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ABSTRACT

Four major glutamate receptor 2 (GIuR2) transcripts differing in
size (~4 and ~6 kilobases) due to alternative 3’ untranslated
regions (UTRs), and also containing alternative 5’UTRs, exist in
the brain. Both the long 5’"UTR and long 3’'UTR repress trans-
lation of GIuR2 mRNA; repression by the 3'UTR is relieved after
seizures. To understand the mechanism of translational repres-
sion, we used rabbit reticulocyte lysates as an in vitro transla-
tion system to examine the expression profiles of firefly reporter
mRNAs bearing alternative combinations of GIuR2 5'UTR and
3'UTR in the presence of inhibitors of either translational elon-
gation or initiation. Translation of reporter mMRNAs bearing the
long GIuR2 3’'UTR was insensitive to low concentrations of the
translation elongation inhibitors cycloheximide (0.7-70 nM) and

anisomycin (7.5-750 nM), in contrast to a reporter bearing the
short 3'UTR, which was inhibited. These data suggest that the
rate-limiting step for translation of GluR2 mRNA bearing the
long 3'UTR is not elongation. Regardless of the GluR2 UTR
length, translation of all reporter mRNAs was equally sensitive
to desmethyl-desamino-pateamine A (0.2-200 nM), an initiation
inhibitor. Kasugamycin, which can facilitate recognition of cer-
tain mRNAs by ribosomes leading to alternative initiation, had
no effect on translation of a capped reporter bearing both short
5’UTR and short 3’'UTR, but increased the translation rate of
reporters bearing either the long GluR2 5’UTR or long 3’'UTR.
Our findings suggest that both the long 5’UTR and long 3'UTR
of GIuR2 mRNA repress translation at the initiation step.

AMPA receptors, a subfamily of ionotropic glutamate re-
ceptors mediating the majority of fast excitatory neurotrans-
mission in the central nervous system (Dingledine et al.,
1999), are ligand-gated ion channels formed by heteromeric
or homomeric combinations of GluR1, GluR2, GluR3, and
GluR4 subunits (Kohler et al., 1994; Rosenmund et al., 1998).
Although most well known examples of gene regulation in-
volve transcription, the efficiency of mRNA translation can
be regulated in a transcript-specific manner by structural
motifs residing in the 5’- or 3’-UTR, alternate or additional
5-UTR AUG codons (or their cognate short open reading
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frames), RNA binding proteins, or the nucleotide context of
the initiator AUG (Gray and Wickens, 1998). Control of
translation and trafficking of GluR2 subunits is involved in
long-term synaptic potentiation (Isaac et al., 2007; Gainey et
al., 2009). Multiple GluR2 transcripts exist in hippocampus
that have alternative 5’- and 3'-untranslated regions (UTRs)
(Kohler et al., 1994; Myers et al., 1998; Irier et al., 2009).
GluR2 mRNAs with at least two different 3'UTRs, long
(~2750 bases) and short (~750 bases), exist in the brain
(Kohler et al., 1994) but encode the same protein. GluR2
transcription is regulated by positive and negative regulatory
elements in the promoter region(Myers et al., 1998; Huang et
al., 1999). Translation is repressed by GU repeats located in
the long 5'-UTR, and also by unknown elements in the long
3'UTR (Myers et al., 2004; Irier et al., 2009). Seizures reduce
overall GluR2 mRNAs level but derepress the translation of
GluR2 mRNAs bearing the long 3'UTRs in rat hippocampus
(Irier et al., 2009). These findings suggest that GluR2 mR-

ABBREVIATIONS: AMPA, a-amino-3-hydroxy-5-methylisoxazole-4-propionate; GluR, glutamate receptor; UTR, untranslated region; elF, eukary-
otic initiation factor; tRNA, transfer RNA; SS, flanked by short 5’UTR and short 3'UTR of GIuR2; SL, flanked by short 5'UTR and /ong 3'UTR of
GlIuR2; LS, flanked by long 5'UTR and short 3'"UTR of GluR2; PCR, polymerase chain reaction; RLU, relative light units; DMDA-PatA, desmethyl-

desamino-pateamine A; IRES, internal ribosomal entry site.
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NAs with alternative combinations of GluR2 5'- and 3'-UTRs
are subject to transcript-specific regulation of translation,
but the regulated step of translation is unknown.

In general, eukaryotic mRNA translation occurs in four
consecutive phases: initiation, elongation, termination, and
ribosome recycling. In the initiation phase, a 43S preinitia-
tion complex is formed by interaction of 40S ribosomal sub-
units with initiator methionyl transfer RNA (tRNA). This
preinitiation ribosomal complex then binds to mRNA at the
5’ cap structure (methylated GTP, m7GpppN) in a process
facilitated by translation factor complex elF4, and begins to
scan through the 5'UTR, unwinding the secondary structure
until it encounters the first eligible AUG codon, which is then
oriented onto the P (peptidyl) site of the scanning ribosome.
Once this start signal is recognized, the larger 60S subunit
joins the 408 to form an 80S initiation complex that is ready
to accept appropriate aminoacyl-tRNA into the A (aminoacyl)
site on the ribosome, thus starting the elongation phase of
translation (Kozak, 1989; Pestova et al., 2001; Sonenberg and
Hinnebusch, 2009) .

One approach to determining whether initiation or elonga-
tion is the rate-limiting step in protein expression is to treat
cells with low concentrations of modulators of these processes
(Lodish and Jacobson, 1972; Walden et al., 1981; Chen and
Sarnow, 1995). If elongation is the rate-limiting step, then
translation rate should be sensitive to a low concentration of
elongation inhibitors. On the contrary, if translation of an
mRNA is insensitive to low concentrations of translation
elongation inhibitors or is sensitive to translation initiation
modulators, then the rate-limiting step for such mRNAs is
probably initiation. Taking this approach with rabbit reticu-
locyte lysates as an in vitro translation system, we report
that translational repression caused by the long 5'UTR and,
surprisingly, also the long 3'UTR is mediated at the initia-
tion step.

Materials and Methods

GluR2 5’ and 3'UTR Constructs and in Vitro Reporter
mRNA Synthesis. The firefly luciferase reporter mRNAs bearing
alternative GluR2 5'- and 3'-UTRs were constructed using methods
described previously (Irier et al., 2009). In brief, these constructs
contain a firefly luciferase coding region flanked by alternative com-
binations of GluR2 5’- and 3’-UTRs (see Fig. 1A; for Luciferase
protein coding region, designated SS if flanked by short 5'UTR and
short 3'UTR of GluR2, SL if flanked by short 5'UTR and long 3'UTR
of GIuR2, or LS if flanked by long 5'UTR and short 3'UTR of GluR2).
These constructs were linearized at the 3'-end using the BstEII
restriction site. In vitro synthesis of 5'-capped mRNAs from the
linearized reporter constructs was performed using T3 RNA poly-
merase following the instructions provided in the T3 mMESSAGE
mMACHINE (Ambion, Austin, TX). The resulting mRNAs were
quantified and quality-checked in the RNA Nano Chip apparatus
using a model 2100 Bioanalyzer (Agilent, Waldbronn, Germany).
Reporter mRNAs were stored in RNase-free water as small aliquots
of 100 uM stocks at —80°C. As an additional control for obtaining
luciferase reporter mRNAs with full-length GluR2 long 3'UTRs after
the in vitro synthesis of reporter mRNAs, the reporter mRNAs bear-
ing long GluR2 3'UTRs (SL) were reverse-transcribed to ¢cDNAs
using Thermoscript reverse transcriptase (Invitrogen, Carlsbad, CA)
and amplified using primer pairs specific to short (3022 forward and
3119 reverse), long proximal (3891 forward and 4015 reverse), and
long distal (4403 forward and 4597 reverse) regions of GluR2 3'UTR.
The number of PCR cycles required to reach threshold were com-
pared for the three primer pairs.

In Vitro Translation of Reporters in Rabbit Reticulocyte
Lysates. Commercially available rabbit reticulocyte lysates were
used according to the instructions provided with Retic Lysate IVT
(Applied Biosystems, Foster City, CA). In brief, a 50-ul final trans-
lation assay mix was assembled in a 0.5-ul thin-walled PCR reaction
tube on ice, and the components were added in the following order:
drug or (vehicle), 34 ul of rabbit reticulocyte lysate, 20X Translation
Mix(-met), 1 mM methionine, 0.8 U of RNase inhibitor, reporter
mRNA, and RNase-free water. The translation mix was incubated at
30°C for up to 40 min using a digitally monitored heat block. A 5-ul
sample from the final translation mix was removed at 10-min inter-
vals and flash frozen in a 96-well plate (Microlite white flat-bottomed
plates; Thomas Scientific, Swedesboro, NJ) that was placed on dry
ice. The luciferase activity, defined as recorded luminescence units
(RLU) measured at 570 nm, was measured from the individual wells
using the luciferase assay substrate (Dual-Luciferase Reporter As-
say System; Promega, Madison, WI). The RLU from the 5-ul reticu-
locyte samples without reporter mRNAs (0.05-0.5 RLU) constituted
background, which was consistent for each 96-well plate used. The
lowest experimental sample RLUs at 20 min were at least 100-fold
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Fig. 1. In vitro transcription of luciferase reporters bearing alternative
combinations of GluR2 UTRs. A, schematic illustration of firefly lucif-
erase reporter mRNAs bearing alternative combinations of GluR2, 5’'-
and 3'UTRs. The luciferase coding region is common to all reporters. The
dark gray box indicates the position of GU repeats on the long 5'UTR
(Myers et al., 2004). B, the quality and amount of each in vivo-transcribed
firefly reporter were evaluated with an Agilent 2100 Bioanalyzer, which
produces a gel-like image. The expected sizes of the transcripts is SS,
2760; SL, 4710; and LS, 3140 base pairs. C, the activity of luciferase
expressed from the firefly reporter mRNAs bearing the short 5’- and long
3’-UTRs of GluR2 (SL) was proportional to both mRNA amount and
incubation time in rabbit reticulocyte lysate translation mix.



higher than background. To determine reporter mRNA stability,
each firefly reporter mRNA was extracted from the rabbit reticulo-
cyte lysates at time 0 and 40 min using a standard phenol-chloro-
phorm method. The extracted mRNA was dissolved in a 20-ul in vitro
reverse transcription reaction that contained Thermoscript reverse
transcriptase (Invitrogen), and the reaction was run for 50 min at
50°C. The resulting cDNAs were quantified by quantitative real-time
PCR analysis (SyberGreen Supermix; Applied Biosystems) using
primer sets that amplified UTR-specific regions along with standard
dilutions of the luciferase reporter cDNA.

Drugs Used. DMDA-PatA was kindly made available to us by Dr.
Daniel Romo (Department of Chemistry, Texas A&M University,
College Station, TX). Cycloheximide and anisomycin were purchased
from Sigma-Aldrich (St. Louis, MO). Kasugamycin was purchased
from BIOMOL Research Laboratories (Plymouth Meeting, PA).
DMDA-PatA and anisomycin were dissolved in dimethyl sulfoxide.

Statistics. For the statistical analyses of the data sets for each
drug treatment shown in Fig. 2, the one-way analysis of variance was
used with the post test Bonferroni multiple comparison test.

Results

Effects of Elongation Inhibitors on Translation of
GluR2 Reporter mRNAs. To study the mechanisms of
transcript-specific regulation of GluR2 translation, we em-
ployed a set of reporter constructs previously designed in our
laboratory (Irier et al., 2009) (Fig. 1A). In brief, these con-
structs contain a firefly luciferase coding region flanked by
alternative combination of GluR2 5'- and 3'-UTRs. In vitro
synthesis of mRNAs from linearized reporter constructs
yielded good quality mRNAs as determined by the Agilent
2100 bioanalyzer (Fig. 1B). As an additional quality measure,
the in vitro synthesized reporter mRNAs were reverse-tran-
scribed to cDNAs and amplified by Q-RT-PCR analysis using
primers specific to short and long 3'UTR of GluR2. These
experiments demonstrated that the reporter mRNAs bearing
long 3'UTRs of GluR2 are full-length (Supplemental Fig. 1A).
The rate of firefly luciferase expression by rabbit reticulocyte
lysate was proportional to the amount of reporter mRNA
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added (Fig. 1C and Supplemental Fig. 1, B and C). More than
half of the reporter mRNA added was recovered after 40-min
incubation at 30°C (Supplemental Fig. 1D).

Using rabbit reticulocyte lysates as in vitro translation
system, we examined the expression of firefly reporter mR-
NAs bearing alternative combinations of GluR2 5’- and 3'-
UTRs (SS, SL, and LS) in the presence or absence of trans-
lation elongation inhibitors cycloheximide (0.7-70 nM) or
anisomysin D (7.5-75 nM). At low concentrations, cyclohex-
imide has been shown to inhibit the elongation of nascent
peptide by blocking the translocation of peptidyl-tRNA on the
translating (80S) ribosomes (Baliga et al., 1968; Munro et al.,
1968; Lodish, 1971). In rabbit reticulocyte lysates, the trans-
lation of reporter mRNAs bearing a short 5'- and a short
3’-UTR (SS) was inhibited by low concentrations of cyclohex-
imide (0.7-7 nM), whereas translation of the reporter bearing
GluR2 short 5’ and long 3'UTR (SL) was insensitive (Fig.
2A). Moreover, translation of reporters bearing a long 5’- and
a short 3’-UTR (LS) was also inhibited by low concentrations
of cycloheximide. At higher concentrations of cycloheximide
(=70 nM), expression of all three reporter mRNAs was
equally inhibited (data not shown). Likewise, anisomycin
also inhibits the elongation phase of translation by blocking
a peptidyl transferase, a protein that catalyzes translocation
of peptidyl-tRNA on translating ribosomes (Grollman, 1967).
In the translation mix treated with a relatively high concen-
tration of anisomycin (750 nM), the translation rate of lucif-
erase reporters bearing all three combinations of GluR2
UTRs were equally inhibited; however, the lower concentra-
tions of anisomycin (7.5-75 nM) significantly repressed the
expression of SS, but not SL, reporter (Fig. 2B), providing
further evidence that translation elongation is not the rate-
limiting step for the expression of the SL reporter mRNA
bearing a long 3'UTR of GluR2. The LS reporter exhibited
intermediate sensitivity to anisomycin (Fig. 2B).

Effects of Initiation Modulators on Translation of
GluR2 Reporters. We first tested the effects of kasugamy-

Fig. 2. Expression profiles of the 5’ capped firefly

reporter mRNAs bearing alternative combinations of
* GluR2 5" and 3'UTRs in rabbit reticulocyte lysate. At
indicated concentrations, effects of translation elonga-
tion inhibitors cycloheximide (A) and anisomycin D
(B), and translation initiation modulators kasugamy-
cin (C) and DMDA-pateamine A (D) on the in vitro
translation rates of the firefly reporters were deter-
mined. The translation rates of individual firefly re-
porters were determined by measuring firefly lucif-
erase activities as recorded luminescence units (RLU)

from a 5-ul reticulocyte lysate sample collected at the
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indicated time points. Slopes of RLU from the 5-ul
samples collected between 20 and 40 min were calcu-
lated for the drug-treated samples and normalized to
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and DMDA-pateamine A) samples and presented as
percentage of control. Translation rates of the controls
were set to 100% (dotted line). *, P < 0.01 for SS versus
SL at 7 nM cycloheximide, 7.5 and 75 nM anisomycin
D; for SS versus LS at 75 nM anisomycin D; for SS
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cin, an antifungal aminoglycoside antibiotic that inhibits
translation initiation in prokaryotes by binding to a specific
region between the 30S ribosome and 16S rRNA within the
70S ribosome, thereby impeding the binding of initiator
tRNA (fMet-tRNA) to the ribosome (Schluenzen et al., 2006;
Schuwirth et al., 2006). In rabbit reticulocyte lysates, none of
the luciferase reporter mRNAs bearing alternative combina-
tions of GluR2 5'- and 3-"UTR was inhibited by kasugamycin
at the concentrations tested; on the contrary, and to our
surprise, the expression of the SL and LS reporters were
selectively potentiated by kasugamycin (Fig. 2C), with no
effect on the SS reporter over the concentration range exam-
ined. Kasugamycin has been shown to accelerate the trans-
lation of some prokaryotic mRNAs by a mechanism involving
creation of a novel ribosomal initiation complex (Kaberdina
et al., 2009); a similar mechanism could operate in
eukaryotes.

We then studied the effects of DMDA-PatA, a simplified
structural analog of marine natural product pateamine A
(Romo et al., 2004). DMDA-PatA is thought to inhibit trans-
lation initiation of 5'-capped mRNAs by disrupting the inter-
action of the eIF4F protein complex with eIF4A (Low et al.,
2005; Bordeleau et al., 2006), both of which are essential
protein factors during ribosome scanning at the 5'UTR of
capped mRNAs leading to a final 80S ribosome assembly at
the start codon (Pestova et al., 2001; Kapp and Lorsch, 2004).
In rabbit reticulocyte lysates, the translation of reporters
bearing all three combinations of GluR2 UTRs was approxi-
mately equally sensitive to inhibition by DMDA-pateamine A
(Fig. 2D), suggesting that initiation influences translation
rate of these luciferase reporters bearing alternative combi-
nations of GluR2 5'- and 3'-UTRs.

Discussion

The major finding of this study is that alternative GluR2
3'UTRs determine the sensitivity to inhibition of translation
by two well characterized elongation inhibitors, cyclohexi-
mide and anisomycin D. The long 3'UTR of GluR2 imparts
relative insensitivity to these elongation inhibitors compared
with the short 3'UTR, which strongly suggests that elonga-
tion is not the rate-limiting step for translation of GluR2
bearing the long 3'UTR. Furthermore, kasugamycin, which
can promote formation of an alternative 61S ribosomal com-
plex that improves initiation of translationally restricted
mRNAs (Kaberdina et al., 2009), increased the translation of
reporters bearing either a long 5’ or long 3'UTR. Translation
rate of the reporter mRNAs bearing both short 5'UTR and
short 3'UTR were not altered by the kasugamycin treatment.
These results demonstrated for the first time that kasuga-
mycin could potentiate the expression of translationally re-
stricted GluR2 mRNAs. Results from translation inhibitors
studies taken together suggest that initiation is a rate-lim-
iting step for translation of GluR2 mRNAs bearing the long
3'UTR. Thus, the site of action for translational repression of
GluR2 transcripts bearing the long 3-UTR (Irier et al., 2009)
in vivo, and its derepression after seizures, is likely to involve
the initiation phase of translation. The finding that the ini-
tiation inhibitor DMDA-pateamine A reduces the translation
rate of reporters bearing the short 3'UTR of GluR2 suggests
that the rates of elongation and initiation of this transcript
are likely to be approximately the same in the reticulocyte

lysate system. DMDA-Pateamine A disrupts the eIF4F com-
plex by impairing the interaction between eIF4A and elF4G,
which is required in the process of 5'UTR scanning by the
preinitiation 48S complex (Kaberdina et al., 2009). Moreover,
regardless of the 5'UTR length or structure, some mRNAs
are susceptible to inhibition by e[F4A mutants (Svitkin et al.,
2001). The observation that DMDA-Pateamine A inhibits
indiscriminately all the reporters bearing GluR2 UTRs may
be due to a direct effect on the 5'UTR scanning process,
which is common among all GluR2 transcripts during trans-
lation initiation. Alternatively, as mentioned above, the rates
of elongation and initiation of the transcript bearing short
5'UTR and short 3'UTR may be approximately the same,
such that this transcript would be sensitive to inhibitors of
both elongation and initiation.

Transcript-Specific Alternative Initiation of GluR2
mRNA Translation by Kasugamycin. A recent report sug-
gests that kasugamycin can facilitate translation of leader-
less mRNAs (mRNAs starting with a 5'-AUG codon only) by
forming 61S ribosomal particles that function as an alterna-
tive initiation complex in prokaryotes (Kaberdina et al.,
2009). Our observation that kasugamycin selectively in-
creases the expression of reporter mRNAs bearing either of
the long UTRs of GluR2 raises the possibility that it favors
mRNAs bearing conformationally structured UTRs. To our
knowledge, this is the first demonstration that kasugamycin
selectively potentiates the translation of eukaryotic mRNAs.
The mechanism of induction in eukaryotes is currently un-
known; however, the subunits comprising 61S ribosomal par-
ticles are evolutionarily conserved among prokaryotes and
eukaryotes (Wilson and Nierhaus, 2005; Kaberdina et al.,
2009). Whether 61S-like ribosomal particles are formed in
eukaryotes in the presence of this aminoglycoside and con-
stitute alternative translational machinery would be inter-
esting to determine. Nevertheless, the effects of kasugamycin
present further evidence that GluR2 mRNAs can have dis-
tinct translation patterns as a result of alternative 5'- and
3’UTRs. However, we note that the effects of these inhibitors
and the conclusions drawn from these experiments are lim-
ited to in vitro rabbit reticulocyte lysate translation systems,
and the translation regulation of endogenous GluR2 mRNAs
by these inhibitors should be explored in vivo.

In eukaryotes, ribosomes bind most transcripts at the 5'-
cap and scan along the 5'UTR until an appropriate AUG
codon is encountered (Kozak, 1989). However, alternative
modes of translational initiation have been described previ-
ously (Chen and Sarnow, 1995; Jackson, 2005; Sonenberg
and Hinnebusch, 2009). For example, initiation of fibroblast
growth factor-2 mRNA occurs at an internal ribosomal entry
site (IRES) of 5'UTR in neurons of specific brain regions
(Vagner et al., 1995; Audigier et al., 2008). Secondary struc-
tures within the IRES and IRES-transactivating proteins are
thought to be involved in initiation (Sonenberg and Hinne-
busch, 2009). GluR2 long 5'UTRs (=429 bases from the start
codon) exhibit a high GC content and an imperfect GU repeat
region that mediates translational repression. The GU re-
peat in the GluR2 long 5'UTRs is predicted to form stable
secondary structures that stall the ribosome scanning pro-
cess, which suppresses translation of GIuR2 in vitro in rabbit
reticulocyte lysates and in vivo in Xenopus oocytes and cul-
tured primary neurons (Myers et al., 2004). Understanding
the mechanisms underlying the selective effects of kasuga-



mycin on translationally restricted GluR2 mRNAs may
present a potential target for therapeutic interventions.

Approximately half of the GluR2 mRNAs in rat hippocam-
pus bear a long 3'UTR (Irier et al., 2009), and approximately
75% bear the short 5’UTR (H. A. Irier, unpublished observa-
tions), suggesting that a considerable fraction of native
GluR2 transcripts are translationally regulated by the long
3'UTR alone. Owing to its essential role in AMPA receptor
function, the GluR2 subunit has been of considerable inter-
est. Our results present additional evidence that in addition
to transcriptional regulation, expression of the GluR2 sub-
unit is highly regulated at the level of mRNA translation by
the presence of alternative UTRs. Understanding how the
physiological properties of glutamate receptor channels are
regulated at the translational level should be relevant to the
late phase of long-term potentiation, learning, and the re-
sponse to seizures, as well as other situations in which AMPA
receptor phenotype is remodeled.
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