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ABSTRACT

The fragile X mental retardation 1 (FMR1) gene
contains a CGG-repeat element within its 50

untranslated region (50UTR) which, for alleles with
more than �40 repeats, increasingly affects both
transcription (up-regulation) and translation (inhibi-
tion) of the repeat-containing RNA with increasing
CGG-repeat length. Translational inhibition is
thought to be due to impaired ribosomal scanning
through the CGG-repeat region, which is postulated
to form highly stable secondary/tertiary structure.
One striking difference between alleles in the
premutation range (55–200 CGG repeats) and those
in the normal range (<�40 repeats) is the reduced
number/absence of ‘expansion stabilizing’ AGG
interruptions in the larger alleles. Such interrup-
tions, which generally occur every 9–11 repeats in
normal alleles, are thought to disrupt the extended
CGG-repeat hairpin structure, thus facilitating
translational initiation. To test this hypothesis,
we have measured the translational efficiency of
CGG-repeat mRNAs with 0–2 AGG interruptions,
both in vitro (rabbit reticulocyte lysates) and in cell
culture (HEK-293 cells). We demonstrate that the
AGG interruptions have no detectable influence on
translational efficiency in either a cell-free system
or cell culture, indicating that any AGG-repeat-
induced alterations in secondary/tertiary structure,
if present, do not involve the rate-limiting step(s) in
translational initiation.

INTRODUCTION

The fragile X mental retardation 1 (FMR1) gene (1,2)
[OMIM+309550] codes for an RNA-binding protein
(FMRP) that plays an important role in neurodevelop-
ment through its regulatory functions in synaptogenesis

and synaptic plasticity. The 50 untranslated region
(50UTR) of the FMR1 gene harbors a variable-length
trinucleotide (CGG) repeat element that, when expanded
into the premutation range (55–200 CGG repeats), is
known to both up-regulate transcription and inhibit trans-
lation (3–10). For larger expansions (> 200 CGG repeats;
full mutation range), the promoter region of the gene gen-
erally becomes hypermethylated and transcriptionally
silenced, with loss of FMRP resulting in the neurodeve-
lopmental disorder fragile X syndrome (11,12), the leading
heritable form of cognitive impairment and the leading
known disorder associated with autism.

For CGG-repeat expansions within the premutation
range, FMR1 mRNA levels are elevated from 2- to
8-fold (5–8,13–15). The expanded-CGG-repeat mRNA
per se is currently believed to cause the late-adult-onset
neurodegenerative disorder, fragile X-associated tremor/
ataxia syndrome (FXTAS) through a direct ‘toxic RNA
gain-of-function’ (16–21, reviews: 22,23). The core
features of FXTAS include intention tremor and gait
ataxia, with associated features of cognitive decline/
dementia, parkinsonism, neuropathy and dysautonomia.
Further implicating the expanded-repeat mRNA is its
presence within the intranuclear neuronal and astrocytic
inclusions throughout the brain in affected individuals
(24–26), and the induction of inclusion formation in
cultured neural cells upon expression of the expanded-
CGG-repeat element upstream of a reporter (GFP)
gene (19).

One of the long-standing puzzles with respect to the
CGG-repeat element is the functional significance of
periodic C-to-A transversions, often referred to as AGG
‘interruptions’ or ‘anchors’. These AGG interruptions typ-
ically appear every 9–11 tri-nucleotide repeats (27–32)
within normal length CGG-repeat tracts; however, they
are diminished in number or absent from larger repeat
tracts in the premutation and full mutation ranges. On
the basis of structure-prediction algorithms and in vitro
cleavage/protection studies of the structure of the CGG-
repeat region (33,34), the AGG interruptions were
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postulated to prevent the formation of long CGG-repeat
hairpin structures that would otherwise strongly impede
translational initiation. However, the influence of AGG
interruptions on translational initiation has never been
tested at the functional level. In the current work, we
have examined the influence of AGG interruptions on
the efficiency of translation both in a cell-free system
and in cultured cells; we conclude that the AGG
interruptions have no influence on translation.

MATERIALS AND METHODS

Construction of AGG-interruption constructs for
in vitro studies

The firefly luciferase (FL) reporter plasmid, pBR-SP6-50-
FMR1-UTR (CGG)99-FL-polyA (35), was modified to
include FMR1 exon 1 by digesting the plasmid with the
restriction enzymes NheI and partial NarI (NEB, New
England Biolabs, Inc, Ipswich, MA) followed by insertion
of the linker, 50-CTATACCATGGAAGACGCCAAAAA
CATAAAGAAAGGCCCGG-30, creating pBR-SP6-
FMR150UTR(99)-FL-Linker. FMR1 exon 1 was then
removed from the plasmid pE5.1 (1) by digestion with
NheI and RsaI (NEB), followed by insertion of the exon-
containing fragment into NheI/NcoI linearized pBR-SP6-
FMR150UTR(99)-FL-Linker, creating pBR-SP6-FMR1
50UTR(99)-FMR1exon1-FL. The CGG(99) element was
then replaced by 3 [CGG+ n(AGG)] elements in the fol-
lowingmanner. Genomic DNAs from premutation carriers
were amplified by PCRwith primers f (50-AGCCCCGCAC
TTCCACCACCAGCTCCTCCA-30) (36) and c3 (50-TGT
TTACACCCGCAGCGGGCCGGGGGTTC-30) by using
themethod previously described (37), followed by digestion
of the amplicon with BlpI and XhoI (NEB). The resulting
fragments, which included the CGG/AGG repeat element
and a majority of the FMR1 50UTR, were inserted into
BlpI/XhoI- linearized pBR-SP6-FMR150UTR(99CGG)-
FMR1exon1-FL, creating pBR-SP6-FMR150UTR[65–
66CGG/(AGG)0–2]-FMR1exon1-FL-polyA, designated
pSP6-FMR1(nAGG)-FL. The resulting plasmid constructs
were confirmed both by sequencing and by EciI digestion
(NEB) of the amplicon produced by PCR of the cloned
region using standard FMR1 primers c and f (36); EciI
cleavage occurs 12 base pairs downstream of the A
position in AGG interruptions.

In addition to these three premutation-length, SP6-
promoter FL plasmids, an analogous construct with 30
CGG repeats [designated pSP6-FMR1(30CGG)-FL] was
designed by XhoI, BlpI digestion of pSP6-FMR1
(65CGG)-FL, to remove the premutation-length repeat,
followed by insertion of a similar digest containing 30
CGGs. The AGG interruption pattern of this mRNA is
as follows: (CGG)10(AGG)(CGG)9(AGG)(CGG)9.

An FMR1 mRNA with a 50 hairpin, HP-FMR1
(30CGG)-FL, was created by inserting the following
sequence between the SP6 promoter and the FMR1
50UTR of an FMR1 50UTR(30CGG)-FL-polyA con-
struct: 50-GAACATTTGTAGGGGCGCGTGGTGGCGG
CTGCAGCCGCCACCACGCGCCCC-30. The italicized
portion is a 40-base hairpin, which lies 12 bases from

the 50-end of the resulting mRNA. In vitro transcription
and translation of this mRNA, as well as FMR1(30CGG)-
FL, were as per FMR1(nAGG)-FL mRNAs.

Bacterial maintenance

Top 10 Escherichia coli cells (Invitrogen Corp; Carlsbad,
CA) were maintained in LB containing 50 mg/ml ampicillin.
For minipreps, liquid cultures were grown in 4ml LB over-
night at 33�C; the reduced temperatures were found to
improve stability of the CGG repeat during cloning.

In vitro translation of FL mRNAs

Each pSP6-FMR1(nAGG)-FL, pSP6-FMR1(30CGG)-FL
and pSP6-HP-FMR1(30CGG)-FL plasmid was linearized
downstream of the polyA tail with EcoRI (NEB),
followed by recovery of the linearized plasmids using the
Qiagen MinElute reaction cleanup kit (Qiagen NV;
Valencia, CA). 50-capped messages were obtained by
in vitro transcription using the mMachine SP6 kit
(Ambion Inc, Foster City, CA) according to the manufac-
turer’s protocol (2 h, 37�C), followed by RQ1 DNase
digestion (Promega Corp., Madison, WI). The resulting
mRNAs were cleaned with RNeasy kit (Qiagen) and
quantified with a NanoDrop 1000 spectrophotometer
(Thermo Scientific, Wilmington, DE). For each in vitro
reaction, 0.4 pmol of each FL reporter was translated in
50 ml of nuclease-treated rabbit reticulocyte lysate (RRL)
reaction mix (Promega) for 20min at 30�C. Reactions
were terminated by adding 12.5 ml of Passive Lysis
Buffer (Promega).

Luciferase measurements of FL and RL protein levels
in vitro and in vivo

FL and Renilla luciferase (RL) reporter control, pRL-
CMV (Promega), activities were measured using the
Dual-Luciferase Reporter Assay System according to
the manufacturer’s protocol (Promega). Briefly, 10 ml of
the in vitro translation reaction or 5 ml of whole cell
lysate was pipetted into each well in a 96-well format,
followed by the addition of 100 ml of luciferase assay
reagent. After a 2 s delay, FL luminescence was read for
5 s. Lysates from in vivo reactions were followed by the
addition of 100ml Stop-and-Glo and a further 2 s delay,
and finally a 5 s luminescence reading of RL activity. 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 correspond-
ing RL value. Three aliquots of each in vitro or cell-based
translation reaction were used for each set of conditions.

AGG-interruption constructs for in vivo (cell culture) studies

In converting SP6 to CMV promoter-based plasmids, the
CMV promoter of pRL-CMV (Promega) was first inserted
into a plasmid with an opposite-orientation Ori (opposite
to the coding region sense strand), followed by transfer of
each FMR1(nAGG)-FL cassette into this invOri plasmid;
both transfers required intermediate linker plasmids. First,
the Tet gene of pBR322 (Invitrogen) was removed by
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HindIII/PvuII (NEB) double digestion, followed by inser-
tion of the linker, 50-AGCTTAGATCTTGATCAGGAT
CCCAG-30, which contains BglII and BamHI sites, to
create pBR-Linker. Second, the BamHI and BglII
fragment of pRL-CMV, which contains the CMV
promoter, was inserted into the corresponding sites in
pBR-Linker, resulting in pBR-CMV. pBR-CMV was
then digested with SacI and PstI (near the 30-end of the
CMV promoter) followed by insertion of the linker, 50-CG
TTTAGTGAACCGTCAGATCAGTCAGGCGCTCAG
CCTGCA-30, which restores the 30-end of CMV promoter
and the first few bases of the FMR1 50UTR (to the BlpI
site), creating pBR-CMV-Linker. This plasmid was then
digested with BlpI and XbaI to remove the entire coding
region. Each pSP6-FMR1(nAGG)-FL plasmid was
likewise digested with BlpI and XbaI, and the fragment
containing FMR1 50UTR-FMR1exon1-FL was inserted
into pBR-CMV-Linker, generating pBR-CMV-FMR1-
50UTR[65–66CGG/(AGG)0–2]-FMR1exon1-FL, desig-
nated pCMV-FMR1(nAGG)-FL. The FMR1 50UTR
begins directly after the CMV promoter, eight bases
after the transcription start site at base 741 of pRL-
CMV (38). All constructs were confirmed by sequencing.

Mammalian cell plasmid transfection and RNA/protein
extraction

Seven hundred and fifty-thousand HEK-293 cells
(American Type Culture Collection, ATCC; CRL-1573)
were seeded into each well of six-well plates in DMEM
media (Gibco, Grand Island, NY) supplemented with
10% FBS (JR Scientific, Woodland, CA). Cells were
grown without antibiotics in 5% CO2. After 24 h, cells
were transfected with 1 mg pCMV-FMR1(nAGG)-FL
and 100 ng of pRL-CMV DNA, using 4 ml
Lipofectamine 2000 (Invitrogen) in 500 ml Opti-MEM
(Gibco/Invitrogen). After an additional 24 h, cells were
lysed with two separate protocols to obtain RNA and
protein. For protein, cells were washed once in PBS
(Gibco) and aspirated, followed by addition of 250 ml of
Passive Lysis Buffer (Promega) to each well. Plates were
rocked at room temperature for 15min and then frozen at
� 80�C for 1 h, followed by dual luciferase measurement.
For RNA extractions, 350 ml RNeasy Lysis Buffer
(Qiagen) was added to each aspirated well followed by
15min rocking at room temperature. Plates were then
frozen at � 80�C for 1 h, followed by RNeasy column
purification according to manufacturer’s protocol
(Qiagen).

mRNA reverse transcription

Purified RNAs were quantified on a NanoDrop 1000.
Each RNA sample (10–15 mg) was then digested with
ScaI (12U) and BsrFI (12U) for 45min (to further
reduce residual DNA contamination) followed by RQ1
DNase (1U) (Promega) for 20min. Digestions were
cleaned using the RNeasy reaction cleanup protocol.
Three concentrations of each RNA (500, 250 and
125 ng/100 ml reaction) were reverse transcribed as
described earlier (5), including minus-reverse-transcriptase
control reactions at the 500 ng/100ml dilution.

Real-time PCR

Quantitative PCR reactions were performed using the
Taqman Universal PCR Master Mix, No AmpErase
UNG (Applied Biosystems, Carlsbad, CA), a pre-mix
that contains polymerase, dNTPs and buffer. Each PCR
reaction consisted of 5 ml cDNA, 4.3 pmol of each primer,
0.8 pmol probe and 6 ml of pre-mix in a total of 12 ml.
Primers and probes are as follows. For the FL amplicon
(202 bp): FL primers 50-TACGCCCTGGTTCCTGGAA
C-30, 50-CTCCGATAAATAACGCGCCC-30; FL probe
50FAM-CAGCCCATATCGTTTCATAGCTTCTGCCA
A-30 TAMRA. For the RL amplicon (146 bp): RL primers
50-TGAGGCACTGGGCAGGTGT-30, 50-ACTGCGGA
CCAGTTATCATCC-30; RL probe 50FAM-TAAGGCT
AGAGTACTTAATACGACTCACT-30 TAMRA. Each
RT dilution (four dilutions including minus RT reactions)
was PCR-amplified twice with each primer/probe set,
making a total of 16 reactions per mRNA from a single
transfection. Real-time PCR was performed in an Applied
Biosystems 7900HT (Foster City, CA) with the following
parameters: 50�C for 2min, 95�C for 10min, 40 cycles of
95�C for 15 s, 60�C for 1min. FL/RL mRNA ratios were
determined for all initial RNA dilutions using the follow-
ing formula (5):

log2 FL=RLð Þ ¼ CT RLð Þ � CT FLð Þ,

where CT values are the cycle numbers at which fluores-
cence levels (FL or RL probes) reach a defined threshold
value.

Statistics

Standard errors for the FL/RL ratios were determined for
each initial RNA sample from the replicate RT-PCR
measurements at each concentration and for the dilution
series, according to Tassone et al. (5), resulting in a single
mean value and standard error. Subsequent statistical
analyses were performed using these mean value
determinations. Normalized FL values for each transla-
tion, protein, and mRNA measurement were additionally
normalized to 1 by dividing each value by the mean of all
measurements in an experiment, thus setting the average
value to 1. Unpaired t-tests between each AGG-
interruption pair were performed for each analysis. In
addition, a one-way, independent analysis of variance
(ANOVA) was performed between all three groups (0, 1
and 2 AGG) for each translation efficiency experiment.

RESULTS

Construction of AGG-interruption plasmids

For normal FMR1 alleles (<�40 CGG repeats), the
CGG-repeat element is typically interrupted twice, with
spacings of 9–11 repeats, by a C-to-A transversion
(AGG interruption). However, for repeat expansions in
the premutation range, alleles are found that possess 0, 1
or 2 AGG interruptions (10,27,28,31,39,40). Thus, both
for the purpose of examining repeats within the
premutation range, which is associated with various
forms of clinical involvement as well as reductions in
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translational efficiency, and for the purpose of generating
approximately equal CGG-repeat lengths with varying
number of AGG interruptions, alleles in the �60-repeat
range were pre-selected for cloning based on varying
number of AGG interruptions. Selected alleles were
PCR-amplified and subsequently cloned into the 50UTR
of a FL reporter plasmid with an SP6 promoter driving an
FMR1 50UTR-FMR1exon 1-FL expression cassette and a
poly A tail (Figure 1A). This procedure generated a series
of plasmids, pSP6-FMR1(0–2AGG)-FL for in vitro studies
to test the effect of the AGG interruptions on translational
efficiency.

The FMR1 50UTR luciferase reporter system allows for
the rapid measurement of the production of protein
product (luciferase), reflecting translational initiation, the
rate-limiting step of eukaryotic translation (41,42). Since
the efficiency of initiation is not strictly determined
by the 50UTR of a message, possibly also involving
the N-terminal portion of the coding region, the AGG
constructs incorporated the rest of the exon 1 of the
FMR1 gene, for an additional 51 nucleotides. The
resulting protein is a chimera of the first 17 amino acids
of FMRP and FL. No loss in FL activity was found fol-
lowing addition of the extra N-terminal residues (data not
shown).

Upon sequencing, the plasmids were found to have
premutation expansions of either 65 or 66 total repeats
(CGG+AGG) and with the following interruption
patterns: (CGG)8AGG(CGG)9AGG(CGG)46, (CGG)9
AGG(CGG)55 and (CGG)66. The AGG-interruption
pattern of each DNA was confirmed with EciI restriction
digestion of PCR products, which cuts 12 bases down-
stream of the A in the sequence GGCGGA (Figure 1B),
thus digesting the DNA amplifications 0, 1 or 2 times.

The AGG interruptions have no effect on translational
efficiency of the premutation CGG repeat FMR1
50UTR in vitro

Following production of the FMR1(nAGG)-FL and
FMR1(30CGG)-FL mRNAs by in vitro transcription,

equimolar amounts of capped mRNAs were translated
in a cell-free, RRL system. A series of timed translation
reactions were performed with the RRL to determine its
linear range for production of protein (data not shown),
and care was taken to translate the messages within the
linear (time) range of the lysate. Accordingly, all reactions
were run for 20min at 30�C, followed by quick termina-
tion with lysis buffer.
Following in vitro translation, FL activities in each

reaction were measured by adding FL substrate and mea-
suring the resulting chemiluminescence. The readout
(relative light units, RLUs) is an arbitrary unit for
reporting light integrated over time. In replicate
experiments, the means of translation efficiencies of
FMR1-FL mRNAs with differing numbers of AGG
interruptions did not differ from one another (t-test: 0
versus 1 AGG, P=0.31; 0 versus 2 AGG, P=0.84; 1
versus 2 AGG, P=0.39; one-way ANOVA: P=0.51,
F=0.73) (Figure 2). However, an increase in repeat
length from 30 to 65 CGGs results in a moderate,
�25% decrease in FL activity from translations of the
same molar amount of message (65–66CGG/(AGG)0–2
mRNAs versus FMR1(30CGG)-FL; each P< 0.005). All
experiments were performed at least in triplicate, with sets
of three measurements for each replicate.

AGG interruptions do not alter translation efficiency of
the premutation CGG-repeat alleles in HEK-293 cells

One concern with the RRL system is that it represents an
in vitro assay in which the reaction mixture is enriched
with various translation factors. Thus, the absence of
any dependence of translation efficiency on the number
of AGG repeats might reflect the specific features of the
RRL milieu. Therefore, to further test the effect of AGG
interruptions on translation initiation of the expanded
CGG repeat in the context of the FMR1 50UTR, the
CGG-repeat-containing constructs were moved into
CMV-promoter polyA-signal plasmids, followed by their
transfection into human embryonic kidney (HEK-293)
cells. In addition to the FMR1(nAGG)-FL plasmids,

Figure 1. (A) FL and RL constructs. CGG repeats are located within FMR1 50UTRs and have the following repeats: 63 CGG+2 AGG;
64 CGG+1 AGG; 66 CGG+0 AGG. Promoters are indicated by arrows. (B) Eci I digestions of FMR1(nAGG)-FL DNAs after PCR amplification
of FMR1 50UTRs with primers c and f. Lane 1: FMR1(0AGG), lane 2: FMR1(1AGG), lane 3: FMR1(2AGG), lane 4: DNA marker. Note the
30-base pair band in FMR1(2AGG)-FL, the result of two AGG interruptions 10 repeats apart, is not visible in this image.
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a RL transfection control was added at a 10 : 1 ratio
of FL :RL, which allows for normalization of FL
protein product in a dual luciferase experiment. Twenty-
four hours after transfection, the cells were lysed and
analyzed for both protein and mRNA levels of FL
and RL.
The transfected HEK-293 cells were lysed with passive

lysis buffer and FL and RL activities measured. FL
values were normalized to the transfection control RL
(Figure 3A). To establish the efficiency of translation
(i.e. protein produced per unit of mRNA), FL and RL
mRNA levels were also determined from the transfected
HEK-293 cells. Relative FL mRNA levels for each AGG
interruption are shown in Figure 3B. Finally, the relative
translation efficiencies were determined (FL protein/
relative FL mRNA), as displayed in Figure 3C. As with
the in vitro studies, no significant differences were found
in translation efficiencies among the FMR1 mRNAs with
differing AGG interruptions (t-test: 0 versus 1 AGG,
P=0.14; 0 versus 2 AGG, P=0.40; 1 versus 2 AGG,
P=0.62; one-way ANOVA: P=0.30, F=1.25). Thus,
we find that the number of AGG interruptions (or their
absence) within a given CGG-repeat length has no appre-
ciable effect on the efficiency of translation, either in vitro
or in vivo.

Translational initiation proceeds from the 50-end of the
reporter mRNAs

The above translation experiments were performed under
the assumption that translation initiation of FMR1 occurs
via ribosomal scanning, in which the 43S ribosome binds
as a ribonucleoprotein complex at the 50 cap of a message

Figure 3. HEK-293 cell transfections of pRL-CMV and either
pCMV-FMR1(0AGG)-FL, pCMV-FMR1(1AGG)-FL or pCMV-
FMR1(2AGG)-FL. (A) Normalized FL protein values. Error bars are
standard deviations of six replicate experiments. (B) Normalized FL
mRNA values. Error bars are standard deviations of three replicate
experiments. (C) Normalized FL protein:mRNA ratios. Error bars
are standard deviations of three replicate experiments.

Figure 2. FL values of in vitro translations of equimolar
FMR1(30CGG)-FL and FMR1(nAGG)-FL mRNAs. Since protein
measurements are the result of translating equal molar amounts of
mRNAs, they are also in vitro translation efficiencies of FMR1
mRNAs with 0, 1 or 2 AGG interruptions in 65–66 total repeats
(designated 66/0, 65/1, 65/2, respectively) and 2 AGGs within 30
total repeats (designated 30/2). Error bars are standard deviations of
four replicate experiments.
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followed by movement along the 50UTR until an AUG
start codon is recognized. As a means of testing the mech-
anism of translation initiation, we designed an FMR1 con-
struct that would, by insertion of a perfect hairpin near
the 50-end of the mRNA (Figure 4A), inhibit scanning of
the 50UTR after cap binding. A strong, 40-base hairpin
was added as an extension onto the 50-end of an
FMR1(30CGG)-FL mRNA (designated HP) so as not to
disturb the FMR1 sequence or secondary structure, which
could be involved in alternative initiation mechanisms.
The hairpin completely blocked in vitro translation of
capped FMR1 message in RRL (Figure 4B) [P< 0.00001
between HP and FMR1(30CGG)-FL mRNAs]. These
data argue against internal ribosome entry site (IRES)
initiated translation, whereby the ribosome binds the
message at or near the AUG start codon without cap rec-
ognition or scanning. We cannot, however, rule out

ribosomal shunting, which also requires cap recognition,
at this time (43,44).

DISCUSSION

CGG-repeat tracts in RNA are capable of forming stable
hairpin structures (33,34,45,46) and tetraplex structures
(35,47). Although the presence of such structures has not
been established in vivo, it has been proposed that, due to
the predicted stability of such structures in the 50UTR of
the FMR1 message, their expansion into the premutation
or full mutation ranges would likely impede translational
initiation (33,34,47). Indeed, FMR1 mRNAs with longer
CGG repeats were found to have decreased translation
efficiency, as well as reduced association with polysomes
(3,4,7,8,35).
The prediction that CGG-repeat secondary structure

impedes translation of FMR1 is based on the assumption
that initiation of FMR1 translation occurs by ribosomal
scanning from the 50-end of the message, and not by an
IRES mechanism. The latter, previously thought to occur
as a result of FMR1 internal initiation within dicistronic
mRNAs (48,49) was effectively ruled out by using an
FMR1-FL mRNA to which was added a 50 hairpin exten-
sion upstream of the native UTR, thereby avoiding dis-
rupting the FMR1 50UTR sequence. The 50-blocked
construct translates at < 1% of FMR1(30CGG)-FL
mRNA in vitro, thus arguing against an IRES-type initi-
ation mechanism (Figure 4). Although shunt-type
mechanisms (43,44) cannot be formally ruled out, the
absence of an upstream open reading frame (ORF)
renders such a possibility unlikely.
One noteworthy feature of the transition into the

premutation range is the gradual loss of AGG
interruptions in the 50UTR region of the FMR1 mRNA.
Studies in vitro and in silico have raised the possibility that
the presence of such interruptions would destabilize other-
wise long CGG-repeat hairpin structures (33,34,47). By
nuclease cleavage protection studies of FMR1 50UTR
mRNA, Napierala et al. (34) have found that AGG
substitutions substantially modified the CGG-repeat
structure, causing the formation of branch points in the
CGG hairpin stem region and conversion to multiple,
shorter hairpins. However, in a recent NMR study (46),
we found that an AGG substitution did not appreciably
change the structure of an r(CGG) hairpin, and also saw
little change in the melting temperature of a CGG-repeat
hairpin with an AGG substitution at physiological mag-
nesium. Moreover, in contrast to the Napierala et al.
study, the NMR results clearly demonstrated the
presence of A–G base-pairing.
If AGG interruptions were able to disrupt r(CGG)

secondary structures, one would expect the efficiency of
FMR1 translation to increase with increasing number of
AGG interruptions; however, this idea has never been
tested, either in vitro or in vivo. In the current work, we
have tested this idea, both in vitro (RRL translation
system) and in vivo (HEK-293 cell culture), and there
was no evidence of altered translational efficiency in
either system. The implications of the current observations

Figure 4. (A) The 50 hairpin lies within a sequence extension (italicized
font) added to the 50-end of the FMR1 50UTR (normal font, begins at
underlined, lower-case a), 12 bases from the 50-end of the message.
Shown are the hairpin, 11 bases upstream and 20 bases of the FMR1
50UTR. The BlpI site in the FMR1 50UTR is underlined. (B) FL expres-
sion, in RLUs, of FMR1(30CGG)-FL and HP-FMR1(30CGG)-FL
mRNAs. Error bars are standard deviations of at least three replicate
experiments.
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are 2-fold. First, our results indicate that, were AGG
repeats capable of modulating the overall structure of
the CGG-repeat region, such structural transitions
would not be affecting the rate-limiting steps in translation
initiation, even for 50-end-dependent initiation/scanning.
Second, from the perspective of the energetics of the
CGG repeat, the magnitude of the perturbations
introduced by the AGG (actually, the single C-to-A
transversions) are likely to be much less than had been
proposed on the basis of the cleavage/protection
experiments (34), since those authors saw no evidence
for A–G base pair formation. Such interactions are well-
known as conserved interactions in structured RNAs, and
were in fact observed in the NMR studies (46). While the
secondary structures of FMR1 mRNAs with differing
CGG-repeat lengths and AGG-interruption patterns
may have important implications for certain biological
functions, the aim of this study was to determine
whether there is a penalty to translational efficiency with
the loss of the AGG repeats; we find that there is no sig-
nificant translation penalty for loss of AGGs either in vitro
or in vivo under conditions of CGG-repeat expansion (�65
CGG repeats) where alleles with 0, 1 or 2 AGG repeats
coexist in the general population.
The results of the current study raise the broader

question of the functional role of the AGG interruptions
in the FMR1 50UTR. Deoxytrinucleotide d(CGG) repeats
have also been shown to form stable secondary structure
in both hairpin (50–54) and tetraplex forms (9,55–57).
Such secondary structures have been implicated in
CGG-repeat instability/expansions during DNA replica-
tion, possibly through strand slippage or polymerase
stalling at the repeat (57–60). Since longer CGG repeats
are associated with fewer (or absence of) AGG
interruptions, such interruptions are thought by many to
represent repeat-stabilizing ‘anchors’ (28,30,31,40,61).
Although AGGs in principle could protect against
repeat expansion by disrupting higher-order CGG
structures, there is no evidence for significant repeat insta-
bility in differentiated somatic cells. Thus, whatever effect,
if any, the AGGs might exert on repeat stability would
necessarily be limited to the initial two to three week
period in embryogenesis during which repeat size instabil-
ity appears to be manifest. In addition, it is known that
AGGs do not appear to have any effect on the rate of
transcription of the FMR1 gene (10).
The CGG-repeat lengths used in this study are within

the premutation range, in which translation efficiencies
have been found to be impeded in vitro (35), as well as
in plasmid-transfected SK and HEK-293 cells (8) and
patient-derived fibroblast and lymphoblastoid cells
(3,4,7). To ensure that the mid-length CGG repeats used
in this study do not simply block FL reporter translation
of each AGG mRNA equally, we also included a
normal CGG-repeat mRNA, FMR1(30CGG)-FL, in
RRL experiments. This message is analogous to the
premutation-length AGG mRNAs; however it has the
mode human FMR1 CGG-repeat length (30 CGGs). As
can be seen in Figure 2, an increase in repeat number from
30 to 65 repeats leads to only a 25% reduction of total FL
produced in vitro. We conclude that the moderate decrease

in translation efficiency seen for longer-repeat mRNAs is
not sufficient to warrant concern. Indeed, this reduction
roughly corresponds with previous studies (7,8) that found
20–50% decreases in translation efficiency of FMR1
mRNAs between the normal and premutation CGG-
repeat ranges.

Finally, we have noticed differing stability of the CGG
repeat within FMR1 50UTR plasmids for differing number
of AGGs when propagated in E. coli. It is known that
longer tandem repeats will contract or delete from
plasmids in bacterial culture (8,60). However, the
plasmids used in this study had similar numbers of
CGG repeats but the repeats clearly deleted at different
rates. After screening 35 plasmid minipreps of each AGG-
interruption construct, we found that 0-AGG plasmids
deleted significantly more often (54% deleted) than both
1- (22%) and 2-AGG (11%) interruption plasmids
(0 versus 1 AGG, P< 0.01; 0 versus 2 AGG, P< 0.005;
testing for the significance of the difference between two
independent proportions) (data not shown). Plasmids
having 1 AGG were not significantly different from
those with 2 (1 versus 2 AGG, P=0.1). No repeat
expansions were found. Thus, although our studies
found no difference in the translation efficiency of CGG-
repeat mRNAs with or without AGG interruptions, it is
apparent that having at least one AGG interruption offers
plasmids some protection (in E. coli) against CGG-repeat
deletion.
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