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INTRODUCTION

The Notch signaling pathway is an evolutionary conserved system for cell-cell communications and plays an important role in developmental processes by influencing cellular proliferation, differentiation and apoptosis. Notch signaling, controls fate decisions in many cell types including the nervous system, muscles, and the hematopoetic system (references in; [START_REF] Artavanis-Tsakonas | Notch signaling: cell fate control and signal integration in development[END_REF][START_REF] Mumm | Notch signaling: From the outside in[END_REF][START_REF] Wu | Modulation of Notch signaling by mastermind-like (MAML) transcriptional co-activators and their involvement in tumorigenesis[END_REF]. Furthermore, altered Notch signaling has been associated with human cancers, especially T-cell acute lymphoblasic leukemia (T-ALL) (reviewed in [START_REF] Pear | T cell acute lymphoblastic leukemia/lymphoma: a human cancer commonly associated with aberrant NOTCH1 signaling[END_REF]. Vertebrates contain four Notch receptors (Notch 1-4), and the receptor is a single transmembrane-Biochemical Journal Immediate Publication. Published on 14 Feb 2007 as manuscript BJ20061900 © 2007 Biochemical Society histone H3 and H4 tails in chromatin. Furthermore, MAML1 is acetylated by p300 and a proline repeat motif (PAPAAPAP) in MAML1 seems to be important for the interaction with MAML1.

EXPERIMENTAL PROCEDURES

Plasmids

cDNAs encoding MAML1 residues 1-300, 309-625, 499-804 and 701-1016 were amplified with PCR and subcloned into pVL1393 (BD Bioscioences) after FLAG-tag sequences or subcloned into pGEX plasmids (Pharmacia). The BacVector 3000 system from Novagen was used to create baculovirus from the pVL1393-FLAG-MAML1 constructs described above. cDNA encoding full-length MAML1 was amplified with PCR from pVL1393-FLAG-MAML1 and subcloned into pCDNA. cDNAs encoding MAML1 residues 1-300 and 1-81/87-306 were subcloned into PSVSPORT (Invitrogen). cDNAs encoding p300 residues 1-672, 651-1150, 1141-1700, 1672-2414, 1647-1818 and 2042-2414 were amplified with PCR and subcloned into pET23a in front of His-tag sequences (Novagen). cDNA encoding the intracellular domain of human Notch1 (1764-2556) was subcloned from pCDNA3-hNotch1 (gift from Dr. T. Kadesh) into pBIND (Promega).

Expression and purification of proteins

FLAG-tagged proteins were expressed in Sf9 cells via baculovirus and purified as described [START_REF] Wallberg | p300 and PCAF can act cooperatively to mediate transcriptional activation from chromatin templates by Notch intracellular domains in vitro[END_REF]. GSTtagged and His-tagged proteins were expressed in the E. coli strain BL21 and purified on glutathionesepharose 4B and Ni-NTA columns (Amersham Biosciences) respectively following the manufacturer´s protocol. Expression of intact and tailless Xenopus laevis recombinant histones, and preparation of histone octamers was essentially done as previously described [START_REF] Luger | Characterization of nucleosome core particles containing histone proteins made in bacteria[END_REF].

Chromatin assembly and in vitro transcription assay

The plasmid containing 12 binding sites for CSL was assembled into chromatin by using purified recombinant Drosophila Acf-1, ISWI, and NAP1 proteins as described previously [START_REF] Wallberg | p300 and PCAF can act cooperatively to mediate transcriptional activation from chromatin templates by Notch intracellular domains in vitro[END_REF]. For the transcription reactions, 70 ng of the chromatin-assembled template was preincubated with 10 ng Notch1 IC, 50 ng CSL, 100 ng MAML1, 100 ng p300, and 3 µM acetyl-CoA as indicated in figure 1E.

Approximately 50 µg HeLa nuclear extract was then added per reaction and transcription was initiated by addition of 0.4 mM NTPs. For primer extension analysis of transcripts, a 32P-labeled probe (25,000-50,000 cpm) extending from positions +86 to +110 of the adenovirus E4 promoter was used. Purified reverse transcriptase products were analyzed on 8% polyacrylamide gels containing 7 M urea, and quantitated with a PhosphorImager (Molecular Dynamics).
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Protein interaction assays

In GST-MAML1 interaction assays, approximately 2 g of purified GST-tagged MAML1 bound to 20 l glutathione-sepharose beads were incubated with 1 g of purified FLAG-tagged Notch1 IC or 1 g of FLAG-tagged p300 or 1 g of His-tagged p300 in buffer A (50 mM Tris-HCl, pH 7.5, 150 mM KCl, 10% glycerol, 0.1% NP-40, 0.2 mg/ml BSA, 1 mM DTT, 1 mM PMSF) or 200 l of whole cell extract from 293 cells transfected with p300. After centrifugation of the suspension, the supernatant was removed and the beads were washed five times with 500 l of buffer A. The proteins were eluated from the beads and resolved by SDS-PAGE and analyzed by immunoblot with a monoclonal mouse anti-FLAG M2 antibody (Sigma) a polyclonal rabbit anti-p300 antibody (Santa Cruz Biotechnology) or a monoclonal mouse anti-His (Amersham Biosciences). For the MAML1 interaction assay with histones, approximately 2 g of GST-tagged histones bound to 20 l glutathione-sepharose beads were incubated with 1 g of purified FLAG-MAML1, or 5 g of purified FLAG-tagged MAML1 bound to 10 l M2-agarose were incubated with 2 g of purified Calf Thymus core histones (Sigma) in buffer A (above). Beads were washed five times with 500 l of buffer A. Eluted proteins were resolved by SDS-PAGE and analyzed by immunoblot with a monoclonal mouse anti-FLAG M2 antibody (Sigma) or a polyclonal rabbit antibody recognizing acetylated histone H3 (Upstate Biotechnology).

Protein acetylation assays

For acetylation of MAML1 by p300, 0.5 µg of MAML1 proteins were incubated with 50 ng of p300 and 3 µM 3H-acetyl-CoA in 20 µl reaction volume in buffer B (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 5% glycerol, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, 10 mM sodium butyrate) at 30°C for 1 hr, and the reaction mixture was subjected to SDS-PAGE and autoradiography. For acetylation of MAML1 peptides, reactions with 10 µg peptides (JPT Peptide TechnologiesGmbH, Berlin), 50 ng of p300 and 3 µM 3Hacetyl-CoA in 20 µl reaction volume in buffer B were incubated at 30°C for 1 hr, and spotted on P81 phosphocellulose filter paper circles (Whatman) as previously described [START_REF] Grant | Identification and analysis of native nucleosomal histone acetyltransferase complexes[END_REF] and measured with a scintillation counter. Standard HAT assays with chromatin templates contained 700 ng of chromatin, 500 ng RBP-Jk, 100 ng Notch1 IC, 1 µg p300, 1 µg MAML1 and 3 µM 3H-acetyl-CoA. The HAT reactions were incubated at 30°C for 1 hr, and the reaction mixture was subjected to SDS-PAGE gels and autoradiography.

Transient transfections

HeLa cells were transiently transfected with the plasmids pBIND-Notch1 IC, PSVSPORT-MAML1(1-300), PSVSPORT-MAML1(1-306 81-87) and the reporter plasmid pG5-luc using Boeringer Mannheims 

RESULTS

p300 is recruited to chromatin templates via a direct interaction with the MAML1 N-terminus.

It has previously been documented that MAML1 strictly requires the presence of p300 to function from chromatin templates. In addition, p300 is dependent on the presence of MAML1 to mediate significant Notch IC transcription from chromatin templates in vitro [START_REF] Fryer | Mastermind mediates chromatin-specific transcription and turnover of the Notch enhancer complex[END_REF][START_REF] Wallberg | p300 and PCAF can act cooperatively to mediate transcriptional activation from chromatin templates by Notch intracellular domains in vitro[END_REF]. It has also been shown that amino acids 1-300 and 1-74 in MAML1 shift a RBP-Notch complex in EMSA experiments, but only MAML1 1-300 potently mediates transcription from chromatin templates [START_REF] Fryer | Mastermind mediates chromatin-specific transcription and turnover of the Notch enhancer complex[END_REF]. Consistently, MAML1(75-301) interacts with p300 in HeLa nuclear extract [START_REF] Fryer | Mastermind mediates chromatin-specific transcription and turnover of the Notch enhancer complex[END_REF]. These observations support the model (discussed in more detail in reference [START_REF] Lubman | Anchoring Notch genetics and biochemistry: Structural analysis of the ankyrin domain sheds light on existing data[END_REF]) that the MAML1 N-terminus is involved in the recruitment of p300 to promoter regions of Notch IC regulated genes. Since we were interested in continuing to characterize the interplay between the MAML1 N-terminus and p300, we first performed a protein-protein interaction assay to make sure that MAML1(1-300) can directly, and independently, interact with p300. GST-tagged MAML1 1-300 (and other MAML1 domains that were included) (figure 1A) were purified (Fig. 1B) by using glutathione-sepharose beads and incubated with FLAG-p300, expressed in insect cells via baculovirus and affinity purified. As presumed, and indicated in figure 2C, p300 interacts strongly with the MAML1 full-length protein (1-1016) (lane 3) and the MAML1 N-terminus (1-300) (lane 4), but not with the MAML1 domains 309-625, 499-804 and 701-1016 (lanes 5-7).

To further investigate the function of the MAML1(1-300) interaction with p300 in Notch activated transcription from chromatin templates, we expressed the MAML1 domains via baculovirus in insect cells and purified the proteins via FLAG-tags with affinity chromatography (Fig. 1D). We then utilized a cell-Biochemical Journal Immediate Publication. Published on 14 Feb 2007 as manuscript BJ20061900 © 2007 Biochemical Society free system with chromatin templates and reconstituted with highly purified activators (Notch) and cofactors (MAML1, p300). The CSL template, containing the E4 promoter and binding sites for CSL, was reconstituted with HeLa core histones by using purified recombinant Drosophila Acf-1, ISWI, and NAP1 proteins according to [START_REF] Ito | ACF consists of two subunits, Acf1 and ISWI, that function cooperatively in the ATP-dependent catalysis of chromatin assembly[END_REF] [START_REF] Ito | ACF consists of two subunits, Acf1 and ISWI, that function cooperatively in the ATP-dependent catalysis of chromatin assembly[END_REF] and as previously described [START_REF] Wallberg | p300 and PCAF can act cooperatively to mediate transcriptional activation from chromatin templates by Notch intracellular domains in vitro[END_REF]. Assays were performed according to the protocol indicated in figure 1E with HeLa nuclear extract as a source of general transcription factors and cofactors such as Mediator. As indicated in figure 1F, a significant level of transcription was observed when the chromatin template was incubated with CSL, Notch, p300 and acetyl-CoA (lane 4), and this activity was completely dependent upon the presence of p300 (lane 2), acetyl-CoA (lane 3) and Notch1 IC (lane 1). Addition of MAML1(1-1016) increased the activity observed with CSL, Notch, p300 and acetyl-CoA approximately 5-fold (lane 6 versus lane 4), and this activity was likewise completely dependent upon p300 (lane 5). These results clearly indicate a functional cooperativity between MAML1 and p300 that is also dependent upon acetyl-CoA and, presumably, related acetylation events. As further shown in figure 1F, the N-terminus of MAML1, amino acids 1-300, also stimulated transcription, but only in the presence of p300 (lane 8 versus lane 7). However, the MAML1 domains aa 309-625, 499-804 and 701-1016 failed to stimulate p300-dependent transcriptional activation by CSL and Notch (lanes 10, 12 and 14).

The p300-MAML1 complex specifically acetylates histones H3 and H4 in chromatin. p300 has previously been reported to acetylate chromatin templates containing Notch IC, CBF and MAML1 [START_REF] Fryer | Mastermind mediates chromatin-specific transcription and turnover of the Notch enhancer complex[END_REF], and we continued to in more detail investigate the specificity in histone acetylation by the p300-MAML1 complex. The CSL template was first reconstituted with core histones purified from HeLa cells and incubated with purified factors CSL, Notch1 IC, p300, MAML1 and tritium labeled acetyl-CoA as indicated in figure 2A. Our data show that there was significant acetylation of histones, when the chromatin template was incubated with CSL, Notch, p300 and acetyl-CoA (lane 4), and this activity was completely dependent upon the presence of p300 (lane 2), acetyl-CoA (lane 3) and Notch1 IC (lane 1). This suggests that low levels of p300 can be recruited to the chromatin templates in the absence of MAML1. However, addition of MAML1(1-1016) strongly enhanced the histone acetylation observed with CSL, Notch, p300 and acetyl-CoA (lane 6 versus lane 4), and the increase in acetylation was totally dependent upon p300 (lane 5). The N-terminal domain of MAML1, amino acids 1-300, also stimulated acetylation of chromatin templates in the presence of p300 (lane 8 versus lane 7), but the other MAML1 domains (309-625, 499-804 and 701-1016) failed to enhance p300-dependent acetylation of chromatin (lanes 10, 12 and 14). In accord with earlier studies [START_REF] Fryer | Mastermind mediates chromatin-specific transcription and turnover of the Notch enhancer complex[END_REF], our data show that there is a functional cooperativity between MAML1 and p300 in Notch transcriptional activation that correlates with acetylation of chromatin.
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In further analysis of recombinant chromatin, the CSL template was reconstituted with recombinant intact core histones (Intact) or core histones lacking the N-terminal tails (Fig. 2B), H3-tailless + H4-tailless, H2A-tailless + H2B-tailless, and totally tailless (All tailless). After assembly into chromatin, the CSL template was incubated with purified factors CSL, Notch1 IC, p300, MAML1 and tritium labeled acetyl-CoA as indicated in figure 2C. There was only lower levels of histone acetylation when CSL, Notch, p300 and acetyl-CoA were incubated with chromatin templates reconstituted with intact histones (lane 2) or H2A-tailless + H2B-tailless histones (lane 10), but MAML1 strongly stimulated the p300-dependent activity (lanes 4 and 12). However, removal of the H3 and H4 tails or all four core histone tails completely abolished acetylation by the p300-MAML1 complex (lanes 5-8 and 13-16). Since we had detected only low levels of histone acetylation by p300 alone, we speculated that MAML1, in addition to recruiting p300, might directly interact with histones to facilitate histone acetylation. We had observed acetylation of the histones H3 and H4, and incubated therefore GST-tagged histone H3 and H4 with FLAG-MAML1 and monitored the protein interactions by Western blotting. As shown in figure 2D, both histone H3 and H4 interact strongly with MAML1 (lanes 3 and 4), and we continued to map which domain in MAML1 that interacts with histone H3 by incubating FLAG-MAML1 with purified core histones. The histone H3 interaction with MAML1 was detected by Western blotting with an antibody recognizing acetylated histone H3 (Upstate Biotechnology). As indicated in figure 2E, there is a very significant interaction between acetylated histone H3 and MAML1(1-1016) (lane 3) and MAML1(1-300) (lane 4). We could also detect a weak interaction with MAML1(701-1016) (lane 7), but not any other MAML1 domains (lanes 5 and 6).

MAML1 interacts with the C-terminal C/H3 domain in p300.

The p300 protein contains many domains that have been shown to specifically bind to different activators and coregulators. To investigate which domain in p300 that interacts with MAML1, we expressed several p300 domains (Fig. 3A) in bacteria and purified the proteins via His-tags with affinity chromatography.

Equal amounts of GST-tagged MAML1-proteins were incubated with recombinant p300, and the p300 domains associating with MAML1 were determined by Western blotting with an antibody recognizing the His-tag. As shown in figure 3B,MAML1(1-1016) and MAML1(1-300) do not interact with the p300 domains 1-672, 651-1150, 1141-1700, or 2042-2414 but show a strong binding to p300 amino acids 1672-2414 and 1647-1818 (lanes 3 and 4). p300 encloses a cysteine and histidine rich domain (C/H3) between amino acids 1653-1817, that previously has been shown to interact with several activators, and our data show that the C/H3 domain in p300 is important for the MAML1 interaction. p300 acetylates evolutionary conserved lysines in MAML1.
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Several non-histone proteins, have been reported to be acetylated by p300, and since p300 interacts with MAML1, we investigated if p300 might acetylate factors in the Notch signaling pathway. In vitro acetylation assays were performed, by incubating FLAG-tagged CSL, Notch1 IC and MAML1 with p300 and 3 H-acetyl-CoA. As indicated in figure 4A, p300 significantly acetylates MAML1 (lane 3 versus lane 2), but not CSL or Notch1 IC (lanes 4 and 5). The data in figure 4B shows that p300 acetylates full-length MAML1 and the N-terminus of MAML1 (amino acids 1-300) (lanes 2 and 3), but not any other domain in MAML1 (lanes 4-6), suggesting that the MAML1 domain that interacts with p300 also harbors amino acids that can be acetylated by p300. To confirm that MAML1 can be acetylated by p300 in vivo, 293 cells were cotransfected with plasmids expressing MAML1 and p300, and the whole-cell extract from transfected cells was incubated with an antibody recognizing the C-terminus of MAML1. As shown in figure 4C, the MAML1 antibody immunoprecipitates substantial amounts of MAML1 from the extract (upper panel), and by using an antibody recognizing acetylated lysines, we could show that MAML1 is acetylated also in vivo by p300 (compare lanes 1 and 2, lower panel).

It has previously been documented that double lysines in p53 are acetylation targets for p300 [START_REF] Gu | Activation of p53 sequence-specific DNA binding by acetylation of the p53 C-terminal domain[END_REF]. Since the N-terminus of MAML1 contains three pairs of double lysines, K138/K139, K188/K189 and K278/K279, that might be potential targets for acetylation, we created peptides corresponding to amino acids 134-140, 186-192 and 277-283 in MAML1. The peptides were incubated with p300 and tritium labeled acetyl-CoA and the levels of acetylation were measured with a scintillation counter. As shown in figure 4D, lysines 188 and 189 (K188/K189) are most strongly acetylated by p300. We also found that lysines 138 and 139 (K138/K139) are significantly acetylated while we only detected lower acetylation levels of lysines 278 and 279 (K278/K279). By mutating each of the lysines to alanines we found that the second lysine in a lysine pair (e.g. lysines 139 and 189) were most strongly acetylated by p300.

Importantly, MAML1 has previously been shown to be a conserved protein in vertebrates [START_REF] Wu | Cloning and functional characterization of the murine mastermind-like 1 (Maml1) gene[END_REF], and we noted that the positions of all of the acetylated lysines in MAML1 are highly conserved in vertebrates (Fig. 4E). Several reports have described that acetylation can affect protein-protein interactions in various ways (reviewed in 9). To investigate if the p300-MAML1 interaction would be affected by acetylation of MAML1, we incubated equal amounts of GST-MAML1 with whole cell extract from 293 cells transfected with p300, in the absence or presence of acetyl-CoA. After pelleting and washing the sepharose beads with buffers containing 250, 500 or 1000 mM KCl respectively, the level of p300 associated with MAML1 was determined by Western blotting. As shown in figure 4F, approximately the same amount of p300 interacts with MAML1 in the absence or presence of acetyl-CoA, when the washing buffer contains 250 mM KCl (lanes 3 and 6). However, when the beads containing GST-MAML1, and associating p300, are washed with buffers containing 500 or 1000 mM KCl, p300 interacts We therefore suggest that the acetylation of MAML1 might destabilize the MAML1 interaction with p300.

A proline-rich motif in MAML1 is important for p300-mediated acetylation of MAML1.

The C/H3 domain in p300 interacts with a proline motif in p53 [START_REF] Dornan | The proline repeat domain of p53 binds directly to the transcriptional coactivator p300 and allosterically controls DNA-dependent acetylation of p53[END_REF], and since MAML1 also binds to the C/H3 domain, we compared the p53 proline-rich domain with the MAML1 sequence. We found that the N-terminus of MAML1 (amino acids 77-90) harbours a proline-rich motif that is indeed very similar to the proline motif in p53 (amino acids 71-92). Moreover, six amino acids (PAAPAP) are identical in the proline motifs in p53 and MAML1 (Fig 5A). The MAML1 proline motif is located approximately 50 to 100 amino acids in front of the double lysines (K138/K139 and K188/K189) that are acetylated by p300 (Fig. 5B). To investigate if the proline motif in MAML1 would be important for the p300 interaction, and subsequent acetylation of MAML1, we used a synthesized peptide corresponding to amino acids 73-95 in MAML1 and performed an acetylation assay as described above. As shown in figure 5C (lane 2) p300 strongly acetylates MAML1, and the acetylation is dependent on acetyl-CoA (lane 1). Interestingly, the peptide almost completely inhibits the p300-mediated acetylation of MAML1 (lane 3). To confirm that the peptide would specifically inhibit p300 acetylation of MAML1, we also used purified HeLa histones in the acetylation assay. As shown in figure 5C, the peptide does not affect the acetylation of histones by p300 (lanes 5 and 6). Therefore, we conclude that the peptide inhibits p300-mediated acetylation of MAML1, presumably by competing for p300 binding. We also investigated if the MAML1 proline motif is important for the p300 interaction in vivo, by coexpressing p300 and MAML1 proteins in 293 cells. As shown in figure 5D (upper panel), an antibody recognizing the MAML1 N-terminus, immunoprecipitates equal amounts of MAML1(1-300) and MAML1(1-300 81-87). However, the MAML1(1-300) protein pulls down substantially more p300 than the MAML1(1-300 81-87) protein that lacks the proline motif (lower panel). We further investigated if the proline motif is important for the MAML1 N-terminus activity in vivo. HeLa cells were cotransfected with a reporter plasmid containing five GAL4-sites upstream of a luciferase gene and plasmids expressing GAL4-Notch1 IC, MAML1(1-300) or MAML1(1-306 81-87) as indicated in figure 5E. The level of transactivation by GAL4-Notch1 IC was significantly enhanced (2.8 fold) when cotransfected with MAML1(1-300). However, when GAL4-Notch1 IC was cotransfected with MAML1(1-306 81-87), the transactivation level was the same as for GAL4-Notch1 (via p300). In the present study, we have in more detail investigated the transcriptional mechanisms by the N-terminal domain of MAML. We suggest that the MAML1 N-terminus function in chromatin remodeling through direct interactions with both p300 and histones. Furthermore, we have identified a proline repeat motif in the MAML1 N-terminal domain that seems to be important for p300-mediated acetylation of MAML1, and for the activity of the MAML1 N-terminus in vivo.

Role of MAML1 in chromatin remodeling.

MAML1 is a human homolog of the Drosophila Mastermind, and these proteins are most related in the Nterminal domain with 35% amino acid identity and 51% similarity [START_REF] Wu | MAML1, a human homologue of Drosophila Mastermind, is a transcriptional co-activator for NOTCH receptors[END_REF], indicating that this domain is most evolutionary conserved. The MAML1 protein comprises two acidic clusters, one located in the Nterminus and one at the end of the C-terminus, and these acidic regions are speculated to be important for protein interactions. The carboxy-terminal acidic cluster in Mastermind does not seem to have any effect on wing formation in Drosophila, but a truncation that eliminates approximately the carboxy-terminal third of Mastermind induces a distinct mutant phenotype when over-expressed [START_REF] Helms | Engineered truncations in the Drosophila Mastermind protein disrupt Notch pathway function[END_REF]. To our knowledge, most of the proteins that have been reported to interact with MAML1, bind to the N-terminal domain in MAML1. It was demonstrated that Notch IC binds to MAML1 amino acids 1-74 in EMSA experiments [START_REF] Fryer | Mastermind mediates chromatin-specific transcription and turnover of the Notch enhancer complex[END_REF], and in our protein interaction assays recombinant Notch1 IC also directly binds to MAML1 and not to any other MAML1 domain (data not shown). Evidently, the MAML1 N-terminus interaction with Notch explains why the N-terminus of MAML1 is needed for Notch-mediated transcription, but also indicates that other MAML1 domains cannot significantly activate transcription on their own through interactions with other components in the transcription complex, such as histones and CSL. Interestingly, the myogenesis transcription factor MEF2C interacts with MAML1 amino acids 1-70 in transient transfection assays, and cotransfection of MEF2C and Notch disrupts MAML1-enhanced myogenesis, indicating that MEF2C and Notch competes for the same binding site in MAML1 [START_REF] Shen | The Notch coactivator, MAML1, functions as a novel coactivator for MEF2C-mediated transcription and is required for normal myogenesis[END_REF]. The MAML1 Nterminus also directly interacts with p300 and histones (this paper), and presumably stabilizes a p300-MAML1-histone complex to facilitate p300-mediated acetylation of histones. However, whether histone acetylation by the p300-MAML1 complex strictly requires the MAML1 interaction with histones remains to be investigated. In addition, p300 has been reported to interact with histone H3 and H4 tails but not with histone H2A and H2B tails [START_REF] An | Direct association of p300 with unmodified H3 and H4 N termini modulates p300-dependent acetylation and transcription of nucleosomal templates[END_REF]. The p300-histone interaction might be crucial for fulfillment of the p300 coactivator function at Notch-regulated promoters, especially since our data suggest that acetylation of MAML1, that is responsible for recruitment of p300, destabilizes the MAML1 interaction with p300.
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By using recombinant wild type histones and histones lacking the tails that are targets for acetylation, we found that in chromatin templates, histones H3 and H4 are strongly acetylated, and deletions of the H3 and H4 tails completely abolish histone acetylation. Moreover, H2A and H2B are not significantly acetylated, and deletions of the H2A and H2B tails do not affect the acetylation of H3 and H4. The acetylation pattern of recombinant chromatin by the p300-MAML1-Notch complex resembles the specificity in acetylation by p300 recruited to chromatin templates by the activator VP16, but there are some differences. In a complex with VP16, p300 potently acetylates H2A and H2B (1, 2), and the p300-VP16 complex still acetylates H2A and H2B in a chromatin template containing tailless H3 and H4, even though there is a significant decrease in acetylation of H2A and H2B [START_REF] An | Selective requirements for histone H3 and H4 N termini in p300-dependent transcriptional activation from chromatin[END_REF][START_REF] An | Direct association of p300 with unmodified H3 and H4 N termini modulates p300-dependent acetylation and transcription of nucleosomal templates[END_REF]. This data indicates that, although p300 with its acetylatransferase activity is crucial for histone acetylation, it could be the p300interacting proteins that determine the acetylation pattern of histones. Interestingly, it has been documented that the acetylation of specific histones tails correlate with p300-mediated and activatordependent transcription. The dual deletion of H2A and H2B tails do not affect p300-mediated VP16 transcriptional activation, but both independent and dual deletions of H3 and H4 tails significantly reduced the transcription levels [START_REF] An | Selective requirements for histone H3 and H4 N termini in p300-dependent transcriptional activation from chromatin[END_REF].

Proline-directed acetylation of MAML1 by p300.

The p300 protein encloses a cysteine and histidine rich domain (C/H3) between amino acids 1653-1817, and this domain has been reported to interact with several proteins, such as p53, E1A, TFIIB and FOS (references in 31). In addition, p53 also interacts with the domains C/H1 and C/H2, and the bromo domain (references in 7). However, we found that MAML1 only interacts with the C/H3 domain and no other domains in p300. Interestingly, a region C-terminal of the ankyrin repeats in Notch1 IC has previously been reported to interact with the C/H3 domain in p300 [START_REF] Oswald | p300 acts as a transcriptional coactivator for mammalian Notch-1[END_REF]. Although the structure of the CSL-Notch-MAML1 complex reveal that this region in Notch is essential for the interactions with MAML1 [START_REF] Nam | Structural basis for cooperativity in recruitment of MAML1 coactivators to Notch transcription complexes[END_REF][START_REF] Wilson | Crystal structure of the CSL-Notch-Mastermind ternary complex bound to DNA[END_REF], it is possible that the p300 interaction with Notch IC occurs if MAML1 leaves the promoter region before p300. A proline rich domain in p53 has been documented to interact with the C/H3 domain in p300 ( 7), and we found that the N-terminus of MAML1, amino acids 77-90, harbors a proline rich motif that is very similar to the proline motif in p53 at amino acids 71-92. The proline motif in the MAML1 N-terminus seems to be the domain mainly responsible for the p300 interaction, since a peptide (containing the MAML1 N-terminal proline repeat sequence) almost completely abolished p300mediated acetylation of MAML1. Importantly, the proline motif appears to be important for the MAML1 interaction with p300 also in vivo, since a deletion of this motif strongly reduces the p300 interaction in whole cell extracts, and the transactivation activity of MAML1(1-306) in cells (see figure 5). It was recently reported that residues 15-67, N-terminally of the proline motif, in human MAML1 is essential for Biochemical Journal Immediate Publication. Published on 14 Feb 2007 as manuscript BJ20061900 © 2007 Biochemical Society the interaction with Notch and CSL [START_REF] Nam | Structural basis for cooperativity in recruitment of MAML1 coactivators to Notch transcription complexes[END_REF], and therefore not likely involved in other protein interactions. However, it is possible that domains between amino acids 90-300 in MAML1 might cooperate with the proline motif in binding to p300.

The double lysines 372/373 and 381/382 in p53, have been documented to be p300 acetylation targets [START_REF] Gu | Activation of p53 sequence-specific DNA binding by acetylation of the p53 C-terminal domain[END_REF]. We found that the N-terminus of MAML1 contains three pairs of double lysines (K138/K139, K188/K189 and K278/K279), approximately 50-150 amino acids downstream of the proline motif in MAML1, and verified that some of these lysines are substrates for p300-mediated acetylation. The lysines 188 and 189 were most strongly acetylated by p300, lysines 138 and 139 were acetylated to a lesser extent, and lysines 278 and 279 were not significantly acetylated. Furthermore, the second lysines in a lysine pair (lysines 139 and 189) were the most important lysines for p300 acetylation. Interestingly, the second lysine in a lysine pair in p53 (lysines 372 and 382), have also been reported to be the most strongly acetylated lysines by p300 [START_REF] Gu | Activation of p53 sequence-specific DNA binding by acetylation of the p53 C-terminal domain[END_REF]. The MAML1(1-300) contains only three pairs of double lysines, but there are eleven single lysines in MAML1(1-300) and some of these lysines might also be targets for p300-mediated acetylation, and important for the total acetylation effects of MAML1.

Even though the acetylation pattern of the double lysines in MAML1 and p53 is very similar, the p300mediated acetylation of these proteins might differ. Acetylation of p53 by p300 enhances the sequencespecific DNA binding activity of p53 [START_REF] Gu | Activation of p53 sequence-specific DNA binding by acetylation of the p53 C-terminal domain[END_REF]. In addition, some of the lysine residues in p53 that are targets for acetylation, can also be subjected to ubiquitination. Acetylation of p53 is considered to promote protein stability, since unacetylated lysines are targets for ubiquitination, which leads to degradation of the p53 protein (reviewed in 5). The MAML1 N-terminus contains a cluster of basic residues in a region that has some sequence similarity to a subset of bZip DNA-binding domains, but since MAML1, so far, has not been reported to have any DNA-binding activity, we focused on investigating whether acetylation of MAML1 would effect its interaction with other proteins. Interestingly, we found that the MAML1 interaction with p300 is stronger in the absence of acetyl-CoA. We therefore conclude that one function of the acetylation might be to decrease the p300-MAML1 interaction, after p300 has been recruited by MAML1 to a target gene to acetylate histones. There has been several reports describing that acetylation of proteins in some cases impair the interaction with other proteins (reviewed in 9). For example, acetylation of the molecular chaperone Hsp90 prevents its binding to the Glucocorticoid Receptor (GR), which ultimately leads to loss of GR transcriptional activity since the interaction with Hsp90 is essential for GR ligand binding and nuclear translocation [START_REF] Kovacs | HDAC6 regulates Hsp90 acetylation and chaperone-dependent activation of glucocorticoid receptor[END_REF]. It has also been reported that acetylation of critical lysines in the protein Ku70 disrupts the interaction with the pro-apoptotic factor Bax, which allows Bax to localize to mitochondria and initiate apoptosis [START_REF] Cohen | Acetylation of the C terminus of Ku70 by CBP and PCAF controls Bax-mediated apoptosis[END_REF]. The transcriptional activity of NF-kB (a heterodimer of Biochemical Journal Immediate Publication. Published on 14 Feb 2007 as manuscript BJ20061900 © 2007 Biochemical Society the proteins RelA/p65 and p50), is regulated by association with IkB . Deacetylation of RelA/p65 by histone deacetylases (HDACs), results in an increased association with IkB that potentiates the nuclear export of NF-kB (reviewed in 9). It is most likely that acetylation of MAML1 serves other functions in addition to affecting the interaction with p300. Since the positions of all of the acetylated double lysines in MAML1 are highly conserved in vertebrates, our results suggest that acetylation of MAML1 might be conserved throughout evolution and perhaps an important modification of the protein. Further studies will focus on elucidating the specificity in timing, positioning, activation and termination of p300-mediated acetylation of MAML1, to understand how cells might use modifications of proteins, such as acetylation, to regulate responses in a complex multistep transcriptional activation pathway. 
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 6 transfection reagent. Cells were harvested after 48 hours and the levels of luciferase were Biochemical Journal Immediate Publication. Published on 14 Feb 2007 as manuscript BJ20061900 © 2007 Biochemical Society measured. For the MAML1 in vivo acetylation expreriments, 293 cells were transiently transfected with pCDNA-MAML1 and pCMV-p300 using Lipofectamin 2000 (Invitrogen), the cells were harvested 26 hours after transfection, and lysed in Roche lysis buffer. The KCl concentration in the whole-cell lysate was adjusted to 150 mM, and immunoprecipitation of MAML1 was performed with a rabbit antibody recognizing the MAML1 C-terminus (Chemicon) coupled to Protein G Sepharose (GE Healthcare) following the manufacturer´s protocol. For the MAML1-p300 in vivo interaction, 293 cells were transiently transfected with PSVSPORT-MAML1(1-300) and pCMV-p300 using Lipofectamin 2000 (Invitrogen), the cells were resuspended in Roche lysis buffer after 24 hours, and the KCl concentration adjusted to 200 mM. Immunoprecipitation of MAML1 was performed with a rabbit antibody recognizing the MAML1 N-terminus (Chemicon) coupled to Protein G Sepharose (GE Healthcare) following the manufacturer´s protocol.
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  IC alone. As shown by a Western blot in figure5E, the MAML1(1-300) and MAML1(1-306 81-87) proteins are equally well expressed in HeLa cells, and the different transactivation levels does not seem to be a consequence of different expression levels. Thus, the proline rich motif appears to play an important role for the transcriptional activation by the MAML1 N-terminus. Biochemical Journal Immediate Publication. Published on 14 Feb 2007 as manuscript BJ20061900 © 2007 Biochemical Society DISCUSSION MAML1 has previously been suggested to potentiate Notch activity by facilitating chromatin remodeling

Fig. 1 .

 1 Fig. 1. p300 and MAML1 act cooperatively to mediate transcriptional activation by Notch1 IC from chromatin templates. (A) Schematic of full-length MAML1(1-1016) and derivatives. (B) Coomassie bluestained SDS-gel showing purified GST-tagged MAML1 proteins. (C) The MAML1 N-terminus directly interacts with p300. GST-MAML1 domains (indicated at the top), coupled to glutathione sepharose beads were incubated with FLAG-tagged p300 and interacting p300 was monitored by immunoblot. The input represents 10% of the p300 used in each binding reaction. (D) Coomassie blue-stained SDS-gel showing purified FLAG-tagged MAML1 proteins. (E) Schematic of the in vitro transcription assay. (F) Transcription assay with chromatin templates. Templates were incubated with CSL, Notch1 IC, p300, MAML1 and acetyl-CoA as indicated.

Fig. 2 .

 2 Fig. 2. Substrate specificity in histone acetylation by the p300-MAML1 complex. (A) HAT assay with chromatin templates reconstituted with recombinant intact histones. CSL, Notch1 IC, p300, MAML1 and 3H-acetyl-CoA were added to the templates as indicated. (B) Schematic of the core histones. The lysines

Fig. 3 .

 3 Fig. 3. MAML1 directly interacts with the C/H3 domain in p300. (A) Schematic of subdomains in the p300 protein. (B) GST-tagged MAML1 bound to glutathione sepharose beads was incubated with Histagged p300 derivatives and interacting p300 was detected by Western blotting.

Fig. 4 .

 4 Fig. 4. MAML1 is acetylated in vitro and in vivo. (A) In vitro acetylation of MAML1 relative to other components in the Notch signaling pathway. Recombinant proteins (indicated at the top and shown in the upper panel) were incubated with p300 and 3 H-acetyl-CoA, and reaction products were separated by SDS-PAGE and visualized by autoradiography (lower panel). (B) The acetylation site in MAML1 is located in the N-terminal domain. FLAG-tagged MAML1, full-length and derivatives (indicated at the top and shown in the upper panel) were incubated with p300 and 3 H-acetyl-CoA. Reaction products were separated by SDS-PAGE and visualized with autoradiography (lower panel). (C) In vivo acetylation by MAML1. Plasmids expressing MAML1 and p300 were cotransfected into 293 cells, whole-cell extracts prepared, and the MAML1 protein was immunoprecipitated with a MAML1 antibody. Proteins were separated by SDS-PAGE and detection of the MAML1 protein, and the acetylation of MAML1, were monitored by Western blotting with antibodies recognizing MAML1 and acetylated lysines (Cell Signaling Technology). (D) Synthetic peptides comprising MAML1 double lysines K138/K139, K188/K189 and K278/K279, were incubated with p300 and 3 H-acetyl-CoA. Acetylation of the peptides was measured with a scintillation counter. (E) Alignment of evolutionary conserved double lysines in MAML1 from human, mouse and xenopus. (F) Acetylation of MAML1 decreases the MAML1 interaction with p300. GST-tagged MAML1 bound to sepharose was incubated with whole cell extract from 293 cells transfected with p300, in the absence or presence of 0.1 M acetyl-CoA. Beads were then

Fig. 5 .

 5 Fig. 5. A proline repeat domain in MAML1 interacts with p300. (A) Alignment of a proline repeat motif present in MAML1 and p53. (B) Schematic of the proline-rich region and double lysines in MAML1(1-300). (C) A proline repeat peptide corresponding to MAML1 aa 73-95 inhibits p300-mediated acetylation of MAML1 but not histones. GST-MAML1(1-300) or HeLa core histones were incubated with p300, acetyl-CoA and the peptide as indicated in the figure and reaction products were separated by SDS-PAGE and visualized by autoradiography. (D) The MAML1 proline repeat domain is important for the p300 interaction in vivo. MAML1(1-300) or MAML1(1-300 81-87) were expressed together with p300 in 293 cells, whole-cell extracts prepared, and the MAML1 proteins were immunoprecipitated with a MAML1 antibody. Proteins were separated by SDS-PAGE and detected with antibodies recognizing MAML1 and p300. (E) The MAML1 proline repeat domain is important for MAML1(1-300) activity in vivo. HeLa cells were cotransfected with a luciferase reporter containing five Gal4 binding sites and vectors expressing Gal4-Notch1 IC, MAML1(1-300) and MAML1(1-306 81-87). The bars represent mean values obtained from at least three independent experiments. For calculation of the fold stimulation value in the text, the value for the vector background was subtracted. A Western blot shows that the MAML1 proteins are equally well expressed in HeLa cells.
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