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Summary

The lamin B receptor (LBR) is an integral membrane
protein of the inner nuclear membrane that has so far been
characterized only in vertebrates. Here, we describe the
Drosophila melanogasteprotein encoded by the annotated
gene CG17952 that is the putative ortholog to the
vertebrate LBR. The Drosophilalamin B receptor (dLBR)
has the following properties in common with the vertebrate
LBR. First, structure predictions indicate that the 741
amino acid dLBR protein possesses a highly charged N-
terminal domain of 307 amino acids followed by eight
transmembrane segments in the C-terminal domain of
the molecule. Second, immunolocalization and cell

C14 reductase activity when it is expressed in the
Saccharomyces cerevisiae erg@tant, which lacks sterol
C14 reductase activity. Our data raise the possibility that,
during evolution, the enzymatic activity of this insect
protein had been lost.

To determine whether the dLBR is an essential protein,
we depleted it by RNA interference inDrosophilaembryos
and in cultured S2 and Kcl167 cells. There is no obvious
effect on the nuclear architecture or viability of treated
cells and embryos, whereas the depletion ddrosophila
lamin DmO in cultured cells and embryos caused
morphological alterations of nuclei, nuclear fragility and

fractionation reveal that the dLBR is an integral
membrane protein of the inner nuclear membrane. Third,
dLBR can be shown by co-immunoprecipitations and in
vitro binding assays to bind to theDrosophilaB-type lamin
DmO. Fourth, the N-terminal domain of dLBR is sufficient
for in vitro binding to sperm chromatin and lamin DmO. In
contrast to the human LBR, dLBR does not possess sterol

the arrest of embryonic development. We conclude that
dLBR is not a limiting component of the nuclear
architecture in Drosophila cells during the first 2 days of
development.
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Lamin DmO

Introduction chromodomain protein HP1 (Ye and Worman, 1996; Ye et al.,
The nuclear envelope is an essential structure of the eukaryo#i897). HP1, the core histones H3 and H4, and the LBR form
cell that is composed of three distinct membrane domains, tfeetight complex in vitro (Polioudaki et al., 2001). The cell-
outer and inner nuclear membranes, and the wall of nuclegycle-dependent binding of the LBR to chromatin is regulated
pore complexes. The inner nuclear membrane is structuralgy multiple kinases (Takano et al., 2002). The LBR has two
and functionally distinct from the other two membranenon-overlapping inner nuclear membrane targeting signals.
domains. It contains specific integral membrane protein®ne is localized in the nucleoplasmic domain and the second
(IMPs) that, during interphase, link the membrane to thén the first membrane spanning domain (Smith and Blobel,
underlying lamina and the peripheral chromatin (for receni993; Soullam and Worman, 1993; Ellenberg et al., 1997). In
reviews, see Gruenbaum et al., 2003; Dechat et al., 2000; well nuclei that do not possess peripheral chromatin (e.g. the
et al., 1998; Collas and Courvalin, 2000; Cohen et al., 2001amphibian  oocyte nucleus), the LBR is localized
One of the best studied IMPs is the lamin B receptor (LBRpredominantly to the cytoplasm, indicating that the interaction
of vertebrates; other IMPs have been extensively revieweef the LBR with chromatin is required for its retention in the
recently (Gruenbaum et al., 2003; Dechat et al., 2000; Colldgner nuclear membrane (Gajewski and Krohne, 1999).
and Courvalin, 2000; Starr and Han, 2003). The LBR is The hydrophobic C-terminal half of the human LBR (hLBR)
composed of two major domains. The ~220-amino-acid Nhas remarkable structural similarities with the sterol reductase
terminal segment is highly charged, contains two globulaBR1 (Holmer et al., 1998) and it has been shown that the hLBR
domains and faces the nucleoplasm, whereas the hydropholeixhibits sterol C14 reductase activity (Silve et al., 1998). A
C-terminal half of the molecule contains eight putativemutation in the hLBR gene causes the autosomal recessive
transmembrane segments (Ye et al., 1997) (for review, see Yidrops-ectopic calcification-‘moth-eaten’ (HEM)/Greenberg
et al., 1998). skeletal dysplasia. Cells carrying this mutation exhibit a
The nucleoplasmic domain of LBR binds to B-type laminsdramatically reduced sterol C14 reductase activity (Waterham
(Ye and Worman, 1994; Simos and Georgatos, 1992; Meier arad al., 2003). Other mutations in the human (Hoffmann et al.,
Georgatos, 1994; Dreger et al., 2002), DNA (Ye and Wormar2002) and mouse (Shultz et al.,, 2003) LBRs cause an
1994; Duband-Goulet and Courvalin, 2000), chromosomes araitosomal dominant disorder, the Pelger-Huet anomaly.
chromatin (Pyrpasopoulou et al., 1996; Kawahire et al., 1997; So far, only very limited information is available on the
Gajewski and Krohne, 1999), and interacts with humampresence of LBR in invertebrate cells. The complete
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sequencing of thBrosophilagenome indicated that this model performed with theX. laevisLBR (accession number Y17842). The
organism possesses a candidate gene to encode a LBR. Hergative protein encoded by gene CG17952 exhibited the highest
we describe the characterization and functional analysis of tigmilarity with the XenopusLBR (XLBR). The cDNA clones
protein encoded by thérosophila gene CG17952 and LD38760 and SD06601 db. melanogastelgene CG17952 were

; e nerated by Celera Genetics and obtained from Invitrogen
Svi?]]?ﬁ:t\r/aetﬁgggtg Egsésome but not all properties in comm arlsruhe, Germany). The complete coding region of gene CG17952

was PCR amplified (using the primers'-TH TTCTAGAA-
TGCAGCACTCGCCGAGCA-3 and B-TTTGGATCCTTAGTA-

. GACCCTGGGCAGG-3. The amplified DNA was cloned into the
Materials and Methods . pCRE2.1-TOPG'-vector (Invitrogen, Karlsruhe, Germany) and
Fly stocks, cell culture and transfections pBluescript SK (Stratagene, Heidelberg, Germany). A DNA fragment
D. melanogasterwild-type strain BERLIN was maintained on encoding amino acids 16-334 of gene CG17952 was PCR amplified
standard cornmeal-yeast-agar medium at 25°C. The following ce{using the primers 'BAACTCGAGATGCAGGCACGTTTTTT-

lines were used: SDosophilaSchneider cell line 2; embryonic cell CGACCGCAATT-3 and 53 TTGGTACCCTGGCCGTACAGC-

line of Drosophila melanogastgrkc167 (hemocyte-derived cell ine  TCCATGTC-3), and cloned into pEGFP-N1 (CLONTECH
of D. melanogastgr COS-7 (kidney cells afercopithecus aethiops Laboratories, Heidelberg, Germany). A DNA fragment encoding
and XenopusA6 cells (kidney epithelial cells oKenopus laev)s amino acids 17-262 of gene CG17952 was PCR amplified (using the
Vertebrate cell lines were cultured according to standard procedurgsimers 5-AACATATGCGTTTTTTCGACCGCAATTCATACAC-3

(Lang and Krohne, 2003). S2 and Kcl67 cells were cultivated imand  3-AACTCGAGACGCTTGGAGGACTTCTCATCGTCG-3
Schneider’s Drosophila medium (Gibco/lnvitrogen, Karlsruhe, and cloned into pET21a (Novagene, Merck, Darmstadt, Germany).
Germany) containing 10% fetal calf serum (FCS), 50 Ulml PCR and sequence analysis have been described (Lang et al., 1999).
penicillin, 50 U mt! streptomycin and 2 mM L-glutamine in the For the prediction of protein secondary structure, we used the program
absence of C® COS-7 and A6 cells were transfected using RotifectPIX (http://www.hgmp.mrc.ac.uk/Registered/\Webapp/pix/8).

(Roth, Karlsruhe, Germany), and S2 cells using Effectene (QIAGEN,

Hilden, Germany).
dsRNA production and conditions for RNAi in Drosophila cell

culture

Immunofluorescence Double-stranded RNA (dsRNA) production and RNADrsophila

For immunofluorescence microscopy, embryonic or larval tissue waS2 Schneider cells were performed as described (Clemens et al., 2000).
squashed between glass slides and coverslips and rapidly frozen Distinct DNA fragments approximately 800-900 bp long containing
metal block cooled to —70°C. Coverslips were removed from the slidabe coding sequences of tBeosophilagenes CG17952 and lamin
while frozen and the tissue was air dried for 10 minutes. Cells growBm0 were amplified by PCR. Each primer used for amplification
on coverslips or squashed tissues were fixed for 5 minutes in methamantained the T7 RNA polymerase binding site (GAATTAATAC-
at —20°C followed by a fixation for 1 minute with acetone at —20°CGACTCACTATAGGGAGA) followed by the specific sequences
and transferred into PBS (137 mM NaCl, 3 mM KClI, 1.5 mMpREL, (CG17952: 5CCCAGTCCAAGCAGCCCAGCC-3and 3-GCAA-

7 mM NgHPQy, pH 7.4). Specimens were then processed for indirecAGGCACCCACCACTCGT-3 lamin DmO: 5ATGTCGAGCAA-
immunofluorescence microscopy as described (Gajewski and Krohn&TCCCGACGT-3 and 3GCGACTGCTTCAACTTGGCATC-3.

1999; Lang and Krohne, 2003). Primary antibodies were diluted a@BCR products were cloned into the pP&RL-TOPO-vector
follows: 1:1000 (polyclonal antibodies against the dLBR and lamin(Invitrogen, Karlsruhe, Germany), DNA fragments were then isolated
Dm0); 1:500 (polyclonal otefin antibodies); 1:10 (all monoclonalby digestion withEcdRl, purified by using the Gel Extraction Kit
antibodies againsDrosophila lamins and otefin); 1:300 (X223, (Qiagen, Hilden, Germany) and transcribed with the MEGASCRIPT
polyclonal antibodies againg&enopusamin B2) and as recommended T7 transcription kit (Ambion, Huntingdon, UK). The RNA was
by the supplier for commerically available antibodies against greeannealed in 2@ H>O as recommended and stored at —70°C.
fluorescent protein (GFP) and against nuclear pore proteins. Digitonin S2 cells were diluted to a final concentration xf@-7.5x1CP cells
treatment of cultured cells was done as described (Gajewski amdl~1in Schneider'©rosophilamedium (Gibco/Invitrogen, Karlsruhe,
Krohne, 1999). Digital images were taken with a confocal laseGermany) without fetal calf serum and antibiotics. Cells were plated
scanning microscope (CLSM) (TCS SP, Leica, Heidelberg, Germanygnd transfected with the dsRNA as described (Clemens et al., 2000).
and with a Zeiss Axiophot (Zeiss, Jena, Germany) equipped with After an incubation period of 24 hours, the cells were harvested, split
charge-coupled-device camera (using CamWare v1.00 softwarggnd transferred to a 24-well cell culture dish (Greiner BIO-ONE,
Digital images taken by CLSM were recorded using standardizeBrickenhausen) containing one coverslip of 12 mm diameter in each
CLSM settings with a signal enhancement of 550-650 V. Signals imwell. The cells were incubated for additional 12 hours, 24 hours, 36
cells subjected to RNA interference (RNAIi) and microinjectedhours, 48 hours, 52 hours and 66 hours, and analyzed.

embryos were first visible at a sighal enhancement of 760 V.

Expression and purification of bacterially expressed
Microinjection of embryos and electron microscopy Drosophila lamin Dm0

D. melanogasteembryos (0 minutes to 30 minutes) were processed he complete coding sequencesDobsophilalamin DmO had been

for microinjection using standard methodgu@ dsRNA pel H20) cloned into the pET17 vector (Stuurman et al., 1996) and expressed

Microinjected and untreated embryos were analyzed at 24 hours, 48the bacterial straiBscherichia colBL21 Codon-Plus (Stratagene,

hours and 72 hours after injection. Microinjected embryos were fixed;leidelberg, Germany). Lamin Dm0 was extracted from bacterial

dehydrated and embedded for electron microscopy using standarttlusion bodies and purified by ion exchange chromatography as

techniques (Schoft et al., 2003). Ultrathin sections were analyzed witthescribed (Gieffers and Krohne, 1991). Anion exchange

a Zeiss EM10 (Zeiss/LEO Oberkochen, Germany). chromatography was performed in 8.5 M urea at pH 7.5 [8.5 M urea,
20 mM Tris-HCI pH 7.5, 1 mM dithiothreitol, 0.2 mM

) ) ) ) phenylmethylsulfonylfluoride (PMSF)] and cation exchange
cDNA isolation, plasmids and sequence analysis chromatography in 8.5 M urea at pH 5.8 (8.5 M urea, 50 mM sodium
BLAST searches of Flybase (http://flybase.bio.indiana.edu/) weracetate pH 5.8, 1 mM dithiothreitol, 0.2 mM PMSF).
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Antibodies programmed at 60-300°C with a temperature increase of 5°C per
Polyclonal antibodies were generated in guinea pigs and BALB/glinute. Detection was obtained using a flame ionization detector with
mice as described (Cordes et al., 1991). As antigens, we used the f@ldetector oven temperature of 300°C.
length protein (lamin DmO) or peptides equivalent to amino acids 17-
262 of CG17952 or amino acids 2-264 of otefin. Peptides of CG17952 . .
and otefin were expressed in coli BL21 Codon-Plus and affinity In wtrp transiation ) ) )
purified as described (Schoft et al., 2003). Proteins CG17952 and lamin Dmo contained in the pET17, pET21a
Mouse monoclonal antibodies have been described that are specfit PBluescript SK vector were in vitro synthesized by coupled
for Drosophilalamin Dm0 (ADL67, ADL195, ADL85) (Klapper et transcription and translation using the TNT system (Promega,
al., 1997; Krohne et al., 1998)rosophilalamin C (LC28) (Klapper ~Madison, WI, USA) as recommended by the supplier. For radioactive
et al., 1997; Krohne et al., 1998), otefin (Ashery-Padan et al., 1991gbeling of proteins during synthesis, @ of plasmid DNA and 40
and Xenopuslamin B2 (X223) (Lourim and Krohne, 1993). Mouse HCi [**S]-methionine (Amersham) were used per experiment.
monoclonal antibodies against nuclear pore complex proteins
(mab414; Berkeley Antibody Company;tubulin (Sigma T-5168; . -
Sigma, Deisenhofen, Germany) and GFP (Roche Diagnosticé’? V|Fro l?)lndlr?g a.lssays ) ) - ]
Mannheim, Germany) were commercially available. PolyclonalFor in vitro binding studies, bacterially expressed and purified lamin
CG17952 (dLBR) antibodies of two guinea pig antisera were affinit2omO0 or the peptide equivalent to amino acids 17-262 of CG17952
purified using bacterially expressed CG17952 (amino acids 17-262?ere solubilized in PBS containing 2 M urea (CG17952) or 4 M urea

coupled to CNBr-activated SepharGséB (Amersham Pharmacia, (lamin DmO) at a final concentration of 1 mg=#lOf this stock
Freiburg, Germany). solution, 0.5ul was mixed with 19.5u PBS. Wells of a 96-well plate

(Greiner BIO-ONE) were coated with the desired protein (@5
protein in 20ul PBS per well) by incubation for 2 hours at 18°C,
SDS-PAGE and immunoblotting followed by an incubation with PBS containing 0.5% bovine serum
Sodium-dodecyl-sulphate polyacrylamide-gel electrophoresis (SDSxlbumin (PBS/BSA) for 2 hours at 18°C. Wells were washed three
PAGE) and immunoblotting was performed as described (Lang aniémes with PBS and then incubated with the in vitro synthesized
Krohne, 2003). To allow the direct comparison of RNAi-treated anddrotein (3ul in vitro translated protein with 1l PBS/BSA per well)
control cells, total protein of 1.X80° S2 cells were separated per for 2 hours at 18°C. Wells were finally washed three times with PBS
lane on the same SDS-PAGE and processed for immunoblotting. and bound proteins were solubilized in sample buffer for SDS-PAGE.
To detect $°S]methionine labeled proteins after separation by SDSControl wells were coated with BSA. As a further control, the in vitro
PAGE, gels were incubated for 1 hour in dimethylsulfoxide, followedtranslated protein was preincubated for 1 hour at 18°C with the protein
by an incubation for 3 hours in Rotifluoreszint D (Roth, Karlsruhe that had been used to coat the wellgil(® vitro translated protein,
Germany) and finally for 1 hour in2®. Gels were dried and exposed 17 ul PBS/BSA, 1ug recombinant protein) and then added to the
to X-ray films. Densitometric analysis of X-ray films was performedcoated well. All other steps were as described above.
using Scion Image for Windows (Scion Corporation, Maryland,
USA). Immunoprecipitations and cell fractionation
o » All immunoprecipitation steps were performed at 4°C using the 13,000
Expression in S. cerevisiae g supernatants ddrosophilaS2 and Kc167 cells that had been extracted
The CG17952 cDNA was amplified (primers:-TH TGAATTA- with immunoprecipitation buffer (1% Triton X-100, 150 mM NacCl, 20
ATGCAGCACTCGCCGAGCA-3and B-TTTCTCGAGTTAGTAG- mM Tris, 1mM PMSF, 0.1 mg mi trypsin inhibitor, pH 7.4) as
ACCCTGGGCAGG-3), subcloned into the pCR.1-TOPQ’ vector,  described (Lang and Krohne, 2003). The 13,§0€upernatant was
digested withEcoRl and cloned into the yeast-expression vectorincubated with polyclonal guinea pig or mouse antibodies against
pYX212. Plasmids ERG24-pYX212, FACKEL-pYX212, control- CG17952 coupled to protein-A/Sepharose (Pharmacia Biotech, Uppsala,
pYX212 and theS. cerevisiaamutant strain erg24:EU2 his21200 Sweden) exactly as described (Lang and Krohne, 2003). Reticulocyte
leu2Al trplA63 ade2-101 lys2-801 ura3-S5Rave been described lysates containing co-translatetPg]-methionine-labeled lamin DmO
(Schrick et al., 2000). Yeast transformation was performed as in Gieend CG17952 (amino acids 17-262) were used for immunoprecipitation
et al. (Gietz et al., 1992). Permissive growth conditions were in —-URAvith CG17952 antibodies. Urea extractions of S2 cells or transfected
+ 20 mM CaCl synthetic medium. Cells were grown in calcium-poor COS-7 were performed as described (Schoft et al., 2003).
yeast extract-peptone-dextrose medium plus 0.01% adenine (YPAD)
medium to assay growth under restrictive conditions.
In vitro chromatin-binding assay
) The preparation oKenopussperm chromatin and the heat-treated
Sterol extraction and mass spectrometry 200,000g supernatant (%o of unfertilizedXenopuseggs has been
S. cerevisiaeells were grown in YPAD medium for 24 hours. Sterols described (Gajewski and Krohne, 1999). For chromatin binding, the
were extracted as follows. Cells were separated from the medium ipacterially expressed and purified N-terminal domains of the XLBR
centrifugation at 4°C at 200 for 5 minutes, washed twice with (Gajewski and Krohne, 1999) and CG1792 were precipitated with
buffer (0.1 M potassium phosphate pH 7.4, 1% ethanol v/v) and ongeethanol/chloroform (Schmidt et al., 1994), and resuspended at a
with 0.1 M potassium phosphate (pH 7.4). The pellet was resuspendedncentration of 1-ig pl~1 in H20. The Xenopusand Drosophila
in methanol containing 40% KOH (w/v). Saponification was carriedproteins were added to heat-treatedo$0.5 pg XLBR per 20l
out by refluxing in a Liebig condenser at 90°C for 1 hour. Afterextract or 0.5ug CG17952 per 2@ extract) and incubated for 5
cooling to room temperature, sterols were extracted with n-hexaneinutes at 4°C. Subsequently, insoluble components were pelleted.
The organic phase was transferred to an evaporation flask afidhe supernatants were incubated in the presence or absence of sperm
concentrated to 2-3 ml. Sterols were analyzed by mass spectrometigromatin (20,000 sperm peid Spzog) for 90 minutes at room
(GC 8060, Fisons Instruments MD800, Thermo Finnigen, Francelemperature. Following incubation, the extracts were processed as
using a DB5 MS column (length 30 meters, diameter |28) and  described (Gajewski and Krohne, 1999). Proportional amounts of
helium as the carrier gas, which flowed with a constant pressure of @ch sample were prepared for SDS-PAGE and immunoblot
kPa through the column. The column oven temperature waanalysis.
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Results

Characterization of dLBR, the D.
melanogaster protein encoded by gene
CG17952

By BLAST searches of thBrosophilaFlybase,

we noted that the putative protein encoded by
Drosophilagene CG17952 exhibited the highest
similarity with theX. laevisLBR. CG17952 has
been mapped to the chromosomal region 57F10-
11. The complete sequencing of the expressed-
sequence-tag clones LD38760 and SDO06601
(accession number AJ606680) revealed some
minor differences from the genomic sequence
published by Celera Genetics. We could confirm
the sequences of the two expressed-sequence-tag
clones by sequencing the corresponding PCR
amplified genomic DNA fragments. The cDNAs
derived from gene CG17952 encode a protein of
741 amino acids (Fig. 1, dLBR) with a calculated
molecular mass of 82,948 Da and laop 9.83.
Based on the results described in this report, we
named this protein encoded by CG17952
Drosophilalamin B receptor (dLBR).

Secondary structure analysis of dLBR (Fig.
1A,B) predicted eight putative transmembrane
domains in the C-terminal half of the molecule.
Transmembrane segments 1-6 are similar in
length and position to the transmembrane
domains 1-6 of hLBR and XLBR (Fig. 1A,B),
whereas the putative membrane spanning
domains 7 and 8 of thBrosophila protein are
markedly shorter than those of the vertebrate
LBRs. Secondary structure prediction revealed
that amino acids 1-307 of the dLBR are not
organized in two globular domains, G1 and G2
(Fig. 1B), that are characteristic for the vertebrate
LBRs (Ye et al., 1997). ThBrosophilaprotein
and both vertebrate LBRs exhibit the highest
degree of identity in the hydrophobic C-terminal
region that contain the eight transmembrane
domains (22.8% identity for amino acids 308-

Fig. 1. Amino acid sequence and scheme ofihe
melanogastelamin B receptor (dLBR) encoded by
gene CG17952. (A) Amino acid sequence comparison
of the lamin B receptor of human (hLBR)enopus
laevis(XLBR) and dLBR. The membrane-spanning
domains are underlined. The sequence used for the
generation of polyclonal antibodies against the
Drosophilaprotein is marked by a dotted line. Amino
acids identical in all three species are printed in bold
and marked by asterisks. Amino acids that are
identical in the two vertebrates are also printed in
bold. (B) Schematic drawings of the dLBR, hLBR

and XLBR. The positions of individual amino acids
are marked by numbers. Boxes depict transmembrane
segments (black) and two globular domains (G1, G2;
gray) in the N-terminal half of the human and

Xenopud BR; these globular domains are not predicted for the dLBR sequence. The nucleotide sequerizentéltreogastegene
CG17952 (dLBR) is available under accession number CG17952 of the Bébked®philaGenome Project (BDGP) Database. The corrected
sequence of the dLBR shown here is available under accession number AJ606680.
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Fig. 2. Characterization of the dLBR protein. (A-C) Total larval
proteins ofDrosophila melanogastesecond (A, lane 1) and third (A,
lane 2; B, lane 1) instar, and pupa (B, lane 2) were separated by SC
PAGE and immunoblotted with affinity-purified dLBR antibodies
(A) or non-purified dLBR antibodies (B,C). In each lane, total
proteins of one animal were loaded. (C) Aliquots of S2 cells were tubulin
incubated with 8 M urea and fractionated by 100,00
centrifugation into a supernatant (S) and a pellet containing
predominantly membranes (P). Proportional amounts of proteins of
both fractions were separated by SDS-PAGE and immunoblotted
with dLBR antibodies. A polypeptide of 86,000 is detected by the
dLBR antibodies (A-C, arrowheads). dLBR does form aggregates in
SDS sample buffer resulting in a smear close to the top of the gel (A-
C; Fig. 7A, Fig. 8A). Molecular masses of reference proteins (in Fig. 3.The dLBR is localized to the inner nuclear membrane.
kDa) are marked. Indirect immunofluorescence microscopy (A-C:®) of S2 cells

after staining with antibodies against the dLBR (A,Aamin Dm0

(B,B") anda-tubulin (C,C). Cells were fixed with formaldehyde and

then permeabilized with Triton X-100 (A-C) or digitonin'{&’).
741 of dLBR; 66.7% identity for amino acids 650-676 of theThe inner nuclear membrane and nuclear interior are only accessible
dLBR). By contrast, the similarity of the amino acid sequence® antibodies in Triton-treated cells. Scale barguh0
between the vertebrate LBRs and msophila protein is
marginal in the N-terminal region (7.8% identity in amino
acids 1-307 of the dLBR). By comparison, the two vertebrate Immunofluorescence microscopy revealed that the dLBR is,
LBRs, hLBR and XLBR, demonstrate a high sequence identitin somatic cells, predominantly localized to the inner nuclear
in the C-terminal (57.8% identity in amino acids 220-620 ofmembrane. This localization can be concluded from the
XLBR) as well as in the N-terminal region (36.5% identity in comparative analysis of formaldehyde-fixed Schneider S2 cells
amino acids 1-219 of XLBR). Despite the low sequencefter extraction with Triton X-100 (Fig. 3A-C) or the selective
identity, the N-terminal domains of both dLBR and thepermeabilization of the plasma membrane with digitonin (Fig.
vertebrate LBRs are very basic (hLBR+8.85, dLBR p=  3A’-C"). When Triton-permeabilized cells were incubated with
10.34) and rich in hydroxy amino acids (hLBR, 18.7%; dLBR,antibodies against the dLBR, a staining of the nuclear envelope
29.0%), and possess several putative phosphorylation sites foas observed (Fig. 3A), whereas the dLBR was not accessible
different kinases. to antibodies in digitonin-treated cells (Fig. '‘BAControl

To enable the biochemical and immunocytological analysiexperiments performed in parallel with antibodies against a
of the dLBR protein, we generated antibodies against its Narotein localized on the nucleoplasmic side of the inner nuclear
terminal domain (Fig. 1). When total proteins frBmosophila  membrane (lamin DmO; Fig. 3B)Band a cytoplasmic protein
larvae, pupae (Fig. 2A,B), and Schneider S2 cells weré-tubulin: Fig. 3C,0) revealed that the digitonin treatment
analyzed by immunoblotting with affinity-purified dLBR had permeabilized the plasma membrane (Fig. B@ not the
antibodies, one polypeptide band with an apparent relativeuclear membrane (Fig. 38'), and that antigens localized in
molecular weight of 66,000 was detected. In addition, we oftethe nuclear interior were only accessible in Triton-extracted
detected a smear close to the top of the gel (see, for examptells (Fig. 3A,B).
Fig. 2A-C, lane 1), indicating that the dLBR forms aggregates To determine whether thBrosophila LBR has additional
that cannot easily be dissociated in sample buffer for SDSroperties in common with the vertebrate LBRs, we generated
PAGE. Aggregates were also observed when the sample waplasmid vector that allowed us to express a dLBR-GFP fusion
not heated, when reducing agents were omitted and when une@tein. This chimeric protein possessed most of the N-
was included. terminal domain and the first transmembrane segment of the
The extraction of Schneider S2 cells with 8 M buffered ureaLBR (amino acids 16-334 of the dLBR) followed by GFP. For

and the fractionation of this cell extract by high-speedhe hLBR, it has been shown that this part of the molecule is
centrifugation into a membrane pellet (Fig. 2C, lane 1) and sufficient for its targeting to the inner nuclear membrane in
supernatant (Fig. 2C, lane 2) revealed that the6BI000 transfected cells (Smith and Blobel, 1993; Soullam and
polypeptide remains in the pellet fraction. This behavior is &/orman, 1993; Ellenberg et al., 1997). In transfedtedopus
characteristic of integral membrane proteins. The experimentél6 cells (Fig. 4A,B), COS-7 cells (Fig. 4C) abdosophilaS2
data agree with the structural predictions obtained by computeells (Fig. 4D), this dLBR-GFP fusion protein always localizes
analysis (Fig. 1). to the nuclear envelope of transfected cells and co-localized
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lamin B2 for Schneider S2 cells, the dLBR-GFP was recovered in the
membrane pellet, demonstrating that the first membrane-
spanning domain of the dLBR is localized between amino
acids 308 and 332 (Fig. 4E, lanes 1 and 2). The membrane-
associated lamins were recovered in the urea supernatant (Fig.
4E, lanes 3 and 4).

lamin B2

Identification of cellular components interacting with the

dLBR

Our data indicate that the dLBR is directly comparable to the
vertebrate LBRs in its topological organization in the inner
nuclear membrane. The N-terminal 307 amino acids of the
dLBR and the N-terminal domain of the vertebrate LBRs are
both localized to the nucleoplasmic side of the inner nuclear
membrane. Proteins in this subdomain of the nuclear envelope
are close to lamins and chromatin. Therefore, we tested
whether this domain of the dLBR binds to the lamina/lamins
and/or chromatin.

To test the interactions of lamins with dLBR, we used two
Drosophilacell lines (S2 and Kc167 cells). S2 and Kc167 cells
differ in their expression of lamins. Kc167 cells express lamins
Dm0 and C, whereas S2 cells express lamin DmO in all cells
but lamin C in fewer than 1% of the cells. Cell extracts were
prepared for immunoprecipitation in nearly physiological
buffers in the presence of 1% Triton X-100. Following
centrifugation of these extracts at 13,@0@t least 50% of the

PS PS dLBR and of lamins could be recovered in the supernatant
—116 (data not shown) (see Gajewski and Krohne, 1999; Lang and

- 97 Krohne, 2003). Sucrose gradient centrifugation (5-30%

— a « —66 sucrose) of the 13,00fsupernatant revealed that solubilized
— 45 dLBR was present in all fractions, whereas the vast majority
. of lamin DmO possessed sedimentation coefficients of 6.5 S

—_ 29 and smaller (data not shown). To verify whether a

E subpopulation of the dLBR and lamins was present in a

1 2 3 4 common complex, we performed immunoprecipitations with

Fig. 4. The dLBR is targeted to the nuclear membrane of vertebrate mquse and guinea pig polyclonal antiquies against dLBR.
and insect cells. (A) Expression of amino acids 16-334 of the dLBR Using the extract of Kc167 cells we consistently detected co-

as a GFP fusion protein (dLBR-GFP)XenopusA6 cells (A,B), immunoprecipitated lamin DmO (Fig. 5A, lanes 1 and 2) but
COS-7 cells (C) anBrosophilaS2 cells (D). This fusion protein no lamin C (Fig. 5A, lane 3), indicating that the cell extracts
comprises the N-terminal domain and the first membrane-spanning contained solubilized protein complexes comprising the dLBR
segment. The fluorescence of the GFP fusion protein in the as well as lamin DmO. In addition, we immunoprecipitated the

transfected cells is shown (A-D) with the staining of endogenous | BR from reticulocyte lysates that contained the in vitro
lamin B2 by indirect |mmunofluor_escence microscopy with antibody translated N-terminal domain of the dLBR (amino acids 17-
X223 (A,B') or a phase-contrast image! (I2,A"-D"; merge — 262) as well as the full-length in vitro translated lamin Dm0

overlays). Digital images taken by CLSM are shown. Scale bars, .

10um. (E). Biochemical properties of the fusion protein dLBR-GFP (F'gb (SjB Ialtcne .1)' When we u_sed our Solyclor(ljal #LBR
in COS-7 cells. Aliquots of transfected COS-7 cells were incubated @ntiPodies for -immunoprecipitation, we detected the N-
with buffered 8 M urea and fractionated by 100,8@@ntrifugation terminal domain of the dLBR as well as lamin Dm0 in the

into a supernatant (S) and a pellet fraction (P). Proteins were immunoprecipitate (Fig. 5B, lane 3).
separated by SDS-PAGE and immunoblotted with antibodies against We wanted to use a method independent of antibodies to assess
GFP (lanes 1, 2) or lamin B2 (lanes 3, 4). The position of dLBR-GFRhe binding of the N-terminal domain of the dLBR to lamin DmO,
is marked by an arrow and lamin B2 is marked by an arrowhead. Theo we coated enzyme-linked immunosorbent assay (ELISA)
two polypeptide bands with higher mobility than the dLBR-GFP thatp|ates with dLBR fragments consisting of amino acids 17-262
were reacting with the GFP antibodies (lane 1) represent degradatiofnd tested the binding of in vitro translated lamin DmO (Fig. 5C).
products. Molecular masses of reference proteins (inkDa) are ;¢ reqults demonstrate that the N-terminal domain of the dLBR
marked. is sufficient for the binding to lamin DmO in a solid phase assay
(Fig. 5C, lanes 1 and 2). The specificity of the interaction is
with lamins (Fig. 4A-B). In cells over-expressing dLBR-GFP, shown by the preincubation of the in vitro translated lamin DmO
the fusion protein was also localized to the endoplasmiwith the N-terminal domain of the dLBR. The preincubated lamin
reticulum (Fig. 4B,C). When transfected COS-7 cells werddm0 did not show a significant binding to the ELISA plate coated
extracted with 8 M urea and fractionated as described abowéth the dLBR (Fig. 5C, lane 3; Table 1). We also confirmed the
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Fig. 5. (A) Co-immunoprecipitation of the dLBR and lamins A (g B &
from the 13,00@ supernatant dbrosophilaKc167-cells I'S) ég ¥
extracted with immunoprecipitation buffer. § S &L

Immunoprecipitations were performed with polyclonal guin ¢ ¥ &
pig (gp-dLBR; lanes 1, 3) and mouse (m-dLBR; lane 2)
antibodies against dLBR that were bound to protein- <§§ Q? Q
AlSepharose. As a control (control; lane 4), proteins of the 5 =
extract bound to the protein-A/Sepharose in the absence o < —205
antibodies were analyzed. Proteins of immunoprecipitates —205 — 116
separated by SDS-PAGE and immunoblotted with mouse :13,9 - 97
monoclonal antibodies against lamin DmO (lanes 1, 4; Blot Dm0 = = — &8 Dm0 l"' ! B — 66
lamin DmO) and lamin C (lane 3; Blot lamin C), and with HC » o

guinea pig antibodies against lamin DmO (lane 2; Blot lamil '
DmO). The position of lamin DmO is marked by an arrow — 4 dLBR = & - — 29
(DmO) and the heavy chains (HC) of the antibodies by an 1 2 3 4 a3
arrowhead. (B) Co-immunoprecipitation 88$]-methionine-

labeled dLBR (amino acids 17-262) and lamin DmO from C c‘§' D
reticulocyte lysates with guinea pig antibodies against dLB S
(gp-dLBR) that were bound to protein-A/Sepharose. Both &
proteins had been translated in the reticulocyte lysate [lane Q
lamin DmO/dLBR (17-262)]. Total proteins of the reticulocyt Qg\“‘
lysate (lane 1), proteins remaining in the supernatant after
immunoprecipitation (lane 2, supernatant) and
immunoprecipitated proteins (lane 3; IP, gp-dLBR) were &R
separated by SDS-PAGE and visualized by fluorography. T FLES
positions of the dLBR (arrow) and lamin Dm0 (arrowhead) —205 e s 05

marked. (C,D) In vitro binding offS]-methionine-labeled ' i : . —116

lamin DmO to the immobilized N-terminal domain of the dLl| A R e e — GG

(C; amino acids 17-262 of the dLBR) and #fJ]-methionine- - — 45 3 :

labeled dLBR to the immobilized lamin DmO (D). Wells of — 45

ELISA plates that had been coated with the dLBR (C; lane: — 29 _@ﬁ ﬁ : . — 29

coating, dLBR), lamin DmO (D, lanes 1-3) or BSA (lanes 4 sl ' :

C,D; coating, BSA) were incubated wi##$]-methionine- 1.2 34 1 2 3 4

labeled lamin DmO (C; lanes 1, 2, 4; Inc. DmO) or WiS]-

methionine-labeled dLBR (D; lanes 1, 2, 4; Inc. dLBR). As contf88]{methionine-labeled lamin Dm0 was preincubated with the dLBR in
solution (C; lane 3; Inc. Dm0 + dLBR) o¥5]-methionine-labeled dLBR was preincubated with lamin Dm0 in solution (D; lane 3; Inc. dLBR
+ DmO) and then added to the wells. Proteins bound to the wells were separated by SDS-PAGE. X-ray films of both gels are shown.
Quantification of the bound radioactively labeled proteins are shown in Tables 1 and 2. Molecular masses of referende hbmgz® (
marked in A-D.

in vitro binding of the dLBR to lamin DmO by using ELISA with demembranatedenopusperm in a fractionatedenopus
plates coated with purified lamin DmO that were incubated witlegg extract. As a control, we performed the experiment with
the full-length in vitro translated dLBR (Fig. 5D). The in vitro the N-terminal domain of the XLBR, a protein known to bind
translation of the full-length dLBR was always less efficient thato sperm chromatin (Gajewski and Krohne, 1999). Our data
of the lamin DmO, so the signals seen on the X-ray film wer@-ig. 6A) demonstrate that the soluble N-terminal domain of
weaker (Tables 1, 2). Experiments with in vitro translatedhe dLBR does bind to sperm chromatin and could be
Drosophilalamin C could not be performed because this laminmecovered together with the sperm in the pellet fraction (Fig.
had already formed polymers in the reticulocyte lysate. 6A, lane 4) but the dLBR could not be pelleted in the absence
A further characteristic feature of the N-terminal domain ofof sperm chromatin. Identical results were obtained with the
the vertebrate LBR is its binding to chromatin. To elucidate th&l-terminal domain of the XLBR (Fig. 6B). Our controls (Fig.
chromatin binding properties of thBrosophila LBR, we  6A,B, lanes 5) demonstrate that proteins of the sperm
incubated the dLBR peptide (amino acids 17-262 of the dLBRghromatin do not cross-react with the antibodies used.

Table 1. Quantification of the bound [35S] methionine- o o
labeled lamin DmO shown in lanes 1-4 of F|g 5C Table 2. Quantification of the bound F5S]-meth|0n|ne-
labeled dLBR shown in lanes 1-4 of Fig. 5D

Background Lane 1 Lane 2 Lane 3 Lane 4

Total pixels 19.07 6201 6425 2904  36.98 Background Lanel Lane2 Llane3 Lane4
Pixels above 0 42.94 45.18 9.97 17.91 Total pixels 55.63 78.28 79.30 60.18 67.46
background Pixels above 0 22.65 23.67 4.55 11.83
background

These values derive from the densitometric analysis of the X-ray films
shown in Fig 5C using the program Scion Image for Windows These values derive from the densitometric analysis of the X-ray films
(http://www.scioncorp.com). shown in Fig 5D using the program Scion Image for Windows.
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S P (Schrick et al., 2000) or the empty vector (Fig. 7). The
JLBR Sp *Sp Sp *Sp Sp . immunoblot of total yeast proteins with dLBR antibodies
= — 97 revealed that thidDrosophila protein is expressed in the
— 66 transformed yeast strain (Fig. 7A, lane 1). Immunoreactive
polypeptides with mobility of dLBR were not detectable in any
— 48 other strains (Fig. 7A, lanes 2, 3).
= e — 29 Next, we extracted the sterols from these transforeng2i4
A strains and analyzed them by combined gas chromatography
—208 and mass spectrometry (Fig. 7B-G). Under standard growth
XLBR conditions, the untransformeztg24 mutant and the mutant
- gé transformed with the empty vector produce ignosterol
— 45 (ergosta-8,14-dienfBol; Fig. 7E,F) instead of ergosterol (Fig.
- i _ — 28 7B) as the major end product of the sterol biosynthetic
pathway. Theerg24 mutant transformed witleERG24 (Fig.
B — 20 7C) or FACKEL (Fig. 7D) cDNA reinstated the ability to
1 2 3 4 5 synthesize ergosterol (Fig. 7B-D). By contrast, #rg24

mutant expressing dLBR produces only ignosterol as the

domain ofDrosophilaLBR (amino acids 17-262 of the dLBR) and ~ MaOr end product of the sterol bI.OS)./nthe'[IC pathway (F.Ig' G;
Xenopud.BR (arFT)ﬂno acids( 4-210 of the XLBR) to sperm chzomatin. compare with 7E,F). Our data indicate that Di@sophila
Soluble proteins of heat-treaté@nopusgg extract (&o) LBR is not able to complement the sterol C14 reductase
supplemented with dLBR (A) or XLBR (B) were incubated in the ~ activity lacking in theerg24 mutant.
presence (+Sp) (lanes 2, 4) or absence (—Sp) (lanes 1, 3) of
demembranated sperm chromatin, then fractionated into supernatants
(S) and pellets (P) by centrifugation. Proteins of each fraction and ofSilencing of dLBR by RNA interference
sperm chromatin that had not been incubated (SP; lane 5) were T gain insight into interactions and functions of the dLBR in
separated by SDS-PAGE and analyzed by immunoblotting with 0, we downregulated its mRNA and the protein in cultured
e o (o o e, 2L s i tncCelS (Fig: 8 and embryos (Fig. ) by RNA, a method that
relative molecular wei’ght rangerd0,000 to M 200,000 represent works very efficiently |rDrosoph|Ia(CI§mens etal, 20.00)' In
oligomeric complexes of the dLBR that had been formed at the ~ Parallel, we performed RNAi experiments for lamin Dm0,
sperm chromatin during incubation. The XLBR also forms some ~ because our data indicate that this lamin binds to dLBR. When
oligomeric complexes in the presence of sperm chromatin. Arrows an S2 cell culture was transfected with dsRNA of dh&R
(A,B) mark non-aggregated LBR. Molecular masses of reference gene, we noticed by immunofluorescence microscopy with
proteins (in kDa) are marked. dLBR antibodies a significantly weaker staining of several
cells within 24 hours. At 72 hours after transfection, 80-90%
of the cells were either not stained or only weakly stained by
o the antibodies (data not shown; Fig. 8C, Fig. 9B). Identical
Search for sterol-C14-reductase activity of the dLBR results were obtained with dsRNA of the larBimOgene (data
The hydrophobic C-terminal domain of the vertebrate LBRhot shown). The number of the weakly stained cells stained by
shares extensive structural similarities with members of ththe dLBR antibodies increased within the next days and, 6 days
sterol reductase family, including ti$e cerevisiaesterol C14  after transfection, most of the cells were indistinguishable from
reductase, and it has been shown that the hLBR has sterol Cdahtrol cells by immunofluorescence microscopy.
reductase activity in aerg24 mutant yeast strain lacking this  To get more quantitative data about the depletion of dLBR
enzymatic activity (Silve et al., 1998). A BLAST search (Fig. 8A) and lamin DmO (Fig. 8B), we analyzed total cellular
against Flybase with the ERG24 protein ®f cerevisiae proteins of the same number of experimental and control S2
(accession number M99419) reveals that, of all predictedells by immunoblotting 3 days after transfection. Our results
Drosophilaopen reading frames, the dLBR exhibits the highestiemonstrate that the cell populations transfected with dsRNA
degree of similarity to this sterol C14 reductase (score: 176f the dLBR contained much less of the dLBR (Fig. 8A, lanes
1.5x10719. Two otherDrosophila proteins had much lower 3,4) whereas the total amount of other proteins like lamin Dm0
similarities to the ERG24 protein: a protein phosphate (gen@ig. 8A) and tubulin (Fig. 8A) had not been influenced. A
CG3530; score: 81, 0.41) and tetraspanin, a transmembradieectly comparable result was obtained with the laBim0
protein expressed in axons (gene CG4591; score: 70, 0.94). AlkRNA (Fig. 8B). Lamin Dm0 was specifically depleted (Fig.
other Drosophilaproteins exhibited no significant similarities 8B, lane 2), whereas the total amounts of dLBR (Fig) &Bd
to the ERG24 protein (scores: 45, 0.999). These data indicatingbulin (Fig. 8B) were not affected.
that no protein comparable in size and secondary structure toNext, we wanted to know whether the depletion of the dLBR
the ERG24 protein ofS. cerevisiaeis expressed inD.  could influence the intracellular distribution of other nuclear
melanogaster envelope proteins. Transfected cells that were barely stained by
To clarify whether or not the dLBR can function as a sterolLBR antibodies (Fig. 8C) exhibited a localization of lamin
C14 reductase, we transformed &incerevisiae erg2tutant Dm0 that was indistinguishable from cells that contained no
strain with an expression vector containing the cDNA of theeduced amounts of the dLBR (Fig. 8C). Our data indicate that
dLBR, theS. cerevisiae ERG2dene, a cDNA of the sterol- the dLBR is not required for the localization and retention of
Cl4-reductase gene oArabidospsis thaliana(FACKEL lamin DmO in the lamina. In dLBR-depleted S2 cells, the

Fig. 6.1n vitro binding of the bacterially expressed N-terminal
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Fig. 7.Expression of the dLBR in th&. cerevisiae erg2dhutant and analysis of synthesized sterols ef§p4mutant cells were transformed

with plasmids containing the coding region of dLBR (lane 1), the wildBR&24gene (lane 2) or the plasmid without gene (lane 3). Total
proteins of these yeast strains were separated by SDS-PAGE and immunoblotted with dLBR antibodies. The dLBR expreskeths yeast
aggregates in SDS sample buffer; the position of unaggregated dLBR is marked by an arrow. The dLBR antibodies crosditieactithad

a low molecular weight yeast protein present in all three strains. Molecular masses of reference proteins (in kDa) a8-Gphkads
spectrometric analysis of sterols synthesize8.inerevisiae erg2¢hutant cells that had been transformed with a plasmid containing cDNAs of
the following genesS. cerevisiae ERG2L); Arabidopsis thaliana FACKEID); a plasmid without gene (F, control); and BresophilaLBR

(G, dLBR. Sterols were extracted from cells that had been grown for 24 hours in YPAD medium. The mass spectra of ergosterol (B) and
ignosterol (E) are shown as standards.

distribution of pore complexes was also not influenced andc167 cells. Residual lamin Dm0 was often aggregated in a
indistinguishable from control cells. Similar results weresmall dot- or crescent-like structure, on one side of the nucleus
obtained withDrosophilaKc167 cells (data not shown). (Fig. 8D-G). When lamin DmO-depleted cells were stained
To investigate whether lamin DmO is required for the propewith an antibody (mab414) that specifically reacts with a group
localization of the dLBR to the nuclear lamina, we analyzedaf nuclear pore complex proteins (nucleoporins), we noted, in
S2 cells (Fig. 8D,E) and Kc167 cells (Fig. 8F,G) that had beecontrast to control cells, an irregular staining of the nuclear
transfected with lamildmO dsRNA. Silencing of lamin DmO periphery. In several cells, areas in the nuclear envelope were
in this way led to an altered nuclear morphology of S2 andtained by the nucleoporin antibodies that apparently contained
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Fig. 8. Downregulation of the o \ .
Drosophilaproteins dLBR and lami (\\‘ e"" N O
DmoO in culturedDrosophilacells by P ¢ <
RNAI (A-G). DrosophilaS2 (A-E) -— —
and Kc167 cells (F,G) were
transfected with dsRNA specific fo
thedLBRgene (A,C) and the lamin
DmOgene (B,D-G), and analyzed t
immunoblotting (A,B) and
immunofluorescence microscopy B — 45
(C-G). (A) RNAI of the dLBR. Total

proteins of identical numbers of — — 2
untreated control S2 cells (lanes 1 -_—1
control) and of S2 cells 3 days afte ra
transfection wittdLBRdsRNA - —_
(lanes 3,4; RNAI) were separated |

SDS-PAGE and immunoblotted wi . y
antibodies against the dLBR (A), A B
lamin DmO (&) anda-tubulin (A").

(B) RNAI of lamin DmO. Totall :%qg
proteins of identical numbers of — g7
untreated control S2 cells (lane 1;

control) and of S2 cells 3 days afte . -
transfection with dsRNA for the — 45
lamin DmOgene (lane 2; RNAI) wel A" B"

separated by SDS-PAGE and 1 2 3 4 1 2
immunoblotted with antibodies

against lamin DmO (B), the dLBR (Banda-tubulin (B"). Arrows (A,B) mark
unaggregated dLBR. Molecular masses of reference proteins (in kDa) are
(C-C") Immunofluorescence microscopy of S2 cells 72 hours after transfecti
with dLBRdsRNA. Cells were stained with antibodies against the dLBR

(C, dLBR) and lamin Dm0 (Clamin DmO; C, merge: overlay of C and')C
(D-G) Immunofluorescence microscopy of S2 (D,E) and Kc167 cells (F,G) 7.
hours after transfection with lamBmOdsRNA. Cells were stained with
antibodies against lamin DmO (D-G, lamin DmO0), the dLBRGEdLBR), and
antibody mab414 that is specific for nuclear pore complex proteifis,(Bucleoporin). The corresponding overlays are showrGD,
merge). Digital images were taken by CLSM. Scale bargn2Qin E' for C-E'; in G" for F-G").

lamin Dmi

b

lamin Dm0

I
$
4]

lamin Dm0 #~ nucleoporin

lamin Dm0

only very low amounts of lamin Dm0 (Fig. 8D,F). This It has been shown that some cellular proteins including the
alteration was most obvious in Kcl167 cells (Fig. 8F). Thdamina proteins emerin and lamin A are dispensable in cultured
electron microscopic inspection of lamin DmO-depleted S2 andells (Harborth et al., 2001) but are essential in multicellular
Kcl67 cells revealed phenotypes similar to those describeatganisms (for reviews, see Gruenbaum et al., 2003; Worman
previously for the lamin DmO mutant (Lenz-Béhme et al.,and Courvalin, 2002). Because the same could be the case for
1997). We observed aggregates of pore complexes in sorttee dLBR, we depleted this protein by the microinjection of
areas of the nuclear envelope, whereas other regions of tHeEBR dsRNA into Drosophila embryos at 30 minutes old.
nuclear membrane were free of pores. In pore-free areas, tBguash preparations of whole embryos were made 24 hours
outer and inner nuclear membranes were much more distaamid 48 hours after microinjection, and stained with antibodies
from each other than in the vicinity of pore complexes anédgainst the dLBR and lamin DmO (Fig. 9). Embryos
were occasionally ruptured. The nucleoplasm containethicroinjected with dLBR dsRNA were not significantly
irregularly shaped vesicles that appeared to be derived from thetarded in their development compared with uninjected
inner nuclear membrane (data not shown). control embryos (Table 3). Immunofluorescence microscopy
In contrast to the patchy distribution of lamin DmO andrevealed that all embryonic cells of all analyzed embryos at the
nuclear pores in lamin-DmO-depleted cells, the nucleaage of 24 (Fig. 9B) and in most of the 48-hour-old embryos
envelope was homogeneously stained by dLBR antibodigdable 3) were only very faintly, if at all, stained by dLBR
(Fig. 8E,G). In addition, we observed that the dLBR localizedantibodies compared with control embryos of the same age
with dot-like lamin aggregates in the nuclear periphery ofFig. 9A). The staining of the nuclei by dLBR antibodies of
Kcl167 cells (Fig. 8G,3. These results indicate that lamin experimental embryos was only visible when the digital images
DmO supports the localization of dLBR but that it is notwere recorded with a signal enhancement of more than 760 V
essential for the retention of dLBR in the inner nuclearFig. 9B; 774 V) but not with a signal enhancement (647 V;,
membrane. The depletion of another well-characterized inndtig. 9B) that has been used for recording of images from
nuclear membrane protein by RNA)osophilaotefin, in S2  control embryos (Fig. 9A,A image of the control embryo
and Kc167 cells also did not affect the localization of the dLBRecorded at 774 V). At 48 hours, in six out of 20 analyzed
(data not shown). embryos, a small proportion of cells were stained by dLBR
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Fig. 9. Depletion of dLBR and lamin Dm0 iDrosophilaembryos by
the microinjection of dsSRNA. Embryos at 30 minutes old were
microinjected with dsRNA specific for tiih. BRgene (B-B, dLBR;
A-AT, uninjected control embryo) or lamin Dm0 (D-Damin DmO;  gjg 10.Electron microscopy dbrosophilaembryos 48 hours after
C-C", uninjected control embryo). Squash preparations of 24-hour- {he microinjection with dsRNA specific for lamibm0. Electron

old control and microinjected embryos were stained with am'bOd'esmicrographs of ultrathin sections show two nuclei with altered
against dLBR (dLBR, A,AB,B',C',D’) or lamin Dm0 (A ,B",C,D) morphology (A,B) showing clustered pore complexes in the nuclear
and the chromatin was stained by Ho_echst 33258XC DNA): To envelope (brackets) and areas where the outer and inner nuclear
demonstrate the degree of the reduction of the nuclear staining of | \ambrane has been separated (arrowheads) or where the nuclear

embryos microinjected witdLBRASRNA, digital images were envelope is ruptured (A. arrows). Scale barsuens
recorded with a signal enhancement of 647 V (A,B) and 774 V P P *. ) ’

(A',B"). Weak nuclear staining by dLBR antibodies of embryos
microinjected with dLBR dsRNA was first visible at a signal
enhancement of 774 V (B Most of the nuclei shown in D-Dvere  comparable with the results obtained for S2 cells, indicating

lrupt_ureDd %ugng the squash greparaﬂo{‘ ck))\INm3% t%_th_e (Ijgpletion of that the depletion of dLBR did not alter the expression and
amin bm or quantltatlve ata, see Table . |g|ta Images were . . . . . .
taken by CLSM (A-B,C,C,D,D) and with a Zeiss Axiophot subcellular localization of lamin DmO in this multicellular

(C",D"). Scale bars, 1am. organism. L . .
When we microinjected identical amounts of laniimO

dsRNA per embryo, their development was arrested at stage 10
antibodies with an intensity close to that of control embryogTable 3). Squash preparations revealed that the nuclei of these
(Table 3). This result suggests that dLBR synthesis is no longembryos were very fragile, resulting in the release of the
inhibited in these cells. The lamin DmO staining of RNAIi-chromatin (Fig. 9D) compared with control embryos (Fig.
treated embryos and controls was identical and directl9C'). The immunostaining with lamin Dm0 and dLBR

Table 3. Analysis ofDrosophilaembryos microinjected with dsSRNA

24 hours 48 hours
Stage - + +* Stage - + +*
Controls, not injected 12 - - - First instar - - -
RNAI of dLBR staining with dLBR antibodies 12 8 - - 17 to first instar 14 6 -
RNAI of lamin DmQ, staining with lamin DmO antibodies 10 - - 16 10 - - 16

Column headings: —, nuclei not stained in these embryos; *, some but not all nuclei are stained in these embryos; figmatesafe stained in these
embryos.

The developmental stages reached by 24 hours and 48 hours after microinjection are listed. Embryos were analyzed mhéheojitday tindirect
immunofluorescence microscopy.
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antibodies (Fig. 9D,D revealed that the nuclear envelope ofKrohne, unpublished) (Ashery-Padan et al.,, 1997), were
most embryonic nuclei had been ruptured during thelepleted by RNAIi. By contrast, a comparable reduction of
preparation. Many more structures are stained in Figtldh  lamin DmO (this paper) (Lenz-Bohme et al., 1997), the lamin
in Fig. 9D, indicating that several nuclei contain very little of Caenorhabditis elegar(&iu et al., 2000; Cohen et al., 2002)
lamin. Similar data were obtained with 48-hour-old embryosr lamin B1 or lamin B2 of mammals (Harborth et al., 2001)
(data not shown; Table 3). Electron microscopic inspection ofaused fragility of the nuclear envelope, cell death and
48-hour-old embryos revealed morphological alterations of thdevelopmental arrest (for review, see Gruenbaum et al., 2003).
nuclear envelope that had been observedDmsophila It is not known whether the dLBR is an essential protein
cultured cells after transfection with laniiimOdsRNA. These because no mutant is available. We have verified that a fly stock
are aggregation of pore complexes, separation of the outer aftdm the Bloomington Stock Center [stock number 11341;
inner nuclear membrane, and the local rupture of the nuclef2)03605] does contain a single P-element insertion 990 bp 5
envelope (Fig. 10). of the start codon of gene CG17952 that causes homozygous
lethality during larval and pupa development. However, larvae
_ _ homozygous for the P-element insertion express normal levels
Discussion of the dLBR, indicating that the expression of gene CG17952
We have demonstrated that the predicted open reading frarhas not been altered in this fly line (N. Wagner and G. Krohne,
of the Drosophila gene CG17952 encodes a protein thatunpublished). The mouse LBR mutamt (Shultz et al., 2003)
exhibits significant similarities with the vertebrate LBR and sccauses developmental abnormalities and a reduced survival in
we propose to name this protdédmosophilalamin B receptor approximately 40-50% of homozygous embryos. Analysis of
(dLBR). We show that the common shared properties of ththe homozygous LBR mutants in micie’(mutant) (Shultz
vertebrate LBR and dLBR include their secondary structurest al., 2003) and human (a 17-week-old embryo with
(with eight membrane-spanning segments in the C-termindlEM/Greenberg skeletal dysplasia) (Waterham et al., 2003)
half of the molecule), the presence of binding domains fosuggest that the vertebrate LBR is not essential for early
sperm chromatin and B-type lamins in the N-terminal domainembryonic development.
and their localization to the inner nuclear membrane. The electron microscopic inspection of dLBR-depleted
Interestingly, our SDS-PAGE analysis shows that the dLBRultured cells oDrosophiladid not reveal any differences in
also has a physical property in common with the LBRs othe nuclear morphology compared with control cells. For the
XenopugGajewski and Krohne, 1999) and chicken (Smith anchuman and the mouse LBR, it has been shown that the reduced
Blobel, 1993): all three polypeptides exhibit a much higheexpression of the LBR or its absence causes the clumping of
mobility than expected from their calculated molecular weightghromatin in lymphocytes, intestinal epithelial cells and
(for dLBR, Mr 66,000 instead 83,000 Da). granule cells of the cerebellum (Schultz et al., 2003). In
Our RNAI experiments indicate that the antibodies weaddition, the mammalian LBR appears to influence the shape
have used for the biochemical and immunocytologicabf the nucleus in granulocytes. The nuclei of neutrophil
characterization of the dLBR antibodies are highly specificgranulocytes were only bilobulate or spherical in the reported
Cells or embryos that had been treated with dLBR dsRNA wemmouse LBR mutant (Shultz et al., 2003) and in patients with a
not or only very weakly stained by dLBR antibodies, and almutation in theLBR gene (Pelger Huet anomaly, HEM/
immunoreactive polypeptides present in control cells wer&reenberg skeletal dysplasia) (Hoffmann et al., 2002,
greatly reduced in extracts of RNAi-treated cells. If additionaWaterham et al., 2003) whereas multisegmented nuclei are
antibodies against other nuclear or cytoplasmic proteins coultharacteristic for mammals expressing the wild-type LBR.
be contained in our dLBR sera, we would have recognized
these activities immediately in RNAi-treated cells. For o )
example, RNAI allowed to distinguish between the specifi¢lLBR and lipid metabolism
staining of some antibodies raised against the nuclear pohesects belong to a group of animals that are unable to
complex protein Tpr and their cross reaction with unrelatedynthesize sterols de novo (Silberkang et al., 1983).
nuclear proteins (Kuznetsov et al., 2002). Nevertheless,Drosophila expresses dLBR, a protein that
exhibits significant similarity to the sterol C14 reductase of the
] ] yeastS. cerevisiaeOur data indicate that dLBR, in contrast to
Putative functions of the dLBR hLBR (Silve et al., 1998), does not possess sterol C14
The depletion of more than 90% of the dLBR in cultured cellseductase activity. In this respect, it is interesting that the C-
and in embryos by RNAIi did not affect the morphology ofterminal domain of the dLBR (amino acids 301-741) exhibits
nuclei and the nuclear envelope, the distribution of otheonly 17% identity to ERG24, the sterol C14 reductas&.of
nuclear envelope components, or development during the firsérevisiag whereas the same region of the hLBR shows 41%
48 hours after fertilization. This result and the observation thaigentity with the ERG24 protein. Comparative genome
in the Xenopusoocyte nuclear envelope, the amount of theanalysis ofD. melanogastewith Anopheles gambiaguggests
LBR is under the level of detection by immunofluorescencehat, during evolution, both insects have lost most of the genes
microscopy (Gajewski and Krohne, 1999) support the notioinvolved in the sterol metabolism, including genes that are
that the LBRs oDrosophilaand vertebrates do not contribute required for the ergosterol synthesis (Zdobnov et al., 2002).
to the mechanical stability of the nuclear envelope. Th&hese genes are present in other organismAiebidopsis
integrity of the nuclear envelope was also not affected whethaliana S. cerevisia@nd mammals (for review, see Zdobnov
other inner nuclear membrane proteins, including emerirgt al., 2002). Our data suggest that the sterol C14 reductase
LAP2 (Harborth et al., 2001) and otefin (N. Wagner and Gactivity of theDrosophilaLBR had been lost during evolution.
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Currently, it is not known whether th&nopheles gambiae Dreger, C. K., Kénig, A. R., Spring, H., Lichter, P. and Herrmann, H.
genome codes for a LBR. In the publislmrd)phele@enome, (2002). Investigation of nuclear architecture with a domain-presenting
we detected a putative protein of 442 amino acids with SXPression systend. Struct. Biol14q 100-115.

ianifi t similarity t t | reduct d the C-t . uband-Goulet, I. and Courvalin, J.-C. (2000). Inner nuclear membrane
signimcant similarity 10 sterol reauctases an e L-lermina protein LBR preferentially interacts with DNA secondary structures and

segment of the dLBR (peptide ENSANGP00000015268). nucleosomal linkeiBiochemistry39, 6483-6488.
Other invertebrates that cannot synthesize sterols, like thH#@enberg, J., Siggia, E. D., Moreira, J. E., Smith, C. L., Presley, J. F,

nematodeC. eIegans(KurzchaIia and Ward, 2003), does not Worma_n, H. J. and Lippinco_tt—Schwartz, J. (1997). Nuclear membrane
dynamics and reassembly in living cells: targeting of an inner nuclear

have genes with similarities to sterol reductases, the dLBR a‘ndmembrane protein in interphase and mitadi<Cell Biol. 138 1193-1206.
the Vertebrat? L_BRS-  Gajewski, A. and Krohne, G.(1999). Subcellular distribution of théenopus
Presently, it is not clear whether the dLBR can mediate p58/lamin B receptor in oocytes and egsCell Sci.112, 2583-2596.

additional functions in respect to |ipid metabolism thatGieffers, C. and Krohne, G.(1991). In vitro reconstitution of recombinant

are different from those known for the vertebrate LBR. There lamin A and a lamin A mutant lacking the carboxy-terminal Eik. J. Cell
: Biol. 55,191-199.

IS at_ Iea_St one O_ther example illustrating _hOW Conserveeietz, D., St Jean, A., Woods, R. A. and Schiestl, R. KL992). Improved
proteins inDrosophilaand mammals that are involved in the  method for high efficiency transformation of intact yeast chilileic Acids
lipid synthesis have evolved divergent functions. Sterol- Res 20, 1425. _ _

regulatory-element-binding proteins (SREBPs) and theifruenbaum, Y., Goldman, R. D., Meyuhas, R., Mills, E., Margalit, A.,

; ; ; Fridkin, A., Dayani, Y., Prokocimer, M. and Enosh, A.(2003). The
Interacting  partners (for review, see Rawson, 2003) are nuclear lamina and its functions in the nucldos. Rev. Cytol226, 1-62.

required for the regulated synthesis of lipids. Via a feedbackamorth, J., Elbashir, S. M., Bechert, K., Tuschl, T. and Weber, K(2001).
inhibition, cholesterol regulates the sterol synthesis in Identification of essential genes in cultured mammalian cells using small
mammals through the proteolytic processing of SREBPs, interfering RNAs.J. Cell Sci.114 4557-4565.
whereas the same pathway Drosophila is regulated by HOILTEQ”'BK-vK?”egﬂr Cka';g OFL'”SM’l'J\I-Ie';-'DO“”\jéy'g- EA., gtr]ljalltziZBb 2D)-v
phOSpha“dyl,et_hanOIaWne and results in the synthesis OfMu'natiyonsyin thé geﬁe encédiniq the Ia’min’B recéptor produce an altered
membrane lipids that are not sterols (Dobrosotskaya et al.,nuclear morphology in granulocytes (Pelger-Huet anomisiyd. Genet3l,
2002). By analogy, future studies will investigate a possible 410-414.
lipid-related function of the C-terminal domain of dLBR. Holmer, L., Pezhman, A. and Worman, H. J(1998). The human lamin B
receptor/sterol reductase multigene fant@gnomicss4, 469-476.
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