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Abstract

:

Transient cerebral ischemia induces neuronal degeneration, followed in time by secondary delayed neuronal death that is strongly correlated with a permanent inhibition of protein synthesis in vulnerable brain regions, while protein translational rates are recovered in resistant areas. In the translation-regulation initiation step, the eukaryotic initiation factor (eIF) 4E is a key player regulated by its association with eIF4E-binding proteins (4E-BPs), mostly 4E-BP2 in brain tissue. In a previous work, we identified dihydropyrimidinase-related protein 2 (DRP2) as a 4E-BP2-interacting protein. Here, using a proteomic approach in a model of transient cerebral ischemia, a detailed study of DRP2 was performed in order to address the challenge of translation restoration in vulnerable regions. In this report, several DRP2 isoforms that have a specific interaction with both 4E-BP2 and eIF4E were identified, showing significant and opposite differences in this association, and being differentially detected in resistant and vulnerable regions in response to ischemia reperfusion. Our results provide the first evidence of DRP2 isoforms as potential regulators of the 4E-BP2–eIF4E association that would have consequences in the delayed neuronal death under ischemic-reperfusion stress. The new knowledge reported here identifies DRP2 as a new target to promote neuronal survival after cerebral ischemia.
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1. Introduction


Cerebral ischemia is a cerebrovascular disease caused by an impairment of blood flow [1]. Blood hypoperfusion of brain tissue decreases the supply of metabolic substrates and oxygen, leading to the depletion of energy and the release of toxic metabolites [2,3]. These conditions are restored on subsequent blood reperfusion, though further neuronal injury is induced due to the concurrence of reactive oxygen species [4], glutamate excitotoxicity [5], inflammatory response [6], and protein synthesis inhibition [7,8]. This brain-tissue damage is followed in time by secondary cell death in adjacent and connected areas, which is known as delayed neuronal death [9]. Protein synthesis is a highly energy-dependent cellular process and is severely inhibited during ischemia. Upon reperfusion, protein synthesis is restored in the so-called resistant brain regions, such as the cerebral cortex, whereas the translation is not recovered in selective vulnerable brain areas—such as the hippocampus cornu ammonis one (CA1)—, regions where delayed neuronal death is induced [10,11,12]. There is solid evidence that translation inhibition and delayed neuronal death in vulnerable regions to ischemia reperfusion (IR) are closely related [8,11,12,13,14], however, the precise mechanism of this inhibition has not been fully elucidated yet.



In translation regulation, the control of the eukaryotic initiation factor (eIF) 4F complex is a critical point at the initiation step of protein synthesis, at the level of recognition of the 5′ end of mRNA, and its recruitment to the 40S ribosomal subunit. One of the eIF4F complex components, eIF4E, is a key factor in this process, which is, in turn, regulated by eIF4E-binding proteins (4E-BPs) [15,16]. Active (hypo- or dephosphorylated) forms of 4E-BPs (4E-BP1, 4E-BP2, and 4E-BP3) specifically bind to eIF4E, competing with eIF4G factor in their union with eIF4E, preventing eIF4F complex formation and inhibiting cap-dependent translation. Therefore, 4E-BPs are considered translation repressors [17,18]. Although the phosphorylation by the protein kinase mammalian target of rapamycin (mTOR) is a well-known mechanism of regulation of 4E-BP1, which inhibits its binding to eIF4E and activates protein translation [15,16], the regulation of 4E-BP2, the predominant 4E-BP expressed in the brain [19], is not well characterized. In previous studies by our group, we demonstrated that 4E-BP2 phosphorylation—or other post-translational modifications—is not the mechanism that operates on 4E-BP2 regulation under ischemia-reperfusion stress, though it is the changes in the 4E-BP2–eIF4E association that have consequences on protein-synthesis recovery or inhibition in the resistant and vulnerable brain regions, respectively [20,21]. In our goal to determine whether the protein synthesis recovery in resistant areas could be dependent on specific modulators involved in the association/dissociation of 4E-BP2–eIF4E, using a proteomic approach we recently reported new 4E-BP2-interacting proteins, which has been the first described 4E-BP2 interactome in the cerebral cortex to date, and we compared it with that of the vulnerable CA1 region [22]. The study found seven 4E-BP2-interacting proteins with changes in their association between the resistant and vulnerable brain regions after IR (Supplementary Figure S1). Interestingly, among these 4E-BP2-interacting proteins, dihydropyrimidinase-related protein 2 (DRP2) was identified [22]. DRP2, a 64-kDa protein also named collapsin response mediator protein two (CRMP2), is a cytosolic phosphoprotein mostly expressed in the brain, that is mainly involved in axonal-growth development [23]. This protein has been extensively described in experimental models of cerebral ischemia, with changes of expression related to neurodegeneration [24,25,26,27]. Moreover, DRP2 has been detected, with increased or decreased levels, in postmortem brain samples and cerebral microdialysis from stroke patients [28,29].



With this background, we decided to elucidate if DRP2, as a 4E-BP2-interacting protein, could be related to the changes observed in the 4E-BP2–eIF4E association after IR stress. To do so, we studied DRP2 in 4E-BP2 immunoprecipitates by two-dimensional (2D) fluorescence difference in gel electrophoresis (DIGE), confirming the identification of DRP2 isoforms by matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (MS) and Western blotting in the cerebral cortex and hippocampal CA1 region, after transient cerebral ischemia. Our results report different DRP2 isoforms with differential and significant changes in their association to 4E-BP2 and eIF4E between resistant and vulnerable brain regions after IR. In addition to describing DRP2 as a novel eIF4E-interacting protein, all the experimental evidence shown here demonstrates a direct protein interaction between DRP2, 4E-BP2, and eIF4E, with a higher association in the vulnerable region to IR, suggesting DRP2 as a novel modulator of the 4EBP2–eIF4E complex in translation regulation under IR stress.




2. Results


2.1. Changes in the Levels of 4E-BP2-Interacting Protein Dihydropyrimidinase-Related Protein 2 (DRP2) in Resistant and Vulnerable Regions under Ischemia Reperfusion


In our previous study of 4E-BP2-interacting proteins using a proteomic approach with 2D DIGE and MS, we described how DRP2 showed different levels of association with 4E-BP2 when comparing the cerebral cortex and hippocampal CA1 regions, in ischemic and control conditions [22]. To understand and validate these proteomic results, we analyzed DRP2 levels by Western blotting in brain samples and 4E-BP2 immunoprecipitates of cortical and CA1 regions from control (SHC3d) and ischemic animals after three days of reperfusion (R3d) (Figure 1). As a first approach, we used a monoclonal anti-DRP2 antibody (E9), which detected DRP2 in the control and ischemic samples as a single band (band a) in all samples (PMS) from the experimental groups (Figure 1A), though it did not recognize DRP2 in the 4E-BP2 immunoprecipitates from those samples (Figure 1B). On the other hand, a polyclonal anti-DRP2 antibody (C16) identified DRP2 in PMS samples, as well as in 4E-BP2 immunoprecipitates, detecting two bands, b and c, with lesser electrophoretic mobility—i.e., increasing the apparent molecular mass—than band a (Figure 1C,D). Thus, in PMS samples, three bands of DRP2 were detected: band a was only detected by the E9 antibody (Figure 1A); whereas bands b and c were only observed with the C16 antibody (Figure 1C); with no relevant changes in DRP2 levels between any of the experimental groups studied (Figure 1A,C). β-tubulin was used as a protein loading control in PMS and showed similar levels in all conditions (Figure 1E).



When DRP2 detection was performed on 4E-BP2 immunoprecipitates, only bands b and c were detected (Figure 1B,D), and notably, these DRP2 forms showed an increase in DRP2 association with 4E-BP2 in both cortical and CA1 regions in response to IR (Figure 1D; R3dC and R3dCA1 compared with SHC3dC and SHC3dCA1, respectively), being significantly higher in the CA1 region (R3dCA1 compared with R3dC). To assess a similar immunoprecipitation procedure in all samples, 4E-BP2 protein was analyzed as an immunoprecipitation-loading control, with the same 4E-BP2 levels subsequently observed in all the experimental samples (Figure 1F). These findings were in agreement with our results described in the proteomics study [22], that is, increased levels of DRP2 associated with 4E-BP2 in response to IR (Figure S1D; spot 3, left array), being that the association is higher in the vulnerable CA1 region than in the resistant cortical region under IR stress (Figure S1D; spot 3, right array), validating those results.




2.2. Multiple Isoforms of DRP2 Were Identified as 4E-BP2-Interacting Proteins


However, in the validation performed by Western blotting, we could not find any results concerning another 4E-BP2-associated DRP2 form also found in the previous 2D-DIGE experiments, with decreased DRP2 levels in response to IR (Figure S1D; spot 4). Given that DRP2 is a phosphoprotein and that multiple phosphorylated forms of DRP2 have been described [30], it is feasible that the existence of several (phospho) isoforms could explain the different DRP2 responses to IR. Then, we decided to thoroughly analyze DRP2 spots in 4E-BP2 immunoprecipitates by 2D DIGE, within the molecular mass and pI range for DRP2 (Figure 2), and its identification by MS, in order to identify whether other potential DRP2 isoforms were involved in the differential association with 4E-BP2. The identified DRP2 protein spots are shown in Table 1, along with their respective pIs and the apparent molecular mass. Therefore, five DRP2 spots were identified, where spots 3.1 and 4.1 corresponded to previously identified spots 3 and 4 of DRP2 (Figure S1D). In addition, spots labelled as 3.2, 4.2, and 4.3 in these 2D experiments were also identified as DRP2 by MS, confirming the presence of several DRP2 isoforms in the 4E-BP2 immunoprecipitates (Figure 2 and Table 1).




2.3. Different Isoforms of DRP2 Showed Differential Association with 4E-BP2 between Resistant and Vulnerable Brain Regions under Ischemia-Reperfusion Stress


The quantification of 4E-BP2-associated DRP2 protein spots by biological variation analysis (BVA) in the cerebral cortex and CA1 region from control and ischemic animals, showed increased levels of DRP2 associated with 4E-BP2 in both 3.1 and 3.2 spots in IR samples (R3d) compared with the control (Figure 3). Interestingly, in the vulnerable CA1 region, this IR-induced DRP2 modification was even more marked, reaching the highest levels of the acidic isoform spot 3.1 and the lowest levels of the most basic isoform, spot 4.1 (Figure 3). Conversely, DRP2 associated with 4E-BP2 at spots 4.1, 4.2, and 4.3 showed lower levels in R3d than in the control samples, although the cerebral cortex had higher levels (statistically significant for spot 4.1) than the CA1 region (Figure 3). In addition, the increased 4E-BP2-associated DRP2 levels in the R3d ischemic condition—spots 3.1 and 3.2—were proportional to their decreased levels of DRP2 in spots 4.1, 4.2, and 4.3. Thus, the higher increase of DRP2 spot 3.1 in the CA1 region in R3d was proportional to a higher decrease of spot 4.1, in comparison with the cortical region. Remarkably, DRP2 spot 4.1 was the main DRP2 isoform in the cortical region in the control condition.




2.4. Identification of DRP2 Isoforms in Ischemic Samples


To identify the DRP2 isoforms observed in 4E-BP2 immunoprecipitates in the ischemic samples, the DRP2 immunoprecipitates of the cerebral cortex from the control and ischemic R3d samples were analyzed by both Western blotting and 2D SDS-polyacrylamide gel electrophoresis (PAGE), in order to confirm the correspondence between the DRP2 forms recognized by Western blotting (Figure 1) and the DRP2 spots (isoforms) identified by 2D DIGE analysis (Figure 2). First, we immunoprecipitated DRP2 using a C16 antibody and validated the immunoprecipitation by Western blotting with the same antibody. After developing the blot, two bands were detected in the DRP2 immunoprecipitates (Figure 4A), which corresponded to the DRP2 bands b and c detected in the 4E-BP2 immunoprecipitates (Figure 1D); with no presence of band a (Figure 4A). The 2D PAGE analysis and silver staining of immunoprecipitated DRP2 showed a total of eight DRP2 spots, numbered from one to eight, from highest to lowest pI (Figure 4B). Careful comparison of 2D PAGE and Western blot showed that spots 1–5, with a 66-kDa apparent molecular mass, corresponded to band b; and spots 6–8, with a 68-kDa molecular mass, corresponded to the band c (Figure 4). Spots 1, 2, 3, and 5 in 2D PAGE, with pI 6.4, 6.3, 6.2, and 5.8, respectively (Figure 4B), corresponded to spots 4.1, 4.2, 4.3, and 3.1, respectively, identified in 2D DIGE experiments (Figure 2 and Table 1). In addition, spot 7, with pI 5.7 (Figure 4B), corresponded to spot 3.2 in the 2D DIGE (Figure 2 and Table 1). These results have allowed the characterization of DRP2 isoforms with different pI and molecular mass, some of which were detected as associated with 4E-BP2.




2.5. Identification of DRP2 as an eIF4E-Interacting Protein and Its Response to Ischemia Reperfusion (IR)


The protein 4E-BP2, as an eIF4E-binding protein [15,16], forms a complex with eIF4E. Previous results from our laboratory demonstrated an increase in the 4E-BP2–eIF4E association complex in the CA1 region in response to IR [20,21,22]. Based on these findings, and the characterization of DRP2 as a 4E-BP2-associated protein, we decided to examine the potential characterization of DRP2 as an eIF4E-interacting protein. For this purpose, we performed eIF4E immunoprecipitations and a Western blot analysis of DRP2 and eIF4E in samples of the cerebral cortex and CA1 region from control (SHC3d) and ischemic R3d animals. The results identified DRP2 in eIF4E immunoprecipitated samples, showing an interaction between DRP2 and eIF4E, being band b of DRP2 the main one detected by the C16 antibody (Figure 5). Interestingly, higher DRP2 levels were found in the CA1 region in the ischemic condition, having statistically significant differences in their association with eIF4E when compared to the cortical region (Figure 5A). As an immunoprecipitation loading control, the levels of immunoprecipitated eIF4E were quantified, with no differences between the assayed samples (Figure 5B). These results demonstrate a novel interaction between DRP2 and eIF4E, an association induced by IR stress in the vulnerable CA1 region. It can be inferred that the particular eIF4E-associated DRP2 isoform corresponded to spot 3.1 since it was the main DRP2 isoform present in this CA1 region upon IR condition (Figure 3B; R3dCA1) and detected at the band b of DRP2 (Figure 4).



In addition, we performed reciprocal DRP2 immunoprecipitations—with C16 anti-DRP2 antibody—to detect eIF4E and/or 4E-BP2. Interestingly, eIF4E was detected in DRP2 immunoprecipitates though, in seeming contrast to the previous results, with significantly lower levels in the CA1 region compared with the cerebral cortex in R3d ischemic samples (Figure 6A), results that we will discuss below. On the contrary, 4E-BP2 was not detected in these DRP2 immunoprecipitates. As the control of the experiments, the levels of immunoprecipitated DRP2 were quantified, without differences found between the assayed samples (Figure 6B). These results assess the specific association between eIF4E and DRP2 and confirm DRP2 as a novel eIF4E-interacting protein.



Finally, although the result of lower levels of eIF4E in the CA1 region in R3d samples could seem contradictory (Figure 6A), the fact that 4E-BP2 was not detected in DRP2 immunoprecipitates would indicate that the DRP2 associated with 4E-BP2 (and eIF4E) cannot be recognized and immunoprecipitated by the C16 antibody. Since these three proteins are jointly associated (see above results), the fraction of eIF4E associated with DRP2 and 4E-BP2 would not be detected in those DRP2 immunoprecipitates. Conversely, eIF4E associated with DRP2, in the absence of 4E-BP2, would be able to be detected in DRP2 immunoprecipitates and correspond to the results shown in Figure 6A.





3. Discussion


Delayed neuronal death after ischemia-reperfusion injury is strongly correlated to a permanent inhibition of protein synthesis in selectively vulnerable brain regions [8,11,12,13,14]. The contribution of the initiation step on protein translation inhibition after an ischemic episode has been well documented in numerous works reporting the formation of the ternary complex and the eIF4F complex regulation as critical steps in the control of translation inhibition associated with ischemic events [31,32,33]. In this regard, the availability of eIF4E, limited by the binding of 4E-BPs, is a key step in the control of eIF4F complex activity [15,16], though its regulation under ischemia-reperfusion stress is not yet fully known. As we previously reported, 4E-BP2-phosphorylation regulation does not operate in the permanent translation inhibition after ischemia-reperfusion stress in vulnerable brain regions—e.g., the hippocampal CA1 region—with delayed cell death [21], though it seems to be that the differential association between 4E-BP2 and eIF4E is the cause of the different susceptibility found between the vulnerable CA1 region, with increased 4E-BP2–eIF4E association and translation inhibition, in contrast to the resistant cortical region, with the lower association, and therefore higher eIF4E, available for eIF4G binding and protein synthesis recovery [20].



In the present study, we continue the recently reported research work in which we studied 4E-BP2-associated proteins in 4E-BP2 immunoprecipitates [22], in order to identify potential 4E-BP2–eIF4E-interacting proteins that could have consequences on the translation inhibition of ischemia reperfusion. Among the 4E-BP2-interacting proteins identified, DRP2 was of notable interest due to their functions in neuronal development and altered post-translational modifications in neurodegenerative disorders [34,35]. Here, using an animal model of transient cerebral ischemia and a proteomic approach with 2D DIGE combined with MALDI-TOF MS, and protein validation by Western blotting, we demonstrate the specific association of different DRP2 isoforms with 4E-BP2 and eIF4E proteins, with significant differences between resistant and vulnerable brain regions in response to ischemia reperfusion.



Different DRP2 isoforms have been described, finding up to eight DRP2 isoforms with different pI in 2D PAGE, corresponding to different phosphorylation states at multiple sites found within the carboxyl-terminal-specific region of DRP2 in vivo and in vitro [25,30]. The latter study reported the detection of three different DRP2 bands in the Western blot with low, middle, and high molecular mass (62-, 64-, and 66-kDa bands) [30], similar to the results described here, where bands of 64- (low), 66- (middle), and 68-kDa (high molecular mass) were identified and named as DRP2 bands a, b, and c, respectively (Figure 1). Those authors identified the band of lower molecular mass as a nonphosphorylated DRP2 form—corresponding to band a identified here by the E9 antibody (Figure 1A)—while bands with middle and high molecular mass were DRP2 forms with multiple phosphorylations [30]. Accordingly, we can conclude that DRP2 bands b and c detected in immunoprecipitates were phosphorylated DRP2 forms (Figure 1 and Figure 4, Figure 5 and Figure 6). Likewise, DRP2 isoforms identified in spots 4.1, 4.2, 4.3, 3.1, and spot 3.2 (Figure 2 and Figure 3), comparable to DRP2 bands b and c, respectively (Figure 4), would correspond to DRP2 with multiple phosphorylation states, increasing its phosphorylation status according to its more acidic pI.



In this study, we have characterized these DRP2 isoforms in terms of their different association with 4E-BP2 in response to ischemia reperfusion. The results showed different activity for each DRP2 isoform associated with 4E-BP2. First, the most basic isoform of DRP2 identified (spot 4.1) showed the highest association with 4E-BP2 in the cerebral cortex in control conditions, being that the more acidic isoforms are almost undetectable (Figure 3). Following postischemic reperfusion, the more acidic isoforms of DRP2 were induced, being that spot 3.1 significantly increased in parallel to a significant decrease of more basic isoforms (Figure 3), the effect that was more marked in the vulnerable CA1 region. Thus, in ischemia reperfusion, DRP2 isoforms with more acidic pI (spots 3.1 and 3.2), which could correspond to hyperphosphorylated DRP2, showed a higher association with 4E-BP2 (Figure 3) and eIF4E (Figure 5A) in the CA1 region when compared with the cerebral cortex. In contrast, in nonischemic conditions (with normal translational rates), the main DRP2 isoform with the most basic pI, spot 4.1, that could correspond to hypophosphorylated DRP2, showed a higher association with 4E-BP2 (Figure 3B) in the cerebral cortex, in which there is a lesser interaction with eIF4E (Figure 5A). These results reveal changes in the DRP2 association with 4E-BP2 and eIF4E dependent on DRP2 post-translational modifications, likely due to different phosphorylation states.



Although we did not analyze the phosphorylation status of DRP2, the close correlation with the results described by Gu et al. [30], allows us to conclude that hyperphosphorylated DRP2 would be the DRP2 form induced by ischemia reperfusion and upregulated in its association with 4E-BP2–eIF4E in the vulnerable CA1 region; while hypophosphorylated DRP2 would be the DRP2 form that participates in the association with 4E-BP2—with significant lower association with eIF4E (Figure 5)—in the control condition and the resistant cortical region in ischemia reperfusion, both situations with unrepressed protein translation.



The 4E-BP2 was not detected in the DRP2 immunoprecipitates carried out with the C16 antibody. We can assume that the C16 antibody was unable to recognize DRP2 bound to 4E-BP2 due to competition for the same DRP2 domain. It is noteworthy that the C16 antibody is developed against the carboxyl-terminal region of DRP2, the region with in vivo multiple phosphorylation sites [36]. Therefore, we can reasonably speculate that this DRP2 phosphorylation region could be the domain of the interaction with 4E-BP2, although more detailed studies will be required to confirm this hypothesis. For the same reason, eIF4E bound to 4E-BP2 would neither be immunoprecipitated nor be detected in these DRP2 immunoprecipitates, unless it was associated with DRP2 and not to 4E-BP2. Intriguingly, eIF4E was detected in the DRP2 immunoprecipitates with significantly lower levels in the CA1 region in ischemic R3d samples compared with the cerebral cortex (Figure 6A; R3dCA1), consistent with lower levels of eIF4E unbound to 4E-BP2 existing in this vulnerable region [20,21].



Several studies have reported changes in DRP2 phosphorylation related to its activity. DRP2 promotes axonal pathfinding during neural development and is involved in axonal transport and guidance, neuronal migration, and neurotransmitter release [34,35,37]. Physiologically, DRP2 is phosphorylated at Ser522 by cyclin-dependent kinase 5 (CDK5) [38], as a priming event which facilitates subsequent phosphorylation by glycogen synthase kinase 3β (GSK-3β) at Ser518, Thr514, and Thr509 [36,39,40], and by Rho-associated protein kinase (Rho-kinase) at Thr555 [41]. GSK-3β-dependent phosphorylation of DRP2 inhibits its function [36], while dephosphorylation of DRP2 by protein phosphatase 2A (PP2A) enhances axonal growth [42].



Controversial results have been described regarding DRP2 phosphorylation in brain ischemia. Dephosphorylation of DRPs has been reported in hypoxia- and ischemia-induced perinatal brain damage, although DRP2 was identified in different spots with higher phosphorylation in the hippocampus compared with the cerebral cortex [25]. DRP2 was found in human cerebral infarct samples from stroke patients, detecting DRP2 isoforms by 2D DIGE with different pI values and being downregulated or upregulated depending on the DRP2 isoform [28]. Moreover, there are other studies that found an increase in DRP2 after brain ischemia in rats [24,27]. In addition, it has been reported that there is an increase in phosphorylated DRP2 through the Akt–GSK-3β–DRP2 signalling pathway in the focal cerebral ischemia model by middle cerebral-artery occlusion (MCAO) in rats [43]. Recently, it has been reported that Toll-like receptor four (TLR4) promotes the phosphorylation of DRP2 via activation of Rho-kinase two in MCAO rats, suggesting that this mechanism may mediate the pathological outcome of TLR4 in stroke [44].



As was previously mentioned, phosphorylation of DRP2 by GSK-3β impairs its activity, leading to the inhibition of axonal/dendritic growth and neuronal activity, and inducing neuronal injury [35,36,45,46,47]. This DRP2 phosphorylation regulation has been a target for therapeutic intervention, with treatments that regulate the Akt–GSK-3β–DRP2 signalling pathway in cerebral ischemia [43,48,49]. These treatments prevented the decrease of phospho-Akt and phospho-GSK-3β levels induced by ischemia, reducing the ischemia-induced increase of phospho-DRP2 by “active” dephospho-GSK-3β, and improving the integrity and protection of axons/dendrites against ischemic injury. In addition, elevated GSK-3β activity is also associated with Alzheimer’s disease and there is a direct link with hyperphosphorylation of DRP2 at GSK-3β-dependent phosphorylation sites and increased amyloid precursor protein [37,39,45]. However, although hyperphosphorylation of DRP2 by GSK-3β and Rho-kinase proteins are associated with a reduced ability to promote axon elongation and neurite outgrowth [36,39,41], DRP2 phosphorylation by CDK5 at Ser522 seems to be necessary for a proper axonal and dendritic organization [50].



Interestingly, our results showed DRP2 markedly upregulated in reperfusion after cerebral ischemia on DRP2 isoforms with more acidic pI values, indicative of hyperphosphorylation states, reducing the potential neuronal repair in response to ischemic injury. In contrast, DRP2 isoforms with the most basic pI values, indicative of hypophosphorylated DRP2, were detected in nonischemic conditions, and also in the resistant cortical region under ischemia reperfusion, therefore being a phosphorylation status necessary for proper neuronal function.



We previously described an increase of the 4E-BP2–eIF4E complex and a decrease of the eIF4G–eIF4E “active” complex in the CA1 region compared with the cerebral cortex in cerebral ischemia [20,21] as the potential cause of the different susceptibility of these regions against ischemic-reperfusion injury. Here, we described DRP2 as a 4E-BP2-interacting protein that also binds eIF4E in nonischemic and ischemic brain samples. DRP2 hyperphosphorylation was induced by ischemia-reperfusion stress and showed, in parallel, an increased association with 4E-BP2 and eIF4E in the vulnerable CA1 region, whereas the resistant cortical region had both lower levels of this hyperphosphorylated DRP2 form—with increased hypophosphorylated DRP2—and eIF4E association. Furthermore, nonischemic brain samples showed hypophospho-DRP2 as the main form of DRP2 and also less association with eIF4E. Therefore, we can conclude an association between DRP2–4E-BP2–eIF4E in the vulnerable CA1 region after ischemia reperfusion that would reduce the availability of “active” eIF4E (unbound to 4E-BP2), essential to protein synthesis, an association that would be dependent on DRP2 phosphorylation. Thus, we propose a model in which hypophosphorylated DRP2 (the most basic pI isoform) would be bound to 4E-BP2, competing with eIF4E and releasing free “active” eIF4E in the absence of 4E-BP2 phosphorylation, allowing protein synthesis in normal conditions. In ischemia and reperfusion, DRP2 phosphorylation would be induced, yielding hyperphosphorylated DRP2 (more acidic pI isoforms) which, due to a feasible conformational change, would allow 4E-BP2 to bind eIF4E in a complex with DRP2. The latter would result in eIF4E inhibition and an arrest of translational rates in vulnerable regions with delayed neuronal death (Figure 7). However, in the resistant cortical region to ischemia, a lower increase in DRP2 hyperphosphorylation induced by ischemia reperfusion would result in adequate levels of hyperphosphorylated DRP2 associated with 4E-BP2, releasing eIF4E and inducing protein-synthesis recovery and neuronal survival in this resistant region (Figure 7).




4. Materials and Methods


4.1. Materials


Antibodies: rabbit polyclonal anti-4E-BP2 (E6532) and mouse monoclonal anti-β-tubulin (T5201) antibodies were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Rabbit polyclonal anti-4E-BP2 antibody (#2845) was provided by Cell Signalling Technology (Beverly, MA, USA). Goat polyclonal anti-DRP2 (C16, sc-25895) and mouse monoclonal anti-DRP2 (E9, sc-376739) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal anti-eIF4E antibody (G10269) was obtained from BD Transduction Laboratories (BD Biosciences, Erembodegen, Belgium). Antimouse and antirabbit IgG peroxidase conjugated were from Cytiva (formerly GE Healthcare, Barcelona, Spain). Antigoat IgG peroxidase conjugated was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All chemicals used in isoelectric focusing and SDS-PAGE were purchased from Bio-Rad (Madrid, Spain) and Cytiva (Barcelona, Spain). All general chemicals were obtained from Sigma-Aldrich unless indicated otherwise.




4.2. Animal Model of Cerebral Ischemia and Reperfusion


Transient forebrain ischemia was induced in adult male Wistar rats (10–12 weeks of age, Charles River) using the standard four-vessel occlusion model described previously [31,33]. Briefly, on day 1, animals under anaesthesia (0.25 mg/kg atropine, 62.5 mg/kg ketamine, 5 mg/kg diazepam, by intraperitoneal injection) were placed in a stereotaxic frame and both vertebral arteries were permanently occluded by electrocoagulation. The following day, animals were anaesthetized (4% isoflurane sedation for induction and 2–2.5% isoflurane for maintenance in 80% N2/20% O2) during the dissection of the common carotid arteries and then both carotid arteries were occluded with atraumatic vascular clamps to induce cerebral ischemia. A neurological evaluation (corneal and righting reflex, bilateral paw extension) was performed to verify the severity of ischemia. The body temperature of the animals was monitored and maintained at 37 °C during the surgical procedure. After 15 min of arterial occlusion, clamps were removed for blood reperfusion for 3 days (R3d), and then animals were sacrificed. The cerebral cortex and hippocampal cornu ammonis 1 (CA1) region were dissected and immediately frozen at −80 °C. The same surgical procedures were used in sham control (SHC3d) animals except that carotid arteries were not occluded. We performed a power analysis (http://www.biomath.info/power/ttest.htm, accessed on 23 June 2020) to determine the sample size. Significance level and statistical power were set at 0.05 and 0.8 (80%), respectively, which afforded a sample size of <6 subjects per group. Animals, 48 in total, were divided into 24 sham control and 24 ischemic R3d animals.




4.3. Brain-Tissue Samples


The cerebral cortex and hippocampal CA1 region of SHC3d control and R3d ischemic animals were homogenized 1:5 (w/v) in ice-cold buffer A (20 mM Tris-HCl, pH 7.5, 140 mM potassium chloride, 5 mM magnesium acetate, 1 mM dithiothreitol (DTT), 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 and 0.2 mM sodium orthovanadate) as previously described [31,51]. The tissue homogenate from each animal was centrifuged at 12,000× g for 15 min at 4 °C, and the postmitochondrial supernatant (PMS) was collected. All procedures were performed at 4 °C. Protein concentration was determined by Bradford assay (Bio-Rad). PMS samples corresponding to each animal were separately kept at −80 °C until used and thawed only once just before use. The experimental sample groups were: SHC3dC and SHC3dCA1, samples from the 3-day sham-control animals of the cerebral cortex and hippocampal CA1 region, respectively; R3dC and R3dCA1, samples from 3-day reperfusion-ischemic animals of the cerebral cortex and hippocampal CA1 region, respectively.




4.4. Immunoprecipitation


PMS samples (100–1200 µg of protein) from each experimental condition were preclarified, incubating (50–100 µL) with Protein G-Agarose 4 (25 µL; 50% slurry, v/v in buffer A; ABT) for 1 h at 4 °C on a rotary shaker and then centrifuged at 16,000× g for 5 min to remove nonspecifically attached proteins. Supernatants were then incubated with primary anti-eIF4E-BP2 or anti-DRP2 or anti-eIF4E antibody (1–9 µg) overnight at 4 °C and then further incubated with Protein G-Agarose 4 (25 µL; 50% slurry, v/v in buffer A) for 1 h at 4 °C on a rotary shaker. The immunoprecipitates were recovered by centrifugation at 2500× g for 5 min and washed and centrifuged successively three times in buffer A without DTT. Finally, immunoprecipitated proteins were eluted with a loading buffer (60 mM Tris-HCl, pH 6.8; 3% SDS; 2% β-mercaptoethanol; 5% glycerol; 0.0083% bromophenol blue) for one-dimensional SDS-PAGE analysis [21], or with 8.5 M urea for 30 min and centrifugated at 16,000× g for 10 min at room temperature for two-dimensional gel electrophoresis (see below). Control experiments were performed in parallel using samples without antibody incubation.




4.5. Two-Dimensional Fluorescence Difference in Gel Electrophoresis


The 4E-BP2 immunoprecipitates from each different experimental condition (SHC3dC, SHC3dCA1, R3dC, and R3dCA1) were analyzed by two-dimensional (2D) fluorescence difference in gel electrophoresis (DIGE). A balanced mixture of 4E-BP2 immunoprecipitates from all of the sample groups was used as the internal standard for quantitative comparisons [52], as previously described [53]. Samples of 4E-BP2 immunoprecipitates from the control or ischemic groups were labelled with Cy5 or Cy3 dyes and the internal standard mixture was labelled with Cy2 dye, according to standard CyDye DIGE protocols from GE Healthcare, and labelled samples were kept at −80 °C until use. Prior to 2D DIGE, samples were pairwise combined and pooled with the internal standard and added up to 1% β-mercaptoethanol. First-dimensional isoelectric focusing (IEF) was prepared on immobilized strips (pH 3–10) (Bio-Rad) on a flatbed Ettan IPGphor 3 (GE Healthcare). Strips were immersed in a rehydration buffer (8 M urea, 2% CHAPS, 97 mM DeStreak, 0.2% ampholyte pH 3–10, and 0.001% bromophenol blue) for 16 h and labelled mixtures were applied using a loading cup near to the acidic end of the strip. After focusing with an overall voltage of 10 kV, strips were incubated for 15 min in an equilibration buffer (75 mM Tris–HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, and 0.004% bromophenol blue). Then, to conclude the second-dimension process, the focused samples were loaded onto SDS-PAGE minigels (12% acrylamide, 2.6% cross linking) with an IEF strip as a stacking gel [21,53]. The gels were scanned on a Typhoon 9400 (GE Healthcare) fluorescence imager at 500 V and high pixel resolution (25 μm/pixel) in the area of interest. Cy-tagged images were scanned using a 535 nm laser and 650 BP30 emission filter for Cy3 detection, a 633 nm laser, and 680 BP30 emission filter for Cy5, and a 488 nm laser and 570 BP30 emission filter for Cy2. Protein markers (range: 12–225 kDa) and pI standards (range: 3–10) (Cytiva), were used to calculate the apparent molecular mass and pI. Since the protein content in the 4E-BP2 immunoprecipitates was very low, PMS samples from 4 different animals of each experimental condition were pooled in order to obtain enough amount of protein in the 4E-BP2 immunoprecipitates for the 2D DIGE procedure. Thus, four independent 4E-BP2 immunoprecipitates of cortical and CA1 samples from 16 control animals (SHC3dC and SHC3dCA1 samples, respectively), and the other four 4E-BP2 immunoprecipitated samples of these brain regions from 16 ischemic animals (R3dC and R3dCA1 samples, respectively), were labelled with Cy3 or Cy5 dyes and the different experimental groups (n = 4) were combined by pairs in eight computer-assisted combinations to compare all the experimental conditions with each other and resolved by 2D DIGE. DIGE experiments were quantified for biological variation analysis (BVA) between experimental groups (SHC3dC, SHC3dCA1, R3dC, and R3dCA1). For this, scanned DIGE fluorescence images were analyzed for protein abundance variations of DRP2 in 4E-BP2 immunoprecipitates and differentially detected protein spots between experimental groups were quantified using PDQuest 7.4 software (BioRad).




4.6. MALDI-TOF Mass Spectrometry


Two-dimensional DIGE gels were used for protein identification by MALDI-TOF MS. Protein spots (gel pieces) were manually excised from the gels and processed for in-gel digestion, performed as described by Shevchenko et al. with minor modifications [22,54]. Supernatants of digested samples were collected for peptide mass-fingerprinting (PMF) analysis by MALDI-TOF MS (Autoflex III Bruker Daltonics, Bremen, Germany) and protein identification as previously described [22,55]. Additionally, when available and for the confirmation of protein identity, peptide fragmentation was performed by MS in tandem with MALDI LIFT-TOF/TOF [56]. MS data from PMFs and MS/MS data from the LIFT TOF/TOF spectra were searched in the SwissProt database using the Mascot database search algorithm (Matrix Science, London, UK) for protein identification. Only one missed tryptic cleavage was allowed and a mass accuracy of 100 ppm was used for mass searches. MALDI-TOF MS and LIFT TOF/TOF spectra are shown in the Supplementary Materials (Figures S3 and S4).




4.7. Western Blot


PMS samples (20 μg) or immunoprecipitates (100 μg) were analyzed by one-dimensional SDS-PAGE (12% acrylamide, 2.6% cross-linking). Proteins were transferred onto the PVDF membranes (Cytiva) and incubated in blocking agent (2% Prime Blocking, Cytiva) in 0.1 M phosphate-buffered saline (PBS), pH 7.4 and 0.05% Tween, for 1 h at room temperature. The membranes were then incubated with the primary antibody in blocking solution overnight at 4 °C, washed three times in PBS 0.05% Tween (10 min each), and incubated with peroxidase-conjugated antimouse, antirabbit, or antigoat IgG antibody for 1 h at room temperature. Blots were developed with ECL-Prime, ECL-Select (Cytiva), or Clarity ECL reagent (Bio-Rad). To avoid a potential cross reactivity between the mouse monoclonal and goat polyclonal anti-DRP2 antibodies, protein levels obtained for each antibody were analyzed on independent blots. Quantification was carried out by Quantity One 4.6 software (Bio-Rad). Protein markers (range, 12–225 kDa) (GE Healthcare) were used to calculate the apparent molecular mass.




4.8. Statistical Analysis


Data are represented in arbitrary units (A.U.) or relative to reference protein levels (ratios) and expressed as mean ± SE. Statistical significance between experimental groups was determined by a one-way ANOVA test and, when significant, was followed by the Newman–Keuls post-test for multiple group comparisons, or Student’s t test for comparisons between the cerebral cortex and CA1 region. All statistical analyses were performed with Prism 5.0 software (GraphPad Software) and the statistical significance level was set at α = 0.05.





5. Conclusions


Different isoforms of DRP2 emerge as novel modulators of the 4EBP2–eIF4E complex, suggesting a phosphorylation regulation of DRP2 with consequences on translational rates that could infer brain-tissue survival attributes. Our results make us aware that novel protein–protein interactions may be important regulators in cellular processes such as translation regulation. The differential DRP2 isoforms in brain tissue reported here are certainly findings that require further studies in order to confirm the DRP2-phosphorylation-dependent mechanism involved in the regulation of 4E-BP2 and eIF4E in ischemia reperfusion. Advances in the protein interactions of these critical mechanisms will surely provide greater insight into the role of these proteins in brain-tissue survival and may represent a potential therapeutic approach for the treatment of ischemic stroke. This report suggests that DRP2-phosphorylation-dependent protein-interaction changes appear to be pathological events in cerebral ischemia. Inhibiting DRP2 phosphorylation by developing molecules able to manipulate the post-translational modification state of DRP2 would contribute to neuroprotection and neurorepair in patients after acute ischemic stroke. Further analysis and research of DRP2 as a key protein in the neuroprotection mechanism in cerebral ischemia could constitute a possible target for therapeutic action.
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Figure 1. Changes in dihydropyrimidinase-related protein 2 (DRP2) levels associated with 4E-BP2. Samples (PMS) and 4E-BP2 immunoprecipitates (IP4E-BP2) ((A,B), respectively) of cortical (C) and hippocampal CA1 regions from control (SHC3d) and ischemic animals after 3 days of reperfusion (R3d) were analyzed by Western blotting with E9 anti-DRP2 antibody. Western blots, as in (A) and (B), were also analyzed with C16 anti-DRP2 antibody (C,D), anti-β-tubulin (E) or anti-4E-BP2 (F) antibodies, respectively. The images show representative blots, detecting DRP2 forms: a, b, and c (A–D); and 4E-BP2 forms: a and b (F). Numbers on the left of blots indicate the apparent molecular mass in kDa from protein markers. Western blot images are representative results of 4–5 independent experiments from 4–5 animals. Bar graphs under the blot images show the quantification of protein levels in the cerebral cortex and CA1 region from the control (SHC3dC and SHC3dCA1) and ischemic samples (R3dC and R3dCA1). DRP2 quantification data are with respect to 4E-BP2 levels in 4E-BP2 immunoprecipitates (ratios), or with respect to β-tubulin levels in PMS samples (ratios); data for 4E-BP2 and β-tubulin levels are expressed in arbitrary units (A.U.). Bars represent the mean of 4–5 independent experiments from 4–5 animals; error bars indicate SE. Statistical significance was determined by Newman–Keuls post-test (** p < 0.01; *** p < 0.001), after significant ANOVA, compared with their respective control, or between the cerebral cortex and CA1 samples (indicated by lines). 






Figure 1. Changes in dihydropyrimidinase-related protein 2 (DRP2) levels associated with 4E-BP2. Samples (PMS) and 4E-BP2 immunoprecipitates (IP4E-BP2) ((A,B), respectively) of cortical (C) and hippocampal CA1 regions from control (SHC3d) and ischemic animals after 3 days of reperfusion (R3d) were analyzed by Western blotting with E9 anti-DRP2 antibody. Western blots, as in (A) and (B), were also analyzed with C16 anti-DRP2 antibody (C,D), anti-β-tubulin (E) or anti-4E-BP2 (F) antibodies, respectively. The images show representative blots, detecting DRP2 forms: a, b, and c (A–D); and 4E-BP2 forms: a and b (F). Numbers on the left of blots indicate the apparent molecular mass in kDa from protein markers. Western blot images are representative results of 4–5 independent experiments from 4–5 animals. Bar graphs under the blot images show the quantification of protein levels in the cerebral cortex and CA1 region from the control (SHC3dC and SHC3dCA1) and ischemic samples (R3dC and R3dCA1). DRP2 quantification data are with respect to 4E-BP2 levels in 4E-BP2 immunoprecipitates (ratios), or with respect to β-tubulin levels in PMS samples (ratios); data for 4E-BP2 and β-tubulin levels are expressed in arbitrary units (A.U.). Bars represent the mean of 4–5 independent experiments from 4–5 animals; error bars indicate SE. Statistical significance was determined by Newman–Keuls post-test (** p < 0.01; *** p < 0.001), after significant ANOVA, compared with their respective control, or between the cerebral cortex and CA1 samples (indicated by lines).
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Figure 2. Identification of different DRP2 isoforms associated with 4E-BP2 in vivo. Two-dimensional DIGE scanned image overlays of 4E-BP2 immunoprecipitates from: (A), the cerebral cortex (labelled with Cy3, green) and CA1 region (labelled with Cy5, red) from control animals, (SHC3dC–SHC3dCA1 combination); (B), cerebral cortex samples from ischemic R3d animals (labelled with Cy3) combined with their control (labelled with Cy5), (R3dC–SHC3dC combination); and (C), ischemic R3d samples of the cerebral cortex (labelled with Cy3) combined with CA1 region (labelled with Cy5), (R3dC–R3dCA1 combination). The horizontal axis represents pH and the vertical axis denotes molecular mass (MM, in kDa). Images were scanned in the area of interest for DRP2 evaluation and are representative of 8 different experiments performed in paired combinations of four different samples (n = 4) from each of the experimental groups (SHC3dC, SHC3dCA1, R3dC, and R3dCA1), and each one of them from a pool of four independent animals. Full 2D DIGE gels are shown in the Supplementary Materials (Figure S2). DRP2 protein spots, identified by MALDI-TOF/TOF MS, were marked with numbers. 
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Figure 3. Specific induction of DRP2 isoforms interacting with 4E-BP2 in response to ischemia reperfusion. (A) Cropped images of the experiment shown in Figure 2 were used to quantify DRP2 isoforms. (B) DRP2 protein spots 3.1, 3.2, 4.1, 4.2, and 4.3 were quantified by biological variation analysis (BVA). Bar graphs show the 4E-BP2-associated DRP2 levels in control (SHC3d) and ischemic samples (R3d) of the cerebral cortex (SHC3dC and R3dC) and the CA1 region (SHC3dCA1 and R3dCA1). Data are represented as the mean of the n = 4 independent samples from 2D DIGE experiments. Error bars indicate SE. The vertical axis indicates the quantification values of the spot intensity in arbitrary units. Statistical significance was determined by Newman–Keuls post-test (a p < 0.05) compared with spot 3.1, (b p < 0.05) compared with spot 4.1, (* p < 0.05; ** p < 0.01) compared with their respective control sample, or by Student’s t test (# p < 0.05; ### p < 0.001) for comparisons between the cortical and CA1 samples, after significant ANOVA. 
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Figure 4. DRP2 immunoprecipitation and identification of DRP2 isoforms in ischemic samples. (A) Western blot of DRP2 immunoprecipitates (IPDRP2) from the cortical region of control and ischemic R3d samples (SHC3dC and R3dC) using C16 antibody, and developed with the same antibody (pAb), or with E6 antibody (mAb). No signal was detected with the E6 antibody. Numbers on the left indicate the apparent molecular mass in kDa from protein markers. (B) Two-dimensional SDS-polyacrylamide gel electrophoresis (PAGE) analysis and silver staining of immunoprecipitated DRP2. Numbers (1–8) indicate DRP2 spots/isoforms stained with a silver reagent. The horizontal axis represents pH and the vertical axis represents molecular mass (in kDa). 
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Figure 5. Identification of DRP2 as an eIF4E-associated protein and its response to ischemia-reperfusion stress. Samples of the cerebral cortex, C, and hippocampal CA1 region from ischemic R3d animals (R3dC and R3dCA1) and sham-control animals (SHC3dC and SHC3dCA1), were immunoprecipitated with anti-eIF4E antibody (IPeIF4E) and analyzed by Western blotting with C16 anti-DRP2 antibody (DRP2) (A), and with anti-eIF4E antibody (eIF4E) (B). Numbers on the left indicate the apparent molecular mass in kDa from protein markers. Bar graphs under blot images show the quantification of DRP2 and eIF4E levels in their respective Western blot and represent the mean of 3–4 independent experiments from 3–4 independent animals; error bars indicate SE. DRP2 and eIF4E levels are expressed in arbitrary units (A.U.). Statistical significance between samples was determined by Student’s t test (* p < 0.05), after significant ANOVA. 
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Figure 6. Identification of eIF4E as an interacting protein with DRP2 and its response to ischemia reperfusion. Samples, as in Figure 5, were immunoprecipitated with C16 anti-DRP2 antibody (IPDRP2) and analyzed by Western blotting with anti-eIF4E antibody (eIF4E) (A), and with C16 antibody (DRP2) (B). Numbers on the left indicate the molecular mass in kDa from protein markers. Bar graphs under blot images show the quantification of eIF4E and DRP2 levels in their respective Western blot and represent the mean of 3–4 independent experiments from 3–4 independent animals; error bars indicate SE. The eIF4E and DRP2 levels are expressed in arbitrary units (A.U.). Statistical significance between samples was determined by Student’s t test (* p < 0.05), after significant ANOVA. 
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Figure 7. DRP2 is a key modulator of 4E-BP2–eIF4E binding in the cellular response to ischemia-reperfusion stress. Proposed model of 4E-BP2–eIF4E regulation in resistant and vulnerable regions to brain ischemia and reperfusion: 4E-BP2-interacting DRP2 protein, when it is hypophosphorylated, would compete with eIF4E, releasing this factor and promoting protein synthesis and cell protection to ischemia-reperfusion stress (e.g., in the cerebral cortex, C). Conversely, ischemia reperfusion would induce DRP2 hyperphosphorylation (possibly via GSK-3β and/or Rho-kinase) allowing the association between 4E-BP2 and eIF4E with subsequent protein-synthesis inhibition and cell-death induction. 
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Table 1. DRP2 isoforms identified by MALDI-TOF MS in 2D DIGE experiments from 4E-BP2 immunoprecipitates.
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Spot No.

	
Protein Identity/Synonyms a

	
Accession No. b

	
Gene Name

	
Molecular Mass (MM) (kDa)

	
Apparent MM (kDa)

	
pI

	
Apparent pI

	
Protein Score c

	
Coverage (%)

	
LIFT (Score) d






	
4.1

	
DRP2

/CRMP2

/TOAD64

	
P47942

	
Dpysl2

	
62.3

	
66.3

	
6.0

	
6.4

	
199

	
41

	
1296.7 (65)




	
4.2

	
66.3

	
6.3

	
128

	
33

	
2070.9 (75)




	
4.3

	
66.3

	
6.2

	
136

	
40

	
2169.0 (63)




	
3.1

	
66.5

	
5.8

	
79

	
24

	
2377.2 (73)




	
3.2

	
68.2

	
5.7

	
116

	
38

	
908.5 (35)








a Abbreviations: DRP2, dihydropyrimidinase-related protein 2; CRMP2, collapsin response mediator protein 2; TOAD64, turned on after division 64 kDa protein. b Accession number in the UniProt database (https://www.uniprot.org/, accessed on 13 February 2023). c Protein scores > 51 were significant (p < 0.05) by peptide mass fingerprint in the Mascot database search algorithm (Matrix Science, London, UK, http://www.matrixscience.com/, accessed on 13 February 2023). d MALDI LIFT-TOF/TOF identification mode; scores > 24 were significant (p < 0.05) by MS/MS ions search performed in Mascot; the fragmented parental peptide and the score (in parenthesis) are indicated.
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