BMC Neuroscience

BioMed Central

Open Access

Research article

Targeted mutagenesis of the Sap47 gene of Drosophila: Flies lacking
the synapse associated protein of 47 kDa are viable and fertile
Natalja Funk1, Sonja Becker1,2, Saskia Huber1,3, Marion Brunner1 and
Erich Buchner*1
Address: 1Theodor Boveri-Institut für Biowissenschaften, Lehrstuhl für Genetik und Neurobiologie, Am Hubland D-97074 Würzburg, Germany,
2Institut für Experimentelle Genetik, GSF - Forschungszentrum für Gesundheit und Umwelt, Ingolstädter Landstr. 1, 85764 Neuherberg, Germany
and 3Institut für Humangenetik, GSF - Forschungszentrum für Gesundheit und Umwelt, Ingolstädter Landstr. 1, 85764 Neuherberg, Germany
Email: Natalja Funk - nfunk@biozentrum.uni-wuerzburg.de; Sonja Becker - sonja.becker@gsf.de; Saskia Huber - Saskia.Huber@gsf.de;
Marion Brunner - marionbrunner@t-online.de; Erich Buchner* - buchner@biozentrum.uni-wuerzburg.de
* Corresponding author

Published: 29 April 2004
BMC Neuroscience 2004, 5:16

Received: 22 December 2003
Accepted: 29 April 2004

This article is available from: http://www.biomedcentral.com/1471-2202/5/16
© 2004 Funk et al; licensee BioMed Central Ltd. This is an Open Access article: verbatim copying and redistribution of this article are permitted in all
media for any purpose, provided this notice is preserved along with the article's original URL.

Abstract
Background: Conserved proteins preferentially expressed in synaptic terminals of the nervous
system are likely to play a significant role in brain function. We have previously identified and
molecularly characterized the Sap47 gene which codes for a novel synapse associated protein of
47 kDa in Drosophila. Sequence comparison identifies homologous proteins in numerous species
including C. elegans, fish, mouse and human. First hints as to the function of this novel protein family
can be obtained by generating mutants for the Sap47 gene in Drosophila.
Results: Attempts to eliminate the Sap47 gene through targeted mutagenesis by homologous
recombination were unsuccessful. However, several mutants were generated by transposon
remobilization after an appropriate insertion line had become available from the Drosophila Pelement screen of the Bellen/Hoskins/Rubin/Spradling labs. Characterization of various deletions in
the Sap47 gene due to imprecise excision of the P-element identified three null mutants and three
hypomorphic mutants. Null mutants are viable and fertile and show no gross structural or obvious
behavioural deficits. For cell-specific over-expression and "rescue" of the knock-out flies a
transgenic line was generated which expresses the most abundant transcript under the control of
the yeast enhancer UAS. In addition, knock-down of the Sap47 gene was achieved by generating 31
transgenic lines expressing Sap47 RNAi constructs, again under UAS control. When driven by a
ubiquitously expressed yeast transcription factor (GAL4), Sap47 gene suppression in several of
these lines is highly efficient resulting in residual SAP47 protein concentrations in heads as low as
6% of wild type levels.
Conclusion: The conserved synaptic protein SAP47 of Drosophila is not essential for basic synaptic
function. The Sap47 gene region may be refractory to targeted mutagenesis by homologous
recombination. RNAi using a construct linking genomic DNA to anti-sense cDNA in our hands is
not more effective than using a cDNA-anti-sense cDNA construct. The tools developed in this
study will now allow a detailed analysis of the molecular, cellular and systemic function of the SAP47
protein in Drosophila.
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Background
The "synapse-associated protein of 47 kDa" (SAP47) of
Drosophila melanogaster was discovered as the first member
of a novel conserved protein family of unknown function
[1]. In-situ hybridization and immunostaining using a
monoclonal antibody (MAB nc46) showed prominent
expression of the Sap47 gene in the nervous system and
the specific localisation of the gene product in synaptic
terminals. Cross-reacting proteins of similar size were
found in several insect species [1]. The SAP47 protein
does not contain any domains defined by Prosite patterns
that could be indicative of a specific function or molecular
interaction. However, by an iterative search of the protein
database a novel domain named BSD was identified due
to weak but significant amino acid similarity between
numerous proteins including BTF2-like transcription factors, synapse associated proteins (SAP47), and DOS2-like
proteins [2]. As a first step towards a comprehensive functional analysis of SAP47 we have now generated gene
knock-out flies that lack the protein. Unexpectedly, these
flies fail to show an obvious phenotype. The high conservation of the protein throughout evolution demonstrates,
however, that SAP47 must serve a fitness related function.
In order to identify such a function, diverse behavioural
assays have to be employed. Quantitative behavioural
characterization is notoriously affected by genetic background phenomena, such that extensive out-crossing and
comparison with transgenic "rescue" strains will be mandatory. Furthermore, functional defects of a nervous system as reflected by behavioural deficits can often be
associated with specific brain structures. To test such a
possibility it is necessary to selectively control gene
expression in defined populations of neurons. In the
present work we have therefore constructed and describe
here a set of transgenic tools for cell-specific gene suppression and over-expression that will be decisive for the
detailed characterization of SAP47 function in the nervous system of Drosophila at the molecular, cellular and systemic level.

Figuregene
Sap47
1 structure and protein isoforms
Sap47 gene structure and protein isoforms. (A). Top:
Exon-intron structure of the Sap47 gene of Drosophila melanogaster. Boxes represent exons 1 to 11, coding sequences
are black. I-V: Five proposed splice isoforms of the Sap47
gene. The corresponding calculated molecular masses are
given on the right. (B) Western blot analysis of head
homogenates from wild type (WT, w1118) and Sap47 null
mutant flies (control for specificity of signals). On the original
blot 9 SAP47 bands can be identified as indicated on the left.
Staining of cysteine string proteins (CSP) with monoclonal
antibody ab49 serves as loading control.

Results
The Drosophila Sap47 gene codes for at least nine protein
isoforms
Reichmuth et al. [1] described two independent cDNAs
(Sap47-I and Sap47-II) of the Sap47 gene encoding 347
and 351 amino acids, respectively. The corresponding
proteins have a calculated molecular mass of 35.06 and
35.50 kDa, respectively, but Western blots show an apparent molecular weight of 47 kDa [1]. The combined information from available cDNA and EST sequences as well as
putative transcripts suggested by computer analysis (available at http://fly.ebi.ac.uk), suggests the existence of additional Sap47 splice variants that code for at least three
further derived proteins of calculated molecular mass
37.89, 55.31, and 56.98 kDa (Figure 1A). The updated

gene structure consists of at least 11 exons and 10 introns.
The exon-intron boundaries all conform to the canonical
consensus sequences [3]. Six of the exons (2, 8, 9, 10 and
11, and the 3'-region of the exon 5) are used alternatively
to generate the different variants. The open reading frames
all begin in exon 1 but are terminated alternatively in
exons 9, 10, or 11 by in-frame stop codons.
Using modified Western blot conditions (I. Schwenkert,
unpublished) we are now able to identify with the antiSAP47 monoclonal antibody nc46 a total of 9 SAP47 isoforms in adult heads (ca. 46, 47, 62, 65, 66, 67, 86, 87, 90
kDa). Comparison of the blots from wild type with those
of Sap47 null mutants demonstrates the specificity of the
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signals (Figure 1B). In an attempt to associate the molecular weights of the novel SAP47 isoforms with the transcripts we have expressed cDNAs Sap47-I and Sap47-V in
E. coli. In Western blots of bacterial lysate the corresponding proteins migrate at 46/47 and 86/87 kDa (data not
shown). Thus the protein isoforms of 46, 47, 86, and 87
kDa can presumably be accounted for by the proposed
cDNAs I – V. Whether the isoforms between 62 and 67
kDa represent post-translational modifications or are produced by additional splice variants remains to be
investigated.
Sequence comparison of homologous proteins in fly and
human
Figure 2 illustrates the homologies between SAP47 of Drosophila (DM) and proteins found by BLASTP in the
Anopheles (AG), human (HS), and mouse (MM) Proteome. Amino acid (aa) identity between DM and AG up
to amino acid 378 is 55%. Using TBLASTN detects highly
significant identities between DM and AG up to the very
end of SAP47, indicating conservation among diptera also
of the C-terminus. Identity between HS and MM is low in
103 aas following a conserved stretch of 11 aas at the Nterminus, but over-all high (85%). Divergence between
mammals and diptera is large at the N-terminus which is
ca. 150 aas shorter in mammals. Aa identity is high in a
central domain, with an over-all value of 23%.
Mutagenesis
Homologous recombination
Gene targeting by homologous recombination is a powerful method to knock out genes in yeast and mice. Rong
and Golic reported a variant applicable in Drosophila and
successfully applied it to knock out several genes [4-6]. In
the present work we have attempted to mutate the Sap47
gene using the techniques and the materials described by
Rong and Golic [4]. Two different large "donor" constructs (ca. 5 kb and ca. 7.6 kb donor-target homology)
were created and transformed into the fly germ line. We
isolated five independent transgenic lines: four lines for
the 5 kb and one for the 7.6 kb donor construct. By
crossing these transgenic flies with FLP/SceI lines kindly
provided by Dr. K.G. Golic we generated animals which
contain all three components of the "gene targeting" system (donor, FLP recombinase, and I-SceI meganuclease
transgenes). The action of FLP recombinase and I-SceI
produces a linear extra-chromosomal recombinogenic
donor DNA molecule that can recombine with and
destroy the Sap47 gene. The progeny of these flies were
selected for eye colour and the position of the donor construct on the third chromosome. By screening of ca.
280,000 animals containing the 5 kb large "donor" construct and ca. 125,000 animals containing the 7.6 kb construct one single fly with a non-targeted recombination
event was isolated, but no targeted recombinants were
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detected. It thus seems that the Sap47 gene is refractory to
this method of mutagenesis.
Jump-out mutagenesis of the Sap47 gene
Recently, a line carrying an EPgy2 P element insertion in
the 5' untranslated region of the Sap47 gene (EY07944
line kindly provided by Dr. H. Bellen) became available.
This line was used for jump-out mutagenesis because the
insertion itself did not visibly influence Sap47 gene
expression (data not shown). Screening of ca. 230 whiteeyed jump-out "candidates" by Western blots lead to the
identification of three lines with a significant reduction in
SAP47 expression and three null mutants for the Sap47
gene (Figure 3A). The loss of SAP47 expression in the
jump-out null mutants was confirmed by immunohistochemical staining of frozen head sections (Figure 3B). The
genomic EcoRI-digested DNA of the isolated Sap47 null
mutants was analyzed by Southern blots using ca. 7.1 kb
EcoRI-EcoRI genomic fragment of the gene as a probe. The
analysis shows that the Sap47156, Sap47201 and Sap47208
null alleles of the gene suffered ca. 2.1 kb, 5.8 kb and 1.3
kb deletions in the Sap47 locus respectively.
Transgenic cDNA RNAi constructs
In a first approach, we used a cDNA-cDNA RNAi construct
to target the Sap47 gene. Figure 4A shows the design of the
cDNA RNAi vector. We fused a ca. 1.1 kb fragment of the
Sap47-I cDNA containing exons 1 and 3 through 7 to the
same fragment in opposite orientation. The construct is
under UAS control in the pUAST vector and transcription
can be induced by Gal4 driver lines. 20 independent
transgenic lines for this cDNA RNAi construct were isolated by transformation into the w1118 wild type. The RNAi
transgene was activated by crossing the RNAi transgenic
flies with an actin-Gal4 line. Figure 5A shows a Western
blot containing head extracts from 5 independent lines
expressing the Sap47 cDNA RNAi transgene in comparison to wild type. The 47 kDa SAP47 protein is strongly
reduced in the heads of flies from the lines V and VII.5.
The reduction of SAP47 in the RNAi-expressing flies was
confirmed by immunohistochemical staining of frozen
head sections and nerve-muscle preparations of third
instar larvae (data not shown). To quantitatively determine the suppression of the SAP47 protein, we analyzed
head extracts from the "best" RNAi-expressing line
(VII.10) and serial dilutions of wild-type head extracts on
Western blots (Figure 5B). The analysis shows that 1 head
of the Sap47-RNAi line actin-Gal4/VII.10 expresses an
amount of SAP47 protein equivalent to that found in 1/
16 of a wild-type head.

Inspection of the Western blot in Fig. 5A reveals a dramatic difference in residual SAP47 expression in different
RNAi lines. A few RNAi lines show a very stringent suppression with only ca. 6% residual expression, other lines
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AG ...........................MFSGLTNQVTSWIGAAKGEPQD.
|||||||| || :|| ||
|
DM ...........................MFSGLTNQFTSLVGAVKGGAGD.
|| ||.. . |
||
HM ...........................MFRGLSS.WLGLQQP...VAGGG
|| |||| ||||. |
| |
MM ...........................MFGGLSS.WLGLKPPEGAAAEGE
AG EEVPTPPNS......AATT...ATATTSGVPQ.......RRLQLQQ..MQ
|:|| |
||.|
|||... |:
|: ::
.
DM EDVPAPTGDAPAAAPAASTSVEATASSAVDPEAAAAAGGEGLEGEEAGKR
HS ..................................................
MM ..................................................
AG LPLQRVVMVVTKGGVFSGVSSKVTGWLGNASIPSMPAIPTV.SMPAMPAM
|| .
:| .
.|
|||||||||||||.|.. ||||||||
DM LP.KSASLVDSLVSEATGWLGSAKGWLGNASIPSMPAMPSMPSMPAMPAM
HS ..................................................
MM ..................................................
AG PSMPSIPGLRKANQTDENGGITNEGLVTSPEKASQGIAGSTDAADEEDRS
||.||||||||
| |
|| |
.
.|.
:::|:|
DM PSIPSIPGLRKGAGAD..GAEGAEGAVAG..EGGAAASGAVSGGEDDDKS
HS ..................................................
MM ..................................................
AG ...SATGGADSRPATGPGTPTEENAGQIGQ.......VTHKVTAGAKSIG
||| |||| ||.| |||| : |||||
:| ||| || |
DM RYISATEGADSHPASGGGTPTGDE.GQIGQGKGDEVKITTKVTQQAKHFG
:
: ..
.. ||| ||
HS QP...NGDAL......PEQPSETVAESAEEELQQ..AGDQELLHQAKDFG
:|
.|| |
|: |
| ||: ||
| : ||||| |
MM EPPSRDGDKLSAGAAPSEESPERPVEPTEEQQQQPPTEDPQFLHQAKGLG
AG SFLYSSFNKAGDKIKH........LK............DNSILGEFSKEQ
||| |. .||| |||
.|
||.|| |.|||
DM SFLSSAISKAGSKIKE.......TVK............DNTILDSFNKEQ
.:| . | | || |
|:|
| ||: | |||
HS NYLFNFASAATKKITESVAETAQTIKKSVEEGKIDGIIDKTIIGDFQKEQ
|||:|||||||||||||| |||||||||||||||| |:||||:|||||||
MM NYLYNFASAATKKITESVTETAQTIKKSVEEGKIDDILDKTILGDFQKEQ
AG EAFIKNQQGGGSAGAC..PWTGHANEAKIKEEILSLSADRRNFVRAPPAG
||||| | | |. ||
|| ||||||||||||| || ||||||||||||
DM EAFIKGQGGVGN.GAA..PWIGHANEAKIKEEILGLSQDRRNFVRAPPAG
. |:. |
. || ||:
.| |.::|| || |:|||.| ||||
HS KKFVEEQHTKKSE.AAVPPWVDTNDEETIQQQILALSADKRNFLRDPPAG
|||||||.||||| |||||||:..||||||||||||||||||||||||||
MM KKFVEEQNTKKSE.AAVPPWVESHDEETIQQQILALSADKRNFLRDPPAG
AG VEFDFDYDSSYPVALAIMNDDKELEKMRFELVPKIITEENFWRNYFYRVS
|:|:| ||..|| |:||| :|| || ||||||||||||||||||||||||
DM VDFEFSYDTAYPTAIAIMAEDKALETMRFELVPKIITEENFWRNYFYRVS
| | | :| || |: .: ||. | ||| ||||:: || ||||||||||
HS VQFNFDFDQMYPVALVMLQEDELLSKMRFALVPKLVKEEVFWRNYFYRVS
||||||||||||||||||||||||||||||||||||||||||||||||:|
MM VQFNFDFDQMYPVALVMLQEDELLSKMRFALVPKLVKEEVFWRNYFYRIS
AG LICQAADLGTLGDNNEFVKRGASEDTEGN 378
|| |||:||||| .
| . ||
: |
DM LIIQAAELGTLGADG..VGQ.ASSGEDANEVATKEKKSKTAEPAKGDSSV
|| |.|:| | |
: | ||.||
|
| .
HS LIKQSAQLTALAAQ..............QQAAGKEEKSNGREQ...DLPL
||||||||||||||
|||.|||.||. |:
.|||
MM LIKQSAQLTALAAQ..............QQASGKEKKSSNRDD...NLPL
DM KAIAEQPKAVIEPEAQECDVQAAKSKAKAKAQAGKELGQKISESEFVSDD
| | .||
|
||. | . : .|:
||||||
HS .AEAVRPKT...PPV......VIKSQLKTQ.EDEEEISTSPGVSEFVSDA
||||||||
|||
||||||.|| |||||||||||||||||||
MM .TEAVRPKT...PPV......VIKSQLKSQ.EDEEEISTSPGVSEFVSDA
DM FQASSESDLAEIQDGMRKLGIDSMTQQ.ALAATDEEQWEKDLEAELKDYE
| | . .
::. | .| :|
:: |.
|
|||:|: ||.:|
HS FDACNLNQ.EDLRKEMEQLVLDKKQEETAVLEEDSADWEKELQQELQEYE
|| |.||| ||||||||||||||||||
||||| ||||||||||||||
MM FDTCSLNQ.EDLRKEMEQLVLDKKQEEATALEEDSTDWEKELQQELQEYE
DM VVDEGGTGGDGGGGRRKGRKAGEDDTEADEDEPTISNLRTRSTNNDWEEY
|| |
|
:
:
|:.
HS VVTE.SEKRDENWDKEIEKMLQEEN 352
|| | ||||||||||||||||||
MM VVAE.SEKRDENWDKEIEKMLQES 365
DM ADLIEDTDDLK 551

Figurehomologues
SAP47
2
from diptera and mammals
SAP47 homologues from diptera and mammals. Sequence comparison of the largest SAP47 isoform of Drosophila melanogaster (DM) with its homologues of Anopheles gambiae (AG), human (HS), and mouse (MM) reveals high homology in a central
domain. Homologies between Drosophila and human are shown in red.
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Figure
SAP47 expression
3
in the Sap47 mutants generated by P-element jump-out
SAP47 expression in the Sap47 mutants generated by P-element jump-out. (A). Western blot analysis of head
extracts from jump-out lines (Sap4 – Sap208) and wild type (WT) control. The jump-out lines Sap4, Sap26, and Sap70 show a
reduction in SAP47 expression, the lines Sap156, Sap201, and Sap208 lack any detectable SAP47 expression. CSP: loading control.
(B). Immunohistochemical staining of frozen head sections. WT: wild type control; Sap156: Sap47 jump-out null mutant line.

did not show any visible reduction in SAP47 expression.
This difference in suppression could be caused by a position effect of the transgene insertion or by instability of
the palindromic sequences of the construct. To check
whether the difference was due to structural instability of
the RNAi constructs, we examined the genomic DNA of
12 randomly selected RNAi transgenic lines by Southern
blot. For each line we analyzed EcoRI/NotI-digested DNA
samples, each derived from a pool of 100 flies, by hybridization using the complete ca. 2.2 kb EcoRI/NotI fragment
of the Sap47 cDNA RNAi construct as a probe. This probe
detects bands of 11.5, 7.0, and 1.8 kb, derived from the
endogenous Sap47 allele, and a band of ca. 2.2 kb, derived
from the full length RNAi transposon (data not shown).
In fact, the 2.2 kb transposon band was detectible only in
2/3 of the RNAi transgenic flies, 1/3 of the lines did not
show any visible signal of 2.2 kb. These results indicate
that the RNAi transgene was lost in a substantial number

of transgenic lines although the red eye colour
demonstrated successful germ-line transformation by the
pUAST vector.
Transgenic genomic-cDNA RNAi construct
Two groups have described the genomic-cDNA RNAi
approach as a simple and very effective strategy to knock
out gene function in living organisms [7,8]. Therefore, we
used this method to suppress the Sap47 gene activity in
Drosophila. Figure 4B shows the design of the Sap47
genomic-cDNA RNAi construct. We fused genomic DNA
containing exons 3 through 8 with the intervening introns
to a corresponding inverted cDNA fragment of the Sap47
locus. The construct was inserted into the pUAST vector to
allow its expression under the control of transgenic Gal4.
The P-element mediated germ line transformation of
w1118 embryos lead to the isolation of at least 11 independent transgenic lines. By crossing the flies with an
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Figure 4 of the two different RNAi constructs
Structure
Structure of the two different RNAi constructs. (A). Schematic of the Sap47 cDNA RNAi construct regulated by the
yeast UAS enhancer. The transgene produces dsRNA as the construct carries the same fragment of the Sap47-I cDNA
arranged as a dimer with dyad symmetry without a heterologous spacer. (B). Genomic-cDNA RNAi construct for the Sap47
gene. Exons 3 to 7 and part of exon 8 with their intervening sequences (introns 3 to 7) of the Sap47 gene were fused to an
inverted corresponding fragment of the Sap47-I cDNA and cloned into the pUAST plasmid.

actin-Gal4 line animals heterozygous for both transgenes
were generated. Western blot of head homogenates from
these lines expressing the genomic-cDNA RNAi transgene
under actin-Gal4 control demonstrate a strong reduction
of SAP47 expression in several transgenic flies containing
a single copy of genomic-cDNA RNAi construct. A corresponding reduction was detected by immunohistochemical staining of frozen head sections and nerve-muscle
preparations (data not shown). For the line with the
strongest reduction we semi-quantitatively determined
the suppression of SAP47 by Western blotting and
showed, that protein extracts from one adult RNAiexpressing fly head of the genomic-cDNA RNAi line actinGal4/2.4 contains an amount of SAP47 protein equivalent
to that found in 1/8 of Drosophila wild type head (data
not shown).
Rescue of null mutants and over-expression of SAP47
In order to be able to directly relate an observed phenotype of the null mutant to the lack of the encoded protein
one has to demonstrate that ectopic expression of the protein in the null mutant reverts the phenotype. In addition,
ectopic expression in the wild type leads to over-expression of the protein which may by itself cause a phenotype
indicative of the protein's function. For these reasons the
Sap47-I cDNA was cloned into the pUAST vector and
transformed into the germ line of Drosophila. Of 11 trans-

genic lines 4 were selected for further analysis. After crossing these flies with an elav-Gal4 driver line, Western blots
of head homogenates demonstrate a two to five fold
increase in SAP47 expression compared to the wild type
(Fig. 7).

Discussion
Using the available sequence information from our own
lab [1] and from the Drosophila genome project we
updated the putative exon-intron structure of the Sap47
gene. The gene consists of at least 11 exons and 10 introns,
producing different splice variants that presumably code
for at least five different protein isoforms. In Western blots
9 isoforms can be discerned. By comparison with proteins
translated from bacterially expressed cDNAs Sap47-I and
Sap47-V it is concluded that the 347 and 551 amino acid
proteins migrate anomalously at ca. 46/47 and 85/86 kDa
apparent molecular weight, respectively. The Western blot
signals that cannot be accounted for by known cDNAs
may either represent products of additional splice variants
or post-translationally modified isoforms.
Four strategies were used in this work to manipulate
Sap47 expression in Drosophila melanogaster: "gene
targeting" by homologous recombination, RNA interference (RNAi), transgenic over-expression, and "jump-out"
mutagenesis.
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Figure
SAP47 expression
5
in the Sap47 cDNA RNAi lines
SAP47 expression in the Sap47 cDNA RNAi lines. (A).
Western blot of head extracts (one head/lane) from control
(WT: wild type (w1118)) and five independent RNAi transgenic lines (VII.5, VI.1, V, I.13, I.61). SAP47 protein levels in
VII.5 and V RNAi transgenic lines is drastically reduced. CSP:
loading control. (B). Semi-quantitative Western blot of head
extracts from Sap47 cDNA RNAi expressing flies (line
VII.10) and wild type as control. WT: wild type (w1118). x-values indicate the number of heads loaded per lane. Actin-Gal4/
VII.10: animals expressing RNAi under the control of actinGal4. RNAi reduces SAP47 protein levels in these flies by an
approximate factor of 16. Normal SAP47 expression is
observed in RNAi VII.10 (RNAi line without a Gal4 driver)
and in actin-Gal4 (driver line alone). CSP: loading control.

For homologous recombination, a DNA fragment containing incomplete 5' and 3' sequences of the target gene
interrupted by the 18 bp recognition site for the endonuclease I-SceI was cloned between two target sequences for
the site-specific FLP recombinase. In this approach transgenic expression of the recombinase induces the excision
of the transgene forming a ring of extra-chromosomal
DNA. Subsequent transgenic expression of the endonuclease linearizes this DNA ring. Two events of homologous
recombination of the linear DNA then could result in the
disruption of the endogenous gene sequence. In previous
work, successful targeting of several genes using this technique varied in the range of about one in 500 to one in
30,000 gametes [4,6]. Plausible explanations for detecting
in the present experiments zero targeting events and only
1 non-targeted insertion among 405,000 gametes by this
procedure are difficult to provide, but rapid degradation
of the cut donor fragment, rapid intramolecular repair of
the double strand break, or an unfavourable chromatin
structure at the Sap47 locus all may influence success rates
of the technique [6].

http://www.biomedcentral.com/1471-2202/5/16

similar
Figure
Sap47 gene
6 suppression by the two RNAi techniques used is
Sap47 gene suppression by the two RNAi techniques
used is similar. The Western blot shows SAP47 protein
levels in three independent cDNA-cDNA RNAi lines (1: line
VII.5 (2 transgene insertions), 2: line VII.10 (2 transgene
insertions), 3: line X.2) and in one genomic-cDNA RNAi line
(4: line 2.4) WT: wild-type control; one head/lane. All RNAi
constructs are under actin-Gal4 control. CSP: loading
control.

Double-stranded RNA molecules can suppress gene activity in a sequence-specific manner [9-12]. Several groups
have reported that expression of stabile transgenic
inverted repeats in Drosophila can reduce gene expression
[13-15], but the suppression is incomplete. Kalidas and
Smith [7] noted that RNAi transgenes composed of
genomic-cDNA fusions can efficiently suppress target
genes in adult flies. These authors suggest that the level of
suppression will be significantly greater and more uniform than reported for transgenic RNAi constructs
composed of simple inverted repeats. In the present work
we created and compared two different RNAi constructs
for the Sap47 gene of Drosophila. The first construct consist
of two cDNA fragments cloned into the pUAST as inverted
repeats. The second one is a fusion product of a Sap47
genomic fragment and the corresponding cDNA
sequences. After crossing the transgenic RNAi flies with an
actin-Gal4 line, offspring were analysed for SAP47
expression by Western blot and immunohistochemistry.
In most cases, we observed a visible reduction in the
expression of SAP47 protein. About 54% of the RNAi
cDNA transgenic lines heterozygote for both, RNAi and
actin-Gal4 transgenes, show more than 75% reduction in
protein level, a few lines show a very stringent suppression
with only ca. 6% residual expression, but ca. 35% of the
analysed lines did not show any visible reduction of
SAP47 expression in Western blot. The same dramatic differences in residual SAP47 expression levels were
observed for the genomic RNAi construct. 8 of 11 independent transgenic lines show less than 25% residual
SAP47 expression, one less than 12%, 2 lines show a wild
type like SAP47 signal in Western blots.
We have presented evidence that this difference in the
SAP47 levels in RNAi expressing lines can be caused by
Page 7 of 10
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structural instability of the transgenes. The Sap47 cDNA
RNAi is a perfect palindromic construct. Giardano et al.
[14] described somatic rearrangements of the inverted
repeat in Drosophila, Collick et al. [16] reported instability
of the inverted repeats in somatic or germline cells of
mice. In our experiments, 1/3 of the RNAi lines analysed
by Southern blots did not show any visible transgene
bands of 2.2 kb, although they had red eyes demonstrating successful transformation of the transgene. The loss of
transgenic sequences might represent a rearrangement of
the perfect palindromic fragments of the cDNA RNAi
construct in the germ line of the transgenic flies. These
rearrangements can lead to the inactivation of the transgene and result in wild-type-like protein expression in
these animals.
To compare the silencing effects of cDNA-cDNA RNAi vs.
genomic-cDNA RNAi constructs, we tested head extracts
from the "best" lines from the each group in the same
Western blot under the same conditions (Figure 6). In this
experiment, we did not find a dramatic difference
between the two constructs.
The mobilisation of a EPgy2 P element inserted in the 5'
untranslated region of the Sap47 gene and screening of ca.
230 "candidates" lead to the isolation of three independent knock-out strains (null mutants), containing deletions in the first exon and first intron of the Sap47 gene. In
order to exclude the possibility that an N-terminally truncated protein was still expressed and possibly sufficient
for SAP47 function, we repeated the Western blots with a
monoclonal antibody (nb200) whose epitope is known
to lie in the portion of the protein that is not affected by
the deletion. Since again no signal was obtained (data not
shown) we conclude that the deletions prevent
production even of SAP47 fragments. From all three
mutagenesis techniques that we used in this study, "gene
targeting" by homologous recombination, RNA interference, and jump-out mutagenesis, only the last was an
effective method to create Sap47 null mutants.

Conclusions
Surprisingly, neither knock-down, nor knock-out, nor
over-expression of the Sap47 gene resulted in flies showing an obvious, immediately noticeable phenotype. Thus
it will be necessary, first to exchange the genetic background of the mutants to that of the "standard" wild type
used for behavioural assays, and then analyse complex
behaviour of mutants and wild-type controls in detail
under identical conditions. An elaborate collection of
behavioural paradigms are available for Drosophila to test
e.g. locomotor activity, olfactory or visual performance,
courtship, sensory habituation, ethanol tolerance, and
learning and memory. As mentioned above, the evolutionary conservation of the Sap47 gene assures us that the
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construct
Over-expression
Figure
7
of SAP47 by a UAS-Sap47-I cDNA
Over-expression of SAP47 by a UAS-Sap47-I cDNA
construct. The transgene was driven by neuronal Gal4
expression of the elav-Gal4 line. The following head equivalents were loaded per lane: 1: 1 WT; 2: 1/2 WT, 3: 1/2
Sap47-I1/elav-Gal4; 4: 1/4 Sap47-I1/elav-Gal4; 5: 1/2 Sap47I3.1/elav-Gal4; 6: 1/4 Sap47-I3.1/elav-Gal4.

encoded protein has a fitness related function. This function now can be searched for.

Methods
Drosophila strains and transgenic flies
Balancer chromosomes and genetic markers are described
in Lindsley and Zimm [17]. w1118 wild-type stock was used
for generation of transgenic flies and as controls in these
studies. Most of the flies employed for gene targeting by
homologous recombination were kindly provided by
Yikang Rong and Kent G. Golic. In the actin-Gal4 strain,
the P [actin-Gal4, w+] transposon was inserted on the second chromosome (causing homozygous lethality). The
transgenic flies were generated by standard P-element
mediated transformation [18].

The EY07944 line used for jump-out mutagenesis was
kindly provided by the Bellen laboratory http://fly
push.imgen.bcm.tmc.edu. Virgin w1118;;EY07944(w+)
were crossed with w1118;;P{∆2-3}(99B), Sb/TM2, Ubx, e
males. The F1 generation was selected for Sb to obtain
w1118;;EY07944(w+)/P{∆2-3}(99B), Sb animals. These
were crossed with w1118;;TM3, Sb, e/TM6, Tb, e double balancer and the white Tb-marked F2 "jump-out" animals
were crossed with ∆blp,∆Sap47/TM3, Sb, e double mutants
[19]. The progeny was characterized by Western blot using
monoclonal antibodies nc46 and, as a loading control,
ab49 (anti-CSP).
Western blotting and Immunohistochemistry
Drosophila heads were homogenized in Laemmli sample
buffer. After separation by SDS-PAGE [20] proteins were
transferred to a nitrocellulose membrane [21] and the
membrane blocked in 5% milk-powder solution. Blots
were immunostained with monoclonal antibodies and
with horseradish peroxidase conjugated second antibody
(Bio-Rad Laboratories GmbH, Muenchen, Germany) followed by ECL detection (Amersham Buchler GmbH,
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Braunschweig). For staining of motorneuronal synaptic
boutons third instar larvae were fixed after preparation for
30 min at room temperature in 4% paraformaldehyde
and incubated overnight at 4°C with primary antibody.
Biotin-avidin-peroxidase system (Vector Laboratories Inc.,
Burlingame, USA) and diamino benzidine were used for
visualizing the staining. The procedure used for immunostaining frozen sections of Drosophila brain has been
described elsewhere [22]. Briefly, flies were fixed for 3 h in
4% paraformaldehyde and washed overnight in 25%
sucrose. Frozen sections were incubated overnight at 4°C
with primary antibody (monoclonal antibody nc46) and
stained using again the biotin-avidin peroxidase system.
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fragment were cloned into the NotI/Asp718I-cut pUAST.
The structure of the cloned construct was verified by a
combination of DNA sequencing and restriction
mapping.
Sap47 rescue construct
BglII and NotI restriction sites were attached by linker PCR
(primer pair: 5'-CCTACTAGATCTCCAACATGTTTTCGGGCCTAA-3' and 5'-CTTAACGCGGCCCATTCAATCTTCATCTTCATCTTC-3') to the Sap47-I cDNA and inserted
into the pUAST vector which was transformed into the
germ line of Drosophila by standard methods.

Authors' contributions
RNAi constructs
To prepare the Sap47-cDNA RNAi construct, a ca. 1.1 kb
coding fragment of the Sap47-I cDNA was amplified by
PCR with primers containing unique restriction sites (5'GGCGTGAATTCAACATGTTTTCGGGCCTAAC-3' and 5'CATGATCCGGAATCTTCATCTTCGCCGC-3' primer pair
for sense cDNA fragment and 5'-CTGACATCCGGACAATCTTCATCTTCGCCG-3' and 5'-AAATAGCGGCCGCTTTCGGGCCTAACAAATC-3' primer pair for
anti-sense cDNA fragment, respectively). The PCR-amplified fragments were digested with EcoRI/Kpn2I and Kpn2I/
NotI respectively, subcloned into EcoRI/NotI-cut pBluescript KSII (Stratagene, La Jolla, USA) and sequenced. The
resulting inverted-repeat sequence was excised as an
EcoRI/NotI fragment, ligated into EcoRI/NotI-cut pUAST
[23] and transformed into recombination-deficient
SURE2 cells (Stratagene, La Jolla, USA).

For the Sap47-genomic RNAi construct, a 5025 bp
genomic fragment of the Sap47 gene was obtained by cutting the Sap47 genomic lambda clone IV/4 [24] with
MspA1I/Bsp68I and subcloning of the fragment into a
Bsp68I-cut modified pBluescript KSII vector. A ca. 5 kb fragment was then excised using the NotI restriction site from
pBluescript KSII poly-linker and the Bsp68I site. In parallel,
the ca. 1 kb genomic fragment of the Sap47 gene (contains
a portion of intron VII and the 5'-end of exon 8 with splice
acceptor sequences) and a ca. 0.85 kb fragment of the
Sap47-I cDNA (contains exons 3–8) were amplified using
PCR with primers containing unique restriction sites (5'GGGTCCAGAATTCTCGCGAATTTGGTTTTCC-3' and 5'CCTGATCCGGAGTCTTTTGGTTTTAATCCATTCAAT-3'
primer pair for genomic fragment and 5'-GGTCCTCCGGGATTTTGGTTTTAATCCATTCAATC-3' and 5'-GTTCAGGTACCGATGGCTGGGCAGTGC-3' primer pair for the
cDNA, respectively), digested with EcoRI/Kpn2I and
Asp718I/Kpn2I and subcloned into EcoRI/Asp718I-cut
pBluescript KSII. A ca. 1.85 kb fusion-product was then
isolated using the Asp718I site from pBluescript KSII and
endogenous Bsp68I site. Finally, the ca. 5 kb NotI/Bsp68I
genomic fragment and ca. 1.85 kb Asp718I/Bsp68I fusion-

NF conceived of the study, performed most of the work
and wrote a first draft of the ms, SB cloned and analysed
the Sap47 genomic region, SH generated the "rescue"
transformants and analysed them, MB was involved in the
sequence analysis, EB supervised the four theses, participated in the design and coordination of the study, and
wrote the final ms.
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