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            Abstract
The rules defining which small fraction of related DNA sequences can be selectively bound by a transcription factor are poorly understood. One of the most challenging tasks in DNA recognition is posed by dosage compensation systems that require the distinction between sex chromosomes and autosomes. In Drosophila melanogaster, the male-specific lethal dosage compensation complex (MSL-DCC) doubles the level of transcription from the single male X chromosome, but the nature of this selectivity is not known1. Previous efforts to identify X-chromosome-specific target sequences were unsuccessful as the identified MSL recognition elements lacked discriminative power2,3. Therefore, additional determinants such as co-factors, chromatin features, RNA and chromosome conformation have been proposed to refine targeting further4. Here, using an in vitro genome-wide DNA binding assay, we show that recognition of the X chromosome is an intrinsic feature of the MSL-DCC. MSL2, the male-specific organizer of the complex, uses two distinct DNA interaction surfacesâ€”the CXC and proline/basic-residue-rich domainsâ€”to identify complex DNA elements on the X chromosome. Specificity is provided by the CXC domain, which binds a novel motif defined by DNA sequence and shape. This motif characterizes a subclass of MSL2-binding sites, which we name PionX (pioneering sites on the X) as they appeared early during the recent evolution of an X chromosome in D. miranda and are the first chromosomal sites to be bound during de novo MSL-DCC assembly. Our data provide the first, to our knowledge, documented molecular mechanism through which the dosage compensation machinery distinguishes the X chromosome from an autosome. They highlight fundamental principles in the recognition of complex DNA elements by protein that will have a strong impact on many aspects of chromosome biology.
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                    Figure 1: Genome-wide MSL2 in vitro binding partially recapitulates the in vivo pattern.[image: ]


Figure 2: The CXC domain of MSL2 increases X-chromosomal specificity.[image: ]


Figure 3: The CXC domain reads out nucleotide sequence and additional features.[image: ]


Figure 4: The CXC-dependent sites are pioneer HAS.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Analysis of in vitro versus in vivo MSL2-binding sites.
a, Venn diagram showing the genome-wide overlap of robust MSL2 in vivo and in vitro DNA binding peaks. b, MSL2 enrichment (immunoprecipitate (IP) over input) of all 57 overlapping peaks from in vitro DIPâ€“seq and in vivo ChIPâ€“seq experiments. The average of two biological replicates is shown, and the Pearson correlation coefficient is indicated. c, X-chromosomal enrichment over autosomes of MSL2 DIPâ€“seq peaks using genomic DNA from S2 cells, Kc cells or synthetic gDNA (whole-genome amplified). S2 peaks correspond to an overlapping set of two biological replicate experiments; Kc cell and whole-genome amplification experiments were performed once. d, Chromosomal distribution of MSL2 DIPâ€“seq peaks of experiments shown in c. The relative size of chromosomes and the genome serve as a reference for uniform distribution. e, Representative profiles of in vivo MSL2 ChIPâ€“seq and the corresponding chromatin input on chromosome 3R. Red bars indicate the positions of CXC-dependent in vitro binding sites. Gene models are depicted in grey at the bottom.


Extended Data Figure 2 Analysis of MSL2 mutants in DIPâ€“seq assays.
a, Western blots showing input and anti-Flag immunoprecipitated MSL2 proteins from a representative DIP experiment (for gel source data see Supplementary Fig. 1). b, Chromosomal distribution of DIPâ€“seq peaks obtained with MSL2, MSL2 mutants and HSF8 (see Fig. 2d). The chromosomal size distribution (genome) is provided for reference.


Extended Data Figure 3 Comparison between the CXC-dependent motif and the MRE.
a, Consensus motif in CXC-independent binding regions (present in 164 out of 201 regions; Eâ€‰=â€‰2.0â€‰Ã—â€‰10âˆ’1,191). b, ROC curves representing the PWM performances of MRE and the new motif in predicting whether an instance of the new motif (nâ€‰=â€‰2,651) will overlap with HAS (170). AUCs are provided in brackets. As our method slightly penalizes the MRE performance estimation (see Methods), this figure represents a symmetrical analysis of the new motif hits of Fig. 3b. c, Top, motif logos of MRE as reported previously2. Middle, MRE as reported in this study (see also Fig. 4c, top). Bottom, PionX motif as reported in this study (Fig. 3a). d, ROC curves representing the PWM performance comparison analogous to the result presented in Fig. 3b, including the MRE as reported previously2 (labelled MRE 2008), the MRE as reported in this study (labelled MRE) and the PionX motif (labelled new motif) in classifying MRE instances (35,659) within HAS (266) or not. AUCs are provided in brackets. e, Genome-wide search with the PWM of the new motif using FIMO. q-value cut-off relation with the total number of genomic hits (top), the number of CXC-dependent in vitro binding sites (middle) and the X-chromosomal enrichment of motif hits (bottom). f, To ensure that the enrichment is not solely due to performing de novo motif discovery on mainly X-chromosomal sequences, we performed the analysis as presented in e excluding the training regions. We conducted the same analysis for the new motif (left) as well as the MRE (right). Top panels depict the q-value distribution and the cut-offs used. The total numbers of genomic hits are displayed in the centre panels, with the corresponding X-chromosomal enrichments displayed at the bottom.


Extended Data Figure 4 Importance of k-mer frequencies and DNA shape for CXC-dependent MSL2 in vitro binding.
a, PCA on the set of all extended features in 2,667 genomic hit regions of the new motif (qâ€‰â‰¤â€‰0.2). Scatter plots and corresponding scaled density plots of PC1 versus PC2. 2,613 sites not bound in vitro in a CXC-dependent manner and 54 bound in a CXC-dependent manner are coloured grey and red, respectively. b, ROC curves depicting the performance of simple logistic classifiers for CXC-dependent binding on 2,667 low-stringency motif hits (qâ€‰â‰¤â€‰0.2; 54 sites CXC-bound, 2,613 sites non-CXC-bound) based on different combinations of motif PWM scores and extended features. AUCs are provided in brackets. c, DIP experiments testing the binding affinities of DNA oligonucleotides representing two unbound sites (unbound 2 and 3) and their respective mutated sites (unbound 2 mut and unbound 3 mut) to increase the roll at position +1. Results from qPCR amplification were normalized for their input and shown as enrichment over an unbound fragment. Data are meanâ€‰Â±â€‰s.e.m for 4 biological replicates. d, DNA shape features at each base position comparing CXC-bound motifs (nâ€‰=â€‰16) to non-CXC-bound ones (nâ€‰=â€‰18) in the highest-scoring hit regions of the new motif (qâ€‰<â€‰0.05). Differences of shape features at all positions were evaluated by applying Wilcoxon exact rank tests with two-sided alternatives. Only roll at position +1 had Pâ€‰<â€‰0.001. As roll and helix twist specify inter-base structural features, the corresponding bar graph representations have been centred between the respective nucleotide positions.


Extended Data Figure 5 In vivo analysis of PionX sites.
a, Consensus motif found in the 25 regions where MSL2 binding is most sensitive to depletion of MLE. b, MSL2 signal changes on 37 HAS matching CXC-dependent in vitro binding sites or 272 non-matching ones during MLE knockdown in S2 cells. Displayed are the mean differences of three biological replicates. c, Western blot analysis of whole-cell extracts from S2 and Kc cells treated with either RNAi against Sxl (two different double-stranded RNAs) or control RNAi directed against irrelevant Gfp sequences at different time points (for gel source data see Supplementary Fig. 1). d, Clustered heat map of MSL2 peaks from ChIPâ€“seq experiments in female Kc cells treated with RNAi against Sxl for 3, 6 and 9 days. Red bar indicates 30 sites characterized by strong MSL2 recruitment. e, Enrichment of PionX motif hits (scoreâ€‰>â€‰22) and MRE motif hits (scoreâ€‰>â€‰27) on D. miranda and D. pseudoobscura chromosomes relative to MÃ¼ller-B, normalized for chromosome length. The analysis included 225 and 400 PionX hits in D. miranda and D. pseudoobscura, respectively. A total of 784 and 755 MRE hits were considered in D. miranda and D. pseudoobscura, respectively. f, Sequence from the neo-X chromosome chromatin entry sites compared to its counterpart on the neo-Y chromosome as in Supplementary Fig. 2 of ref. 19. Motifs are highlighted in green (neo-Y-chromosomal) and in red (neo-X-chromosomal) with their corresponding PionX motif score in blue.


Extended Data Table 1 CXC-dependent sites (PionX)Full size table


Extended Data Table 2 List of oligonucleotides used in the DIP experimentsFull size table
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In male Drosophila, the male-specific lethal dosage compensation complex (MSL-DCC) discriminates the X chromosome from autosomes and doubles the transcription output of the X chromosome selectively. Some sequence elements are known to be involved in targeting the DCC to the X chromosome, but it has not been clear how X-chromosomal sequence elements are selected from the thousands of similar sequences in the genome. Here, Peter Becker and colleagues show that recognition of the X chromosome is an intrinsic feature of the MSL-DCC. The MSL2 subunit uses two distinct DNA interaction surfaces to distinguish a subset of MSL2 binding sites â€” termed PionX â€” which are defined not only by additional sequence features but also by a distinct DNA conformation (base roll). These sites originated early during X chromosome evolution. The results are an example of how transcription factors can distinguish a minority of functional DNA elements from a large pool of similar but non-functional sequences.
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