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Structure and sequence of the Drosophila zeste gene
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The zeste gene of Drosophila affects the expression of other
genes in a manner that depends on the homologous pairing
of the chromosomes bearing the target gene. Zeste mediates
transvection effects, the ability of one gene to control the ex-
pression of its homologous copy on another chromosome. We
have determined the structure of the zeste gene and several
mutan partial deletions and the sequence of the z*,
22" and z!'C3 alleles. The predicted zeste protein has an
unusual structure including runs of GIn, Ala and alterna tu‘l;g
GIn Ala. Contrary to expectations the z!, z°"® and z'
mutations can each be attributed to single amino acid changes.
The analysis of the mutants suggests that the zeste gene pro-
duct is required for normal expression of at least some genes
and we argue that z* mutants may have residual function.
Key words: transfection/chromosome pairing/gene regulation

Introduction

The zeste gene of Drosophila is a regulatory gene that affects
the expression of certain other loci. Three of these have been
identified: white, Ultrabithorax (Ubx) and decapentaplegic (dpp)
although a systematic search for interactions with other target
loci has not been undertaken.

Genetic tests for zeste interaction are based on two phenomena.
One is transvection (Lewis, 1954; Kaufman et al., 1973) a
phenomenon whereby certain alleles of a given locus, in hetero-
zygous combination are able to complement one another partial-
ly, provided that they are juxtaposed by somatic chromosome
pairing and that an active zeste gene is present. Zeste-dependent
transvection effects hve been demonstrated at Ubx, dpp and white
(Babu and Bhat, 1980; Gelbart and Wu, 1982) but pairing-
dependent allelic complementation may well be a more wide-
spread phenomenon. As the molecular structure of the genes in-
volved has become better understood, it is becoming clear that
the combinations of alleles that transvect are those involving one
regulatory mutation and one mutation affecting the transcribed
part of the target gene. It appears, in other words, that transvec-
tion reveals the ability of an intact regulatory region on one copy
of the target gene to control the expression of the other copy,
whose regulatory region is mutationally altered. This interpreta-
tion rationalizes the requirement for the physical proximity of
the two copies that result from homologous pairing of the chromo-
somes. It does not clarify the involvement of the zeste gene pro-
duct which is not itself required for chromosome pairing.
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The second genetic test for zeste function is based on the pro-
perties of the orxgmal Zeste mutation, 1solated by Gans (1953)
and referred to as z' in this paper. The z' mutant product af-
fects specifically the function of the white gene, greatly depress-
ing its expression when white is present in two paired copies.
This effect occurs at the level of transcription (Bingham and
Zachar, 1985) and is not apprecmbly detected if a single copy
of white is present. The target of the z' product has been localiz-
ed to a 95-nucleotide interval in the regulatory region of white,
about 1100 bp distant from the transcription start site. This target
can be brought closer or moved away from the white promoter
by at least 800 bp or inverted with respect to it without altering
its effect (P1rrotta et al., 1985). The z! mutation is antagonized
by the z* product, provxdmg therefore a simple genetic test for
z* function. Mutations of zeste that fail to complement z' are
generally called Z-type. However, 2! is partially dominant over
z" and this dominance is enhanced and revealed by the presence
of increasing numbers of copies of white, either paired or tandem-
ly repeated (Jack and Judd, 1979). Evidence that the zeste pro-
duct also interacts with a single copy of the target gene is provided
by the 2°% mutant isolated by Lifschytz and Green (1984) star-
ting from the z! mutant. The 7% and other mutants of that class
now give the zeste effect even with a single copy of the white
gene. This effect is enhanced, and 2% becomes dominant over
z*, when the white gene is paired. The vast majority of zeste
mutations are of the z* variety and behave as hypomorphic or
null alleles with respect to both z' complementation and trans-
vection.

The two aspects of zeste function revealed by transvection and
by the 2! effect on white are clearly related in some way. Both
involve the zeste gene, occur at the RNA level and depend on
pairing but there is not always a correspondence between the ef-
fects of zeste mutatlons on transvection and on white expression.
For example, the z allele behaves like z* in ?romoting trans-
vection at Ubx; z'' Pseudo-revertant of z is nearly wild-
type in complementmg z effects at white but behaves like z~
with respect to transvection at Ubx (Kaufman et al., 1973). Worse
yet, it appears that different genes respond dlfferently Z! per-
mits transvection at Ubx but not at dpp (Gelbart and Wu, 1982)
and finally, even the white gene is affected by z! in a tissue-
specific manner: its expression is depressed in the eye but not
in the ocelli, testes or malpighian tubules (Gans, 1953; Pirrotta
et al., 1985; Bingham and Zachar, 1985). This plethora of dif-
ferent effects suggests that zeste acts in processes that involve
multiple components and may well differ in mechanistic details
at different sites.

It is important to emphasize that both transvection and the !
effect on white involve artificial situations that reveal the par-
ticipation of zeste but do not tell us what, if anything, zeste nor-
mally does to the expression of genes. To answer this question
we need more direct information on the zeste product and its
molecular interactions with other nuclear components. The zeste
gene has been cloned (Mariani et al., 1985; Gunaratne et al.,
1986). In the present work we have analysed the structure of the
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Fig. 1. Map of the zeste gene. The figure summarizes the results of
different mapping experiments. The top line shows the scale in kilobases.
The second line represents the transcript. The 5’ end is on the left and the
position of introns is indicated. The heavy black bar represents the DNA
with the relevant restriction sites symbolized by: B, BamHI; H2, HindIl; A,
Aval; K, Kpnl; P2, Pvn2; H3, HindIIl. The lines below show the
breakpoints of Df(l) 64c4 and In(1) e(bx) and the deletions and insertion
present in z'//® and z*. Proximal and distal refer to the orientation in the X
chromosome.

gene, its transcription and its sequence. We have compared the
wild-type with a number of the most significant zeste mutants
as a prelude to the study of the zeste protein and its function.

Results
Germ line transformation

We have shown in a previous article that several zeste mutations
[In(1) e(bx)], z7, 2V, etc.] are associated with breakpoints or
alterations in a 3.9-kb BamHI fragment whose map is shown in
Figure 1 (Mariani et al., 1985). To determine whether this frag-
ment contains the entire zeste gene, we decided to use the cor-
responding region from the zopé mutant. If the fragment contains
a functional gene, it should confer a yellow eye phenotype to
z~ flies. Furthermore, both males and females should be yellow—
eyed since the white gene is on the X chromosome and since
the distinctive property of the z°P® product is that it affects even
a single, unpaired copy of white. We inserted the z° P6 BamHI
3.9-kb fragment in the pUChsneo vector for P-mediated germ
line transformation and injected the DNA into y 2 embryos
carrying a defective zeste gene, unable to complement the Z!
mutation. All the transformants detected in the F1 generation by
the criterion of G418 resistance had a pale yellow eye color, ir-
respective of sex, indicating that they had received a functional
7076 gene. Five independent transformed lines behaved identical-
ly, with no evidence of position effects.

To begin mapping the lesions in the mutant gene, we con-
structed a hybrid zeste transposon. We took the 5’ end of the
gene, from the BamHI site to the Kpnl site, from z°P while the
rest of the gene, from the Kpnl site on, came from the wild-
type. The G418-resistant F1 flies obtained from y Z* embryos
all had red eyes and gave rise to no yellow-eyed flies upon in-
breeding. Since the Kpnl site is well within the transcrlbed region
(see below), this experiment tells us that the z' component of

2% lies not in the 5’ flanking region but in the transcribed se-
quences. We can draw no conclusions about the second compo-
nent of z°°® which allows it to affect a smgle copy of white,
since we cannot detect it independently of z'.

Sequence of the zeste region

We have sequenced most of the BamHI 3.9-kb fragment as well
as the homologous fragments isolated from three 1mportant mu-
tant alleles that alter the function of the zeste product: the z! mu-
tant of Gans, its pseudo-revertant z 163 (Gans, 1953) and the z°®
mutant of Lifschytz and Green (1984). The z' mutant was
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isolated from a wild-type stock that can be expected to contain
several sequence polymorphisms with respect to the Oregon R
sequence that represents our wild-type. Both the 7' revertant
and the z° "6 mutant were isolated from z! flies and should share
with the z' sequence all those polymorphisms including the Z!
mutation proper and contain 1n addition new sequence changes
responsible for the 2'163 or 7% phenotype. The sequence ob-
tained is shown in Figure 2 which also summarizes the data from
cDNA sequencing and S1 mapping of the transcripts. We will
defer for the moment a discussion of these results.

A number of other mutants alter the structure of this region
and affect the function of the zeste gene. One of these is Df 64c4,
a deficiency that spans the mterval from zeste to the 3C reglon
and fails to complement the z' mutation. Genomic S1 mapping
experiments such as those shown in Figure 3 show that this defi-
ciency has a breakpoint near position 2500 + 10 in the map
shown in Figure 1. Genomic Southern blots show that In(I) e(bx)
has a breakpoint in the segment represented by probe A1l (Figure
3b) and S1 mapping shows that the breakpoint is near position
2015 + 5. This mutation, an inversion with a breakpoint in the
zeste gene, behaves as a z~ allele both by failing to complement
2! and by failing to promote transvection effects (Lewis, 1954;
Kaufman ef al., 1973).

The two other mutants studied were both induced by P—M
dysgenic crosses. One, Z7, contams an insertion of P element
sequences, while the other, 2™ | has no P sequences associated
with it but has instead a small deletion of ~300 nucleotides
(Green, 1984; Mariani et al., 1985). Genomic S1 mapping ex-
periments place the Padll deletlon approximately between nucleo-
tides 629 + 5 and 933 + 5 and show that the z™ mutant bears
a deletion of similar size between position 570 + 4 and 865 +
5, in addition to the P element insertion.

In the case of the z" mutation, a genomic clone containing the
zeste gene and the inserted P element was recovered by
microdissection from mutant chromosomes (Mariani ez al., 1985)
and the precise position of the insertion and the extent of the flank-
ing deletion were determined by nucleotide sequencing. The
results, summarized in Figures 1 and 2, confirm the interpreta-
tion of the genomic S1 mapping experiments and give the follow-
ing picture. In z" a P element ~ 1 kb long is inserted at position
568. Restriction mapping data and DNA sequence agree that this
is the 3’ end of the P element. The 5’ end of the P element is
contiguous with the zeste sequence at position 867. The deletion
of 299 nucleotide pairs and the absence of the target site duplica-
tion that commonly accompanies transposon integration make it
impossible to determine whether the insertion originally occur-
red at position 568 or at position 867 or even somewhere in be-
tween and was then followed by a small bilateral deletion.

The z*”"" mutation was almost surely caused by a P element
insertion at the same site. In this case the insertion was followed
by a deletion that removed the entire P element along with some
300 nucleotides of flanking sequence. Neither breakpoint coin-
cides with the breakpoints of the z" mutation and again it is im-
possible to determine whether the deletion was to the right or
to the left of the original insertion or bilateral.

S1 mapping of zeste mRNA

We utilized a series of overlapping fragments from the zeste
region to map, by S1 protection, the sequences represented in
zeste RNA from adult flies. Representative experiments are
shown in Figure 4. It is clear that, under the conditions used
in most of the experiments, some of the duplex regions were not
entirely immune to S1 nuclease, resulting in a number of minor
bands. The results, however, indicate the presence of three exons:
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GGATCCGTGCGCGTTTCCGTACGGAATATTGTCGCTGGTCGTCTGCCAGTTCTTCCTCCGATTTTTTCCGTCCCC"AACATGCGATACTGCACCTTGAAAAAGGTGATCTGGAGTCC}:\%%
GTTTTGTGGCACACTCCAGCGCAGCATCACGGACTCGTCCGACAGACGGGTGACATTGGGTCGTGACGGAGGCRCCATGCTCGCTGTAACAAGCGTTTTTATTAGGTTTATTTTAATg:.g
TTGTCTTGATGTTATTATTTACAATTCTGAACATTTGAA’I‘ATCTGGCGTTGCCAGACCAGATCATCGA‘I‘GTACATTTTCATATAAAATCGATGATAAGGAATAAGATCGGATAATTG(;EIS
TTCAGAAAGCTCATGAACACTAAGCAACTGACGGAACAATAAATTTATAGATACAAAAATGTAAATTGT TAAAAATGCTGCAGAAGT TAACTTGTTARAATTAAACGTGTARAAGACCAA

z7A cDNA start 600
CATTATCGATAGATTAGTGATGCAGAATTTAGAGTACACATGATATCGAT'I‘GGTATCGACACTACGGCATCGATACCA}\CTCTCGC TATCGTAAGTETTTACCAGCTCTGATATTCGAG

v . . . . . . 720
TGAAAATGTGTGCGTGTAAGCGATTTATTTATTIGAGCGGCGACTCTCGGGCGTCCAAAAACTTTTTTATTTCTTTATGTAAACCAACGCGAGCCAAGTCAAGTGCAATATAGAATTGGTG
840
GCTGCATGTCGGGTGCAAGGGGTACCAAGACGGTGACTGACGCACACTAACACACGGGCGCGCGCGCTGCTGCGTCTGTGTGTGCGTGTGTGTGTGCCAGCCACTACTGTGTGTGTATAA
-27A . A-a|2zVI7Th | . 960
GTGTATACAGCGAAGAAGAAGCAAG CTCAAACTCAAGTGAAAAACTCAAAACAAACTCAAATGTCGGCGCAGGGTGAAGGGGGCGGTGCTGGCGGAAGCGGCGGCGGTGGTGCTGGTT
1080

CGGATGGAGGCGGCAATGCTGGCCAAAGCTCCACGGGGAGTGGCACAGTGGCGGTCACCAACGGAGGCAACTCGTCCGCCGAAAAACCAGCTGCCGCTCACCCCGCGCTTCACCGCCGAG
MetGluAlaAlaMetLeuAlaLysAlaProArgGlyValAlaGlnTrpArgSerProThrGluAlaThrA:gProProLysAsnGlnLeuProLeuThrProArgPheThrAlaGlu
. 1200
GAAAAGGAGGTCCTGTACACCCTGTTCCATTTGCACGAGGAGGTCATCGATATCAAGCATCGCAAGAAGCAGCGCAACAAGTACTCCGTCCGAGAAACATGGGACAAGATCGTCAAGGAC
GluLysGluValLeuTyrThrLeuPheHlsLequsGluGluValIleAspIleLysHlsArgLysLysGlnArgAsnLysTyrSerValArgGluThrTrpAspLysIleValLysAsp
1320
TTCAACTCGCACCCGCATGTGAGCGCCATGCGGAATATCAAGCAGATCCAGAAATTCTGGCTAAACTCCAGGTGCGAAATAGTGTTTATGTGGTTGGAAAATGTTGCTAGAGTGGTCCAG
PheAsnSerHisProHisValSerAlaMetArgAsnIleLysGlnIleGlnLySPheTrPLEUASNSEIAL . .« vuun ettt e e e iaa e aeeeaeeeeenns
.G . 1440
GTTCCACAATTCCCACCTCACCAAAATCTAGCTTTTAACTCCCTATCTTGTTATTTGTGATTTTCTGTTTAGACTCCGCAAACAGTATCCGTACAGGGATGGCAGCTCCTCAAATCTCAG
........................................................................ gLeuArgLysGlnTyrProTyrArgAspGlySerSerSerAsnleuSe
1560
CTCTGGTAGCGCCAAAATCAGCTCCGTATCCGTGTCCGTTGCGTCGGCGGTGCCACAACAGCAGCAGCAACAGCATCACCAGCAGCATGACAGCGTTAAGGTGGAACCCGAGTACCAGAT
rSerGlySerRlaLysIleSerSerValSerValSerValAlaSerAlavValProGlnGlnGlnGlnGlnGlnHisHisGlnGlnHisAspSerValLlysValGluProGluTyrGlnIl
1680
TAGTCCCGATGCCTCCGAGCACAATCCACAGGCGGACACATTCGACGAGATCGAGATGGATGCCAACGATGTGAGCGAGATTGACGAGGACCCAATGGAGCAGCAGCAGCAACAGCAGCA
eSerProAspAlaSerGluHisAsnProGlnAlaAspThrPheAspGlulleGluMetAspAlaAsnAspValSerGlulleAspGluAspProMetGluGlnGlnGlnGlnGlnGlnGl
1800
GGAGGCTCAGGCCCAAGCCCAAGCCCAAGCCCAAGCTCAGGCCCAAGTGCAATCCGCCGC»GCCGAGATGCAGAAGATGCAACAGGTGAACGCGGTGGCTGCGGCGGCGGCGGCCAATGC
nGluAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnValGlnSerAlaAlaAlaGluMetGlnLysMetGlnGlnvalAsnAlaValAlaAlaAlaAlaAlaAlaAsnAl
1920
CACCATGATCAACACCCACCAGATAAACGTGGACCAGATCAGTGCTGAGAAGCTGACTCTGAATGATCTGCTGGACTTCAAGACAGCTCGCCCCCGCGAGGAGATCATATTGATTAAGCA
aThrMetIleAsnThrHisGlnIleAsnValAspGlnIleSerAlaGluLysLeuThrLeuAsnAspLeuLeuHisPheLysThrAlaArgProArgGluGluIleIleLeulleLysHi
T 2040
CCCAGAGGCTACCGGTGAGATTGTACACCCTTCTTAAAGATCCCCTTCAAAGTCTAAATTCTTCCTTTTCGTTTAGCCACCCAGATCCACACCATACCCACCCAGGCGCAGCAGCATCCA
SProGLUALATRIA. . ... e e laThrGlnlleHisThrIleProThrGlnAlaGlnGlnHisPro
G . 2160
ATGGCCACAATTACCGCCGGCGGCTACAATCAGCAGATCATTAGTGAGATCAAGCCCCAGCAAATCACTTTGGCCCAGTACCAGGCTCAGCAGCAACAGCAGGCTCAAGCGCAGGCCCAG
MetAlaThrIleThrAlaGlyGlyTyrAsnGlnGlnIleIleSerGlulleLysProGlnGlnIleThrLeuAlaGlnTyrGlnAlaGlnGlnGlnGlnGlnAlaGlnAlaGlnAlaGln
2280
GCCCAAGCGCAGGCTCAAGCGCAAGCTCAGGCACAAGCCCAGGCCCAAGCACAGGCGCAACAGCxTGCCCAGCAGCAACTTGCTGCCGCTCAACATCAGCAACTAGCCGCCGCCGTCCAA
AlaGlnAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnAlaGlnGlnLeuAlaGlnGlnGlnLeuAlaAlaAlaGlnHisGlnGlnLeuAlaAlaAlavValGln
T . 2400
GTGCATCACCAGCAGCAGCAGCAACAACAGGCGGCCGTTGCCGTCCAACAGCAACAGGCAGCAGCGGCGGCGGCGGTTAAGATGCAACTAACCGCCGCCACGCCCACGTTTACCTTCAGC
ValHisHisG1lnGlnG1lnGlnGlnGlnGlnAlaAlaValAlavValGlnGlnGlnGlnAlaAlaAlaAlaAlaAlaVallysMetGlnLeuThrAlaAlaThrProThrPheThrPheSer
z0p6 T . Met . 2520
GCCCTGCCCACAGTTACGGCTGCAACGACAGTGCCCGCGGCGGTTCCAGTGCCTGTGGCCACTGCATCATCGGGATCTGCGAACTCAGTGGCGGTCAACACATCAACAGCCTCCTCCGTG
AlaLeuProThrValThrAlaAlaThrThrValProAlaAlaValProValProvalAlaThrAlaSerSerGlySerAlaAsnSerValAlaValAsnThrSerThrAlaSerServVal
Leu
T. G c . M63..4, . 2640
AGTATCAACAACACCAGCCTGGGCGGAGGAGGGGGTAATGGAGCCACCAATTCGTCTGCTACCGCTGCGGACAGTTTCGAAGAGCGAATGAACTACTTCAAAATCCGCGAGGCTGAACTG
SerIleAsnAsnThrSerLeuGlyGlyGlyGlyGlyAsnGlyAlaThrAsnSerSerAlaThrAlaAlaAspSerPheGluGluArgMetAsnTerheLysIleArgGluAlaGluLeu
Ala (.4
2760
C”CTGCAAGGAGCAGCAGCTGGCCACAGAAGCCAAGCGCATTGAACTCAACAAGGCGCAGGATGAACTCAAGTACATGAAGGAGGTGCATCGACTTCGAGTCGAGGAGCTGACAATGAAG
ArgCysLysGluGlnGlnLeuAlaThrGluAlaLysArgIleGluLeuAsnLysAlaGlnAspGluLeuLysTeretLysGluValHlsArgLeuArgValGluGluLeuThrMetLys
G 2880
ATACuCATCCTGCAAAAAGAGGAGGAACAACTGCGGAAGTGCTCCACTTCATGAGGTCTGGAGGACATAAGCGACGCCGACGGTGACGATGATGAGGAGGATGCGGATGCCTATTTGGAT
IleArgIleLeuGlnLysGluGluGluGlnLeuArgLysCysSerThrSer***
3000
CGCTTCAACCATGGGGGCTTTTAATTCGTTAGTTTTAGGTATACAACTACCATCAACCTATCCCAATCCCAATTCCACTTTCCACACACA11111LquTTAGbxxxxxxxxulAGTTGT
3120
CGCGGGGCGGGGGACAGCGGTGCGACTTTAGTCCATCGCTGGCCAGGATTACCGACTAAGCCATCATAAATTGTAAATCGCAATCAATCAATTATACAGACACGCAATTATACTGTGGGC
. MmMRNA end =——@polyA . 3240
GTGGCCAGCTAATCCACGATGAAAACTTAGGCAAGTTAAAACGTGACTTTTTTTTATGAATTTTAACCGAATCGAATCGAACACTGATTGACGAATATTTCCAACTGATTCGAATGCATT
. 3360
CACAACTTCTGCTGTTTGGTTAAGATTTCCACTCACCCTTAAACTTTCGTCTGCCGCTCTTGTTTTTGGAGCCTCCAGATGTTGACGAGGTGCCCATTCCAGTGTTGGATTCATGAACTG
C . 3480
GCCACACGGGAACTTCGCCAAGTGGTTCGTCATCCTCGCCGGTGATTTCCAGGGGATTCACGCGTAATATGTTTCCCTCGCTCGTCTGCAGGGTGTGGGAAAAGTTGATTAGAACTGCGT
3600
ATCCCATGAGAACACTACTCCAAGCTTACCTCTCCCAAAATGTTCTTTGCAAAGCACTGAACCACGCCAGCGTGACGCTTTTGAACTCGCTTCAGCTGCAGGCTCCGGTTATCCACCACA
. 3720
GCCTCCGGATCTTTGGTGGCATCCTCACCGTTTATGAGCCAATAAATATCGGGTTGGGGATTCCCCGAGGCGGAGCAATCCAGCAGCAAAGGATTGCTCTCATTCGTCAGAGTGGCGGCC

Fig. 2. chuence of the zeste gene. The nucleotide sequence starts at the BamHI site at position 1 on the left in Figure 1. The posmon of the insertion—
deletion in z* was determined by sequencing the z™ clone. The deletion breakpoints in z'/™" were determined by genomic S1 mapping and are shown with
uncertainty limits. The nucleotide changes found in the z' sequence are shown above the sequence and the correspondl (§ amino acid changes, if any, below
the amino acid sequence.Some of these changes are shared by a cDNA clone isolated from wild-type. The z°P® and ! sequences contain all of the changes
found in z' plus the changes specifically attributed to these two mutants.

one from position 572 + 4 to position 1270 + 2, corresponds 1935 + 4. A third exon begins at position 2000 + 4 and ends
to the largest protected fragment in Figure 3 (panel labelled H1). at position 3160 + 5. The first and the third exons are more
A second exon begins at position 1392 + 2 and ends at position sensitive to internal attack in the S1 protection experiments, giving
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rise to partial products that can be mapped with some confidence.
When the sensitive regions are identified in the nucleotide se-
quence in Figure 1, it is evident that in most cases, they corre-
spond to stretches of high A+T content flanked by sequences
of high G+C content. Examples of these S1 sensitive regions
are those at positions 603, 623, 656, 883, 891 and 902 that give
rise to the series of bands visible in Figure 3, Panel H1, and
those at positions 3169, 2987, 2973 and 2901 that are respons-
ible for minor bands in Figure 3, Panel A1. The intensity of these
minor bands was variable in different experiments, indicating that
the internal cleavage is dependent on reaction conditions.

S1 mapping was also carried out with various mutant RNAs.
No difference in signal intensity and in exon size or placement
was detectable with z!, z°" or 2 RNA (not shown) indicating
that the mutations do not affect overall transcript abundance or

Fig. 3. Genomic S1 mapping of zeste mutants. Genomic DNA from
different zeste mutants was denatured and allowed to hybridize to a single-
stranded probe from different regions of the zeste gene, digested with S1
nuclease and the protected fragments hybridized on denaturing acrylamide
gels. In these experiments and most of those shown in Figure 4, residual
undigested probe is generally represented by the top band. (A) Genomic
DNA from Oregon R (OR), z" or z'7"™ flies protected by a probe
corresponding to the entire BamHI 3.9-kb fragment. (B) The same three
genomic DNAs protected by probe A2 in Figure 4b. (C) Genomic DNA
from Oregon R, In(l) e(bx) or Df 64c4 flies protected by probe Al in
Figure 4b. The small fragment, indicated by the arrowhead, shows the
existence of a breakpoint in e(bx) near one end of the probed fragment. A
similar experiment using the BamHI 3.9-kb fragment as probe located the
position of the breakpoint unambiguously (not shown).

T "
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in

splicing pattern. S1 mapping of In(l) e(bx) RNA shows that it
is normal up to the second intron but lacks detectable third exon
sequences, in agreement with the genomic mapping data.
Northern blot analysis shows that both the z* and the 7"
mutants make an RNA that is ~ 300 nucleotides shorter than nor-
mal (Mariani et al., 1985). S1 mapping of the RNA from these
mutants shows that the deletion affects the first exon. For z"77h,
both the RNA analysis and the genomic DNA analysis agree in
placing the deletion fully within the first exon which simply
becomes shorter. For z" the P insertion site coincides or even
precedes by a few nucleotides the position of the 5’ end of the
wild-type RNA. In this mutant, zeste exon sequences are first
detected beginning with position 867, in precise agreement with
the end of the deletion flanking the P element. This implies that
in Z", the zeste RNA includes some P element sequences. Since
the RNA is shorter than normal by 200—300 nucleotides, this
result also implies that either the normal transcription start site
is used but most of the P element sequence is spliced out, or
that transcription begins with the P element but includes only
a very small amount of P element sequence. In either case the
orientation of this transcript is opposite to that of the normal endo-
genous P element transcript. Interestingly, upon dysgenic crosses,
the z" mutation can give rise to partial revertants as well as
mutants with more severe phenotypes (manuscript in preparation).

cDNA clones

When we screened cDNA libraries to isolate zeste cDNA clones,
we found that as many as 1% of the clones in an adult cDNA
library gave significant hybridization to non-overlapping probes
from the zeste region. Upon further analysis, it became clear that
these signals were due to homology with the central part of the
zeste sequence, which contains a very high degree of reiteration
of the trinucleotides CAG and CAA. When sequenced, represen-
tatives of these cDNA clones in fact contained long stretches of
repeated CAG triplets and no other sequence homologous to zeste.

More realistic results were obtained using probes from the 3’
or the 5’ end of the gene. With these probes we isolated five
cDNA clones and sequenced their extremities. In all cases the
3’ end, after subtracting the poly(A) tail, corresponded to the
sequence ending at position 3157, in excellent agreement with
the S1 mapping results. The longest clone was just over 2400
nucleotides long, corresponding to a full length cDNA sequence.
The 3' sequence of this clone ended with 12 A residues preced-
ed by the genomic sequence ending at position 3157. The 5’ end

£ X3

experiment, a contrgl (C) is shown, in which the probe was mock-hybridized to tRNA. The two panels labelled Al show that under different S1 digestion
conditions it is possible to obtain protection of the entire third exon. C, tRNA control; CS, wild-type Canton S RNA; Z%, z" RNA; z¥, zV7'h RNA; E(bx), In
e(bx) RNA. The position of mol. wt size markers is indicated. (b) S1 mapping probes.
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began with 12 T residues, followed by 24 nucleotides that are
the inverted complement of the 24 nucleotides preceding the
poly(A) tail at the 3’ end. The genuine 5’ sequence of the cDNA
begins with the GTTT at position 578 in the genomic sequence.
This corresponds, within a few nucleotides, to the 5’ end
predicted by the S1 protection experiments. It is likely, therefore,
that the cap site for zeste mRNA corresponds to one of the nucleo-
tides immediately preceding position 578 and that the inverted
repeat at the 5’ end was produced by an artefact during the con-
struction of the cDNA library.

A plausible account for the production of the inverted repeat
envisages the annealing of the 3’ end of the first cDNA strand
to its own 5’ end (corresponding to position 3130—3138). The
3’ end was then extended to copy the sequence at the 5’ end (the
3’ end of the RNA), including the 12 Ts corresponding to the
poly(A) tail. The resulting 12 As then served as a priming site
for oligo(dT) to synthesize a complete second strand.

Whether or not this scenario explains the artifact, the resulting
c¢DNA clone confirms the placement of the 3’ and 5’ ends of
the RNA. We determined the sequence of most of this cDNA
clone and found that the position of the intron —exon boundaries
is strictly consistent with the S1 mapping data, with the restric-
tion map of the cDNA clone and with the presence of consensus
splicing donor and acceptor sites at the expected positions.

The length of the mRNA deduced from these results is 2398
nucleotides, exclusive of the poly(A) tail. This is an excellent
agreement with our estimate of 2.4—2.5 kb from Northern blot
hybridization results. We cannot exclude the possible existence
of an additional 5’ exon provided it is so small (<50 nucleo-
tides) as to have gone undetected in our S1 mapping experiments.

Discussion

Transcription start and polyadenylation site

S1 mapping results and the sequence of the cDNA clone suggest
that zeste transcription starts at or near position 578 but the region
immediately preceding this site contains no recognizable TATA
sequence. A perfect TATAAA is found at position 321 but there
are no plausible splicing donor or acceptor sequences consistent
with the existence of a short 5’ exon in the region between 340
and 578. Not all Drosophila genes have recognizable TATA se-
quences. White and Ubx are two genes that do not have one. In
the case of zeste, as in that of white, the low levels of mRNA
observed might lead us to expect a non-standard promoter se-
quence.

If transcription starts near position 578, the sequence AGTGTT
surrounding this site would be in excellent agreement with the
cap sequence of several other Drosophila genes shown in Table
I and resembles the consensus proposed by Hultmark et al.
(1986): ATCATG/TTT/C. We note also that although no TATA
sequence precedes the presumptive cap site, the immediate up-
stream region contains repeated sequence motifs of the form
TATCGATA, sometimes arranged in a larger inverted repeat
structure such as that centered between positions 544 and 545.
These might have a regulatory significance.

At the 3’ end of the gene, the processing/polyadenylation site
is established by the sequence of five cDNA clones at position
3157 where four As in the genomic sequence merge with the
poly(A) tail. It is noteworthy that here also zeste diverges from
the norm in lacking the AATAAA almost universally found
15—30 nucleotides before the polyadenylation site (Proudfoot and
Brownlee, 1976). No sequence withn 60 nucleotides of this site
could be converted to AATAAA by a single base change. The
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closest approach to this sequence is provided by the AATCCA
at 3132 or the GATGAA at 3139.

The predicted zeste protein

The first 400 nucleotides of the transcribed region contain six
ATGs. The first three are followed by terminators within a few
codons. The fourth runs into a terminator at the beginning of
the second exon. The fifth and sixth ATGs are in the same reading
frame and only four codons apart. We cannot determine at pre-
sent which of these two is selected as the initiator codon but if
we take the first, at position 964, we obtain an open reading frame
that, after splicing out the two intron sequences, runs until posi-
tion 2811 and codes for a polypeptide of 555 amino acids and
61 102 mol. wt. Codon usage in this reading frame is in excellent
agreement with Drosophila practice. The length of the untrans-
lated leader and the presence of several AUG codons before the
actual translation start suggest the possibility of translational
regulation. Certainly this region as well as the coding sequence
are rich in clusters of very high G+C content with potential for
strong secondary structure. Notably, a large part of this leader
sequence is deleted in the z* and z*’"" mutants.

The predicted zeste protein (Figure 5), although not unusual
in its overall amino acid composition, has an uncommon distribu-
tion of residues. The amino acid sequence falls readily into four
sections. The amino terminal section is rich in both basic and
acidic residues with positive charges predominating. A second
region, starting with residue 154 is strongly acidic. The third
region, consisting of the third exon up to residue 481, is almost
devoid of basic or acidic residues, is slightly hydrophobic overall
and contains a large number of Gln and Ala. Finally the carb-
oxy terminal region is again densely packed with basic and acidic
residues. These regions coincide roughly with domains suggested
by secondary structure calculations. Figure 6 shows that the se-
cond and fourth regions are expeced to be predominantly helical,
separated by regions of predominantly random coil conforma-
tion. The protein is predicted to have very little 3-sheet content.

The most striking feature of the amino acid sequence is the
presence of extensive runs of Gln, of Ala and of alternating Gln
and Ala. Frequently these runs form a boundary between regions
of distinct secondary structure or amino acid composition. A par-
ticularly long stretch of Gln and Ala, mostly in alternation (posi-
tion 326 —403) forms an extended bridge predicted to be helical
between two regions of random coil. These runs correspond to
those regions of the sequence that cross-hybridize to many

Table I. Comparison of selected Drosophila RNA cap sequences

putative zeste AGTGTTT
yellow AGTCGTT
per AGTGTTC
yp-1 AGTTCAA
-2 ATGCAGTACAA
ddc AGTTAAG
«a-amylase CAGAGTGAAA
fiz AGGGCTC
sgs-8 GGTTACC
Antp 1 TTGATAGGAGTCGTA
Antp 11 TTCAGTTGTG
EIP 28 CATCAGTTCAG

The first nucleotide on the left is the reported 5’ end. Sequences are aligned
to emphasize the homology. Sources are: yellow: Geyer et al. (1986); per:
Jackson et al. (1986); yp-1 and yp-2: Hung and Wensink (1983); ddc:
Eveleth er al. (1986); a-amylase: Boer and Hickey (1986); fiz: Laughon and
Scott (1984); sgs-8: Garfinkel er al. (1983); Anip: Schneuwly et al. (1986);
EIP 28: Cherbas er al. (1986).
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z-protein

10 20 30 40
MetGluAlaAlaMetLeuAlaLysAlaProArgGlyValAlaGlnTrpArgSerProThrGluAlaThrArgProProLysAsnGlnLeuProLeuThrProArgPheThrAlaGluGlu
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LysGluValLeuTyrThrLeuPheHisLeuHisGluGluVallleAspIleLysHisArgLysLysGlnArgAsnLysTyrSerValArgGluThrTrpAspLysIleValLysAspPhe
Intron I
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Intron II
290 300 310 320
GluAlaThrAlaThrGlnIleHisThrIleProThrGlnAlaGlnGlnHisProMetAlaThrIleThrAlaGlyGlyTyrAsnGlnGlnIleIleSerGluIleLysProGlnGlnIle
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z (...) 500 510 520

AlaAspSerPheGluGluArgMetAsnTerheLysI1eArgGluAlaGluLeuArgCysLysGluGlnGlnLeuAlaThrGluAlaLysArgIleGluLeuAsnLysAlaGlnAspGlu
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LeuLysTy:MetLysGluValHisArgLeuArgValGluGluLeuThrMetLysIleArgIleLeuGlnLysGluGluGluGlnLequgLysCysSerThrSerEnd

Fig. 5. Amino acid sequence of the zeste protein. Amino acid changes for the z! mutant are shown above the wild-type sequence. The z°P® and z''C3 proteins
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Secondary structure analysis Secondary structure analysis
File: z-prot.pep

Peptide: 1

File z-prot.pep
Peptide 1

Fig. 6. Hydropathicity and secondary structure plots. The top diagram
shows the hydropathicity profile calculated by the method of Kyte and
Doolittle (1982) using a window of nine amino acids. Negative values
correspond to hydrophilic regions. The lower diagram represents the
secondary structure predictions made by the method of Garnier er al.
(1978). C, coil; T, turn; S, B-sheet; H, a-helix. The ordinate indicates the
residue number.

disperse sites in the genome (Mariani ef al., 1985) and to many
and abundant sequences in the cDNA libraries. These sequences
are in fact related to the opa sequence in the Notch gene (Whar-
ton et al., 1985), to the M repeat in the Ubx and Antennapedia
genes (McGinnis et al., 1984; Schneuwly et al., 1986) and to
similar stretches in the engrailed gene (Poole et al. , 1985). The
significance of their frequent recurrence in recently sequenced,
developmentally important genes is unknown. Perhaps they simp-
ly occur frequently in the Drosophila genome and it is simply
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include all the z' changes plus the changes specifically indicated. Glutamine and alanine residues in the repetitive regions are emphasized by stippling.

400 440 480

Hydropothy analysis
File: z-p.pep
Peptide: 1

Fig. 7. Hydropathicity comparisons for zeste mutants. The profiles shown
are calculated as in Figure 6 for the last 185 residues of the wild-type and
mutant proteins. For 213 a shift of one unit in the ordinate was made at
position 490 to allow for the deletion of one amino acid.

a coincidence that most of the recently analyzed Drosophila genes
are of developmental importance. It is remarkable, however, that
runs of glutamines have been found recently in the amino acid
sequence of several eukaryotic regulatory proteins such as the
rat glucocorticoid receptor (Miesfeld ez al., 1986) or the human
c-myc oncogene (Colby et al., 1983). These glutamines may play
a role in interactions with other nuclear components. We note
for example the possibility that glutamine rich regions may be



subject to cross linkage to the e amino group of lysine residues
on the same or on different molecules by the action of trans-
glutaminases (Falk, 1980).

We have screened the NBRF and PIR protein sequence data
bases for homologies to zeste. When the Gln- and Ala-rich regions
were subtracted, we could not detect significant homology to
known proteins. The zeste protein does not possess structures
obviously resembling the helix-turn-helix configuration character-
istic of many DNA binding domains (Pabo and Sauer, 1984;
Ohlendorf et al., 1985). Amino acid loops (zinc fingers), held
together by interactions with divalent cations, have been shown
to be another structural principle common to another class of gene
regulatory proteins (Miller ez al., 1985; Rosenberg et al., 1986,
Hartshorne et al., 1986). Zeste does not contain cysteine and
histidine residues in the spacing expected for such loops. Other
proteins known to bind specifically to DNA lack such
recognizable structural motifs. If zeste binds to DNA, it either
manages to form equivalent configurations from less obvious con-
stituents or it utilizes a different structural principle.

Zeste mutants

A comparison of the wild-type zeste sequence with that of z'
shows, as expected, the presence of numerous polymorphisms,
not surprisingly concentrated in the middle, repetitive part of the
gene. No changes were found in the 5’ flanking region or in the
untranslated leader sequence, consistent with the germline trans-
formation results. Most of the changes are either in intron se-
quences or in the third position of codons and do not affect the
predicted amino acid sequence. A C to G change at position 1341
in the first intron generates a CCTCAGCA that constitutes a
possible splicing acceptor site. Splicing at this site would have
drastic consequences for the z! protein since a terminator would
be encountered after two codons. However, S1 mapping of z'
RNA rules out this possibility since the second exon is identical
in size to that of the wild-type and begins at the same site. Some
of the polymorphisms, including a T to G change at position 2572
that replaces Ser 276 with an alanine, were found to be present
also in the sequence of the full length cDNA clone. Since the
cDNA library was constructed from an Oregon R population,
we conclude that these changes, including the Ser to Ala change,
are not significant. It is possible that silent changes have signifi-
cant effects on the biological activity of the mRNA. It would
be very difficult, however, to explain the z' phenotype in these
terms since z' behaves as if it had an altered activity, an-
tagonistic to that of z*. There remains one important nucleo-
tide change: an A to T at position 2360 that results in the
replacement of Lys 405 with a methionine. This mutation, in
the repetitive middle region of the protein, removes the only
charged residue in a stretch of 160 amino acids and is likely to
have a significant effect on the properties of the zeste product
(Figure 6). We note that this lysine occurs in the tripeptide Lys-
Met-Gln at the end of an extended Gln-Ala region. It may be
significant that the same tripeptide occurs also earlier at position
224 in the amino acid sequence, following a shorter run of Gln
and Ala. The z°" mutant contains all the polymorphisms found
in the z' sequence as well as the Lys to Met change, as ex-
pected, since 7P was derived from z! by ethylmethane
sulphonate mutagenesis (Lifschytz and Green, 1984). In addi-
tion, a C to T mutation at position 2447, changes Pro 234 into
a leucine. This mutation also is located in the relatively
hydrophobic middle region of the protein and, like the z! muta-
tion, has the effect of increasing its hydrophobic character. The
pseudorevertant z''G3 was derived from z' by X-irradiation
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(Gans, 1953). Its sequence is identical to that of z! except for
a deletion of three nucleotides: the repeated triplet ACTACT at
position 2612 is reduced to a single ACT. The consequence is
the deletion of Tyr 490 from the amino acid sequence.

The simplest hypothesis for zeste function is that it acts on the
DNA either by binding directly to regulatory sequences or by
interacting with other proteins that bind to DNA. We now know
that the zeste product is a DNA binding protein that recognizes
specific sequences (M.Benson and V.Pirrotta, manuscript in
preparation). The phenotypes of the z' and z°P® mutants indicate
that their products are still able to interact with their target genes
but are altered with respect to other interactions required for the
expression of the white gene, 7% more so than z'. We suppose,
therefore, that the central, relatively hydrophobic domain of the
protein normally interacts with other proteins. These could be
structural components of chromosomes or nucleus, other trans-
acting factors, or other zeste monomers.

The genetic experiments using z'/z* or z°P%/z* heterozygotes
suggests that the proximity of additional copies of the whize gene
gives the z' or z°%° product an advantage over the z* protein in
binding to their target. A plausible mechanism that would ex-
plain this advantage would be one in which the mutant protein
is better able to form an oligomer which would now have two
DNA binding sites, able to bind to two copies of the genes at
the exclusion of other interactions that might be required of the
normal zeste product.

Many interpretations of the z' ™~ revertant are possible at pre-
sent. This revertant acts nearly like the wild-type in antagoniz-
ing the z' effect at white but it is defective in promo 1(15
transvection at Ubx. One interesting possibility is that z'!
might be less efficient in DNA binding. In this case, it would
still be able to form mixed oligomers with the z' product but the
oligomer would not be bifunctional and would lack the pairing
dependent enhancement. Needless to say, these interpretations
are at present purely speculative and are still inadequate to ac-
count for all the observations.

11G3

2*-type mutants

The mutants we want to consider here are those apparently zeste
null mutants caused by DNA rearrangements. These are the Df
64c4, In(1 2 e(bx), 7" and 27" All of these are unable to com-
plement z' with respect to its effect on white.

We note that both z* and """ are affected only in the untrans-
lated leader sequence and possess an otherwise normal protein
coding region. We interpret these mutants as hypomorphs, defec-
tive in translational efficiency, possibly in translational controls,
but otherwise able to produce normal zeste product. The presence
of at least some zeste activity is shown by the fact that both 7™
and z" support detectable transvection effects at Ubx (Green,
1984; V.Pirrotta, unpublished observations). It is of interest to
note that both mutants show abnormalities in eye pigmentation.
These are more evident in z*"™ which has a diluted eye color
that turns brownish with age in both males and females (hence
independent of pairing) and is furthermore non-uniform or varie-
gated. The effect in the z* mutant is less pronounced but easily
noticeable. These mutants, which can only be interpreted as
underproducers of a normal zeste product, suggest strongly that
the zeste product is necessary for normal white expression.

Z-type mutants are generally said to have normal eye pigmen-
tation. This assertion is however not borne out by inspection in
all cases. The original z* mutant (Gans, 1953) has a distinctly
diluted eye color in both males and females that turns towards
brown with age. The effect on eye pigmentation is not observed
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in all Z-type mutants. A conspicuous case is that of In(1) e(bx)
which has eyes indistinguishable from wild-type. This mutant
was originally isolated for its inability to support transvection
at Ubx and was later shown not to complement z!. The e(bx)
mutant lacks about 800 nucleotides of the zeste coding region
but contains an otherwise normal 5’ half of the gene. In particular
we know that In(/) e(bx) makes an RNA that terminates shortly
after the inversion breakpoint (Mariani ez al., 1985) hence does
not add on to the protein extraneous amino acids. We propose
that the e(bx) mutant protein has residual activity that is adequate
for some of the functions of the normal zeste product, including
normal white gene expression, but not adequate to compete with
z' product or to permit the pairing-dependent interaction re-
quired for transvection. We note furthermore that the 64c4 dele-
tion, which is also considered z~ because it does not
complement z' contains a nearly full length zeste gene, lacking
only the last 300 nucleotides of the coding sequence. This mu-
tant too may have residual zeste activity. Finally we would like
to raise again the possibility that zeste may be an essential gene.
The genetic evidence points to a negative answer. Arguments
such as the preceding ones, however, indicate that the classical
2 mutants are not necessarily null mutants. The genetic tests for
zeste function are indirect and measure distinctly different pro-
perties of the zeste product. The genetic evidence itself and the
results reported here suggest that zeste is involved in multiple
interactions that differ in detail at different loci. Certain kinds
of mutations may affect some functions of zeste without abolishing
all. The answer to this question will require a direct molecular
analysis of the zeste product and its function as well as the genera-
tion of true zeste null mutations in which the coding sequence
of the gene is substantially deleted.

Materials and methods

Germ line transformation

The BamHI 3.9-kb fragment isolated from the z°P and z* fragments was cloned
in the BamHI site of the pUChsneo vector (Steller and Pirrotta, 1985). The cloned
DNA was injected into y z2 embryos at a concentration of 400 ug/ml, together
with 100 pg/ml helper plasmid phs™ DNA (Steller and Pirrotta, 1986). Surviv-
ing adults were crossed to uninjected y z* partners and the progeny selected on
food containing G418. This was made by rehydrating 1.37 g of instant food,
formula 4-24 (Carolina Biological Supply Co.) with 5 ml of water containing
800 pug/ml G418 (Geneticin, obtained from Sigma).

Construction and screening of mutant genomic libraries

To isolate the zeste gene from different mutants, genomic EcoRI libraries were
constucted by ligating 1 ug of EcoRI-cut genomic DNA with 2—5 pg of EcoRI-
cut A\NM 1149 phage DNA (Murray, 1983). The ligated DNA was packaged
as described by Scherer et al. (1981) and plated directly for screening without
amplification. Filters (Benton and Davis, 1977) were hybridized using a small
single-stranded probe corresponding to the non-repetitive 3’ end of the zeste gene.
To isolate cDNA clones, we used a cDNA library made from adult flies generously
provided by B.Yedvobnick and screened it with the same probe. The full length
cDNA clone was selected by double-screening the positive clones with a second
probe made from first exon sequences.

DNA sequencing

We used fragments cloned in the mp8, mp9 or mp18 vectors (Messing, 1983)
and the dideoxy chain termination method of Sanger ez al. (1977). The wild-type
sequence was determined on both strands using overlapping restriction fragment
subclones in both orientations as well as partial exonuclease deletion clones. The
mutant sequences were determined on one strand only except for a few regions.
Progressive deletions from one end were produced by exonuclease III digestion
by the method of Henikoff (1984). The unusual wealth of G+C-rich clusters
occasionally produced secondary structure artifacts such as band compression
and anomalous migration in the sequencing gels in a few places, to resolve am-
biguities, we resorted to synthetic oligonucleotide primers, and to the use of reverse
transcriptase instead of the Klenow fragment of DNA polymerase. The sequence
was assembled and later analysed on a Sperry personal computer connected through
a network to the Baylor Molecular Biology Information Resource.
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S1 mapping

Single-stranded probes were made from m13 subclones by priming the phage
DNA and synthesis in the presence of radioactive nucleotide triphosphates. The
probes were hybridized to RNA or genomic DNA and S1 digested as described
by Pirrotta and Brockl (1984). When the S1 digestion was done at 37°C, some
regions of the RNA —DNA hybrid in the first and third exon were prone to in-
ternal attack. This could be reduced by digesting at 25°C but frequently at the
cost of greater background.
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