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ABSTRACT 
Minutes comprise >50 phenotypically  similar Drosophila mutations believed to affect ribosomal protein 

genes. Common traits of the Minute phenotype are short and thin bristles, slow development, and 
recessive lethality. To further investigate the proposed Minute  to ribosomal protein correspondence, 
loss-of-function  Minute mutations were induced by Pelement mutagenesis. Here, we report  a previously 
undescribed Minute locus that maps to 32A on chromosome 2L; this Minute allele is named Pllac- 
W}M(2)32A1 and the gene M(2)32A.  Flies heterozygous for P{lacW}M(2)32A1  have a medium Minute 
phenotype. The gene  interrupted by the Pelement insertion was cloned. Sequence analyses  revealed 
that it encodes the Drosophila homologue of eukaryotic ribosomal protein S13. It is a singlecopy gene 
and the level  of  RPS13 transcript is reduced to -50% in P{lacW]M(2)32A1 heterozygotes.  Both transcript 
level and phenotype are restored to wild  type  by remobilizing the P element, demonstrating that the 
mutation is caused by insertion of the Pelement construct. These results further  strengthen the notion 
that Minutes encode ribosomal proteins and demonstrate that Pelement mutagenesis is a fruitful ap- 
proach to  use  in these studies. 

M INUTES are  a  group of 250 or more mutations 
scattered throughout  the Drosophila genome 

and associated with similar dominant visible pheno- 
types, such as short  slender bristles and delayed  devel- 
opment,  and with  recessive lethality. Heterozygotes of- 
ten display other secondary effects such as rough eyes, 
reduced viability,  small  body  size, plexus venation of 
the wings, deformed or otherwise affected antennae, 
and low fertility, especially  in females (LINDSLEY and 
ZIMM 1992).  In his pioneering study  of Minutes, 
SCHULTZ (1929) found  that they are nonadditive in 
their phenotypic effect, i.e., the phenotype of a M I /  
+;M2/+ fly is not  more severe than  the phenotype of 
any  of the single mutants. He  concluded  that  the genes 
code  for  proteins with  similar function(s)  and sug- 
gested that Minutes are deficiencies. Unfortunately, the 
nonadditive property of the Minute mutations makes it 
impossible to determine if a  deletion uncovers one  or 
more closely linked Minute loci. 

The phenotypic similarity between Minutes and bobbed 
mutations lead RITOSSA et al. (1966) to suggest that 
Minutes might affect tRNA genes. Although initially  at- 
tractive, this hypothesis has since been proven wrong 
(SINCWR et al. 1981). The clear demonstration  that 
M(3)99D (KONGSUWAN et al. 1985), M(2)60E (HART et 
al. 1993) and M(3)95A (ANDERSSON et al. 1994) encode 
-49,  RPL19 and RPS3,  respectively, directly supports 
the  recent proposal that Minutes correspond to muta- 
tions in ribosomal protein genes. Furthermore,  the ob- 
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servation that most cloned ribosomal protein genes in 
Drosophila  melanogaster have been cytologically mapped 
to polytene chromosomal regions at or near Minute loci 
(ANDERSON et al. 1994; NTWASA et al. 1994) provides 
indirect  support  for this hypothesis. 

Recent results indicate that ribosomal proteins are 
not simply required structural elements, but  are also 
implicated in regulatory processes important in normal 
development. Thus, in Drosophila, RpS6 behaves  as a 
tumor suppressor gene (TSG) and is encoded by the 
aberrant immune response 8 (air8) locus  (WATSON et al. 
1992;  STEWART and  DENELL  1993). Overexpression of 
the Drosophila ribosomal protein S15a suppresses a 
mutation in the Saccharomyces cermisiae cdc33 gene, 
which encodes  the cap-binding subunit of eukaryotic 
initiation factor 4F (eIF-4F; LAVOIE and LASKO 1993). 
Mutations of cdc33 lead to arrest in the cell cycle at  the 
G1 to S transition. stm'ng of pearls (sop) is a recessive 
female sterile mutation in D. melanogaster that arrests 
oogenesis at stage 6 (CRAMPTON and LASKI 1994).  The 
sop gene  product was identified as the Drosophila ho- 
mologue to RPS2  of yeast and rat,  the equivalent of 
prokaryotic r-protein S5. Drosophila ribosomal protein 
S3  is capable of  cleaving DNA containing  apurinic/ 
apyrimidinic (A/P) sites (WILSON et al. 1994). Ribo- 
somal proteins have  also been implicated in regulatory 
processes that may be  important in carcinogenesis 
(HENRY et al. 1993 and references therein). Since the 
exact functions of the above ribosomal proteins are 
unknown, the link between phenotype and  gene func- 
tion remains to be determined. 

It is also interesting to note  that two genes on the 
human sex chromosomes, one on  the X and  one  on 
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the Y, encode isoforms of ribosomal protein S4 (FISHER 
et al. 1990). The proteins RPS4X and RPS4Y differ at 
19 of 263 amino acids, and RPMX, unlike most genes 
on the X chromosome, is not X inactivated. It has re- 
cently been  argued  that RPS4 haploinsufficiency con- 
tributes to the  Turner syndrome in humans (ZINN et al. 
1994). Many other distinct phenotypes, mostly includ- 
ing growth retardation, have been associated with mo- 
nosomy for  particular  portions of autosomes and 
haploinsufficiency of other ribosomal protein  genes 
may contribute to these phenotypes  (FISHER et al. 1990). 

Many more Minute mutations  need to be analyzed to 
determine  the generality of the Minute to ribosomal 
protein  correspondence, to enable studies of the mech- 
anisms leading to the Minute phenotype, and to deter- 
mine whether  mutations  in  nonribosomal  genes can 
lead to the Minute phenotype. The fact that most, if not 
all, Minutes are deficiency heterozygotes makes them 
useless in a molecular approach to address these ques- 
tions. We therefore  decided to induce and clone loss- 
of-function Minute mutations by using the PllacW} mu- 
tagenesis procedure described by BIER et al. (1989). 
Here we describe a novel Minute mutation, Pllac- 
W}M(2)32A', identified by its delayed larval develop- 
ment,  short  and  thin bristles, and recessive lethality. We 
show that  the  gene, M(2)32A, which is interrupted by 
the P element  insertion,  encodes  a Drosophila ribo- 
somal protein. 

MATERIALS  AND METHODS 

Drosophila stocks, Pelement mutagenesis and genetic 
mapping: Fly stocks were maintained on  standard pota- 
tomash, yeast and agar  substrate at 21"; all crosses were done 
at 25". For detailed  description of genetic  markers,  mutations 
and  their abbreviations, see LINDSLEY and ZIMM (1992). Stocks 
were kindly provided by the  European Drosophila Stock Cen- 
ter in Umeii, Sweden, and by the Bloomington Drosophila 
Stock Center. 

The P{lacW}M(2)?2A1 mutant was recovered from  a small 
scale mutagenesis  screen using the P{lacZ white+"',' ori Am- 
p=lacW} (Flybase "Genetic nomenclature for Drosophila mela- 
nogastrr, March 23,1995; PIROTTA 1988) enhancer  trap proce- 
dure described by BIER et al. (1989). This Pelement, inserted 
into  the X chromosome, contains the bacterial lac2 and Dro- 
sophila white+"" genes, and bacterial plasmid sequences  for 
rapid  cloning. Seventy individual vials were set up, each with 
two yw- P{lacW};TMS, Sb A2-?(99B)/+ males crossed to five 
y w- females carrying the second chromosome balancers Cy0 
and Sp, and  the  third  chromosome balancers Sb and D. Two 
Minute white+ males were obtained from -10,000 progeny 
and balanced with Cy0 and 0, respectively. 

Revertants were obtained by crossing yw-;P(lacW}M(2)?2A'/ 
Sp; TMS, Sb A2-3(99B)/ + (nonwhite) males to yw-; CyO/Sp fe- 
males and  the white non-Stubble  progeny were selected and 
scored for  the presence of a  Minute+  phenotype. 

Cytogenetic mapping by i n  situ hybridization to salivary 
gland polytene chromosomes was performed essentially as 
described by PARDUE (1986). Deficiency and duplication  map- 
pings were done by crossing yw-;P{lacW}M(2)32A1/Cy0 flies 
to strains carrying the abberations shown in Figure 2. For 
complementation testy w-;P{lacW} M(2)32A'/ CyOwas crossed 
to the closely mapped M(2)?0A and M(2)36P. 

General nucleic  acids  techniques: Plasmid rescue of DNA 

sequences  flanking the  Pelement insertion was done as de- 
scribed by  PIROTTA (1986). High  molecular weight genomic 
DNA and total RNA were prepared essentially as described 
byJOWETT (1986). Poly(A)+ mRNA  was isolated directly from 
crude lysates using magnetic oligo(dT) beads (Dynal A S ;  JA- 
KOBSEN et al. 1990). Denaturing RNA gels and hybridizations 
were as described by GALAU et al. (1986). Northern  and South- 
ern transfers of nucleic acids to Hybond-N nylon membranes 
(Amersham) were done using a TE80 Transvac vacuum blot- 
ter (Hoefer Scientific Instruments). Double stranded probes 
for hybridization to nucleic acid blots were labeled with the 
DIG DNA labeling kit (Boehringer  Mannheim). Strand spe- 
cific probes were generated using biotinylated single-stranded 
templates bound to streptavidin-coated magnetic  beads (Dy- 
nal AS; ESPELUND et al. 1990) in a standard DIG labeling 
reaction (Boehringer  Mannheim). DIG labeled  probes were 
detected with the DIG luminescent  detection kit (Boehringer 
Mannheim). Dideoxy sequencing (SANGER et al. 1977) were 
performed using the Sequenase 2.0 kit (USB) on biotinylated 
single-stranded templates bound  to streptavidin-coated mag- 
netic  beads (Dynal AS; HULTMAN et al. 1989), and  the sequenc- 
ing reactions were carried out with dITP  (substituted  for 
dGTP) and addition of pyrophosphatase as recommended by 
the  manufacturer to eliminate  sequence artifacts. The primer 
extension analysis was carried out  on  poly(A)+ mRNA pre- 
pared from adult females using AMV reverse transcriptase 
(Promega)  and  an end-labeled oligo (5'-ccaggagcgtgcatac-3') 
complementary to the first exon of the M(2)32A gene. 

Screening  genomic and cDNA A libraries: The genomic X- 
GEM11 library used here was made from an isofemale line 
of the wild-type stock Samarkand (A. LAMBEKTSSON, unpub- 
lished dat)  and was probed with the plasmid rescue clone  (see 
Figure 3 ) .  The cDNA library used was an oligo (dT)  primed X 
ZAP I1 library from third  instar larvae made by Dr. C. THUM- 
MEI., University of Utah and kindly provided by Dr. K. WAT- 
SON, Harvard University. 

Quantitative Northern analysis: Quantitation of signals 
from  bands  on  Northern blots was done  on  Polaroid  photos 
of exposed X-ray film with band  intensities  in  the  range 
10-40% of saturation.  The  photos were digitized with a 
600 DPI scanner  and analyzed with the  computer  program 
IMAGEQUANT version 3.3 (Molecular Dynamics). 

Magnetic solid phase  inverse Northern (MSPIN) analysis: 
The magnetic solid phase inverse Northern  technique was 
developed to identify coding  regions in genomic DNA, and 
in this particular study, to  point  out  the regions of interest 
surrounding  the inserted P element at the M(2)32A locus. 
The  procedure produces  a single stranded template (first- 
strand cDNA) covalently attached to magnetic beads [Dyna- 
beads Oligo(dT); Dynal AS] that is qualitatively and quantita- 
tively characteristic of the mRNA population upon which it 
was synthesized. This  template is reusable, and can also be 
applied to other  procedures such as the  generation of sub- 
tractive RNA populations. 

Two micrograms poly(A)+ mRNA  was mixed with 0.2 mg 
Dynabeads Oligo(dT) (Dynal AS) in hybridization buffer (40 
mM Tris-HC1 pH 8.3; 0.2 M KCl) in  a total volume of 40 p1 
and  incubated  on ice for 5 min to allow hybridization. The 
tube was gently agitated now and then to the keep beads 
suspended (applies to all further incubations as well). The 
beads were then washed once with hybridization buffer to 
remove excess of RNA. First strand cDNA  was synthesized by 
adding 40 pl synthesis buffer [50 mM Tris-HC1 pH 8.3, 50 mM 
KC1, 10 mM MgCI?, 10 mM D m ,  0.5 mM spermidine, 1 mM 
dATP, 1 mM dCTP, 1 mM dGTP, 1 mM dTTP, 1 U/pl AMV 
reverse transcriptase (Promega)]  and incubating 5 min at 
room  temperature, 5 min at 37" and 30 min  at 42". The beads 
were then washed once in 1X SSC,  twice in denaturing solu- 
tion (0.125 M NaOH; 0.1 M NaCl), twice in washing buffer 




