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Molecular Cloning, Developmental Expression, and Cellular Localization of the 70-kDa RPA-1 Subunit of Drosophila melanogaster JOANA PERDIGÃO,1,* ELSA LOGARINHO,1 MARIA C. AVIDES,2,† and CLAUDIO E. SUNKEL 1,2



ABSTRACT Replication protein A (RPA) is a highly conserved multifunctional heterotrimeric complex, involved in DNA replication, repair, recombination, and possibly transcription. Here, we report the cloning of the gene that codes for the largest subunit of the Drosophila melanogaster RPA homolog, dmRPA70. In situ hybridization showed that dmRPA70 RNA is present in developing embryos during the first 16 cycles. After this point, dmRPA70 expression is downregulated in cells that enter a G 1 phase and exit the mitotic cycle, becoming restricted to brief bursts of accumulation from late G 1 to S phase. This pattern of regulated expression is also observed in the developing eye imaginal disc. In addition, we have shown that the presence of cyclin E is necessary and sufficient to drive the expression of dmRPA70 in embryonic cells arrested in G 1 but is not required in tissues undergoing endoreduplication. Immunolocalization showed that in early developing embryos, the dmRPA70 protein associates with chromatin from the end of mitosis until the beginning of the next prophase in a dynamic speckled pattern that is strongly suggestive of its association with replication foci.



INTRODUCTION



R



A (RPA) was originally identified as one of the cellular proteins essential for simian virus 40 (SV40) DNA replication in vitro. Human RPA is a multisubunit complex com posed of three tightly associated polypeptides (70, 34, and 11 kDa). Homologs have been described in Crithidia fasciculata, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Drosophila melanogaster, Xenopus laevis, and Bos taurus, thus revealing that the overall composition of the complex is highly conserved throughout evolution in both structure and function (recently reviewed by Wold, 1997). In the SV40 in vitro replication system, RPA is required at an early step of replication initiation, where its function is probably related to the ability to bind and stabilize single-stranded DNA (ssDNA) made accessible by TAg unwinding of origin DNA (Wobbe, 1987; Wold and Kelly, 1988; Brill and Stillman, 1989). It has been demonstrated that RPA can bind to ssDNA with a very high affinity as a heterotrimeric complex through the 70-kDa EP LICA TIO N P R O TE IN



subunit (reviewed by Wold, 1997). Although an ssDNA-binding domain has recently been described for the hRPA32–hRPA14 complex, this has a considerably lower affinity for ssDNA than does the trimeric complex (Bochkareva et al., 1998). Although human RPA can be replaced by prokaryotic ssDNA-binding proteins (SSBs) or RPA from other species in the first step of the initiation of SV40 DNA replication (formation of the preinitiation com plex), heterologous proteins are not efficient in the remainder of the replication reaction. This reaction includes the formation of the priming complex and DNA synthesis that can either be slower or fail to occur, depending on which particular protein is used (review ed by Wold, 1997). This finding suggests that RPA performs other functions in DNA replication, probably mediated by protein– protein interactions. Data supporting this hypothesis include the demonstration that, besides interacting directly with TAg, human RPA physically interacts with polymerase a -primase (Erdile et al., 1991; Dornreiter et al., 1992), stimulating its activity in a species-specific manner (Kenny et al., 1989; Tsurim oto and
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924 Stillman, 1989) and inhibiting nonspecific initiation on 3 9 ends of Okazaki fragments (Tsurim oto and Stillman, 1991a). Furthermore, human RPA might be implicated in the elongation phase of DNA replication, as it seems to stimulate polymerase d activity when in the presence of proliferating cell nuclear antigen (PCNA) and replication factor C (RFC) (Tsurimoto and Stillman, 1989; 1991b). Genetic data from S. cerevisiae and studies on sperm chromatin replication in Xenopus egg extracts provide evidence that RPA and it interaction with other proteins is essential for eukaryote chromosomal DNA replication (Brill and Stillman, 1991; Fang and Newport, 1993; Adachi and Laemmli, 1992, 1994; Yan and Newport, 1995a). Finally, RPA has been implicated in other cellular processes, including DNA repair and recombination, and in the regulation of transcription, which raises the hypotheses that RPA might be involved in the coordination of DNA metabolism with other cellular functions (review ed by Wold, 1997). Because the level of RPA proteins rem ains unchanged throughout the cell cycle in a number of cell types (see Wold, 1997, and references therein), its activity should be regulated by some post-translational modification. It has been shown that the phosphorylation state of two RPA subunits, RPA34 and RPA70, is modified in a cell cycle-specific manner (Din et al., 1990; Dutta and Stillman, 1992; Fang and Newport, 1993; Adachi and Laemmli, 1994). Nevertheless, a direct relation between RPA phosphorylation and its activity in either DNA replication or repair has not been established. However, in S. cerevisiae and C. fasciculata, the amounts of RPA mRNA change during the cell cycle, with a peak at the G 1 /S boundary (Brill and Stillman, 1991; Pasion et al., 1994). This finding suggests that in at least some species, transcriptional control also plays a role in regulating RPA activity. Furtherm ore, in several organisms, including Drosophila melanogaster, a transcriptional program that drives the expression of several S-phase genes at the G 1 –S transition has been described (Andrews and Herskowitz, 1990; Lowndes et al., 1992; Nevins, 1992; Duronio and O’Farrell, 1994). This suggests the possibility that the genes that encode RPA subunits are under cell cycle-regulated developmental transcriptional control. Immunolocalization studies have shown that after mitosis, RPA70 localizes to numerous foci (identified as pre-RCs) that are visible on decondensing chromatin before reorganization of nuclear lamina and initiation of replication. During late S phase, the punctuate staining pattern disappears, and RPA70 becomes homogeneously associated with chromatin. At metaphase, condensed chromosomes do not stain for RPA70 (Adachi and Laemmli, 1992). In cultured human cells, a differential localization of the RPA subunits is observed during mitosis: RPA70 associated preferentially with the mitotic spindle poles, RPA34 associates with the chromosomes, and RPA11 localizes to the cytoplasm (Cardoso et al., 1993; Murti et al., 1996). In D. melanogaster syncytial embryos, RPA70 and RPA30 have been localized to the nucleus during interphase, and during metaphase, an overall diffuse staining is observed (Mitsis, 1995). During the course of previous studies aimed at the identification of proteins that associate with heterochromatic DNA in Drosophila (Avides and Sunkel, 1994), we isolated a multiprotein complex (AF1) from tissue culture extracts. The AF1 com plex was isolated by affinity chrom atography with a DNA sequence based on the conserved CENP-B box present in cen-



PERDIGÃO ET AL. tromeric alphoid human satellite DNA. The AF1 complex was shown to be composed of at least three proteins of 70, 50, and 30 kDa. The N-term inal protein sequence was obtained from the 70-kDa polypeptide and used to clone a corresponding cDNA. Molecular analysis showed that the cDNA codes for the 70-kDa subunit of D. melanogaster RPA (dmRPA70). In addition, we describe the detailed localization of the protein in early developing embryos and show that in Drosophila embryos, the expression of dmRPA70 follows the G 1 –S transcriptional program comm on to several S-phase genes.



MATERIALS AND METHODS Strains and cell lines Throughout this work, we have used the wildtype Drosophila strain Canton S grown at 25°C. The CycEAR95/CyO, P[w 1 , ftz-lacZ] and P[w 1 , Hs-CycE]III strains were used for the studies on the effect of cyclin E mutation and overexpression on the expression of dmRPA70. Embryos homozygous for the mutant dmcycE chromosome were identified as the embryos negative for lacZ staining, as detected by immunofluorescenc e with anti-lacZ antibodies. For nuclear extract preparation and AF1 protein purification, we used the Kc cell line.



Molecular cloning of dmRPA70 The AF1 proteins (p71, p50, and p31) were isolated as described by Avides and Sunkel (1994). Approximately 300 m g of the AF1 fraction was precipitated with 5 vol of acetone, resuspended in SDS-PAGE Sample Buffer (0.0625M Tris HCl, pH 6.8; 2% SDS, 10% glycerol, 5% b -mercaptoethanol, bromophenol blue) and boiled for 5 min before being run on 10% SDS-PAGE. The proteins were electroblotted to a PVDF membrane (Immobilon™ -P; Millipore) for 1 h at 350 mA and 15°C, as described by Wilson and Yuan (1989). In order to visualize the proteins, the PVDF membrane was stained with Coomassie Blue R-250 according to Cook (1994), except that acetic acid was absent in the staining solution. Protein bands were then excised and used directly in the microsequencin g reaction on an Applied Biosystem 473A sequencer. The following amino acid sequence was obtained for the p71 protein: Val Leu Ala Asp/Ser Leu Xaa Thr Gly Val Ile Ala Arg Ile Met Xaa Gly. On the basis of the residues underlined, the following PCR primers were designed: (DEG6) 59 -ATA/GATA/GCGA/GGCA/GATC/GAC-39 . The DEG6 was used for the polymerase chain reaction (PCR), together with the SP6 (59 -ACGATTTAGGTGACACTA-39 ) prim er. Template DNA was prepared from a 4- to 8h Drosophila embryo cDNA library (Brown and Kafatos, 1988). Each PCR mixture contained plasmid DNA from 1 3 10 7 cells, 2 m M DEG6 and SP6 primers, 200 mM dNTPs (Boehringer Mannheim), PCR buffer (10 mM Tris HCl, pH 8.3; 50 mM KCl, 1.5 mM MgCl2 , 0.001% gelatin) and 0.5 U of AmpliTaq DNA polymerase (Perkin-Elme r Cetus) in a total volume of 100 m l. The PCRs were carried out over 34 cycles: 15 sec at 94°C, 30 sec at 48°C, 15 sec at 60°C, and 2 min at 72°C. The PCR fragm ents were subcloned and sequenced. One of the PCR products proved to code for the complete amino acid sequence previously determined. From this sequence, a new primer running in the opposite direction was made (59 -CGCATGAAT-
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REPLICATION PROTEIN A OF DROSOPHILA TATATTTG-3 9 ) and used, together with the T7 primer (5 9 AATACGACTCACTATAG-3 9 ), to amplify the 3 9 end of the cDNA. A specific 2.2-kb fragment (PCR71) was obtained. Sequencing both ends revealed correspondence with the correct sequence at one end and a poly(A) tail at the other.



Library screening The PCR71 fragment was used as a probe to screen both cDNA and genomic libraries. A complete cDNA was isolated from a 2- to 14-h embryonic library (Stratagene). Genomic clones were isolated from a l dash genomic library (a gift from Dr. Caetano Gonzalez, EMBL, Heidelberg, Germany).



Expression of cloned proteins The BamHI/XhoI and BamHI/HindIII fragments from the largest cDNA clone (UNI9) that encodes the complete dmRPA70 protein were subcloned in the pRSETC expression vector (Invitrogen). The pRSET-UNI9 contains entire coding region, whereas pRSET-Bam/Hind corresponds to residues 1 to 419. The HindIII/XhoI fragment, corresponding to residues 420 to 603, was ligated into pET-23c( 1 ) (Novagen, Inc.), and the resulting clone was named pET-Hind/Xho. Induction and purification of the fusion protein was done according to the manufacturer’ s instructions.



Antibodies The Rb5.3 serum was produced against AF1 proteins as described in Avides and Sunkel (1994). The RbDRPA1 antibody was raised in a rabbit by EUROGENTEC, Belgium, following a standard protocol. Anti-Drosophila RPA serum (a -RPA) was obtained from Dr. Sue Cotterill (Marie Curie Research Institute, Surrey, UK). Antibodies specific to dmRPA70 and fusion proteins were immunoaffinity purified from Rb5.3 to RbDRPA1 against the respective fusion protein. Immunopurifi ed antibodies were named as follows: IP71 was purified from Rb5.3 against the p71 protein from AF1; IPDRPA1 was purified from RbDRPA1 against the p71 protein from AF1; IPF/Total was purified from Rb5.3 against the pRSET-UNI9 fusion protien; IPF/B-H was purified from Rb5.3 against the pRSETBam/Hind fusion protein; and IPF/H-X was purified from Rb5.3 against the pET-Hind/Xho fusion protein.



SDS-PAGE and immunoblotti ng The SDS-PAGE was performed according to Laemmli (1970) and Western blotting as described in Towbin et al. (1979). Both Rb5.3 and RbDRPA1 sera were used at a 1:2000 dilution, whereas a -RPA was used at 1:5000 and all IPs at 1:10. The secondary antibody was an anti-rabbit IgG coupled with peroxidase (Vector Labs) and used at a 1:500 dilution.



Immunofluor escence of embryos Embryos 0 to 2 h old were collected, dechorionated, fixed, and devitellinized according to published protocols (Gonzalez and Glover, 1993). After antibody labeling, the embryos were mounted in propidium iodide 1 m g/ml in Vectashield (Vector Labs). Samples were observed using confocal laser microscopy (BioRad MRC 600).



In vitro transcription and translation Purified UNI9 plasmid DNA was expressed in coupled transcription– translation reactions in rabbit reticulocyte lysates (Promega), according to manufacturer’ s protocols (T3 RNA polymerase was used). [ 35 S]-Methionine (Amersham) was added to the translation reaction to label the products.



In situ hybridization In situ hybridization with whole-mount embryos and imaginal discs using digoxigenin-labele d RNA probes was done as described by Tautz and Pfeifle (1989). The cDNA clone UNI9 was linearized and used as a tem plate for in vitro transcription reactions with T3 or T7 RNA polymerases. Sense probes were used as a negative control. Transcription reactions (Boehringer kit) included 350 m M Dig-11-UTP, 650 m M UTP, and 1 mM ATP, GTP, and CTP. Prehybridizatio n, hybridization, and washes were done at 55°C.



Heat-shock experiments Overnight collections of embryos from the P[w 1 , HsCycE]III stock were heat shocked at 37°C by placing the collection plates on wet paper towels in a humidified incubator for 30 min. The plates were then returned to 25°C for 45 min, and after this recovery period, the embryos were processed for in situ hybridization as described above.



RESULTS Molecular cloning of the Drosophila RPA-1 gene Previously, we had isolated a multiprotein complex (AF1) from Drosophila tissue culture extracts because it binds to the conserved CENP-B box present in centromeric alphoid hum an satellite DNA (Avides and Sunkel, 1994). The AF1 complex showed strong affinity for dsDNA containing the CENP-B box motif and was shown to be com posed of at least three protein bands of 70, 50, and 30 kDa. The N-term inal protein sequence from the 70-kD a protein was used to clone a cDNA by PCR. The largest cDNA obtained after screening (UNI9) was sequenced and shown to encode a single open reading frame (ORF) of 603 amino acids (EMBL Accession Number Z70277). Amino acid residues 2 through 16 match the amino acid sequence previously determined by N-terminal protein sequencing (Fig. 1). The putative initial ATG codon is preceded by the consensus sequence for the translation start site in Drosophila (Cavener, 1987). The genomic organization of the gene is shown in Figure 1A. Detailed analysis of a 4-kb SalI genomic fragment revealed the presence of three small introns of 61, 57, and 79 nucleotides (Fig. 1A). Sequencing the genomic region 5 9 to the cDNA revealed that all the ATG codons found upstream of the first ATG are followed by stop codons. Accordingly, the data suggest that the cDNA codes for the complete protein. Comparison of the predicted amino acid sequence encoded by the UNI9 cDNA with databases revealed extensive and highly significant homology with RPA-1 from several species (Fig. 1B). The Drosophila protein shows the highest overall homology with RPA-1 from Xenopus and the lowest with that from C. elegans. The highest degree of conservation localizes
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FIG. 1. Characterization of the dmRPA70 genom ic locus and comparison of dmRPA70 amino acid sequence with those of RPA70 from other species. (A) Chromosom al location of the gene with respect to the centromere is shown above. A restriction map of the dmRPA70 genomic region is shown below. The organization, location, and direction of transcription are indicated below the genomic map. Boxes indicate the position of exons. B 5 BamHI; H 5 HindIII; R 5 EcoRI; S 5 SalI; X 5 XbaI. (B) Predicted amino acid sequence of dmRPA70 after alignment with RPA-1 from Xenopus laevis (RPA1 XENLA), Homo sapiens (RPA1 HUMAN), Schizosaccharom yces pombe (RPA1 SCHPO), Saccharomyces cerevisiae (RPA1 YEAST), Crithidia fasciculata (RPA1 CRIFA), and Caenorhabditis elegans (RPA1 CAEEL). Identical residues are marked with gray background. The underlined N-terminal sequence corresponds to the protein sequence obtained by microsequencing . Asterisks indicate conserved residues in the putative zinc-finger motif region. The complete amino acid sequences of all proteins are shown starting at position 1. Sequence alignment was performed using the CLUSTAL program and standard parameters.



to the C-terminal region, as was described previously for other RPA-1 sequences (reviewed by Wold, 1997). The Drosophila protein also contains a putative C 4 -type zinc-finger motif located between positions 464 and 486 that is present in all other RPA-1 hom ologs (Fig. 1B). From the alignment, it is possible to further specify the consensus sequence for the putative zincfinger motif of RPA-1 as C-X 4 -C-XKKX 9/11 R-C-EK-C. The high degree of conservation of this dom ain suggests either a functional or a structural role (reviewed by Wold, 1997). On the basis of the sequence conservation, we have named the locus dmRPA70.



The dmRPA70 cDNA encodes the 70-kDa protein of the AF1 complex In order to determine whether the cDNAs isolated and shown to encode the Drosophila homolog of RPA-70 correspond to the 70-kDa protein found in the AF1 complex, specific antibodies were immunopurified from the Rb5.3 serum and tested against various protein extracts. First, the complete cDNA was expressed and translated in vitro, and the products were immunoprecipitate d with specific antibodies. The IP71 antibodies specifically immunoprecipitated a 71-kDa protein from the



products of the in vitro transcription and translation reaction (Fig. 2A). Secondly, the antibodies immunopurifi ed against the 70-kDa protein in the AF1 complex reacted very specifically with the original protein, a protein of similar molecular weight present in Kc cell nuclear extracts, and the complete or two nonoverlapping regions of the protein encoded by the dmRPA70 cDNA expressed in bacteria (Fig. 2B). Furthermore, Rb5.3 antibodies immunopurifie d against either the com plete or the truncated fusion protein expressed in bacteria recognized the same 70-kDa protein present in the AF1 com plex or in Kc cell nuclear extracts. Also, the expression of either the complete dmRPA70 cDNA ORF or the two separate halves gave rise to proteins that migrated in SDS-PAGE with apparent molecular weights that are in good agreement with the expected mass for dmRPA70 (Fig. 2B). Finally, a specific polyclonal serum was raised against the com plete protein encoded by the dmRPA70 cDNA and tested against Kc nuclear extracts and the AF1 complex (Fig. 3). The RbDRPA1 serum very specifically recognized the 70-kDa protein in the AF1 complex and the same molecular weight band in Kc nuclear extracts. On the basis of the data presented thus far, we are confident that the dmRPA70 cDNA codes for the 70-kDa protein originally found in the AF1 complex.



FIG. 2. The dmRPA70 cDNA encodes the 70kDa protein from the AF1 complex. (A) In vitro transcription and translation of the complete cDNA clone originates a 71-kDa protein (arrow ) that is specifically immunoprecipitated by IP71. The figure shows an autoradiograph of a 10% SDS-PAGE gel dried after the electrophoretic separation of the following samples: translation products of a control reaction without dmRPA70 mRNA (lane 1), translation products of a reaction with dmRPA70 RNA transcribed in vitro (lane 2), immunoprecipitatio n of the lane 2 recation with IP71 (lane 3), same as lane 3 with Rb5.3 preim mune serum (lane 4). Molecular weight markers are shown at left. (B) Protein extract containing the original AF1 complex (lanes 1, 6, 8, and 10; 2 m g each), total Kc cell nuclear extracts (lanes 2, 7, 9, and 11; 20 m g each), recombinant pRSETUNI9 fusion protein corresponding to the complete dmRPA70 coding region (FP: lane 3), recombinant pRSET-Bam/Hind fusion protein with the N-terminal half (N-FP: lane 4), and recombinant pET-Hind/Xho fusion protein with the C-terminal half (C-FP: lane 5). The extracts were separation by SDS-PAGE and blotted to nitrocellulose. The membrane was cut into stripes and incubated with different antibodies: lanes 1 through 5 with IP71 (Rb5.3 serum immunopurifi ed against the 70-kDa band in the AF1 com plex), lanes 6 and 7 with IPF/Total (Rb5.3 immunopurified against the pRSET-UNI9 fusion protein), lanes 8 and 9 with IPF/B-H (Rb5.3 immunopurifi ed against the pRSET-Bam/Hind fusion protein), and lanes 10 and 11 with IPF/H-X (Rb5.3 immuno-purified against the pET-Hind/Xho fusion protein). Molecular weight markers are in kDa.
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PERDIGÃO ET AL. kDa protein present in the original AF1 complex (Fig. 4). These results show very clearly that the AF1 complex that was originally purified against a centromeric DNA conserved motif contains RPA and one unrelated 50-kDa protein.



Localization of dmRPA70 in the early embryonic cell cycle



FIG. 3. Characterization of anti-dmRPA70 antibodies. A specific polyclonal serum was raised in rabbits (RbDRPA1) against the complete dmRPUA70 protein expressed in E. coli. The Kc cell nuclear extracts (lanes 1, 3, 5; 20 m g/lane) or the AF1 fraction (lanes 2, 4, 6; 2 m g/lane) were separated by SDS-PAGE and blotted to nitrocellulose. Lanes 1 and 2 are from incubations with control Rb5.3 serum , lanes 3 and 4 with preimmune serum , and lanes 5 and 6 with RbDRPA1 serum. Molecular weight markers are in kDa.



In order to visualize the location of dmRPA70 during different stages of the cell cycle, we perform ed indirect immunofluorescence staining of early embryos with immunopurifi ed IP71 antibodies (Fig. 5). The dmRPA70 was detected within the nucleus during interphase. At late stages of mitosis, dmRPA70 could be seen associated with decondensing chromatin in a diffuse pattern. As nuclei progressed through interphase, a speckled pattern became visible, evolving into numerous small foci that increased in size and decreased in number until they disappeared soon after the nuclei entered prophase of the next mitosis. At this point, some of the foci colocalized with strongly propidium iodide-staining heterochromatic regions, in accordance with the fact that in most organisms, these sites correspond to late-replicating sequences. Although immunolabeling is difficult to see in the first nuclear divisions because the nuclei are deep in the embryo, we have been able to detect telophase chromatin staining in embryos as early as cycle 3 (data not shown). The pattern of staining described above was maintained until cycle 13, except for the time when dmRPA70 associated with chromatin. We observed that, similar to what has been described for PCNA (Ya-



The AF1 complex contains the three RPA subunits The homology found between the predicted amino acid sequence for dmRPA70 and RPA-1 from other organism s suggests very strongly that this protein is the D. melanogaster replication protein-A 1. However, RPA has been described as a heterotrimeric complex composed of three polypeptides of approximately 71, 34, and 12 kDa. The composition of the AF1 com plex described initially revealed three polypeptides of 71, 50, and 31 kDa (Avides and Sunkel, 1994). Therefore, we looked specifically for the presence of a smaller polypeptide in this fraction. Indeed, the AF1 fraction also contained a protein of 8 kDA that had not been retained during the concentration procedure used before (data not shown). This small protein is likely to be dmRPA8 (Marton et al., 1994; Mitsis et al., 1993). Further evidence that the AF1 complex contains all RPA subunits was obtained using a purified RPA sam ple (DRPA) and a polyclonal serum ( a -RPA) against the whole complex (Marton et al., 1994). The results show that the AF1 complex contains both the 71- and the 31-kD a proteins present in the purified RPA complex (Fig. 4). The Rb5.3 serum recognizes DRPA70- and DRPA30-purified subunits, and IP71 reacted strongly and specifically with DRPA70. Furthermore, a -RPA reacted specifically with AF1 p71 and p31 but not with a 50-



FIG. 4. The AF1 fraction contains RPA subunits. The AF1 fraction (2 m g/lane; lanes 1, 4, and 7), purified Drosophila RPA (DRPA; 2 m g/lane; lanes 2, 5, and 8), and Kc cell nuclear extracts (20 m g/lane; lanes 3, 6, and 9) were separated by SDSPAGE, blotted to nitrocellulose, and analyzed by Western blotting with a -RPA (lanes 1–3), Rb5.3 (lanes 4–6), or IP71 (lanes 7–9). Positions of AF1 p71, p50, and p31 are indicated by the arrows.
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FIG. 5. Immunolocali zation of dmRPA70 during nuclear multiplication cycles in syncytial embryos. The location of dmRPA70 was determined by indirect immunofluores cence in blastoderm embryos using the IP71 antibodies, detected with an FITC-linked anti-rabbit secondary antibody (a, c, e, g, i, k), and the DNA was counterstained with propidium iodide (b, d, f, h, j, l). Images from embryos at different stages of the cell cycle are shown: interphase (a, b); prophase (c, d); prophase at a higher magnification (e, f); metaphase (g, h); anaphase (i, j), and telophase or early interphase (k, l). Scale bar is 5 m m.



maguchi et al., 1991), the association of dmRPA70 with chromatin was progressively delayed along the first 13 division cycles, so that in cycle 6 to 7 embryos, it could be detected in late anaphase, whereas in older embryos (cycles 11–12), it did not occur until telophase (data not shown). From prophase until late anaphase, we could not detect specific dmRPA70 labeling in



the syncytial embryos. Nonetheless, in pole cells, which are the first cells to form during cycle 10, clear cytoplasmic labeling was observed during metaphase (data not shown). After cellularization, during the gastrulation and germ -band elongation stages, dmRPA70 staining was confined to nuclei within defined mitotic domains (Fig. 6). Counterstaining of



930 DNA showed that dmRPA70 was associated with nuclei in telophase– interphase and never with those in other stages of mitosis. The overall distribution of dmRPA70-positi ve nuclei correlated well with the mitotic dom ains described previously (Foe, 1989) and with the fact that in these cells, there is no G 1 , so that S phase immediately follows mitosis. In cells that are in G 2 and M, faint cytoplasmic labeling could be observed. The labeling pattern described for IP71 was also found when we used the IPF/Total or IPDRPA1 antibodies (data not shown).



The pattern of dmRPA70 expression in developing embryos follows the G 1 –S transcriptional program In order to investigate the pattern of dmRPA70 RNA accumulation during embryogenesis, we performed in situ hybridization in whole Drosophila embryos (Fig. 7). Preblastoderm embryos accumulated high levels of dmRPA70 RNA, which is indicative of a maternal supply (Fig. 7A). The amount of maternal RNA diminished significantly during the nuclear multiplication stages and was very low at cellular blastoderm (Fig. 7B). Later, during cycle 14, dmRPA70 RNA was much more abundant and broadly distributed until early in cycle 16 (Fig. 7C). At the beginning of stage 12, dmRPA70 RNA labeling could no longer be detected in epidermal cells (Fig. 7D), which at this stage have already completed cycle 16 (Duronio and O’Farrell, 1994). Instead, a strong signal was detected in the cells of the nervous system, in the salivary glands, and in the central midgut, where cells are at S phase 17 that begins during early germ-band retraction (Smith and Orr-Weaver, 1991; Duronio and O’Farrell, 1994). In stage 13 embryos, the region that corresponds to the central midgut was not labeled, whereas the anterior and posterior midgut cells gave a strong signal that corresponded to the S17 phase in these regions (Fig. 7E). During stage 14, the signal observed in the central midgut (Fig. 7F) corresponded to the S18 phase of these cells, and the disappearance of the anterior and posterior midgut labeling in cells that at this point are no longer replicating revealed that the expression of dmRPA70 is downregulated after completion of S phase. We wanted to determine more accurately the timing of the onset of dmRPA70 expression in relation to the progression through G 1 and the G 1 –S transition. Therefore, we looked for the presence of dmRPA70 RNA in two situations where the beginning of S phase is well defined: first, in the anal pads during the germ-band retraction stage (Duronio and O’Farrell, 1994) and second, in the developing eye imaginal disc (Thomas et al., 1994). As shown in Figure 8, dmRPA70 RNA was not detected in the anal pads in early G 1 during stage 12 (Fig. 8A), whereas a strong signal was observed from late G 1 (Fig. 8B) until S phase (Fig. 8C) (Duronio and O’Farrell, 1994). Because the anal pads cells are undergoing endoreduplication cycles, we wanted to address the question in cells involved in mitotic cycles. This can be done in the developing eye imaginal disc, where cells are synchronized in G 1 in the morphogenetic furrow. Posterior to this region, cells enter S phase synchronously (Thomas et al., 1994). As shown in Figure 8D, strong dmRPA70 RNA labeling could be observed in a welldefined stripe immediately posterior to the morphogenetic furrow (domain IV; Thomas et al., 1994) but not in the furrow it-



PERDIGÃO ET AL. self (domain III; Thomas et al., 1994). The data indicates that in the eye imaginal disc, dmRPA70 is expressed from late G 1 to S phase.



The expression of dmRPA70 is regulated by cyclin E In order to investigate whether the expression of dmRPA70, like that of other S-phase genes (Duronio and O’Farrell, 1994), is activated by cyclin E, we have looked for the levels of dmRPA70 RNA in embryos deficient in cyclin E or, conversely, in embryos where cyclin E can be overexpressed in response to heat shock. Embryos from a transgenic strain carrying a cyclinE gene under the control of a heat-shock promoter were hybridized with the dmRPA70 cDNA. As a control, we used wildtype embryos. Heat shock did not alter the normal pattern of dmRPA70 RNA expression (Fig. 9A). However, the ectopic expression of DmcycE resulted in widespread expression of dmRPA70 over the epidermis of stage 14 embryos (Fig. 9B) in cells where dmRPA70 is not normally expressed (see also Fig. 7F). On the other hand, in embryos homozygous for the DmcycEAR95 mutation that abolishes the function of cyclin E (Knoblich et al., 1994), the expression of dmRPA70 in embryos after stage 13 was affected in the manner previously described for the S-phase gene DmRNR2 (Sauer et al., 1995). In DmcycEAR95 mutants, the dmRPA70 transcript was downregulated in the central nervous system but persisted in the endoreplicating cells (Fig. 9C).



DISCUSSION In the present work, we report the cloning, developmental expression pattern, and localization during different stages of the cell cycle of the D. menalogaster RPA-1 subunit dmRPA70. Furtherm ore, we show that the dmRPA70 gene is under strict transcriptional regulation by cyclin E.



Isolation and cloning of dmRPA70 Three main lines of evidence indicate that the gene that we have cloned does indeed correspond to the D. melanogaster RPA70. First, the amino acid sequence shows very significant hom ology with replication protein-A 1 from other organisms. Second, both the dmRPA70 and dmRPA30 in our preparation are immunologica lly related to the corresponding subunits of previously isolated dmRPA (Marton et al., 1994). Finally, dmRPA70 was isolated as part of a complex that contains two other polypeptides of 30 and 8 kDa, known to be part of dmRPA. The dmRPA70 protein was isolated as part of a multiprotein com plex (AF1) composed of polypeptides of 71, 50, and 31 kDa. The AF1 fraction was shown to bind in a sequence-specific manner to a double-stranded oligonucleotide based on the CENP B-box motif present in alphoid centromeric DNA (Avides and Sunkel, 1994). The copurification of a 50-kDa polypeptide with dmRPA and the isolation of these proteins by affinity chrom atography with a double-stranded and specific DNA sequence raises a number of issues. The fact that RPA associates with dsDNA, either directly or indirectly via interaction with other proteins, was suggested previously (Adachi
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FIG. 6. Localization of dmRPA70 in embryos during germ band elongation. A dorsolateral view of a stage 8 embryo is shown, with the anterior end to the left. (A) The dmRPA70 protein was localized by indirect immunofluorescen ce with IP71 antibodies and an FITC-linked anti-rabbit antibody. (B) DNA was stained with propidium iodide. (C) Merger of images shown in (A) (green) and (B) (red). At this stage, cells are dividing in mitotic domains. Within each of these domains, cells progress through the cell cycle in a wave that starts in the center of the dom ain and spreads toward its periphery. In domain 1 (asterisk), cells are in interphase of cycle 15. The dmRPA70 chromatin labeling is more diffuse at the periphery of the dom ain, corresponding to nuclei at the beginning of S phase, and more strongly speckle at the center, in nuclei that are in late S phase. Cells in domain 18 (arrowhead) are in mitosis and cytoplasmic labeling of dmRPA70 can be seen. Cytoplasmic labeling is also visible in G 2 cells of the N domain (arrow). Scale bar is 5 m m.



and Laemmli, 1994; Treuner et al., 1998). It was shown that during sperm nuclei replication in Xenopus egg extracts, RPA associates with preRCs before ssDNA is made accessible by DNA unwinding at the origins. Furthermore, in HeLa cells, a high proportion of RPA is associated with dsDNA chromatin. Although RPA binds non specific dsDNA with lower affinity than it binds ssDNA, RPA has been shown to bind with high affinity to specific dsDNA sequences that might be involved in the regulation of transcription. None of these sequences is present in the CENP-B box-based oligonucleotide used in the pu-



rification of the AF1 fraction; therefore, the binding of RPA must be through either a different sequence or a specific DNA structure. Indeed, it has been proposed that RPA binds to a specific DNA structure rather than to a specific sequence (reviewed by Wold, 1997). Alternatively, it is possible that RPA was purified because of its association with the p50 polypeptide present in the AF1 fraction. Adachi and Laemmli (1994) reported that, although purified Xenopus RPA shows only weak affinity for dsD NA, it binds dsDNA–cellulose when loaded in the presence of crude
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FIG. 7. Expression of dmRPA70 in early embryos, before and after the introduction of G 1 phase. The dmRPA70 mRNA was detected by in situ hybridization in whole embryos with a digoxigenin-labele d probe. (A) A preblastoderm embryo showing high levels of dmRPA70 transcript. (B) In an early cycle 14 embryo, alm ost no dmRPA70 RNA can be detected. (C) An embryo at the germ-band extended stage, showing strong dmRPA70 labeling throughout the embryo. At this stage, the ventral epidermal cells (VE) are at the end of S phase 15, and the cells at the dorsal epiderm (DE) are in early S16. (D) Embryo at the beginning of stage 12, in which dmRPA70 RNA is evident in the brain (Br), ventral nerve cord (VNC), salivary glands (SG), and central midgut (CMG). No labeling can be detected in epidermal cells (arrow). (E) During stage 13, embryos show high transcript levels in cells of several tissues, including the brain, VNC, hindgut, anal pads, and anterior and posterior midgut (AMG, PMG). (F) Embryos at stage 14 show no labeling of the anterior and posterior midgut, hindgut, or anal pads. At this stage, dmRPA70 RNA is detected in the CMG, malpighian tubules, Br, and VNC. All embryos are oriented with the anterior end to the left and the dorsal side at top.



extracts. This result suggests that the retention of RPA on dsDNA–cellulose is caused by other protein com ponents in the extract. Finally, it was reported that a 54-kDa protein copurifies with mouse RPA when using a DNA-Sepharose column step (Nakagawa et al., 1991). The DNA sequence of this fragment contains the TCCAAPyG motif also found in the CENP B-box oligonucleotide. The results are consistent with the hypothesis that p50 has a role in the association of RPA with dsDNA. However, without knowing the identity of the p50 protein, it is not possible to interpret correctly the specific binding of the AF1 complex to the centromeric DNA motif.



Distribution of dmRPA70 during the cell cycle in early D. melanogaster embryos The association of dmRPA70 with the chromatin in early Drosophila embryos occurs at the end of mitosis in small foci



that, during progression in interphase, become fewer and larger and at the beginning of prophase localize mainly to heterochromatic regions. The association of dmRPA70 with chromatin at the end of mitosis is in accordance with the fact that, at this embryonic stage, S phase immediately follows mitosis, with no intervening G 1 phase. The labeling pattern observed during interphase is similar to what has been described for RPA localization in Xenopus (Adachi and Laemmli, 1992, 1994) and in human cells (Cardoso et al., 1993; Krude, 1995; Murti et al., 1996), where the labeled foci are known to correspond to replication centers. During metaphase and anaphase, dmRPA70 is not seen in association with chromatin. In embryonic pole cells, strong dmRPA70 cytoplasm ic labeling is observed, suggesting that the protein probably is relocalized to the cytoplasm . In embryos at later developmental stages, cytoplasmic labeling is also visible during G 2 , when this phase is introduced at the interphase of
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FIG. 8. Accumulation of dmRPA70 RNA occurs from late G 1 to S phase. Expression of dmRPA70 was detected by in situ hybridization in whole embryos (A, B, C) and in the eye imaginal disc (D). (A) An early stage 12 embryo, in which the anal pad cells (arrow) are in early G 1 . In these cells, no dmRPA70 RNA is detected. (B) Embryo in late stage 12. Cells in the anal pads (arrow) are known to be in late G 1 aligned with the posterior spiracles (arrow). At this stage, strong labeling of these cells can be seen that persists until S phase (C), when germ-band retraction is com plete, and the anal pads are at the posterior end of the hindgut tube (arrow ). (D) In the developing eye disc, the expression of dmRPA70 is restricted to a stripe posterior to the morphogenetic furrow (arrowheads). In panels A, B, and C, dorsal views of embryos are shown, with anterior end to the left. In the eye disc, shown in D, anterior is to the right.



cycle 14. These observations indicate that dmRPA70 is not degraded during mitosis, which is in accordance with the data showing that the levels of dmRPA70 do not change during the cell cycle (Marton et al., 1994; Mitsis, 1995). In Xenopus egg extracts, localization of RPA to preRCs is detected immediately after mitosis and is inhibited by active cdc2–cyclinB complexes. Therefore, the decay in the activity of the complexes of cdc2-mitotic cyclins that accompanies the metaphase to anaphase transition could be sufficient to drive the association of RPA in preRCs. Our observation that the association of dmRPA70 with chromatin during the first cycles can occur as early as anaphase supports this interpretation. However, because in preblastoderm embryos, the association of dmRPA70 with chromatin is progressively delayed as successive mitotic cycles increase their duration, this association must be regulated by a process in which the accumulation of som e product should play a key role. The lengthening of the embryonic mitotic cycles has been related to the growing needs for the replenishment of essential regulatory products that are initially accum ulated in the egg in large amounts and are progressively degraded as the number of nuclei increases (Edgar et al., 1994). Because in blastoderm embryos, the levels of dmRPA70 remain basically unchanged along the mitotic cycle, the amount of this protein should not be the limiting factor, and possible candidates include other proteins whose interaction with RPA is essential for its assembly at RCs, for example, FFA-1 (Yan and Newport, 1995a).



Expression of dmRPA70 follows the G 1 –S transcriptional program and is dependent on cyclin E function in G 1 -arrested cells, but not in endoreduplic ating tissues In several organisms, a transcriptional program that drives the expression of several S-phase genes at the G 1 –S transition has been described (Andrews and Herskowitz, 1990; Lowndes et al., 1992; Nevins, 1992; Duronio and O’Farrell, 1994). Therefore, we wanted to determine whether dmRPA70 expression follows the same transcription program. We have shown that during the early embryonic cell cycles, dmRPA70 RNA is present in large amounts throughout the embryo. These transcripts are of maternal origin and are present until the early stages of cellularization. The dmRPA70 mRNA levels are then restored from zygotic transcription during late cycle 14 and persist until the end of S phase of cycle 16. When a G 1 phase is first introduced at cycle 17 and most cells abandon the mitotic cell cycle (Edgar and O’Farrell, 1990), the expression pattern of dmRPA70 RNA changes from constitutive to strictly regulated along the embryo and according to its developmental stage. The entry into G 1 of cycle 17, as well as the subsequent endoreduplication S phases, are know n to occur in a precisely determined pattern that has been well described (Smith and Orr-Weaver, 1991; Duronio and O’Farrell, 1994). This fact allowed us to study the expression pattern of dmRPA70 relative to the cell cycle. We observed that during embryogenesis stages 13 and 14, the ex-
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FIG. 9. Expression of dmRPA70 is regulated in most tissues by cyclin E. Control (A), Hs-CycE (B), or mutant cycE 2 (C) embryos were hybridized to detect dmRPA70 RNA. Embryos carrying the Hs-CycE transgene or wildtype controls were fixed 30 min after the heat shock. All images correspond to stage 14 embryos and are shown on the ventral side. (A) Wildtype embryos show strong signal for dmRPA70 transcripts in the anterior end and along the VNC, whereas other cells of the epidermis are not expressing the gene. (B) However, after induction of the Hs-CycE transgene, we detected widespread labeling of the epidermal cells. These cells are normally arrested in G 1 and do not express dmRPA70 (see Fig. 7F). (C) In embryos deficient for cyclin E, there is a marked decrease in the level of dmRPA70 in the mitotic cells of the central nervous system, although the dmRPA70 transcripts are maintained in the midgut endoreduplicating cells. All embryos are shown with anterior end to the left and correspond to ventral views at stage 14.



pression of dmRPA70 is restricted to the cells of the central nervous system (rapidly proliferating cells) and to those cells that undergo endoreduplication cycles. In these cells, dmRPA70 RNA is detected immediately before the initiation of DNA replication, accumulates throughout S phase, and declines after its completion. Because in developing embryos, the occurrence of a G1 phase



PERDIGÃO ET AL. has been described only in endoreduplicating cells, which follow a specific cycle governed by distinct control mechanisms, we wanted to investigate the pattern of dmRPA70 expression also in cycling diploid cells. Therefore, we looked for the presence of dmRPA70 transcripts in the developing eye disc, where progression through the mitotic cell cycle occurs in well-defined spatial domains (Thomas et al., 1994). We observed that the expression of dmRPA70 in the eye disc is restricted to a stripe posterior to the morphogenetic furrow, coincident with the region where the cells undergo a synchronous S phase. The fact that dmRPA70 transcripts are not detected in the morphogenetic furrow, where cells are synchronized in G1 , shows that in this tissue, dmRPA70 expression starts late in G 1 or even during the G1 –S transition. In summary, we have shown that the pattern of expression of dmRPA70 follows the developmentally controlled G 1 –S transcriptional program that drives the expression of several S-phase genes in Drosophila embryos (Duronio and O’Farrell, 1994). In addition, we have demonstrated a similar pattern of expression in a developing diploid tissue, the eye imaginal disc. Cyclin E is a cdk2-associated G 1 cyclin that plays a key role in the regulation of progression through the G 1 phase and entry into S phase, namely in the regulation of transcription of Sphase genes. In Drosophila, downregulation of DmcycE is essential for exit from the mitotic cell cycle after embryogenesis cycle 16 and, conversely, cyclin E function is required for progression through S phase (Knoblich et al., 1994). Furthermore, the expression of several S-phase genes has been shown to be influenced by the presence of active cyclin E (Duronio and O’Farrell, 1994; Sauer et al., 1995). In this context, we wanted to investigate whether the expression of DmcycE could drive that of dmRPA70. In order to address this problem, we have looked for the expression of dmRPA70 both in embryos homozygous for a DmcycE null mutation and in embryos carrying a hs-CycE transgene, where the ectopic expression of cyclin E can be induced by heat shock. The analysis of embryos where the ectopic expression of cyclin E was induced clearly showed that the expression of this protein is sufficient to drive the accumulation of dmRPA70 RNA in cells that are normally in G 1 and do not express dmRPA70, like the epidermal cells of stage 14 embryos. The analysis of embryos deficient for cyclin E revealed that the absence of its function strongly reduces the expression of dmRPA70 in mitotic cells that normally express high levels of this RNA. However, in cells undergoing endoreduplication, dmRPA70 is detected at high levels in stage 14 embryos homozygous for the DmcycE mutation. Thus, in these cells, the expression of dmRPA70 can be driven by other pathways, which may involve the E2F transcription factor, as has been shown for DmRNR2 (Duronio et al., 1996).
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