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The characterization of transmembrane protein 59-like (TMEM59L) reveals its role in the regulating the level of the GDI protein family
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Abstract: The characterization and functions of transmembrane protein 59-like (TMEM59L), a type I transmembrane protein, are not clearly understood until now. Some TMEM59L and fluorescent fusion proteins constructs were transfected in cell lines and liposomes, and their localization was observed. The effects of protein constructs were studied by fluorescence microscopy and western blotting. This study reports a novel function of human TMEM59L (hTMEM59L) related to the expression and location of some proteins. In addition, we report two novel splice variants of human TMEM59L (hTMEM59L). The localization of mutants of this protein, lacking a middle region, and a C-terminal deletion, markedly differed from that of full-length hTMEM59L. Intracellular movement assessment in living cells showed the localization of TMEM59L to vesicular structures in the Golgi bodies, and the cell membrane was observed in living cells. Overexpression of TMEM59L markedly increased the level of amyloid precursor protein because of TMEM59L-mediated inhibition of cell membrane transport but did not affect the expression of beta-secretase 2. TMEM59L overexpression also significantly increased the levels of Rab GDP dissociation inhibitor alpha and Rab GDP dissociation inhibitor beta proteins. These results suggest that TMEM59L is involved in the packaging of acidic vesicles and thereby functions in the trafficking and processing of intracellular proteins.
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Introduction

Transmembrane protein 59-like (TMEM59L, also known as brain-specific membrane-anchored protein (BSMAP), is a membrane protein. This protein is preferentially expressed in the brain, suggesting its important role in the central nervous system. TMEM59L modulates O-glycosylation and complex N-glycosylation steps during Golgi maturation and shedding of amyloid precursor protein (APP) (Ullrich et al., 2010). APP is a type I transmembrane glycoprotein that plays a pivotal role in the pathogenesis of Alzheimer’s disease (AD). Beta-secretase 2 (BACE2) cleaves APP between residues 690 and 691 to generate beta-cleaved soluble APP (Hussain et al., 2000). However, amyloid β peptide (Aβ) is not generated in transit when transport of APP is blocked by tau protein (Goldsbury et al., 2010), and its production is affected by the trafficking and subcellular localization of APP. Aβ is mainly generated in endosomes (Huse et al., 2002; Steinhilb et al., 2010). The adaptor protein sorting nexin 17 is associated with the trafficking and processing of APP in early endosomes (Lee et al., 2008). Presenilin 1 and APP are co-transported in the same vesicular compartment, resulting in cleavage of APP and thus generation of Aβ (Kim et al., 2001). Endogenous low-density lipoprotein receptor-related protein is required for delivery of APP to lipid rafts, and Aβ is primarily generated in the endocytic, rather than the secretory, pathway (Yoon et al., 2007).

Intracellular transport of proteins involves continuous movement of the cytoskeleton, which requires a large amount of energy. APP is found in Rab5-positive early endosomes but not Rab7-positive late endosomes (Jin et al., 2004). Anterograde transport of APP requires Rab3A GTPase activity for assembly of the transport vesicle (Szodorai et al., 2009). Rab GDP dissociation inhibitor alpha (GDI1) and Rab GDP dissociation inhibitor beta (GDI2) function in the vesicular trafficking of proteins between cellular organelles by regulating GDP-GTP exchange (Bächner et al., 1995).

To date, Aβ is assumed to be generated in vesicles or the endosomal-lysosomal pathway. Based on the existing knowledge, we hope to further study the protein function of TMEM59L with a special focus on the interaction between proteins. However, it is unclear whether this process involves GDIs-regulated Aβ peptide production, although it is assumed that Aβ formation may occur in the secretory or endosomal-lysosomal pathways (Koo and Squazzo, 1994). Maturation of protein is a complex problem special associate the location and function modified of protein, this study reports that human TMEM59L (hTMEM59L) localized to acidic vesicles and moved bi-directionally between the Golgi apparatus and plasma membrane. In addition, Overexpression of hTMEM59L increased protein expression of GDI1 and GDI2 but did not change the BACE2 protein level. These results suggest that TMEM59L affects the maturation and shedding of target proteins by mediating their transport. Based on the existing knowledge, we hope to further study the function of the proteins that may involve mediating proteins maturation.

Materials and Methods

cDNA cloning and construction of plasmid harboring cTMEM59L gene

Full-length hTMEM59L cDNA was amplified from the human brain cDNA library (BioDev) and was cloned into pEGFP-N2 between the EcoRI and SmaI sites using the primers 5’-GTCGAATTCACCATGGCTGCGGTGGCGCT-3’ and 5’-GCACCCGGGCAGCTTGGTCAGGTCCAGC-3’ to generate a plasmid that expressed hTMEM59L-enhanced green fluorescent protein (EGFP). The hTMEM59L fragment was amplified from a U251 cDNA library and sequenced. To generate the TMEM59L mutant with a C-terminal deletion (cTMEM59L) and then cloned in pEGFP-N2 expression vector to generate a plasmid expressing a cTMEM59L-EGFP fusion protein was preserved in the laboratory. Full-length mouse TMEM59L (mTMEM59L) was PCR-amplified from a mouse brain cDNA library and cloned in pEGFP-N2 between the EcoRI and BamHI restriction sites using primers 5’-GTCGAATTCACCATGGCTGCGGTAGCATTGC-3’ and 5’-GCAGGATCCGCAGCGTGGTCAAATCAAGC-3’. Human APP was PCR amplified using the primers 5’-GACAAGCTTATGCTGCCCGGTTTGG-3’ and 5’-GATCCCGGGGTTCTGCATCTGCTCAAAGAACT-3’ and cloned into pEGFP-N2 at the HindIII and SmaI restriction sites. Human GDI1 was PCR amplified using the primers 5’-GATAAGCTTATGGACGAGGAATACGAT-3’ and 5’-GTAGGATCCGCTGCTCAGCTTCTCCAAAG-3’ and cloned into pEGFP-N2 at the HindIII and BamHI sites. Human GDI2 was PCR amplified using the primers 5’-GATCTCGAGATGAATGAGGAGTACGAC-3’ and 5’-GTAGGATCCGGTCTTCCCCATAGATGTCA-3’ and cloned into pEGFP-N2 between the Xho I and BamHI sites. Human BACE2 was PCR amplified using the primers 5’-GATCTCGAGATGGGCGCACTGGC-3’ and 5’-GTAGGATCCGTTTCCAGCGATGTCTGACC-3’ and cloned into pEGFP-N2 at the Xho I and BamHI sites. In addition, hTMEM59L and mTMEM59L were also cloned into pcDNA3.1myc/his(A). hTMEM59L was additionally cloned into pDsRed-Express-N1. PCR products digested with two enzymes were purified using the AxyprepTM PCR Cleanup kit (AxyGEN, USA). RNA was isolated using the RNAisoTM Plus kit according to the manufacturer’s specifications. The RNA concentration was determined by measuring the absorbance ratio at 260/280 nm using a spectrophotometer (Eppendorf, Hamburg, Germany). cDNA was synthesized by reverse-transcribing 5 µg of total RNA using ReverTra Ace, and oligo (dT) were used for first-stand synthesis following the manufacturer’s instructions. Then DNase I was added to the system and incubated at 37°C for 30 min and stored at −80°C until used.

Cell culture and transfection

U251 and U87 human glioma cells, human embryonic kidney (HEK) 293T cells, 4T1 mouse mammary tumor cells, and U87 human glioma cells were purchased from the Chinese Academy of Sciences (Shanghai, China). U251, HEK293T, and U87 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with 10% fetal calf serum (FCS, Gibco). 4T1 cells were cultured in Roswell Park Memorial Institute-1640 (Gibco) medium with 10% FCS. The C17.2 mouse neural stem cell (NSC) line was cultured in high-glucose DMEM containing 10% FCS and 5% horse serum (Gibco). All cells were cultured in a humidified atmosphere containing 5% CO2 at 37°C. U251, HEK293T, 4T1, U87, and C17.2 cells were transiently transfected with respective plasmid constructs using Lipofectamine 2000 reagent (Invitrogen) when they reached 60%–70% confluency. Cells were exposed to transfection complexes for 4 h in a serum-free medium, and then a normal culture medium was added, in accordance with the manufacturer’s instructions.

Analyses of subcellular localization of the proteins

Twenty-four hours after transfection of the vectors containing EGFP-tagged TMEM59L, cells were washed three times with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 30 min, and then washed again with PBS. U251 cells were also transfected with vTMEM59L and cTMEM59L. Nuclei were stained with DAPI for 5 min at room temperature. Golgi-Tracker Red, Lyso-Tracker Red, and Mito-Tracker Green (Beyotime Biotechnology Company, China) were used for staining. U251 and C17.2 cells were transiently transfected with hTMEM59L-EGFP for 24 h and then stained with Golgi-Tracker Red or Lyso-Tracker Red to label the Golgi apparatus and acidic organelles, respectively. U251 cells were transiently transfected with hTMEM59L-DsRed for 24 h and then stained with Mito-Tracker Green to stain the mitochondria.

Live cell imaging

To analyze the dynamics of TMEM59L in live cells, fluorescence was observed at 48 h after transfection of plasmids using a Nikon Eclipse TE2000-U fluorescence microscope. Images were acquired using a SPOT CCD digital camera.

Western blotting

HEK293T cells were co-transfected with EGFP-APP, EGFP-GDI1, EGFP-GDI2, EGFP-BACE2, together with pcDNA3.1myc/his(A), pcDNA3.1myc/his(A)-hTMEM59L, or pcDNA3.1myc/his(A)-mTMEM59L. Cells were harvested by scraping, washed with cold PBST (PBS containing 0.5% Tween 20), and incubated in lysis buffer according to the manufacturer’s instructions (KeyGEN BioTECH, Nanjing, China). Samples were mixed with protein loading buffer, boiled for 5 min, electrophoresed in 12% sodium dodecyl sulfate-polyacrylamide gels, and transblotted to cellulose nitrate membranes (Whatman, Maidstone, Kent, UK) for 1 h at 25 V. Membranes were blocked with PBST containing 1% bovine serum albumin at room temperature and then incubated with an anti-GFP, anti-myc, or anti-actin antibody (1:2000; Santa Cruz) for 2 h at room temperature. Thereafter, membranes were rinsed, incubated with a secondary antibody conjugated with a far-infrared dye (1:12000; LI-COR, Lincoln, NE, USA) for 1 h, and scanned using an Odyssey scanner (LI-COR).

Results

Localization of TMEM59L to vesicular structures

U251, HEK293T, C17.2, 4T1, and U87 cells were transfected with a plasmid harboring hTMEM59L-EGFP. The pEGFP-N2 plasmid was used as a negative control. hTMEM59L localized to vesicular structures in the cytoplasm and perinuclear region but was not detected in the nucleus (Fig. 1).
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Figure 1: Intracellular localization of the hTMEM59L in different cells. U251, Hek293T, C17.2, 4T1, and U87 cells were transiently transfected with pEGFP-N2-hTMEM59L. After 24 h, the cells were observed under the fluorescence microscope, and photographs were taken. Scale bars = 20 μm. The data show the localization of hTMEM59L to vesicular structures in the cytoplasm and the perinuclear region.

Deletion of the middle or C-terminal region of hTMEM59L affects its localization

Twenty colony clones of full-length hTMEM59L were rescreened by PCR, one of which was a splice variant comprising exons 1, 2, 3, and 8 of hTMEM59L (named vTMEM59L). vTMEM59L contains 534 nucleotides and encodes a protein of 178 amino acids, meaning that a middle region of the hTMEM59L gene was deleted (Supplement Fig. 1. To determine which regions of hTMEM59L are functionally important, we deleted the C-terminal region to generate cTMEM59L. This mutant is 808 nucleotides long and encodes a protein of 269 amino acids (Supplement Fig. 2). Fluorescence was detected in U251 cells transfected with vTMEM59L, and cTMEM59L, indicating the expression of proteins; however, the fluorescence intensity was markedly lower than in cells transfected with hTMEM59L. More importantly, the number of vesicular structures was markedly lower in cells transfected with vTMEM59L and cTMEM59L than in cells transfected with hTMEM59L, illustrating that the middle and C-terminal regions of hTMEM59L are crucial for its expression and localization (Fig. 2).
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Figure 2: Localization of vTMEM59L and cTMEM59L in U251 cells. (A) Sequence of three different hTMEM59L forms: hTMEM59L, full-length hTMEM59L; vTMEM59L, a novel alternative splicing isoform of hTMEM59L; cTMEM59L, C-terminal deletion mutant of hTMEM59L. (B) U251 cells were transiently transfected with pEGFP-N2-hTMEM59L, pEGFP-N2-vTMEM59L, and pEGFP-N2-cTMEM59L. After 24 h, the cells were observed under a fluorescence microscope, compared to hTMEM59L, vTMEM59L and cTMEM59L, mainly localized in the perinuclear region, and the vesicular structures significantly decreased.

The role of hTMEM59L in intracellular vesicle movement

The subcellular localization of hTMEM59L in U251 and C17.2 cells was further assessed by staining cells with Golgi-Tracker Red and Lyso-Tracker Red dyes and observed that hTMEM59L mainly localized in lysosomes and acidic vesicular structures. Dynamic punctuated fluorescent signals were observed in the neurites and cytoplasm of living U251 cells transiently transfected with the plasmid harboring hTMEM59L-EGFP (Fig. 3).
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Figure 3: Subcellular localization of the hTMEM59L in U251 cells. (A) hTMEM59L-EGFP and hTMEM59L-DsRed fusion protein were transiently expressed in U251 cells. Golgi-Tracker Red, Lyso-Tracker Red, and Mito-Tracker Green staining are shown in parallel. All merged pictures are shown in the rightmost panels. (B) The hTMEM59L-EGFP fusion protein was transiently expressed in C17.2 cells. Lyso-Tracker Red staining is shown in parallel. Similar to (A), partial co-localization of hTMEM59L in the lysosome and acidic vesicular structures was observed. (C) (a–h) Images of living C17.2 cells expressing hTMEM59L-EGFP following a specific interval. The arrow points to punctuated fluorescent signals in the neurite and the cytoplasm, whereas the fluorescent signal also appeared dense and clustered in perinuclear regions.

TMEM59L-mediated increase in GDI1 and GDI2 protein levels, but no effect was seen on BACE2

In control transfected HEK293T cells, EGFP-APP fluorescence was observed in the cytoplasm and the Golgi bodies. In contrast, in cells transfected with TMEM59L, EGFP-APP fluorescence in the Golgi bodies significantly decreased. Further co-localization analysis showed significant localization of APP and TMEM59L to Golgi bodies (Fig. 4). HEK293T cells were transiently co-transfected with GDI1 and TMEM59L, and a significantly enhanced fluorescence intensity was observed and the cells appeared more spherical. Co-localization studies showed that GDI1 distribution was not significantly affected by TMEM59L (Fig. 5). However, western blotting demonstrated that overexpression of TMEM59L markedly increased the level of APP protein. Overexpression of TMEM59L protein further increased GDI1 and GDI2 levels but did not affect BACE2 levels (Figs. 6, 7, Supplement Fig. 3).
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Figure 4: TMEM59L inhibited the transport and increased the production of APP in HEK293T cells. (A) HEK293T cells were transiently co-transfected with EGFP-APP and either the control plasmid or hTMEM59L/mTMEM59L. The arrows indicate the APP, with significant retention in Golgi bodies. (B) Co-localization of APP and human TMEM59L following the expression of APP-EGFP and human TMEM59L-DsRed. The arrows indicate the co-localization of APP and TMEM59L. Scale bars = 20 μm. APP, amyloid precursor protein.
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Figure 5: TMEM59L increased the expression of GDI1. (A) EGFP-GDI1 and either control plasmid or hTMEM59L/mTMEM59L were transiently co-transfected in HEK293T cells, and after TMEM59L overexpression, cells tend to be more spherical. (B) GDI1-EGFP and human TMEM59L-DsRed were transiently co-transfected in HEK293T cells that showed TMEM59L-induced GDI1 accumulation in the cytoplasm. However, the distribution of GDI1 did not change significantly due to TMEM59L. Scale bars = 20 μm. GDI1, Rab GDP dissociation inhibitor alpha.
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Figure 6: TMEM59L increased GDI1 and GDI2 protein expressions. Target proteins and either control plasmid or hTMEM59L/mTMEM59L were transiently co-transfected in HEK293T cells; enhanced APP, GDI1, and GDI2 expression and no change in BACE2 expression due to TMEM59L overexpression. GDI1, Rab GDP dissociation inhibitor alpha; GDI2, Rab GDP dissociation inhibitor beta.
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Figure 7: TMEM59L plays an important function in the expression of GDI1 protein. Under normal conditions that TMEM59L, APP and GDI1 involved assemble into vesicular structures and distribution to cytoplasm. Furthermore, APP and GDI1 also can localization to the cell membrane, overexpression of TMEM59L promote APP rention to Golgi may be duo to GDI1 mianly accumulate to Golgi and cytoplasm.

Discussion

Only a few studies have investigated the functions of TMEM59L. We previously found that TMEM59L has a distant homolog called TMEM59 (transmembrane protein 59, also known as DCF1) and that upregulation of TMEM59 maintains NSCs in an undifferentiated state, whereas these cells tend to differentiate into neurons and astrocytes when TMEM59 is silenced using small interfering RNA (Wang et al., 2008). TMEM59 is a membrane-bound glycoprotein that localizes to the Golgi apparatus. Overexpression of TMEM59 inhibits glycosylation of APP in the Golgi apparatus and blocks cleavage of APP by α- and β-secretases, thereby inhibiting the generation of Aβ peptides, which form amyloid plaques in AD; however, the precise function of TMEM59 is still not known (Mao et al., 1998; Ullrich et al., 2010). In a recent study, TMEM59 was found to contribute to AD based on the identification of TMEM59 regulators during the differentiation of mouse NSCs from a compendium of expression profiles (Zhang et al., 2011). All these findings provide clues regarding the function of TMEM59L. Characterization of transmembrane proteins indicates that those with an N-terminal signal sequence localize to internal cell membranes, secretory vesicles, and the plasma membrane (Kveine et al., 2002). TMEM59L localizes to the Golgi apparatus and inhibits the maturation and shedding of APP (Ullrich et al., 2010). Our results confirmed the effect of TMEM59L on APP. However, it is unclear whether TMEM59L participates in the formation of specialized vesicles during the processing of APP. In mammalian cells, the major acidic organelles are the trans-Golgi network (TGN), lysosomes, and recycling endosomes. The current study demonstrated a punctate distribution of hTMEM59L in the perinuclear region due to its accumulation in the Golgi apparatus and rapidly moved between the Golgi apparatus and plasma membrane. However, we cannot rule out the possibility that TMEM59L also localizes to other vesicular structures. Newly synthesized plasma membrane proteins are sorted in the TGN and endosomal compartments (Perret et al., 2005). The TGN is a well-defined acidic compartment in the secretory pathway. Aβ is suggested to form in the Golgi/TGN rather than in post-TGN vesicles (Xu et al., 1997). The current study demonstrated that vTMEM59L and cTMEM59L, which lacked a middle and C-terminal regions, respectively, did not localize correctly and consequently markedly decreased the number of vesicular structures. These results indicate that the middle and C-terminal regions of TMEM59L are required for its correct localization and expression. GDIs play an important role in membrane trafficking and movement of functional proteins to vesicular pools following detachment from target membranes (Garrett et al., 1994). GDI1 and GDI2 are related to brain development and protein trafficking. GDI1 is involved in the regulation of Rab GTPases, and mutation of this protein is associated with X-linked intellectual disability (Strobl-Wildemann et al., 2011). We evaluated the relationship between TMEM59L and Rab GDIs. Overexpression of TMEM59L increased the levels of GDI1 and GDI2 proteins, indicating that TMEM59L affects these two GDIs and thereby modulates cytoskeletal transport of protein. By contrast, overexpression of TMEM59L did not markedly affect BACE2 expression. Therefore, the function of TMEM59L must be investigated further.

In conclusion, our results provide insight into the function of TMEM59L. We confirmed that TMEM59L is closely associated with a variety of membranous structures such as Golgi apparatus, lysosome, endosomes, and transport vesicles in several cell lines. Further, the overexpression of TMEM59L increases the expression of GDI1 and GDI2 proteins but decreases that of BACE2. Taken together, the results of this study suggest that TMEM59L mediates the transport and processing of proteins via modulating GDIs.
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SUPPLEMENT FIGURE 1: Alignment of hTMEM59L and vTMEM59L amino acid sequences.
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SUPPLEMENT FIGURE 2: Alignment of hTMEM59L and cTMEM59L amino acid sequences.
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SUPPLEMENT FIGURE 3: Crude gel images of the western blot assay.
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