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Abstract

The fragile X mental retardation 1 (FMR1) gene contains a CGG repeat within its 5" untranslated
region (5'UTR) that, when expanded to 55-200 CGG repeats (premutation allele), can result in the
late-onset neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome. The CGG-
repeat is expected to form highly-stable secondary structure capable of inhibiting 5’-cap-dependent
translation. Paradoxically, translation in vivo is only mildly impaired within the premutation range,
suggesting that other modes of translational initiation may be operating. To address this issue, a
set of reporter mRNASs containing between 0 and 99 CGG repeats, in either native (FMR1) or
unrelated (heterologous) 5'UTR context, were translated in vitro. The 5’-cap dependence of
translation was assessed by inserting a stable hairpin near the 5’ end of the mRNAs. Results of the
current studies indicate that translational initiation of the FMR1 mRNA occurs primarily by
scanning, with little evidence of internal ribosome entry or shunting. Additionally, the efficiency
of translational initiation depends on transcription start site selection, with the shorter 5’'UTR
(downstream transcription start site 1) translating with greater efficiency than the longer mRNA
(start site 111) for all CGG-repeat elements studied. Lastly, a hairpin previously shown to block
translation gave differing results depending on 5’'UTR context, in one case initiating translation
from within the hairpin.
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INTRODUCTION

The 5’ untranslated region (5'UTR) of the human fragile X mental retardation 1 (FMR1)
gene (OMIM ID *309550) harbors a CGG repeat that may expand generationally.1: 2
Whereas the general population has fewer than 45 CGG repeats (mode ~30 CGG repeats),
full mutation allelic expansions (>200 CGG repeats) are normally accompanied by FMR1

"Corresponding Author. Paul J Hagerman, MD, PhD, Department of Biochemistry and Molecular Medicine, University of California,
Davis, School of Medicine, 4303 Tupper Hall, One Shields Ave, Davis, CA 95616 USA, Phone: 530-754-7266, FAX: 530-754—
7269, pjhagerman@ucdavis.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ludwig et al.

Page 2

gene silencing® 4 5 6 and loss of FMR1 protein (FMRP).”: & 9 This absence of FMRP
gives rise to fragile X syndrome, the most common known heritable form of intellectual
impairment and leading single-gene form of autism. (Reviews: & 10) Smaller “premutation”
expansions (55 to 200 CGG repeats) are also associated with increased risk of
developmental delay and autism.11: 12 Premutation expansions are additionally linked to two
premutation-specific disorders, primary ovarian insufficiency (POI), with loss of ovarian
function before the age of 4013: 14; 15; 16: and the neurodegenerative disorder fragile X-
associated tremor/ataxia syndrome (FXTAS),17: 18: 19 which involves the core features of
intention tremor and gait ataxia and, more variably, cognitive decline, parkinsonism, and
peripheral neuropathy. (Reviewed in 20: 21) In contrast to full-mutation alleles, which are
generally transcriptionally silent, premutation alleles express up to 8 times more FMR1
mRNA than normal alleles.?2: 23 24, 25, 26 Thoygh the mechanism is not well understood,
FXTAS, and perhaps also POI, is thought to be due to a toxic gain-of-function of the
expanded-CGG-repeat mMRNA.17: 27, 28; 29

The CGG repeat is representative of a growing number of known trinucleotide repeat
disorders that include both non-coding repeats (e.g., CTG, myotonic dystrophy; GAA,
Friedreich’s ataxia; CGG, fragile X syndrome) and protein-coding repeats (e.g. CAG,
Huntington’s disease, spinocerebellar ataxias).3% 31 Because the CGG repeat of the FMR1
MRNA lies outside of the coding region, it does not have a direct effect on the composition
of FMRP; however, the location of this structure-forming CG-rich element in the 5UTR of
the MRNA directly affects the efficiency of FMRP production.

Ribo-CGG repeats have been shown experimentally to base-pair intramolecularly and to
form hairpin-like secondary structures of C-G and G-G base pairs in vitro.32: 33; 34, 35 gome
investigators have also reported tetraplex formation by CGG-repeat RNA.36: 37 This highly-
GC-rich secondary structure is thought to inhibit the translation of expanded-repeat FMR1
mRNAs, since strong secondary structure in the 5’'UTR can inhibit ribosomal scanning.38:
39; 40 secondary structures with free energies of stabilization more negative than
approximately —50 kcal/mol greatly inhibit translation initiation.3%: 41 By comparison, CGG
repeats at the lower end of the premutation range have estimated free energies below —100
kcal/mol; a repeat of 55 CGGs has an in silico estimated free energy of stabilization of —117
kcal/mol.#2 43 Therefore, CGG repeats are predicted to pose a substantial energetic barrier
for scanning of the FMR1 5’'UTR by the 40S ribosome and associated proteins. In addition
to the repeat tract, the FMR1 5’'UTR otherwise is relatively long (198 bases) and GC-rich
(77%).

Paradoxically, patients with mRNAs carrying 50 to 100 CGG repeats have only slightly
reduced levels of FMRP.22: 26; 44; 45 Eyrthermore, polysome-profile analysis of
lymphoblastoid cells carrying 97 CGG repeats shows a substantial amount (58%) of FMR1
mMRNA in polysomes, suggesting maintenance of at least a moderate rate of protein
synthesis.*4 In this regard, transient transfections of mammalian cells with plasmids
containing 99 CGG repeats resulted in only a ~ 50% loss in reporter translation efficiency
relative to 30 CGG-repeat constructs.#6: 47 Thus, it remains a fundamental puzzle as to why
FMR1 messages in the premutation range can be translated while harboring substantial
5'UTR secondary structures.

It is possible that canonical “ribosomal scanning” (reviewed in 48) is not operational for
initiation of translation of the FMR1 mRNA,; alternative models of translation initiation have
been developed in order to interpret unusual forms of initiation not compatible with
scanning. For example, the higher-order RNA structures within internal ribosomal entry
sites (IRESSs) are thought to have an intrinsic ability to directly bind the 40S ribosome, at or
near a transcript’s AUG start codon, without 5-m’G cap binding or ribosomal scanning.4°
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Often seen in viral®% 51 as well as cell cycle and apoptotic messages,®%: 23 IRESs facilitate
protein synthesis in a 5’ cap-independent manner.

Another alternative to ribosomal scanning is ribosomal shunting, a rare mechanism of
initiation that is primarily seen in plant viruses.># %> Although shunting does require 5’ cap
binding by ribosomal initiation factors, the ribosome is able to bypass large, highly-
structured RNA domains within the 5’UTR, usually by way of initiation at upstream open
reading frames, followed by reinitiation downstream of the structured domain. Since the
FMR1 5'UTR is long and highly structured, especially messages with premutation-length
CGG repeats, this alternative form of translation initiation in principle could allow for more
efficient translation of FMR1.

To address the issue of translational initiation for the FMR1 mRNA, we have examined the
above alternative mechanisms. Our results confirm earlier observations?2: 44: 47; 56 that
CGG repeats inhibit translation initiation in a length-dependent manner. Moreover, when the
CGG repeat is placed in an unrelated (heterologous) 5’'UTR context, a similar effect is seen.
Replacing the CGG repeat with a double-stranded hairpin completely blocks translation in a
heterologous 5’'UTR, whereas the same hairpin decreases by about 5-fold, but does not
abolish translation in the FMR1 context. We provide evidence that translation of FMR1 is
5'cap-dependent, does not substantially involve IRES-mediated initiation, and most likely
occurs by ribosomal scanning. We also give possible explanations for hairpin read-through
in the FMR1 context.

Plasmid construction

To study the effect of CGG repeats on translation initiation, firefly luciferase (FL) reporter
plasmids with varying numbers of CGG repeats within either the FMR1 5'UTR or a
heterologous 5’'UTR were constructed (Figure 1, Table 1, and Supporting Material). The
heterologous (synthetic) 5’UTR was designed as a hon-native sequence of 82 bases, created
to have minimal secondary structure (—14.5 kcal/mol predicted free energy), moderate
length, as well as restriction sites that facilitate insertion of CGG repeats. In addition to
synthetic 5’'UTR-FL plasmids, we also constructed FL plasmids preceded by the FMR1
5'UTR, starting at FMR1 transcription start site (Initiator region; Inr) 1.7 All plasmids were
created with the SP6 promoter for in vitro expression and, depending on the 5’'UTR
employed, are called synthetic 5’UTR(n CGG)-FL or FMR15'UTR(n CGG)-FL.

CGG repeats were inserted into both 5'UTR contexts, either midway through the synthetic
5'UTR or into their native location within the 5’UTR (about two-thirds of the way to the
native ATG start codon). The repeats span the normal range (0, 16, 32 CGG) through the
lower end of the premutation range (62, 99 CGG). Following in vitro transcription, each
message possesses a 5’ cap, synthetic or FMR1 5'UTR, FL reporter, and polyA tail.

CGG-repeat length negatively correlates with translation efficiency in vitro

To assess the effect of CGG repeats outside of their native 5UTR context, varying CGG-
repeat lengths were placed in the synthetic 5’'UTR and translation efficiency measured in
vitro. Our rationale for using the in vitro (RRL) system for the current studies was twofold.
First, in initial studies using the RRL system, we observed that the extent of reduction of
reporter (luciferase) protein with increasing CGG repeat was comparable to the reductions
observed for either in vivo transfection experiments (SK-N-MC or HEK293 cell lines*’) or
for native FMRP in cultured premutation cell lines.22: 44 Second, the in vitro system, despite
its own caveats, allows for tighter control of RNA levels, for a wide variety of RNA
constructs, than would be possible for an in vivo system.
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In the current experiments, equimolar amounts (0.2 pmol) of capped synthetic-5'UTR
messages with either 0, 16, 30, 62, or 99 CGG repeats were translated in rabbit reticulocyte
lysate (RRL), followed by termination of the reactions with passive lysis buffer. Messages
were translated within the linear range of the lysate, previously determined to be 20 minutes
at this mRNA concentration (data not shown). In addition to FL mRNAs, an internal control
Renilla luciferase (RL) mRNA was added to each translation reaction at a 1:40 ratio of
FL:RL. Following in vitro translation, FL and RL protein levels were measured in a dual
luciferase experiment, which measures the chemiluminescent activities of the FL and RL
enzymes produced by each translation reaction. FL values were normalized to RL internal
control values, giving relative FL translation efficiencies for each mRNA.

As can be seen in Figure 2A, translation of synthetic-5'UTR mRNAs is reduced for all
CGG-repeat lengths. The addition of only 16 CGGs drops the translation efficiency of
synthetic 5'UTR(0 CGG)-FL by approximately two-fold, after which the degree of
inhibition with increasing numbers of repeats is more gradual. As with the synthetic 5’UTR
constructs, translation of FMR1 mRNAs also shows a decrease in translation efficiency with
increasing numbers of CGG repeats (Figure 2B), in agreement with previous studies in
which increased CGG-repeat length within the FMR1 5’'UTR resulted in decreased
translation efficiency.22: 44: 47 However, in comparison to translations of synthetic-5'UTR
mMRNAs, the inhibition of FMR1 mRNAs is more gradual with increasing repeat length. The
addition of 16 CGG repeats results in only a 23% decrease in FL expression relative to the
FMR1 5'UTR(0 CGG)-FL construct, followed by an incremental decrease in translation
efficiency with additional CGG repeats. Note, however, that translation of each
synthetic-5’"UTR mRNA species is more efficient by 2- to 3-fold than the corresponding
CGG repeat in the FMR1 5’UTR, in accord with more favorable translation of an otherwise
unstructured synthetic 5UTR.

In contrast to the expectation based on the computed free energies (Table 2), the reduction in
translational efficiency of FMR1 mRNAs is quite gradual within the premutation range, with
the 99-CGG-repeat construct translating at a rate reduced by only 60% relative to O repeats
despite a high predicted free energy of stabilization (—227 kcal/mol; Table 2). The FMR1
5'UTR, at 198 nt excluding the CGG repeats, is unusually long, GC-rich, and highly
structured, with a predicted free energy estimated to be around —100 kcal/mol. Thus,
compared to shorter, less structured 5'UTRs, the 43S ribosome pre-initiation complex is
predicted to experience greater impairment of scanning through the FMR1 5'UTR than the
synthetic 5’'UTR, both with and without CGG repeats.

Initiation of FMRL1 translation is predominantly 5' end-dependent

To determine whether the seemingly paradoxical experimental results, given the predicted
structural stability of the CGG-repeat element, might be due to 5’-end-independent
translational initiation, we investigated the 5’ end-dependence of FMR1 translation.
Initiation-factor interactions with the 5’ end of the mRNA are required for translation
initiation in both scanning and shunting mechanisms, but not for mRNAs that utilize an
internal ribosome entry site (IRES).*8 Structures located within 15 nt of the 5'-terminal m’G
cap are expected to be especially inhibitory, as they prevent cap recognition by, and initial
binding of, the initiation factor elF4F.3% 58: 59 Accordingly, a fully base-paired hairpin (HP)
was inserted 13 nt from the 5’ ends of both synthetic and FMR1 5'UTRs containing 30 CGG
repeats [5'HP-synthetic 5’UTR(30 CGG)-FL and 5’'HP-FMR15'UTR(30 CGG)-FL]. The 40-
nt hairpin sequence, originally described by Kozak as being capable of blocking
translational initiation,3° possesses a stem of ~18-20 bp (unknown loop size) and a
predicted —45 kcal/mol free energy of stabilization (Table 2; hairpin depicted in Figure 3A).
Translation of 5’-HP-containing mRNAs was completely blocked for both synthetic and
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FMR1 5'UTRs (Figures 2A and B, 5'HP), thus ruling out an IRES-based mechanism as a
major mode of initiation, in accord with earlier studies.60: 61

To account for the possibility that inserting the hairpin into the FMR1 5’UTR disrupted
sequence and/or secondary structure necessary for alternative forms of translation, an
additional FMR1 5'UTR construct (5"HP-FMR1 5'UTR(30 CGG)-FL) was generated in
which the hairpin was added as an extension onto the 5’ end of the message (5”HP). The HP
in this extension begins 12 bases from the new 5’ end of the mRNA. Translation of this 5'-
extended message was also blocked (Figure 2B, 5"HP).

A stable hairpin within the 5'UTR of FMR1 does not block translation

Highly-stable secondary/tertiary structure within the 5’'UTR region is expected to block
translation initiation that occurs via scanning.#® In the current instance, whereas the CGG
repeats are predicted to form strong hairpin-like secondary structures, such hairpins would
necessarily possess non-canonical (e.g., GG) base pairs at every third stem position. While
such non-canonical pairings can and do occur,33 they may lower the overall stabilization
free energy density (i.e., kcal/mol/bp), thereby still permitting scanning/initiation.

To test whether a lower-than-predicted relative stability of the CGG repeat might be
permitting at least some scanning, we first replaced the CGG repeat sequence, which lies
approximately two-thirds of the way toward the 3’ end of the FMR1 5’'UTR, with the HP
used above for 5’-dependency experiments (Figure 2B, HP). We also replaced the CGG
repeats in the synthetic 5’'UTR with the same HP element. In vitro (RRL) translation of
FMR15'UTR(HP)-FL and synthetic 5’"UTR(HP)-FL mRNAs demonstrate that the
mid-5'UTR HP blocked translation of the synthetic-5’'UTR mRNA, as expected. However,
the HP only partially blocked translation within the FMR1 5'UTR context (Figure 2B) - to a
degree comparable to the 99-CGG-repeat FMR1 5'UTR, or a 60% reduction vs. no insert.
These results further support our conclusions that initiation occurs via scanning, a 5'-
dependent mechanism that is sensitive to the stabilities of elements of RNA structure within
the 5'UTR (e.g., HP; CGG-repeat length). This latter observation is not consistent with a
pure shunting mechanism (see Discussion).

In the FMR1 5'UTR, the central HP lies 130 nt from the 5’ end of the message, whereas this
distance is 40 nt in the synthetic 5’'UTR (synthetic 5’UTR(HP)-FL). As mentioned, hairpins
very near to the 5’ ends of messages have been shown to inhibit translation initiation.3°
However, the mid-UTR hairpins in both FMR1 or synthetic 5'UTRs are believed to be at
sufficient distances from the 5’ cap as to not inhibit loading of the 40S ribosome, since a
hairpin 23 bases from the 5’ end was previously shown to not inhibit translation initiation.52

To better understand the difference in behavior between HP and the 99-CGG repeat in the
FMR1 context, we sought to visualize the FL protein product produced in RRL translations.
[3°S]methionine was added to in vitro translation reactions, which were analyzed by SDS-
PAGE/autoradiography (Figure 3B). Surprisingly, translation of FMR1 5'UTR(HP)-FL
MRNA resulted in a larger protein product than other FL translation reactions, indicating
upstream initiation from this mMRNA. By contrast, the FMR1 constructs with both 30 and 99
CGGs initiate from the canonical AUG; whereas neither the 5"HP-FMR1 5'UTR(30 CGG)-
FL nor the synthetic 5’UTR(HP)-FL mRNAs yielded any protein product, consistent with a
block in 5’-end-dependent translation.

Closer examination of the HP sequence revealed two GUGs in the 5’ strand of the HP stem
(Figure 3A), which could theoretically be the site of upstream initiation seen in the FMR1
context. Translation initiation primarily occurs from the most 5" AUG, but can also (less
commonly) initiate at CUG or GUG sites.53: 64 Indeed, the two upstream GUG codons are
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both in frame with FL, without any intervening stop codons. When the GUG sequences in
the hairpin were modified to GAGs (and the opposite stem modified to CUC to preserve the
hairpin’s structure and stability), upstream initiation ceased, as can be seen by normal-length
FL product (FMR15'UTR(HP/GAG)-FL) (Figure 3C). Evidence that aberrant initiation
occurred at a GUG within the HP are as follows: 1) Other than changing the GUG sequence
itself (U-to-A), there were only 2 other nt changes to the RNA (A-to-U on the 3’ side of the
HP) which led to elimination of the early-initiation product, suggesting that GUGs are
required for upstream initiation; 2) Sequence changes did not result in loss of other putative
start sites in the 5’'UTR; 3) The size of the upstream-initiation protein product corresponds to
size of predicted GUG-initiated product (64.1 kDa vs. original 60.6 kDa). Thus, the larger
translation product was the result of initiation at GUG codon(s) within the HP, establishing
that unwinding of the HP does occur, again consistent with scanning. The lack of a normal-
length FL protein from FMR1 5'UTR(HP)-FL mRNA, in either Figure 3B or 3C, indicates
that all of the scanning ribosomes initiate within the HP, with no leaky scanning occurring.
Once the sequence of the hairpin was altered to prevent upstream initiation, the translation
efficiency of the FMR15'UTR(HP/GAG)-FL mRNA decreased by an additional ~50%, to
about 20% of the efficiency observed for the FMR15'UTR(0 CGG)-FL message (Figure 3D,
FMR1 GAG).

We had originally designed the HP mRNAs to block translation initiation, based on the early
work of Kozak.3? Since the HP does not block translation in the FMR1 5’'UTR context,
instead initiating translation within the 5’ stem of the HP, it was important to determine
whether continued translation was due to a feature intrinsic to the HP itself (i.e., cryptic start
codon), or whether it was specifically a result of the FMR1 5’'UTR context. Indeed, in the
synthetic 5’'UTR context, the GUG codons within the mid-UTR HP are in frame with the FL
reporter; however, there is a stop codon between the two GUGs and the FL coding region.
Thus, if initiation had occurred at these uGUG sites in the synthetic 5’UTR, an 18-amino
acid peptide would have been produced and would not have resulted in either visible full-
length FL or FL activity.

To resolve this last ambiguity, synthetic 5’"UTR(HP)-FL was modified to detect possible
upstream initiation at the HP by removing the intervening stop codon (changing the TAG/
stop to TTA/Leu) between the two GUGs and FL [synthetic 5’UTR(HP/GUG)[no stop]-FL].
Attempted translation of this construct resulted in no FL production, either in luciferase
activity per se or [3®S]protein product (Figure 3D, synthetic GUG no stop; and data not
shown). We thus conclude that the ability to translate through the HP depends not only on
the sequence intrinsic to the HP itself, but also on its RNA context (synthetic vs. FMR1).

Translational initiation is occurring at the first AUG, located at the start of the FL reporter

As an additional control to establish that translation is initiating at the expected 5" AUG
codon of the FL-reporter coding sequence (i.e., not directed at downstream AUG codons),
we knocked out the first two AUG start codons in synthetic 5’UTR(0 CGG)-FL by site-
directed mutagenesis targeted to the plasmid, thereby forcing the ribosome to initiate at the
next in-frame AUG (87 bases/29 amino acids downstream). The second knocked-out AUG
was out of frame, and would therefore not produce active FL.

Following in vitro translation, the original synthetic 5’UTR(0 CGG)-FL message resulted in
an average of 603 relative light units (RLUs) per FL-activity measurement, while the same
[-AUG] message had only 0.6 RLUs, indicating that active FL in our translations must be
the result of initiation at the standard AUG start codon. If initiation were to occur at a
downstream AUG, the FL produced would be inactive, and not measured in our dual
luciferase experiments. [3®S]methionine incorporation confirmed lack of full-length FL from
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[-AUG] mRNAs (Figure 4). The ribosome does additionally initiate at several locations
further downstream, which can be seen as lower bands in the autoradiograph.

Effect of transcription start site on translation efficiency

Transcription of FMR1 has been demonstrated to begin at each of three transcription
initiator regions (Inr).>” The most 3’ start site, Inr site | (Inr 1), is the major start site for
FMRL1 alleles with CGG-repeat elements in the normal range (<45 CGG repeats) and also
results in mMRNAS with the shortest 5’UTRs (not including the CGG repeat). However, for
expanded repeats there is increased utilization of Inrs Il and I11, which lie upstream of Inr I.
Site Il is the furthest upstream, 52 nt from site I, and becomes the dominant start site for
alleles in the premutation range.>’ Although we do not understand the mechanism for
increased usage of Inrs Il and I11 when the repeat is expanded, it could either be due to
cofactors interacting with CGG repeat or that the CGG repeats themselves modulate
nucleosome structure/positioning around the 5’UTR, in either instance allowing access to
previously masked transcription sites 57 65: 66 All FMR1-FL mRNAs described thus far
have utilized the SP6 promoter directed to Inr I, which results in a 198-nt 5’UTR, excluding
the length of the CGG repeats.

To account for any influence of the translation mechanism/efficiency on the length of the
5'UTR extension (Inr 111 vs. Inr 1), we quantified the relative translation efficiencies of Inr
Il and Inr | mMRNAs. Of particular interest were the premutation-length messages (62 and 99
CGQG), as they favor initiation from Inr 111 in humans. To this end, FMR1 5’UTR-FL
messages with either 0, 16, 30, 62, or 99 CGG repeats were extended 5', to Inr 111, and in
vitro transcription and translation reactions performed as before. Results of these
measurements (Figure 5) demonstrate that the expansion of the 5’UTR from Inr | to Inr 11l
significantly and consistently (across CGG-repeat lengths) decreased the protein translation
from each CGG-repeat mRNA. These results negate the possibility that an alternative form
of translation initiation occurs in messages containing 5’ extensions. Instead, the added
length — and perhaps added structure — of the 5’UTR within Inr 111 messages may decrease
the amount of protein that can be made in 20 minutes.

DISCUSSION

Our current results demonstrate that translational initiation of the FMR1 mRNA occurs
predominantly, if not exclusively, by scanning. In particular, translational initiation at GUG
codon(s) within a canonical hairpin (HP) demonstrates that the ribosome scans the 5’UTR
and does not use an alternate mechanism (i.e., IRES- or shunt-mediated initiation) to
circumvent secondary or tertiary structure within the 5’UTR. Not only does the canonical
hairpin not block translation initiation when in the FMR1 5'UTR context, our results provide
direct evidence that the hairpin is disrupted enough for initiation to occur within the stem of
the hairpin structure, concurrent with scanning through the 5UTR.

Previous studies have shown that secondary structure downstream of a non-canonical start
codon increases initiation from that codon by causing pausing of the ribosome.67: 68 |n
principle, it would not be necessary for the entire hairpin stem to be disrupted for initiation
to occur at the GUG codons, since the first GUG begins 8 nt into the 5’ end of the stem, after
which the rest of the hairpin may stall the ribosome long enough to facilitate initiation at a
GUG in a weak Kozak consensus sequence (CGCGTGG or GTGGTGG [HP]

vs. AIgNNAUGG [Kozak consensus]). However, scanning through the hairpin appears to be
contextual, as synthetic 5’UTR(HP)-FL does not translate. Thus, additional structure within
the FMR1 5’'UTR appears to modulate the structure/accessibility of the hairpin sequence
itself, an observation that underscores a caveat associated with any in silico-based analysis
of stability/structure of either DNA or RNA sequence. Alternatively, the FMR1 5'UTR may
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recruit additional translation factors (e.g., elF4A and other DEAD-box proteins) that aid in
disrupting the hairpin and other local structure. Two such proteins found to aid in the
translation of mRNAs with highly structured 5’'UTRs are the DExH-Box protein DHX29
and the helicase DDX3.69: 70

The observation of aberrant, upstream initiation from FMR1 5’'UTR(HP)-FL alters our initial
interpretation that translation of the HP-substituted FMR1 5'UTR occurred at about the same
rate as 99-CGG mRNA. Specifically, the HP mRNA (with adenines in place of uracils in
GUG sequences) actually translated at a rate about half that of the 99-CGG mRNA. In other
words, a hairpin with a predicted free energy of —45 kcal/mol inhibited FMR1 translation
initiation more severely than a —227 kcal/mol CGG repeat. The disparity in the abilities of
these secondary structures to inhibit translation might be due to the lower density of stable
(canonical) base pairs within the CGG-repeat region, although G-G mismatches do form
base pairs in the CGG-repeat hairpin context.33 Alternatively, the structure of the putative
hairpin (HP) could be altered by base-pairing between the HP (85% GC rich) and the
surrounding FMR1 5'UTR (77% GC).

Instead of suggesting that the FMR1 5’'UTR employs an alternative mechanism of translation
initiation in order to bypass the hairpin, our results indicate that the HP sequence inhibits
translation to a greater degree than does the 99-CGG-repeat element. These results are
concordant with a model in which the CGG repeats form a moderate-energy secondary
structure that is scanned by the ribosome, albeit with some inhibition with longer repeat
lengths. Blocked translation of 5’HP messages additionally indicates that FMR1 translation
initiation is a 5’-dependent process (i.e. not an IRES).

Ribosomal shunting is employed, albeit rarely, in the translation of messages with long,
highly structured leader sequences, particularly those with multiple uAUG initiation start
sites.% 71 Discovered in plant pararetroviruses, few shunting mammalian transcripts have
been described.”2 73: 74 75 In order to bypass the CGG repeats, one would expect an
initiation event to occur upstream of the repeats, following by termination and then
reinitiation at the FL AUG start codon. Such a mechanism should also operate with the
mid-5'UTR HP constructs. Since the HP in the FMR1 5’'UTR context does not generate a
normal-size protein product, one can conclude that a shunting mechanism is not operating to
bypass the HP, which is further illustrated by the internal initiation seen within the FMR1
5'UTR(HP)-FL mRNA.

In silico analyses of CGG repeat secondary structures yields substantial computed free
energies of stabilization of CGG-repeat structures (Table 2). Considering the free energies of
secondary structures previously shown to block translation in the literature (Table 3), one
would predict that CGG-repeat elements even in the high-normal range (30-45 CGG
repeats) would have a strong inhibitory effect on translation, as there is a trend in which
translation inhibition is greater with increasing predicted secondary structure, which may be
sequence- and context-dependent. However, the addition of 30 CGGs in the FMR1 5’'UTR
context, with a computed —63 kcal/mol free energy of stabilization, reduces the translation
efficiency in vitro by only 34% (Figure 2B). Weak translation inhibition is consistent with a
low-to-intermediate stability of the CGG repeat, which is surprising in view of the known
stability of the G-G mismatches in the context of the CGG-repeat stem.33 However,
Zumwalt et al.33 also demonstrated that the G-G base pair was in a dynamic conformational
equilibrium, in which guanine bases flip between syn and anti conformations. This dynamic
may render the CGG-repeat stem more amenable to local disruption, as for the case of
scanning, than would be expected based on free energy computations alone.
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The CGG repeats may well form the type of secondary structure predicted by folding RNA
in silico. Similar hairpin structures were found by both NMR spectroscopy and limited
enzyme digestion of CGG-repeat mMRNA.33: 34 However, computed free energies of
stabilization are clearly inadequate to understand the functional consequences of the
expanded CGG repeats on translation initiation. That is, except for specific, well-
characterized structures (specific hairpins, for example), secondary structure with large,
computed free energies of stabilization in the 5’UTR does not necessarily imply blocked
translation. The effect of an inhibitory structure is both sequence- and context-specific, and,
therefore, further testing to confirm secondary structure, as well as functional studies, is
necessary.

An additional factor adding to the uncertainty associated with free energy estimates is the
gradual CGG-dependent repression on translational initiation seen in FMR1 and FMRP
measurements from human samples,22: 26; 44; 47 jn which only a reduction of approximately
50% in FMRP levels is seen as the CGG-repeat length increases from 30 to ~100 repeats.
Even taking into consideration the two- to four-fold increase in mMRNA levels over this same
size range, there is less than a five-fold reduction in protein/mRNA ratios over a range of
CGG-repeat lengths where the stabilization free energy is computed to go from
approximately —64 kcal/mol to lower than —220 kcal/mol.

Interestingly, in a mouse model of the CGG-repeat expansion, which, unlike human cells,
does not undergo methylation-coupled transcription silencing,8! the translation efficiency of
FMR1 alleles with greater than 200 repeats is reported to be about 25% of wildtype (38%
FMRP divided by 150% FMR1). Extrapolating these results to humans, FMRP is predicted
to be translated from all repeat lengths that are transcriptionally expressed in humans
(normal and premutation alleles), albeit inefficiently.

In addition to a translational deficit due to CGG repeats, we also found that transcription
initiation from the upstream start site (Inr 111) resulted in less-efficiently translated messages.
While this may simply be due to an increase in the time it takes to scan a 52-base extended
5'UTR and therefore be predicted to have little effect on steady-state FMRP levels in vivo,
there may be implications for individuals with premutation-length alleles. FMRP has been
shown to be locally translated within post-synaptic spines in response to glutaminergic
stimulation.82 If the requirement for FMRP at these loci is time-dependent, the delay in
FMREP translation (in addition to the decreased translational efficiency of premutation-length
CGG repeats) may have negative connotations for synaptogenesis and synaptic plasticity in
terms of delayed timing of the post-synaptic response rather than simply altered levels of
induced protein.

Finally, as a cautionary note, we found that a hairpin previously employed as a translational
block, and as a tool for providing initial support for the scanning model of translation
initiation, not only did not completely inhibit translation, but also displayed a level of
inhibition that was context-dependent. Thus, even well-defined helix elements are not
guaranteed to block translation in all 5'UTR contexts. In the FMR1 5’'UTR, in vitro
translation was inhibited by about 80% compared to no insert. If the hairpin/GUGs had
caused upstream initiation in the original study3° as it did in ours, the product would not
have been in frame with the CAT reporter downstream, resulting in the production of an 18-
amino acid peptide.
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MATERIALS AND METHODS

Construction of FMR1 and synthetic reporter plasmids

A series of firefly luciferase (FL) reporter plasmids containing specified numbers of CGG
repeats was constructed in which the CGG repeat was placed either in its native FMR1
5'UTR context or in an unrelated (heterologous) 5’UTR. The heterologous 5’UTR was
designed as a multiple cloning site of 82 bases having minimal secondary structure, with
restriction sites that facilitate insertion of CGG-repeat cassettes (thus designated
“synthetic™). In addition to CGG-repeat constructs, we also inserted a stable hairpin into
both FMR1 and synthetic 5'UTRs, either near the 5’ cap or in place of the CGG repeats. A
final set of plasmids involved alteration of the FMR1 5’'UTR to start from either FMR1
transcription initiator region (Inr) 1 or 111,57 with varying numbers of CGG repeats. The
5'UTR, CGG-repeat length, hairpin insertion, and transcription start site of each construct
are described in Figure 1 and Table 1. Plasmid cloning for each construct is included as
Supporting Material. All FL plasmids have an SP6 promoter and PolyA tail.

Bacterial maintenance

Top10 E. coli cells (Invitrogen Corp, Carlsbad, CA) were maintained in LB containing 50
ng/ml ampicillin. Miniprep cultures for plasmid constructs containing 62 or 99 CGG repeats
were grown in 4 ml LB overnight at 33°C; the reduced temperature was found to improve
stability of the CGG repeat during cloning. All other cultures were grown at 37°C.

In vitro transcription

FL and RL luciferase plasmids were linearized with EcoRIl and BamHI (all restriction
enzymes from New England Biolabs, Inc, Ipswich, MA; NEB), respectively, after which the
DNAs were purified using the Qiagen MinElute reaction cleanup kit (Qiagen Inc, Valencia,
CA). In vitro transcriptions of 5'-capped messages were performed using mMachine SP6
(FL) and T7 (RL) transcription kits (Ambion Inc, Foster City, CA) according to the
manufacturer’s protocol (2 hours 37°C), followed by RQ1 DNase digestion (Promega Corp;
Madison, WI). The manufacturer’s protocol for in vitro transcription utilizes a ratio of cap
analog to GTP of 4:1, which predicts that ~80% of the 5’ ends will be capped (Ambion
mMessage mMachine kit), although this ratio was not separately determined. Following the
capping reaction, transcripts were isolated using RNeasy reaction cleanup kit (Qiagen);
MRNA concentrations were measured on a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific Inc, Waltham, MA).

In vitro translation and dual luciferase experiments

We chose to study the translation initiation of FMR1 in rabbit reticulocyte lysate (RRL),
which represents a standard in vitro model for the study of translation. Each FL mRNA (0.2
pmol) was translated with 5.0 fmol of RL mRNA in 50 ul of nuclease-treated RRL
(Promega) for 20 min at 30°C, followed by termination of the reactions with 12.5 ul passive
lysis buffer (Promega). FL and RL levels were measured using the Dual-Luciferase Reporter
Assay System (Promega), in which FL and RL activities are obtained by quantifying the
chemiluminescent output (given in relative light units; RLUs) upon luciferase substrate
addition. Briefly, 10 pl of the in vitro translation reaction was pipetted into each well in a
96-well format, followed by the addition of 100 pl of luciferase assay reagent. After a 2-
second delay, FL luminescence was read for 5 seconds, followed by the addition of 100 pl
Stop-and-Glo and a further 2-second delay, and finally a 5-second RL luminescence reading.
An Lmax luminometer (Molecular Devices Corp, Sunnyvale, CA) running SOFTmax PRO
software automated the procedure. Relative FL luminescence was achieved by dividing the
measured FL luminescence by its corresponding RL value for each in vitro translation
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reaction. Three aliquots of each in vitro reaction were used for each set of conditions.
Translations of FMR1 and synthetic messages were performed simultaneously, and in the
same RRL lots.

Translation/[35S] labeling and SDS-PAGE autoradiography

Each mRNA (0.1 pmol) was added to RRL supplemented with ~10 uCi [35S]-methionine
(1,000 Ci/mmol) (MP Biomedicals, LLC, Solon, OH) and translated in a 25-ul reaction for
20 min at 30°C, followed by termination with 6.25 pl passive lysis buffer. Three ul of each
reaction were electrophoresed on a 15% SDS Tris-HCI polyacrylamide gel.83 Gels were
placed on Filter Paper Backing (Bio-Rad Laboratories; Hercules, CA) and allowed to dry
overnight, then exposed to Blue Basic Autorad double-emission film (ISC BioExpress,
Kaysville, UT) for periods ranging from 4 hours to overnight.

In silico RNA folding
FMR1 and synthetic 5’UTR RNA secondary structures and free energies of stabilization

were obtained using the mFold web server http://mfold.bioinfo.rpi.edu.42: 43
Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FL firefly luciferase

FMR1 fragile X mental retardation 1

FMRP fragile X mental retardation protein

FXTAS fragile X-associated tremor/ataxia syndrome

IRES internal ribosome entry site

HP hairpin

Inr initiator region

POI primary ovarian insufficiency

RL Renilla luciferase

RRL rabbit reticulocyte lysate

UTR untranslated region
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Figure 1.

FL (dark bars) and RL constructs (light bar). CGG repeats are located within FMR1 and
synthetic 5’'UTRs and have the following CGG-repeat lengths (n): 0, 16, 30, 62, 99 CGG.
FMR15'UTR(HP)-FL and synthetic 5"UTR(HP)-FL have a strong hairpin (HP) replacing the
CGG element. 5’'HP-FMR15'UTR(30 CGG)-FL, 5"HP-FMR15'UTR(30 CGG)-FL, and
5'HP-synthetic 5UTR(30 CGG)-FL each have a strong HP at the 5’ ends of the mRNAs. FL
and RL messages are transcribed via SP6 and T7 promoters, respectively.
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In vitro translation of capped synthetic and FMR1 5’'UTR messages. (A) Synthetic 5’UTR(n
CGG or HP)-FL and 5’'HP mRNAs. (B) FMR15'UTR(n CGG or HP)-FL, 5'HP and 5"HP
mRNAs. All experiments were performed at least in triplicate. Relative FL expression levels
were obtained by dividing each FL measurement by the corresponding RL measurement
within the same in vitro translation reaction. Using t-tests, all expression levels (within
either the FMR1 or synthetic 5’'UTR) were significantly different from each other with p<.
001, except for the following: FMR1 99 CGG vs. HP p=.414. Synthetic 16 CGG vs. 30 CGG

p=.709.
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Figure 3.

Upstream initiation from GUG codon(s) in the HP FMR1 context. (A) Sequence and
presumed structure of HP. GUG sequence is indicated in outlined font. (B) Autoradiograph
of [3°S] methionine-labeled, in vitro-translated FL protein products separated by SDS-
PAGE. FMR15'UTR(HP)-FL initiates translation early and runs high, while there is no
product from either 5"HP-FMR15'UTR(30 CGG)-FL or 5'HP-synthetic 5'UTR(30 CGG)-FL
constructs. Abbreviation: Syn, Synthetic. (C) Autoradiograph of [3°S]-labeled proteins
produced from FMR15'UTR(HP)-FL mRNAs with and without GUG codons. U-to-A
changes in the GUG sequences within the hairpin results in normal-length protein product.
(D) In vitro translation of FMR1- and synthetic-5'UTR mRNAs with internal HPs. Results
are given in RLUs of FL expression and are not normalized to RL levels. GUG:
FMR15'UTR(HP)-FL; GAG: FMR15'UTR(HP/GAG)-FL; GUG (stop): synthetic
5'UTR(HP)-FL; GUG (no stop): synthetic 5UTR(HP/GUG)[no stop]-FL. All messages
were translated at least in triplicate.
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Figure 4.

FL[-AUG] translation products. Autoradiograph of [3°S]-labeled, in vitro-transcribed,
synthetic 5'UTR(0 CGG)-FL and synthetic 5’UTR(0 CGG)-FL[-AUG], with and without an
intact AUG start codon, respectively.
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Figure 5.

Effect of transcription start site (Ilength of 5’'UTR 5’ to the CGG repeat) on translation
efficiency of FMR1 message. In vitro translations of FMR15'UTR(n CGG)-FL (Inr I) and
FMR1(Inrl11)5'UTR(n CGG)-FL mRNAs with either 0, 16, 30, 62, or 99 CGG repeats.
mRNAs were transcribed from start site | (dark bars) or start site Il1 (light bars). T-tests of
site | vs. site 111 for each CGG-repeat length were significant, with all P<0.001. Each
translation was performed in quadruplicate.
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Table 1

FMR1- and synthetic-5'UTR FL mRNAs used in the current study. All FL mRNAs were generated by SP6-
promoted in vitro transcription and are 5’ m’G-capped

RNA Product Mid-5'"UTR Insert Additional Modifications

Inr I; FMR15'UTR(n CGG or HP)-FL 0, 16, 30, 62, 99 CGGs; HP, HP(GAG)
Inr 111; FMR15’'UTR-FL(n CGG)-FL 0, 16, 30, 62, 99 CGGs
Synthetic 5UTR(n CGG or HP)-FL 0, 16, 30, 62, 99 CGGs; HP, HP(GUG/no stop)

Inr I; 5'HP-FMR15’'UTR(30 CGG)-FL 30 CGGs 5'HP, 5"HP
5'HP-Synthetic 5’UTR(30 CGG)-FL 30 CGGs 5'HP
Synthetic 5’UTR(0 CGG)-FL[-AUG] 0CGGs k.0. AUG start codons
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Table 2

Predicted? free energies of CGG- and HP-RNA secondary structures

5'UTR Insert  kcal/mol

0CGG 0
16 CGG -29.9
30 CGG —63.5
62 CGG —140.3
99 CGG —226.7
HP —45.3

Synthetic UTR -14.5
FMR1 UTR —105.0

aFree energies were estimated using the Zucker algorithm (http:://mfold.bioinfo.rpi.edu).42? 43
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Literature values for hairpin stability and degree of inhibition of translation.38: 39; 40; 76; 77, 78, 79; 80

Table 3

AG (kcal/mol) % Inhibition

System

Measured by

-11.0 17
-13.4 none
—14.2 74
-18.0 83-90
-22.0 92
-30.0 0-20
-30.0 none
—49.4 75
-50.0 85-95
-50.0 90-95
-61.0 100
—61.1 61
-61.1 82
-74.8 79
-195.3 93
-195.3 >99

Drosophila S2 cells
NTera2D1 cells
RRL
S. cerevisiae
Drosophila S2 cells
Cos cells
RRL
RRL
Cos cells
Xenopus embryos
RRL
RRL, wheat germ
Cos cells
NTera2D1 cells
Cos cells

RRL, wheat germ

[35S] Hsp70/mRNA 79

chemilum/cell extracts 70

CAT activity 78

CAT or FL activity 7

[355] Hsp70/mRNA 79

[35S] proinsulin 40
[355] CAT 39
CAT activity 78
[355] proinsulin 40
CAT activity 80
[355] CAT 39
TK activity 38

TK activity 38

chemilum/cell extracts /6

TK activity 38

TK activity 38

Page 24

Abbreviations: CAT, chloramphenicol acetyl transferase; Hsp70, 70 kDa heat shock protein; TK, thymidine kinase; chemilum, chemiluminescence.
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