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INTRODUCTION

Specific and regulated protein-protein-interaction is essential for the existence of productive multi protein complexes that maintain and regulate almost all processes in the cell -from sugar, fat and amino acid metabolism to transcription, translation, replication, chromosome segregation and cytokinesis. Our understanding of these processes mainly depends on the identification and characterization of the specific proteins involved and on the properties of their interactions. Therefore, various methods have been developed in the past, which qualitatively and/or quantitatively analyse protein-protein interactions [reviewed in [START_REF] Charbonnier | The social network of a cell: recent advances in interactome mapping[END_REF][START_REF] Figeys | Mapping the human protein interactome[END_REF]. The most prominent methods, which have also been adapted for proteome wide analysis, are the yeast two hybrid (Y2H) system [START_REF] Fields | A novel genetic system to detect protein-protein interactions[END_REF] and affinity purification combined with mass spectrometry [reviewed in 4]. There are several versions of both methods and each has different advantages and limitations. The isolation of endogenous protein complexes using specific antibodies for co-immunopurification could give insights into protein complexes close to the physiological reality. However, appropriate antibodies are rare and proteins weakly expressed or weak transient interactions are hardly detectable. These problems are partially solved by the use of transiently or stably overexpressed tagged proteins [START_REF] Junttila | Single-step Strep-tag purification for the isolation and identification of protein complexes from mammalian cells[END_REF][START_REF] Korf | Large-scale protein expression for proteome research[END_REF][START_REF] Lichty | Comparison of affinity tags for protein purification[END_REF][START_REF] Terpe | Overview of tag protein fusions: from molecular and biochemical fundamentals to commercial systems[END_REF]. However, these may also increase the number of false positive interactors, as some protein interactions only take place during the protein extract preparation and therefore do not correspond to the actual conditions in the living cell.

Alternatively, Y2H represents a genetic approach that also identifies weak binary protein interactions and directly provides the DNA coding for the interacting proteins. It was developed for the yeast Saccharomyces cerevisiae, but was also adapted to Schizosaccharomyces pombe and to Escherichia coli. Y2H has been used for the identification of thousands of protein-protein-interactions of a variety of organisms [summarized in 1]. However, in these approaches proteins are expressed in a heterologous organism (yeast or E. coli), most of the native posttranslational modifications and chaperone protein interactions are missing and, in yeast, the system also depends on the transport of the interacting proteins to the nucleus. Accordingly, after nearly two decades of extensive use of Y2H, this method is now estimated to produce between 25 and 45% of false positive results [START_REF] Huang | Where have all the interactions gone? Estimating the coverage of two-hybrid protein interaction maps[END_REF]. Further in vitro methods for monitoring protein-protein interactions, such as pull down assays, peptide microarrays or protein cocrystallization are relatively far from physiological reality. Other methods, such as fluorescence spectroscopy and imaging technologies, attempt to analyse the interaction of proteins in their native environment. New imaging technologies coupled with genetically constructed fluorescent proteins (FPs) are used for direct co-localization of proteins by fluorescence resonance energy transfer (FRET) [START_REF] Jares-Erijman | FRET imaging[END_REF][START_REF] Jares-Erijman | Imaging molecular interactions in living cells by FRET microscopy[END_REF] or by protein fragment complementation assays (PCA) with split-GFP [START_REF] Ghosh | Antiparallel leucine zipper-directed protein reassembly: application to the green fluorescent protein[END_REF]. These elegant methods open new opportunities to analyse single protein-protein interactions but, so far, they seem not to be suited for general and a proteome wide analysis [summarized in 13].

Here we describe Trans-SUMOylation (TRS), a new method that monitors protein-protein-interactions in vivo and operates under protein expression levels similar to that of the endogenous proteins. In TRS the fusion of the SUMOylating enzyme Ubc9 to the protein of interest (protein 1) results in covalent modification of an interacting protein (protein 2) by SUMOylation, a ubiquitin-like posttranslational protein modification of eukaryotic cells where a mature SUMO protein of 101 amino acids (SUMO1) is reversibly

RESULTS

Trans-SUMOylation monitors protein-protein-interactions. SUMOylation substrate proteins are strongly SUMOylated when they are fused to the SUMO conjugating enzyme Ubc9 (Ubc9 fusion-directed SUMOylation, UFDS; Figure 1A) [START_REF] Jakobs | Ubc9 fusion-directed SUMOylation (UFDS): a method to analyse function of protein SUMOylation[END_REF][START_REF] Jakobs | Ubc9 fusiondirected SUMOylation identifies constitutive and inducible SUMOylation[END_REF] and this protein fusion functionally can be replaced by a rapamycin-induced FRB/FKBP12 heterodimerization [START_REF] Zimnik | Mutually exclusive STAT1 modifications identified by Ubc9/substrate dimerization-dependent SUMOylation[END_REF]. Here we have analysed whether an Ubc9 fusion protein can also SUMOylate its binding proteins (Trans-SUMOylation, TRS; Figure 1B), thus making SUMOylation a monitor for protein-protein interactions in vivo. Therefore, we first co-expressed a protein of interest (protein 1) fused to Ubc9 together with an interacting protein (protein 2) in HEK293 cells, which also express EGFP-SUMO1. As a result of interactions between protein 1 and 2 and subject to the condition that a SUMOylation site is available in protein 2, EGFP-SUMOylation will normally result in altered electrophoretic mobility of protein 2 and can be detected by Western blot. To analyse TRS for its ability to identify protein interactions in mammalian cells in vivo, we tested protein binding pairs known from the literature [summarized in the BioGRID database (www.thebiogrid.org)] and Entrez Gene [www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene]; for references also see supplementary Tables I-IV)). We always co-expressed protein 2 and a protein 1-Ubc9 fusion, or, as a negative control, non-fused and non-binding protein-fused Ubc9 in the absence and presence of EGFP-tagged SUMO1. Proteins were analysed for SUMOylation by Western blot using protein 2 specific antibodies. Western blots demonstrating protein interactions detected by TRS are shown in Figure 2A-2D and in Supplementary Figure 1. In many cases intense SUMOylation of the interacting proteins can be detected indicating that TRS occurs as a general phenomenon (summarized in supplementary Tables I andII). Here it should be noted for all shown Western blots that the shift of a protein band by a SUMOylation is not simply as it is estimated by the addition of the mass of the conjugated SUMO or EGFP-SUMO. Additionally the localisation of the conjugation site at the C(N)-Terminus or in the centre of the conjugated polypeptide determines how strong the protein band is shifted. While conjugation to the ends of the polypeptide chain does not shift significantly more than due the molecular mass added, conjugation to the centre of the polypeptide chain leads often to a significant extra shift. By TRS, we confirmed sixteen established protein interactions (supplementary Table I), such as interactions between the protein kinases MK2 and p38 (Figure 2A and 2B), between the tumor-suppressor p53 and p38 (Figure 2C), the homodimerisation of proteasome regulatory subunit PSMC3/PSMC3 (Figure 2D), between MK2 and the polycomb member Edr2 (Supplementary Figure 1A), between the AP-1 transcription factors c-JUN and c-FOS (Supplementary Figure 1B and1C) and also between p53 and the regulatory kinase subunit CSNK2B (Supplementary Figure 1D), (see also supplementary Table I). Furthermore, we identified seven new protein interactions (supplementary Table II): the homodimerisation of heat shock transcription factor-binding protein HSF2BP (Figure 3A), of the regulatory kinase subunit CSNK2B (Figure 3B), of the Hsp90 cochaperone CDC37 and of the protein kinase MK2 (Supplementary Figure 1E and1F) as well as the interactions between MK2/CSNK2B (Supplementary Figure 1G), MK2/MK5 (Supplementary Figure 1G) and MK2/ERK1 (Supplementary Figure 1H). Four of the identified new protein interactions, the homodimerisation of HSF2BP (Figure 3C) and of CSNK2B (Figure 3D) as well as the interactions between MK2/MK5 (Figure 3E) and MK2/CSNK2B (Figure 3F) were confirmed by GST pull down.

We recently have shown that MK2 associates with the polycomb group complex (PcG) and regulates via its interaction with Edr2 the hematopoietic stem cell homeostasis [START_REF] Schwermann | MAPKAP kinase MK2 maintains self-renewal capacity of hematopoietic stem cells[END_REF]. When we verified MK2/Edr2 interactions by TRS and used p38α and Edr2 as control, we also become aware of a positive interaction signal for p38α and Edr2 in TRS (Supplementary Figure 1A). This novel interaction between p38α and Edr2 could be confirmed by nuclear colocalization of both protein, when fused to GFP or RFP, respectively, and visualized in confocal microscopy (Figure 3G). Since Edr2 is part of the multi-protein PcG, we then analysed whether proteins in this complex are substrates of MK2 or p38α. Interestingly, p38α but not MK2 phosphorylates the Edr2-interacting PcG protein Bmi1 at the proline-directed threonine 275 (Figure 3H and3I). Binding of p38α to Edr2 and most likely also to MK2 leads to its recruitment to the PcG complex where it can phosphorylate the PcG protein Bmi1. The Edr2-dependent docking of p38α to PcG and the subsequent phosphorylation of the complex component Bmi1 could indicate functional consequences and biological relevance of this novel interaction detected by TRS.

TRS using a SUMOylation-site-tag.

There are several possible explanations why some protein interactions could not be confirmed by TRS: Firstly, TRS is not sensitive enough to detect very weak protein interactions, like those found between enzymes and their substrates. Secondly, the interactions identified under artificial conditions does not exist in vivo, thirdly, because of sterical restrictions and structural constrains in reaching the SUMOylation site by Ubc9 and, lastly, because there is no SUMOylation site present in the protein 2. To apply TRS for the latter two cases, we introduced a SUMOylation-site-tag (ST), which can introduce the ideal SUMOylation site of p53 into any protein of interest (Figure 4A). The ST(377-393)-peptide TSRHKKLMFKTEGPDSD was added to the C-terminus of the non-SUMOylated mutant p53-K386R (Figure 4A and4B) with or without three and six glycine residues as linker, respectively (Figure 4A). As expected, the ST-fusion leads to significant increased TRS of p53K386R-ST(377-393) by Ubc9-p38 (Figure 4C, Supplementary Figure 2A and2D) and by CSNK2B-Ubc9 (Supplementary Figure 2D) and of MK2-ST(377-393) and MK2-ST(377-391) by Ubc9-p38 (Supplementary Figure 2B and2C). Furthermore, we tested other SUMOylation-site-tags (ST(377-389), ST(377-391), ST(RAGP1), ST8; Figure 4C and Supplementary Figure 2E) and demonstrated that even a peptide of 8 amino acids (ST8) functions in TRS (Figure 4C). These data indicate that STs can be utilized to extend TRS analysis to proteins which do not contain endogenous SUMOylation sites.

TRS identifies interaction domains. Next we asked whether TRS can be used to characterize protein interaction domains. To that end, we analyzed the specific interactions between the protein kinase MK5 and the atypical MAPK ERK3 (Figure 5A and 5B), which was already characterized by us in pull down experiments [START_REF] Schumacher | Scaffolding by ERK3 regulates MK5 in development[END_REF], also in TRS. First, we coexpressed Ubc9-MK5 and, as negative controls, also Ubc9-MK2 and Ubc9-p38 together with full length GST-ERK3 and analysed the protein extracts by Western blotting (Figure 5B). The known specificity of interactions between ERK3 and MK5 [START_REF] Schumacher | Scaffolding by ERK3 regulates MK5 in development[END_REF][START_REF] Seternes | Activation of MK5/PRAK by the atypical MAP kinase ERK3 defines a novel signal transduction pathway[END_REF] was confirmed by TRS of GST-ERK3 detected for co-expression of Ubc9-MK5 while co-expression of Ubc9-MK2 and the Ubc9-p38 does not lead to TRS of GST-ERK3 in EGFP-SUMO1 expressing HEK293 cells. By pull down experiments of MK5 together with C-terminal ERK3-deletion mutants it has been previously shown that the overlapping ERK3-regions between amino acids 301 and 357 [START_REF] Schumacher | Scaffolding by ERK3 regulates MK5 in development[END_REF] and amino acids 330 and 340 [START_REF] Seternes | Activation of MK5/PRAK by the atypical MAP kinase ERK3 defines a novel signal transduction pathway[END_REF] are essential for MK5 binding. Here, we analysed TRS of the C-terminal ERK3 deletion mutants as shown in Figure 5A and obtained confirmatory results with this new method: While Ubc9-MK5 leads to TRS of the ERK3(1-471) and ERK3(1-357) fragments (Figure 5B), no TRS of GST-ERK3(1-301) is observed (Figure 5B). In addition, we were able to show that there is no TRS of the entire C-terminus of ERK3(317-720) and of ERK3(101-720) (Figure 5B) by Ubc9-MK5, indicating that binding of MK5 to ERK3 requires both parts of the kinase domain of ERK3 and parts of its C-terminal extension. The analyses of MK2/p38α, and p53/p38α interactions by TRS also confirmed the known molecular facts (Supplementary Figure 3A-3D) TRS of proteins expressed at endogenous levels. Protein-protein interaction analyses are prone to false positive results, particularly at the time when proteins are mixed in high concentrations or when they are co-overexpressed. To show that TRS can determine protein interactions under native in vivo conditions at expression levels which are similar to the endogenous ones, we analysed three different TRS pairs for protein-protein interactions at protein levels similar to endogenous ones. Therefore, the indicated amounts (330 pg -10 ng) of specific fusion protein expression vectors were cotransfected with the indicated amounts of co-expression plasmids into HEK293 cells (Figure 6). Under these conditions and using uncleaveable (UC)SUMO3(Q89P) that reduces deconjugation we reinvestigated the TRS of GST-MK2 by p38α-Ubc9 (Figure 6A), of GST-p38α by MK2-Ubc9 (Figure 6B) and of GST-ERK3 by MK5-Ubc9 (Figure 6C). When the GST and Ubc9 fused proteins were expressed at levels similar to the nonfused endogenous proteins, we detected a weak TRS band (marked by empty grey arrow heads) in all lanes where the GST fusion protein was coexpressed with the Ubc9 fusion protein and SUMO (EGFP-SUMO1 and UCSUMO3). No SUMOylation was detected with the massive overexpression of Ubc9 alone (controls of Figure 6A and6B), demonstrating the specificity of TRS. This proves that TRS can determine real in vivo interactions of proteins at expression levels of endogenous proteins.

DISCUSSION

The identification of protein binding partners is an essential step towards the functional characterization of a protein. Here we describe TRS, a new method to identify and study in vivo protein-protein interactions by coexpression in mammalian cells. TRS is based on the finding that Ubc9 fusion proteins can trans-SUMOylate their binding partners. For 16 known and 7 new protein interactions we have demonstrated that TRS can be used to monitor the binding of the proteins in vivo and that TRS can also contribute to the characterization of in vivo interacting regions of protein pairs, such as MK5/ERK3, MK2/p38 and p53/p38. While the analyses of the MK5/ERK3 complex completely confirmed the known interacting domains, we cannot exclude that the used deletions in ERK3 possibly removed the SUMOylation site(s) in that protein. This possibility was excluded in the analyses of the MK2/p38 and p53/p38 complex, where the deletions of protein 1 have been fused to Ubc9 and the SUMOylation substrate protein 2 remains untouched. For future analyses of interaction domains by TRS, we would always suggest to tag protein 2 with a SUMOylation-site to preserve its SUMOylatability.

Of note, using the protein pairs MK2/p38 and MK5/ERK3, which were moderately expressed in HEK293 cells, we have demonstrated that TRS can detect the interactions of proteins at levels similar to their endogenous expression. Hence, TRS could be regarded as an in vivo-labelling mechanism for coexpressed proteins that interact with a specific Ubc9 fusion protein under most native conditions within the cell. The analysis we have shown here for moderately expressed proteins p38α, MK2, MK5 and Erk3 could also be adapted to lower expressed proteins, if the protein 2 that is analysed for SUMOylation, is enriched before the Western analysis using a suitable tag.

What are the advantages and disadvantages of TRS compared to other methods for studying proteinprotein interactions in vivo in the living cell? Often, it is suggested that co-immunoprecipitation of endogenous interacting proteins is the most suited system to confirm protein-protein interactions. Although this method starts with the native non-manipulated cellular system, immunoprecipitation of endogenous interacting proteins is performed after cell lysis in protein extracts, where proteins, which are normally separated by their distinct cellular localization or by local variations of physicochemical conditions, can artificially interact. Similar limitations exist for the methods that show protein-protein interactions by purification of protein complexes under native conditions, such as pull down, Tandemaffinity-purification (TAP) [START_REF] Rigaut | A generic protein purification method for protein complex characterization and proteome exploration[END_REF], the Cross-and-Capture method [START_REF] Suter | Examining protein-protein interactions using endogenously tagged yeast arrays: the Cross-and-Capture system[END_REF] and the Lumier-system [START_REF] Barrios-Rodiles | High-throughput mapping of a dynamic signaling network in mammalian cells[END_REF] and also the QUICK-system [START_REF] Selbach | Protein interaction screening by quantitative immunoprecipitation combined with knockdown (QUICK)[END_REF], a method that can minimize unspecific contaminants, cannot reduce falsepositive interactions that exclusively take place in the protein extract. TRS minimizes the probability of such false-positive results, because SUMO-labelling takes place in an interaction-dependent manner only in living cell and because the conjugating enzyme Ubc9 is directly inactivated during cell lysis by boiling in SDS loading buffer. As further control we replaced the Ubc9 fusion protein by an overexpressed unfused Ubc9. This enabled us to clearly differentiate between Ubc9-dependent and Ubc9-fusion proteindependent SUMOylation of the target protein.

Of the genetic methods for analysis of protein-protein interactions, the most relevant are the yeast two hybrid approaches. These analyse protein-protein interactions in the living yeast cell, where various modifications of mammalian proteins necessary for the interactions cannot be generated and where yeast proteins can possibly interfere with the mammalian protein-protein interactions analysed. Therefore, mammalian two hybrid systems have been developed, which are based on the reconstitution of a transcription factor [START_REF] Shioda | A green fluorescent protein-reporter mammalian two-hybrid system with extrachromosomal maintenance of a prey expression plasmid: application to interaction screening[END_REF], of the signalling of a membrane spanning receptor signalling cascade (MAPPIT) [START_REF] Eyckerman | Design and application of a cytokine-receptor-based interaction trap[END_REF], by the protein fragment complementation of an enzymatic activity (Split-TEV) [START_REF] Wehr | Monitoring regulated protein-protein interactions using split TEV[END_REF], by the bimolecular complementation of a fluorescence signal (BIFC) [START_REF] Hu | Visualization of interactions among bZIP and Rel family proteins in living cells using bimolecular fluorescence complementation[END_REF] or also by fluorescence/bioluminescence resonance energy transfer (FRET/BRET) [START_REF] Siegel | Measurement of molecular interactions in living cells by fluorescence resonance energy transfer between variants of the green fluorescent protein[END_REF][START_REF] Xu | A bioluminescence resonance energy transfer (BRET) system: application to interacting circadian clock proteins[END_REF]. These methods may all better reflect the real situation in the cell and have been successfully used to identify interacting proteins. However, their limitations arise from the facts that interactions have to take place in a specific cellular localization (mammalian Two hybrid, MAPPIT, Split-TEV and Tango) and that there are structural constraints to reach the protein fragment complementation (Split-TEV, BIFC and FRET/BRET). Furthermore, most of these methods are necessarily combined with an indirect reporter system that can also cause false-positive results. TRS is not restricted to a special cellular localization for the protein-protein interactions and it does not need a special reporter system, because the resulting modification is detected directly at the interacting protein.

Eleven protein interactions previously described could not be confirmed by TRS using EGFP-SUMO1. Possible reasons for this could be the existence of structural constraints between the binding proteins, a problem that concerns all systems based on fusion proteins. Our observation that TRS is not efficient with all tested constructs for the p53/p38α or the p53/ERK2 binding pairs (cf. supplementary material, Table I) supports the notion of sterical constraints of TRS. We tried to minimize these sterical constraints for TRS by the development of special linkers that will give the fused Ubc9 more of the flexibility necessary to reach the SUMOylation site of the associating proteins but so far without success (data not shown). However, we could demonstrate that both sterical constraints and missing SUMOylation sites in the protein 2 can be compensated by the introduction of highly flexible SUMOylation-site-tags (STs) into protein 2. STs enable TRS of proteins without natural SUMOylation site(s), as shown for p53K386R, and strongly enhance the TRS of other proteins 2, such as MK2. In this context it also should be noted that the Ubc9-fusion leads to a forced SUMOylation of the fusion partner in UFDS [START_REF] Jakobs | Ubc9 fusion-directed SUMOylation (UFDS): a method to analyse function of protein SUMOylation[END_REF][START_REF] Jakobs | Ubc9 fusiondirected SUMOylation identifies constitutive and inducible SUMOylation[END_REF] and also to the interaction partner in TRS (this study). Hence, even weak SUMOylation sites can display Trans-SUMOylation. However, a further explanation for missing protein 2 SUMOylation could be that some transient interactions between enzymes and substrates, such as JNKs/JUN, MK2/Hsp27 or ERK1/p53 (supplementary material, Table II), are too weak to be identified by TRS using EGFP-SUMO1. Here, further developments of TRS are under way, using SUMO with a reduced deconjugation, SUMOylationsite-tags with an increased SUMOylation or a linker-fused Ubc9 with higher conjugation activity.

TRS in its present form depends on the coexpression of the interacting proteins, where the prey protein should contain a SUMO-site or tag, and is surely suited to confirm protein interactions in vivo that have been identified with systems like the Y2H. Furthermore it can be used for a systematic coexpression of protein pairs to identify new interacting protein pairs in vivo. To ensure that as much as possible interactions will be identified, we suggest to use N-and C-terminal fusions of Ubc9 to a certain protein 1 and a protein 2 that carries a SUMOylation-site-Tag. TRS determines the protein-protein interactions of interest in the homologue organism and rules out misleading results caused by the heterologous organism used.

TRS is a completely new concept that uses a mammalian posttranslational modification system to covalently label coexpressed interacting proteins in vivo and is capable of studying protein-protein interactions at levels similar to endogenous expression. Therefore, TRS has the potential to contribute significantly to the physiologically validated protein-protein interactome. TRS will also be suited to monitor the action of small molecule inhibitors on protein-protein interactions in the living cell and, hence, could help to validate pharmacologically important targets. Furthermore, we have first promising indications that TRS can be the basis for the future development of a screening method for endogenous interacting proteins in mammalian cells in vivo, where endogenous proteins trans-SUMOylated by an expressed Ubc9 fusion protein could be purified and analysed by mass spectrometry.
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(A) GST-MK2 and EGFP-SUMO1 or (B) GST-p38 and EGFP-SUMO1 were cotransfected into HEK293 cells either alone (-) or together with HA-Ubc9, p53-Ubc9, Ubc9-MK5, Ubc9-MK2, MK2-Ubc9, Ubc9-p38, JUN-Ubc9 or Ubc9-CSNK2B (+). (C) p53 and EGFP-SUMO1 were cotransfected into HEK293 cells either alone (-) or together with HA-Ubc9, STAT1-Ubc9, ERK2-Ubc9, Ubc9-ERK2, Ubc9-TBP, Ubc9-CDK4 or Ubc9-p38 (+). (D) GST-PSMC3 and EGFP-SUMO1 were cotransfected into HEK293 cells either alone (-) or together with HA-Ubc9, Ubc9-PSMC3 or MK2-Ubc9 (+). 24 h after transfection the Ubc9 fusion protein binding proteins in the protein extracts of the transfectants were detected by immunoblotting using protein or tag specific antibodies (GST, p53, Ubc9). After stripping, the Ubc9 fusion proteins were detected with Ubc9 antibody (Ubc9). Binding proteins, binding proteins conjugated with coexpressed EGFP-SUMO1 (E-S1), Ubc9 fusion proteins and Ubc9 fusion proteins conjugated with coexpressed EGFP-SUMO1 (E-S1) are indicated by black arrow heads or black lines, weak Trans-SUMOylation bands are indicated by grey empty arrow heads. For all the Western blots it should be noted, that the shift of a protein band by a SUMOylation is not simply as it is estimated by the addition of the mass of the conjugated SUMO or EGFP-SUMO. Additionally the localisation of the conjugation site at the C(N)-Terminus or in the centre of the conjugated polypeptide determines strongly how much the protein band is shifted. The conjugation to the ends of the polypeptide chain does not shift strongly additional to the added mass, but the conjugation to the centre of the polypeptide chain.

Figure 3 Confirmation of protein-protein interactions identified by Trans-SUMOylation.

(A) GST-HSF2BP and EGFP-SUMO1 were cotransfected into HEK293 cells either alone (-) or together with HA-Ubc9, Ubc9-HDGF or Ubc9-HSF2BP (+). (B) GST-CSNK2B with (+) or without (-) EGFP-SUMO1 was cotransfected into HEK293 cells either alone (-) or together with CSNK2B-Ubc9 (+) and with (+) or without (-) the constitutive active (ca) MAP3-kinase MEKK1. 24 h after transfection the Ubc9 fusion protein binding proteins in the protein extracts of the transfectants were detected by immunoblotting using a GST specific antibody (GST). Binding proteins and binding proteins conjugated with coexpressed EGFP-SUMO1 (E-S1) are indicated by black arrow heads. (C) Ubc9-HSF2BP was cotransfected into HEK293 cells either with GST or together with GST-HSF2BP. (D) CSNK2B-FKBP was cotransfected into HEK293 cells either with GST or together with GST-CSNK2B. (E) GFP-MK5 was cotransfected into HEK293 cells either with GST or together with GST-MK2. (F) Ubc9-CSNK2B was cotransfected into HEK293 cells either with GST or together with GST-MK2. 24 h after transfection the GST and GSTfusion proteins bound to glutathione sepharose were pulled down from the protein extracts of the transfectants. Co-purification of Ubc9-, FKBP-and GFP-fusion proteins were detected by immunoblotting using tag specific antibodies (Ubc9, FKBP, GFP). After stripping the GST fusion proteins were detected with GST antibody (GST). The detected coexpressed proteins are indicated by black arrow heads. An unspecific band in B) was indicated by a grey star. (G) The colocalisation of p38α with Edr2. HEK293 cells were transfected with expression vectors for GFP-Edr2 and RFP-p38α. Fusion proteins were visualised by fluorescence microscopy. Nuclei were stained using TO-PRO. RFP-p38α-AGF is the fusion protein of the catalytically inactive mutant of p38α which lacks the phosphorylatable threonine and tyrosine in the activation loop. p38α phosphorylates Bmi1 at T275. (H) In vitro phosphorylation assay for Bmi1 and Hsp25 using His-MK2 alone and together with its activating MAPK GST-p38α. Kinase assay was performed in the presence of γ-33P-ATP and phosphorylated proteins were visualised by phosphorimaging. (I) Different potential phosphorylation site mutants corresponding to alanine replacement of the proline-directed S/T residues shown in bold in the C-terminal sequence part of Bmi1 were subjected to in vitro phosphorylation using GST-p38α. Phosphorylation was detected as in H .

Figure 4

Trans-SUMOylation of SUMOylation site tags.

(A) Structure of p53 and the p53K386R mutant fused to the indicated SUMOylation-site-tags. (B) p53 and EGFP-SUMO1 or p53K386R and EGFP-SUMO1 were cotransfected into HEK293 cells either alone (-) or together with Ubc9-p38, Ubc9-BACH1 or MK2-Ubc9 (+). (C) Ubc9-p38 and EGFP-SUMO1 were cotransfected into HEK293 cells together with p53wt, p53K386R, p53K386R-ST(377-393), p53K386R-3G-ST(377-393), p53K386R-6G-ST(377-393), p53K386R-ST(377-391), p53K386R-ST(377-389), p53K386R-ST(RAGP1) or p53K386R-ST8 (+).24 h after transfection the Ubc9 fusion protein binding proteins in the protein extracts of the transfectants were detected by immunoblotting using a p53 specific antibody). After stripping the Ubc9 fusion proteins were detected with an Ubc9 antibody (Ubc9). Binding proteins, binding proteins conjugated with coexpressed EGFP-SUMO1 (E-S1), Ubc9 fusion proteins and Ubc9 fusion proteins conjugated with coexpressed EGFP-SUMO (E-S1) are indicated by black arrow heads or black lines. An unspecific band in C) was indicated by a grey star.

Figure 5

Protein-protein interaction domains characterized by Trans-SUMOylation.

(A) Schematic representation of ERK3 deletion mutants fused to GST. (B) Trans-SUMOylation analysis of ERK3 deletion mutants fused to GST. GST-ERK3 and EGFP-SUMO1 were cotransfected into HEK293 cells either alone (-) or together with HA-Ubc9, Ubc9-p38, Ubc9-MK2 or Ubc9-MK5 (+). GST-ERK3(101-720), GST-ERK3(1-301), GST-ERK3(316-720), GST-ERK3(1-471) or GST-ERK3(1-357) were cotransfected into HEK293 cells together with HA-Ubc9 and EGFP-SUMO1 or Ubc9-MK5 and EGFP-SUMO1 (+). 24 h after transfection the Ubc9 fusion protein binding proteins in protein extracts of the transfectants were detected by immunoblotting using a GST specific antibody (GST). After stripping the Ubc9 fusion proteins were detected with an Ubc9 antibody (Ubc9). Binding proteins, binding proteins conjugated with coexpressed EGFP-SUMO1 (E-S1), Ubc9 fusion proteins and Ubc9 fusion proteins conjugated with coexpressed EGFP-SUMO (E-S1) are indicated by black arrow heads or black lines.

Figure 6

Trans-SUMOylation of proteins expressed similar to endogenous levels. (A) GST-MK2 and UCSUMO3, (B) GST-p38 and EGFP-SUMO1 or UCSUMO3 and (C) GST-ERK3 and EGFP-SUMO1 or UCSUMO3 were cotransfected into HEK293 cells either alone (-) or together with the indicated amounts of expression plasmids of HA-Ubc9, Ubc9-p38, MK2-Ubc9 or Ubc9-MK5 (+) to reach expression levels similar to that of endogenous proteins. 24 h after transfection the Ubc9 fusion protein binding proteins and the endogenous proteins in the protein extracts of the transfectants were separated on a 7.5% SDS-PAGE and detected by immunoblotting using protein specific antibodies (MK2, p38, Ubc9, ERK3, MK5). After stripping the Ubc9 fusion proteins and the endogenous proteins were detected with specific antibodies (MK2, MK5, p38, Ubc9). The Ubc9 and the Ubc9 fusion proteins were also detected after a separation on a 13% SDS-PAGE by immunoblotting using the Ubc9 antibody (Ubc9). The binding proteins, the binding proteins conjugated with coexpressed EGFP-SUMO1 (E-S1) or UCSUMO3 (S3), the Ubc9 fusion proteins, the HA-Ubc9, the endogenous Ubc9, MK2, MK5, ERK3 
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 1 Figure 1Schematic representation of the Trans-SUMOylation (TRS) system.(A) In the Ubc9 fusion-directed SUMOylation (UFDS), a protein directly fused to Ubc9 is SUMOylated by the SUMO loaded Ubc9 in cis. (B) A protein 2 that binds to protein 1 can be SUMOylated in trans by the SUMO loaded Ubc9 fused to protein 1.
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  Figure 6Trans-SUMOylation of proteins expressed similar to endogenous levels. (A) GST-MK2 and UCSUMO3, (B) GST-p38 and EGFP-SUMO1 or UCSUMO3 and (C) GST-ERK3 and EGFP-SUMO1 or UCSUMO3 were cotransfected into HEK293 cells either alone (-) or together with the indicated amounts of expression plasmids of HA-Ubc9, Ubc9-p38, MK2-Ubc9 or Ubc9-MK5 (+) to reach expression levels similar to that of endogenous proteins. 24 h after transfection the Ubc9 fusion protein binding proteins and the endogenous proteins in the protein extracts of the transfectants were separated on a 7.5% SDS-PAGE and detected by immunoblotting using protein specific antibodies (MK2, p38, Ubc9, ERK3, MK5). After stripping the Ubc9 fusion proteins and the endogenous proteins were detected with specific antibodies (MK2, MK5, p38, Ubc9). The Ubc9 and the Ubc9 fusion proteins were also detected after a separation on a 13% SDS-PAGE by immunoblotting using the Ubc9 antibody (Ubc9). The binding proteins, the binding proteins conjugated with coexpressed EGFP-SUMO1 (E-S1) or UCSUMO3 (S3), the Ubc9 fusion proteins, the HA-Ubc9, the endogenous Ubc9, MK2, MK5, ERK3 and p38 are indicated by black arrow heads. UCSUMO3 represents the human SUMO3Q89P mutant. Weak Trans-SUMOylation bands are indicated by grey empty arrow heads. Unspecific bands in A) and B) were indicated by grey stars.
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