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Abstract

The total number of cell surface glycoprotein molecules at the plasma membrane results from a balance between their constitutive internalization and their egress to the cell surface from intracellular pools and/or biosynthetic pathway. Constitutive internalization is net result of constitutive endocytosis and endocytic recycling. In this study we have compared spontaneous internalization of murine MHC class I molecules (Kd, Dd, full Ld and empty Ld) after depletion of their egress to the cell surface (cycloheximide, brefeldin A) and internalization after external binding of monoclonal antibody (mAb). MHC class I alleles differ regarding their cell surface stability, kinetics, and in the way of internalization and degradation. Kd and Dd molecules are more stable at the cell surface than Ld molecules and, thus, constitutively internalized more slowly. Although the binding of mAbs to cell surface MHC class I molecules results in faster internalization than depletion of their egress, it is still slow and, thereby, can serve as a model for tracking of MHC class I endocytosis. Internalization of fully conformed MHC class I molecules (Kd, Dd and Ld) was neither inhibited by chlorpromazine (inhibitor of clathrin endocytosis), nor with filipin (inhibitor of lipid raft dependent endocytosis), indicating that fully conformed MHC class I molecules are internalized via the bulk pathway. In contrast, internalization of empty Ld molecules was inhibited by filipin, indicating that non-conformed MHC class I molecules require intact cholesterol rich membrane microdomains for their constitutive internalization. Thus, conformed and non-conformed MHC class I molecules use different endocytic pathways for constitutive internalization.

Introduction 

Cell surface glycoproteins are a constitutive part of the cell membrane and their equilibrium at the cell surface is achieved by a balance between new synthesis and a process of their removal from the cell surface, such as internalization by endocytosis, and the subsequent degradation. 

Some membrane proteins (i.e. transferrin receptor, LDL receptor, IL-2 receptor etc.) are sorted at the cell surface after binding of an external ligand, internalized by the regulated process of endocytosis and again sorted in endosomal compartments for degradation or recycled back to the cell surface (for review see Conner and Schmid, 2003; Maxfield and McGraw, 2004; Gruenberg and Stenmark, 2004). These proteins are sorted at the cell surface into clathrin coated vesicles or into lipid rafts by assistance of sorting proteins or lipids (Bonifacino and Lippincott-Schwartz, 2003; Anderson and Jacobson, 2002). A majority of cell surface proteins are endocytosed via bulk membrane invaginations and recycled between the plasma membrane and intracellular vesicular compartments. These proteins are internalized constitutively, in a way which is not influenced by external factors but primary by “the biological clock of a molecule” (Yu et al., 2000; San Jose et al., 1999). During their recycling between the plasma membrane and intracellular vesicular compartments, contstitutively internalized proteins are sorted for degradation in order to keep equilibrium at the cell surface (Gruenberg and Stenmark, 2004). It is important to note that the same molecule could be internalized either spontaneously, or after binding of an external factor, but frequently with different kineticts and/or intracellular route (Weismann, 1986; San Jose et al., 1999). However, regulated and bulk vesicular pathways converge and intersect at many points (Naslavsky et al., 2003; Damke et al., 1995),

Constitutive internalization of membrane glycoproteins and their intracellular trafficking through vesicular compartments has not been well characterized and mechanisms that determine the number of a glycoprotein molecules at the cell surface not defined. Many cell surface proteins circulate between the plasma membrane and intracellular vesicular compartments, forming two pools of membrane glycoproteins that balance the level of cell surface expression (Lamb et al., 1983). Existence of the two pools, continuous flow of cell surface glycoproteins between them, and sorting mechanisms are also important not only for maintenance of the appropriate number of protein molecules at the cell surface, but also for sorting of misfolded molecules and their reparation or degradation. The sorting is continuous and appears both at the cell surface and within vesicular membranes (Maxfield and McGraw, 2004). 

Major histocompatibility complex (MHC) class I molecules are polymorphic membrane glycoproteins that are expressed at the plasma membrane of almost all cells and internalize sponteneously (Tse and Pernis, 1984; Machy et al., 1987;  Hochman et al., 1991; Davis et al, 1997; Chiu et al., 1999). They play a major role in presentation of antigenic peptide to cytotoxic T lymphocytes in immune surveillance against infectious agents and tumors. The level of their expression at the plasma membrane of each cell is adjusted according to the requirements of the immune response. For example, interferon gamma (IFNγ), secreted by activated T lymphocytes after viral infection, and interferon beta, secreted by virus infected cells, upregulate MHC class I expression both systemically and locally (Früh K and Yang Y, 1999).

MHC class I molecules are expressed at the cell surface as fully conformed trimolecular complexes composed of heavy chain, β2-microglobulin (β2m) and peptide (Pamer and Cresswell, 1998). The cell express several allelic forms of MHC class I molecules that differ regarding their synthesis, intracellular distribution and stability at the cell surface. The half-life at the cell surface is determined by the stability of the trimolecular complex. For example,  murine Kb and Db molecules are more stable than Ld molecules, they reach the cell surface faster after synthesis and have longer surface half-life (Balendiran et al., 1997). In contrast, less stable Ld molecules could reach the cell surface either as a fully conformed trimolecular complex (full Ld molecules) or as a non-conformed molecules composed of heavy chain without peptide and without or with weakly bound β2-microglobulin (often referred as empty Ld molecules because they do not have peptide) (Beck et al., 1986; Lie et al., 1991; Schirmbeck et al. 1996; Cook et al., 1996; Balendiran et al., 1997). 

Although it is well known that MHC class I molecules can be internalized by endocytosis (Naslavsky et al., 1993; Dasgupta et al., 1988; Abdel Motal et al., 1993; Read and Watts, 1990; Chiu et al., 1999; Naslavsky, 2003), and that their cytoplasmic tail is required for initiation of the process (Capps et al., 1989), the signal for their sorting at the plasma membrane and endocytosis is poorly understood. In addition, it has been shown that some cells are more prone to internalize their MHC class I molecules while other are more inert. For example, it has been reported that fibroblasts internalize their MHC class I molecules only after strong cross-binding with multivalent ligands (Huet et al., 1980). Similarly, fast and partial internalization of MHC class I molecules was described after binding of monoclonal antibodies on activated T lymphocytes (Machy et al., 1987), P815 mastocytoma cell line (Capps et al., 1989) and on monocytes, but not on monocyte tumor cell lines lines (Dasgupta et al., 1988). In some cases, MHC class I endocytosis has not been detected in B lymphocytes and L fibroblasts (Machy et al., 1987; Tse and Pernis, 1984), whereas it has been reported for EBV transformed B lymphoblastoid cell line A46 (Reid and Watts, 1990) as well as in B lymphocyte derived 721 221 cell line. It has also been described that a majority of endocytosed MHC class I molecules recycle back to the cell surface, and only a smaller part is directed to degradation (Abdel Motal et al., 1993; Grommé et al., 1999). 

Given that cell surface expression, intracellular trafficking and peptide loading is critical for their physiological role in antigen presentation, understanding how surface MHC class I molecules are internalized, recycled and/or degraded is important and has not been well characterized. In addition, studies on constitutive internalization of MHC class I molecules can contribute to the understanding of physiology of cell surface glycoprotein turnover. Tools available for detection of variety of alleles as well as different conformations (i.e. monoclonal antibodies) allow studies on internalization pathways, not only for fully conformed cell surface glycoproteins, but also of non-conformed (i.e. empty MHC class I molecules) and misfolded glycoproteins. 

Constitutive internalization of surface glycoproteins, including MHC class I molecules, has been determined by using different protocols, mainly by external binding of monoclonal antibodies (Dasgupta et al., 1988; Capps et al, 1989; Machy et al., 1987), exogenous glycopeptide (Abdel Motal et al., 1993) or  fluorescently labeled β2-microglobulin (Chiu et al., 1999; Hochman et al., 1991). Here we demonstrate that constitutive internalization of MHC class I molecules can be determined by two approaches: by depletion of their repopulation at the plasma membrane after blocking the secretory pathway and monitoring their spontaneous loss from the cell surface, and by external binding of monoclonal antibodies and monitoring their internalization. By using these two approaches, we have shown that MHC class I alleles have different internalization kinetics and that non-conformed MHC class I molecules use different internalization route.

Materials and methods

Cell lines and cell culture

P815 cells (murine mastocytoma cell line, H2d) were grown in tissue culture flasks, and Balb 3T3 (murine fibroblastic cell line, H2d) and L-Ld (cell line that was generated by introducing the Ld gene into murine Ltk- DAP-3 fibroblast cells, H2k) (Lee et al., 1988) in Petri dishes as adherent cells. P815 were cultured in RPMI 1640, and Balb 3T3 and L-Ld in DMEM, supplemented with 10% (v/v) of fetal bovine serum (FBS), 2 mM L-glutamine, 100 mg/ml of streptomycin and 100 U/ml penicillin (all reagents from Gibco, Grand Island, NY). All cell lines were used for experiments when they were 90% confluent.
Reagents and antibodies

Cycloheximide (CHX), brefeldin A (BFA), chlorpromazine (CP) and filipin were provided by Sigma-Aldrich Chemie GmbH, Germany. Monoclonal antibodies (mAbs) to Kd (MA-215), Dd (34-5-8S) and full Ld (30-5-7), that recognize (2 domain of (2m associated heavy chain (HC) (Lie et al., 1991; Ozato et al., 1982), and to empty Ld  (64-3-7) that recognizes (2 domain of free HC (Lie et al., 1991), were used as hybridoma culture supernatant for immunofluorescence or ascites for immunoprecipitation. All hybridomas were provided from ATCC. Transferrin-FITC, anti-caveolin-1-Cy3 and cholera toxin B subunit conjugated with FITC (CTxB-FITC) were provided by Sigma-Aldrich Chemie Gmbh, Germany. CTxB-Alexa Fluor 555, anti mouse IgG2a-Alexa Fluor 488, anti mouse IgG2b-Alexa Fluor 555, and anti mouse IgG1-Alexa Fluor 555 were from Molecular Probes. Monoclonal antibodies to GM 130 and EEA1 were from Becton Dickinson & Co, San Jose, Calif.

Spontaneous internalization of MHC class I molecules
Cells were treated with CHX or BFA,  washed with PBS (2% FBS, 0.3% NaN3) and incubated with mAbs (hybridoma supernatant in a ratio 1:1) at 4°C for 30 minutes. Bound antibodies were visualized by fluoresceinated goat anti-mouse IgG and IgM antibody (Becton Dickinson ( Co, San Jose, Calif). Cells incubated with the second antibody alone served as negative control. A total of 10,000 cells were analysed by fluorescence activated cell sorting (FACS) - Calibur flow cytometer (Becton Dickinson ( Co, San Jose, Calif). The results are presented as percent of initial MHC class I molecules expression calculating the MFI (mean fluorescence intensity diminished by the value of negative control) ratio at the indicated time and at the beginning of the experiment. 

Internalization of MHC class I molecules after binding of monoclonal antibodies 

Cells were incubated with appropriate mAbs at 4°C for 30 minutes, followed by washing in PBS and incubation in the fresh medium without or with CHX (10 μg/ml). After incubation the cells were collected and surface bound mAbs were visualized by fluoresceinated goat anti-mouse IgG and IgM antibody (Becton Dickinson ( Co, San Jose, Calif) and analyzed by flow cytometry. The results are presented as percent of initial surface class I molecules expression as described above.

Internalization of cholera toxin B
Cells were incubated with fluoresceinated CTxB at 4°C for 30 min, followed by incubation at 37oC for additional 45 minutes. The surface bound CTxB-FITC was removed by short acidification (30 sec, pH=2,0), and intracellular fluorescence determined by flow cytometry. The result is presented as percent of MFI ratio of acid treated and acid untreated cells.

Endocytosis of MHC class I molecules

Balb 3T3 cells, grown on coverslips, were pretreated with IFN-γ (50 mU/ml) for 48 hours and incubated with mAbs to Kd, Dd, and Ld for 60 minutes at 4°C. Unbound antibodies were rinsed with cold PBS, and cells were incubated in preheated complete medium for 0, 5, 10 or 15 min at 37°C. After that, mAbs bound to the cell surface were removed by short acidification (30 sec, pH=2,0), cells were washed in PBS, fixed for 20 min in 4% formaldehyde and permeabilized with 0.5% Triton X-100. Internalized antibodies were visualized by using fluoresceinated goat anti-mouse IgG and IgM antibody (Becton Dickinson ( Co, San Jose, Calif). The cells were simultaneously stained for caveolin with anti-caveolin-1-Cy3.

To assess the effect of CP on endocytosis of MHC class I molecules the cells were incubated in the presence of CP (7.5 μg/ml) for 30 min at 37°C and then incubated at 4°C either with mAbs to Kd and Dd, or full Ld and empty Ld for 60 minutes. Unbound antibodies were washed with cold PBS, and the cells were incubated in preheated complete media containing CP for additional 30 minutes at 37°C. After that, internalized mAbs were visualized as described above, using anti-mouse IgG2a-Alexa Fluor 488 for Dd and full Ld and anti-mouse IgG2a-Alexa Fluor 555 for Kd and empty Ld molecules.

Endocytosis of transferrin and cholera toxin B

To assess the internalization of transferrin-FITC and CTxB-Alexa 555, cells were chilled to 4°C and incubated with the corresponding marker for 30 min at 4°C to label the cell surface. Unbound markers were rinsed with cold PBS, and cells were incubated in preheated complete medium for 45 min at 37°C. Following that, cells were briefly washed in PBS, and then fixed for 20 min in 4% formaldehyde. The samples with the CTxB were subsequently permeabilized with 0.5% Triton X-100 and labeled with anti GM 130 primary and anti mouse Ig-FITC secondary antibody. 

To assess the effect of CP on endocytosis of the Tf-FITC, the cells were pre-treated with CP (7.5 μg/ml) for 30 min at 37°C, and labeled with Tf-FITC for 30 min at 4°C. Unbound Tf-FITC was washed out, and cells additionally incubated for 30 min at 37°C in culture medium with CP. After fixation and TX-100 permeabilization, the cells were stained with EEA1 as a marker of early endosomal compartments.
Confocal microscopy and analysis of colocalization

Images were obtained using Olympus Fluoview FV300 confocal microscope (Olympus Optical Company, Tokyo, Japan) with 60×PlanApo objective. Presentation of figures was accomplished in Adobe Photoshop (San Jose, CA). To visualize the level of colocalization, 8-10 cells per experimental condition were randomly selected on the same coverslip among those that were well spread and showed a well resolved pattern. Images of single cells were acquired at the same magnification, exported in a TIFF format, and processed by Fluoview, Version 4.3 FV 300 (Olympus Optical Co, Tokyo, Japan).

Cell surface biotinylation
Cells were washed three times with PBS, resuspended in the biotinylation buffer (10 mM Na2B4O7 x 10H2O, 5 mM NaCl, 2 mM CaCl2 and 1 mM MgCl2; pH 8.8) and reaction was initiated by addition of 0.15 mg/ml D-Biotinoyl-(-amidicaproic acid-N-hydroxysuccinimide ester (Roche Diagnostics GmbH, Mannheim, Germany). The reaction was performed at room temperature and stopped after 20 minutes with the cold stop solution (50 mM NH4Cl in PBS) for 5 minutes on ice. After three washings with medium supplemented with 10% FBS, cells were brought back into the flasks or petri dishes and incubated without or with CHX (10 (g/ml). After indicated times cells were collected, washed in ice cold PBS for three times and lysed in a buffer containing 50 mM Tris-Cl, (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.5% NP40, 0.02 % NaN3 and 2 mM PMSF.

Immunoprecipitation and chemiluminiscence

Supernatants of cellular lysates were precleared with 30 (l of protein A-sepharose slurry (Amersham Pharmacia Biotech). Quantitative immunoprecipitation of MHC class I molecules was performed with ascitic fluid of appropriate mAbs (3 (l). Immune complexes were retrieved with protein A-sepharose (50 (l of 50% slurry). The sepharose beads were washed as described (Zeiger et al., 1997). Immune complexes were eluted at 96˚C by incubation with the sample buffer and analyzed by 13% SDS-PAGE under non-reducing conditions. After electrophoresis, polyacrylamide gels were blotted onto polyvinylidene difluorid (PVDF) Western blotting membrane (Roche Diagnostics GmbH, Mannheim, Germany) at 60-70V for 1 hour. PVDF membranes were washed in TBS buffer (pH 7.5) and incubated in 1% blocking reagent (Roche Diagnostics GmbH, Mannheim, Germany) for 2 hours, followed with 30 minutes of incubation with 100 mU/ml of Streptavidin-POD (Roche Diagnostics GmbH, Mannheim, Germany) in 0.5 % blocking solution. After washed three times with TBS-T buffer (pH 7.5) membranes were enveloped into plastic wrap, incubated with Super Signal® West Dura Extended Duration Substrate (Pierce Chemical Co., Rockford, IL, USA) for one minute, and exposed to BioMax film (Kodak, Rochester, NY). The relative amount of biotinylated proteins in immunoprecipitates were measured by densitometry of chemiluminiscent signals on autoradiographic film and data expressed as a percentage of the initial expression.
Results

Spontaneous internalization of MHC class I molecules after depletion of their egress to the cell surface

The level of cell surface expression of MHC class I molecules depends on their egress to the cell surface from intracellular pools and internalization into the endocytic pathway(s). In order to achieve spontaneous internalization of MHC class I molecules, we prevented their renewal at the cell surface by cycloheximide (CHX), an inhibitor of protein synthesis, and brefeldin A (BFA), an agent that disrupts Golgi compartments and depletes supply of the cell surface from the secretory pathway (Fig. 1A). According to the fact that CHX and BFA could influence cell viability during longer incubations and synthesis or export of short-living polypeptides important for MHC class I molecules internalization in some cell lines (Tse and Pernis, 1984), we first tested for their impact on cell viability. Both inhibitors were tested for various concentrations, ranging from 5-50 μg/ml of CHX and 1-10 μg/ml of BFA, and we have found that concentration of 10 μg/ml of CHX and 1 μg/ml of BFA kept the cell viability above 85% for more than 24 hours (data not shown). The expression of MHC class I molecules on the cell surface of viable cells was determined by flow cytometry and their internalization was presented as a percentage of the initial expression (Fig. 1). Both inhibitors prevented egress of all MHC alleles (Kd, Dd and Ld), which resulted in their loss from the cell surface as a consequence of prevalence of internalization. Dd molecules showed the lowest and the empty Ld molecules the highest rate of internalization from the cell surface (Fig. 1A). Net internalization was to some extent higher when secretory pathway was disrupted by BFA than when protein synthesis was abolished by CHX (Fig. 1A).

Since it has been reported that internalization of MHC class I molecules depends on the cell type (Dasgupta et al., 1988; Reid and Watts, 1990; Huet et al., 1980; Machy et al., 1987; Tse and Pernis, 1984) we also determined their spontaneous internalization (by CHX) on murine fibroblasts (Balb 3T3) and fibroblastic cell line transfected with Ld (L-Ld). In Balb 3T3 cells, the internalization kinetic of Kd and Dd molecules (not shown), as well as Ld molecules (Fig. 1B),  was similar to that on P815 cells. Similar internalization rate of Ld molecules was also achieved in transfected L-Ld cells (Fig. 1C). Kinetic of spontaneous internalization did not depend on the initial level of MHC class I  molecules at the plasma membrane, since similar internalization curves were generated if P815 cells were pre-treated with IFN-γ, a procedure that  upregulates MHC expression up to hundred fold  (not shown).

Internalization of monoclonal antibodies bound to MHC class I molecules

In a number of studies, spontaneous internalization of MHC molecules had been determined by external binding of mAbs and their detection by using different techniques (Dasgupta et al., 1988; Capps et al., 1989; Grommé et al., 1999). However, in a number of experimental models it has been shown that external-ligand induced endocytosis is significantly faster than internalization in the absence of an external ligand (Yu et al., 2000; San Jose et al., 1999; Morelon et al., 1998), or that the internalization cannot be even performed in the absence of ligand (Moore et al., 1995; Favoreel et al., 1999). Therefore, we established internalization assay based on binding of mAbs to the cell surface MHC class I molecules and detection of their loss from the cell surface by flow cytometry. In order to clarify whether external binding of mAbs induce fast MHC class I molecule endocytosis or MHC class I molecules carry bound mAbs during internalization, we determined and compared spontaneous internalization of MHC class I molecule after depletion of their egress to the cell surface by CHX with internalization determined by MHC class I bound mAbs (Fig. 2). In both cases the cell surface loss of Kd, Dd and Ld molecules was slow and generally similar in kinetics, although internalization of fully conformed Kd, Dd and Ld molecules was faster when determined by external binding of mAbs than after CHX treatment. In the case of empty Ld molecules, the surface half-life was 2-3 hours when determined by the bound mAbs (about two times shorter than in the CHX assay) and after 8 hours almost all molecules were removed from the cell surface (Fig. 2). The surface half-life of full Ld molecules was also two times shorter when determined by the externally bound mAbs than after CHX treatment (Fig. 2). 

We could estimate from internalization curves shown in Figure 2 that only 10-15% of bound antibody molecules were internalized in an hour, indicating that externally bound antibody molecules did not induce rapid endocytosis of MHC class I molecules. Externally bound antibodies (+4°C), that gave strong membrane staining in confocal microscopy (Fig. 3), could be internalized at 37°C and those at the cell surface washed out by short low-pH treatment (20 seconds), enabling us to perform an assay for detection of endocytosed MHC class I molecules (Fig. 3). Endocytosed MHC class I molecules could be detected inside endocytic compartments of some cells as early as 5 minutes after the initiation of internalization, and almost in all cells after 15 minutes (Fig. 3). Cells shown in Figure 3 were co-stained with caveolin-1 in order to visualize membrane compartments, but also led us to the conclusion that MHC class I molecules did not use caveolae for internalization since no colocalization with caveolin-1 could be detected.

Cycloheximide treatment does not alter internalization capacity of the cell membranes

Given that CHX inhibits protein synthesis and its application for a longer period of time may result in depletion of cellular proteins that are required for membrane trafficking and vesicular transport within the endocytic pathways, we tested its effect on endocytosis of transferrin (Tf), which enters into the cell by clathrin coated pits, and cholera toxin B subunit (CTxB), which predominantly enters into the cell through the caveolar invaginations. Although long term preincubation with CHX (16 hours) reduced the number of transferrin receptor molecules at the cell surface, it did not affect endocytosis of Tf since almost all of endocytosed Tf could be found in intracellular vesicles after 45 min. of incubation (Fig. 4A). Similarly, in CHX treated cells CTxB reached the Golgi after 45 min., indicating for the same rate its endocytosis and intracellular trafficking as in the absence of the inhibitor (Fig. 4B). Similar result could be obtained after short term incubation with CHX (data not shown). 

Fully conformed human MHC molecules are neither internalized by clathrin nor by lipid-raft mediated endocytosis, as determined by external mAb binding (Naslavsky et al., 2004). The entry pathway is dynamin-independent and lipid-raft independent, usually referred to as the bulk pathway (Naslavsky et al, 2003; Damke et al, 1995). Thus, the lack of CHX effect on internalization of Tf and CTxB, does not exclude that the bulk pathway is intact in CHX treated cells. To test the effect of CHX on the bulk pathway of internalization we used the internalization assay based on surface binding of mAbs to MHC class I molecules. We have found that the kinetics of internalization as well as the half-life of MHC class I molecules on the cell surface did not differ in the presence of CHX (Fig. 5). Therefore, we can conclude that proteins required for bulk internalization are available during whole 24 hours and that CHX does not disturb the internalization of MHC class I molecules after mAbs binding.

Cycloheximide treatment retards degradation of internalized MHC class I molecules

In order to compare kinetics of spontaneous internalization and degradation of Kd, Dd and Ld molecules we simultaneously determined the expression of MHC molecules at the cell surface by flow cytometry (not shown) and kinetics of their degradation by immunoprecipitation after cell surface biotinylation (Fig. 6). We have shown in Fig.1 that MHC class I alleles had different cell surface half-life after CHX treatment: Dd molecules had the longest and the empty Ld the shortest. Less than 40% of Dd molecules were internalized after 24 hours, whereas the half-life at the cell surface of Kd molecules was about 15 hours, of full Ld about 7 hours, and of the empty Ld about 4 hours (Fig. 1A). Similar kinetics of internalization was determined after cell surface biotinylation, indicating that biotinylation of MHC class I molecules did not induce their internalization, affect their internalization rate nor their stability at the cell surface (data not shown).

The maintenance of MHC class I molecules at the cell surface after inhibition of their egress to the plasma membrane by CHX could be a consequence of imbalance between internalization and degradation. To test their degradation rate we biotinylated the cell surface and immunoprecipitated MHC class I molecules from the NP40 prepared extracts. Additional biotinylation of cytoplasmic proteins or biotinylation in the cytoplasmic extract was excluded by immunoprecipitation of abundant cytoplasmic proteins, actin and 14-3-3, that were not detected in the blots (not shown). In untreated cells, fully conformed MHC class I molecules (Kd, Dd and fLd) were more stable than non-conformed empty Ld (eLd) molecules (Fig. 6A). A majority of conformed MHC class I molecules were degraded after 24 hours, although it appears that the degradation was a continuous process. Empty Ld  molecules (eLd) were degraded much faster (Fig. 6A), and could be hardly detected after 8 hours. Immunoprecipitates form CHX treated cells indicate that the degradation of all MHC class I alleles was retarded after CHX treatment (Fig. 6A) and the effect of CHX was clearly evident on empty Ld molecules, likely due to their faster degradation rate. The densitometric measurment of bands and comparison of the relative amounts in untreated cells and CHX treated cells demonstrated that the amount of MHC class I molecules was higher in CHX treated cells, particularly Kd, Dd and empty Ld molecules (Fig. 6B). 

The degradation kinetics obtained by cell surface labeling parallels also internalization kinetics obtained by flow cytometry (Fig. 2). Similar results were obtained when BFA was used instead of CHX to deplete plasma membrane supply with newly synthesized molecules (not shown), indicating that both agents also inhibited supply of short lived protein(s) to the degradation compartments and therefore retarded degradation. 

Internalization of empty Ld molecules requires intact cholesterol-rich membrane microdomains

Spontaneous internalization of MHC class I molecules after CHX treatment is a result of prevalence of their endocytosis over egress/recycling, whereas internalization after mAbs binding could be affected by the binding of external ligand. Thus, it is important to distinguish whether MHC class I molecules in these two models use the same endocytic route, or mAbs induce sorting into different membrane domains and endocytic vesicles. To test for this we used chlorpromazine (CP), a chemical inhibitor of clathrin endocytosis (Orlandi and Fishmann, 1998), and filipin, a cholesterol disrupting agent that inhibits lipid-raft mediated endocytosis, including caveolar endocytosis (Orlandi and Fishmann, 1998).

Internalization of all MHC class I alleles was not inhibited by CP, neither spontaneous internalization after treatment with CHX (Fig. 7A), nor internalization after mAbs binding (Fig. 7C). For control, CP inhibited entry of transferrin (Tf) into EEA1 early endosomes (Fig. 7D), indicating that CP inhibited clathrin-dependent endocytosis under the same conditions.

Similarly, internalization of fully conformed MHC class I molecules (Kd, Dd, and fLd) do not require intact membrane microdomains that are rich in cholesterol, since cholesterol depletion by filipin did not alter their constitutive internalization, either after CHX treatment (Fig. 7A) or binding of mAbs (Fig. 7B). However, internalization of empty Ld molecules was inhibited by the cholesterol depletion, both during the spontaneous internalization in CHX treated cells (Fig. 7A) and internalization after mAb binding (Fig. 7B). Even more, incubation of the CHX-treated cells with filipin increased level of empty Ld molecules at the cell surface for approx. 30% (Fig. 7A). As a control for the inhibitory effect of filipin, we tested whether endocytosis of the CTxB subunit, which is dependent on cholesterol-rich membrane microdomains, will occur in the presence of filipin. Namely, it is well known that endocytosis of CTxB is dependent on lipid rafts and that the endocytosed CTxB  is rapidly transported into the Golgi complex (Orlandi and Fishmann, 1998). In untreated cells, approximately 60% of the cell surface bound CTxB-FITC could be detected inside cells after 30 minutes of internalization, whereas in filipin treated cells less than 20% of CTxB-FITC reached the cytosol (Fig. 7E). Similarly, a majority of internalized CTxB was transported into the Golgi complex within 30 minutes, whereas very little of the CTxB-FITC reached the Golgi in filipin treated cells (Fig. 7F). Therefore, we can conclude that filipin inhibited lipid raft-dependent endocytosis and that non-conformed Ld molecules required cholesterol-rich membrane microdomains for constitutive internalization. 

Discussion
The total number of a cell surface glycoprotein molecules at the plasma membrane results from a balance between their constitutive internalization and their egress to the cell surface from intracellular pools and/or biosynthetic pathway. Constitutive internalization is a net result of spontaneous endocytosis and endocytic recycling (Subtil et al., 1994). In this study we have shown that the spontaneous internalization of MHC class I molecules can be followed by depletion of their egress from intracellular sources to the cell surface. Spontaneous endocytosis reduces number of molecules at the cell surface with time, although endocytic recycling prevents depopulation of the cell surface for a long time, indicating for a prevalence of endocytosis over recycling in the absence of protein synthesis. Recycling of class I molecules has been proved by many authors (Naslavsky et al., 2003; Abdel Motal et al., 1993; Reid and Watts, 1990; Grommé et al., 1999), and in our studies of MHC class I endocytic sorting (Mahmutefendić et al., manuscript in preparation). The same principle is operative on both, non-adherent (P815) and adherent (fibroblasts) cell lines.

Constitutive endocytosis and recycling have been described for a number of receptors and transporters (Royle et al., 2003). Cell surface receptors may be categorized into two types, based upon their pattern of internalization: constitutively internalized receptors (such are those for LDL or Tf) that internalize and recycle to the surface at essentially the same rate whether or not they are occupied by ligand (Moore et al., 1995; Anderson et al., 1982; Watts, 1985), and ligand stimulated receptors that activate signal transduction pathways (such as chemokine receptors or β2-adrenergic receptors) and internalize at a much faster rate when occupied by ligand (Moore et al., 1995; Wiley et al., 1991). 
CHX was relatively frequently used in order to determine if endocytosed molecules are subjected either to recycling or degradation, but usually in shorter kinetic studies (up to 8 hours). In some studies CHX did not inhibit recycling or the whole vesicular transport (Machy et al., 1990, Grady et al., 1995), but in other cases retarded these processes (Uhlin-Hansen and Yanagishita, 1995; Roseberry and Hosey, 1999). Although this approach has been used to determine constitutive internalization of some cell surface glycoproteins (e.g. IL2-R, CFTR) (Yu et al., 2000; Morelon et al., 1998; Subtil et al., 1994; Mahmutefendić et al., 2002; Sharma et al., 2004) it was not systematically used to track the spontaneous internalization of membrane glycoproteins. In a study on concanavalin A activated T lymphocytes it was found that in the presence of CHX 20-30% of surface H2k molecules were internalized in 2 hours, followed by the plateau which lasted for additional 3 hours (Tse and Pernis, 1984). The observation that 70% of the cells did not internalize class I molecules in these conditions led to the assumption that CHX inhibits the synthesis of some short-lived polypeptide(s) important for the process of internalization. However, we have shown that the internalization of H2d molecules occurs continuously in the presence of CHX on P815 cells (Figures 1, 2, 5 and 7), but also on other cell lines (L-Ld and Balb 3T3 cells, Fig. 1), even after 24 hours. Furthermore, CHX did not inhibit or retard endocytosis of H2d molecules in the antibody internalization assay (Fig. 5) as well as endocytosis of Tf and CTxB (Fig. 4). It was also reported that other recycling receptors, such as the LDL receptor in fibroblasts, are not affected by inhibition of protein synthesis and their internalization is not influenced by treatment with CHX over the period of 48 hours (Pearse and Bretscher, 1981).

Spontaneous internalization of MHC class I proteins was usually studied by binding of specific mAb to the pre-existing cell surface proteins (Dasgupta et al., 1988; Capps et al., 1989; Machy et al., 1987). Although this method is technically convenient and reproducible, it is questionable whether this approach may address all issues related to constitutive internalization of MHC molecules, as well as other surface glycoproteins. For instance, mAbs may cause capping and cross-linking of surface glycoproteins and thereby induce endocytosis (Favoreel et al., 1999). Furthermore, antibody molecules may unbind from the class I proteins during longer incubations since the process of the association and dissociation is reversible. In addition, it is impossible to ensure that all surface MHC class I molecules are labeled with mAb. These types of studies may be appropriate for tracking of intracellular (vesicular) trafficking of internalized molecules. Usually a small proportion of surface proteins are internalized rapidly and they are distinguished in the intracellular compartment by visualization of an antibody rather than internalized protein. It has been shown in kinetics studies by mAbs that only a proportion (20% in an hour) of cell surface molecules was internalized (Davis et al., 1997). Namely, internalized molecules enter the endocytic pathway, including endocytic recycling compartments (Naslavsky et al., 2003; Radhakrishna and Donaldson, 1997) and subsequently could reappear at the cell surface even after labeling with mAbs (Weber et al., 2004; Sharma et al., 2004). 

In order to rule out the possibility of induced endocytosis some authors argue that cross-linking does not increase internalization of MHC class I molecules. It is based on the same kinetics of internalization when either whole mAbs or Fab fragments of mAbs were used (Grady et al., 1995), and that the cross-linking of class I molecules by mAbs does not induce internalization of those molecules that are normally not endocytosed (Dasgupta et al., 1988; Tse and Pernis, 1984). On the other hand, it was reported that cross-linking by antibodies may induce internalization of MHC class I molecules in fibroblasts (Huet et al., 1980). 

Internalization of MHC class I molecules determined by external binding of mAbs is faster compared with the spontaneous internalization after depletion of their egress, although overall internalization is rather slow (Fig. 2). External binding of antibodies does not induce endocytosis, but rather MHC class I glycoproteins carry bound antibodies during regular endocytic internalization. The difference observed may be a result of different recycling rates of MHC class I molecules and antibodies bound to them. Although antibodies internalized together with MHC class I molecules recycle back to the cell surface in association with MHC class I molecules (Mahmutefendić et al., manuscript in preparation), the contribution of endocytic recycling in retention of MHC class I molecules at the cell surface is difficult to estimate. However, the internalization kinetics in BFA treated cells is more similar to the internalization kinetics determined by mAbs binding (Figures 1 and 2), indicating that BFA treatment alters also endosomal trafficking, including recycling, in addition to the depletion of MHC class I egress to the plasma membrane. Similar observation that the cell surface half-life is longer when determined by treatment with CHX than by mAbs or ligand binding has been made for IL-2R and its subunits (Yu et al., 2000; Morelon et al., 1998; Subtil et al., 1994). It is interesting that the kinetic of internalization for some receptors (LDLR, IL-2R, D6 receptor) is essentially the same whether the ligand was added together with mAb or not (Subtil et al., 1994; Anderson et al, 1982; Galliera et al., 2004). On the other hand, some receptors (CCR2b, β2-ARs) cannot be internalized without presence of specific ligand regardless the presence of specific mAb (Moore et al., 1995; Galliera et al., 2004).

MHC class I molecule internalization was also studied by external binding of glycopeptides (Abdel Motal et al, 1993) or fluorescently labeled β2m (Hochman et al., 1991) on preexisting molecules at the cell surface. These models were convenient to distinguish both kinetics and the mechanisms of their endocytosis, however the acidic milieu of endosomes, that cause dissociation from the ligand, did not allow conclusion on spontaneous internalization rate of MHC class I alleles. Furthermore, Reid and Watts (1990) labeled the cell surface of B lymphoblastoid A46 cell line by DPSgtc reagents, containing iodinated tyrosine residues (125I-Tyr) linked by disulphide bond to N-hidroxysuccinimide ester which reacts with amino groups at the cell surface. Using the reducing reagents, 125I-Tyr can be detached enabling us to distinguish the surface (non-radioactive) from internalized (radioactive). This model has many advantages, but is technically demanding and includes the work with radioactive material. 

MHC class I alleles differ in stability, both intracellulary and at the cell surface (Balendiran et al., 1997). However very little is known about mechanisms of their internalization and intracellular trafficking within vesicular compartments. They also exert qualitative differences in interaction with molecules that are included in peptide binding, such are tapasin, calnexin, calreticulin and Erp57 (Machold et al., 1996). Considering H2d molecules, the differences are markedly expressed between Kd and Dd molecules from one side, and Ld molecules on the other side (Cook et al., 1996; Beck et al., 1986). In accordance to that, we have used two approaches to determine spontaneous internalization of murine H2d alleles in different cell types. We have shown that Kd and Dd molecules have similar internalization kinetics in different cell lines, but Dd molecules have longer half life at the cell surface (more than 24 hours) comparing to 15-18 hours for Kd (Fig. 2 and Fig. 6). Ld molecules internalize much faster than Kd and Dd (Fig. 2 and Fig. 4), and their estimated  half life at the cell is about 6-8 hours.

It has been reported that the mechanism and the kinetics of MHC class I internalization does not depend only on the allele but also on cell type (Dasgupta et al., 1988; Reid and Watts, 1990; Huet et al., 1980; Machy et al., 1987; Tse and Pernis, 1984; Anderson et al., 1982). Some cell lines show more tendency to internalize their class I molecules, like activated T lymphocytes (Machy et al., 1987; Tse and Pernis, 1984), monocytes and macrophages (Dasgupta et al., 1988), EBV transformed B lymphoblastoid cell line A46 (Reid and Watts, 1990) and B lymphocytes derived 721 221 cell line (Galliera et al., 2004). In contrast, it has been published that endocytosis of MHC class I molecules was not detected in B lymphocytes (Machy et al., 1987), monocyte tumor cell lines (Dasgupta et al., 1988) and L fibroblasts (Machy et al., 1982), and that fibroblasts internalize their MHC class I molecules only after strong cross-binding with multivalent ligands (Huet et al., 1980). However, we have shown that Balb 3T3 and L-Ld fibroblasts (Fig. 1) spontaneously internalize their H2d molecules after CHX treatment and by mAb internalization assay. In these cell lines internalization kinetics and allele specificities are similar to that in mastocytoma P815 cell line. 

Constitutively internalized fully conformed MHC class I molecules neither cross the plasma membrane via clathrin-coated vesicles nor via lipid raft-dependent endocytosis, since the internalization cannot be inhibited by inhibitors of clathrin endocytosis (chlorpromazine) or cholesterol depleting agent (filipin). Thus, we can conclude that fully conformed molecules internalize and enter into the endocytic compartments via the bulk pathway, although they crossroad with the transferrin and cholera toxin internalization pathways (Blagojević et al., manuscript in preparation). Constitutive internalization of non-conformed Ld molecules,, followed either in the CHX model or by mAb binding, is dependent on intact cholesterol-rich membrane microdomains (Fig. 7) indicating their sorting into the lipid rafts at the cell surface and their internalization by lipid-raft dependent endocytosis. This also could result in separation of fully conformed and non-conformed molecules into distinct intracellular vesicular compartments. In general, a majority of fully conformed MHC molecules recycle between the plasma membrane and early endosomal compartments, whereas non-conformed molecules accumulate within intracellular vesicles (Mahmutefendić et al., manuscript in preparation). It is possible that sorting into the lipid rafts is more general biological principle for separation of non-conformed and misfolded glycoproteins at the plasma membrane, and their rerouting into distinct intracellular vesicular pathway in order to separate from fully conformed glycoproteins. An argument supporting this assumption comes form observations that misfolded Dd and Ld, as well as misfolded human MHC class I alleles, are sorted into lipid rafts and internalized by lipid rafts-dependent endocytosis (Mahmutefendić et al., manuscript in preparation).

Understanding of internalization and endocytic processes of MHC class I molecules is very important due to their dynamic role in presenting foreign peptides to the immune system. Although they have been known for a long time to function in the presentation of endogenous antigens to CD8+ T lymphocytes, several studies indicate that MHC class I molecules can also present peptides derived from exogenous sources (Grommé et al., 1999; Schirmbeck and Reimann., 1996). Exogenous peptide loading should occur in the endocytic compartment and, therefore, for further understanding of antigen presentation it is essential to understand endocytic trafficking of MHC class I molecules. 
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Figure legends

Fig. 1. Spontaneous internalization of MHC class I molecules in different cell lines.  (A) Spontaneous internalization of MHC class I alleles in P815 mactocytoma cells treated with brefeldin A (BFA, 1 μg/ml) or cycloheximide (CHX, 10 μg/ml). Spontaneous internalization of Ld molecules in IFN-γ pre-treated Balb 3T3 fibroblasts (B) and Ld transfected L-cells (C) after CHX treatment. Cell surface expression of MHC class I glycoproteins was determined by flow cytometry and results expressed as percentage of initial expression. A representative experiment of four independent experiments is shown.

Fig. 2. Spontaneous internalization of H2d molecules determined by externally bound monoclonal antibodies. P815 cells were pre-treated with the appropriate antibody at 4°C for 30 min (closed circles) or incubated in the presence of CHX (open circles). Surface expression of bound antibodies and H2d molecules was determined by flow cytometry.

Fig. 3. Internalization of monoclonal antibodies bound to MHC class I molecules. Balb 3T3 cells, pretreated with IFN-γ for 48 hours, were incubated with mAbs MA-215 (anti-Kd), 34-5-8S (anti-Dd) and 64-5-7 (anti empty Ld) for 60 min at 4oC and internalization allowed at 37oC for 5, 10 and 15 min. Prior immunofluorescence staining the cells were treated with low pH to remove surface antibodies. Internalized of antibody molecules (green fluoresecence) and caveolin-1 were (red fluorescence) were determined by confocal microscopy. Ø – antibody molecules bound to the cell surface prior internalization;  eLd – empty Ld.

Fig. 4. Endocytosis of transferrin and cholera toxin B in cycloheximide treated cells.  P815 cells were pre-treated with CHX (10 μg/ml) for 16 hours or left untreated (Ø) and internalization of transferrin-FITC (A) and  CTxB-Alexa 555 (B) was determined after 45 min. of incubation. Internalized CTxB  (red fluorescence) was determined by its colocalization with  the GM-130 (green fluorescence).

Fig. 5. Cycloheximide treatment does not affect internalization of MHC class I molecules after surface mAbs binding. P815 cells were pre-incubated with the appropriate antibody and incubated in culture medium with (open circles) or without (closed circles) CHX. Surface expression of non-internalized antibodies was determined by flow cytometry. The results are representative of two independent experiments.
Fig. 6. Degradation of cell surface MHC class I molecules. (A) Degradation of cell surface biotinylated MHC class I alleles was determined in untreated cells (without CHX) and cells treated with CHX (10 μg/ml). Kd, Dd, full Ld (fLd) and empty Ld (eLd) molecules were immunoprecipitated from cytoplasmic extracts and visualized by SDS-PAGE and chemiluminiscence. (B) Densitometric analysis of immunoprecipitates. Relative intensities of the bands were measured by scanning densitometry of each of the individual bands. Percentages of expression of MHC class I molecules were calculated on the basis of initial levels determined in blots (0h for each group). Shown is a representative of two independent experiments with comparable results.
Fig. 7. The effect of inhibitors of clathrin and lipid-raft mediated endocytosis on spontaneous internalization of MHC class I molecules. (A) Spontaneous internalization of MHC class I molecules in CHX treated P815 cells in the presence of chlorpromazine (7.5 μg/ml) and filipin (1 μg/ml) determined by flow cytometry after 8 hours. (B) Internalization of externally bound mAbs to MHC class I molecules in P815 cells treated with filipin (1 μg/ml) determined by flow cytometry after 8 hours. Values in A and B represent the average of three experiment and the variation between samples. (C) Internalization of mAbs bound to MHC class I molecules in the presence of chlorpromazine (CP, 30 min. of internalization). (D) The effect of CP on endocytosis of the transferrin (Tf) and its entry into early endosomes (EEA1+ compartments). (E) The effect of filipin on endocytosis of the CTxB-FITC. P815 cells were pre-treated with filipin (1 μg/ml for 90 min.) and internalization of CTxB-FITC allowed for 45 min. Cell surface bound CTxB was removed by short low-pH treatment and percentage of intracellular CTxB determined by flow cytometry. Mean values of five experiments and SEM are shown.  (F) Colocalization of CTxB-Alexa Fluor with GM-130 (the Golgi complex) after 30 min. of internalization. Ø – no treatment.
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