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Abstract
Eukaryotic initiation factor (eIF) 4E-binding proteins (4E-BPs) are translational repressors

that bind specifically to eIF4E and are critical in the control of protein translation. 4E-BP2 is

the predominant 4E-BP expressed in the brain, but their role is not well known. Here, we

characterized four forms of 4E-BP2 detected by two-dimensional gel electrophoresis (2-

DGE) in brain. The form with highest electrophoretic mobility was the main form susceptible

to phosphorylation at Thr37/Thr46 sites, phosphorylation that was detected in acidic spots.

Cerebral ischemia and subsequent reperfusion induced dephosphorylation and phosphory-

lation of 4E-BP2 at Thr37/Thr46, respectively. The induced phosphorylation was in parallel

with the release of 4E-BP2 from eIF4E, although two of the phosphorylated 4E-BP2 forms

were bound to eIF4E. Upon long-term reperfusion, there was a decrease in the binding of

4E-BP2 to eIF4E in cerebral cortex, demonstrated by cap binding assays and 4E-BP2-

immunoprecipitation experiments. The release of 4E-BP2 from eIF4E was without changes

in 4E-BP2 phosphorylation or other post-translational modification recognized by 2-DGE.

These findings demonstrated specific changes in 4E-BP2/eIF4E association dependent

and independent of 4E-BP2 phosphorylation. The last result supports the notion that phos-

phorylation may not be the uniquely regulation for the binding of 4E-BP2 to eIF4E under

ischemic stress.

Introduction
Ischemia induces a period of hypoxia and energy depletion inducing an inhibition of transla-
tional rates [1]. Normal oxygen and energy levels can be restored in the subsequent reperfusion
period upon reoxygenation(White et al. 2000). However, the initial period of reperfusion in-
creases reactive oxygen species production and causes additional stress [2]. The ischemia and
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ischemia-reperfusion (IR) affects different tissues, being the brain particularly sensitive to these
stresses, where the restoration of translation inhibition is delayed compared with that of energy
metabolism or ion homeostasis [3].

The translation process has an important control point in the recruitment of the 40S ribo-
somal subunit to the 5' end of mRNA. In this process, a key step is the assembly of eukaryotic
initiation factor (eIF) 4F complex, which contains eIF4A, an ATP-dependent RNA helicase;
eIF4E, which binds to the mRNA 5'-cap structure m7GpppN (7-methylguanosine triphosphate,
where N is any nucleotide); and eIF4G, a scaffolding protein that provides docking sites for the
aforementioned initiation factors [4]. eIF4E recruits eIF4G and eIF4A to assemble the eIF4F
complex and bind to the 5' cap [5]. The activity and/or availability of eIF4E are a limiting step
in translation initiation and are a primary factor in the control of gene expression. The transla-
tional repressors named eIF4E-binding proteins (4E-BPs)—that in mammals comprises three
members (4E-BP1, 4E-BP2 and 4E-BP3)—bind to eIF4E, compete with eIF4G and inhibit
eIF4G binding to eIF4E, which prevents eIF4F complex formation and inhibits cap-dependent
translation [5, 6]. The best characterized 4E-BP protein, 4E-BP1, is one of the main effectors of
mTOR, a serine/threonine-protein kinase in the phosphoinositide 3-kinase (PI3K)-protein ki-
nase B (PKB or Akt) signaling pathway that integrates signals from extracellular stimuli, amino
acid availability, and the oxygen and energy status of the cells [6, 7]. The (hyper)phosphoryla-
tion of 4E-BP1 reduces its affinity for eIF4E, allows eIF4E to bind eIF4G to form the eIF4F
complex and the cap-dependent translation. Conversely, the (hypo)dephosphorylated forms of
4E-BP1 bind to eIF4E, which leads to translation inhibition [5–7]. Phosphorylation of Thr37/
Thr46 on 4E-BP1 appears to be the critical step because it is the priming event for subsequent
(hyper)phosphorylation and prevention of the binding to eIF4E in cell lines [6], and regulates
the binding to eIF4E in brain tissue [8].

Previously, we have reported dephosphorylation of 4E-BP1 after ischemia and induction of
4E-BP1 phosphorylation during ischemic reperfusion [8]. These changes in 4E-BP1 phosphor-
ylation in IR agree with those found for PKB and mTOR kinase activities [8]. However, the
lack of knowledge about 4E-BP2 regulation led us to investigate the phosphorylation regulation
of 4E-BP2 in brain, where 4E-BP2 is highly expressed [9]. In the present report we study the
phosphorylation and isoforms of 4E-BP2 and its association to eIF4E induced by IR stress with
short- and long-term reperfusion in the cerebral cortex and the hippocampal cornu ammonis 1
(CA1) region. Cerebral cortex and CA1 were used as resistant and vulnerable regions, respec-
tively, against global cerebral ischemia [10, 11]. In addition, we discovered specific changes in
the association of 4E-BP2 to eIF4E, demonstrating that the dissociation of 4E-BP2 and eIF4E
can be independent of 4E-BP2 phosphorylation.

Materials and Methods

Materials
Rabbit polyclonal anti-4E-BP2 (#2845), anti-phospho-4E-BP1/2 (#9459) (Thr37 and/or Thr46

of the human sequence) and anti-phospho-ribosomal protein S6 (rpS6) (#4858) (Ser235/Ser236)
antibodies were from Cell Signaling. Mouse monoclonal anti-eIF4E antibody (610269) was
from BD Transduction Labs and anti-rpS6 antibody (#2317) was from Cell Signaling. Goat
polyclonal anti-eIF4G antibody (n-20, sc-9601) was from Santa Cruz Biotechnology. Rabbit
polyclonal anti-β-tubulin antibody (PRB-435P) was from Covance. The chemicals used in iso-
electric focusing and SDS-PAGE were purchased from Bio-Rad and GE Healthcare. All general
chemicals were purchased from Sigma unless stated otherwise.
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Animal model of ischemia and IR
Transient global forebrain ischemia was induced in adult male Wistar rats (10–12 weeks, from
Charles River) by the standard four-vessel occlusion model described previously [12, 13]. Brief-
ly, both vertebral arteries were irreversibly occluded by electrocoagulation under anesthesia
with a mixture of atropine, ketamine and diazepam (0.25, 62.5, and 5 mg/kg, respectively) de-
livered by intra-peritoneal injection. After 24 h, both common carotid arteries were occluded
for 15 min to induce ischemia and then the animals were sacrificed (I15 group). For IR, animals
underwent 15 min ischemia, both clips were removed from the carotid arteries for 30 min- or 3
day-reperfusion (R30 and R3d, respectively), and the animals were sacrificed. Sham control
(SHC and SHC3d) animals were prepared in the same way as the R30 and R3d animals, respec-
tively, but without carotid occlusion. All procedures associated with animal experiments were
approved by The Ethics Committee of the Hospital Ramon y Cajal, Madrid, Spain, and in ac-
cordance with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines.

Sample preparation
The cerebral cortex and hippocampal CA1 region from control, ischemic and IR animals were
rapidly dissected out under a magnifying glass. The samples were homogenized 1:5 (w/v) with
buffer A (20 mM Tris-HCl, pH 7.5; 140 mM potassium chloride; 5 mMmagnesium acetate;
1 mM dithiothreitol; 2 mM benzamidine; 1 mM EDTA; 2 mM EGTA; 10 μg/ml pepstatin A,
leupeptin and antipain; 20 mM sodium β-glycerophosphate; 20 mM sodium molybdate; 0.2
mM sodium orthovanadate), as described previously [12, 14]. The homogenate was centrifuged
at 11000 × g for 15 min to obtain a postmitochondrial supernatant (PMS). All procedures were
performed at 4°C. The PMS fraction corresponding to each animal was separately kept at
-80°C until used and protein concentrations were determined for each sample.

Binding of 4E-BP2 and eIF4G to eIF4E
In order to study eIF4F complex formation and the binding of 4E-BP2 and eIF4G to eIF4E, a
cap-containing matrix—7-methyl-GTP (m7GTP)-Sepharose—was used [15] as described
previously [8, 16]. PMS samples (300 μg) for each experimental condition were added to
m7GTP-Sepharose 4B (GE Healthcare; 30 μl of 50/50 w/v slurry) and incubated for 30 min
at 4°C in buffer A with 100 mM potassium chloride and 100 μMGTP. The beads were centri-
fuged at 2500 × g for 5 min and washed in the same buffer three times. The proteins were re-
moved from m7GTP-Sepharose with SDS loading buffer and subjected to SDS-PAGE or
two-dimensional gel electrophoresis and western blotting. The immunoblots were developed
separately with the antibodies described above against eIF4G, eIF4E and 4E-BP2 and quanti-
fied as described below.

4E-BP2 immunoprecipitation
PMS samples (300 μg) of each experimental condition were incubated with 2 μg of rabbit poly-
clonal anti-4E-BP2 antibody (Sigma) overnight and then further incubated with Protein
G-Agarose 4 (ABT) for 1 h at 4°C on rotating shaker. Immunoprecipitated proteins were then
washed 3 times in lysis buffer and subsequently subjected to SDS-PAGE or two-dimensional
gel electrophoresis and western blotting.

Western blot analysis
Samples of PMS (35 μg), m7GTP-Sepharose or 4E-BP2 immunoprecipitates of each different
experimental condition were analyzed by SDS-PAGE (7.5% acrylamide for eIF4G and eIF4E
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and 15% acrylamide for 4E-BP2; 3% cross-linking) (GE Healthcare) or two-dimensional gel
electrophoresis (see below) and transferred onto PVDF membranes (GE Healthcare). The
membranes were incubated for 1 h at room temperature or overnight at 4°C with the antibody
against the specific protein to be detected, washed, then incubated for 1 h with peroxidase-con-
jugated anti-mouse,-rabbit (both from GE Healthcare) or-goat (Santa Cruz Biotechnology)
IgG, and developed with ECL reagent (GE Healthcare). For phospho-protein detection, the
blots were probed with the phospho-specific antibody, stripped, and reprobed with the corre-
sponding anti-total protein antibody. Phospho-4E-BP2 and 4E-BP2 were also analyzed in twin
separate experiments to avoid the potential cross-reaction between the different rabbit poly-
clonal antibodies. The western blots were quantified using ImageQuant TL software (GE
Healthcare). Internal standards (tubulin) were included to normalize the different immuno-
blots. Data of the phospho-forms or phospho-proteins were expressed in arbitrary units with
respect to the levels of total protein (ratios). Protein markers (range: 12–225 kDa) (GE Health-
care) were used to calculate the apparent molecular weight (MW).

Two-dimensional gel electrophoresis (2-DGE)
Samples of PMS (75 μg) or m7GTP-Sepharose of each experimental condition were added to
8.5 M urea/5% β-mercaptoethanol (Bio-Rad) and loaded into horizontal IEF slab gels as the
first dimension. IEF was performed with immobilized pH 3‒10 nonlinear gradient (3% v/v
Bio-Lyte 4/6, 2% v/v Bio-Lyte 3/10) (Bio-Rad) strips (10 cm) in a flatbed Multiphor II Electro-
phoresis System (GE Healthcare), according to the manufacturer’s instructions. The first di-
mension was combined with standard vertical slab SDS-PAGE as the second dimension (12%
acrylamide; 2.6% cross-linking) (GE Healthcare) performed in 1.0 mm thick gels with the IEF
strip used as stacking gel, as described previously [12, 17, 18]; and then proteins identified by
western blot. Protein markers (see above) and pI standards (range: 3–10) (GE Healthcare) were
used to calculate the apparent MW and pI of identified proteins.

In other experiments, immunoprecipitated samples were labeled on their lysine residues
with Cy3 and Cy5 minimal dyes (GE Healthcare). Pairs of experimental and control samples
were mixed and analyzed by 2-DGE as described above. The fluorescent gels were scanned
using a Typhoon 9200 imager (GE Healthcare).

Statistical analysis
The different animals from each experimental condition were independently analyzed in dupli-
cate and their averaged values were used for statistical analysis. Data were represented in arbi-
trary units and expressed as mean ± SEM of the 4–8 different animals. Statistical analysis was
performed either using ANOVA following Dunnett’s post-test, when was significant, or by Stu-
dent’s t test to compare the data respect to the SHC or SHC3d control groups. Comparisons be-
tween the cerebral cortex and hippocampal CA1 regions were performed using Newman-Keuls
post-test after ANOVA, when was significant, or by paired t test. Statistical significance was set
at p< 0.05 using Prism statistical software (GraphPad Software).

Results

IR stress induces phosphorylation of 4E-BP2 at Thr37/Thr46 sites
We investigated the physiological regulation of 4E-BP2 by phosphorylation, using control, is-
chemic and IR stress conditions in brain tissue. In rat brain samples, we resolved 4E-BP2 by
SDS-PAGE and western blotting as two bands, which were named as a and b forms in order of
decreasing electrophoretic mobility (Fig. 1A). The quantification data showed a proportion of
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Fig 1. Identification of 4E-BP2 forms and their phosphorylation status in ischemia and IR stress. (A)
Samples of the cerebral cortex, C, or hippocampal CA1 region, CA1, from control (SHC and SHC3d) and
ischemic animals, without (I15) or with reperfusion (R30 and R3d), were subjected to western blotting with
anti-4E-BP2 (4E-BP2), anti-phospho-4E-BP2 Thr37/Thr46 (p-Thr37/46) and anti-phospho-rpS6 Ser235/236 (p-
rpS6) antibodies. Arrows show the a and b forms of 4E-BP2 and phospho-rpS6. Figures show representative
results. The right numbers represent the apparent MW in kDa from protein markers. (B) Levels of the a and b
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3:2 for the a and b forms of 4E-BP2, respectively (Fig. 1B). Ischemia (I15) and the subsequent
reperfusion of 30 min or 3 days (R30 and R3d, respectively; also termed as short- and long-
term reperfusion, respectively) did not induce any significant effect on the levels of 4E-BP2
forms and there were no changes between the cerebral cortex and hippocampal CA1 region
(Fig. 1A, 4E-BP2; Fig. 1B). The 4E-BP2 phosphorylation state was investigated using a specific
antibody for phospho-Thr37/phospho-Thr46 of 4E-BP1 that specifically recognizes these sites
in 4E-BP2 [19]. The Thr46 region of 4E-BP2 is completely conserved to that of 4E-BP1, and the
region around Thr37 between 4E-BP1 and 4E-BP2, although are not completely conserved,
show a high sequence similarity (see S4 Fig.). Detection of phospho-Thr37/Thr46 in 4E-BP2 in
western blot analysis was absent in the presence of phospho-Thr37/Thr46 blocking peptide
(S1A Fig.). Fortunately, phospho-4E-BP1 and -4E-BP2 could be distinguished by their different
electrophoretic mobility under the electrophoresis conditions used in this work (S1B Fig.).
Phosphorylation at Thr37/Thr46 was detected in the a form of 4E-BP2 and residually in the b
form (Fig. 1A, p-Thr37/46). I15 induced significant dephosphorylation at Thr37/Thr46, while
R30 induced significant phosphorylation at Thr37/Thr46, predominantly in the a form, when
compared with the control (Fig. 1A, p-Thr37/46; Fig. 1C). This phosphorylation did not induce
any change in their electrophoretic mobility or in the levels of the a and b forms. R3d did not
have any significant effect on 4E-BP2 phosphorylation with respect to the control and no sig-
nificant changes were seen between the cerebral cortex and CA1 region, although the CA1 re-
gion showed higher 4E-BP2 phosphorylation at the analyzed sites under different experimental
conditions (Fig. 1A, p-Thr37/46; Fig. 1C).

We studied the phosphorylation induced by the PI3K-Akt-mTOR signaling pathway on the
ribosomal protein S6 (rpS6), a downstream target sensitive to mTOR activity [19]. The phosphor-
ylation of rpS6 at Ser235/236 was significantly induced upon reperfusion in R30 (Fig. 1A, p-rpS6;
see also S2 Fig.); whereas rpS6 phosphorylation decreased with long-term reperfusion (R3d)
without significant changes between the cerebral cortex and CA1 (Fig. 1A, p-rpS6; S2 Fig.).

4E-BP2 analysis by 2-DGE
To characterize further the physiological 4E-BP2 (phospho)forms induced by ischemia and
upon reperfusion, we analyzed 4E-BP2 by two-dimensional gel electrophoresis and western
blotting. The study was performed in cortical samples as no significant differences were found
between the cerebral cortex and the CA1 region (see above). In the first dimension, pH 3–10
strips with a nonlinear gradient were used which improved the resolution in the pH 5–6.5 re-
gion that corresponded to the theoretical pI range of 4E-BP2. Four different spots were de-
tected in all samples: a most basic spot (pI = 6.4), a’, that corresponded to the a form of
4E-BP2; and three spots, b’, b” and b”’ (pI = 6.05, 5.55 and 5.2) that corresponded to the b form
(Fig. 2A). The pI of the spot a’ was close to the theoretical pI (6.5) of 4E-BP2 (computed in
http://www.bioinformatics.org/sms2/). R30 induced two additional spots detected in the a
form, a” and a”’ (pI = 5.67 and 5.15), and one additional spot between b” and b”’, b”” (pI = 5.3)
(Fig. 2A, R30). No differences were found in the identified spots in the I15, R3d and control

forms of 4E-BP2 under ischemia and IR. Data are the quantification of the a and b forms (upper and lower bar
graphs, respectively) with respect to total 4E-BP2 levels (ratios) and represented in arbitrary units; error bars
indicate SEM. p> 0.05, compared with the SHC and SHC3d controls. (C) Quantification of the 4E-BP2
phosphorylation at Thr37/Thr46 residues induced by ischemia and reperfusion stress. Data are the
quantification of the a and b phospho-forms (upper and lower bar graphs, respectively) detected with anti-
phospho-4E-BP2 antibody with respect to total 4E-BP2 levels (ratios) and represented in arbitrary units; error
bars indicate SEM. *p< 0.05; **p< 0.01, compared with the controls. All data were from four to six different
animals and run in duplicate, and analyzed by ANOVA and ad hoc post-test, unless otherwise stated.

doi:10.1371/journal.pone.0121958.g001
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groups (Fig. 2A). Phosphorylation at the Thr37/Thr46 sites was only detected in R30, mainly in
the a”’ spot, although there was also a reaction in both the a” and b”” spots, but not in the a’, b’,
b” and b”’ spots (Fig. 2B). These results showed that the a form corresponded to one basic a’

Fig 2. Analysis of 4E-BP2 by two-dimensional gel electrophoresis and changes induced by ischemia
and IR stress. (A) Samples of cerebral cortex from control (SHC and SHC3d) and ischemic animals, without
(I15) or with reperfusion (R30 and R3d), were subjected to two-dimensional gel electrophoresis (2-DGE) and
western blotting with an anti-4E-BP2 antibody. The antibody-reactive spots were a’, a”, a”’, b’, b”, b”’ and b””.
Figures show representative results from six different animals. (B) Identification of the phosphorylation sites
for 4E-BP2 spots. R30 sample as in A was subjected to 2-DGE and western blotting for phospho-specific
antibodies against 4E-BP2 Thr37/Thr46 (p-Thr37/46). The figure shows a representative result from three
different animals. Arrows indicate the relative position of the a and b forms of 4E-BP2 in the molecular weight
(MW) axis. MW is indicated in kDa.

doi:10.1371/journal.pone.0121958.g002
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spot dephosphorylated at Thr37/Thr46, and two more acidic spots, a” and a”’ with phospho-
Thr37/Thr46 detected in the R30 group. The b form included three spots, b’, b” and b”’ that
were dephosphorylated at Thr37/Thr46, and a residual b”” spot with a phosphorylation at
Thr37/Thr46 detected in the R30 group (Figs. 1A and 2). Specific monoclonal anti-phospho-
4E-BP1 (Ser65 174A9) and rabbit polyclonal anti-phospho-4E-BP1 (Thr70) antibodies (Cell
Signaling) were probed and no signal was detected on 4E-BP2 (M.I. Ayuso and A. Alcazar, un-
published observations).

Association of 4E-BP2 to eIF4E
The eIF4E is identified by its ability to bind to the 5'-cap structure and was consequently isolat-
ed by affinity chromatography in m7GTP-Sepharose, a cap-containing matrix [15]. Using this
approach, we studied the 4E-BP2 bound to eIF4E, and the binding of eIF4G to eIF4E (eIF4F
complex formation). Our results showed that both 4E-BP2 a and b were bound to eIF4E
(Fig. 3A, 4E-BP2). R30 induced a significant decrease in 4E-BP2 bound to eIF4E when com-
pared with controls, and accordingly, induced a significant increase in the binding of eIF4G to
eIF4E (Fig. 3B). 4E-BP2 phosphorylation at Thr37/Thr46 was detected in the 4E-BP2 bound to
eIF4E in R30 (Fig. 3A, p-Thr37/46). The analysis by 2-DGE of 4E-BP2 bound to eIF4E in R30
detected the a’, a” and all b spots, but not the a”’ spot (Fig. 4, R30). Note that the not detected
a”’ spot corresponded to the most phosphorylated 4E-BP2 form in R30 (Fig. 2B), a condition
where 4E-BP2 phosphorylation had been induced (Fig. 1). The phosphorylation at Thr37/Thr46

in the a” and b”” spots was assessed with anti-phospho-Thr37/Thr46 antibody (not shown).
Therefore, in R30, the binding of 4E-BP2 to eIF4E decreased in parallel with the phosphoryla-
tion of 4E-BP2, although a fraction of the phosphorylated 4E-BP2 was found bound to eIF4E.

Phosphorylation-independent dissociation of 4E-BP2 from eIF4E
In addition to R30, long-term reperfusion (R3d) induced a significant decrease in the binding
of 4E-BP2 to eIF4E in the cerebral cortex compared with SHC3d control (Fig. 3). Decrease that
was very significant in comparison with the binding in the CA1 region and accompanied by an
increase in eIF4G bound to eIF4E in the cerebral cortex compared with the control or CA1
(Fig. 3). This result was confirmed in 4E-BP2 immunoprecipitates, wherein R3d showed a sig-
nificant decrease in the eIF4E associated to 4E-BP2 in the cerebral cortex compared with
SHC3d control or CA1 (Fig. 5A). However, no changes were found in 4E-BP2 phosphorylation
(Figs. 1 and 3A, p-Thr37/46). To study if other possible 4E-BP2 forms may modulate the bind-
ing to eIF4E in R3d, we analyzed by 2-DGE the 4E-BP2 bound to eIF4E in m7GTP-Sepharose.
The results showed that identical a’, b’, b” and b”’ forms of 4E-BP2 were bound to eIF4E in the
SHC3d control or R3d in both cerebral cortex and CA1 region, with no differences between
them (Fig. 4). These results were confirmed analyzing the immunoprecipitated 4E-BP2 by
2-DGE (Fig. 5B). 4E-BP2 immunoprecipitates were labelled with Cy-dyes, resolved in 2-DGE,
and 4E-BP2 identified and visualized with a confocal fluorescence imager (Fig. 5B). All these
experiments detected identical a’, b’, b” and b”’ forms of 4E-BP2 in the cerebral cortex in R3d
and SHC3d control without differences between them; forms that corresponded to unpho-
sphorylated 4E-BP2 (Fig. 2) and able to bind to eIF4E (Fig. 4). In summary, upon long-term re-
perfusion, there was a decrease in the binding of 4E-BP2 to eIF4E in the cerebral cortex, effects
that occurred without changes in 4E-BP2 phosphorylation.

To highlight the specific changes in 4E-BP2/eIF4E association dependent and independent
of 4E-BP2 phosphorylation demonstrated here, we accomplished the Fig. 6. The figure shows
4E-BP2 immunoprecipitates from R30 and R3d with similar decreased levels of the associated
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eIF4E with respect to control. However, 4E-BP2 was phosphorylated at Thr37/Thr46 in R30,
and not in R3d (Fig. 6).

Discussion
In order to know the regulation of 4E-BP2 in the brain, we report a physiological study of
4E-BP2 analyzing the levels and phosphorylation status in control conditions and a stress-in-
duced translational repression condition, IR stress. Two 4E-BP2 forms were resolved in rat

Fig 3. 4E-BP2 and eIF4G association with eIF4E. (A) Samples as in Fig. 1A, were bound to
m7GTP-Sepharose and analyzed by western blotting with anti-eIF4E (eIF4E), anti-4E-BP2 (4E-BP2), anti-
phospho-4E-BP2 Thr37/Thr46 (p-Thr37/46) and anti-eIF4G (eIF4G) antibodies. Arrows show the relative
position of eIF4E, the a and b forms of 4E-BP2, and eIF4G. The right numbers represent the apparent MW in
kDa from protein markers. (B) Quantification of 4E-BP2 and eIF4G bound to eIF4E induced by ischemia and
IR stress. No significant differences in the eIF4E levels were found (p� 0.360). Data are the quantification of
bound 4E-BP2 (a + b forms; upper bar graph), or bound eIF4G (lower bar graph), with respect to eIF4E levels
(ratios) detected with the corresponding antibody and represented in arbitrary units. Error bars indicate SEM.
*p< 0.05, compared with the controls; + p< 0.05, +++p< 0.001, cerebral cortex, C, compared with the
hippocampal CA1 region, CA1. Differences in eIF4G between R3d and SHC3d groups were done by two-
tailed t test of data from six to eight different animals run in duplicate.

doi:10.1371/journal.pone.0121958.g003
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brain under SDS-PAGE and named a and b in order of decreasing electrophoretic mobility.
Other authors have described three forms of 4E-BP2 by SDS-PAGE in the mouse brain, identi-
fying the two forms with slower mobility—a double band—as deamidated forms of 4E-BP2 at
Asn99/Asn102 that were resolved in three spots by 2-DGE [19]. These spots correspond with
the b’, b” and b”’ spots described here, and therefore, we concluded that the b form corresponds
with the deamidated forms of 4E-BP2 and that they can be resolved by SDS-PAGE into single
or double bands, depending of electrophoretic conditions.

Because 4E-BP1 in brain is resolved in three bands with decreasing electrophoretic mobility
that correspond with increasing phosphorylation status [8, 16], the first hypothesis was that
the b form would be (hyper)phosphorylated 4E-BP2 and the a form would be un- or hypo-
phosphorylated 4E-BP2. To confirm this, we studied the phosphorylation at Thr37/Thr46 sites.

Fig 4. Analysis of 4E-BP2 associated to eIF4E by (2-DGE). Samples fromm7GTP-Sepharose as in Fig. 3
were subjected to 2-DGE and western blotting and 4E-BP2 spots bound to eIF4E detected with an anti-
4E-BP2 antibody (4E-BP2). Figures show the representative results from three different animals. Spots
detected in whole samples (Fig. 2A) are shown as control (4E-BP2 control). MW is indicated in kDa.

doi:10.1371/journal.pone.0121958.g004
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Unlike 4E-BP1, 4E-BP2 phosphorylation on Thr37/Thr46 was poorly detected in the b form,
and was mainly detected at the higher mobility form in two spots, a” and a”’, without changes
in the apparent molecular weight of 4E-BP2. So far, the results showed two forms of 4E-BP2,
one with a lower electrophoretic mobility and another with higher electrophoretic mobility
that was susceptible to phosphorylation at Thr37/Thr46 sites. Phosphorylation that was resolved
into more acidic spots by 2-DGE. Ischemia and subsequent reperfusion induced dephosphory-
lation and phosphorylation of 4E-BP2, respectively. This phosphorylation was restored to con-
trol levels upon long-term reperfusion.

IR stress during short-term reperfusion (R30) induced phosphorylation of 4E-BP2 at Thr37/
Thr46, in parallel with a decrease in the 4E-BP2 bound to eIF4E and a significant increase in
the binding of eIF4G to eIF4E. Further, the more acidic form of phosphorylated 4E-BP2 did
not bind to eIF4E. The induced 4E-BP2 phosphorylation was correlated with the increased
phosphorylation of rpS6 at Ser235/236, a sign of mTORC1 activity. These results agree with the
mTORC1-dependent 4E-BP1 phosphorylation at Thr37/Thr46 [6], with the previously de-
scribed restoration of mTOR activity and phosphorylation of 4E-BP1 in brain upon ischemic
reperfusion [8], and with the established mechanism to 4E-BPs, where the phosphorylation of
4E-BPs reduces their affinity for eIF4E and allows eIF4E to bind eIF4G [5–8].

In summary, the experiments demonstrated that: (i) 4E-BP2 was resolved in SDS-PAGE into
forms that are apparently independent of phosphorylation; (ii) the highest migrating form was
the principal 4E-BP2 form susceptible to phosphorylation at Thr37/Thr46 sites; (iii) this phosphor-
ylation did not induce any shifts in their apparent molecular weight; (iv) all detected unpho-
sphorylated forms of 4E-BP2 bound to eIF4E; and (v) 4E-BP2 phosphorylation at Thr37/Thr46

allowed the binding to eIF4E. The last result was confirmed in primary neuronal cultures sub-
jected to ischemia in vitro, where phosphorylation at Thr37/Thr46 was detected in the 4E-BP2

Fig 5. Analysis of 4E-BP2 immunoprecipitates. (A) Samples of cerebral cortex, C, or CA1 from control
(SHC3d) and ischemic animals with long-term reperfusion (R3d), were immunoprecipitated with anti-4E-BP2
antibody and analyzed by western blotting with: anti-eIF4E antibody and anti-mouse IRDye 680LT-
conjugated as secondary antibody (in red); and anti-4E-BP2 antibody and anti-rabbit IRDye 800CW-
conjugated (in green). Bar graph shows the quantification of eIF4E in the immunoprecipitates; no significant
differences in the 4E-BP2 levels were found (p� 0.520). (B) 4E-BP2 immunoprecipitates of cerebral cortex
from R3d and SHC3d control, were subjected to 2-DGE and western blotting (wb) with anti-4E-BP2 antibody
(in grey); or were labeled with Cy3- and Cy5-dye, subjected to 2-DGE and after analyzed with an
fluorescence imager (Cy images) and by western blotting with anti-4E-BP2 antibody as in (A) (wb, in green).
The right numbers represent the apparent MW in kDa from protein markers.

doi:10.1371/journal.pone.0121958.g005
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bound to eIF4E (S3 Fig.). However, (hyper)phosphorylated 4E-BP2—the a”’ form—detected in
R30 does not bind to eIF4E, suggesting that phosphorylation of 4E-BP2 would be sequential for
prevention the binding to eIF4E. As similarly described for 4E-BP1 [6], including brain tissue [8].

Interestingly, long-term reperfusion (R3d) induced a decrease in the 4E-BP2 bound to
eIF4E in the cerebral cortex without increase in their phosphorylation levels or changes in the
4E-BP2 forms, as demonstrated the 2-DGE experiments. The dissociation of 4E-BP2 and
eIF4E during long-term reperfusion was also demonstrated by affinity to the cap-containing
matrix (this paper), in 4E-BP2 immunoprecipitates (this paper), and was in agreement with
immunohistochemical studies in brain sections and in parallel to the increase of translational
rates [13]. Besides, ischemia (I15) induced 4E-BP2 dephosphorylation and no changes were

Fig 6. Changes in 4E-BP2/eIF4E association dependent or independent of 4E-BP2 phosphorylation.
Samples of cerebral cortex from control (SHC3d) and ischemic animals with short- and long-term reperfusion
(R30 and R3d, respectively), were immunoprecipitated with anti-4E-BP2 antibody and analyzed by western
blotting with anti-eIF4E (eIF4E), anti-4E-BP2 (4E-BP2), and anti-phospho-4E-BP1/2 Thr37/Thr46 (p-Thr37/46)
antibodies. The right numbers represent the apparent MW in kDa from protein markers. The figure shows
similar decreased levels of associated eIF4E compared with the control (upper arrows). However, 4E-BP2
was phosphorylated at Thr37/Thr46 in R30, and not in R3d (lower arrows).

doi:10.1371/journal.pone.0121958.g006
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induced in the binding of 4E-BP2 to eIF4E with respect to the controls, nor in the binding be-
tween eIF4G and eIF4E. The absence of changes in 4E-BP2 phosphorylation in R3d was coinci-
dent with the observed in rpS6 phosphorylation, and in agreement with the previously
described control values of both mTOR activity and 4E-BP1 phosphorylation in brain at long-
term reperfusion [8]. All these results suggest that there is another mechanism distinct from
4E-BP2 phosphorylation that interferes with the binding of 4E-BP2 to eIF4E under long-term
ischemic reperfusion stress in brain. This hypothesis is also supported by Cy-labeled 2-DGE
experiments, where other potential post-translational modifications—e.g., 4E-BP2-phosphory-
lation at Ser65 and Thr70—were not detected on 4E-BP2 (MIA and AA, unpublished observa-
tions) during long-term reperfusion in the cerebral cortex compared with the control
condition or CA1.

We study if eIF4E –the other partner in 4E-BP2/eIF4E association—was implicated in ische-
mia and IR stress, or correlated with 4E-BP2/eIF4E association. We analyzed the phosphoryla-
tion levels at the regulated Ser209 site [7] with a rabbit polyclonal anti-phospho-eIF4E (Ser209)
antibody (Cell Signaling #9741). No significant changes in eIF4E phosphorylation were found
in R3d between the cerebral cortex and CA1 at R3d or when compared with the control (not
shown). We also consider eIF4GI and II as potential interaction factors. We studied eIF4GI
and II levels, and we did not find differences between the cerebral cortex and CA1 or controls
(not shown). In addition, we studied the phosphorylation of eIF4G, but only anti-phospho-
Ser1108, anti-phospho-Ser1186, and anti-phospho-Ser1232 antibodies are available against rat,
whereas several and multiple phosphorylation sites are described in human eIF4GI and II [20,
21]. To date, our results are inconclusive.

The results present here show the (hyper)phosphorylation of 4E-BP2 and the inhibition of
the binding to eIF4E upon reoxygenation after ischemia (R30), when mTOR signaling is acti-
vated [7]. Interestingly, at long-term reperfusion there is a release of 4E-BP2 from eIF4E inde-
pendent of 4E-BP2 phosphorylation in the cerebral cortex. Result that was in parallel with an
increase in the binding of eIF4G to eIF4E. However, the eIF4G bound to eIF4E was lower than
in R30. We hypothesize that a potential modulator could compete with 4E-BP2 and release
eIF4E, modulator that could also interfere in the binding of eIF4G to eIF4E (e.g., through an
eIF4E-analogue binding domain). These findings of changes in 4E-BP2/eIF4E association de-
pendent and independent of 4E-BP2 phosphorylation were illustrated in the Fig. 6. Therefore,
a phosphorylation-dependent and-independent regulation of 4E-BP2 can be feasible. The reox-
ygenation after ischemia and the long-term reperfusion are conditions not comparable. The re-
oxygenation is a stressed condition where the cells needs trigger mechanism to cell survival
such as protein synthesis induction, and mTOR activity restoration would play the critical sig-
naling to cell recovery. In the long-term reperfusion, when the delayed neuronal death occurs
in the selectively vulnerable neurons (e.g., the hippocampal CA1 neurons), there is a persistent
protein synthesis inhibition in these neurons [10, 11, 22], situation that does not occur in viable
neurons by an unknown translational control. Thus, neuronal cells from cerebral cortex re-
sponse to IR stress with the dissociation of 4E-BP2 and eIF4E, and they are resistant to ische-
mic reperfusion. Finally, these results demonstrate compelling evidence that the paradigm of
4E-BPs regulation by phosphorylation may not be the unique for 4E-BP2, and we propose that
other potential modulators might regulate the binding of 4E-BP2 to eIF4E. Further studies are
necessary to elucidate a regulation of 4E-BP2 independent of phosphorylation.

Supporting Information
S1 Fig. Phospho-4E-BP1 and -4E-BP2 are detected by anti-phospho-Thr37/46 antibodies
in rat brain with different electrophoretic mobility. Control and ischemic-reperfusion brain
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samples were subjected to SDS-PAGE and western blot. (A) The membrane was probed with
anti-phospho-4E-BP1/2 Thr37 and/or Thr46 antibody (p-Thr37/46; upper panel) in the absence
(left panel) or presence (right panel) of phospho-4E-BP1 (Thr37/Thr46) blocking peptide
(#1052 from Cell Signaling), and re-probed with anti-4E-BP2 (lower panel) antibody. (B) The
membrane was probed with anti-phospho-4E-BP1/2 Thr37 and/or Thr46 (p-Thr37/46; upper
panel), and re-probed with anti-4E-BP1 (middle panel) and anti-4E-BP2 (lower panel) anti-
bodies to exact identification. The results show that β and γ forms of 4E-BP1 and “a” and “b”
forms of 4E-BP2 are susceptible to detection by the anti-phospho-Thr37/Thr46 antibody in rat
brain. Under the electrophoretic conditions of this work (see Experimental section), “beta” and
“gamma” forms of 4E-BP1 are resolved at 20 and 21 kDa, respectively, whereas “a” and “b”
forms of 4E-BP2 are resolved at 17 and 18.5 kDa, respectively. These differences are sufficient
to distinguish one from another. The right numbers indicate the apparent molecular weight
(MW) in kDa from protein markers.
(TIF)

S2 Fig. Quantification of ribosomal protein S6 (rpS6) phosphorylation at Ser235/236 in-
duced by ischemia and reperfusion stress. Samples of the cerebral cortex, C, or hippocampal
CA1 region, CA1, from control (SHC and SHC3d) and ischemic animals, without (I15) or with
reperfusion (R30 and R3d), were subjected to western blotting with anti-phospho-rpS6 Ser235/
236 (p-rpS6) and anti-rpS6 (rpS6) antibodies. Arrows indicate the detected phospho-rpS6 and
rpS6. The right numbers indicate the apparent MW in kDa from protein markers. No signifi-
cant differences in the rpS6 levels were found (p� 0.234, by ANOVA test for all comparisons
between experimental groups). Data (bar graph) are the quantification of phospho-rpS6 with
respect to total rpS6 levels (ratios) from four to six different animals run in duplicate and repre-
sented in arbitrary units; error bars indicate SEM. �p< 0.05, compared with the controls.
(TIF)

S3 Fig. Identification of the 4E-BP1/2 phosphorylation sites in neuronal cells. Primary neu-
ronal cells in culture (control) [23] were subjected to oxygen‒glucose deprivation for 4 h to in-
duce ischemia (I4h) and then maintained in control culture condition for 24 h to recovery
(R24h). The cells were then lysed as described in the cited reference. (A) Cell lysates were sub-
jected to western blotting for anti-eIF4E (eIF4E), anti-4E-BP2 (4E-BP2), and anti-phospho-
4E-BP1/2 Thr37/Thr46 (p-Thr37/46) antibodies. (B) Alternatively, cell lysates were bound to
m7GTP-Sepharose and analyzed by western blotting as above described. Arrows show the β
and γ positions for 4E-BP1, and the a and b forms of 4E-BP2. Note that phosphorylation at
Thr37/Thr46 was detected in the 4E-BP2 bound to eIF4E in the cap-containing matrix
(m7GTP-Sepharose), but this phosphorylation was not present for 4E-BP1, as it was described
previously [8]. The right numbers indicate the apparent MW in kDa from protein markers.
(TIF)

S4 Fig. Alignment of the sequences of 4E-BP1 and 4E-BP2 in human and rat. Identical
amino acids between 4E-BP1 and 4E-BP2 are marked in blue and yellow in the human and rat
sequence, respectively. Homology between human and rat is marked in bold type. The phos-
phorylation regulation sites are marked in red; the amino acids susceptible to deamidation in
green. The eIF4E binding site [24] is boxed in black; the TOS motif [25] in blue; and the RAIP
sequence [26] in red. Sequences were obtained from UniProtKB database (http://www.uniprot.
org/).
(TIF)
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