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ABSTRACT 
Mutations  induced by the gypsy retrotransposon in the forked v) and cut (c t )  loci render their 

expression  under  the  control of the suppressor of Hairy-wing  [su(Hw)] gene.  This  action is usually 
recessive,  but su(Hw) acts as a dominant on the allelesf', ct and ctMRPN3'. Molecular analysis of the 
gypsy element  present in f k  indicates  that  this  allele is caused by the insertion of a modified gypsy in 
which the  region  normally  containing twelve copies of the  octamer-like  repeat  that  interacts with the 
su(Hw) product is altered. Analysis of the gypsy element  responsible  for  the ct' and ctMRPN3' mutations 
also  reveals a correlation between the  dominant  action of su(Hw) and  disruption of the octamer  region. 
We propose that these  disruptions alter the affinity and  interaction of su(Hw) protein with gypsy DNA, 
thereby  sensitizing the mutant phenotype to fluctuations in su(Hw) product. 

T HE insertion of transposable  elements is respon- 
sible for most spontaneous  mutations in Dro- 

sophila  melanogaster (RUBIN 1983; LEVIS, O'HARE and 
RUBIN 1984).  Transposable  elements may cause mu- 
tant phenotypes by a variety of mechanisms, depend- 
ing on the location of the insertion site with respect 
to different  structural  and  functional  domains of the 
affected  gene.  For  example,  insertion of the gypsy 
retrotransposon in the 5' region of the yellow or cut 
loci affects the  rate of transcription of these  genes in 
a tissue-specific fashion (CORCES and GEYER 1991; 
JACK et al. 1991),  whereas  insertion of the copia ele- 
ment in an  intron of the white gene  results in aberrant 
RNA processing (ZACHAR et al. 1985; MOUNT, GREEN 
and RUBIN 1988; PENG and MOUNT 1990). In many 
cases, the phenotype of transposable  element-induced 
mutations can be  suppressed or enhanced by second 
site  mutations at various modifier loci. 

The gypsy retrotransposon  induces  mutant alleles in 
genes, such as yellow ( y ) ,  Hairy-wing (Hw) ,  scute (sc), 
cut  (ct), forked (J, lozenge ( l z ) ,  whose phenotypes are 
reversed by second-site mutations at  the suppressor of 
Hairy-wing locus [su(Hw)] (MODOLELL, BENDER and 
MESELSON 1983; PARKHURST and CORCES 1986a; Ru- 
TLEDGE et al. 1988). The y2 mutant  phenotype is 
caused by a gypsy insertion 700  bp upstream of the 
yellow transcription  start site (CHIA et a l . ,  1986; GEYER, 
SPANA and CORCES 1986; PARKHURST and CORCES 
1986a).  This allele has been used as a model to  dem- 
onstrate  that  the y2 phenotype  observed in a wild-type 
su(Hw) background  results  from  interaction of the 
su(Hw) product with specific sequences located in the 
5 ' transcribed  untranslated  portion of the gypsy retro- 
transposon (CORCES and GEYER 1991). The su(Hw) 
gene encodes  a  protein  containing two acidic domains 
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and  12 copies of the DNA-binding zinc finger motif 
(PARKHURST et al. 1988).  This  protein is involved in 
the regulation of gypsy expression through interaction 
with specific sequences of this retrotransposon (PAR- 
KHURST and CORCES 1986a; SPANA,  HARRISON and 
CORCES 1988). The su(Hw) protein binds to a 27-bp 
sequence  containing  an  octamer motif flanked by two 
A/T tracts that provide  a  bend in the DNA necessary 
for  the  interaction (SPANA and CORCES 1990). The 
su(Hw) binding  region in gypsy contains twelve  of these 
27-bp  sequences,  tandemly  repeated,  suggesting  that 
at least 12 su(Hw) molecules, assuming that  the  protein 
binds as a  monomer,  interact with the gypsy element. 
This interaction is directly responsible for  the  mutant 
effect of gypsy, since deletions or  other alterations in 
the su(Hw) binding site present in gypsy result in a 
decrease or abolishment of the  mutant effect of this 
element (GEYER,  GREEN and CORCES 1988; PEIFER 
and BENDER 1988; FLAVELL et al. 1990; SMITH and 
CORCES 1992). Progressive deletions of the su(Hw) 
binding  region of the gypsy element  inserted in yellow 
have a  corresponding effect on the  mutant action of 
this element, i.e., fewer 27-bp  binding sites present in 
gypsy result in a  milder yellow phenotype (SMITH and 
CORCES 1992).  These results suggest a  correlation 
between the  number of su(Hw) molecules bound  to 
the gypsy element  and  the  strength of the effect on the 
expression of the adjacent  gene. The presence of the 
su(Hw) protein  bound to gypsy sequences is not only 
necessary, but is also sufficient to elicit the  mutant 
phenotype, since the insertion of su(Hw) binding sites 
in the 5' region of the yellow and hsp70 genes inter- 
feres with their expression and gives rise to  the same 
phenotype as the insertion of a  complete gypsy element 
(SPANA and CORCES 1990; HOLDRIDCE and DORSETT 
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1991; P. GEYER and V. CORCES, submitted  for publi- 
cation). 

The work described here presents evidence that  the 
dominant action of su(Hw) on specific alleles of the cut 
(ct)  and forked v> loci is correlated with alterations in 
the su(Hw) binding  region of the gypsy element in- 
serted in these alleles. These results give further in- 
sights into  the mechanisms by  which the gypsy retro- 
transposon causes mutant  phenotypes. 

MATERIALS AND METHODS 

Fly  stocks: Flies  were  raised at 22" and 65% relative 
humidity on yeasted  cornmeal  dextrose  media. Thef'tuh- 
lh ,  tuh-3 stock was obtained  from D. KUHN (University of 
Central  Florida,  Orlando). The ctMRpN3" strain was obtained 
as a partial  revertant of ctMR' (TCHURIKOV et al. 1989). The 
ct' stock was obtained from J. JACK (Sloan  Kettering  Insti- 
tute, New York). 

Electron  microscopy: Flies  were  fixed  in 4% glutaralde- 
hyde  and  0.1 M sodium  cacodylate,  pH 7.0. Samples were 
then dried, coated  and  examined in a Joel  scanning  electron 
microscope. 

Molecular  analysis of mutants: Digestion of DNA with 
restriction  enzymes,  ligation  of DNA fragments,  Southern 
analysis and  labeling of DNA by random  priming  were 
carried out by standard  procedures (SAMBROOK, FRISCH and 
MANIATIS 1989; FEINBERC and VOCELSTEIN 1983). Ge- 
nomic DNA from  Drosophila  adults was prepared as de- 
scribed  previously (PARKHURST and CORCES 1985). Partial 
SauSAI  libraries  from  different  Drosophila  mutants  were 
constructed  using X DASH (Stratagene, La Jolla,  California) 
as a cloning vector. The cDNA library was generated using 
the cDNA Synthesis  System  Plus  (Amersham,  United  King- 
dom) and X gtlO  arms.  Screening of the  libraries  followed 
standard  procedures (SAMBROOK, FRISCH and MANIATIS 
1989). The ctMRPN3" and ct" libraries  were  screened  using 
genomic  fragments  generously  provided by N. TCHURIKOV 
and J. JACK. Dideoxy  sequencing  was  performed  using se- 
quenase (U. S. Biochemical Corp.,  Cleveland,  Ohio). 

RESULTS 

Interaction of forked alleles with  mutations in 
SNHW): Three spontaneous forked alleles, f I ,  f and 
f k ,  are caused by the  insertion of the gypsy retrotran- 
sposon (MODOLELL, BENDER and MESELSON 1983; 
PARKHURST  and CORCES 1985; MCLACHLAN 1986; 
RUTLEDCE et al. 1988).  These  three mutations display 
contrasting  phenotypic sensitivity to su(Hw) product 
levels. While su(Hw) acts as a recessive to suppress the 

f I and f bristle phenotype, it suppresses the f allele 
as a  dominant (MODOLELL, BENDER and MESELSON 
1983).  Figure  1 shows scanning  electron  micrographs 
of the scutellar bristles of f k flies and in various 
combinations with su(Hw) mutations. The presence of 
the gypsy element in f a  results in scutellar bristles that 
are gnarled and  bent  (Figure 1B). This phenotype is 
slightly weaker than  that off  I (compare  figure  1B 
with figure 1B  in PARKHURST and CORCES 1986b).  In 
combination with one copy of su(Hw)", a null allele of 
su(Hw) (HARRISON, MORTON and CORCES 1992),  the 

mutant  phenotype becomes clearly weaker,  although 
it is still different  from wild type (Figure 1C). Heter- 
ozygous combinations of su(Hw)" with  su(Hw)f, a weak 
allele of su(Hw) that  does  not show the female sterile 
phenotype typical of mutations in this gene,  further 
reverse the gypsy-induced phenotype  (Figure  1 D). The 
effect of one dose of the su(Hw) gene is only observed 
with f but  not with f or f (data  not shown), sug- 
gesting a  difference in the basis  of the gypsy-induced 
phenotype in these two classes  of alleles. This discrep- 
ancy could be due  to a  different location of the gypsy 
insertion site in f a  or  to alterations in the  structure of 
the  element  present in this allele. 

The structure of the forked locus in the f I r  allele: 
The forked locus has been previously cloned by tran- 
sposon tagging using the gypsy retrotransposon as a 
probe  to isolate forked sequences from  the f I allele 
(PARKHURST  and CORCES 1985; MCLACHLAN  1986). 
In  addition,  the gypsy element  present in the f allele 
has been completely sequenced (MARLOR, PARKHURST 
and CORCES 1986). The forked locus encodes  a  major 
2.5-kb transcript whose structure has been deter- 
mined by sequence analysis  of genomic and cDNA 
clones, and is contained within a  7-kb XhoI-Sal1 frag- 
ment (K. HOOVER, A. CHIEN and V. CORCES, in prep- 
aration).  This  genomic  fragment is capable of rescuing 
the forked phenotype via P element-mediated  germline 
transformation. The structure of the 2.5-kb transcript 
is indicated in Figure 2. 

T o  determine  the  reason  for  the  different response 
observed in the f I and f alleles with regard  to  their 
interaction with the su(Hw) locus, we cloned and ana- 
lyzed the forked locus of the f k  mutant. Genomic 
southern analysis localized an insertional aberration 
in the f k  mutant when compared with the wild type 
locus (data  not shown). A genomic library was then 
prepared  from  the f Ir mutant stock and screened with 
a  5.4-kb EcoRI forked genomic fragment  (PARKHURST 
and CORCES 1985). Restriction analysis  of positive 
clones showed the presence of a copy  of the gypsy 
element in close proximity to  that  present in the f' 
allele (PARKHURST  and CORCES 1985).  Figure  2 shows 
that  the gypsy elements  present in f I and f are located 
within the second intron of the 2.5-kb RNA. The 
precise insertion site of the gypsy element in the forked 
locus in these two alleles was determined by DNA 
sequence analysis of genomic clones obtained  from 
flies carrying  these two mutations. These results in- 
dicate that  the gypsy element in f a  is inserted 150 bp 
downstream  from the gypsy insertion site in f I .  

Both f I and f are caused by gypsy insertions in 
close proximity into  the same intron  and with the 
same orientation  (Figure 2). However, while su(Hw) 
functions as a recessive to suppress the f I phenotype, 
the  extent of bristle forking  observed in f is directly 
proportional  to su(Hw) gene dosage. Reducing the 
su(Hw) copy number  to half by crossing f with the 




