, and then collected for polyribosome assay
24 h after virus removal. Immediately before harvest, cells were treated with
cycloheximide (100 pg/mL, Acros Organics) for 15 m at 37°C, and then lysed in 20 mM
Tris-HCI pH 8.0, 100 mM KCl, 5 mM MgCl,, 0.3% IGEPAL (Sigma), supplemented
with EDTA-free complete mini protease inhibitor (Roche), 100 U/mL SUPERaseln
(Ambion), and 100 pg/mL cycloheximide. Lysates were clarified by centrifugation at
13,000 x g for 10 m at 4°C, the supernatants loaded on top of 15-45% w/w linear sucrose
gradients containing 20 mM Tris-HCI pH 8.0, 100 mM KCI, 5 mM MgCl,, 20 U/mL
SUPERaseln, and 100 pg/mL cycloheximide, which were made using a Gradient Master
108 (BioComp), and centrifuged at 38,000 rpm (247,600 x g) for 2 h at 4°C using a
SW41Ti rotor (Beckman Coulter). After centrifugation, the samples were fractionated
into 10 x 1.1 mL fractions by bottom displacement using a Teledyne ISCO fractionator,
with continuous monitoring at OD»s4 using an ISCO UA-6 UV detector, and then stored
at -80°C.

Prior to western blotting, the samples were thawed on ice and 500 pL of each
fraction were concentrated to approximately 40 uL with Amicon Ultra 30K centrifugal
filters (Millipore). Concentrated samples were denatured in SDS sample buffer, separated
by SDS-PAGE on 4-15% gradient polyacrylamide gels (BioRad), transferred onto

nitrocellulose membranes, and probed with primary antibodies against FMRP (1:2000,
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MAB2160, Millipore) and S6 ribosomal protein (1:1000, #2317, Cell Signaling
Technologies) using standard techniques. Primary antibodies were labeled by HRP
conjugated secondary antibody (1:50,000, Millipore) and the enhanced
chemiluminescence signal detected using SuperSignal Femto Max Sensitivity Substrate

(Thermo Scientific).

2.3.5 RNA co-immunoprecipitation and quantitative RT-PCR

Primary cortical neuron cultures were transduced with lentivirus at 10 DIV for 18
h, and then collected for RNA co-immunoprecipitation (co-IP) 72 h after virus removal.
Neurons were lysed in 50 mM Tris-HCI pH 7.5, 300 mM NacCl, 30 mM EDTA, 0.5%
Triton X-100 (Sigma), supplemented with complete mini protease inhibitor (Roche), and
100 U/mL SUPERaseln (Ambion). Lysates were clarified by centrifugation at 20,000 x g
for 15 m at 4°C, and the supernatant protein concentrations determined by Bradford assay
(BioRad). Equal quantities of protein were used for all input (approximately 150 pg) and
IP (approximately 1100 pg) samples within an experiment. For IP, the samples were
incubated with EZview Red Anti-Flag M2 Affinity Gel (Sigma) for 2 h at 4°C, washed
with the above lysis buffer 4 times, and RNA extracted using Trizol LS (Invitrogen). For
input samples, RNA was extracted using TriReagent (Ambion). RNA was then stored at -
80°C until processed for quantitative RT-PCR.

Prior to RNA extraction, a portion of both the input and IP samples were saved
for Western blotting to verify that lentiviral infection produced equal FMRP expression
and pull down across samples. Western blotting was performed as described above with
the following exceptions: proteins were transferred onto PDVF membranes, probed with

primary antibodies against FMRP (1:500, F4055, Sigma) and B-actin (1:1000, #4970,
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Cell Signaling Technologies), labeled by HRP conjugated secondary antibody (1:10,000,
Millipore), and the enhanced chemiluminescence signal detected using HyGlo Quick
Spray (Denville Scientific). Densitometry was quantified using Imagel.

For quantitative RT-PCR, 700 ng of total RNA was treated with DNase I
(Invitrogen), and reverse transcribed using random hexamers and SuperScript III First
Strand Synthesis System for RT-PCR (Invitrogen) according to manufacturer’s
instructions. PCR was performed with iQ SYBR® Green Supermix (BioRad) and 100
nM of forward and reverse primers (see Section 2.3.6 for list of primers). mRNA
quantification was determined using the standard curve method for relative
quantification. A standard curve was established for each primer set, and the relative
mRNA level for each input and IP sample was determined after normalizing each sample
to its B-actin mRNA level and adjusting for FMRP protein expression level as determined
by Western blot densitometry. The ratio between IP:input mRNA quantification was
normalized to the WT value for each experiment to allow comparison across different

experiments. Data were analyzed by two-way ANOVA with N = 4 for each group.

2.3.6 List of primer sequences

Maplb for: 5’-CGATCGTGGGACACAAACCT-3’

rev: 5’-GTGATCATCAAACGCACCTCA-3’

Psd95 for: 5’-CTATGAGACGGTGACGCAGA-3’

rev: 5’-CGGGAGGAGACAAAGTGGTA-3’

CamKII for: 5’-AATGGCAGATCGTCCACTTC-3’

rev: 5’-ATGAGAGGTGCCCTCAACAC-3’
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Actb (B-actin) | for: 5’-TGTTACCAACTGGGACGACA-3’

rev: 5’-GGGGTGTTGAAGGTCTCAAA-3°

2.4 Results

2.4.1 Identification of a patient with a novel FMRI missense mutation (G266E)

The patient was delivered vaginally at 41 weeks gestation without complication
and an occipital frontal circumference at 50" percentile. No abnormalities were noted
except a bifid uvula. However, by 6 months developmental delay was noticed with
walking achieved at 24 months. At age 13, the patient’s gross motor skills, visual-motor
problem solving, speech and language skills, and general conceptual abilities were all
around the 3 —4 year level. The patient achieved urinary continence at age 15.
Examination at age 16 revealed a severely intellectually impaired male. The patient’s
height was 172.5 cm 45" percentile), weight 52.3 kg a7 percentile), and occipital
frontal circumference 56 cm (66™ percentile). Ear length was 7.5 cm (>95™ percentile).
The patient was diagnosed with an autistic spectrum disorder based upon observed or
reported difficulty with eye contact, little interaction with peers, little social and
emotional reciprocity, no indications of make-believe play, and difficulty with transitions
and rituals in activities of daily living. Multiple dysmorphic features were noted (Figure
2.1A) including a tall forehead, long face, large ears, hypermobility of the elbows and
small joints of the hands, flat feet, several café-au-lait macules, and macroorchidism. In
adolescence, the patient began having disruptive outbursts with some aggression, poor

attention span and hyperactivity, and was diagnosed with attention deficit with
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hyperactivity disorder (ADHD) that responded favorably to treatment with
methylphenidate. There is no history of seizures. There is no other family history of
developmental disorder in the proband’s parents, three brothers and two sisters, or two
maternal uncles.

The patient was negative for FXS testing of CGG-repeat length (23 repeats).
Karyotype analysis showed normal 46, XY. Array comparative genomic hybridization
studies showed no copy number variants, metabolic studies were all within normal limits,
and brain MRI was normal. Full sequencing of the patient’s FMRI gene revealed a
guanine to adenine transition at position chrX:g.147014110G>A
(NM_002024.5:c.797G>A) leading to a missense mutation at amino acid 266, converting
the highly conserved glycine residue to glutamic acid (Figure 2.1B-C). The patient’s
mother is unaffected but found to carry the Gly266Glu mutation, and all three of his
unaffected brothers do not carry the mutation. This variant has been submitted to the

FMR]1 variant database (http://databases.lovd.nl/shared/genes/FMR1).

2.4.2 Functional analysis of mutant G266E-FMRP

In order to determine if the c.797G>A (G266E) mutation is pathological, we
tested the mutation using various established functions of FMRP in vitro. One of the
penultimate consequences of FMRP loss is exaggerated AMPA receptor internalization
(Bassell and Warren, 2008). Cultured mouse hippocampal neurons derived either from
wild-type (WT) or Fmrl knockout (KO) mice have been shown to exhibit marked
differences in AMPA receptor trafficking, with the KO neurons showing significantly
greater internalization than WT neurons (Nakamoto et al., 2007). We infected Fmrl KO

neurons with either WT or G266E-FMRP lentivirus and measured AMPA receptor
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internalization. We found that G266E-FMRP was unable to rescue the exaggerated
AMPA receptor internalization in KO neurons, indicating that this mutant protein leads to
impaired synaptic function (Figure 2.2A).

Impaired synaptic function by Gly266Glu suggests that the ability of FMRP to
regulate protein synthesis may be defective. A canonical property of this protein in
translation is its association with polyribosomes (Stefani et al., 2004). To determine
whether G266E-FMRP is able to associate with polyribosomes, we observed the
distribution of FMRP in sucrose gradients of lysates from Fmr!/ KO MEFs that were
infected with either WT or G266E-FMRP. WT-FMRP showed robust FMRP staining in
polyribosome fractions while G266E-FMRP was virtually absent in these fractions
(Figure 2.2B). Thus, mutant G266E-FMRP is defective in its ability to associate with
polyribosomes.

FMRP associates with polyribosomes, in part, due to its selective binding of
mRNA (Ashley et al., 1993), and a number of specific targets have been extensively
validated (Santoro et al., 2012). In order to determine if G266E-FMRP is able to bind
mRNA, we analyzed the relative mRNA levels of three well-characterized FMRP targets
in co-immunoprecipitation experiments from WT or G266E-FMRP infected Fmrl KO
cortical neurons. We found that the relative mRNA enrichment for Map 1B, PSD95, and
CamKII mRNAs in G266E-FMRP pull down experiments was similar to the background
levels from GFP infected negative controls (Figure 2.2C). These values were
significantly lower than WT-FMRP pull down experiments, indicating that G266E-

FMRP is unable to bind known FMRP mRNA targets.
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2.4.3 Structural analysis of mutant G266E-FMRP

The Gly266Glu mutation resides within the well-conserved KH1 RNA-binding
domain of FMRP. High-resolution crystal structure of FMRP’s KH1-KH2 domain is
available (Protein Data Bank code 2QND) (Valverde et al., 2007), and indicates that
Gly266 is located at the carboxyl end of B-strand 3 which is part of the B-sheet consisting
of anti-parallel strands 2, 3, 1 (Figure 2.3A). Modeling the glutamic acid substitution at
residue 266 introduces a large and negatively charged side chain that clashes into
neighboring A271 of the following a-helix C and V250 of B-strand 3 (Figure 2.3C). In
addition, glutamic acid at 266 would be subject to repulsion forces from the surrounding
negatively charged residues, E267 and D268 (Figure 2.3B). These data suggest that
Gly266Glu mutation will cause significant disruptive structural change consistent with its

loss of function in the above functional assays.

2.5 Discussion

We have identified a novel missense mutation in FMR] that leads to FXS in the
absence of CGG repeat expansion. This marks only the second time a missense mutation
has been reported to cause FXS since the identification of the FMR1 gene over 20 years
ago. This single nucleotide substitution, ¢.797G>A (G266E), was discovered in a male
patient with characteristic FXS phenotype.

Several lines of a priori evidence indicate this is a pathologic change. Glycine 266
is highly conserved from human through Drosophila and the glutamic acid substitution is
judged as damaging by the prediction algorithms SIFT, Polyphen-2, and Provean (0, 1,

and -7.53, respectively). Moreover, Gly266, located in the KH1 RNA-binding domain of
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FMRP, is found in the invariant B-stand 3 of KH domains in general. Indeed Gly266 is
found conserved at position 60 in twelve out of fifteen KH domains from unrelated RNA-
binding proteins (Lewis et al., 2000) and a missense mutation of this residue in the
Drosophila Bicaudal-C protein (Gly295Arg) creates a loss-of-function mutation (Mahone
et al., 1995). Structural analysis of the previously determined FMRP KH1-KH2 domain
structure (Valverde et al., 2007) also suggests that Gly266Glu is damaging. The sharp
turn between B-strand 3 and a-helix C where residue 266 is located requires a relatively
small and flexible amino acid, such as glycine. Exchanging this glycine for glutamic acid
will almost certainly interfere with normal KH folding due to the substantial steric
disturbance that is created by the much larger and negatively charged side chain.

Consistent with a loss-of-function mutation, we have demonstrated that the
Gly266Glu missense produces a functional null protein that is unable to perform many
key FMRP functions including mRNA binding, polyribosome association, and mGIluR
mediated AMPA receptor trafficking. We conclude that the loss of these FMRP functions
due to Gly266Glu mutation is the basis for the FXS phenotype in this patient.

This report of a Gly266Glu mutation joins the report of the only other pathogenic
missense mutation known of FMRP, the [1e304Asn mutation (c.911T>A) reported in a
patient in 1993 (De Boulle et al., 1993). One might ask why so few missense mutations
have been identified in FMR1? This gene does not appear any less mutable than other
typical X-linked genes. A recent study sequencing FMRI in 963 developmentally delayed
males observed 5 silent (synonymous) sites and 2 replacement (nonsynonymous) sites
(Collins et al., 2010), which compares favorably with X-linked genome-wide averages of

approximately 3.7 silent sites and 2.5 replacement sites (International HapMap et al.,
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2007). However, if one examines other X-linked monogenic causes of intellectual
disability and/or developmental delay (ID/DD), the small number of FMRI missense
mutations is striking. For example, there are 143 unique missense mutations of MECP2,
leading to Rett syndrome (as of 7/2013; Human Gene Mutation Database). These two
genes are of comparable size with FMRI having 1,896 coding bases and MECP2 having
1,458 coding bases. The most parsimonious explanation is that the majority of patients
presenting with a distinctive Rett syndrome phenotype do, in fact, have MECP2
mutations, while for FXS this is not true. Indeed, only ~1.4% of patients clinically tested
for the full mutation are positive (Strom et al., 2007). Partly this is due to the non-specific
and variable phenotype of FXS and that testing for FXS is among the primary tests
ordered for any child not reaching developmental milestones, therefore a low positive test
rate is expected. Yet missense MR mutations must exist in the population, perhaps
leading to phenotypes that are not usually brought to medical attention, such as children
with learning disabilities or who struggle in regular classrooms but not considered
intellectually impaired. FMRI mutations may also underlie non-specific ID/DD
phenotypes without distinctive features to prompt FMRI sequencing.

It is clear that mutations of all classes that lead to classic FXS are essentially
functional null mutations. The full mutation leads to transcriptional silencing of FMR
and is the most common cause of FXS with a prevalence of ~1 in 5,000 males (Coffee et
al., 2009). Diagnostic testing for FXS is largely limited to full mutation screening.
However, a number of conventional mutations have also been demonstrated to lead to
FXS (De Boulle et al., 1993, Coffee et al., 2008). Many FMRI deletions have been

reported, with most uncovered through absent or unexpected bands on a Southern blot
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used to diagnose the full mutation, or by microarray analysis. Nonsense and splice site
mutations have also been reported in a limited number of patients (Lugenbeel et al., 1995,
Wang et al., 1997, Gronskov et al., 2011). However, the overall prevalence of
conventional FMRI mutations among children with ID/DD is unclear, as diagnostic
laboratories do not currently perform routine FMRI sequencing. If one posits that
perhaps 1 per 500 males with ID/DD carry a deleterious conventional FMR [ mutation,
not an unreasonable estimate compared to other X-linked ID/DD genes (Tarpey et al.,
2009), then the diagnostic yield for FXS testing could be improved by ~14%.
Identification of conventional FMR [ mutations is not only important for genetic
counseling, educational and program planning, but also for treatment strategy as
mechanism-targeted therapeutics for FXS are increasingly entering clinical trials. Patients
with functional null mutations, such as the Gly266Glu patient described above, would be
expected to benefit similarly to patients with the full mutation of FMRI. In an era where
sequencing costs are dropping exponentially, FMR1 sequencing should now be
incorporated into the standard of care for any child presenting with developmental delay
as an adjunct to repeat expansion testing. This will require that affordable, easily

accessible, and insurance-covered testing be made available to clinicians.
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Figure 2.1: Identification of a patient with a novel FMRI missense

mutation (G266E)
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Figure 2.1: Identification of a patient with a novel FMRI missense

mutation (G266E)

A: Patient’s characteristic facial features that are consistent with Fragile X Syndrome,
including tall forehead, elongated face, and large ears.

B: DNA chromatogram of the wild-type and patient alleles showing the single nucleotide
substitution (NM_002024.5:¢.797G>A) that replaces the glycine at residue 266 with
glutamic acid (G266E).

C: ClustalW alignment across multiple species of FMRP amino acids 247-296. FMRP at

residue 266 is highly conserved from human through Drosophila.
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Figure 2.2: Functional analysis of mutant G266E-FMRP
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Figure 2.2: Functional analysis of mutant G266E-FMRP

A: Constitutive AMPA receptor assay showing that G266E-FMRP is unable to rescue
exaggerated AMPA receptor internalization in KO neurons. Hippocampal neurons from
Fmrl KO mice were cultured for 18 days, infected with either WT or G266E-FMRP, and
the percentage of internalized to total AMPA receptors was calculated from individual
dendrites. G266E-FMRP infected neurons were statistically different from WT-FMRP
infected neurons (one-way ANOVA; n=30; F =609.92, p<0.001, Tukey post hoc
analysis: ***p < 0.001 for all pairwise comparisons except WT vs KO+WT-FMRP p =
0.42). Because the variance in uninfected KO neurons was so low, G266E-infected
neurons were still statistically different from KO neurons even though the mutant protein
clearly does not rescue AMPA receptor internalization like WT-FMRP. Data are
represented as boxplot with whiskers from minimum to maximum.

B: Polyribosome assay showing that G266E-FMRP does not associate with polyribosome
fractions. The top graph is a representative A254 absorbance profile from Fmri KO MEF
cells infected with either WT or G266E-FMRP, and the monosome (80S) and
polyribosome peaks are indicated. Below is the distribution of FMRP by western blot
analysis for each fraction corresponding to the same region of the linear sucrose gradient
above. S6 ribosomal protein is also shown to verify sample loading in each well. These
are representative blots from n = 3 experiments.

C: RNA co-immunoprecipitation showing that G266E-FMRP does not bind three well-
validated FMRP targets using qPCR analysis of the relative mRNA enrichment of
Map1B, PSD95, and CamKII mRNAs after FMRP immunoprecipitation. Cortical neurons

from Fmrl KO mice were cultured for 10 days, infected with GFP, WT-FMRP, or
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G266E-FMRP lentivirus, and then processed for FMRP-RNA co-immunoprecipitation.
The relative mRNA level for each primer set was normalized to each sample’s B-actin
mRNA and also relative FMRP expression level as determined by western blot
densitometry. When mRNA enrichment (IP:input) for WT-FMRP is set to equal 1.0,
G266E-FMRP mRNA enrichment drops by 2-fold to the same levels as GFP infected
neurons (paired Student’s t test; n =4; t = 16.92, ***p < 0.001 for MapIB; t = 12.544,
**p =0.001 for PSD95;t=12.919, **p = 0.001 for CamKII). Data are represented as

mean + SD.
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Figure 2.3: Structural analysis of mutant G266E-FMRP
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Figure 2.3: Structural analysis of mutant G266E-FMRP

A: Ribbon representation of the FMRP KH1 (blue) and KH2 (green) domains from
Protein Data Bank code 2QND. The three B-strands (1, 2, 3) and three a-helices (aA, aB,
aC) of KH1 are labeled, and the position of Gly266 is highlighted in pink as indicated by
the arrow.

B: Stick representation of residues 266-268 showing the close proximity of three
negatively charged amino acids when residue 266 is converted from glycine (neutral) to
glutamic acid (negative). Arrow points to residue 266.

C: Sphere representations of glycine (left) or glutamic acid (right) at residue 266. There
is high probability for glutamic acid to crash into residues V250 and A271 due to the

space constraints predicted by this structural model.
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Chapter 3. An independent role for presynaptic FMRP
revealed by R138Q FMRI missense mutation associated with
intellectual disability and seizures’

2 Adapted from Myrick LK, Deng PY, Hashimoto H, Cho Y, Nakamoto-Kinoshita M,
Poidevin MJ, Suhl JA, Visootsak J, Cavalli V, Jin P, Cheng X, Warren ST, Klyachko
VA. (2014a). An independent role for presynaptic FMRP revealed by an FMR1 missense
mutation associated with intellectual disability and seizures. PNAS (in review).

Author Contributions: Myrick designed the lentiviral and protein expression constructs,
performed the polyribosome association and mRNA binding assays, and purified
recombinant FMRP. Deng performed the electrophysiology experiments. Hashimoto
assisted with protein purification, Cho performed the binding assay, Nakamoto-Kinoshita
performed the AMPAR assay, Poidevin performed the NMJ assays, and Suhl designed
the Drosophila constructs. Visootsak evaluated the patient.
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3.1 Abstract

Fragile X Syndrome (FXS) results in intellectual disability (ID) most often caused
by a repeat expansion that silences the FMRI gene. The resulting absence of FMRP leads
to both pre- and postsynaptic defects, yet whether the pre- and postsynaptic functions of
FMRP are independent and have distinct roles in FXS neuropathology remains poorly
understood. Here we demonstrate an independent presynaptic function for FMRP through
the study of an ID patient with an FMRI missense mutation. This FMRP mutation,
R138Q, preserves the postsynaptic functions of FMRP in RNA binding and translational
regulation. However, neuronally driven expression of the mutant FMRP is unable to
rescue neuromuscular junction defects in dfinrl”~ Drosophila, suggesting a presynaptic
impairment. Furthermore, R138Q mutation renders FMRP incapable of rescuing
presynaptic action potential broadening in Fmr/ knockout mice, and disrupts its
interactions with BK¢, channels. These results revealed an independent presynaptic

FMRP function linked to a specific subset of FXS phenotypes.
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3.2 Introduction

Fragile X Syndrome (FXS) is the most common single-gene disorder responsible
for intellectual disability (ID) in patients (Santoro et al., 2012). Along with cognitive
dysfunction, the syndrome typically presents with several other comorbidities including
behavioral and social impairments (anxiety, autism spectrum disorder), neurological
defects (seizures, abnormal sleep patterns), and morphological abnormalities (dysmorphic
facies, macroorchidism). Most patients inherit the syndrome through a maternal repeat
expansion mutation that transcriptionally silences the FMRI gene and results in loss of
the gene product, FMRP.

FMRP has complex multifaceted functions at synapses both in pre- and
postsynaptic compartments. As an RNA binding protein, FMRP is best known for its
function as a translation regulator in dendrites (Bassell and Warren, 2008). Loss of
FMRP has been linked to various forms of long-term synaptic plasticity defects that
depend on local protein synthesis in the postsynaptic neuron (Huber et al., 2002). In
addition to disrupted mGluR signaling, which has been shown across multiple brain
regions (Todd et al., 2003, Huber, 2006, Wang et al., 2009, Suvrathan et al., 2010),
FMREP is also necessary for activity-dependent protein synthesis downstream of other
signaling receptor pathways, including acetylcholine, dopamine, and TrkB (Volk et al.,
2007, Wang et al., 2008, Osterweil et al., 2010).

While postsynaptic control of translation is believed to be the dominant function
of FMRP, it is unable to explain all of the pathophysiology observed in FXS animal
models. For instance, in Drosophila, presynaptic expression of the FMR1 homolog,

dfmrl, completely rescues the synaptic overgrowth phenotype at the neuromuscular
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junction (NMJ) in dfmrl null mutants (Zhang et al., 2001, Pan et al., 2004, Gatto and
Broadie, 2008). In mosaic FmrI mice, the presynaptic presence of FMRP is sufficient to
rescue synaptic connectivity defects in the hippocampal circuit (Hanson and Madison,
2007), and FMRP regulation of neurotransmitter release at excitatory hippocampal and
cortical synapses has been shown to be cell-autonomous and translation-independent
(Deng et al., 2013, Patel et al., 2013).

Both the pre- and postsynaptic functions of FMRP have also been linked to
neuronal and circuit hyperexcitability in FXS animal models. Consistent with its role as a
protein synthesis regulator, FMRP regulates the expression of a number of dendritic
voltage-gated K+ channels in various brain circuits (Strumbos et al., 2010, Gross et al.,
2011, Lee et al., 2011). In addition to translational regulation, FMRP has also been
shown to influence neural excitability by directly modulating activity of a number of
presynaptic voltage-gated ion channels. For example, FMRP interacts with the sodium-
activated potassium channel, Slack, to directly control gating (Brown et al., 2010, Zhang
et al., 2012), and directly interacts with the N-type voltage-gated calcium channel,
Ca,2.2, to control their surface expression (Ferron et al., 2014). FMRP also modulates
activity of the large conductance, calcium-activated potassium channel, BKc,, in
hippocampal and cortical excitatory neurons, which are critical for controlling action
potential (AP) duration and neurotransmitter release (Deng et al., 2013). FMRP interacts
with the regulatory p4 subunit of the BK¢, channel to increase channel Ca*" sensitivity
and limit AP duration and neurotransmitter release. In brain slices from Fmr! KO mice,
the absence of FMRP leads to excessive AP broadening, which can be acutely rescued

with intracellular perfusion of an amino-terminal FMRP fragment containing amino acids
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1-298 into the presynaptic neuron. These effects are independent of translation,
suggesting a distinct presynaptic function of FMRP unrelated to translational control. Yet
to what extent the functions of FMRP in pre- and postsynaptic compartments
independently contribute to FXS neuropathology remains unknown. Moreover, the
multitude and complexity of FMRP functions has made it difficult thus far to establish
the link between specific FMRP functions and phenotypes in patients.

Distinguishing the roles of specific FMRP functions in FXS phenotypes could in
principle be possible if partial loss-of-function mutations were found within the
population that contributed to a limited subset of FXS phenotypes. However, to date only
two missense mutations have been reported to cause FXS, and both mutations result in
functional null forms of FMRP that phenocopy transcriptionally silenced repeat
expansion mutations (De Boulle et al., 1993, Zang et al., 2009, Myrick et al., 2014c).

Here we studied the synaptic deficits associated with the FMRI missense
mutation, ¢.413G>A (R138Q), which was recently identified in a screen of
developmentally delayed males that were negative for repeat expansion (Collins et al.,
2010). The identified patient has a history of intellectual disability and intractable
seizures, but had no other features commonly associated with FXS. We show that R138Q
is a partial loss-of-function mutation that specifically impairs presynaptic FMRP function
while preserving postsynaptic translation regulation capabilities of FMRP.
Postsynaptically, R138Q-FMRP is able to regulate normal AMPA receptor trafficking, as
well as retain normal polyribosome association and mRNA binding functions. However,
in dfmrl deficient Drosophila, neuronally driven expression of R138Q-FMRP is unable

to rescue synaptic overgrowth at the NMJ, indicative of presynaptic deficits. In Fmrl KO
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mice, R138Q-FMRP is unable to rescue AP broadening defects in hippocampal and
cortical pyramidal neurons. Furthermore, biochemical studies revealed that R138Q
mutation disrupts FMRP’s interaction with BK¢, channels, which mediate the effect of
FMRP loss on AP duration. Together, these results suggest distinct functions for FMRP
between pre- and postsynaptic compartments, and that a specific FMR I mutation linked
to a limited subset of FXS phenotypes is associated with isolated loss of presynaptic

function.

3.3 Methods

3.3.1 Patient description

The patient was born full-term without complication, but was hospitalized for five
days immediately after birth for feeding and respiratory problems as well as to receive
phototherapy for jaundice. No further complications were experienced until 1 month of
age when the patient suffered non-accidental trauma, developed seizures immediately
after the event, and was diagnosed with shaken baby syndrome. The MRI and CT were
negative for any gross abnormalities at the time. At 18 months, the patient experienced
another seizure episode that was associated with fever. At 24 months, the patient
experienced a third seizure episode, without any precipitating event, and was started on -
Trileptal anti-seizure medication. From age 2 to 8 years, the patient continued to have
episodes of complex partial seizures every 3 to 4 months, with about 12 seizures per day
for 2 to 3 days at a time. The seizures did not localize or lateralize to any particular brain
region and remained uncontrolled despite treatment with multiple antiepileptic

medications. The patient was consequently diagnosed with intractable unclassified

55



epilepsy; however, he is currently taking Trileptal and has not had any seizure episodes
for the past 2.5 years.

In addition to epilepsy, the patient also has a history of developmental delay and
intellectual disability. Some early motor developmental milestones were met, such as
rolling over and sitting without support, though walking independently was not achieved
until 18 months (mildly delayed). By 8 years, the patient had poor handwriting skills,
could not write his name or numbers, and could not use utensils to feed himself. His
language developmental milestones were also delayed as he did not speak his first words
until 12 months, did not combine words until 3 years, and did not form complete
sentences until 7 years. Cognitive function was formally tested twice at approximately 8
years of age, revealing a full scale 1Q of 42 (moderately impaired function) by the
Stanford-Binet Intelligence Scales, 5™ edition and an IQ of 71 (mild intellectual
disability) by the Kaufman Brief Intelligence Test, 2™ edition. The Vineland Adaptive
Behavior Scales, 2™ edition and the Child Behavior Checklist were also conducted and
found that the patient did not display any maladaptive behaviors commonly associated
with FXS or autism, such as stereotypic behaviors, hyperactivity, impulsivity, physical
aggressiveness, difficulty with changes or transitions, or problems with sleeping or
eating. Currently, the patient is in 70 grade special education class and reading at the
kindergarten level.

On physical exam, the patient is a non-dysmorphic male with height and weight in
25" percentile, head circumference in 95 percentile (mildly macrocephalic), and ears in

75"™-95" percentile range. The patient did not display an elongated face, prominent
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forehead or jaw (Figure 3.1A), macroorchidism, or any other dysmorphic feature
commonly associated with FXS, except for one café-au-lait spot on his lower left chest.
There is a family history of learning problems on both the maternal and paternal
sides (Figure 3.1B). The patient’s father attended special education classes throughout
childhood, with disabilities in reading and writing. He did not complete the 10" grade.
The patient’s mother completed 12" grade, however she had significant difficulty
throughout school and also has a history of anxiety. The patient’s maternal grandfather,
now deceased, also had learning problems as a child and was only able to complete
middle school. The mother was the only family member available for genetic testing and
she was found to be a carrier of the c.413G>A (R138Q) mutation, indicating maternal

transmission.

3.3.2 Constructs

For lentivirus production, full length human FMR]I (iso-13 variant that uses
second splice acceptor site in exon 17 (Sittler et al., 1996)) with an N-terminal Flag tag
was cloned into the BamHI/EcoRI sites of the FUGW lentiviral vector and the c.413G>A
(R138Q) mutation was introduced using the Quikchange Lightning Site-Directed
Mutagenesis Kit (Agilent). WT and R138Q mutant lentiviral constructs were verified by
restriction enzyme digest and sequencing of the MR/ insert prior to being sent to the
Emory University Viral Vector Core for lentivirus production.

For Drosophila transgene injection, we first excised the dfmr! coding sequence
from the pUAST-dfmr1 vector by double restriction digest with EcoRI-HF and Xbal, and
ligated this fragment into the TOPO v2.1 vector backbone with the same digested ends

using the Takara DNA ligation kit (Takara). The Drosophila equivalent to the human
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R138Q mutation requires two nucleotide substitutions, ¢.419 420delinsAG (R140Q), and
they were introduced using the Quikchange Lightning Site-Directed Mutagenesis Kit
(Agilent). Mutated dfmr1-R140Q was then excised from the TOPO vector by EcoRI-HF
and Xbal, ligated back into the pUAST vector, and confirmed by sequencing of the dfmr/
insert.

For protein expression, constructs were sent to the Emory Custom Cloning Core
Facility for cloning. Truncated WT and R138Q human FMRI (residues 1-298) were
cloned into the Ndel/BamHI sites of a modified pET28b expression vector (Novagen)
harboring an upstream 6xHis-Smt3 (yeast SUMO) between the Ncol/Ndel sites. The
6xHis-SUMO-FMR] fusion constructs were verified by sequencing the FMRI insert. For
binding assay experiments, an additional 6xHis tag was inserted between the SUMO and

FMRI1 sequences to generate 6xHis-SUMO-6xHis-FMRI.

3.3.3 Animals

For cell culture experiments, control (C57BL/6J, Jackson Laboratory, stock #664)
and Fmrl KO mice (generated on the same background), were housed and maintained
according to the Emory University Institutional Animal Care and Use Committee
guidelines. For electrophysiology, Fmrl KO (FVB.129P2-Fmr1"™ “¢'/J; stock #4624) and
control (FVB.129P2-Pde6b" T er'Ch/AntJ ; stock #4828) mice were housed and maintained

according to the Washington University Animal Studies Committee guidelines.
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3.3.4 Cell culture

Immortalized mouse embryonic fibroblasts (MEFs) were generated from Fmrl/
KO mice and maintained in culture with DMEM (Corning) supplemented with 10% FBS
(HyClone).

Primary cortical neuronal cultures were generated from embryonic day 16.5 Fmrl
KO mice. Cortices were dissected in Hibernate E without Ca®" (BrainBits), digested in
2mg/mL papain (Worthington Biochemical), and the dissociated neurons plated at 8.4e4
cells/cm? directly onto poly-L-lysine coated (0.2mg/mL) 100mm dishes in Adhesion
media: 1X MEM (Gibco) supplemented with 10% FBS (HyClone), 30mM glucose, and
10mM HEPES. After 4 h to 6 h, Adhesion media was replaced with Neurobasal media

(Gibco) supplemented with B27 (Invitrogen) and Glutamax (Invitrogen).

3.3.5 AMPA receptor trafficking

Constitutive AMPA receptor internalization assay (Nakamoto et al., 2007) with
R138Q-FMREP lentiviral infection has been previously reported (Alpatov et al., 2014) and
the raw data re-analyzed and re-formatted here. Approximately 34 individual dendrites
were measured for each group and data were analyzed by one-way ANOVA with Tukey

post hoc analysis.

3.3.6 Polyribosome profiling and western blotting

MEFs were plated in T225 flasks (Corning), transduced with lentivirus at
approximately 40 to 50% confluency for 16 h, and then collected for polyribosome assay
24 h after virus removal. Immediately before harvest, cells were treated with

cycloheximide (100 pg/mL, Acros Organics) for 15 m at 37°C, and then lysed in 20 mM

59



Tris-HCI pH 8.0, 100 mM KCl, 5 mM MgCl,, 0.3% IGEPAL (Sigma), supplemented
with EDTA-free complete mini protease inhibitor (Roche), 100 U/mL SUPERaseln
(Ambion), and 100 pg/mL cycloheximide. Lysates were clarified by centrifugation at
13,000 x g for 10 m at 4°C, the supernatants loaded on top of 15-45% w/w linear sucrose
gradients containing 20 mM Tris-HCI pH 8.0, 100 mM KCI, 5 mM MgCl,, 20 U/mL
SUPERaseln, and 100 pg/mL cycloheximide, which were made using a Gradient Master
108 (BioComp), and centrifuged at 38,000 rpm (247,600 x g) for 2 h at 4°C using a
SW41Ti rotor (Beckman Coulter). After centrifugation, the samples were fractionated
into 10 x 1.1 mL fractions by bottom displacement using a Teledyne ISCO fractionator,
with continuous monitoring at OD»s4 using an ISCO UA-6 UV detector, and then stored
at -80°C. Prior to western blotting, the samples were thawed on ice and 500 pL of each
fraction were concentrated to approximately 40 uL with Amicon Ultra 30K centrifugal
filters (Millipore). Concentrated samples were denatured in SDS sample buffer, separated
by SDS-PAGE on 4-15% gradient polyacrylamide gels (BioRad), transferred onto
nitrocellulose membranes, and probed with primary antibodies against FMRP (1:2000,
MAB2160, Millipore) and S6 ribosomal protein (1:1000, #2317, Cell Signaling
Technologies) using standard techniques. Primary antibodies were labeled by HRP
conjugated secondary antibody (1:50,000, Millipore) and the enhanced
chemiluminescence signal detected using SuperSignal Femto Max Sensitivity Substrate

(Thermo Scientific).

3.3.7 RNA co-immunoprecipitation and quantitative RT-PCR

Primary cortical neuron cultures were transduced with lentivirus at 10 DIV for 18

h, and then collected for RNA co-immunoprecipitation (co-IP) 72 h after virus removal.
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Neurons were lysed in 50 mM Tris-HCI pH 7.5, 300 mM NacCl, 30 mM EDTA, 0.5%
Triton X-100 (Sigma), supplemented with complete mini protease inhibitor (Roche), and
100 U/mL SUPERaseln (Ambion). Lysates were clarified by centrifugation at 20,000 x g
for 15 m at 4°C, and the supernatant protein concentrations determined by Bradford assay
(BioRad). Equal quantities of protein were used for all input (approximately 150 pg) and
IP (approximately 1100 pg) samples within an experiment. For IP, the samples were
incubated with EZview Red Anti-Flag M2 Affinity Gel (Sigma) for 2 h at 4°C, washed
with the above lysis buffer 4 times, and RNA extracted using Trizol LS (Invitrogen). For
input samples, RNA was extracted using TriReagent (Ambion). RNA was then stored at -
80°C until processed for quantitative RT-PCR.

Prior to RNA extraction, a portion of both the input and IP samples were saved
for Western blotting to verify that lentiviral infection produced equal FMRP expression
and pull down across samples. Western blotting was performed as described above with
the following exceptions: proteins were transferred onto PDVF membranes, probed with
primary antibodies against FMRP (1:500, F4055, Sigma) and B-actin (1:1000, #4970,
Cell Signaling Technologies), labeled by HRP conjugated secondary antibody (1:10,000,
Millipore), and the enhanced chemiluminescence signal detected using HyGlo Quick
Spray (Denville Scientific). Densitometry was quantified using Imagel.

For quantitative RT-PCR, 700 ng of total RNA was treated with DNase I
(Invitrogen), and reverse transcribed using random hexamers and SuperScript III First
Strand Synthesis System for RT-PCR (Invitrogen) according to manufacturer’s
instructions. PCR was performed with iQ SYBR® Green Supermix (BioRad) and 100

nM of forward and reverse primers (see Section 3.3.13 for list of primers). mRNA
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quantification was determined using the standard curve method for relative
quantification. A standard curve was established for each primer set, and the relative
mRNA level for each input and IP sample was determined after normalizing each sample
to its B-actin mRNA level and adjusting for FMRP protein expression level as determined
by Western blot densitometry. The ratio between IP:input mRNA quantification was
normalized to the WT value for each experiment to allow comparison across different
experiments. Data were analyzed by two-way ANOVA with N =5, 4, 3, and 2 for GFP,

WT, R138Q, and G266E groups respectively.

3.3.8 Drosophila neuromuscular junction immunostaining and analysis
All flies were maintained under standard culture conditions on Cornmeal-
molasses-yeast medium at 25°C. Transgenic dfinr] WT and R140Q mutant flies were

1118 .
strain,

generated by standard P-element transgene injection (Bestgene Inc) into a w
and then crossed with either Da-GAL4 or Elav-GAL4 lines (Bloomington Stock Center,
#8641 and #458 respectively).

To perform immunostaining of the NMJ, third stage wandering larvae were
harvested, washed, and dissected in PBS (Ca”" free) as described (Brent et al., 2009).
Dissected larvae were fixed for 1 h on ice with 4% paraformaldehyde, followed by
permeabilization at room temperature with 3-4 x 10 min washes using 0.3% PTX (PBS +
0.3% Triton X-100). Tissues were then blocked for 30 min to 1 h with 0.1% PTX + 5%
normal goat serum, incubated overnight at 4°C with anti-discs large primary antibody
(Developmental Studies Hybridoma Bank, 4F3), washed 3 x 5 min with 0.1% PTX, and

labeled for 1-2 h with Alexa Fluor® 488 anti-mouse secondary antibody (Invitrogen, A-

11001). Tissues were then mounted onto slides using Vectashield (Vector Laboratories),
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and NMJ length and number of branches were measured from micrographs taken of
muscles 6/7 of abdominal segment 2 or 3 using Axiovision software (Zeiss).

Approximately 30 larvae were analyzed per genotype.

3.3.9 Electrophysiology slice preparation

Both male and female 15- to 25-day-old mice were used. Genotyping was
performed according to the Jackson Laboratory protocols. All animal procedures
conformed to the guidelines approved by the Washington University Animal Studies
Committee. After being deeply anesthetized with CO,, mice were decapitated and their
brains were dissected out in ice-cold saline solution that contained the following: 130
mM NacCl, 24 mM NaHCOs3, 3.5 mM KCI, 1.25 mM NaH,POy,, 0.5 mM CaCl,, 5.0 mM
MgCl,, and 10 mM glucose, pH 7.4 (saturated with 95% O, and 5% CQO,). Horizontal
brain slices (350 um) including the hippocampus were cut using a vibrating microtome
(Leica VT1200S). Slices were initially incubated in the above solution at 35°C for 1 h for

recovery and then kept at room temperature until use.

3.3.10 Action potential recordings and analysis

APs were recorded using an Axopatch 700B amplifier (Molecular Devices) in
whole-cell configuration from hippocampal CA3 pyramidal neurons or Layer 5
pyramidal neurons in the entorhinal cortex visually identified with infrared video
microscopy (Olympus BX50WI; Dage-MTTI) and differential interference contrast optics.
All the recordings were conducted at near-physiological temperature (33—34°C). The
recording electrodes were filled with the following: 130 mM K-gluconate, 0.5 mM

EGTA, 2 mM MgCl,, 5 mM NaCl, 2 mM ATP;Na, 0.4 mM GTPNa, and 10 mM HEPES,
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pH 7.3. The extracellular solution contained the following: 130 mM NacCl, 24 mM
NaHCO;3, 3.5 mM KCI, 1.25 mM NaH,PO4, 2 mM CaCl,, 1 mM MgCl,, and 10 mM
glucose, pH 7.4 (saturated with 95% O, and 5% CO,). APV (50 uM), DNQX (10 uM)
and gabazine (5 pM) were included in the perfusate to block the effect of synaptic
transmission on AP properties and long-term effects. APs were evoked by repetitive
injection of a 1-ms current to evoke 25-AP train at 60 Hz. Membrane potential was set at
-65 mV by automatic slow current injection to ensure stability of the resting potential and
to prevent spontaneous AP firing. Each AP train was evoked four to six times in each
neuron, and each train was separated by ~2-min rest periods. AP duration during bursts
was normalized to an averaged duration of four low- frequency baseline APs (0.2 Hz)
evoked before each burst.

Recordings were filtered at 2 kHz, digitized at 20 kHz, acquired using custom
software written in LabView, and analyzed using programs written in Matlab. Data are
presented as mean = SEM. Student's paired or unpaired t test or ANOVA were used for
statistical analysis as appropriate; p values are reported throughout the text, and

significance was set as p < 0.05.

3.3.11 Protein expression and purification

All proteins were expressed as 6xHis-SUMO fusion proteins to facilitate protein
expression and purification. WT and R138Q FMRP fragments (residues 1-298), with or
without an additional 6xHis tag immediately amino-terminal to FMRP, were expressed in
E.coli BL21 (DE3)-Gold cells with the RIL-Codon plus plasmid (Stratagene). Cultures

were first grown at 37°C in LB supplemented with 50 pg/mL Kanomycin until ODggg
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reached between 0.4-0.8. The temperature was then shifted to 16°C and protein
expression was induced with 0.4 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for
16 h. Cells were harvested and resuspended in 4 volumes of 300 mM NaCl, 20 mM
sodium phosphate pH 7.4, 20 mM imidazole, 1 mM dithiothreitol (DTT), and 0.3 mM
phenylmethyl-sulphonyl fluoride, and then lysed using sonication for 5 min (1 s on, 2 s
off), followed by centrifugation at 38,000g for 1 h. The fusion proteins were isolated on a
nickel charged HiTrap Chelating column (GE Healthcare), eluted with 500 mM
imidazole, and the 6xHis-SUMO tag removed by overnight incubation with Ulpl
protease at 4°C. The cleaved proteins were then diluted with 6 volumes of 20 mM
HEPES pH 7.0 and | mM DTT, loaded over a HiTrap-Q column (GE Healthcare), and
eluted at ~170-280 mM NacCl with a linear gradient of 100 mM to 800 mM NaCl.
Fractions containing the FMRP fragments were pooled together, and concentrated using
Spin-X UF 30k MWCO concentrators (Corning). The proteins were then loaded onto a
Superdex 75 (16/60) column that was pre-equilibrated with 200 mM NaCl, 20 mM
HEPES pH 7.0, and 1 mM DTT. The fractions containing purified FMRP fragment were

pooled together, concentrated to 100 uM, and stored in aliquots at -80°C.

3.3.12 Binding Assay

Whole mouse brain was dissected and transferred to a dounce homogenizer
containing 5 mL lysis buffer on ice (50 mM HEPES, pH 7.4, 300 mM NaCl, 1% Triton
X-100, supplemented with protease and phosphatase inhibitors). After homogenization,
brain lysates were clarified by centrifugation at 14000 rpm for 1 hr at 4°C. Supernatants
were then pre-cleared to reduce non-specific binding by incubation with HisPur Cobalt

Resin (Pierce) for 1 hr at 4°C. Beads were removed and total protein concentration was
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determined by BCA method. 100 pg of His-tagged WT-FMRP,95 or R138Q-FMRP29g
fragments were incubated with 1 mg of lysate with rotation for 4 hr — overnight at 4°C.
HisPur Cobalt Resin (Pierce) was then added and incubated for 1 hr at 4°C, followed by
centrifugation at 2000 rpm for 1 min. Beads were washed five times with washing buffer
(50 mM HEPES, pH 7.4, 500 mM NaCl, 1% Triton X-100, 10 mM imidazole), denatured
with 1X SDS PAGE loading buffer, and processed for western blotting by standard

techniques.

3.3.13 List of primer sequences

Maplb for: 5’>-CGATCGTGGGACACAAACCT-3’

rev: 5’-GTGATCATCAAACGCACCTCA-3’

Psd95 for: 5’-CTATGAGACGGTGACGCAGA-3’

rev: 5’-CGGGAGGAGACAAAGTGGTA-3’

CamKII for: 5’-AATGGCAGATCGTCCACTTC-3’

rev: 5’-ATGAGAGGTGCCCTCAACAC-3’

Actb (B-actin) | for: 5’-TGTTACCAACTGGGACGACA-3’

rev: 5’-GGGGTGTTGAAGGTCTCAAA-3’

3.4 Results

3.4.1 Identification of ID patient with R138Q missense mutation

In a previous sequencing study of 963 developmentally delayed males, we

identified a patient with an R138Q missense mutation in the FMRI gene without the
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CGG-repeat expansion (Collins et al., 2010). This patient has a history of global
developmental delay, intellectual disability, and intractable seizures, but no other
behavioral, neurological, or dysmorphic features commonly associated with FXS (Figure
3.1A). Molecular FXS testing showed 45 CGG repeats, which is within the normal range
(Fu et al., 1991), however full sequencing of the patient’s FMR1 gene revealed a
c.413G>A transition that causes the highly conserved arginine (R) 138 residue to be
replaced by glutamine (Q) (Figures 3.1C-D). Both maternal and paternal sides of the
family have a history of learning problems, however this mutation was passed through
the mother who was found to be a carrier of the c.413G>A (R138Q) mutation (Figure

3.1B). For a full patient description and clinical history, see Methods Section 3.3.1.

3.4.2 R138Q mutation does not affect postsynaptic functions of FMRP

To test the functional significance of the R138Q missense mutation, we first
assayed whether this mutation impairs FMRP’s established role as a protein synthesis
regulator. In hippocampal neurons, postsynaptic AMPA receptor trafficking is influenced
by FMRP-mediated control of local protein synthesis such that, in the absence of FMRP,
there is exaggerated AMPA receptor internalization (Muddashetty et al., 2007, Nakamoto
et al., 2007). To determine if the R138Q mutation affects FMRP’s ability to regulate
AMPA receptor trafficking, we measured AMPA receptor internalization in Fmrl KO
mouse hippocampal neurons that were infected with either R138Q-FMRP or WT-FMRP
lentivirus. We found that AMPA receptor internalization in R138Q-FMRP infected
neurons was not significantly different from wild-type (WT) neurons or WT-FMRP
infected Fmrl KO neurons, although Fmrl KO neurons alone were significantly different

from all the other groups as expected (Figure 3.2A; one-way ANOVA; F=451.9,p <
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0.0001, Tukey post hoc analysis: **** p < 0.0001 for all pairwise comparisons with KO
group). Since regulation of AMPA receptor trafficking is a function of FMRP’s ability to
control protein synthesis, this finding suggests that R138Q-FMRP retains its canonical
function of regulating mRNA translation.

In line with its role as a protein synthesis regulator, FMRP is known to bind
polyribosomes and specific mRNA targets (Stefani et al., 2004, Santoro et al., 2012). To
determine if R138Q-FMRP can bind polyribosomes, we infected Fmr! KO mouse
embryonic fibroblasts (MEFs) with R138Q-FMRP or WT-FMRP lentivirus and probed
for FMRP distribution after sucrose gradient fractionation. We found that R138Q-FMRP
is robustly present in polyribosome fractions, similar to WT-FMRP (Figure 3.2B). To
determine if R138Q-FMRP can bind mRNA, we infected Fmrl KO cortical neurons with
R138Q-FMRP or WT-FMRP lentivirus and performed FMRP-RNA co-
immunoprecipitation (co-IP) to measure the relative mRNA levels of three validated
FMRP targets: Map 1B, PSD95, and CamKII (Santoro et al., 2012). We found R138Q-
FMRP associated with these targets to a similar level as WT-FMRP, while neurons
infected with the functional null G266E-FMRP mutant (Myrick et al., 2014c), or GFP
alone, did not pull down these mRNAs and were significantly different from WT-FMRP
as expected (Figure 3.2C; two-way ANOVA with significant main effect of lentivirus
infection; F = 66.57, p < 0.0001, Dunnett’s post hoc analysis: * p < 0.0001 for pairwise
comparison with WT-FMRP control group for each mRNA target.) Together, these data
indicate that the R138Q mutation does not impair FMRP’s postsynaptic function as a
translation regulator as evidenced by rescue of AMPA receptor trafficking, intact

polyribosome association, and mRNA pull-down.

68



3.4.3 R140Q mutation impairs presynaptic function in Drosophila

The preservation of FMRP’s canonical function as a protein synthesis regulator in
the above biochemical studies led us to consider that the R138Q mutation might simply
be a rare benign variant without any functional consequences. To further test this
possibility, the function of R138Q-FMRP was assessed in an animal model. Drosophila
provides a uniquely powerful system for studying FMRP function because there is only a
single ortholog from the fragile X-related gene family, dfinr! (Wan et al., 2000), and
therefore subtle phenotypes are more likely to be revealed due to loss of compensatory
action from the fragile-x related proteins, FXR1 or FXR2. The Drosophila equivalent to
the R138Q mutation is R140Q according to ClustalW alignment (Figure 3.1D).

One particularly robust phenotype is the overelaboration of synaptic branching
and number of boutons at the NMJ in dfmrl null flies (Zhang et al., 2001). To determine
if R140Q-FMRP is able to rescue synaptic overgrowth at the Drosophila NMJ, we used
Da-Gal4 to drive ubiquitous expression of UAS-dfmrl R140Q in dfimrl deficient
Drosophila. To our surprise, we found that R140Q-FMRP was unable to rescue
overgrowth of NMJ length or branching, unlike WT-FMRP (Figure 3.3B). Since these
NMIJ structural defects are known to be a function of presynaptic FMRP (Gatto and
Broadie, 2008), we also used Elav-Gal4 to drive pan-neuronal expression of UAS-dfmrl
R140Q in dfimrl deficient Drosophila. We found that presynaptic specific expression of
R140Q-FMRP was also unable to rescue overgrowth of NMJ length or branching, unlike
WT-FMRP (Figure 3.3C; one-way ANOVA for NMJ length, branching; F =272.5,
68.32, p <0.0001, Tukey’s post hoc analysis: **** p < 0.0001 for comparison with

dfmrl —/—). Quantitative PCR for dfmrl on whole larvae show two to three fold higher
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expression of R140Q-FMR1 compared to WT-FMR1 (Figure 3.3D), indicating that the

lack of rescue in NMJ overgrowth was not due to inadequate R140Q-FMRP expression.

3.4.4 R138Q mutation impairs presynaptic function in mouse central neurons

To validate the presynaptic specific loss-of-function we observed with R138Q-
FMRP in Drosophila, we sought to corroborate these findings within a mammalian
system. We previously discovered that FMRP modulates AP duration via BK¢, channels
in hippocampal and cortical excitatory neurons in a cell-autonomous presynaptic manner
(Deng et al., 2013). We showed that excessive AP broadening in FmrI KO neurons can
be acutely rescued with presynaptic intracellular perfusion of a commercially available
amino-terminal FMRP fragment consisting of amino acids 1-298, and importantly, that
these effects were independent of translation. To determine if R138Q-FMRP can rescue
AP broadening in Fmrl KO neurons, we created and purified the same amino-terminal
FMRP fragment consisting of amino acids 1-298, with and without the R138Q mutation
(R138Q-FMRP,95 and WT-FMRP»os, respectively). We then performed AP rescue
experiments in current-clamped CA3 hippocampal pyramidal cells in acute slices from
15- to 17-day-old Fmrl KO mice. AP trains were evoked by repetitive injection of a 1-ms
current to evoke a 25-AP train at 60 Hz. FMRP fragment was introduced into the cells via
a patch pipette using a micro-perfusion system that permitted us to control the exact time
point at which perfusion was initiated. Only recordings in which AP duration could be
recorded before and after FMRP fragment perfusion were used in this analysis. As in our
previous studies, perfusion of WT-FMRP95 into CA3 neurons of Fmr/ KO mice rapidly
rescued excessive AP broadening, at both baseline and during the train (Figure 3.4A, N =

6, P =0.012 for baseline APs, P =0.007 for the averaged last 2 APs in the train). In
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contrast, intracellular perfusion of R138Q-FMRP,9s fragment was unable to reduce AP
broadening in these neurons (Figure 3.4B, N = 6, P = 0.40 (baseline AP), P=0.44 (end of
train)). We note that the rescue effect of WT FMRP fragment was measurable within ~5
minutes after perfusion initiation. Together with the fact that the FMRP,og fragment lacks
the KH2 domain critical for association with polyribosomes, this rapid rescue provides
further support for our earlier findings that the mechanism of these presynaptic FMRP
actions is translation-independent. These results indicate that the R138Q mutation
disrupts FMRP’s ability to regulate AP duration in a presynaptic neuron.

We have previously shown that FMRP regulation of AP duration is a widespread
phenomenon observed both in excitatory hippocampal and cortical neurons. We thus
tested whether inability of R138Q-FMRPy9s to rescue AP broadening defect in Fmrl KO
mice is also observed in cortical pyramidal neurons. AP measurements were performed in
15- to 17-day-old, Layer 5 cortical pyramidal neurons of the entorhinal cortex of Fmrl
KO mice using the same intracellular perfusion approach described above. Similarly to
hippocampal neurons, intracellular perfusion of WT-FMRP9g rapidly reduced AP
broadening in cortical pyramidal neurons, while perfusion of R138Q-FMRP,9g did not
have a significant effect (Figures 3.4C-D; WT: N =6, P = 0.015 (baseline), P= 0.028
(end of train); R138Q: N =7, P=0.69 (baseline), P=0.72 (end of train)). These results
support the above evidence that the R138Q mutation disrupts the presynaptic function of

FMRP to regulate AP duration in both hippocampal and cortical pyramidal neurons.

3.4.5 R138Q mutation disrupts FMRP interaction with BKc, channels

What is the mechanism by which R138Q mutation renders FMRP incapable of

regulating AP duration? We have previously shown that FMRP regulates AP duration

71



and neurotransmitter release in excitatory pyramidal neurons through FMRP’s interaction
with the BK ¢, channels, particularly their regulatory 4 subunit (Deng et al., 2013). The
above observations therefore suggest that R138Q mutation may interfere with
FMRP/BKc, channel interactions. To test this possibility, we used an in vitro binding
assay in which His-tagged WT-FMRP,95 or R138Q-FMRP,9s fragments were used to
pull-down BK¢, channels from brain lysates prepared from WT mice. WT-FMRP,g
fragment interacted with the BK¢, channel 34 subunit (Figure 3.5) in agreement with our
previous observations (Deng et al., 2013) and revealed that FMRP-f4 interaction is
mediated by the FMRP amino-terminus. In contrast to WT-FMRP,93, we observed no
detectable B4 subunit association with R138Q-FMRP,¢s (Figure 3.5, N =4). We also
observed binding of the BK¢, channel o subunit with WT-FMRP,s, and this interaction
was reduced for R138Q-FMRP,s (Figure 3.5, N = 4). These results suggest that R138Q
mutation strongly affects FMRP interaction with the BK¢, channels, with nearly
complete loss of interaction with the BK¢, 34 subunit.

We note that an earlier study suggested that FMRP does not interact with the
BKc, channel o subunit in heterologous cells (Brown et al., 2010). Because our current
results indicate that FMRP interacts with both BK¢, o and 34 subunits in neurons, we
further tested whether FMRP interaction with BK¢, o subunit requires 4, using p4 KO
mice. When FMRP was IP-ed from the brain lysate of 4 KO mice and tested for BK¢, a
subunit, we detected a strong interaction, suggesting the FMRP can interact with BK¢, a
subunit in the absence of $4. These results provide further confirmation that FMRP
interacts independently with both a and 34 subunits of BK¢, channels, and the R138Q

mutation weakens interactions with both BK¢, channel ot and 34 subunits.
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3.5 Discussion
3.5.1 Summary of results

The pathophysiology of FXS is complex, involving both pre- and postsynaptic
defects. Yet the interdependence and specific contributions of pre- and postsynaptic
FMRP functions to various FXS phenotypes has been difficult to determine. Through the
study of a novel FMRI missense mutation, R138Q, we have demonstrated that FMRP
plays an important presynaptic role that is independent from its canonical postsynaptic
function in mRNA translation. Our experiments indicate that R138Q mutation retains the
postsynaptic translation regulation capabilities of FMRP, but is incapable of rescuing
presynaptic structural defects at the dfmr! deficient Drosophila NMJ, nor rescuing
presynaptic AP broadening defects in Fmr! KO mouse central neurons. Furthermore, we
found that R138Q mutation strongly reduces FMRP’s ability to interact with the BKc,
channels that mediate FMRP’s regulation of AP duration and glutamate release. The
finding that R138Q is a partial loss-of-function mutation that abolishes specifically
presynaptic but not postsynaptic FMRP function is consistent with the patient’s limited
FXS phenotype consisting of ID and seizures, but not any other symptoms commonly
associated with FXS. Taken together, these results suggest that pre- and postsynaptic
functions of FMRP are independent, and link the isolated loss of presynaptic FMRP

function with a specific subset of FXS clinical features.
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3.5.2 Imsights into FXS pathophysiology from FMRI missense mutations

To date, there have only been two other reported missense mutations within
FMRI, G266E (Myrick et al., 2014¢) and 1304N (De Boulle et al., 1993). Both of these
mutations reside within the RNA binding domains of FMRP and result in loss of RNA
binding and polyribosome association (Zang et al., 2009, Myrick et al., 2014c). Studies of
these mutations provide strong evidence that FMRP’s inability to regulate protein
synthesis is a critical component of FXS pathophysiology given that both of these
patients presented with very characteristic FXS phenotype including marked ID,
developmental delay, macroorchidism, and dysmorphic facies. Conversely, the R138Q
mutation does not reside within an RNA binding domain, but rather is located at the
amino-terminal domain of FMRP. In contrast with the G266E and 1304N patients, the
R138Q patient only displays ID and seizures, which corresponds well with our
observation that R138Q is a partial loss-of-function mutation. These results suggest that
presynaptic FMRP function may be specifically connected to ID and seizure pathology in

FXS, possibly through the amino-terminal domain.

3.5.3 BKc, channel dysfunction in ID and seizures

We have previously shown that FMRP binds to and modulates the activity of
BKc, channels in order to regulate AP duration and neurotransmitter release (Deng et al.,
2013). These functions are abolished by the R138Q mutation, thereby potentially linking
FMRP and BK¢, channel modulation to the ID and seizure phenotype exhibited by the
R138Q patient. BK¢, channels have in fact already been linked to ID and seizures
separately in several previous reports. For instance, an autistic patient with severe ID was

found to have a balanced translocation resulting in disruption of the KCNMAI gene that
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encodes the BK¢, channel (Laumonnier et al., 2006). Dysregulation of BK¢, channel
isoform expression has also been linked to a mild form of autosomal recessive
nonsyndromal mental retardation (Higgins et al., 2008). Probably the most compelling
evidence comes from another report showing that the SNPs with the highest risk for ASD
were found in KCNMB4, the gene encoding the $4 subunit of the BK¢, channel (Skafidas
etal., 2014).

BKc, channels have also been implicated in epilepsy and seizure disorders in
numerous cases both through loss-of-function and gain-of-function mechanisms
(N'Gouemo, 2011). Since BK¢, channels play a critical role in repolarizing the membrane
potential after AP firing, loss of BK channel function typically results in increased
seizure susceptibility (Hu et al., 2001, Faber and Sah, 2003). In line with this,
pharmacological inhibition of BK¢, channels trigger seizures (Young et al., 2003), down-
regulation of BK¢, channel expression is associated with the development of temporal
lobe epilepsy in rats (Ermolinsky et al., 2008, Pacheco Otalora et al., 2008), and a
particular KCNMB4 SNP is strongly correlated with temporal lobe epilepsy in humans
(Cavalleri et al., 2007). Interestingly, some gain-of-function mutations in BK channels
have also been implicated in seizure etiology, primarily absence epilepsy, by rapidly
repolarizing the membrane and allowing for faster firing rates (Brenner et al., 2005, Du et
al., 2005). Nevertheless, BK¢, channel activity is clearly intimately connected with
seizure pathology. In fact, presynaptic BKc, channels have recently been shown to
preferentially localize to and regulate neurotransmitter release at glutamatergic, but not
GABAergic, synapses, further supporting their critical role in modulating circuit

hyperexcitability (Martire et al., 2010). Whether FMRP-BK¢, channel interactions are
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directly responsible for seizure and/or ID phenotypes, and whether targeting BKc,

channels could be a useful component of FXS therapy remains to be determined.

3.5.4 Amino-terminal domain and FMRP function

Our studies suggest that this translation-independent presynaptic function of
FMRP, abolished by the R138Q mutation, depends on an intact amino-terminal domain.
Indeed, an amino-terminal fragment of FMRP (1-298) was sufficient to rescue excessive
AP broadening in Fmrl KO cortical and hippocampal neurons as well as mediate FMRP
binding with BK¢, channel subunits. This 298 amino acid fragment is comprised of the
FMRP amino-terminal domain (1-215) in addition to the full KH1 and a small portion of
the KH2 RNA-binding domains. While we cannot rule out the possibility that FMRP’s
presynaptic function may be mediated by the KH1 domain, it is highly unlikely given that
we have previously shown the presynaptic effects of FMRP on AP duration and
glutamate release are independent of translation and therefore unlikely to involve any
RNA binding domain function (Deng et al., 2013). Furthermore, we have shown that
R138Q mutation does not disrupt FMRP’s RNA binding ability, yet does impair
presynaptic FMRP function at the Drosophila NMJ and in mouse cortical and
hippocampal neurons. Thus we propose that the amino-terminal domain mediates
FMRP’s presynaptic function, yet the exact locus that is responsible for FMRP’s
modulation of AP duration or interaction with BK¢, channels will require further studies.

The FMRP amino-terminal domain also mediates interaction of FMRP with a
number of its binding partners (Siomi et al., 1996, Bardoni et al., 1999, Schenck et al.,
2001, Bardoni et al., 2003), and also contains two tandem Tudor/Agenet motifs (Maurer-

Stroh et al., 2003, Ramos et al., 2006) that mediate a nuclear FMRP function in
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chromatin binding and DNA damage response (Alpatov et al., 2014). Interestingly, the
R138Q mutation also abolished nucleosome binding, indicating this mutation may play a
role in the pathophysiology of FXS through transcriptional changes (Alpatov et al.,
2014). We are currently in the process of testing whether FMRP’s ability to regulate AP
duration involves transcription. Regardless, our work suggests a novel function for the
amino-terminal domain of FMRP in the pathophysiology of FXS by modulating AP
duration in a cell-autonomous presynaptic manner and presumably contributing to circuit
hyperexcitability via interactions with the BK¢, channels. In summary, our study of a
novel missense mutation in FMR1, associated with a limited subset of FXS clinical
features, provides a first step in teasing out the domain specific functions of FMRP in
pre- and postsynaptic compartments, and their contribution to various elements of FXS

pathophysiology.
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Figure 3.1: Identification of ID patient with R138Q missense mutation
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Figure 3.1: Identification of ID patient with R138Q missense mutation

A: Patient’s does not have any dysmorphic facial features commonly associated with
Fragile X Syndrome. Note the absence of an elongated face, prominent forehead, or large
ears.

B: Family pedigree of the proband (indicated by arrow). Stripe pattern indicates learning
disability and solid black indicates seizure disorder. The proband’s mother was found a
carrier of the ¢.413G>A (R138Q) mutation. No other family members were available for
genetic testing.

C: DNA chromatogram of the wild-type and patient alleles showing the single nucleotide
substitution (NM_002024.5:c.413G>A) that replaces the arginine at residue 138 with
glutamine (R138Q).

D: Clustal W alignment across multiple species of FMRP amino acids 98-147. FMRP at

residue 138 is highly conserved from human through Drosophila.
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Figure 3.2: R138Q mutation does not affect postsynaptic functions of

FMRP
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Figure 3.2: R138Q mutation does not affect postsynaptic functions of
FMRP

A: Constitutive AMPA receptor assay indicating the percentage of internalized to total
AMPA receptors measured from Fmrl KO hippocampal neurons that were infected with
either WT or R138Q-FMRP. R138Q-FMRP infected neurons were not statistically
different from WT neurons or WT-FMRP infected Fmr! KO neurons. The data are
represented as scatter plot, with bars indicating the mean, and have been re-analyzed and
re-formatted from (Alpatov et al., 2014). **** p <(0.0001 for pairwise comparisons with
KO group.

B: Polyribosome assay on Fmrl KO MEF cells infected with either WT or R138Q-
FMRP. Top graph is a representative A254 absorbance profile with the monosome (80S)
and polyribosome peaks indicated. Below is the FMRP protein distribution showing that
R138Q-FMRP associates with polyribosome fractions similar to WT-FMRP. Each
fraction corresponds to the same region of the linear sucrose gradient above it. S6
ribosomal protein is shown to verify sample loading in each well. These are
representative blots from N = 3 experiments.

C: RNA co-IP on Fmrl KO cortical neurons infected with GFP, WT-FMRP, R138Q-
FMRP, or G266E-FMRP. The relative mRNA enrichment of FMRP targets MapIB,
PSDY5, and CamKII were analyzed by qPCR and show that R138Q-FMRP is able to pull
down mRNA similar to WT-FMRP, while both negative controls, GFP and G266E-
FMRP, did not significantly pull down mRNA. Data are represented as mean + SEM, * p

<0.0001 for pairwise comparisons with WT-FMRP group.
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Figure 3.3: R140Q mutation impairs presynaptic function in Drosophila
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Figure 3.3: R140Q mutation impairs presynaptic function in Drosophila

A: Representative micrographs of the NMJ in dfmrl heterozygous wild-type flies
(dfmr1—/+, indistinguishable from homozygous wild-type), dfmri deficient mutants
(dfmrl —/-), and dfmrl deficient mutants with either UAS-FMR1-WT or -R140Q
(Drosophila equivalent of R138Q) driven expression. Note the higher branch number and
longer NMJ length in UAS-FMR1-R140Q expressing flies.

B-C: Quantification of NMJ length and branching in dfimr! deficient flies with either
ubiquitous (Da-Gal4, panel B) or neuronal (Elav-Gal4, panel C) expression of WT or
R140Q FMRP. WT FMRP expression effectively reduces both NMJ length and
branching, while R140Q fails to do so and has synaptic overgrowth similar to dfmrl
deficient flies. Data are represented as mean + 95% confidence interval, **** p < (0.0001
for comparison with dfmrl —/—.

D: dfimrl levels were measured from whole larvae in Elav-Gal4 driven UAS-FMR1-WT
or -R140Q flies. R140Q mutants expressed dfmrl at equal or higher levels than WT,
indicating the lack of rescue in NMJ length or branching was not due to inadequate

R140Q-FMRP expression.
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Figure 3.4 R138Q mutation impairs presynaptic function in mouse

central neurons
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Figure 3.4 R138Q mutation impairs presynaptic function in mouse
central neurons

AP trains were recorded from Fmrl KO mice in response to 25 stimuli at 60 Hz. The AP
duration during each burst was normalized to the baseline AP duration determined from
four low frequency stimuli (0.2 Hz) prior to each train.

A-B: Effect of intracellular perfusion of WT-FMRPy9g (A) or R138Q-FMRP,95 (B) on AP
duration in Fmrl KO CA3 pyramidal neurons. WT-FMRP,g rescues AP broadening (N
=6, p =0.007), while R138Q-FMRP,93 does not have a significant effect (N =6, p =
0.44).

C-D: Effect of intracellular perfusion of WT-FMRP»9g (C) or R138Q-FMRP»95 (D) on
AP duration in Fmrl KO cortical pyramidal neurons. WT-FMRP,95 again rescues AP
broadening (N = 6, p = 0.028), while R138Q-FMRP»95 does not have a significant effect

(N=17,p=0.72).
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Figure 3.5: R138Q mutation disrupts FMRP interaction with BK,

channels
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Figure 3.5: R138Q mutation disrupts FMRP interaction with BK,

channels

In vitro binding assay with His-tagged WT-FMRP9g or R138Q-FMRP,95. Brain lysates
from WT mice were incubated with His-tagged protein fragments, or no bait as control,
and protein interactions with the FMRP fragments were pulled down using His resin.
Samples were processed for SDS-PAGE followed by western blotting with antibodies
against the BK¢, channel o and 4 subunits. R138Q-FMRP,¢s has no detectable
association with 4 subunit and reduced association with the a subunit as well. These are

representative blots from N = 4 experiments. Arrowheads indicate specific protein bands.
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Chapter 4. Crystal structure of wild-type and R138Q mutant
FMRP amino terminal domain’

? Adapted from Myrick LK, Hashimoto H, Cheng X, Warren ST. (2014b). FMRP
contains an integral tandem Agenet (Tudor) and KH motif in the amino terminal domain.
Hum Mol Genet (in review).

Author Contributions: Myrick designed the protein expression constructs, purified

protein, set up crystallization trays, and assisted with data collection. Hashimoto collected
diffraction data and solved the structure using molecular replacement.
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4.1 Abstract

Fragile X syndrome, a common cause of intellectual disability and autism, is due
to mutational silencing of the FMRI gene leading to the absence of its gene product,
FMRP. FMRP is a selective RNA-binding protein owing to two central KH domains and
a C-terminal RGG box. However, several properties of the FMRP amino terminus are
unresolved. It has been documented for over a decade that the amino terminus has the
ability to bind RNA despite having no recognizable functional motifs. Moreover, the
amino terminus has recently been shown to bind chromatin and influence the DNA
damage response as well as function in the presynaptic space, modulating action potential
duration. We report here the amino terminal crystal structures of wild-type FMRP, and a
mutant (R138Q) that disrupts the amino terminus function, containing an integral tandem

Agenet and discover a novel KH motif.
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4.2 Introduction

Fragile X Mental Retardation Protein (FMRP) is an RNA binding protein that is
responsible for regulating local protein synthesis within dendritic synapses (Bassell and
Warren, 2008). Loss of FMRP results in fragile X syndrome (FXS), which is the most
frequent inherited cause of intellectual disability (ID), and also one of the leading genetic
causes of autism spectrum disorder (ASD) (Santoro et al., 2012).

Since the discovery of FMRP over 20 years ago, many insights about the
functions of this protein have been gleaned by studying its various structural domains.
For instance, FMRP has three RNA binding domains that include two centrally-located
KH domains (KH1 and KH2) and a C-terminal RGG box (Figure 4.1A) (Ashley et al.,
1993). These domains allow FMRP to bind and regulate the translation of a specific
subset of mRNA targets involved in synaptic plasticity (Brown et al., 2001, Darnell et al.,
2011). Tightly controlled local protein synthesis is important for many forms of synaptic
plasticity, and in the absence of FMRP, defects in these protein-synthesis dependent
synaptic plasticity pathways contribute significantly to the pathophysiology of FXS
(Huber et al., 2002, Volk et al., 2007, Wang et al., 2008, Osterweil et al., 2010). Indeed,
the only two FMRI missense mutations in patients presenting with FXS have been
substitutions within the KH domains, illustrating the importance of FMRP’s RNA
binding domains in the pathophysiology of FXS (De Boulle et al., 1993, Myrick et al.,
2014c).

The amino terminus of FMRP (defined here as amino acids 1-215) has been
largely understudied and there are still many pending questions about its exact in vivo

functions. It is the site for most of FMRP’s protein-protein interactions, including
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NUFIP1, 82-FIP, and CYFIP1/2 (Bardoni et al., 1999, Schenck et al., 2001, Bardoni et
al., 2003), however the biological role of these protein interactions with FMRP are not
well understood. Recently, an additional interaction between the FMRP amino terminus
and the presynaptic BK channel $4 subunit has been demonstrated to modulate action
potential duration, potentially linking the amino terminal domain with FMRP’s
presynaptic function (Deng et al., 2013). Moreover, it had been known for many years
that FMRP shuttles between the nucleus and cytoplasm through its nuclear localization
and export sequences (NLS and NES, respectively) (Eberhart et al., 1996). However, a
clear nuclear function for FMRP had not been able to be specified until recently when
nuclear FMRP was found to interact with chromatin and modulate the DNA damage
response via its two amino terminal Agenet domains, also known as tandem Tudor
domains (Alpatov et al., 2014). Interestingly, a patient missense mutation within the
amino terminal domain, R138Q, disrupts both BK channel and chromatin binding
(Alpatov et al., 2014, Myrick et al., 2014a, in preparation).

Of particular interest is how the FMRP amino terminal domain binds RNA. As
early as 15 years ago, the FMRP amino terminus was demonstrated capable of binding to
RNA homopolymers, even though this region did not contain any recognizable RNA
binding motifs (Adinolfi et al., 1999, Adinolfi et al., 2003, Yan and Denman, 2011).
Furthermore, brain cytoplasmic RNA BCl1, and its primate analog BC200, have been
shown to specifically bind the FMRP amino terminus and this interaction requires
residues 180-217 (Zalfa et al., 2003, Zalfa et al., 2005). The subject of FMRP-BC1 RNA
interaction has been quite controversial over the past 10 years and still remains

unresolved. Several studies were unable to replicate BC1 and FMRP interaction (Wang et
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al., 2005, Iacoangeli et al., 2008), while others have successfully replicated the
interaction (Gabus et al., 2004, Johnson et al., 2006, Yan and Denman, 2011, Lacoux et
al., 2012) but not the requirement of the amino terminus (Yan and Denman, 2011). Some
insight comes from a recent attempt to molecularly model the BC1 RNA interaction with
the FMRP amino terminal NMR structure of the first 134 residues (Lacoux et al., 2012).
BC1 RNA was shown to interact with specific residues within Agenet2 on FMRP, and
while these interactions were necessary, they were not sufficient for FMRP-BC1 RNA
interaction. It was proposed that the complete RNA binding surface for BC1 interaction
would require the downstream residues adjacent to the tandem Agenet domain, however
structural data for FMRP between residues 135 — 215 was unavailable. Here we show the
wild-type and R138Q mutant crystal structures of FMRP amino terminal fragment
(residues 1-202). In addition to the expected Agenet domains, we surprisingly discovered
a novel KH motif immediately preceding the KH1 and KH2 domains, which we have
termed KHO. This previously unrecognized KH fold might contribute to this regions
ability to bind RNA and could potentially resolve some unanswered questions about the

functions of the FMRP amino terminal domain.

4.3 Methods

4.3.1 Protein expression and purification

We initially generated hexahistidine-SUMO-tagged constructs of human FMRP
residues 1-234 and residues 1-298, for both wild-type (WT) and R138Q mutant. We
performed proteolytic digestion on purified 1-234 fragment and found that trypsin

generated a stable ~30 kDa protein (see below). The molecular mass was determined by
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MALDI-TOF-MS, which corresponds to an FMRP protein fragment of residues 1-213,
which was the construct used for crystallization.

The proteins were expressed in E. coli BL21 (DE3)-Gold cells with the RIL-
Codon plus plasmid (Stratagene). Cultures were grown at 37 °C until the OD600 nm
reached 0.5; the temperature was then shifted to 16 °C, and isopropyl B-D-1-
thiogalactopyranoside (IPTG) was added to 0.4 mM to induce expression. After 16 h,
cells were re-suspended with 4 volumes of 300 mM NaCl, 20 mM sodium phosphate, pH
7.4, 20 mM imidazole, 1 mM dithiothreitol (DTT) for wild-type or 0.5 mM tris(2-
carboxyethyl)phosphine (TCEP) for R138Q, and 0.3 mM phenylmethyl-sulphonyl
fluoride. The cells were sonicated for 5 min (1 s on and 2 s off) and the lysates clarified
by centrifugation at 38,000g for 1 h. Hexahistidine fusion proteins were isolated on a
nickel-charged HiTrap chelating column (GE Healthcare) and the His-SUMO tag was
removed by incubating with Ulp1 for 16 h at 4 °C. The cleaved protein was further
purified by HiTrap Q column (GE Healthcare) and eluted by increasing NaCl
concentration from 0.1 to 1 M. The proteins were then loaded onto a Superdex 75 (16/60)
column (equilibrated with 200 mM NaCl, 20 mM HEPES, pH 7.0, 1 mM DTT or 0.5 mM
TCEP) where it eluted at ~75 mL as a single peak corresponding to a monomeric protein.

We increased NaCl concentration up to 500 mM during protein concentration.

4.3.2 Protease digestion and mass spectrometry

FMRP 1-234 protein (4 pg) in 20 mM HEPES, pH 7.0, 200 mM NacCl, and 1 mM
DTT was treated with serial dilutions of trypsin, chimotrypsin, and elastase for final
protease conditions of 0, 0.1, 1, 10 and 100 ng/uL. Digestion occurred for 30 min at room

temperature before being separated on a 12% SDS gel. Trypsin was found to form stable
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cleavage product of the FMRP 1-234 protein and was used for further analysis by
MALDI-TOF-MS. To prepare samples for MALDI, FMRP 1-234 protein was again
digested with trypsin at 0, 1, and 10 ng/uL, for 30 min at room temperature. 1 pL of
sinapic acid (dissolved in equal volumes of 0.1% TFA and acetonitrile) and 1 pL of
digested protein were mixed together and spotted onto a MALDI plate and allowed to air
dry overnight before determining the respective masses of the uncut and cut proteins by
MALDI-TOF-MS using a Burker Ultra FlexII TOF/TOF instrument (Biochemistry

Department, Emory University).

4.3.3 Crystallography

Crystallization was carried out in a 2 pL sitting drop with equal volumes of
protein solution (40-60 mg/mL) and well solution. Crystals appeared within 16 h at 16 °C
under the conditions of 27% (w/v) polyethylene glycol 3350, 0.2M ammonium sulfate,
0.1 M HEPES, pH 7.0, for wild-type crystal, and 25%-30% polyethylene glycol
monomethyl ether 5000, 0.2M ammonium sulfate, 0.1M HEPES, pH 7.5 and 5 mM of
(CH3);PbOAc. Crystals were cryoprotected by soaking in mother liquor supplemented
with 20% (v/v) ethylene glycol and by plunging into liquid nitrogen. X-ray diffraction
data sets were collected at the SER-CAT beamline at the Advanced Photon Source,
Argonne National Laboratory and processed using HKL2000 (Otwinowski et al., 2003).

We combined molecular replacement (PDB: 308V) and single anomalous
diffraction (SAD) to obtain crystallographic phases using Pb containing R138Q crystals.
A data set was collected at 100 K at a wavelength of 0.94390 A, at a slightly higher
energy (100 eV) than the Lead (Pb) absorption edge. Anomalous signal originally seemed

to extend to only about 7.4 A, but after combination with the partial model from
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molecular replacement results, figure of merit and experimental phases were improved,
and the resulting electron density map for KHO domain was easily visible and the model
was built using the program COOT (Emsley et al., 2010). Finally, PHENIX scripts
(Adams et al., 2010) were used for model refinement against the native wild-type data
and R138Q mutant data (Table 4.1), respectively, with an optimized weight for the X-ray
target and the stereochemistry of the atomic displacement parameters during the last
refinement cycles.

The secondary structure matching (SSM) script in COOT generated initial pair
wise alignments, followed by visual inspections, between structures of FMRP 1-213
wild-type (PDB: 4QVZ), FMRP 1-213 R138Q (PDB: 4QW2), FMRP KH1-KH2 domain
(PDB: 2QND) (Valverde et al., 2007), FXR1/2 tandem Agenet domains (PDB: 308V,
3H8Z) (Adams-Cioaba et al., 2010), SHH1 Tudor domain with H3K9me3 peptide (PDB:
4IUR) (Law et al., 2013), and UHRF1 tandem Tudor domain with H3K9me3 peptide

(PDB: 3ASK) (Arita et al., 2012).

4.4 Results and Discussion

4.4.1 FMRP amino terminal region forms an integral domain containing two
tandem Agenet modules and a novel KH module

We expressed, purified and crystallized wild-type and R138Q mutant of human
FMRP residues 1-213 in two different space groups (P432,2 and P4,2,2) and determined
the structures to the resolution of 3.2 A and 3.0 A, respectively (Table 4.1). For the
structures of both space groups, the crystallographic asymmetric unit contains two
molecules. The four monomeric structures are highly similar with a root mean square

deviation of <0.6 when pairwise comparing two monomers. Thus, we will describe the
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monomeric structure of slightly higher resolution (3.0 A) R138Q mutant structure.

The FMRP amino terminal domain consists of three structural modules, a tandem
array of two Agenet folds and a novel KH fold (Figure 4.1B-C). Each Agenet module
contains a twisted -sheet of five strands (B1-B5 for Agenetl and B6-B10 for Agenet2). A
13-residue Loop-1 (residues 50-62) connects strand 5 of Agenetl to strand 6 of
Agenet2. The interface of the two Agenet modules is mediated by two ion pairs between
side chains of E7 of strand 1 with R113 of strand $10, and E66 of strand $6 with R48 of
strand B5 (Figure 4.1D). In addition, aromatic residues, F15 of strand B2 and W79 of
strand B7, are packed against the aliphatic carbons of R48 and R113, respectively. These
two ion pairs are conserved among the FMRP, FXR1, FXR2, and Drosophila FMR
proteins (Figure 4.2), and mutations in residues R48C, E68K, R113C and R113H from a
Drosophila forward genetic screen were unable to rescue FMRP overexpression induced
lethality (Reeve et al., 2008) illustrating their importance for FMRP amino terminal
function.

The KHO module, residues 126-202, is composed of three antiparallel § strands of
B11- B13 with three helices (aA-aC) packed on one side of the sheet (Figure 4.1B-C).
The KHO module is located on the right side of Agenetl, opposite of Agenet2. A 12-
residue Loop-2 (residues 114-125) connects strand B10 of Agenet?2 to strand 11 of KHO
and appears to be critical to the structural integrity of the molecule. The loop extends
through the entire length of Agenetl and provides hydrogen bonds via two asparagine
residues, N116 and N118, connecting E7 of strand f1, main-chain carbonyl oxygen

atoms of F49 of strand 5, and P50 of Loop-1 (Figure 4.1E).
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The interface between Agenetl and KHO involves a large number of aromatic and
hydrophobic interactions (Figure 4.1F). These interactions include F126, F157, L171,
and 1173 of KHO and L4, V20, 128, F44 and F49 of Agenetl. Emphasizing the
importance of these interactions is the observation that the three structural modules are
integral parts of the entire structure, glued together by the interactions mediated by strand
B5 in the center of the structure. To the left, R48 of strand B5 stabilizes a network of polar
interactions involving Agenet2 (Figure 4.1D). To the right, F49 of strand 5 is part of the
hydrophobic core involving KHO (Figure 4.1F). In addition, the main-chain carbonyl
oxygen atom of F49 interacts with residues in the middle of Loop-2 (Figure 4.1E). These

intra-molecule interactions likely confer stability to the molecule.

4.4.2 FMRP tandem Agenet domain is structurally similar to other tandem Tudor
domains that bind methylated lysine

DALLI (distance matric alignment) search (Holm and Rosenstrom, 2010) against
structures in the Protein Data Bank (PDB) showed that the FMRP tandem Agenet domain
is structurally similar to the mammalian UHRF1 tandem Tudor domain and Arabidopsis
SHH1 tandem Tudor-like domain (z score of 9.9 and 9.7, respectively) (Figure 4.3), both
of which bind methylated lysine 9 of histone H3 (H3K9me) peptides via an aromatic
cage.

The tandem Agenet domain of FMRP, particularly the second Agenet motif, was
reported as a potential methylated lysine binder and has been shown to bind H3K79me2
both in vivo and in vitro (Ramos et al., 2006, Alpatov et al., 2014). Additionally, the
structurally related FXR1/2 proteins have also been shown to recognize methylated lysine

and bind H4K20me1/2/3 in vitro via their Agenet domains (Adams-Cioaba et al., 2010).
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In support of a histone binding function for the FMRP amino terminal domain, we found
that each Agenet fold contains an aromatic cage with potential for binding methylated
lysine: Y16, F32, and W36 within Agenet]l and W80, Y96, and Y103 within Agenet2
(Figure 4.3A). Indeed, solution NMR spectrometry and in vitro binding assays have
identified Y103 of Agenet2 (whose side chain is disordered in the absence of binding
substrate) important for the recognition of trimethylated lysine (Ramos et al., 2006,
Alpatov et al., 2014). Among the structurally characterized tandem Tudor domains,
UHRF1, SHHI and 53BP1 bind methylated lysine with their first Tudor domain (Figure
4.3B-D), whereas JMJD2A binds methylated lysine with its second Tudor domain
(Figure 4.3E). For FMRP, both Agenet motifs contain a recognizable aromatic cage
(Figure 4.3A), although only Agenet2 has been shown to interact with methylated lysine

(Ramos et al., 2006, Alpatov et al., 2014).

4.4.3 FMRP has a KHO module that may participate in binding of nucleic acids

A surprising structural motif was found at residues 126-202, for which the DALI
server recognized as a KH fold (we named it as KHO). KH folds are well studied as
DNA/RNA binding domains (Valverde et al., 2008), and FMRP already has two other
tandem KH folds (KH1 and KH2) that follow immediately after KHO (Valverde et al.,
2007). Among the three FMRP KH folds, KHO and KH1 (or KH2) share 20% (or 18%)
sequence identity and a root-mean-square-deviation of 2.4 A (or 2.6 A). Both KH1 and
KH?2 have the canonical G-X-X-G motif between helices ad A and aB, but KHO does not
have such a motif (Figure 4.4A). Instead, KHO has an A-K-E-A between helices oA and
aB (Figure 4.4A), and the K143-E144 is in corresponding positions as that of K299-

N300 of KH2, as seen by the positively charged surface of KHO and KH2 (Figure 4.4C-
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D). The Agenetl and the KHO together form a continuous basic surface patch, while
Agenet2 has an acidic surface (Figure 4.4C). If the aromatic cage of Agenet2 is indeed
involved in binding positively charged histone lysine residues, then the basic surface
patch of Agenetl and KHO could be involved in binding nucleosomal DNA.
Alternatively, the basic surface patch of Agenetl and KHO could be involved in binding
to RNA instead, which would potentially resolve some reports of the amino terminal
domain’s RNA binding capability despite the absence of any recognizable RNA binding

motifs.

4.4.4 Functionally relevant mutation of the FMRP amino terminal domain

A FMRP missense mutation at arginine 138 to glutamine (R138Q), reported in a
patient with intellectual disability and seizures (Collins et al., 2010), is located within
KHO helix aA. However, the wild-type and R138Q crystal structures were very similar
with an root-mean-square-deviation of 0.8 A (Figure 4.5). The R138Q missense is a
partial loss-of-function mutation that impairs FMRP’s ability to interact with BK
channels and modulate action potential duration in hippocampal and cortical neurons
(Myrick et al., 2014a, in preparation) as well as impairs chromatin binding (Alpatov et
al., 2014). This mutation did not affect the ability of full length FMRP to bind RNA in
vivo, at least not with the well-known FMRP targets: Map1b, PSD95, or CamKII (Myrick
et al., 2014a, in preparation). We were able to express and purify the R138Q mutant 1-
213 protein with similar purity and amount as that of wild-type protein. The one
difference noted between wild-type and R138Q purification is that R138Q protein eluted
slightly earlier from Q column (data not shown). This is evidence that the mutation may

affect the protein-protein interactions of FMRP, which is also supported by biochemical
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data indicating R138Q disrupts FMRP’s interaction with BK channels (Myrick et al.,
2014a, in preparation). Thus, we were unable to determine any gross structural changes
that would cause R138Q mutation to lose chromatin or BK channel binding, however this
positively charged arginine residue may be critical for specific protein-protein

interactions that are unable to form when mutated to a negatively charged glutamine.

4.5 Summary

We determined the crystal structure of the wild-type and R138Q mutant FMRP
amino terminal domains (residue 1-202). We found that the amino terminal fragment
forms a stable domain that contains two tandem Agenet modules and a KH module. The
three structural modules are arranged with Agenetl flanked by Agenet2 and KHO
forming an integral structure, stabilized by intra-molecular polar interactions (Agenet2-
Agenetl) and intra-molecular hydrophobic interactions (Agenet1-KHO). Both Agenet
modules contain an aromatic cage and have potential for binding methylated histone
lysines, while Agenetl and KHO possess a continuous basic surface patch with potential
for binding nucleic acids. Thus, our work helps provide structural evidence for many of
the proposed functions of the amino terminal domain including chromatin binding,

protein-protein interactions, and RNA binding.
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Table 4.1: Summary of X-ray diffraction and refinement statistics

FMRP (1-213) Wild-type R138Q
Space Group P4;2,2 P4,2,2
Unit cell a=p=y=90°
a (A) 89.5 89.1 89.3
b (A) 89.5 89.1 89.3
c (A) 118.1 122.0 122.5
Bemaline APS 22-1D
Wavelength (A) 1.0000 0.9439
Resolution (A)* 29.6-3.19 24.9-2.99 50-3.10
(3.30-3.19) (3.10-2.99) (3.21-3.19)
Rmerge* 0.153 (0.904) 0.147 (0.710) 0.196 (0.694)
I/<al>* 13.3 (2.5) 12.0 (3.0) 27.0 (5.0)
Completeness (%)* 98.3 (98.5) 99.8 (100.0) 99.6 (96.8)
Redundancy* 9.5 (8.9) 6.3 (6.5) 46.0 (21.2)
Observed 27 967 65,538 434,198
reflections
Unique reflections* 8234 (801) 10452 (1013) 9443 (891)
(7564 have both I+ and I-)
0.73 (FOM)
Refinement
Resolution (A) 3.19 2.99
No. reflections 8207 10425
Ruork / Reree 25.4/30.4 22.7/28.3
Molecules in ASU 2 2
No. of atoms
Protein 2933 3071
Solvent 13 15
B-factors (A)
Protein 98.3 64.3
Solvent 71.6 51.9
Clash score 5.2 5.2
Ramachandran
outliers 0.00% 0.00%
allowed 1.28% 1.52%
favored 98.72 98.48%
Rotamer outliers 0.00% 0.32%
R.m.s. deviations
Bond length (A) 0.002 0.003
Bond angles (°) 0.7 0.7
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Table 4.1: Summary of X-ray diffraction and refinement statistics

*Values in parenthesis correspond to highest resolution shell;

Rinerge = 2 | I - <I>| /ZI, where I is the observed intensity and <I> is the averaged intensity
from multiple observations;

<I/oI> = averaged ratio of the intensity (I) to the error of the intensity (cl);

Ryork = Z | Fobs = Feal | /2 | Fobs |, Where Fqps and Fe, are the observed and calculated
structure factors, respectively;

Riree Was calculated using a randomly chosen subset (5%) of the reflections not used in

refinement.
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Figure 4.1: Structure of FMRP amino terminal domain
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Figure 4.1: Structure of FMRP amino terminal domain

A: Schematic of human FMRP structure. Tandem Agenet and KHO domain, KH1 and
KH2 domains, and RGG box are shown. Position of R138Q mutation within KHO
domain and G-X-X-G motifs within KH1 and KH2 are indicated.

B-C: Two views of FMRP amino terminal structure, with Agenetl in blue, Agenet2 in
green, and KHO in brown.

D: Intra-molecular polar interactions on the interface of Agenetl (blue) and 2 (green).
E: Intra-molecular polar interactions between strand B5 of Agenetl (blue) and Loop-2
(green).

F: Intra-molecular hydrophobic interactions on the interface of Agenetl (blue) and KHO

(brown).
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Figure 4.2: Sequence and secondary structure alignment of human

FMRP, FXR1, FXR2, dFmrl, and zFmr1
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Figure 4.2: Sequence and secondary structure alignment of human

FMRP, FXR1, FXR2, dFmrl, and zFmr1l

Alignment of human FMRP (AGO02165.1), FXR1 (NP_001013456.1), FXR2
(NP_004851.2), Drosophila Fmrl (NP_001247017.1), and zebrafish Fmr1
(NP_694495.1) are shown. Salt bridge interacting residues in Agenetl and Agenet2 (E7,
R48, E66, R113), potential methylated lysine binding aromatic cage residues (Y16, F32,
W36 in Agenet]l and W80, Y96, Y103 in Agenet2), and the R138Q patient mutation are

indicated.
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Figure 4.3: Structural similarity of FMRP tandem Agenet with other

tandem Tudor domains
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Figure 4.3: Structural similarity of FMRP tandem Agenet with other

tandem Tudor domains

A: FMRP amino terminal structure with aromatic cage residues in Agenetl (blue) and
Agenet2 (green) indicated.

B-D: Tandem Tudor domains of UHRF1, SHH1, and 53BP1 bind methylated lysine in
the Tudorl aromatic cage (corresponds to Agenetl of FMRP).

E: Tandem Tudor domain of IMJD2A binds methylated lysine in the Tudor2 aromatic

cage (corresponds to Agenet2 of FMRP).
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Figure 4.4: FMRP KHO0 motif is an integral part of the amino terminal

structure
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Figure 4.4: FMRP KHO0 motif is an integral part of the amino terminal

structure

A: Sequence and structural alignments of FMRP KHO, KH1, and KH2. White letters on
black are identical or conserved residues among all three KH modules, and white on gray
are identical or conserved in at least two. The G-X-X-G motifs of KH1 and KH2 and A-
X-X-A motif of KHO are depicted in white on red background. The position of the patient
mutation (R138) and hydrophobic residues involved in the hydrophobic core (Fig. 4.1F)
unique to KHO are shown in red. Conserved residues are as defined by the following
groupings: V, L, I and M; F, Y and W; K and R, E and D; Q and N; E and Q; D and N; S
and T, and A, G and P.

B: Cartoon structure of Agenetl-Agenet2-KHO (PDB: 4QW2) connected to KH1-KH2
(PDB: 2QND) by a flexible linker.

C-D: The surface charge distribution of amino terminal Agenetl-Agenet2-KHO (panel C)
and KHI1-KH2 (panel D) at neutral pH, displayed as blue for positive, red for negative,
and white for neutral, in a similar orientation as shown in panel B. The orange circles

indicate the position of A-X-X-A or G-X-X-G.

110



Figure 4.5: Comparison of wild-type and R138Q structures
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Figure 4.5: Comparison of wild-type and R138Q structures

A: Wild-type (grey, space group: P45;2,2) and R138Q (brown, space group: P4,2,2)
crystal structures are highly similar with a r.m.s.d. of 0.8 A.

B: Superposition of wild-type (grey) and R138Q (brown). Residues R138 and Q138 of

helix oA are indicated.
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Chapter 5. Discussion
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5.1 Summary of Findings

The aim of this dissertation was to determine how two novel FMRI missense
mutations, G266E and R138Q, contribute to the function of FMRP and their involvement
in the pathogenesis of intellectual disability. In Chapter 2, the effect of G266E mutation
on FMRP function was assessed in the postsynaptic compartment through monitoring
AMPA receptor trafficking. This particular assay depends on FMRP-mediated translation
of specific mRNA targets that in turn regulate AMPA receptor internalization. G266E
failed to control AMPA receptor internalization, which was then confirmed by failure to
associate with polyribosomes or bind mRNA. It was concluded from these data that
G266E mutation abolishes FMRP’s ability to regulate mRNA translation, a critical
function for FMRP in the pathophysiology of FXS, and therefore explains the FXS
phenotype observed in the patient. Thus, G266E is indeed a functional null mutation, and
joins 1304N as the second missense mutation to cause FXS (Figure 5.1).

In Chapter 3, the effect of R138Q mutation on FMRP function was assessed in
both pre- and postsynaptic compartments. All of the canonical functions of FMRP in
regulating postsynaptic translation that were disrupted by G266E mutation were found to
remain intact by R138Q mutation. Further investigation revealed that R138Q was unable
to rescue synaptic overgrowth at the Drosophila NMJ, a presynaptic specific function of
FMRP. This presynaptic defect was confirmed by failure of R138Q to control AP
duration or interact with BK¢, channels in mouse cortical and hippocampal neurons. It
was concluded from these data that R138Q mutation causes loss of FMRP’s presynaptic
function while leaving postsynaptic translational control intact. The partial loss of FMRP

function is consistent with the partial FXS phenotype observed in the patient and allows
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us to speculate that perhaps the role of FMRP in the presynaptic space specifically
contributes to ID and seizure related aspects of FXS, while the postsynaptic functions of
FMRP may be more relevant for the other FXS associated phenotypes not present in this
patient. Of course, these are speculations based on a single patient mutation and any true
associates would need to be determined experimentally. Regardless, these data do
identify R138Q as a pathological missense mutation that contributes to at least a subset of
FXS pathophysiology (Figure 5.1).

To support experimental observations, structural data is often used to help
determine how a missense mutation might affect protein function. In the case of G266E,
the crystal structure for the tandem KH1 and KH2 domains where residue 266 is located
was already publically available. Mutational analysis at residue 266 clearly indicated that
a substitution from a small glycine side chain to a large and negatively charged glutamate
would cause significant steric hindrance. Thus the experimental loss of function by
G266E is supported by a structurally predicted unstable mutation. In the case of R138Q,
there was no structural data available for this residue prior to this work. In Chapter 4, the
crystal structure is determined for both wild-type and R138Q mutant amino terminal
domains up to residue 202. This work led to the discovery of a novel KHO fold within the
FMRP amino terminal domain that may help explain reports of this domain’s RNA
binding capability in spite of any recognizable RNA binding motifs (Figure 5.2).
Interestingly, there were no observable structural differences between the wild-type and
R138Q structures, suggesting that the functional defects mediated by this mutation may
occur through subtle disruption of protein-protein interactions rather than large

conformational changes in structure.

115



5.2 Future Directions
5.2.1 Separation of pre- and postsynaptic FMRP function

G266E was shown to be a functional null mutant, rendering FMRP incapable of
performing its canonical function of regulating local protein synthesis. Loss of this
function was sufficient to recapitulate the entire FXS phenotype, as demonstrated by both
G266E and I304N missense mutations. It is, however, possible that G266E may still
retain some functions, especially those that are independent of translation regulation. All
of the assays that were performed to test G266E function in this dissertation were related
to FMRP’s role as a translation regulator. However, both the presynaptic and nuclear
functions of FMRP are independent of translation, as demonstrated by this dissertation
(see Chapter 3) and by others (Deng et al., 2013, Alpatov et al., 2014), and could
theoretically remain undisrupted by G266E mutation.

The amino terminal domain mediates both the presynaptic and nuclear functions
of FMRP, however we do not currently know whether the predicted structural disruption
of the KH1-KH2 domains by G266E mutation would also affect the amino terminal
domain. It is possible that the entire protein is folded improperly, or alternatively, the KH
domains may be disrupted in isolation leaving the amino terminal domain intact to
perform the presynaptic and nuclear functions of FMRP. Evidence that supports a
possible intact presynaptic function for G266E mutant FMRP comes from the Drosophila
equivalent mutation, G269E, which was identified in a Drosophila forward genetic
screen (Reeve et al., 2008). This mutant was unable to rescue excessive defasciculation in

dfmrl null mutants, however when overexpressed the G269E mutant behaved similar to
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wild-type in reducing axonal elaboration in a gain-of-function assay, both of which are
presynaptic specific effects of FMRP. This suggests the G269E mutation may have
simply caused a reduction in protein level without altering protein function, at least in
this particular assay that measures presynaptic FMRP function.

One immediate experiment to assess whether G266E can retain FMRP’s
presynaptic function would be to measure AP duration in Fmr/ KO mouse neurons after
presynaptic perfusion of a purified G266E-FMRP 1-298 fragment. If G266E rescues AP
duration, it would indicate this mutation preserves presynaptic function and that the
amino terminal domain remains intact. However, even though the 1-298 fragment
contains the full amino terminal domain and KH1, it does not keep KH2 intact with KHI1.
Therefore it would not be possible to determine whether the amino terminal domain
remained intact because G266E causes isolated disruption of the KH domains, or if the
absence of the KH2 domain altogether does not allow G266E to induce the same
structural disruptions. A better experiment would be to create transgenic mice with the
G266E mutation and compare their AP durations to wild-type littermates. Ultimately, the
goal would be to identify missense mutations that abolish postsynaptic but not
presynaptic FMRP function, so that together with R138Q loss of presynaptic but not
postsynaptic FMRP function, there would be clear evidence that the functions of FMRP

in the different synaptic spaces are distinct and independent of one another.

5.2.2 Links between FMRP presynaptic function and seizure susceptibility

R138Q was shown to be a partial loss-of-function mutant that affects FMRP
presynaptic function while leaving translational function intact. R138Q specifically

impaired FMRP’s ability to interact with and modulate BK¢, channels, the major players
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involved in controlling AP duration and neurotransmitter release. While loss of FMRP
had already been linked to exaggerated AP duration and neurotransmitter release (Deng
et al., 2013), a missense mutation that recapitulates this effect verifies that it is the
interaction between FMRP and BK channels that is necessary for modulating AP duration
and not simply a general consequence of FMRP’s absence.

There is a great body of literature linking loss of FMRP with circuit
hyperexcitability (Gibson et al., 2008, Pfeiffer and Huber, 2009) and BK¢, dysfunction
with epilepsy (N'Gouemo, 2011), however the exact molecular mechanisms underlying
seizure pathology within FXS are not well understood and whether FMRP-BK¢, channel
interactions are directly responsible for seizure and/or ID phenotypes still remains to be
determined. The model proposed here is that FMRP acts to enhance BK, channel
antiepileptic activity such that in the absence of FMRP-BK¢, channel interaction,
diminished BK¢, channel activity then contributes to circuit hyperexcitability. This
model, could in theory, provide the molecular basis for at least some of the seizure
pathology seen in FXS, however a direct connection between FMRP-BK ¢, channel
activity and seizures needs to be established first. Deng et al. have begun to address this
issue and found that genetic upregulation of BK¢, channel activity can rescue seizure
susceptibility in Fmrl KO mice (Deng and Klyachko, in preparation).

However, further studies are still needed to determine whether FMRP’s
presynaptic activity can be specifically linked with seizure pathology. It is tempting to
think so because the R138Q patient has an ID and seizure phenotype that correlates with
a mutation specifically expected to increase seizure susceptibility, but a single patient

mutation is not sufficient evidence from which to make genotype to phenotype
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conclusions. A necessary experiment is to first determine the exact FMRP locus that
binds to BK¢, channels, and then analyze the spectrum of phenotypes that occur in mice
when this locus is mutated or removed. If isolated disruption of FMRP’s interaction with
BKc, channels gives rise to increased seizure susceptibility in mice in the absence of
other FXS-like phenotypes such as elongated dendritic spines and aberrant synaptic
plasticity, then a possible link between presynaptic function and seizures could be made.
Conversely, if there were mutations that caused isolated disruption of FMRP’s
postsynaptic translation regulation function without affecting presynaptic activity, then
these could also be tested in animal models for loss of seizure susceptibility while other
FXS-related phenotypes still persisted. The link between FMRP’s presynaptic activity on
BKc, channels and ID/seizure pathology could also be further explored with
pharmacological manipulation of BK¢, channels. Two anticonvulsant drugs currently on
the market include zonisamide (BK¢, activator) and paxilline (BKc, blocker). If the
model that FMRP is needed to enhance BK, channel activity is correct, then Fmrl KO
mice treated with a BK¢, activator like zonisamide should respond better than mice given
a BKc, blocker such as paxilline. In fact, BK¢, channel openers have already been
patented for use in the treatment of FXS (Briault and Perche, 2013), however preclinical
and clinical data is still needed to determine whether this type of pharmacological
intervention could be useful as targeted FXS therapy.

It is important to note that the work presented in this dissertation does not provide
sufficient evidence to claim that R138Q mutation is solely a defect in BK¢, channel
activity. In fact, it is already known that R138Q mutation also disrupts histone binding

(Alpatov et al., 2014), however the path by which chromatin modulation would lead to
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neurological impairment is unclear in this context. Additionally, FMRP has other
presynaptic functions, such as axonal protein synthesis (Li et al., 2009), that were not
specifically assayed in this dissertation and could theoretically be disrupted by R138Q
mutation as well. Especially if the novel KHO fold participates in RNA binding, then it is
possible that R138Q might disrupt interactions with these currently unknown mRNA
targets to impair presynaptic protein synthesis. Thus, in addition to BK¢, channel
abnormalities, the symptoms experienced by the patient may also be partially accounted
for by defects in histone binding with the Agenet domains or presynaptic translation
through the KHO domain. Only further experimentation to understand the full

consequences of R138Q mutation will answer these questions.

5.2.3 Amino terminal domain interactions with chromatin and RNA

The amino terminal domain of FMRP (residues 1-213) was shown to be a stable
domain that consists of two tandem Agenet motifs and a novel KHO fold. Histone and
RNA binding were predicted functions of the amino terminal domain and the structure of
this region indicated the potential for both a histone recognizing aromatic cage within
Agenet2 and a positively charged nucleic acid binding surface by KHO in connection
with Agenetl. However, the structure of the Agenet2 aromatic cage was not ideal for
histone binding, and indeed may require a ligand to form the proper binding
conformation. Furthermore, the positively charged binding surface, while suitable for
RNA binding, may participate in protein-protein interactions with negatively charged
proteins instead. Thus it is important to not over interpret the current data until co-crystal

structures can be solved showing true histone and/or RNA binding interactions.
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The novel KHO fold was actually very surprising to find because this particular
region of FMRP had not been predicted to contain any recognizable structural motifs.
KHO is indeed a non-canonical KH fold that does not contain the G-X-X-G motif
traditionally required KH domains to bind RNA. Therefore, if KHO participates in RNA
binding, it most certainly does so in a manner different from the other KH1 and KH2
domains in FMRP. In addition to a crystal structure of the KHO fold with bound RNA, a
crystal structure of all three KH domains together, with and without bound RNA, would
be very useful to determine how they work together to confer RNA binding specificity to
FMRP. The binding cleft of KH domains by themselves can only accommodate four
nucleotides, so when more binding specificity is needed, it has been proposed that
multiple tandem KH domains act together to increase the RNA binding surface and
specificity (Valverde et al., 2008). In fact, many KH containing RNA binding proteins
have been reported to crystallize as dimers or tetramers, and this self-association with
either neighboring KH proteins or tandem KH domains within the same protein has been
suggested to play an important part in mediating RNA specificity (Ramos et al., 2002,
Valverde et al., 2008). KHO is able to form an antiparallel coiled-coil dimerization, which
supports the idea that KHO interacts with itself or with the other KH1 and KH2 domains,
however crystal analysis of the three tandem KH domains with bound RNA will
ultimately reveal whether these domains act independently or in concert with one

another.
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5.3 Significance

The work presented in this dissertation indicates that both G266E and R138Q
missense mutations contribute to the pathophysiology of FXS. G266E has been identified
as a functional null, while R138Q is a partial loss-of-function mutant, and taken together
this research clearly separates the pre- and postsynaptic functions of FMRP. Research on
FMR1 missense mutations, particularly partial loss-of-function mutations, provides new
avenues of insight about the physiological functions of FMRP and allows us to speculate
about their correlations with specific FXS clinical features. Teasing out the domain
specific functions of FMRP and their contribution to various elements of FXS
pathophysiology will be important to advancing our understanding of not only FXS, but
also of ID disorders at large. While missense mutations of FMR] are quite rare compared
to other X-linked causes of ID (see Section 1.3.2 FMR I mutation screening and Section
1.3.3 FMRI point mutations), they are critical in determining the subtle functions of
FMRP and should be considered not only when the clinical evidence for FXS is strong

but also in cases where ID may be the only prevailing symptom.
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Figure 5.1: Model of FMRP pre- and postsynaptic function with G266E

and R138Q mutations
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Figure 5.1: Model of FMRP pre- and postsynaptic function with G266E

and R138Q mutations

FMRP has both pre- and postsynaptic functions. In the postsynaptic compartment,
FMRP (turquoise) regulates the translation of bound mRNA targets by directly
associating with the mRNA (black strand) and polyribosomes (pink). FMRP generally
acts as a translation repressor until synaptic activity, such as mGluR /s stimulation,
signals the need for protein synthesis. FMRP then releases its suppression and allows the
temporary synthesis of specific proteins important for synaptic plasticity (i.e. LTD
proteins). Ultimately this local protein synthesis leads to changes in the synaptic
architecture (i.e. surface AMPA receptor internalization) and is the foundation for
synaptic plasticity. In the presynaptic compartment, FMRP plays a role in regulating AP
duration by modulating BK¢, activity. BKc, channels (purple) are critical for repolarizing
the cell membrane after an action potential and are activated by Ca>" influx and voltage
depolarization. When open, they allow for large conductance of K" efflux, which quickly
repolarizes the cell membrane and limits AP duration. FMRP specifically binds to the 34
subunit (dark purple) of the BK(, channel and facilitates channel activity.

In the absence of FMRP, as in the case of FXS, both pre- and postsynaptic defects
arise. In the postsynaptic space, loss of FMRP leads to dysregulated translation of
synaptic proteins, elevated protein synthesis at basal states, and loss of activity dependent
increases in protein synthesis. Elevated levels of, for example, LTD proteins, cause
increased AMPA receptor internalization and consequently synaptic plasticity defects. In

the presynaptic space, loss of FMRP interaction with BK¢, channels negatively affects
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the activity of the channels so then repolarization of the cell membrane is delayed, AP
duration is prolonged, and excessive neurotransmitter is released (i.e. glutamate).

G266E mutation produces a functional null form of FMRP, so even though FMRP
is present within the neuron, it cannot bind mRNA or polyribosomes, and therefore
results in unregulated protein synthesis and excessive AMPA receptor internalization just
like absence of FMRP in FXS. Whether G266E can still interact with and modulate BK ¢,
channels in the presynaptic compartment is currently unknown. Conversely, R138Q
mutation preserves FMRP’s postsynaptic function as a translation regulator, but is unable
to interact with BK¢, channels or modulate AP duration, therefore resulting in an isolated
loss of FMRP presynaptic function. These mutations confirm that FMRP plays separate

and independent roles between the pre- and postsynaptic compartments.
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Figure 5.2: New FMRP structural domain boundaries
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Figure 5.2: New FMRP structural domain boundaries

Structural analysis of the FMRP amino terminal domain (residues 1-213) revealed a
novel KH motif that follows the Agenet2 module and immediately precedes the KH1
module, thus rendering FMRP a protein with now three KH domains. The nuclear
localization sequence (NLS) is still present but not shown in the new model for
simplicity. Each KH module has been associated with a patient mutation: R138Q in KHO,

G266E in KH1, and I1304N in KH2.
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