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Inhibition of Glutamate Receptor 2 Translation
by a Polymorphic Repeat Sequence in the
5�-Untranslated Leaders
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Previous studies have identified multiple transcription initiation sites for the glutamate receptor 2 (GluR2) gene, resulting in a hetero-
geneous population of GluR2 transcripts in vivo that differ in the length of their 5�-untranslated leaders (5�-UTR). We designed a series
of monocistronic and dicistronic GluR2 cDNA constructs that model the natural in vivo transcripts and investigated their translation
efficiencies in rabbit reticulocyte lysates, Xenopus oocytes, and primary cultured neurons. Transcripts containing long 5� leaders (429
and 481 bases) were translated poorly compared with those with shorter leaders (341 or fewer bases). None of the five initiation codons
in the 5�-UTR or the leader length per se were responsible for translation regulation. Rather, control of translation was mediated by a
sequence containing a 34 – 42 nucleotide imperfect GU repeat predicted to form secondary structure in vivo. This translation suppression
domain is included in some but not all rat and human GluR2 transcripts in vivo, depending on the site of transcription initiation. Rat
cortex GluR2 transcripts that lack the translation suppression sequence were preferentially associated with polyribosomes. Furthermore,
the GU-repeat cluster was found to be polymorphic in humans, raising the possibility that expansion or contraction of the GU-repeat
cluster in certain populations might modify the level of GluR2 protein expression in neurons.
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Introduction
The AMPA subtypes of glutamate receptor (GluR) are assembled
from combinations of GluR1, 2, 3, and 4 (GluRA, GluRB, GluRC,
GluRD) subunits. The Ca 2� permeability, rectification, and
single-channel conductance of AMPA receptors are all domi-
nantly influenced by inclusion of an edited GluR2 subunit in the
receptor complex (Hollmann et al., 1991; Hume et al., 1991; Bur-
nashev et al., 1992; Dingledine et al., 1992; Bowie and Mayer,
1995; Donevan and Rogawski, 1995; Kamboj et al., 1995; Koh et
al., 1995; Swanson et al., 1997; Washburn et al., 1997). Receptors
that contain a single edited (Seeburg, 1996) GluR2 subunit have
maximally reduced Ca 2� permeability (Geiger et al., 1995; Wash-
burn et al., 1997), whereas inward rectification is reduced in a
graded manner as the number of GluR2 subunits in a receptor
increases (Washburn et al., 1997). Thus, moderate changes in
GluR2 expression are expected to have significant physiological
consequences on neuronal excitability.

The relative expression of GluR2 changes in certain neuronal

populations during development (Pellegrini-Giampietro et al.,
1992a), after seizures or ischemic insult (Pellegrini-Giampietro et
al., 1992b, 1994; Pollard et al., 1993; Friedman et al., 1994; Kam-
phuis et al., 1994; Prince et al., 1995; Gorter et al., 1997; Fried-
man, 1998), administration of antipsychotics and drugs of abuse
(Ortiz et al., 1995; Fitzgerald et al., 1995, 1996), or corticosteroids
(Nair et al., 1998), and also after tetanic stimulation of Schaffer
collateral– commissural fibers in the hippocampus (Nayak et al.,
1998). Recent studies aimed at understanding transcriptional
control of GluR2 expression in neurons have identified key pos-
itive and negative regulatory elements in the GluR2 promoter
(Myers et al., 1998), which play a role in molding GluR2 levels in
brain after seizures (Huang et al., 1999, 2001), ischemia (Cal-
derone et al., 2003), and treatment with brain-derived neurotro-
phic factor (Brene et al., 2000). Changes in GluR2 expression in
brain have primarily addressed control of mRNA levels (i.e., tran-
scription); however, translation control mechanisms may also be
involved. GluR2 translation occurs locally in isolated dendrites of
hippocampal neurons (Kacharmina et al., 2000). Understanding
how the translation and subcellular distribution of GluR2 tran-
scripts are regulated in neurons could be important for synaptic
plasticity mechanisms. The purpose and regulation of dendritic
targeting and translation of mRNAs, including GluR2, is receiv-
ing increased attention (Steward and Schuman, 2001; Eberwine
et al., 2002; Huang et al., 2002b; Wang et al., 2002). However, the
mechanisms involved in the control of GluR2 translation are
unknown.

The population of GluR2 transcripts in vivo contain 5� leaders
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with different lengths, some as “long” as 481 bases from the trans-
lation initiation codon (Köhler et al., 1994; Myers et al., 1998).
However, the majority of these GluR2 transcripts include 5�-
untranslated leaders (5�-UTR) ranging from 340 to 429 bases in
length (Myers et al., 1998). Compared with most eukaryotic
mRNA leader sequences (Kozak, 1987, 2002), these GluR2 5�
leaders are uncommonly long and contain noteworthy nucleo-
tide sequence features that in other mRNAs are known to reduce
translation under defined conditions (Kozak, 1991, 2002). Here,
we evaluate the role of specific sequence elements in GluR2 5�-
untranslated leaders on translation in cell-free reticulocyte ly-
sates, in Xenopus laevis oocytes, and in transfected neurons, and
we examine the association of native cortical GluR2 transcripts
with polyribosomes. We conclude that a subpopulation of GluR2
mRNAs expressed in vivo is subject to translation inhibition by a
polymorphic repeat motif in the GluR2 5�-UTR.

Materials and Methods
GluR2 5�-UTR constructs. Numerous constructs were designed to evalu-
ate the influence of GluR2 5�-UTR sequences on translation in vitro and
in heterologous expressions systems. Deletions in the GluR2 5�-UTR
were generated by digestion with existing or introduced restriction sites,
and the resulting sequences were placed upstream of the GluR2 coding
sequence in pBluescript (Strategene, La Jolla, CA). The 5�-UTR regions
were cloned at their 5�-ends into the XbaI site 40 bp downstream from
the T3 RNA polymerase initiation site and at their 3�-ends using a natural
NsiI site 12 bp into the GluR2 open reading frame (ORF), with the
exception of the �302 leader, which was the original GluR2 cDNA
cloned into the EcoRI site 72 bp from the T3 promoter (Boulter et al.,
1990). Deletion constructs are named according to the length and source
of the 5�-UTR (e.g., �429GluR2), with nucleotide designations given
relative to the initiating AUG codon. Substitution mutations that abolish
upstream initiation codons (AUG) codons residing in the GluR2 5�-UTR
were made by a two-round PCR mutagenesis protocol (Cormack, 1997).
These constructs are identified by the rank order position of the mutated
AUG from the GluR2 AUG [e.g., �(�5)GluR2 refers to removal of the
fifth AUG upstream of the GluR2�1 AUG]. AUG codons were converted
to GUU (�-5), ACG (�-4), or GCG (�-3, �-2, �-1). Portions of the GluR2
5�-UTR were also inserted upstream of the GluR1 cDNA in pBluescript.
The GluR1 5�-UTR, bases 1–139 (Hollmann et al., 1989), was also placed
upstream of the GluR2 5�-UTR by similar standard cloning methods.

GluR2 5�-untranslated leaders were also inserted upstream of Photinus
(firefly) luciferase in the pGL2 vector (Promega, Madison, WI). A T3
RNA polymerase promoter was inserted into the pGL2 polylinker SmaI
site, and an NsiI site was engineered at the luciferase ATG. GluR2 5�-
UTRs were restricted with XbaI and NsiI and cloned into pGL2 NheI and
NsiI sites. In these pGL2-luciferase constructs, T3 RNA polymerase ini-
tiates transcripts 10 bases upstream of the inserted GluR2 leader. In
addition, the GluR2 initiating AUG codon and downstream 12 bases
were strictly preserved.

A dicistronic vector designed to drive expression of both firefly and
Renilla luciferases from a single mRNA transcript was constructed. The
purpose of this vector was to assay translation of firefly luciferase by
ribosomes engaging the transcript at the 5�-end of a GluR2 5�-UTR se-
quence but, as an internal control, use the same mRNA transcript to
monitor the synthesis of Renilla luciferase via ribosome entry at the en-
cephalomyocarditis virus (EMCV) internal ribosome entry site (IRES).
Both firefly and Renilla luciferase activities were measured in the same
reaction tube using the Dual Firefly/Renilla assay kit (Promega). To gen-
erate these constructs, the EMCV IRES was first cloned upstream of
Renilla luciferase in the pRL vector backbone by a standard PCR strategy
that introduced a unique MscI restriction site at the Renilla AUG. This
IRES-Renilla fragment was then excised and inserted into the 3�-
untranslated region of firefly luciferase, moving the sv40 polyadenylation
signal sequence to the end of the construct. This cloning step retained the
T7 RNA polymerase promoter just upstream from the IRES to allow
independent, diagnostic Renilla expression from this promoter. Finally,

GluR2 5�-UTR fragments were inserted into the NheI-NsiI sites between
a T3 RNA polymerase promoter and the firefly luciferase open reading
frame, as above. The parent dicistronic construct design was confirmed
by restriction and sequence analysis and assayed for effective firefly and
Renilla luciferase expression (using T3 and T7 promoters, respectively)
in rabbit reticulocyte lysate reactions before introduction of GluR2 se-
quences (data not shown). The dicistronic constructs were also modified
for plasmid DNA transfections by cloning the cytomegalovirus (CMV)
promoter into the SmaI-NheI polylinker sites, removing the T3 RNA
polymerase promoter, and placing the CMV�1 transcription initiation
site at the start of the GluR2 5�-UTR.

Cell-free translation in rabbit reticulocyte lysates. All cell-free rabbit
reticulocyte lysate studies were conducted with trace amounts of 35[S]-
methionine to label newly synthesized protein using a transcription–
translation-coupled expression kit (TNT; Promega). Briefly, 1 �g of cir-
cular plasmid DNA was combined with TNT reaction buffer, amino acid
mix (40 �M each amino acid except methionine), Rnasin (40 U), and
35[S]-methionine (5–10 �Ci; 1000 Ci/mmol), in the absence of 5�-
capping analog, plus T3 RNA polymerase in a total volume of 12.5 �l on
ice. Reactions were initiated by the addition of 12.5 �l of rabbit reticulo-
cyte lysate and incubation of tubes at 30°C. Assays were incubated from
10 to 45 min and terminated by freezing in a dry-ice ethanol bath. Cir-
cular DNA plasmids used in TNT reactions were phenol:chloroform
extracted, precipitated, and resuspended in RNase-free water and care-
fully quantified before adding to the reaction mixture. Multiple plasmid
preparations for each construct were tested.

Translation products were analyzed on SDS-PAGE gels or by TCA
precipitation onto glass fiber filters. For analysis by TCA precipitation,
3–5 �l aliquots were removed and brought to 100 �l with 1N NaOH and
then quick-frozen in a dry-ice ethanol bath. Samples were thawed at 37°C
for 10 min followed by addition of 0.9 ml of an ice-cold 25% TCA/2%
casamino acid solution and further incubated on ice for 30 – 45 min. The
protein precipitate was collected onto glass fiber filters (glass B fibers;
Schleicher & Schuell, Dassel, Germany) and washed three times with 3 ml
of ice-cold 5% TCA by vacuum filtration. Filters were dried and counted
by liquid scintillation spectroscopy. The background from blank reac-
tions (no added plasmid) was subtracted from all samples. The recovered
luciferase enzyme activity and 35S-methionine incorporation into pro-
tein in the TNT lysates were colinear over a 1000-fold range of expression
(r � 0.995; data not shown). For gel analysis, 3– 4 �l of each reaction was
solubilized in 4 �l of loading buffer (0.2 M Tris, pH 6.5, 30% glycerol,
3.2% SDS, 15% �-mercaptoethanol, 0.01% bromophenol blue), incu-
bated at room temperature for 15–20 min, and loaded onto a 4% stack-
ing/7% resolving SDS-polyacrylamide gel. The stacking gel contained
125 mM Tris-HCl, pH 6.8, and 0.1% SDS, and the resolving gel 375 mM

Tris-HCl, pH 8.8, and 0.1% SDS. The running buffer consisted of 25 mM

Tris base, 192 mM glycine, and 0.1% SDS. After electrophoresis, gels were
soaked for �6 hr in isopropranol:acetic acid:H2O (25:10:65) and then in
Amplify (Amersham Biosciences, Arlington Heights, IL) for 30 min be-
fore drying onto Whatman (Ann Arbor, MI) paper and exposure to
Kodak (Rochester, NY) X-Omat film or a Molecular Dynamics (Sunny-
vale, CA) phosphoimager plate for visualization of protein bands.

Sucrose gradient analysis of in vivo transcripts. Sucrose gradient frac-
tionation of polysomes derived from rat cortex was based on the proce-
dure by Feng et al. (1997), with the following modifications. Rats were
anesthetized deeply with isoflurane, decapitated, and the cortex quickly
dissected and weighed. Tissue was homogenized (Dounce type-B tight-
fitting pestle; 50 strokes) at 150 mg tissue/ml in either ice-cold polysome-
preserving or ice-cold polysome-disrupting buffer. Both buffers con-
tained the following components: 20 mM Tris-HCl, pH 7.5, 100 mM KCl,
350 mM sucrose, 3.3 �l/ml Rnasin (Promega), 100 �g/ml cycloheximide,
and 1 �g/ml each of phenylmethylsufonyl fluoride, aprotinin, leupeptin,
and pepstatin A. The polysome-preserving buffer, in addition, contained
5 mM MgCl2, whereas the disrupting buffer contained 20 mM EDTA. In
both cases, NP-40 detergent was added immediately after homogeniza-
tion to a final concentration of 1.5%. Cellular debris was pelleted twice in
sterile Microfuge tubes at 16,000 � g for 15 min. No more than 800 �g of
A260 material was loaded in a volume of 700 –900 �l onto the top of a
15– 45% sucrose gradient for subsequent fractionation. Both polysome-
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preserving and polysome-disrupting gradient buffers contained 10 mM

Tris-Cl, pH 7.5, and 80 mM NaCl. The preserving buffer, in addition,
contained 5 mM MgCl2, whereas the disrupting buffer contained 1 mM

EDTA. The gradients were run at 192,000 � g for 90 min at 4°. Twelve 1
ml fractions from each gradient were collected under RNase-free condi-
tions. Each fraction was phenol extracted, and equivalent numbered frac-
tions from four gradients were combined following standard alcohol
precipitation.

The RNA pellet was rinsed once with 70% ethanol and repelleted. The
entire pellet was the substrate in an RNase-protection assay using a ribo-
nuclease protection assay (RPA) III kit (Ambion, Austin, TX), according
to the instructions of the manufacturer, except that hybridization was
performed overnight at 63°C. The 32P radiolabeled probe “D” (Myers et
al., 1998) was used in all assays at 5–7 � 10 4 cpm/reaction. This probe is
complementary to the region from bases �361 to �136 in the 5�-UTR of
the rat GluR2 gene and yields products of 205 bases corresponding to the
major “short” 340 base leader transcript and a 225 base product corre-
sponding to all transcripts with 5�-UTRs longer than 361 bases combined
into a single band. The radiolabeled products were ethanol precipitated,
digested with RNase A and RNAseT1, and loaded directly onto a 5%
denaturing sequencing gel. The dried gel was exposed on a phosphoim-
ager screen for subsequent quantitation of band intensities using NIH
Image.

RNase protection assay of human cortex mRNA. A human 5�-UTR con-
struct was synthesized by PCR amplification of human genomic DNA
between a GluR2 UP primer (TAGATCTAGACGTGAGTGAGAGAG-
GAG) and a GluR2 DOWN primer (TGAGCTCGAGCTGAAGTGGAG-
GCAGAAG). These primers amplify the human GluR2 5�-UTR between
�136 and �360 bases upstream from the ATG. This PCR product was
cloned into pBluescript XbaI (5�-end) and XhoI (3�-end) sites. The con-
struct was linearized with XbaI for synthesis of 32P-radiolabeled probe as
described above using T7 RNA polymerase. Six human neocortex sam-
ples were obtained from the Emory Alzheimer’s Disease Center (Atlanta,
GA). Total RNA isolated from each sample was subject to RNase protec-
tion with the human probe as described previously (Myers et al., 1998).

Xenopus oocyte expression of synthetic RNA. The GluR2 cDNA was
modified in the 5�-UTR to compare the effect of different length 5� leader
sequences on GluR2 translation. All RNAs were synthesized in vitro from
cDNA in pBluescript using a Stratagene (La Jolla, CA) RNA transcription
kit. All RNAs synthesized for oocyte expression included the
m 7(5�)ppp(5�)G cap analog to enhance the stability of the RNA. A trace
amount of [�- 32P]CTP (�0.5 �Ci, 800 Ci/mmol) was included in the
reactions to quantify the synthesis of RNA product by a DE81 filter
adsorption assay. [�- 32P]CTP-labeled RNAs were also resolved on de-
naturing agarose gels to verify the synthesis of full-length GluR2 and
GluR1 RNA product. The original GluR1 cDNA (Hollmann et al., 1989)
containing a 196 base leader was used in oocyte expression studies. All syn-
thetic RNAs were stored under ethanol at �80°C at 15–20 ng/�l until use.

Oocytes were harvested from Xenopus laevis and injected with RNA as
described by Dingledine et al. (1992). Different amounts of the
�481GluR2, �302GluR2, or �7GluR2 RNAs were combined with
GluR1 to yield GluR2:GluR1 mRNA mole ratios ranging from 1:1000 to
3:1. Each of the GluR2 RNAs representing the �481, �302, and �7
leader constructs, and the GluR1 mRNA, was derived from a “pool” of
four or five independent RNA reactions. The relative RNA concentration
of each GluR2 pool was verified by dot-blot hybridization on nylon
membranes probed with a GluR2 coding-domain probe. Overall, 37 sep-
arate mRNA injections were made into seven different batches of oocytes
for voltage-clamp recordings. In separate experiments, oocytes were in-
jected with 35 ng of the 5�-capped dicistronic mRNA, and firefly and
Renilla luciferase activities were measured from individual oocytes 24 hr
later. In this experiment, oocytes were lysed by trituration in a pipette tip
with 150 �l of lysis buffer (25 mM Tris-phosphate, pH 7.8, 2 mM DTT, 2
mM 1,2-diaminocyclo-hexane-N,N,N�,N�-tetraacetic acid, 10% glycerol,
1% Triton X-100) at room temperature. The lysates were then cleared by
centrifugation and 10 �l assayed for both firefly luciferase and Renilla
activity in the same tube in a Turner TD-20e luminometer using the Dual
Firefly/Renilla assay kit (Promega).

Measurement of AMPA receptor currents in oocytes by voltage clamp.

Oocytes were perfused with normal frog Ringer’s solution (flow rate, 1–2
ml/min) composed of (in mM): 88 NaCl, 1.0 KCl, 24 NaHCO3, 10
HEPES, pH 7.4, 0.4 MgCl2, and 0.1 CaCl2. Recording microelectrodes
(1–2.5 M�) were filled with a 3 M CsCl, 0.4 M EGTA solution. Once the
membrane potential stabilized, oocytes were voltage clamped at �70 mV
and subjected to a current–voltage (I–V ) ramp from �100 to �50 mV
applied immediately before, twice during, and once after bath applica-
tion of 100 �M kainate. The I–V ramps measured before and after kainate
application were averaged and then subtracted from the averaged current
response measured from the two ramps conducted during the kainate
application. The AMPA receptor I–V relationship was then fit by a least
squares analysis to the following equation:

Gv � Go	1/
1 � 
polyamine/Kdv��,

where Gv is the voltage-dependent channel conductance, and G0 is the
channel conductance in the absence of internal polyamine block adjusted
by the following equation to produce a rectification ratio of 2.9 to ap-
proximate the most outwardly rectifying currents observed for native
and GluR2-saturated recombinant AMPA receptors as described by
Washburn et al. (1997):

G0 � 0.3 � 0.6exp	
V � 50�/40�.

The affinity of internal blocking ions for their blocking site (Kdv) is a
function of voltage according to the Woodhull equation for internal
channel block by impermeable ions:

Kdv � Kd
0�exp
	�z
1 � ��VF�/RT�,

where Kd(0) is the blocker dissociation constant at 0 mV, z is the average
effective valence of the impermeant blocker, � is the effective electrical
distance of the blocker through the membrane, and RT/F � 25.3 mV at
20°C (Woodhull, 1973). The calculated Kd reflects the combined effects
of at least two internal polyamines (spermine and spermidine) and de-
pends on the concentration of free polyamines in the oocyte, which for
stage V oocytes has been estimated at �300 �M (Osborne et al., 1989).
Because the affinity of channel blocker is a function of the relative num-
bers of GluR2 subunits in the heteromeric AMPA receptor complex
(Washburn et al., 1997), we used the Kdv values as a measure of the
relative amount of GluR2 protein in the AMPA receptor population.

mRNA stability in Xenopus oocytes. RNA was synthesized in vitro and
radiolabeled with trace [�- 32P]CTP as described above. mRNA for the
�481GluR2, �302GluR2, and �7GluR2 leader constructs was injected
(10 –15 ng RNA/oocyte) into Stage V Xenopus oocytes followed by incu-
bation in culture Barth’s solution at 17°C. At various times after injec-
tion, six to seven oocytes from each group were harvested by transfer to
an RNase-free tube and quickly frozen in a dry ice:ethanol bath. After all
oocytes were harvested, RNA was isolated with the TRIzol reagent (In-
vitrogen, Gaithersburg, MD) and precipitated. The RNA pellet was dis-
solved in TE, resolved on an RNA formaldehyde gel, and exposed to
Kodak X-Omat film or a Molecular Dynamics phosphoimager plate for
visualization.

Culture and transfection of neurons with monocistronic DNA and dicis-
tronic mRNA. Primary rat cortical cultures were prepared from embry-
onic day 18 rat pups resected from timed-pregnant Sprague Dawley rats
and maintained as described previously (Myers et al., 1998). Cultures
were grown for 3–7 d until transfection. These cultures are a mixture of
neurons and glia with �60% of cells expressing the neuron-specific
marker MAP-2 at the time of transfection.

Primary neurons were transfected with DNA plasmids using Lipo-
fectamine according to the instructions of the manufacturer as described
previously (Myers et al., 1998). Each well received 2.5– 400 ng of the
�429GluR2 or �341GluR2 luciferase reporter plasmid, 0.3 �g of the
pRL control vector (Renilla luciferase driven by a thymidine kinase pro-
moter; Promega), and empty pBluescript to balance all transfections to
1.5 �g/well. Ten to eighteen hours after transfection, cells were rinsed
with 2 ml of PBS and harvested with 180 �l of lysis buffer (25 mM Tris-
phosphate, pH 7.8, 2 mM DTT, 2 mM EDTA, 10% glycerol, 1% Triton
X-100) for 15 min at room temperature. The lysates were then cleared by
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centrifugation and 30 �l assayed for luciferase and Renilla activity as
above.

Primary neurons were also transfected with synthetic dicistronic
mRNA, essentially the same as for DNA transfections accounting for
RNase-free conditions. Here, 0.5 �g of m 7(5�)ppp(5�)G-capped dicis-
tronic mRNA was combined with 5 �l of Lipofectamine and 50 �l of 50
mM NaCl in transfection media. Five to eighteen hours after the start of
transfections, cells were rinsed with 2 ml of PBS and harvested with 180
�l of lysis buffer, and 30 �l aliquots of the cleared lysates were assayed for
firefly luciferase and Renilla activity with a Dual Firefly/Renilla assay kit
as above.

Sequence analysis of human GU repeats. Two sets of PCR primers flank-
ing the GluR2 GU-repeat domain were used to amplify 100 –200 ng
human genomic DNA from 30 individuals drawn from a variety of ethnic
backgrounds. The PCR primers were radiolabeled at their 5�-ends, and
the products were analyzed on 6% denaturing polyacrylamide sequenc-
ing gels. PCR products were also resolved on high-resolution agarose gels
and cloned into the TA cloning vector for direct sequence analysis of the
resolved products (Sequenase 2.0; United States Biochemicals, Cleveland,
OH). The following synthetic primers were used: Up1, TGCCCCTCTCT-
GTGACTTGC; Up2, GGACTGCCTGCCCCTCTCT, Down 1, TTCAG-
CACCCTCCCATGCAC; and Down 2, TGGTCCCAGTGTCTCGGAAT.

Results
Effect of 5�-UTR deletions on GluR2 translation
In oocytes, kainate-evoked currents through homomeric GluR1
receptors exhibit strong inward rectification, which is progres-
sively relieved as the ratio of GluR2:GluR1 mRNA injected is
increased (Fig. 1A). Interestingly, GluR2 mRNA containing a
very short (7 bases) 5� leader was much more effective in relieving
rectification than GluR2 mRNA with a longer (481 bases) leader.
For example, the I–V curve produced by a GluR2:GluR1 ratio of
1:100 with the short 7 base GluR2 leader is similar in shape to that
produced by a ratio of 1:1.5 with the long 481 base leader (Fig.
1A). Because the GluR2 protein-coding region is identical, re-
gardless of the 5�-UTR length, the shape of the I–V curve can be
used to compare the translatability in oocytes of GluR2 RNAs
bearing different sized leaders.

Inward rectification of kainate-activated AMPA receptors re-
sults from voltage-dependent channel block by internal poly-
amines (Bowie and Mayer, 1995; Donevan and Rogawski, 1995;
Kamboj et al., 1995; Koh et al., 1995). The shape of the I–V
relationship can be adequately described by the Woodhull equa-
tion for internal channel block by impermeable ions to estimate
the affinity of the channel blocking site at 0 mV (Kd[0 mV]) for
the blocking ion (Bowie and Mayer, 1995; Washburn et al., 1997).
The affinity of polyamines for the channel-blocking site is
strongly and progressively reduced by the presence of increasing
amounts of the GluR2 subunit (Fig. 1B). Approximately 30-fold
more �481GluR2 than �7GluR2 mRNA was required to pro-
duce macroscopic AMPA receptor currents with equivalent rec-
tification properties. Similarly, approximately fivefold more of
the �481GluR2 than the �302GluR2 mRNA was required to
produce similar AMPA receptor rectification properties. Impor-
tantly, for each of the GluR2 5� leaders injected, if enough GluR2
mRNA was combined with GluR1, the same maximum increase
in the Kd(0 mV) was observed (Fig. 1B). The large differences in
the required amount of injected GluR2 mRNA to produce similar
receptor properties is unlikely attributable to mRNA degrada-
tion, because the three mRNAs exhibited no evidence of differ-
ential stability in oocytes (Fig. 1C). Furthermore, dot-blot anal-
ysis of the synthetic mRNA pools showed that errors in the
amount of mRNA injected per oocyte were very low (data not
shown). The conclusion that differences in RNA stability do not
underpin the observed differences in translation efficiency is re-

inforced by findings with dicistronic mRNA and cDNA (see be-
low). Thus, these data are consistent with the interpretation that
long GluR2 leaders are poorly translated compared with short
leader sequences.

We investigated this finding further by conducting in vitro
translation reactions with a transcription–translation-coupled
expression system and collection of 35[S]-methionine-labeled

Figure 1. Effect of 5�-UTR truncations on GluR2 expression in Xenopus oocytes. GluR2 mR-
NAs with a different length 5�-UTR (481, 302, and 7 bases long) were mixed with GluR1 mRNA
to achieve different GluR2:GluR1 mRNA ratios and injected into oocytes. After 2– 4 d, oocytes
were voltage clamped, and kainate I–V curves were generated. A, I–V curves for selected ratios
of injected GluR2:GluR1 mRNA. Each curve shown is the average I–V plot from 5–24 oocyte
recordings, normalized to the current at �100 mV. Data were fit by a least squares criterion to
the Woodhull equation for internal channel block by an impermeable channel blocker. The
fitted lines superimpose on the experimental data. B, Comparison of the translation efficiency of
GluR2 mRNAs with different 5� leader sequences. I–V curves were fit to derive the affinity of
channel block by the polyamine blocker(s) at 0 mV [Kd(0 mV)], which is related to the number
of GluR2 subunits in an heteroligomeric AMPA receptor complex (Washburn et al., 1997). Each
data point represents the mean  SE for 5–24 oocytes. Injections and recordings were made
from seven oocyte preparations. For reference, the mean Kd(0 mV)/[polyamine] and 95% con-
fidence limits for GluR1 homomeric receptors are shown as a shaded box with a dashed line.
These data suggest that GluR2 mRNA translation in Xenopus oocytes is reduced by the 302 base
and the 481 base leaders compared with the no-leader (7 base) control by up to fivefold and
30-fold, respectively. C, Blot of mRNA recovered from oocytes injected with 32[P]-labeled mRNA
for each of the GluR2 5� leaders. Each lane represents RNA recovered from six to seven oocytes
for each construct at the indicated time point after injection. A representative blot from one of
three experiments is shown.
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protein precipitated onto glass fiber filters. A series of seven
GluR2 5� leader sequences was inserted between the T3 RNA
polymerase promoter and the GluR2 protein-coding domain
(Fig. 2A). At various times during the incubation, aliquots were
removed and analyzed for 35[S]-methionine incorporation. Con-
structs containing the longest GluR2 leaders of 481 and 429 bases
produced little protein accumulation even after 30 min of incu-
bation, whereas constructs with 341 and 302 base leaders showed
significant protein synthesis (Fig. 2B). Additional truncation of
the GluR2 leader region to 250, 109, or 7 bases from the GluR2
AUG resulted in maximum relief from translation block (Fig.
2B). When these data are presented as rates of protein synthesis
over the 10 –20 min interval (Fig. 2C), an eightfold increase in
mRNA translation efficiency is observed when the leader was
truncated from 481 to 341 bases, and approximately fourfold
from 429 to 341 bases. Thus, short uncapped GluR2 5�-UTRs
appear to be translated more efficiently than long uncapped 5�-
UTRs in the TNT assay, a finding consistent with our results in
oocytes injected with exogenous 5�-capped mRNA.

The �481GluR2 and �429GluR2 constructs represent natu-
rally occurring transcripts in vivo. The 481 base leader is a rare
transcript, whereas the 429 base leader is abundant and has been
designated as the �1 transcriptional start site for both mouse and
rat GluR2 genes (Köhler et al., 1994; Myers et al., 1998). The
�341GluR2 construct represents another abundant, but short,
GluR2 transcript identified in vivo (Myers et al., 1998).

Influence of upstream AUG codons
Depending on the site of transcription ini-
tiation for in vivo GluR2 transcripts, the 5�
leader contains up to five AUG codons
(Table 1) that could serve as premature
translation initiation sites and thereby lure
ribosomes away from the GluR2 initiation
AUG codon (Kozak, 1991, 2002; Morris
and Geballe, 2000). Alternatively, the
short peptides derived from the upstream
reading frames might themselves inhibit
translation machinery engaged with the
GluR2 mRNA (Hill and Morris, 1993). To
address the potential impact of these up-
AUG codons, we removed them by substi-
tution mutation and assayed for effects on
GluR2 translation in TNT-reticulocyte ly-
sate reactions. These data are summarized
in Figure 2D. Essentially, elimination of
each of the five upAUGs from the longest
GluR2 leader context had no effect on the
rate of protein synthesis (Fig. 2D, left).
Likewise, elimination of the two most 5�
AUGs [�(-5/-4)] or all five AUGs together
[�(-all five)] had no significant effect on
the rate of protein synthesis. The �(-3/-
2/-1) triple mutation, however, in the
short �302GluR2 and long �481GluR2
contexts, showed a substantial yet nonsig-
nificant increase in translation efficiency
(Fig. 2D). The �3AUG might influence
translation in combination with other
AUGs in short transcripts as suggested by
the observed increase in translation when
the �302GluR2 leader was further short-
ened to �250GluR2 (Fig. 2B,C). None-
theless, these data on the whole suggest

that upAUG codons in the GluR2 leader have nominal effect on
translation in cell-free rabbit reticulocyte lysates.

Transfer of suppression to another ORF in a
dicistronic construct
Use of the TNT assay to assess the rates of translation efficiencies
can be problematic if the 5�-UTR itself exerts effects on the rates
of transcription from the T3 promoter. For this reason, we de-
signed dicistronic vector constructs to assess the effects of the
5�-UTR on translation in both TNT and Xenopus oocyte transla-
tion assays. Because both firefly and Renilla protein-coding re-
gions are contained within a single RNA species, bias in the re-
sults because of errors in the amount or stability of RNAs injected
in the oocytes is minimized. Furthermore, use of the dicistronic
vectors in the TNT assay should help guard against untoward
5�-UTR effects on transcription. We fused a series of GluR2 5�
leaders upstream of firefly luciferase in a pGL2 vector that had
been modified to include an EMCV IRES sequence and Renilla
luciferase at the 3�-end (Fig. 3A). This dicistronic vector assayed
GluR2 5�-UTR-dependent translation of firefly luciferase via
scanning ribosomes as well as IRES-dependent translation of Re-
nilla luciferase translation via ribosomes engaging the RNA in-
ternally at the IRES. Four GluR2 5�-UTR-dicistronic mRNA con-
structs containing leader lengths of 481, 429, 341, and 302 bases
were compared. The context of the GluR2 AUG codon including
the Kozak consensus sequence and the first five GluR2 amino

Figure 2. Effect of 5�-UTR truncations and upstream AUG codons on GluR2 expression in rabbit reticulocyte lysates. A, Sche-
matic of the GluR2 5�-UTR deletion series. Top numbers indicate the 5�-ends of a series of deletion constructs relative to the GluR2
AUG. Middle numbers refer to upAUG codons (black bars) and the length of the associated short ORF (arrows). B, Time course of
GluR2 protein synthesis in cell-free reticulocyte lysates for a 5�-UTR deletion series. 35[S]-methionine-labeled protein was pre-
cipitated with TCA and collected onto glass fiber filters. Blank reactions were subtracted as background. Results shown represent
the mean  SE for four to seven experiments except for the �481 and �7 leaders, which had 16 and 13 experiments, respec-
tively. Each symbol represents results from a different 5� leader. Inset shows the protein products at 30 min resolved on a
denaturing polyacrylamide gel and visualized by exposure to film. C, The average rate of protein synthesis for the 10 –20 min
interval ( B) was calculated for each GluR2 5�-UTR deletion construct. *p � 0.05 by ANOVA and post hoc Dunnett’s test, compared
with the �481 construct. D, The effect of upAUG codons removed by substitution mutations [i.e., �(�5)] in two leader contexts
on the rate of GluR2 protein synthesis during the 10 –20 min reaction interval. Mean  SE (n � 3– 8) for all mutant constructs,
except for the �481GluR2 and �302 GluR2 control constructs, which had 13 and 10 experiments, respectively. *p � 0.05 by
ANOVA and post hoc Dunnett’s test compared with the �481 or �302 construct.
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acids was exactly transferred to firefly luciferase in all constructs.
The control transcript (Fig. 3B,C, Vect) contained 240 bp of the
vector sequence as the 5�-UTR.

In both the oocyte mRNA expression and rabbit reticulocyte
TNT translation assays, Renilla expression was similar, regardless
of the GluR2 5�-UTR inserted into the construct (Fig. 3B,C, black
bars, left panel), suggesting that IRES-directed ribosome entry
and stability of the dicistronic mRNAs was unaffected by the
GluR2 5�-UTR. However, translation of firefly luciferase de-
pended significantly on the GluR2 5�-UTR sequence in the con-
struct (Fig. 3B,C, left panel, open bars). Inspection of the firefly
to Renilla activity ratios for the various GluR2 5�-UTRs confirms
that a sequence lying between �341 and �429 has substantial
translation suppressing activity in both expression assays (Fig.
3B,C, right panels). These data demonstrate that the long GluR2
5�-UTR (429 bases) is capable of suppressing translation not only
of GluR2 (Figs. 1, 2) but also heterologous ORFs such as firefly
luciferase (Fig. 3). These results also show that the GluR2 5�-UTR
is necessary and sufficient to reduce translation in the absence of
GluR2 coding and 3�-UTR domains.

To determine whether translation suppression by the longer
GluR2 leaders is attributable to the nucleic acid sequence itself or
simply an effect of lengthening the leader, we exchanged regions
of the GluR2 5�-UTR with regions of the GluR1 5�-UTR. The
original GluR1 cDNA (Hollmann et al., 1989) includes a 5�-UTR
of 196 bases. Transfer of 139 bases of the GluR1 5�-UTR (lacking
internal AUGs) to the 5�-end of �341GluR2 produced a 480 base
leader that did not suppress translation of the GluR2 cDNA (Fig.
4A, compare lanes 2 and 3). Conversely, transfer of the candidate
GluR2 translation suppression domain, from �341 to �429
bases, to the 5�-end of the GluR1 5�-UTR resulted in a strong
reduction in translation (Fig. 4A, compare lane 4 with lanes 5 and
6). The addition of a different region of the GluR2 leader to
GluR1, from �250 to �109 bases, was without effect (Fig. 4, lane
7). Finally, placement of the GluR2 (�341 to �429) and the
GluR1 (�57 to �196) 5�-UTRs in front of the firefly luciferase
5�-UTR transferred their respective activities to this cDNA as well
(Fig. 4, constructs 9 –11). Sample bands of protein products are
presented in Figure 4B. The results with different reporters, in
both monocistronic and dicistronic constructs, reinforce the
conclusion that translation suppression is dependent on the se-
quence but not the length of the GluR2 5�-UTR.

Analysis of GluR2 transcripts in rat brain regions
Previously, it had been shown in rodent brain that GluR2 tran-
scription initiated at multiple sites between �341 and �481 bases
from the AUG (Köhler et al., 1994; Myers et al., 1998). We were
interested to determine whether all GluR2 transcripts were
equally associated with brain polyribosomes. Ribosome-
associated mRNA from rat brain was fractionated by sucrose gra-
dient in the presence or absence of Mg 2�. RNA near the bottom
of the gradient is dominated by the denser polyribosome frac-

Figure 3. The GluR2 5�-UTR is sufficient for translation inhibition. A, Schematic of the dicis-
tronic constructs used in TNT reticulocyte lysate and mRNA injections into Xenopus oocytes.
Several GluR2 5� leader sequences were cloned downstream of a T3 promoter. Firefly luciferase
translation is affected by the inserted GluR2 5�-UTR, whereas the EMCV IRES-driven Renilla
luciferase translation is not. B, A series of dicistronic constructs were assayed in TNT-lysate
reactions. The average protein synthesis rate for the 10 –20 min reaction interval (inferred from
enzymatic activity) from two separate reactions is plotted in the left panel. The ratio of firefly
(Fire) to Renilla (Ren) activity is shown in the right panel. The control construct (Vect) contains
240 bases of vector sequence as its 5� leader. Error bars in the right graph represent the range
from two experiments. TLU, Turner light units. C, 5�-Capped mRNA made in vitro from the
dicistronic constructs were injected into Xenopus oocytes, and luciferase activities were mea-
sured at 24 hr. Average raw firefly (Fire) and Renilla (Ren) luciferase activities from a represen-
tative experiment (6 oocytes per group) are plotted in left graph. The firefly to Renilla enzyme
activity ratios in the right graph are the mean  SE (n � 18 –21 per construct) pooled from
three experiments. *p � 0.05 from �429 constructs by ANOVA and post hoc Neuman–Keuls
test. These results show that translation of firefly luciferase is attenuated by the 5�-most region
of the longest GluR2 5� leaders, between 341 and 429 bases from the AUG. The attenuation of
translation is independent of the GluR2 coding and 3�-untranslated regions.

Table 1. AUG codons and associated short ORFs in the GluR2 5�-UTR

AUGa Positiona Kozak sequenceb ORFa Length Speciesa

�5 �379 uguguAUGu MCVYVCARSCERGEREKRARERVIV 25 R, M
�4 �369 uguguAUGu MCVRARVREERGRRELERG 19 H, R, M
�3 �297 agtgcAUGg MGGC 4 H, R
�2 �98 tcacaAUGc MQRI 4 H, R, M
�1 �20 tgtggAUGc MLYFSWKCKRLCIFLSSFLLFYGD 24 H, R, M
�1 1 tggaaAUGc MQKIMHISVLLS. . . GluR2 protein 883 H, R, M
aRank order AUG number, nucleotide position relative to the rat GluR2 AUG, and uORF for rat sequences. R, Rat; M, mouse; H, human.
bThe Kozak consensus sequence is CCACCAUGG; underlined bases match the consensus (Kozak, 1987).
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tions and considered to be actively translated, whereas mRNA
sedimenting near the top of the gradient (associated with mono-
somes and small polyribosomes) is stalled or poorly translated.
Indeed, disruption of translating polyribosomes by chelation of
Mg 2� caused the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) transcript, normally translated efficiently, to shift
from the bottom to near the top of the gradient (Fig. 5A). Parallel
mRNA fractions prepared with Mg 2� were probed with a GluR2
cRNA designed to identify both short (341 bases) and long (360 –
481 bases) GluR2 leaders in an RNase protection assay. Short
GluR2 transcripts were present predominantly in the heavy poly-
ribosome fractions (Fig. 5B), suggesting these transcripts were
loaded with ribosomes and actively transcribed. In contrast, long
GluR2 transcripts with leaders from 360 to 481 bases were dis-
tributed over most of the gradient, including the lightest fraction
at the top (Fig. 5B). These results are consistent with the notion
that cortical GluR2 mRNA bearing long leaders are found in a
variety of states of translation, whereas transcripts with short
leaders are actively translated. The results from eight experiments
are summarized in Figure 5C. The relative abundance of long and
short GluR2 transcripts is different between cortex, hippocam-
pus, and cerebellum (Fig. 5D,E), reinforcing the possibility that
different neurons use different transcriptional start sites and thus
translate GluR2 mRNA with different degrees of efficiency. In
hippocampus, the ratio of long and short GluR2 transcripts ap-
proaches unity, whereas in adult cerebellum and cortex, this ratio
favors long transcripts by threefold (Fig. 5D,E).

Translation suppression in transfected neurons
Finally, we determined whether the region between �429 and
�341 bases in the GluR2 5�-UTR could suppress translation in

cultured neurons by transfections of 5�-capped mRNA synthe-
sized from the dicistronic constructs. When the ratio of firefly
and the Renilla luciferase activity was measured in the cell lysates,
the long GluR2 leader (429 bases) significantly reduced transla-
tion compared with two short GluR2 leaders (341 and 302 bases)
as well as the vector leader (Fig. 6A). This effect was not attribut-
able to differences in the amount of Renilla luciferase produced
by the �429GluR2, �341GluR2, and �302GluR2 dicistronic
constructs (35  10, 27  10, and 30  11 Turner light units,
respectively; n � 6). Transfections were done on 4-, 5-, and 7-d-
old neuronal cultures, and the lysates were prepared 5 and 15 hr
after transfection with no difference in the results. Thus, results
from all experimental conditions are combined in Figure 6A. In
addition to RNA transfections, the 429 and 341 base GluR2 lead-
ers were fused to firefly luciferase downstream of a CMV pro-
moter, and the plasmid DNA was transfected into cultured neu-
rons. For these experiments, the cultures were cotransfected with
the pRL Renilla vector to normalize for well-to-well variability.
Over a range of 10 to 400 ng DNA per well, the plasmid bearing
the 341 base GluR2 leader consistently showed increased expres-
sion compared with the 429 base GluR2 leader. The results are
summarized in Figure 6B. Together, these results demonstrate
that the long GluR2 leader (429 bases) is less active than the short
GluR2 transcript (341 bases or less) in transfected cultured neu-
rons, consistent with translation attenuation by long GluR2
5�-UTRs.

Polymorphic human GluR2 GU-repeat domain
The most striking feature of the minimally effective translation
suppression domain (Figs. 2– 4) is the presence of a 40-base im-

Figure 4. Transfer of the GluR2 translation inhibition domain to other mRNAs. A, Portions of
the GluR2 and GluR1 5�-UTRs were shuffled to make 5�-UTR chimeras indicated by shaded or
hatched bars. Open bars represent sequence regions unchanged in the construct design. The
graphs in the right panels show translation rates in TNT reactions, normalized to the respective
wild-type (wt) 5�-UTR and ORF (i.e., GluR2, GluR1, and Firefly luciferase). Mean  SE (n �
10 –15) from eight experiments is shown. *p � 0.05, from construct 7 or construct 11 by
ANOVA and post hoc Neuman–Keuls test. Note the different scales on bar graphs. B, Represen-
tative 35[S]-methionine-labeled protein products from TNT-lysate reactions. Lane numbers in-
dicate different constructs as shown in A. np, No plasmid control.

Figure 5. Differential association of long and short GluR2 transcripts with polyribosomes. A,
Sucrose gradient fractions of rat cortex mRNA probed by RNase protection assay with a GAPDH
cDNA. When tissue was homogenized in the presence of Mg 2�, the majority of transcripts are
recovered in the heavy polyribosome fraction, whereas disrupting polysomes with EDTA causes
GAPDH to migrate to the lighter regions of the gradient. B, Sucrose gradient fractions prepared
in the presence of Mg 2� were analyzed in an RNase protection assay with a GluR2 probe to
detect short and long GluR2 transcripts. Short transcripts include leaders 341 bases long, and
long transcript leaders are �360 bases from the AUG (see Materials and Methods for details)
(Myers et al., 1998). Lanes on gel are designated as follows: P, probe; D, digested probe; T,
unfractionated cortical mRNA; lanes 1–11, sucrose gradient fractions (11 � heaviest). C, Quan-
tified ratio of long/short GluR2 transcript band intensities in each sucrose gradient fraction from
eight experiments (mean  SE). The average ratio in the four topmost fractions of the gradient
is significantly larger than that at the bottom of the gradient ( p � 0.05). D, RNase protection
assays with the GluR2 RPA probe across three brain regions. Each lane represents a separate
reaction against total poly A� mRNA of a different rat. L, Long; S, short. E, The mean SE (n �
7) of the ratio of long/short GluR2 transcripts in cortex, hippocampus (Hippoc.), and cerebellum
(Cereb.). Asterisk, Each region is different from others; *p � 0.05 by ANOVA with post hoc
Neuman–Keuls test.
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perfect GU-repeat sequence. This sequence is also present in the
human GluR2 gene. To determine whether this domain is poly-
morphic, we analyzed 30 human genomic DNA samples by PCR
amplification across the GU-repeat region using two sets of prim-
ers (see Materials and Methods). PCR products were resolved on
polyacrylamide sequencing and high-resolution agarose gels to
identify changes in length of the GU-repeat region. Several
unique PCR product sizes were observed on the gels. To confirm
that these human allele variants were indeed caused by changes in
the GU-repeat size, PCR products for each allele size were cloned
and sequenced. In sum, 62 alleles from a variety of ethnic groups
were analyzed, including the GluR2 sequence deposited in the
human genome database (Lander et al., 2001) plus a human
genomic clone obtained from the United Kingdom Medical Re-
search Council Human Genome Resource Center (GenBank ac-
cession number HS115G5R). Our results are summarized in Fig-
ure 7A. The most common GluR2 allele (74% of all sequences)
contained a GU-repeat length of 36 nucleotides. Additional GU
variants ranged from 34 to 42 nucleotides long.

The five human GU-repeat variants were subcloned to the
5�-end of the rat �302GluR2 construct, and the plasmid DNA
was added to TNT reticulocyte lysate assays to measure the rate of
35[S]-methionine-labeled protein production, as in previous ex-
periments. Each of the variant human GU repeats tested resulted
in a 2.5- to 3-fold reduction in translation efficiency compared
with the �302GluR2 control leader. The activity of these human
GU constructs is similar to the activity seen for the long rat
�481GluR2 construct (Fig. 7B). No correlation between the
length of the GU repeat and rates of protein translation was ob-
served, suggesting that a GU-repeat length of 34 nucleotides is
sufficient to maximally reduce translation of GluR2 under the
conditions tested.

To confirm that multiple transcription start sites are used in

Figure 6. Translation suppression in cultured neurons. A, mRNA from dicistronic constructs
was synthesized in vitro and transfected into cultured neurons as described in Materials and
Methods. These mRNAs drive expression of both firefly and Renilla luciferases as depicted in
Figure 3A. The ratio of firefly to Renilla luciferase activity recovered in the cell lysates is shown;
mean  SE for 10 –11 transfections for each construct except vector control (V; n � 6) in five
cortical cultures. *p � 0.05 from �429 construct by ANOVA and post hoc Neuman–Keuls test.
The mean Renilla activity recovered per well per construct was 35.1, 26.8, 29.8, and 15.5 light
units for the �429, �341, �302, and the vector control, respectively. B, Plasmid DNA trans-
fections into cultured neurons. Both constructs include a CMV promoter just upstream from the
GluR2 5�-UTR and firefly luciferase. Neurons were cotransfected with pRL-Renilla to normalize
for well-to-well variation and then normalized to the 400 ng �429GluR2 construct to compare
across experiments. Results are mean  SE (n � 3). These results show that in mixed neuro-
nal– glial cultures from rat cortex, translation is suppressed by the �341 to �429 region of the
GluR2 5�-UTR.

Figure 7. Human GluR2 polymorphisms. A, PCR amplification and sequencing of human
genomic DNA was conducted to identify the length of the GU repeat for 62 human alleles. The
graph summarizes the frequency of each allele containing GU-repeat lengths of 34, 36, 38, 40,
and 42 nucleotides. B, Effect of the human GU-repeat lengths on translation in a TNT reticulocyte
lysate assay. Human GU-repeat lengths were fused to the 5�-end of the rat �302GluR2 leader.
The translation rate for each construct was then normalized to the �302GluR2 control
(mean  SE; n � 5). The activity for rat �481GluR2 is also shown (light gray bars). C, RNase
protection against six human cortex mRNA samples shows the presence of both shorter and
long GluR2 transcripts (compare Myers et al., 1998). The vertical diagram to the left represents
the 5�-ends of human GluR2 mRNAs showing the position of the GU repeat and the position of
the RNase probe (thick line). All transcripts longer than the probe length are summed into the
slowest band. The prominent transcriptional start site near �320 bases is shown.
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the human GluR2 gene to produce transcripts that either lack or
contain the translation–suppression GU motif, we performed an
RNase protection experiment on total RNA isolated from neo-
cortex of six individuals. The 32P-labeled probe was designed to
sum all natural transcripts that contain the GU repeat and longer
(more than �360) (Fig. 7C, in brackets) into a single band as
described by Myers et al. (1998). In addition to the long band
indicative of transcripts containing the GU repeat, two promi-
nent shorter protected bands were observed (Fig. 7C), the longer
of which represents a transcriptional start site at approximately
�320 bases from the initiating AUG. This site corresponds to a
cluster of 5� rapid amplification of cDNA ends sites identified in
rat GluR2 mRNA located near �300 from the AUG (Myers et al.,
1998). These results suggest conserved transcriptional start sites
in rat and human and confirm that not all human GluR2 tran-
scripts contain the GU repeat.

Discussion
The major conclusion from these studies is that different popu-
lations of rat and human GluR2 transcripts exhibit different
translation efficiencies resulting from the presence or absence of
a short polymorphic sequence in their 5�-untranslated leaders
(Fig. 8A). This conclusion is supported by the following findings.
First, short but not long GluR2 transcripts were preferentially
associated with polyribosomes in rat brain, indicating that short
transcripts are more favorably translated in vivo. Second, the rate
of GluR2 translation was reduced more than fourfold for GluR2
mRNAs with a long 5�-UTR (�429 bases long) compared with
those with a short (341 or fewer bases) 5�-UTR in multiple assays
involving both monocistronic and dicistronic cDNAs and mR-
NAs expressed in Xenopus oocytes, rabbit reticulocyte lysates, and
transfected rat cortical neurons. Third, the major GluR2 tran-
scription initiation sites identified in rat and human brain flank
the translation suppression region, which resides within a se-
quence 341– 429 bases upstream of the AUG. The expression of

both short and long GluR2 transcripts with different translation
efficiencies in vivo, combined with the polymorphic nature of the
GU repeat, enriches the ability of neurons to shape synaptic re-
sponses through control of GluR2 expression.

Potential mechanisms of GluR2 translation suppression
Ribosome scanning is a well supported model that explains how
translation is initiated in eukaryotes. In this model, the 40S sub-
unit, primed with initiation factors and Met-tRNAi, engages the
mRNA at the 5�-cap and “scans” the transcript in a 5� to 3� direc-
tion, seeking an AUG with favorable surrounding sequence to
initiate translation. Initiation is generally the rate-limiting step in
eukaryotic translation (Mathews et al., 1996), thus factors dimin-
ishing ribosome access to or scanning of the 5�-UTR, such as the
absence of a 5�-cap, a long 5�-UTR with complex secondary
structure, the presence of upAUGs with their associated ORFs, or
a poor Kozak context of the initiator AUG, can reduce overall
translation efficiency (Morris and Geballe, 2000; Kozak, 2002).
The GluR2 5�-UTR includes rare features, such as several upAUG
codons, a region of high GC content including a dinucleotide
repeat sequence, and an overall length of 341– 481 bases, each of
which by itself might reduce translation (Kozak, 1991, 2002). Our
results demonstrate that translation suppression was not medi-
ated by the upAUG codons, an interaction between the 5�-UTR
and the GluR2 coding or 3�-UTR, changes in mRNA stability, or
the leader length per se. Lack of effects by the upAUGs was some-
what unexpected, because the first AUG encountered by a scan-
ning ribosome is almost always recognized for translation initia-
tion. However, the influence of upAUGs can be averted if
scanning ribosomes bypass the upAUG altogether or reinitiate
translation at the downstream AUG (Kozak, 1987, 2002; Morris
and Geballe, 2000). In the case of GluR2, none of the upAUGs,
except the �2AUG, bears a strong Kozak signature sequence
(Table 1). Given a poor context, ribosomes might simply traverse
the GluR2 upAUG codons without initiating translation, a pro-
cess termed “leaky scanning” (Kozak, 1991; Lin et al., 1993). An-
other mechanism by which ribosomes can bypass the upAUGs is
by engaging the mRNA internally, downstream of the upAUGs
directed by an IRES-like structure in the 5�-UTR of long tran-
scripts. IRES-dependent translation of several viral and cellular
mRNAs has been shown, but as yet no consensus IRES sequence
has emerged and the extent of IRES-dependent translation in
eukaryotes, although growing in number, is still debated (Hellen
and Sarnow, 2001; Kozak, 2001).

A more likely mechanism for the GluR2 translation suppres-
sion, similar to that proposed for the NR2A 5�-UTR (Wood et al.,
1996), involves interference of ribosome scanning through
mRNA secondary structure. A stable stem-loop structure would
reduce translation by forcing the scanning ribosome to slow
down as it melts the double-stranded RNA. Modeling of a long
GluR2 construct (�429GluR2) by an RNA-folding algorithm
(FoldRNA; Genetics Computer Group, Madison, WI) predicted
a structured hairpin loop at the extreme 5�-end of the mRNA
(Fig. 8B). This stem-loop structure has a calculated free energy of
�33 kcal/mol, if just the region between �429 and �341 is con-
sidered. Typically, a free energy of approximatley �30 kcal/mol is
not sufficient to impede ribosome scanning, unless the loop is
near the 5�-cap site; thus, the position of the structural motif is
important for translation control (Kozak, 1989; Goossen and
Hentze, 1992). If additional downstream GluR2 sequence is in-
cluded in the analysis, however (Fig. 8B), the free energy of the
entire loop that includes the GU repeat increases to approxi-
mately �40 kcal/mol. Thus, the predicted structure in the longer

Figure 8. Translation control domain in the GluR2 5�-UTR. A, GluR2 transcription is regu-
lated by an RE1 silencer (black box) and by Sp1 and NRF-1 transcriptional elements (stippled
boxes) near a zone of transcription initiation sites (diagonal bars). Translation of GluR2 mRNA is
suppressed by a region from �341 to �429 that includes a GU-repeat sequence, which is
present only in the subset of long native GluR2 mRNAs transcribed from upstream start sites. B,
Secondary structure prediction for the 5�-end of rat GluR2 mRNA using the FoldRNA algorithm
from Wisconsin GCG. The input sequence for the analysis was from �429 to the GluR2�1 AUG,
but only the structure for the 5�-end of the predicted folded segment is shown. The stem-loop
structure that includes the GU-repeat sequence (enclosed in the dashed box) has a predicted
free energy, �G, of �40 kcal/mol.
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GluR2 mRNAs appears stable enough and is positioned in a man-
ner to impair ribosome scanning.

Functional implications for translation regulation of GluR2
The preferential association of short GluR2 transcripts with
heavy polyribosomes indicates that these transcripts are actively
translated in vivo, whereas the dispersal of GluR2 transcripts with
long 5�-UTRs (�360 bases) throughout the sucrose gradient is
indicative of transcripts in various stages of translation (Fig. 5B).
A large fraction of GluR2 transcripts must be poorly translated in
vivo, if at all, because long transcripts are more abundant than
short GluR2 transcripts in the lightest sucrose fractions (Fig.
5B,C), and the bulk level of long transcripts is greater than that of
short ones (Fig. 5D,E). However, the association of polyribo-
somes with some GluR2 mRNAs bearing long 5�-UTRs suggests
that a mechanism might exist for overcoming translation sup-
pression, such as the binding of a regulatory protein to the 5�-
UTR that can melt the hairpin loop. Alternatively, the long tran-
scripts in Figure 5 could include some natural transcripts that are
368 or 399 nucleotides long (Myers et al., 1998), because the
RNase protection probe used in Figure 5 summates all GluR2
transcripts with 5�-UTRs �360 bases long. Shortening the
�429GluR2 transcript by even 30 bases could partially disrupt
the hairpin loop structure predicted in Figure 8B, relieving trans-
lation inhibition. Additional work is needed to choose between
these alternatives.

The finding that the GU-repeat sequence in the GluR2 trans-
lation suppression domain is polymorphic in humans raises the
possibility that contraction or expansion of this sequence could
lead to constitutive differences in GluR2 expression in different
people. Allele-length dependent translation rates were not ob-
served in reticulocyte lysates, but effects on translation in neu-
rons are not ruled out and, perhaps more importantly, our small
sample of only 62 human alleles may have been insufficient to
identify rare repeat lengths that influence translation. A GU-
repeat length of 34 nucleotides was sufficient to reduce transla-
tion of GluR2 under the conditions of our experiments (Fig. 7B).
The 5� leader is highly conserved between rat and human, includ-
ing the Sp1 and NRF-1 transcriptional control elements located
upstream of the GU repeat (Myers et al., 1998). Importantly,
RNase protection experiments show that human GluR2 tran-
scripts exist that lack the GU-repeat segment entirely, similar to
those in mouse and rat transcripts (Köhler et al., 1994; Myers et
al., 1998), suggesting that in human brain, GluR2 transcripts with
different translation efficiencies are present.

The relative amount of GluR2 transcripts with long versus
short 5�-UTRs varies across brain regions (Fig. 5C,D) (Myers et
al., 1998), suggesting that favored transcription start sites are
neuron specific. As a consequence, different neuron populations
express pools of GluR2 transcripts with different translation effi-
ciencies. Indeed, a significant proportion of CA3 stratum radia-
tum interneurons express GluR2 mRNA that is edited at the Q/R
site but is apparently not translated, as judged by the properties of
functional AMPA receptors in these interneurons (Washburn et
al., 1997). Together, these observations point to the intriguing
possibility that neurons have devised a regulatory system to in-
crease or decrease GluR2 protein levels via changes in transcrip-
tion initiation, which consequently enables or disables the trans-
lation control system. Another intriguing possibility is that long
GluR2 transcripts could bind an endogenous protein that targets
the mRNA to subcellular compartments ready for local GluR2
translation. The subcellular targeting and local translation of
mRNAs in neurons (Steward and Schuman, 2001; Eberwine et al.,

2002), including synthesis of GluR2 protein in hippocampal py-
ramidal cell dendrites (Kacharmina et al., 2000), increases the
ability of neurons to regulate synaptic transmission and plasticity
in a more spatial and temporal manner. This study shows that
endogenous GluR2 transcripts possess variable potentials for
translation into protein. However, additional work is needed to
determine whether GluR2 transcripts containing the GU-repeat
domain are preferentially targeted to dendrites and to uncover
the mechanisms by which translation control is itself regulated.
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