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ABSTRACT

The suppressor of position effect variegation (PEV) locus Su-var(3)6 maps to 87B5-10. The
breakpoints of deficiencies that define this interval have been placed on a 250-kb molecular map of
the region. The locus is allelic to the ck19 complementation group previously shown to encode a type
1 serine-threonine protein phosphatase (PP1) catalytic subunit. When introduced into flies by P
element-mediated transformation, a 5.8-kb genomic fragment carrying this gene overcomes the
suppressor phenotype of Su-var(3)6°' and recessive lethality of all mutations of the locus. Four of the
mutant alleles at the locus show a broad correlation between high levels of suppression of PEV, a high
frequency of aberrant mitosis and low PP1 activity in larval extracts. However, some alleles with low
PP1 activity show weak suppression of PEV with a high frequency of abnormal mitosis, whereas others
show strong suppression of PEV with normal mitosis. The basis for these disparate phenotypes is

discussed.

HROMOSOMAL rearrangements that move eu-
chromatic regions into the vicinity of constitu-
tive heterochromatin may result in the euchromatic
genes becoming inactive. Such rearrangements result
in a variable degree of spreading of the heterochro-
matic nature of the chromosome from the breakpoint
into the juxtaposed euchromatic region. At a certain
stage of development, the degree of heterochromatin-
ization becomes fixed and is then clonally inherited.
The phenotypically visible variegation for a gene lo-
cated in the affected euchromatic region is an indica-
tion of cell clones with or without heterochromatini-
zation. The variable expression of a euchromatic gene
transposed to a region of heterochromatin is referred
to as position-effect variegation (PEV) (EISSENBERG
1989; SPRADLING and KARPEN 1990).

Dominant suppressor and enhancer mutations of
PEV have been isolated in several laboratories (REU-
TER and WOLFF 1981; SINCLAIR, MOTTUS and GRIG-
LIATTI 1983; LOCKE, KOTARSKI and TARTOF 1988;
WUSTMANN et al. 1989; DORN et al. 1993). Molecular
studies have suggested three genes that modify PEV
encode proteins that might be expected to affect
chromatin structure. One of the two suppressor genes
to have been cloned encodes a heterochromatin spe-
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cific protein (EISSENBERG et al. 1990). Another sup-
pressor of PEV affects H4 histone deacetylation
(DORN et al. 1986), indicating that some modifier loci
might code for gene products involved in the modifi-
cation of chromosomal proteins.

The suppressor of PEV Su-var(3)6 is a haplo-de-
pendent suppressor of position-effect variegation
(PEV) without a triplo enhancer effect that has been
previously mapped to the 87B5-10 region on the
right arm of the third chromosome (REUTER et al.
1987). It is allelic to the lethal complementation group
ck19 (GAUSZ et al. 1981). Recently, AXTON et al.
(1990) demonstrated that the ¢211 and hs46 alleles of
the ck19 complementation group show abnormal mi-
tosis in the brains of third instar larvae. The lethal
phenotype of these mutants was rescued and normal
mitosis restored by a 6.5-kb fragment containing the
wild-type PP1-87B gene, but not when the gene
carried a nonsense mutation. The PP1 87B gene
encodes one of the four isoforms of the protein phos-
phatase I catalytic subunit (DOMBRADI et al. 1989).
DOMBRADI ¢f al. (1990a) showed that the alleles 078,
e211, hs46 have reduced PP1 activity, and that the
¢211 mutation is a deletion that eliminates the pro-
moter of the PP1 87B gene. However, mitosis is not
disrupted in the hemizygous ¢078 mutant, which has
some residual phosphatase activity. Nevertheless, €078
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has a lethal phenotype that was rescued by the same
genomic fragment encoding PP1 (AXTON et al. 1990).

In this paper we localize the Su-var(3)6 gene cyto-
logically with respect to chromosomal deficiencies,
and at the molecular level with respect to a 250-kb
chromosomal walk in the 87B8-10 region, which we
have tied to the cytological markers. We show by P
element-mediated transformation that the PP1 87B
gene and Su-var(3)6 co-localize on a 5.8-kb fragment.
Finally, we present an analysis of the PP1 activity,
suppression of PEV, and the mitotic phenotype in an
allelic series of PP1 87B mutants.

MATERIALS AND METHODS

Stocks and mutations: Flies were raised at 25° on stand-
ard Drosophila medium. Description of the chromosomes
and mutations used in this study can be found in LINDSLEY
and ZmMM (1992) or in Table 1. Larvae with the correct
phenotype were selected with the aid of TMé6B balancer
chromosome, which carries the dominant larval marker
mutation Tubby (Tb).

Isolation of new deficiencies with breakpoints in the
87B region: Males of the genotype In(3R)Na/Sb were irra-
diated with 4.000 R of X rays and mated en masse to cu
kar/cu kar females. The F, progeny (In(3R)Na*/cu kar or
Sb*/cu har genotypes) were scored for the presence of kar
eye color. Males with In(3R)Na/cu kar genotype were
crossed to Df{3R)E-079/MKRS females and their progeny
scored for the presence of Df{3R)E-079/In(3R)Na category.
In the absence of these flies, stocks were established over
MKRS balancer chromosome. If the putative deficiency was
induced on the Sb-bearing chromosome, the flies were
crossed to DA3R)E-079/TM2 females; and if the S6/Df{3R)E-
079 category was missing from the offspring, a stock was
generated over the TM2 balancer. If the F, karmoisin flies
were females, their F; karmoisin male progeny were used
for testing and stocks constructed as described above. The
putative deficiency bearing stocks were crossed to repre-
sentative lethal alleles from the ck16, ck17, ckl8, ck19 and
¢k20 complementation groups (GAUSZ et al. 1981). About
20,000 F, flies were scored to recover two deficiencies
(Df{3R)SB3 and Df{3R)SI55) with breakpoints in the 87B
region.

gIsolation of X-ray-induced mutations: In(3R)Na/Sb male
flies were irradiated with 4,000 R of X rays and mated en
masse to w™*"/w™* virgins. The males from F, progeny were
screened for the presence of flies showing suppression of
PEV. The putative suppressors were crossed to w™*/
w™™:¢168/TM3 females. PEV suppressor effect and lethality
over the ck19 allele (¢168) was tested in male progeny. Stocks
were established over the TM3 balancer and tested with
representative ck16, ck17, ck18 and ck20 alleles for lethality.
Two of the isolated PEV suppressors (1311 and I1455)
proved to carry lethal mutations in the ck/9 complementa-
tion group. Both the deficiency and mutant isolation was
carried out on the In(3R)Na chromosome since we also
wanted to map the chromosomal region responsible for the
appearance of a large stage-specific puff in this stock.

Molecular studies: A genomic library was constructed
from the In(3R)Na/LS13 strain by partially digesting ge-
nomic DNA with Sau3A and ligating the fragments into the
BamHI cloning site of EMBL4 phage (FRISCHAUF et al.
1983). The chromosomal walk was conducted according to
BENDER et al. (1983). The initial probe specific for the

87B5-10 region (BERNSTEIN et al. 1981) was kindly pro-
vided by S. I. BERNSTEIN. Genomic DNA and total RNA
were prepared from adults and larvae as described by Jow-
ETT (1986). Standard molecular techniques, including
Southern and Northern analysis, were performed according
to SAMBROOK, FRITSCH and MaNIATIS (1989). Probes were
generated by random oligonucleotide priming (FEINBERG
and VOGELSTEIN 1983).

P element-mediated germ line transformation and mu-
tant rescue: A 5.8-kb EcoRI fragment carrying the Su-
var(3)6 wild-type gene was isolated from a recombinant
phage (R3/18) and cloned into the unique Sall site of
Carnegie 20 transformation vector (RUBIN and SPRADLING
1983) by blunt end ligation. Transformation was performed
according to RUBIN and SPRADLING (1982). Transformed
77" G1 flies were selected and balanced lines established
using CyO and TM3,ry™*Sb ¢ balancer chromosomes.

The transformed lines were shown to contain the 5.8-kb
insert by Southern hybridization. In situ hybridization with
the biotinylated 7.3-kb HindIII fragment of the ry* gene
was performed to locate the chromosomal insertion sites.
The effect of the transforming DNA on the suppressor
phenotype of Su-var(3)6°" was studied after crossing w™";
Su-var(3)6°!/TM3 females with +/Y; CyO/P[(ry*)5.8 kb Eco
RI1J:ry’% or +/Y; +/+; P[(ry*)5.8 kb Eco R1]/TM3, ry**Sb ¢
males, respectively. The amount of eye pigment in the Su-
var(3)6%-bearing offspring with and without the trans-
formed fragment was measured. Rescue of recessive lethal-
ity was tested by crosses of +/+, MKRS or TM3/lethal or
deficiency females with P[(ry*)5.8 kb EcoR1]/+; TM2/lethal
or deficiency males. Viability of transheterozygote Pf(ry*)5.8
kb EcoR1]/+; lethal/deficiency or P[(ry*")5.8 kb Eco RI1]/+;
lethal/lethal flies indicates rescue of the recessive lethality of
Su-var(3)6 mutant alleles.

Germ-line clonal analysis: Germ-line mosaics were gen-
erated by pole cell transplantation (VAN DEUSEN 1976).
Donor embryos derived from a cross of Su-var(3)6°" red e/
TM3 females to Df3R)E-079/TM3 males. Host embryos
originated from crosses between wild-type females and
Fs(1)K1237/Y males. The Fs(1)1237 mutation causes a germ
line dependent dominant female sterility (KOMITOPOLOU et
al. 1983). Females eclosing from the host embryos cannot
produce offspring unless they received donor pole cells that
produce viable germ cells. All females were crossed to w™*/
Y; ¢/e males, and from the phenotype of offspring the
genotype of transplanted pole cells (TM3/Su-var(3)6% red e,
TM3/Df{3R)E-079, TM3/TM3 or Su-var(3)6°'red ¢/Df{3R)E-
079) can be determined. Females not laying eggs were
dissected and their ovaries inspected for egg chambers de-
veloping further than that of Fs(1)K1237 females, which
stop at stage 4 (KING 1970).

Measurement of protein phosphatase 1 specific activity:
Protein phosphatase activity and protein concentration of
third larval instar and adult extracts was determined as
described in DOMBRADI et al. (1990a). Phosphatase activity
was measured using rabbit skeletal muscle phosphorylase A
as substrate. This activity was sensitive to 100 U inhibitor
protein-2 and so was attributed to protein phosphatase 1.
This assay reflects the phosphatase activity of the highly
conserved PP1 catalytic subunit. The physiological sub-
strates in Drosophila cells are unknown and the regulatory
proteins poorly characterized (see DISCUSSION).

Neuroblast squashes: lethal/Df3R)E-079 larvae from
crosses between D3R)E-079/TM6B virgin females and le-
thal/TM6B males were grown at 25°. Larval ganglia were
dissected in 0.7% NaCl and squashed in 45% acetic acid,
dehydrated in ethanol and stained in 5% Giemsa’s stain in
100 mM sodium phosphate, pH 7. Squashes were mounted
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TABLE 1

Mutations and deficiencies in the region 87B and their effect on w™% PEV

Effect on PEV

Mutation Source Cytology Origin vk e phenotype
Su-var(3)6” EMS Normal 1) 48.0 Su
DA3R)E-079 EMS 86F1-2;87B8-10 2) 9.2 Su
DF(3R)SB3 X rays 87B5-8:87C8-D1.2 (3) 233 Su
Df3R)SI55 X rays 87B8-10;87D11-E1.2 (3) 2.3 Weak Su
1311 X rays Normal (3) 21.5 Su
1455 X rays Normal (3) 16.7 Su
e078 EMS Normal (2) 18.4 Su
e2ll EMS Normal (2) 2.8 Weak Su
e168 EMS Normal (2) 4.7 Weak Su
hsl6 EMS Normal (2) 2.8 Weak Su
hs46 EMS Normal (2) 2.9 Weak Su

The effect of the mutations in PEV was quantified by measuring red eye pigment in w™#/Y males after outcrossing homozygote w™*; +/
+ females with +/Y; Mutant/Balancer males (REUTER AND WOLFF, 1981). R? indicates the relative eye pigment content of mutant/+: +/+
w™* files. The subjective assessment of suppression is indicated as Su. The origins of the stocks are described in (1) REUTER et al. 1986; (2)

Gausz et al. 1981; (3) this paper.

in Euparal and examined with a 63X objective without phase
contrast.

RESULTS

Cytogenetic and molecular mapping of Su-var(3)6:
We have localized the Su-var(3)6 locus with respect to
several chromosomal deficiencies, the breakpoints of
which we have determined on a 250-kb chromosome
walk. The Su-var(3)6 locus maps to the overlapping
region of the deficiencies Df{3R)SB3 and Df{3R)E-079
that uncover three lethal complementation groups
(ck17, ck18 and ck19) in the 87B5-10 bands (GAusz
et al. 1981). Alleles of ck17 and ck18 do not show any
suppressor effect on PEV. Mutations in ck19 such as
1311, 1455 and e078 are strong suppressors (Table
1). Another deficiency, D3R)SI55 extending distally
fails to complement ¢ck19 alleles, thus placing the locus
in 87B8-10. This deficiency displays only a very weak
suppressor effect. The transheterozygotes of
Df{3R)SI55, 1311 and hs16 show a temperature sensi-
tive partial complementation, whereas e211 and 1455
give very few transheterozygotes (3/129 and 2/264,
respectively) with the semilethal Su-var(3)6°! (Table
2). D3R)SB3 must delete the Su-var(3)6 locus com-
pletely since it does not complement any of the loci
from ck17 on the left of Su-var(3)6 to the kar locus on
the right. DA3R)E-079 and Df{3R)SI55 may lack the
gene entirely or partially because they overlap in ¢ck19
(Figure 2). The proximal breakpoint of Df{3R)SB3 is
to the left end of phage L1/10, marked as position 0
on the map of Figure 1. We have localized the proxi-
mal breakpoint of Df{3R)SI55 and the distal break-
point of DA3R)E-079 to the molecular intervals 59.4—
59.6 and 62-64 kb, respectively (see legend to Figure
1). These results also locate the Su-var(3)6 gene at
around 60 on the DNA map.

P element transformation with the Su-var(3)6

gene: Axton and co-workers have previously shown
that the lethal (and, for some alleles, mitotic) pheno-
types of ck19 alleles could be rescued by germ-line
transformation with a 6.5-kb fragment containing the
protein phosphatase 1 catalytic subunit gene from
87B. Unfortunately, their transformation construct
utilized the white gene as a marker, and so their
transformants were unsuitable for testing whether this
fragment would also rescue the Su-var(3)6 phenotype
in our assay. We therefore carried out transformation
experiments using the 5.8-kb EcoRI (one of the EcoRI
site derives from the EMBL4 vector) fragment from
phage R3/18 (map position 56.2-62.0) inserted into
the Carnegie 20 transformation vector, which uses
rosy as transformation marker. This fragment also
carries the PP1 87 gene. Three independent transfor-
mant lines carrying this 5.8-kb fragment were re-
covered. Southern analysis and in situ hybridization
clearly showed the presence of independent insertion
sites in transformants Pf(ry*)5.8 kb] A, B and C (Table
3). The effect of the transformed fragment on the
suppressor phenotype of Su-var(3)6°' was studied by
measuring eye pigment content in w™* background.
All the transformants quench the strong suppressor
effect of Su-var(3)6°" (Table 3). The same effect is
found with tandem duplications covering this sup-
pressor locus (REUTER et al. 1987). The rescue of the
mutant phenotype indicates that the 5.8-kb fragment
used includes both the essential coding and regulatory
sequences of the Su-var(3)6 gene. Flies with two ad-
ditional copies of the Su-var(3)6 locus show normal
mottling, suggesting that the locus is without a triplo-
dependent effect (Table 3).

Rescue of the recessive lethality associated with Su-
var(3)6 locus was tested by crossing balanced MKRS/
lethal or TM3/Df females to +/P[(ry")5.8 kb EcoRI];
TM2/lethal or P[(ry*)5.8 kb Eco RI]/+; TM2/Df flies.
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TABLE 2

Complementation analysis of ck19 alleles and deficiencies uncovering the locus

Dfi3R)SB3 Dfi3R)SI55 Su6”! 1311 1455 078 e168 e211 hsl6 hs46
- Df3R)E079 - - - - - - - - - -
Dfi3R)SB3 - - -2 -2 - - - - -
Dfi3R)SI55 -t -2 -2 - + - - -
Su6”! + —t2 + + 13 + -
1311 -2 - - - - -
1455 - - - - -
e078 - - - -
el68 - - -
e211 - -
hs#6 =1

In this table, + indicates a semilethal, and — a lethal combination. Superscripts have the following meanings.
! Both alleles were induced on the recessive lethal chromosome Df(3R}kar¥/.

2 Alleles were induced on the In(3R)Na chromosome, which contains a second site lethal mutation.

t! This combination is lethal at 25° (0/80), and semilethal at 29° (7/50).

12 This combination gives no transheterozygotes at 25° (0/192), and very few at 29° (2/264).

3 This combination is lethal at 25° (0/136), and semilethal at 29° (8/129).
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FIGURE 1.—Localization of Su-var(3)6 gene on the DNA map. The chromosomal region 87B8-10 represented by recombinant phages.
Missing fragment(s) distal from map position 0 in transheterozygotes of D3R)SI55/D3R)E-079 were identified by comparing the restriction
pattern of their DNA with wild-type genomic DNA. The 2.3-kb Xhol fragment from phage R3/18 (map position: 59.6-61.9) failed to
hybridize with any fragment(s) from DA3R)SI55/Df3R)E-079. Consequently, the breakpoint of §155 is proximal, whereas the breakpoint of
E-079 is distal to this Xho [ fragment. D{3R)SI55 ends in the 8.7-kb Xho I fragment (map position: 50.9-59.6). As we were able to detect the
0.3-kb Bg! I1 fragment (map position 59.3-59.6) in D3R)SI55, the breakpoint of this deficiency is located in the 59.3-59.6 genomic interval.
The breakpoint of Df3R)E-079 lies in the 2-kb Bam HI-EcoRI fragment of phage R4/9A (map position: 62-64). In agreement with the
results of AXTON and co-workers (1990), e211 has also been shown to be deficient in the E-079/5155 overlap with a proximal break in the
2.3-kb Xhol fragment {map position 59.6-61.9). In the allelic mutants 1311, 1455, e078, Su-var(3)6°!, we were unable to detect any lesion in
the relevant regions by Southern analysis. However, we might have failed to observe minor changes since analysis of the genomic interval
between map positions 55.5-57.5 was hindered by the repetitive nature of this genomic region. Coordinates are given in kb on the DNA
map. G: Bgl 11; B: Bam HI; R: Eco RI; X: Xho 1; H: Hind III (Hind III sites are shown only for the region corresponding to R3/18 and R4/
9A phage clones). Deficiencies are indicated by filled bars, uncertainty of breakpoints is marked by hatched bars. Probes A, B and C are
DNA fragments used for Southern and Northern hybridization. The 5.8-kb EcoR1 fragment was used to resuce the suppressor phenotype of
Su-var(3)6°' and the lethal phenotype of ck19 alleles. PP1 (87B) transcripts are shown for comparison (based on DOMBRADI ¢t al. 1990a).

Viability of P[(ry*)5.8 kb EcoR1]/+; lethal/deficiency; e078,e168,e211, hs16, hs46, 1311, 1455 and also with
or P[(ry*)5.8 kb Eco RI]; lethal/lethal indicates rescue Df{3R)SI55. The same was found in transheterozy-
of the lethal phenotype. Lethal rescue was found in gotes of the different mutations. The lethality of
transheterozygotes of D{3R)E-079 with Su-var(3)6"’, Df(3R)E-079/Df(3R)SI55 was also rescued by the 5.8-
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TABLE 3

Rescue of the suppressor phenotype of Su-var(3)6°" and the effect of additional wild-type copies of the gene on PEV in wmth

Transformant Relative eye
line or pigment Number of
duplication Cytology Genotype® content Su* loci R
P[(ry*)5.8 kb]A 52E1.2-5.6 5.8 kb A/+;Su/+ 26.5 £+ 4.5¢ 2 2.7
CyO/+;Su/+ 722+ 6.5 1
P[(ry*)5.8 kb]B 78E 5.8 kb B/Su 23.6 £ 5.3¢ 2 3.5
Su/TM3 83.6 £ 6.2 1
P[(ry*)5.8 kb]C 61D 5.8 kb C/Su 30.2 + 4.8¢ 2 3.0
Su/TM3 89.1 7.6 1
Dp(3;3)D1 86E1;87C3-5 Su/Dp 26.4 + 5.8¢ 2 2.5
Su/TM3 67.1 £ 2.1 1
P[(ry*)5.8 kb]A 52E Sco/+TM3/+ 26+0.3 2
+ + Sco/+;5.8 kb B/+ 24+0.4 3 0.9
P[(ry*)5.8 kb]Bd 78E 5.8 kb A/+;5.8 kb 25+0.3 4 1.0

@ Females of the genotype w™*";Su-var(3)6°'/TM3 were crossed to +/Y;P[(ry*)5.8 kb EcoR1]A/CyOL;ry** or +/Y:+/+;P[(ry*)5.8 kb EcoRI]

B and C/TM31;ry"™Sb e males.

b Ratio of the relative eye pigment content of Su males lacking the insertion P[(ry*)5.8 kb EcoRI] to those carrying it.
¢ The Su-var(3)6°" mutant shows a significant maternal effect; when Su-var(3)6”' is inherited from the male parent the amount of the red

eye pigment measured is about 10 times less.

4w *h:P[(ry*)5.8 kb EcoRIJA/Sco;+/+ females were crossed to +/y;P[(ry*)5.8 kb EcoRI]B/TM3 males.
¢ Ratio of relative pigment content of w™*"/Y males with one and two additional Su* copies compared with w™h Y+ /+ flies.

kb fragment, indicating that there are no lethal mut-
able loci in the overlap other than the one contained
in the rescue fragment (i.e., ck19). (In the chromo-
somes e078, e168 and e211 independent second site
lethals have to be present because heterozygotes with
the deficiencies were rescued whereas homozygotes
remained lethal.)

Female germ-line function of Su-var(3)6°': Pre-
vious complementation studies indicated that the via-
bility of Su-var(3)6°'/e078 transheterozygotes is de-
pendent on the maternal inheritance of Su-var(3)6”!
(REUTER et al. 1987). Maternal effect was also found
in reciprocal crosses giving elevated pigment content
in both Su and Su™ offspring if the suppressor muta-
tion is maternally inherited (Table 3). We therefore
decided to test the lethality of Su-var(3)6°'/Df tran-
sheterozygotes during female germ-line development
by pole cell transplantation into the otherwise female
sterile host Fs(1)K1237 (see MATERIALS AND METH-
oDs). Among the 69 females eclosed 32 were chi-
meras. Eleven females gave offspring from Su/TM3,
nine from Df/TM3 pole cells. In 12 females the gen-
otype of the transplanted germ-line cells was TM3/
TM3. Although several (8) hosts were expected to
receive Su-var(3)6°" red e/Df pole cells, none were
observed. After dissection of the sterile females, we
did not find egg chambers developing further than
stage 4 typical for Fs(1)K1237 (KOMITOPOULOU et al.
1983). This is evidence that the Su-var(3)6 gene prod-
uct is essential for germ-line development.

Northern analysis: When we probed the RNA blots
with the nonrepetitive 2.3-kb Xhol fragment from
within the transforming fragment, two main RNA
species of 2.5 kb and 1.7 kb were visualized (Figure
2). These two transcripts correspond to those of the

12345

B -

FIGURE 2.—Northern analysis of Su-var(3)6 mutants. Total RNA
samples prepared from third instar larvae were run on a 1%
formaldehyde-agarose gel, blotted onto nitrocellulose, and hybrid-
ized with the 2.3-kb Xhol genomic clone (Figure 1, probe B). The
arrowhead indicates rehybridzation of the same filter with a 5C
specific actin clone. Lanes: 1, 1311/E-079; 2, 1455/E-079; 3, SI155/
E-079; 4, Su-var(3)6°' [Su-var(3)6°'; 5, w™* /w™*

PP1 87B gene (AXTON et al. 1990). These two tran-
scripts were missing from Df3R)E079/Df(3R)SI55 lar-
vae, and from hemizygotes of 1311 and 1455 (Figure
2), but they were present in Su-var(3)6°' homozygotes
and in hemizygotes of Su-var(3)6°!. AXTON et al.
(1990) previously showed that these two transcripts
are present in larvae hemizygous for 078 but are
missing from larvae hemizygous for e211 and are
reduced in size in hs46 larvae.

Protein phosphatase 1 activity of Su-var(3)6 mu-
tants: In all ck19 alleles tested, the PP1 specific activity
was reduced compared with the respective wild-type
levels in larvae (Table 4). The PP1 activity of homo-
zygous and transheterozygous Su-var(3)6°! larvae and
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TABLE 4

Protein phosphatase 1 activity in Su-var(3)6 alleles

Specific activity

Allele/strain Stage  mU/mg % sD (n)
Canton § A® 6.60 £ 0.70 (10)
w4 fyymih A 539+086 (10)
W Su-var(3)6°' /TM3 A 3.89 + 0.41 8)
W Su-var(3)6°! [Su-var(3)6> A 2.39 £ 0.52 (7)
Canton § L® 9.53 + 0.61 (7)
wmHh fymih L 7.25 £ 0.58 (5)
W™ Su-var(3)6° /Su-var(3)6°" L 1.52 + 0.40 (7)
Su-var(3)6* /[D3R)E-079 L 1.18 £ 0.27 9)
Su-var(3)6°! /DA3R)SI5 S5 L 2.14 = 0.34 (8)
Su-var(3)6°' [TM6B L 3.45+ 155 (15)
In(3R)Na/TM6B L 7.41 £ 0.42 (4)
In(3R)Na/Df{3R)E-079 L 6.41 +0.80 (6)
1311/DR3R)E-079 L 1.17 £ 0.21 (7
1311/TM6B L 3.77+x1.03 (13)
1455/D3R)E-079 L 1.26 £0.36 (11)
1455/TM6B L 403 £1.30 (15)

@ A, Adults, ® L, third instar larvae.

adults is nearly as low as that of the amorphic ck19
mutants 1311, 1455 (Table 4), e211 and hs46 (DoOM-
BRADI ¢t al. 1990a), indicating that mutations in all of
these alleles affect the PP1 (87B) gene. The reduction
of PP1 activity in 168 and hs16 was less significant.
The results obtained with 1311 and 1455 also confirm
that PP1 (87B) is the major contributor to PP1 activity
in third instar larvae and adults (cf. DOMBRADI et al.
1990a) (Table 4). The assays of adult Su-var(3)6°!
mutants demonstrate that the 87B isoenzyme also
represents the main PP1 activity in the adult stage
(Table 4).

Abnormal mitosis shown by alleles of the ck19
complementation group: Abnormal mitosis in larval
neuroblasts has been previously reported for the ¢211
and hs46 alleles but not for ¢078 (AXTON et al. 1990).
We have therefore examined other mutant alleles of
the locus for mitotic defects (Table 5). All ganglia
from the hemizygous mutant larvae exhibited some
neuroblasts or ganglion mother cells with the same
mitotic defects seen in mutants bearing the null PP1

87B allele e211 (AXTON et al. 1990). The aberrant
figures most frequently showed overcondensed met-
aphase chromosomes, and separate, but overcon-
densed, anaphase chromatids. Hyperploid cells with
overcondensed chromosomes were seen at a lower
frequency.

It is possible to recognize three classes of mutant
PP1 87B alleles based on the relative frequency of
abnormal mitosis in larval neuroblasts (Table 5 and
AXTON et al. 1990). The €211, 1311, 1455, SI55 and
SB3 alleles were associated with the highest frequency
(>40%) of aberrant metaphase and anaphase figures.
el68, hs16 have a weaker effect, with 10-30% aber-
rant figures. Su-var(3)6°' and ¢078 had the weakest
effect of all, resulting in less than 5% aberrant mitotic
figures.

DISCUSSION

The Su-var(3)6 locus has been mapped cytogeneti-
cally to 87B8-10 and several allelic mutations have
been identified. These analyses together with the data
of REUTER ¢t al. (1987) have yielded a total of 11
mutations that affect the Su-var(3)6 locus. Six of these
(Su-var(3)6%!, €078, 1311, 1455, Df3R)SB3 and
Df(3R)E-079) show clear suppression of PEV, and five
(e211, hsl6, hs46, e168 and Df{3R)SI55) have a weak
suppressor effect.

In this work we show that the cytologically visible
deficiencies D{3R)E-079, Df{3R)SB3 and Df{3R)SI55
are missing all or part of the PP1 87B gene. Of the
ck19 alleles, ¢211 was previously shown by AXTON et
al. (1990) to be an extensive deletion removing 5’
PP1 gene sequences, and hs46 a smaller deletion. This
was confirmed by DOMBRADI et al. (1990a), who
showed that the ¢211 deletion was greater than 6 kb,
and by DoMBRADI and COHEN (1992), who deter-
mined that 474 bp of 5’ coding and noncoding se-
quences were missing from the ks46 allele. This ex-
plains the lack of PP1 transcripts from the ¢211 mu-
tation and the shorter transcripts from hs46 found by
AXTON et al. (1990). From an analysis of the e211 null
mutant, DOMBRADI et al. (1990a) estimated that

TABLE 5

Abnormal mitotic figures in Su-var(3)6 alleles

Over- Over- Over- %

Normal Normal condensed condensed condensed Total Total aberrent

Genotype metaphase anaphase metaphase anaphase Hyperploid hyperploid mitoses ganglia mitoses
1455/DA3R)E079 129 42 169 137 5 55 537 3 68.2
1311/DR3R)E079 60 11 126 48 0 15 260 7 72.7
Df(3R)SI55/Df{3R)E079 27 11 41 10 0 1 90 5 57.8
Df{3R)SB3/DfI3R)E079 30 1 21 4 0 10 76 5 46.1
e168/Df3R)E079 419 114 172 34 3 9 751 4 29.0
hs16/DR3R)EQ79 401 129 45 23 0 2 600 4 11.7
Su-var(3)60’/Dﬂ3R)E079 478 199 16 8 1 0 702 5 35
Su-var(3)6°! 313 147 46 8 2 5 521 7 11.9




Su-var(3)6 Protein Phosphatase 123

expression of the PP1 gene at 87B contributed about
80% of total PP1 activity in third instar larvae. The
residual activity must result from isozymes encoded
by genes at three other locations: 9C, 13C, and 96A
(DOMBRADI ¢t al. 1989a, b). A measurement of total
PP1 activity does, however, give an indication of the
effects of the mutations we are studying. The absence
of transcripts and the basal level of PP1 activity in the
1311 and 1455 alleles suggests that these are also null
alleles of the PP1 87B gene. The other two alleles
that have been analyzed at the molecular level are Su-
var(3)6°! and €078, which each have point mutations
that change a conserved glycine residue to serine and
aspartic acid, respectively (DOMBRADI and COHEN
1992; DoMBRADI, GAUsY and COHEN 1991). The mo-
lecular lesion of the 1311, 1455, ¢168 and hs16 alleles
has yet to be determined, although our failure to
observe transcripts from 1311 and 1455 indicates that
the promoter is affected in these mutants. The effect
of the mutations upon viability correlates with PP1
activity (DOMBRADI ¢t al. 1990a, Table 4).

It was previously shown that the lethality of mutants
e211, hs46, and e078 could be rescued by a 6.5-kb
genomic fragment containing the PP1 (87B) gene, but
not by the equivalent fragment in which a nonsense
mutation was introduced into the PP1 gene (AXTON
et al. 1990). A slightly shorter fragment of 5.8 kb has
been used in the present study. It also contains the
PP1 (87B) gene and rescues the other lethal ckI9
mutants. The rescue of the lethal phenotype of trans-
heterozygotes DA3R)E-079 and Df{3R)SI55 with Su-
var(3)6 alleles proves that the lethality is the conse-
quence of a mutation in the PP1 (87B) gene that
results in reduced PP1 activity. The suppressor phe-
notype of the Su-var(3)6°’ allele (a strong suppressor
of PEV) is rescued by the same 5.8 kb genomic frag-
ment. Therefore the 5.8 kb transforming fragment
contains all the essential sequences for rescue of both
the lethality and the suppression of PEV.

The importance of the maternally provided gene
product in germ-line development was demonstrated
by pole cell transplantation. This is consistent with the
previous finding of REUTER et al. (1987) that Su-
var(3)6%°' exhibits a maternal effect. A maternal effect
parallel to the one found for PP1 was also demon-
strated in reciprocal crosses giving elevated pigment
content if the suppressor mutation was maternally
inherited (Table 3).

For four of the PP1 87B mutant alleles, it is possible
to correlate the effects of the mutation on mitosis of
neuroblasts, PEV and phosphatase activity in whole
larval extracts. 1311 and 1455 both show a high
frequency of aberrant mitoses, strong suppression of
variegation and low phosphatase activity in extracts.
In these respects, these alleles resemble the deficiency
for the entire locus DA3R)SB3 and may be considered

null alleles. In contrast, e168 and hsl6 have a moder-
ate effect on mitosis, show weak variegation suppres-
sion and have slightly less than wild-type levels of
activity.

However, a simple model in which different alleles
affect only the quantity of PP1 activity does not ac-
count for several of our observations. DOMBRADI et
al. (1990a) conjectured that residual activity found in
¢078/Df{3R)E-079 larvae represented a threshold level
needed for normal passage through mitosis. However,
we find a very low frequency of abnormal mitosis in
neuroblasts of Su-var(3)6°' /Df3R)E-079 larvae, along
with phosphatase activity levels comparable to the null
1311 and 1455/Df{3R)E-079. Alternatively, AXTON et
al. (1990) proposed that the mitotic defects might
result only when the catalytic subunit was totally ab-
sent, due to excess free regulatory subunits, perhaps
interfering with the functioning of another PP1 isoen-
zyme or with other proteins essential for mitosis. This
last model cannot provide the complete explanation
because of the good correlation of loss of activity with
frequency of abnormal mitosis in the case of the ¢168
and hs16 alleles, although these mutations could them-
selves prevent PP1 from fully interacting with regu-
latory subunits.

Consequently, at least two explanations are possible
for the lack of effect of the Su-var(3)6°’ and ¢078
mutations on mitosis. On the one hand, the mutant
protein encoded by these two alleles could still bind
correctly to regulatory subunits, thus permitting nor-
mal mitosis. Biological activity associated with frag-
ments of PPl is not without precedent. The gene
encoding one of two isoforms of PP1 in fission yeast
(dis2) has been shown to be able to cause a ¢dc25%
weel™ double mutant to revert to a temperature-sen-
sitive cdc phenotype (BOOHER and BEaCH 1989). This
activity has been mapped to a small C-terminal peptide
region of the dis2 PP1 (KINOSHITA et al. 1991) The
mitotic role of this fragment of PP1 in fission yeast
remains to be fully characterized. An alternative ex-
planation of the mitotic phenotypes of the mutations
€078 and Su-var(3)6” is that they affect substrate
specificity of the enzyme. In this case, mitotic sub-
strates would be dephosphorylated relatively nor-
mally, whereas dephosphorylation of phosphorylase
(the substrate used for our in vitro assays) and the
substrates having a role in PEV is reduced. It is
presently unclear which regions of the catalytic sub-
unit are responsible for the binding of interacting
subunits thought to determine substrate specificity.
Interacting subunits remain to be characterized in
Drosophila, although in fission yeast the gene for one
such protein (sds22) has been identified as a multicopy
suppressor of the semi-dominant cold sensitive dis2—
11 mutation (OHKURA and YANAGIDA 1991). To sep-
arate the effects of mutations in the Drosophila genes
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upon intrinsic activity of the catalytic subunit and on
its ability to interact with its regulators, it will be
necessary to assay the activity of the cloned mutant
PP1 87B genes in vitro.

Our most intriguing finding is that of a class of
mutant PP1 87B alleles that display a high frequency
of abnormal mitosis when hemizygous but only a weak
dominant PEV suppressor effect. All three of these
mutations, e211, hs46 and Df{3R)SI55, delete all or
part of the 5’ end of the PP1 87B transcription unit
while leaving most of the coding region intact. All
were predicted to be null mutations: ¢211/Df{3R)E-
079 and Df{3R)SI55/Df(3R)E-079 larvae lack PP1 87B
RNA; and in hs46/Df{3R)E-079, transcripts are trun-
cated and the predicted translational start site is miss-
ing. These observations are sufficient to explain the
strong mitotic phenotype of these mutations and null
activity in larval extracts. However, the weak Su-var
phenotype of these alleles was unexpected. One pos-
sibility is that each of these three stocks bears an
independent enhancer of PEV (E-var) on the same
chromosome as the PP1 87B mutation. This seems
unlikely since the genetic background of these three
stocks is different. Furthermore, when segments of
the chromosome carrying 211 are exchanged
through recombination, the suppressor phenotype is
not significantly changed. However, preliminary re-
sults indicate that Df{3R)SI55 does uncover a homoz-
yogous viable enhancer locus distal to Su-var(3)6 that
displays a significant paternal effect (DORN et al.
1993). Another possibility, despite the lack of PP1
87B RNA in mutant third instar larvae, is that suffi-
cient truncated PP1 protein is produced from the
mutated gene, perhaps from a cryptic promotor, at
sufficient levels at a critical period of development to
restore wild-type PEV. We are currently investigating
both of these possibilities.

It is known that PP1 has broad substrate specificity
and affects many vital functions probably through
interaction with different substrate proteins and/or
different targeting or regulatory proteins (COHEN
1989). Importantly, none of the other PP1 isoenzymes
can substitute for PP1 (87B) in its role in mitosis or
PEV, indicating a specialized function for the differ-
ent PP1 isoforms in Drosophila. The broad substrate
specificity of PP1 makes it difficult to predict which
proteins it might regulate in PEV. One possible can-
didate is the zinc finger containing protein product of
the Su-var(3)7 locus that has about 40 potential phos-
phorylation sites (REUTER et al. 1990). Phosphoryla-
tion of the protein may prevent effective DNA bind-
ing and consequently heterochromatinization. De-
phosphorylation by PP1 on the other hand may allow
DNA binding and chromosome condensation. This is
supported by the finding that the Su-var(3)6°" muta-
tion is epistatic over the enhancer effect of additional

wild-type copies of the Su-var(3)7 locus (REUTER et al.
1990). Contrary to the previously cloned haplo-sup-
pressors with triplo-enhancer effect, Su-var(3)7 and
Su-var(2)5 (EISSENBERG et al. 1990), which code for
structural components of the heterochromatin, Su-
var(3)6 without any triplo-enhancer effect codes for
an enzyme, the properties of which suggest that the
rate of phosphorylation-dephosphorylation of chro-
mosomal proteins is in a delicate balance at the time
at which heterochromatinization is set.

J. GAusz, H. GURKOVICS and V. DOMBRADI were supported from
the Hungarian National Science and Research Fund (OTKA 550,
920 and OTKA 1501, and the Ba’styai-Holczer foundation). D. M.
GLOVER and J. M. AXTON thank the Cancer Research Campaign of
Great Britain and the Human Frontiers Science Program for sup-
port. We are grateful to SANDFORD 1. BERNSTEIN for providing the
initial probe for the chromosomal walk, to MiIkKLOS ERDELYI and
LaszLo Stpos for their help with the in situ hybridization, to
HIROYUKI OHKURA and TOM GRIGLIATTI for their comments on
drafts of the manuscript, to ANNA CSENDES and ANGLA N. GYRI
for assistance and to ANDRAS BORKA for photography.

LITERATURE CITED

AXTON, J. M., V. DOMBRADI, P. T. W. COHEN and D. M. GLOVER,
1990 One of the protein phosphtase 1 isoenzymes in Drosoph-
ila is essential for mitosis. Cell 63: 33-46.

BENDER, W., M. AKaM, F. KARCH, P. A. BEACHY, M. PFEIFER, P.
SPIERER, E. B. LEwis and D. S. HoGNEss, 1983 Molecular
genetics of the bithorax complex in Drosophila melanogaster.
Science 221: 23-29.

BERNSTEIN, S. I, A. W. GLENN, C. P. EMERSON, JR. and ]. J.
DoNapy, 1981 Isolation and mapping the developmentally
regulated muscle genes of Drosophila: evidence for gene clus-
tering. Genetics 97 (Suppl.): s10.

BOOHER, R., and D. BEAcH, 1989 Involvement of a type I protein
phosphatase encoded by bwsI* in fission yeast mitotic control.
Cell 57: 1009-1016.

CoHEN, P. 1989 The structure and regulation of protein phos-
phatases. Annu. Rev. Biochem. 58: 453-508.

DoMBRADI, V., and P. T. W. COHEN, 1992 Protein phosphoryla-
tion is involved in the regulation of chromatin condensation
during interphase. FEBS Lett. 312: 21-26.

DomMBRADI, V., ]J. Gauszand P. T. W. COHEN, 1991 The structure
and function of protein phosphatase 1 (87B) gene in Drosophila
phosphatase mutants. Adv. Protein Phosphatases 6 (Suppl.):
75-76 .

DoMBRADL, V., J. M. AXTON, D. M. GLovER and P. T. W. COHEN,
1989 Cloning and chromosomal localisation of Drosophila
cDNA encoding the catalytic subunit of protein phosphatase 1.
Eur. J. Biochem. 183: 603-610.

DoMBraDI, V., J. M. AXTON, H. M. BAKER and P. T. W. COHEN,
1990a Protein phosphatase 1 activity in Drosophila mutants
with abnormalities in mitosis and chromosome condensation.
FEBS Lett. 275: 39-43.

DomMBRADI, V., J. M. AXTON, N. D. BREwIS, E. F. DACRUZ E SILVA,
L. ALPHEY and P. T. W. COHEN, 1990b Drosophila contains
at least three genes that encode distinct isoforms of protein
phosphatase 1. Eur. J. Biochem. 194: 739-745.

DorN, R., S. HEyMANN, R. LINDIGKEIT and G. REUTER,
1986 Suppressor mutation of position-effect variegation in
Drosophila melanogaster affecting chromatin properties. Chro-
mosoma 93: 398-403.

DorN, R., ]J. SZIDONYA, G. KORGE, M. SEHNERT, H. TAUBERT, E.
ARCHOUKIEH, B. TSCHIERSCH, H. MORAWIETZ, G. WUSTMANN,



Su-var(3)6 Protein Phosphatase 125

G. HoFFMANN and G. REUTER, 1993 P-transposon-induced
dominant enhancer mutations of position-effect variegation in
Drosophila melanogaster. Genetics 133: 279-290.

EISSENBERG, J. C., 1989 Position effect variegation in Drosophila:
towards a genetics of chromatin assembly. Bioessays 11: 11—
14.

EISSENBERG, ]. C., T. C. JAMES, D. M. FOSTER-HARTNETT, V. NGAN
and S. R. C. ELGIN, 1990 Mutation in a heterochromatin-
specific chromosomal protein is associated with suppression of
position-effect variegation in Drosophila melanogaster. Proc.
Natl. Acad. Sci. USA 87: 9923-9927.

FEINBERG, A. P., and B. VOGELSTEIN, 1983 A technique for
radiolabelling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 132: 6-13.

FRISCHAUF, A. M., H. LEHRACH, A. PousTkaA, and N. MURRAY,
1983 Lambda replacement vectors carrying polylinker se-
quences. J. Mol. Biol. 170: 827-842.

Gausz, J., H. Gyurkovics, G. BENCZE, A. A. M. Awabp, ]. ].
HoLpeN and D. IsH-Horowicz, 1981 Genetic characteriza-
tion of the region between 86F,12 and 87B15 on the chro-
mosome 3 of Drosophila melanogaster. Genetics 98: 775-798.

JoweTT, T., 1986 Preparation of nucleic acids, pp 275-286 in
Drosophila: A Practical Approach, edited by D. ROBERTS. IRL
Press, Oxford, Washington D.C.

KiNG, R. C,, 1970 Ovarian development in Drosophila melano-
gaster. Academic Press, New York, pp. 1-227.

KINOSHITA, N., H. YAMANO, F. LE BOUFFANT-SLADECZEK, H. Ku-
ROOKA, H. OHKURA, E. M. STONE, M. TAKEUCHI, T. TopaA, T.
YosHIDA and M. YANAGIDA, 1991 Sister chromatid separa-
tion and protein dephosphorylation in mitosis. Cold Spring
Harbor Symp. Quant. Biol. 56: 621-628.

KomrtopouLou, K., M. GANs, L. H. MARGARITIs and F. C. KaFa-
TOS, 1983 Isolation and characterization of sex-linked female
sterile mutations in Drosophila with special attention to eggshell
mutants. Genetics 105: 897-920.

LoOCKE, J., M. A. KoTrARrskiand K. TARTOF, 1988 Dosage-depend-
ent modifiers of position effect variegation in Drosophila and a
mass-action model that explains their effect. Genetics 102: 181-
198.

LINDSLEY, D. L., and G. ZiMM, 1992 The genome of Drosophila
melanogaster. Academic Press, New York.

OHKURA, H., and M. YaNacIDa, 1991 S. pombe gene sds22+
essential for a mid-mitotic transition encodes a leucine-rich
repeat protein that positively modulates protein phosphatase
1. Cell 64: 149-157.

REUTER, G., and 1. WoOFF, 1981 Isolation of dominant suppressor
mutations for position-effect variegation in Drosophila melano-
gaster. Mol. Gen. Genet. 182: 516-519.

REUTER, G., ]J. Gausz, H. GYURkovVICS, B. FRIEDE, R. BANG, A.
SPIERER, L. M. C. HALL and P. SPIERER, 1987 Modifiers of
position-effect variegation in the region from 86C to 88B of
the Drosophila melanogaster third chromosome. Mol. Gen. Ge-
net. 210: 429-436.

REUTER, G., M. GIARE, ]J. FARAH, J. Gausz and P. SPIERER,
1990 Dependence of position-effect variegation in Drosophila
on dose of gene encoding an unusual zinc-finger protein.
Nature 344: 219-223.

RusIN, G. M., and A. C. SPRADLING, 1982 Genetic transformation
of Drosophila melanogaster with transposable element vectors.
Science 218: 348-353.

RuUBIN, G. M., and A. C. SPRADLING, 1983 Vectors for P element-
mediated gene transfer in Drosophila. Nucleic Acids Res. 11:
6341-6351.

SAMBROOK, |., E. F. FRITSCH and T. MANIATIS, 1989 Molecular
cloning: A Laboratory Manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

SINCLAIR, D. A. R, R. C. MorTUs and T. A. GRIGLIATTI,
1983  Genes which suppress position-effect variegation in Dro-
sophila melanogaster are clustered. Mol. Gen. Genet. 191: 326-
333.

SPRADLING, A. C.,and G. H. KARPEN, 1990  Sixty years of mystery.
Genetics 126: 770-784.

VAN DEUSEN, E. B., 1976  Sex determination in germ line chimeras
of Drosophila melanogaster. J. Embryol. Exp. Morphol. 37: 173—
185.

WusTMAN, G., ]J. SzipoNyA, H. TAUBERT and G. REUTER,
1989 The genetics of position-effect variegation modifying
loci in Drosophila melanogaster. Mol. Gen. Genet. 217: 520-
527.

Communicating editor: T. SCHUPBACH



