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in many gene regulatory regions: implications for
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The Drosophila zeste protein binds in vitro to several sites
in the white, Ultrabithorax, decapentaplegic, Antenna-
pedia, and engrailed genes and to at least one site in the
zeste gene itself. The distribution of these sites
corresponds often with that of regulatory elements in
these genes as defined by mutations or, in the case of
white, by molecular analysis. A zeste binding site is
frequently found in the immediate vicinity of the
promoter. zeste binding sites are composed of two or
more zeste recognition sequences T/CGAGT/CG. Isolated
consensus sequences do not bind or footprint. Coopera-
tive interactions are involved both in binding to a given
site and between proteins bound at independent sites.
zeste bound to one DNA molecule can in fact bind
simultaneously to another DNA molecule. These results
suggest a general role for zeste in bringing together distant
regulatory elements controlling the activity of a target
gene. In this model, transvection effects are a by-product
of normal intragenic zeste action.

Key words: cooperative binding/enhancers/DNA looping/
DNA cross-linking

Introduction

The zeste gene of Drosophila is required for transvection
and related phenomena that imply the possibility for inter-
action between two copies of a gene present on two
homologously paired chromosomes. zeste dependent
transvection effects have been detected at the Ultrabithorax
(Ubx), decapentaplegic (dpp) and white genes (Lewis, 1954;
Gans, 1953; Kaufman ez al., 1973; Babu and Bhat, 1980;
Gelbart and Wu, 1982). The genetic and molecular results
imply that zeste allows control elements on one copy of the
gene to regulate the activity of the second copy if it is held
in physical proximity by homologous pairing. In addition,
in the presence of the z' allele of zeste, the expression of
the white gene in the eye is specifically repressed when two
copies of the white gene are physically close together due
either to chromosome pairing or tandem duplication (Jack
and Judd, 1979; Bingham and Zachar, 1985). The ability
of the z! mutant product to alter the expression of the white
gene is dependent on a sequence element located about
1.2 kb upstream of the transcription start site that has some
of the features typical of eukaryotic enhancer elements
(Pirrotta et al., 1985; Levis et al., 1985; Davison et al.,
1985). It has been suggested that elements such as this might
be responsible for transvection effects by a mechanism
similar to that which allows enhancers to control their own
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promoters in cis except that in transvection the enhancer
effect would occur in trans between paired chromosomes
(Zachar et al., 1985; Pirrotta et al., 1985). Alternative
models to explain proximity-dependent transvection effects
have invoked the existence of regulatory RNA species that
are spatially restricted to the vicinity of the gene from which
they are transcribed and require the interaction with zeste
product for their function (Jack and Judd, 1979; Micol and
Garcia-Bellido, 1988).

The molecular cloning of the zeste gene (Mariani et al.,
1985; Gunaratne et al., 1986) has allowed the molecular
study of the zeste gene product and its interactions. zeste
protein (Benson and Pirrotta, 1987) or a zeste-3-galactosidase
hybrid expressed in Escherichia coli (Mansukhani et al.,
1988) have been shown to bind specifically to DNA from
the white and Ubx genes. Moreover, Biggin et al. (1988)
have shown that zeste purified from E.coli or from
Drosophila acts in vitro as a sequence-specific transcription
factor, stimulating the activity of the Ubx promoter. These
results strongly suggest that at least one of the functions of
zeste is similar to that of other proximal promoter factors
such as SP1 or AP1 (Briggs et al., 1986; Lee et al., 1987).
However, such a role would not immediately explain the
pairing dependence of the z! effect on white or the inter-
chromosomal nature of transvection effects. Other difficulties
arise from the structure of the regulatory regions of complex
loci such as dpp or Ubx. In these cases, control regions
defined by mutations and involved in transvection may be
as much as 50 kb distant from the promoter they control in
cis. It is possible that the zeste-dependent mechanisms that
allow the interaction between paired chromosomes may also
explain the long range interactions between distant regulatory
elements and the promoter they control on the same
chromosome.

Here we report the structure and sequence of a number
of zeste binding sites, some features of their interaction with
zeste protein and their distribution in a number of genes,
some of which were not previously known to interact with
zeste. We find that zeste bound at one site can facilitate
binding to a second, distant site on the same DNA molecule
and that, in fact, zeste can hold together two separate DNA
molecules. These observations suggest a role of zeste in
mediating the action at a distance by regulatory elements that
may be located many tens of kilobases away from the
promoter.

Results

Zeste binding sites in the white gene

We used the white gene as the most convenient substrate
in which to identify zeste binding sites because its entire
sequence has been determined (O’Hare ez al., 1984) and
some of its regulatory elements have been approximately
located (Pirrotta et al., 1985; Levis et al., 1985). We had
previously shown that two contiguous Hinfl restriction
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Fig. 1. Immunoprecipitation of white DNA. For each pair of lanes, one shows the total digestion products, the other the fragments selected by zeste
in an immunoprecipitation experiment. The left panel shows a clone containing white sequences from position —6.3 to +0.5 kb, using the numbering
shown in Figure 2, cut with HindIll and EcoRV and Hinfl. The clone used in the centre panel contained white DNA from —0.7 to +4.3 kb, and
was cut with EcoRI and Sall and Sau3A. The clone in the right panel extended from +4.1 to +6.7 kb and was cut with HindIIl and Sau3A. For
each pair of lanes, the positions of mol. wt markers are on the left and the binding fragments are identified on the right. W1, W2, W4, W5
represent the binding sites whose positions are shown in Figure 2. V: Vector fragments.

fragments beginning 1118 bp and 1260 bp upstream of the
transcription start site are able to bind zeste protein
independently in an immunoprecipitation assay (Benson and
Pirrotta, 1987). For a more careful analysis, we used a series
of subclones covering the entire white gene, including the
transcription unit plus 6360 bp of upstream and 830 bp of
downstream flanking sequences. The DNA of these clones
was cut with suitable restriction enzymes, end-labelled and
the fragments tested for binding to zeste protein by the
immunoprecipitation assay (Figure 1). The results of such
experiments, summarized in Figure 2, reveal the existence
of two weaker binding sites in addition to the two strong
sites previously characterized. Using combinations of restric-
tion enzymes, the position of these additional binding sites
could be narrowed down to the intervals —150 to —110 in
the immediate vicinity of the promoter and +670 to +1330
in the major intron, measured from the transcription start
site (Steller and Pirrotta, 1985). Efficient binding to these
sites requires a 5-fold higher concentration of zeste protein
than that required for the two upstream sites. We conclude
that they have a lower affinity for zeste protein, the site near
the promoter being of intermediate strength and the intron
binding site the weakest. In the course of these experiments
we found that weak binding sites are apparently also
contained in the pUC8 vector, for example in a 191-bp
Hinfl—EcoRI fragment. We have used this very weak
binding as an internal standard against which to compare
the strength of other binding sites. Binding weaker or
equivalent to that of pUC8 DNA was considered not
significant.

Footprinting analysis

Our previous results with one of the two strong upstream
binding sites in the white regulatory region implicated a Ddel
recognition séquence at position —1218 in the interaction
with zeste (Benson and Pirrotta, 1987). The resulting Dde
234-bp fragment failed to bind to zeste but bound strongly
when the Dde site was reconstructed. These observations
suggested that part of the sequence required for zeste binding
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was at or very near the Dde site. To determine the sequences
physically occupied by the zeste protein on the DNA of the
white gene, we undertook a footprinting analysis of the
regions indicated by the immunoprecipitation experiments.
Figure 3 shows some of these results for the upstream bind-
ing site. The pattern of protection indicates that these are
compound sites, in each case comprising two or more
protected regions of 16— 18 nucleotides each, containing a
common or related hexanucleotide sequence: C/TGAGC/TG
or its complement. Altogether, this upstream region con-
tains five footprinting sites. The two most upstream sites are
42 bp apart, centre to centre, and in the same orientation.
Together they constitute zeste binding site white-1, able to
bind to zeste protein independently of the other sites in the
immunoprecipitation assay. The next set of three footprinting
sites begins 69 nucleotides further downstream (position
—1254 to —1181). These three sites are at intervals of 37
and 22 bp respectively, two of them in one orientation and
one inverted. The two more downstream sites are able to
bind independently of the third when the Dde fragment
containing them is cloned in the HindII site of pUCS (thereby
reconstructing the Dde site). The most upstream of these
three, when separated from the others as a 21 bp Tagl
fragment, fails to show independent binding in the immuno-
precipitation assay. These three footprinting sites, consti-
tuting binding site white-2, are almost precisely excised by
the w® deletion which removes 111 nucleotides from
position —1182 to —1293. It will be necessary in the
remainder of this paper to distinguish between a footprinting
site, i.e. the sequence protected by a zeste molecule bound
to DNA, and a zeste binding site, which we define for the
present as one or more footprinting sites which together allow
a DNA fragment to bind to zeste in the immunoprecipitation
assay. The two, as we shall show, are not always equivalent.

Armed with the information from these footprinting
experiments we were then able to identify consensus
sequences in other fragments selected in the immuno-
precipitation assay. Two consensus sequences spaced 17 bp
apart (from centre to centre) are present about 120 nucleo-
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Fig. 2. zeste binding sites in the white locus. A map of the white transcription unit is shown with the scale in base pairs according to O’Hare er al.
( !984) with minor corrections (Hazelrigg, 1987). The scale is in base pairs numbered from the transcription start site. Intervals within which zeste
binding sites were mapped are shown as black boxes (strong sites), hatched boxes (intermediate sites) or white boxes (weak sites) labelled W1 to

WS5. The extent of the 111 bp w? is shown below the scale.

tides upstream of the white transcription start site. The
binding of zeste to these sites was confirmed by footprinting
analysis. Another cluster of consensus sequences is present
in the middle of the major intron, in a fragment identified
by immunoprecipitation. Here we find four consensus
sequences within 100 bp, two of them immediately adjacent
to one another, forming a palindrome (see Figure 5).

An examination of the white gene sequence reveals the
presence of many consensus sequences, generally isolated
rather than in clusters of two or more within a 100 bp
interval, and not associated with fragments showing detect-
able zeste affinity in the immunoprecipitation assay. Two
exceptions to this statement are notable. One of these is the
white upstream region, about 420 bp from the transcription
start site. We find here two consensus sequences in the same
orientation 31 nucleotides apart. The restriction fragment
containing these sequences binds extremely poorly in the
immunoprecipitation assay. When assayed by footprinting,
however, these two sites are protected by zeste. The other
cluster of consensus sequences revealed by sequence inspec-
tion is at the 3’ end of the gene, about 300 bp beyond the
polyadenylation site. Here we find two consensus sequences
in opposite orientation and 14 nucleotides apart. No detect-
able immunoprecipitation of restriction fragments contain-
ing these sequences was observed.

Zeste binding sites at selected loci

We next examined a number of other loci known to have
complex regulatory regions, beginning with the two other
cases known to interact with zeste in transvection
phenomena, Ubx and dpp. We previously reported the
existence of a strong zeste binding site in the immediate
vicinity of the Ubx promoter. As has recently been shown
(Biggin et al., 1988), this site consists of five consensus
sequences of the form described in the previous section, each
protected by zeste protein in a footprinting assay. This
multiple site is located between 40 and 140 nucleotides
upstream of the Ubx transcription start site. To look for
additional zeste binding sites, we then scanned the entire Ubx
locus using a series of large genomic clones spanning the
transcriptional unit and including 50 kb of upstream flanking
sequences. We cut the DNA of these lambda clones with
EcoR1, HindIll or BamHI, alone or in suitable combinations
to yield several restriction fragments and tested them for zeste
binding with the immunoprecipitation assay. Several binding
sites could be identified and localized with the aid of a
restriction map of the Ubx chromosomal walk (Bender et
al., 1983). The map in Figure 4 summarizes these results
and shows that the binding sites are distributed not only in
the 40 kb preceding the transcription start, but also along
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Fig. 3. Footprinting of upstream zeste binding sites in white. A Dde
fragment (position — 1220 to —1444 from the transcription start site)
was used as probe. Footprinting sites on both strands are identified
using the nomenclature of Figure 5.

the transcription unit. The position of these binding sites
bears a rough similarity to positions of Ubx regulatory
elements defined by mutations. However, we do not find
a zeste binding site near the promoter of the early bxd
transcripts as reported by Mansukhani et al. (1988). We have
isolated and determined the sequence of two of these sites:
one is the quintuple site at the Ubx promoter, the other is
the site about 500 bp beyond the 3’ end of the longest Ubx
transcript. This is a strong binding site whose unusual
properties are discussed below.

Using a similar approach, we found binding sites at dpp
as well as in the Antennapedia (Antp) and engrailed (en) loci.
Maps of the zeste binding fragments in these loci are shown
in Figure 4. In each case, the immunoprecipitation assay
showed several binding fragments that have different
affinities for zeste and are scattered both upstream and
downstream of the transcription start sites. Frequently, as
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Fig. 4. Maps of zeste binding sites at several loci. The principal transcripts are shown for the Ubx (O’Connor et al., 1988) and dpp loci (Gelbart et
al., 1985; St. Johnston et al., in preparation). For the Antp gene, only the first half of the gene, containing the two promoters, P1 and P2, is shown
(Laughon ez al., 1986; Stroeher et al., 1986; Schneuwly et al., 1986). The engrailed and invected maps are according to Poole et al. (1985), Kuner
et al. (1985) and Coleman ez al. (1987). Intervals containing zeste binding sites are symbolized as in Figure 2 and genetically defined regions are

indicated below the maps of Ubx, dpp and engrailed.

at white and Ubx, one of the binding sites is found in the
vicinity of the promoter. At dpp, where transcriptional
analysis indicates the existence of multiple promoters
(Gelbart et al., 1985; St. Johnston et al., manuscript in
preparation), we find one binding site close to the start site
of the 4.5 kb transcript. The sequence of this binding site
(R.W.Padgett, S.Findley and W.M.Gelbart, personal
communication), as expected, reveals the presence of
multiple zeste consensus sequences that are protected by zeste
protein in footprinting experiments (not shown). Zeste
binding sites are also found near the Antp P2 promoter. In
this case, however, we have no precise sequence informa-
tion and the published data suggest that the binding site may
be as far as 2 kb from the transcription start site. At
engrailed, the strong binding site nearest the promoter is
probably 2 —5 kb upstream of the transcription start site. The
sequence of the region immediately preceding the transcrip-
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tional start (Soeller er al., 1987) contains a very striking nest
of five overlapping zeste consensus sequences, beginning at
position —133 (see Figure 5). However, in immunoprecipita-
tion experiments, the restriction fragment containing this
sequence fails to bind to zeste and footprinting analysis shows
no occupancy. Two consensus sequences, 20 nucleotides
apart, are found in the zeste gene itself 20 nucleotides down-
stream of the presumed transcription start site (Pirrotta et
al., 1987). Restriction fragments containing this region bind
very weakly in the immunoprecipitation assay but the two
consensus sequences are well protected by zeste protein in
footprinting experiments.

We have detected no appreciable binding of zeste to DNA
fragments from a fushi tarazu clone containing 8.5 kb of
5’ flanking sequence and 4.5 kb of 3’ sequence. We also
tested the sgs-4 gene, for which transvection effects have
been reported (Korge, 1981; Kornher and Brutlag, 1986)
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Fig. 5. zeste binding site sequences. The sequences of nine zeste binding and six non-binding regions are shown. The solid boxes indicate zeste
consensus sequences T/CGAGT/CG, the shaded boxes near-consensus sequences that appear at least partly protected in footprinting experiments. The
extent of the protected region is shown at the white-1 sequence. The + and — under each box indicate whether this sequence is protected against
DNase while + means weak protection. Unmarked boxes were not tested. Sites white-1 to 5 are indicated in the map shown in Figure 2. White 3’
lies 300 bp beyond the white polyadenylation site (O'Hare et al., 1984). Ubx 5' and 3' are the Ubx promoter site and the site near the Ubx
polyadenylation sequence (Saari and Bienz, 1987; K.Kornfeld and D.Hogness, personal communication). dpp refers to the site near the promoter of
the dpp 4.5 kb RNA (R.W.Padgett, S.Findley and W.M.Gelbart, personal communication). The zeste site is 20 bp downstream of the presumed zeste
transcription start site (Pirrotta et al., 1987). The engrailed overlapping multiple consensus sequence lies 132 bp upstream of the transcription start
site (Soeller et al., 1988). Except for the pUCS sites, the sequences are given 5’ to 3’ in the direction of the corresponding transcription unit.

although they have not been shown to be zeste-dependent.
No strong zeste binding site was found in a genomic region
containing the sgs-4 gene and extending from 12 kb upstream
to 8 kb downstream of the coding sequences. A DNA
fragment within the coding region of the gene gave,
however, a very weak binding response. Although the sgs4
gene contains an isolated zeste consensus sequence 70 bp
upstream of the transcription start site, no good consensus
hexanucleotides are found in the coding region. However,
a near-consensus sequence TGAGCC is present in the
repetitive block that constitutes much of the glue protein
coding sequence. As a result, this motif is found ten times
within 200 nucleotides and is very likely responsible for the
weak binding we observe.

Sequence requirements for binding

Figure 5 shows the sequence of nine zeste binding regions
and points out the consensus recognition sequences occupied
by zeste in the footprinting analysis. In all cases but one,

the zeste binding site consists of two or more consensus
sequences of the form T/CGAGT/CG with a pronounced
preference for T rather than C at the two pyrimidine pos-
itions. The footprinting results show that these consensus
sequences are in each case contained within the region
protected by zeste protein. The distance between consensus
sequences in strong binding sites, measured from centre to
centre, varies from 20 to 42 bp and their relative orienta-
tion can be direct or inverted or, in the case of sites with
multiple consensus sequences, mixed, without obvious
correlation with the binding affinity. Not surprisingly, sites
containing multiple consensus sequences bind better in
general than sites containing only two but even the latter
differ greatly from one another in their affinity for zeste.
However, in some cases, even sites containing multiple
consensus sequences fail to bind or bind extremely poorly.
This low affinity might be explained in some cases by the
very short distance between consensus sequences (e.g. the
white 3' site). If zeste protects 16—18 bp against DNase
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Fig. 6. Cooperative binding between distant sites. A DNA fragment
containing all the zeste binding sites in the white 5' flanking region
(from —110 to —1850 from the transcription start) was labelled near
the promoter site and used for footprinting experiments either uncut
(left four lanes) or cut with EcoRV at position —223 (right four
lanes). Amounts of protein in microlitres are indicated above each
lane. Binding to the intact fragment is more efficient than to the cut
fragment.

attack, it might be expected that consensus sequences
separated by less than 16— 18 bp could not be simultaneously
occupied. Another feature correlated with weak or no
binding is the presence of Cs in the consensus sequence.
Although several good binding sites contain one C at the
first or fifth position in the sequence, no strong binding site
contains Cs at both positions as does, for example, the
extremely weak binding site pUC8-3. These considerations
however do not explain all the instances of very weak
binding, suggesting that the surrounding sequences may also
play a role in the ability of a given pair of consensus
sequences to form a stable complex with zeste protein. It
may be relevant for example that strong binding sites are
frequently flanked by sequences rich in runs of As or Ts
and that the consensus sequence is almost always (17/24)
preceded by a T.

Isolated consensus sequences do not bind to zeste by the
immunoprecipitation assay nor do they footprint. An
apparent exception is the Ubx 3’ site. This is a very strong
binding site located just a few hundred nucleotides beyond
the 3’-most polyadenylation site of the Ubx transcription unit.
This site is unusual because instead of two separate consensus
sequences, it contains two partially overlapping sequences:
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Fig. 7. A zeste—DNA complex is retained on a DNA affinity column.
Extracts from bacteria containing the pKK223-zeste expression vector
(Benson and Pirrotta, 1987) or the pKK223 vector alone were
incubated with equal amounts of 32P-labelled DNA containing the Ubx
5’ binding site, then applied to a DNA affinity column bearing the
zeste consensus sequence. Fractions 1—4 represent 200 ul washed,
fractions 5—14 are of 50 ul each and were eluted with 0.6 M NaCl.

CGAGTGAGTG. Footprinting experiments show that this
sequence is rapidly occupied and protected by zeste.
However, the protection is never complete, even with very
high amounts of zeste protein, probably because either one
or the other consensus sequence can be occupied but not both
simultaneously. The strong binding detected at this site is
probably explained by the presence within 300 bp of several
near-consensus sequences which are partly protected in
footprinting experiments. Two of these sequences are
indicated by shaded boxes in Figure 5. The strength of the
binding, assayed by immunoprecipitation or footprinting, in
fact decreases drastically if some of these near-consensus
sequences are removed by cutting the fragment with EcoRV,
Spel or Sall which cleave at 37, 83 and 118 bp from the
double consensus site.

Cooperative interactions

The finding that isolated consensus sequences neither bind
nor footprint and that stable binding requires the presence
of two or more footprinting sites suggests that cooperative
protein —protein interactions are involved. Binding of zeste
at the quintuple Ubx 5' binding sites in immunoprecipita-
tion experiments is greatly reduced by the progressive
deletion of consensus sequences, becoming virtually
undetectable by the time three of the five footprinting sites
are removed (Biggin et al., 1988). Footprinting experiments
show that when two sites are deleted the affinity of the
remaining three sites is reduced four-fold (data not shown),
indicating a degree of cooperativity between zeste bound at
neighbouring sites.

We then considered the question of cooperativity between
zeste bound to independent binding sites. We used a DNA
fragment from the white regulatory region, containing two
independent zeste binding sites in the region —1100 to
—1300, one very weak binding site at —400 to —450 and
one intermediate binding site near the promoter at —119 to
—143. Using the footprinting assay, we compared the
binding of zeste to the promoter site using the intact fragment
as opposed to the fragment cut with EcoRV at position —223



(hence separating the promoter site from the other sites).
The results shown in Figure 6 indicate that the presence of
the distant binding sites facilitates the binding of zeste to the
promoter site, increasing the affinity by approximately a
factor of five. Using other restriction enzymes, we found
that cleavage at position — 1085 (Bg/II) or —538 (Sphl) has
little effect but the 5-fold drop in affinity occurs when the
fragment is cut at —408 (Scal). No additional effect resulted
from cutting at —223 (EcoRV). These results indicate that
the complex is stabilized by the interaction of zeste bound
at the white-3 site (—400 to —450) with zeste bound at the
promoter site (—119 to —143).

Zeste can cross-link two DNA molecules

One possible explanation for the apparent long-range
cooperativity described above is that the zeste molecules
bound to two independent sites can interact or even form
a single multivalent aggregate able to hold together two DNA
regions. This kind of behaviour would provide an attractive
basis for the understanding of transvection phenomena. In
transvection, zeste mediates in some way the interaction
between two genes on homologously paired chromosomes.
In the case of the zeste —white effect, zeste can also mediate
the interaction between two tandem copies of white. The
simplest model for the role of zeste would be one in which
the zeste protein can bind simultaneously to both copies of
the gene.

To determine whether zeste protein can interact
simultaneously with two DNA molecules, we first mixed
extracts from E. coli expressing zeste with radiolabelled DNA
fragments containing the Ubx promoter binding site. We then
applied the binding mixture to an affinity column made with
a synthetic oligonucleotide containing the consensus binding
sequence (Kadonaga and Tjian, 1986). After the binding
reaction was loaded, the column was washed with ten column
volumes of binding buffer containing cold calf thymus DNA
and then eluted with 0.6 M NaCl. As Figure 7 shows, the
profile of the radioactivity eluting from the affinity column
indicates that a substantial fraction of the counts is retarded
and elutes slowly in the column wash while ~10% of the
counts are bound more stably and elute only with high salt.
As a control we performed a parallel experiment using
equivalent amounts of protein extracts from bacteria
containing the expression vector but no zeste coding
sequences. In this case, the labelled DNA is neither bound
nor retarded and elutes from the column in the flow-through
fractions. These results demonstrate directly that zeste protein
bound to the radiolabelled DNA is able to bind simultaneous-
ly to the affinity column and therefore cross-link two DNA
molecules.

Discussion

The DNA sequence of many different zeste binding sites
indicates that zeste protein recognizes a consensus hexa-
nucleotide with the sequence T/CGAGT/CG with a strong
preference for T at the pyrimidine positions. Such a hexa-
nucleotide with two two-fold degeneracies would be a
relatively frequent sequence, statistically expected on one
strand or the other every 512 base pairs. The much lower
frequency of zeste binding sites actually found is due to the
requirement for two or more such consensus sequences with
a spacing of 17—50 nucleotides. Multiple binding sites for
DNA binding proteins are well known in cases ranging from

zeste binding sites

the lambda operators (Maniatis et al., 1975) to the cluster
of SP1 sites in the SV40 early promoter (Dynan and Tjian,
1985). What is unusual in the case of zeste is that the affinity
for a single consensus sequence is undetectable in our
experiments (hence more than an order of magnitude lower
than an average site) while the cooperating consensus
sequences can be separated by a variable distance without
any clear evidence of helical periodicity or orientation
specificity. These results suggest not only that stable binding
requires cooperativity but that the interaction between zeste
proteins bound at two consensus sequences is remarkably
flexible.

The zeste protein used for most of the experiments reported
here was in the form of extracts from E. coli expressing the
zeste gene. Affinity-purified zeste protein made in E. coli or
extracted from Drosophila appears to behave in an entirely
similar way (Biggin et al., 1988) at least with respect to
binding and footprinting at the Ubx promoter site.
Mansukhani ez al. (1988) have reported binding to what are
undoubtedly some of the same sites at white and Ubx using
a zeste-(3-galactosidase hybrid protein containing as little as
205 of the 575 amino acid residues of the zeste protein. It
is possible that the 3 galactosidase moiety, which normally
forms tetramers, could contribute to the protein—protein
interactions. Another possibility is that some part of the zeste
polypeptide required for cooperative interactions may lie
very close to the DNA binding domain.

Distribution of binding sites

The results presented in this paper and other recent reports
on the zeste gene and its product (Biggin et al., 1988; Pirrotta
et al., submitted) have greatly expanded our conception of
what zeste might do. It clearly binds to DNA at a large
number of sites at many more loci than those predicted by
the genetic evidence. In the white gene, the binding sites
are located primarily in the 5’ regulatory region and are in
rough correspondence with known control elements respon-
sible for the expression of the white gene in testes, eyes and
malpighian tubules (Pirrotta et al., 1985; Levis et al., 1985).
The excision of one of these binding sites, white-2, in the
w*? mutation results in greatl?/ decreased eye pigmentation
and failure to interact with z' but no impairment of testis
or malpighian tubule pigmentation. The implication that the
white-2 binding site is associated with an eye-specific
determinant has been directly confirmed using a lacz gene
as a reporter (V.P., unpublished results). The white gene
then appears to have two eye specific determinants, one very
close to the promoter and one more than one kilobase
upstream; both of these are associated with zeste binding
sites.

The other loci we have examined so far are much more
complex than white. At Ubx, mutations with altered
regulatory effects are found in the 40 kb preceding the gene
as well as within the 75 kb transcription unit and even
downstream of the polyadenylation sites. zeste binding sites
at Ubx are similarly spread over a 130 kb region. As at
white, one binding site is in the immediate vicinity of the
transcription start site. Other sites lie in the Ubx regulatory
regions defined by the abx, bx, bxd, pbx and Cbx mutations.
At dpp, the 30 kb following the 3’ end of the transcription
unit contain a number of regulatory elements affecting the
function of the gene in imaginal discs (Gelbart et al., 1985)
and participating in transvection effects (Gelbart and Wu,
1982). We find several zeste binding sites in this region as
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Fig. 8. A model of zeste action. (A) The promoter P of a
transcriptional unit is associated with a zeste binding site (ZBS). A
second zeste binding site is associated with a distant regulatory element
(DRE) lying tens of kilobases away from the promoter. (B) A
multivalent zeste protein complex can bind to both the proximal and
distal zeste binding sites, bringing the DRE to the vicinity of the
promoter. (C) A similar interaction between the proximal ZBS on one
chromosome and the distant ZBS on the synapsed chromosome permits
transvection effects.

well as a particularly strong site associated with the promoter
of the 4.5 kb transcript. The distribution of zeste binding
sites at Antennapedia and engrailed is similarly complex
although we have not found in these cases a binding site in
close proximity of the promoter as at white, Ubx and dpp.
In some cases, the apparent affinity of a DNA fragment for
zeste might be due to the presence of several, individually
very weak sites. These may however collaborate to achieve
stable binding, as our results at the white promoter site
indicate. At present, the evidence for the significance of these
zeste binding sites is purely circumstantial (except for the
white-2 site), based on the fact that their distribution at Ubx
or dpp resembles that of regulatory mutations that are known
to be involved in transvection phenomena.

Although zeste binding sites are abundant in the loci
discussed above, they are not ubiquitous and many of the
genomic clones we have examined contained no sites with
appreciable affinity for zeste in vitro (for example, clones
containing the fushi tarazu gene and its flanking sequences).
Using indirect immunofluorescence on salivary gland
chromosomes, zeste has been localized at at least 60 sites
on the euchromatic arms of the chromosomes in late third
instar larvae and the evidence suggests that the occupation
of potential binding sites might be developmentally regulated
(Pirrotta et al. , submitted). We suspect therefore that a zeste
binding site detected in vitro might be occupied in vivo only
in a particular stage or tissue. Some might in fact not be
physiologically significant. Conversely, it is possible that
sites with low affinity in vitro might become significant in
vivo or in vitro in the presence of suitable cofactors.

A possible model of zeste function
Our results suggest the following conclusions: (i) zeste
binding sites are associated with promoter regions and/or
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regulatory elements, particularly in genes with complex and
extensive regulatory regions; (ii) zeste binding requires
cooperative interactions; (iii) cooperativity can also be
detected between zeste bound at distant sites; (iv) zeste
protein or aggregates of zeste can bind simultaneously to two
different DNA molecules or two regions of the same
molecule. In vitro studies show in fact that the zeste protein
tends to form very large aggregates and that the DNA
binding activity is found preferentially in such higher mol.
wt forms (S.Bickel and V.Pirrotta, manuscript in prepara-
tion). We propose then that the role of zeste is to bind in
the vicinity of different regulatory elements that may be tens
of kilobases distant from one another and to bring them
together by means of zeste —zeste interactions. Alternative-
ly, a large aggregate of zeste protein bound at one site might
capture a second zeste binding site on a loop of DNA from
the same gene or from the homologous chromosome as
illustrated in Figure 8. In complex regulatory regions such
as those of Ubx or dpp, the binding of zeste to a given site
might be itself regulated by other factors that would block
a potential zeste binding site or facilitate zeste binding at an
otherwise weak site. A suitable series of such factors
appearing, for example, at different developmental stages,
would allow zeste to bind successively to a number of
different sites. This would generate the possibility for a
programmed looping and folding of long DNA regulatory
domains, successively juxtaposing different parts and
allowing them in turn to affect RNA polymerase poised at
the transcription start site. Thus, in addition to having a direct
effect as a promoter-proximal transcription factor (Biggin
et al., 1988), zeste could also modulate the activity of a gene
by allowing distant regulatory elements to control the
promoter. Interactions of this sort, as proposed by Biggin
et al. (1988), could easily accommodate explanations of
transvection phenomena simply by allowing the looping to
occur not only between regulatory elements within a gene
but also between two copies of a gene brought together by
chromosome pairing.

Looping mechanisms have been frequently invoked to
explain the action of enhancer elements (Dunn et al., 1984;
Ptashne, 1986). The looping is generally attributed to
protein—protein contacts between a trans-acting factor bound
at the enhancer and RNA polymerase or transcription factors
at the promoter. While these are very likely mechanisms in
many cases in which the enhancer is found at a distance of
one to several hundred nucleotides from the promoter, more
explanation is required in the case of complex genes such
as Ubx in which the presumed enhancer-like elements may
lie as far away as 50 kb from the transcription start. What
is there about zeste that would justify such long-range looping
models? We can adduce three arguments. One is that
transvection phenomena clearly indicate that such long-range
interactions do occur and that they involve zeste. A second
argument is that, as we have shown here, zeste proteins can
bind simultaneously to two DNA molecules or two regions
of the same molecule. Thirdly, the zeste protein, whether
produced in bacteria or extracted from Drosophila cells, has
a strong tendency to associate, forming large aggregates
which are the molecular species responsible for most of the
DNA binding activity (S.Bickel and V.Pirrotta, in prepara-
tion). Finally, it can be argued that some form of looping
mediated by zeste or other proteins with similar properties
is necessary to explain the specificity of action of distant



regulatory elements. We know that such elements can act
on promoters many tens of kilobases distant. We also know
of cases in which two genes with different tissue or
developmental specificity reside in close proximity without
interfering with one another’s specific pattern of expression.
A protein such as zeste, binding at sites made accessible
according to a specific program (for example, by means of
other factors that block or facilitate the occupancy of a given
site), would allow a specific loop to be established between
a control element and its corresponding promoter to the
exclusion of other promoters in the vicinity.

Needless to say, these models are, at present, purely
conjectural. A functional role for zeste binding sites remains
to be proved. Most critical for any model that proposes an
important role for zeste in the expression of its target genes
is the lack of genetic evidence to indicate that the zeste func-
tion is essential. Mutations in zeste affect its ability to mediate
transvection but do not impair the viability of the fly. We
have presented arguments for the possibility that none of the
available zeste alleles are in fact null (Pirrotta et al., 1987)
but no understanding of the role of zeste will be possible
without a study of true zeste null mutants.

Materials and methods

DNA binding assays
The procedure was identical to that previously described (Benson and Pirrotta,
1987).

Footprinting

white-1 and white-2 footprints. DNA was end-labelled using Klenow DNA
polymerase and 2 femtomoles were incubated in ice for 10 min with E. coli
extract (35 ug protein) containing zeste in 50 ul of 40 mM KCl, 10 mM
Tris pH 7.6, 0.04 mM EDTA, 5 mM MgCl,, 0.4 mM dithiothreitol and
2% polyvinyl alcohol. After the addition of 50 ul of 10 mM MgCl,, 5 mM
CaCl, at 25°C, 10 ul of 2.5 pg/ml DNase I were rapidly mixed in.
Digestion continued for 1 min at 25°C and was terminated with 100 ul of
40 pg/ml tRNA, 0.2 M NaCl, 20 mM EDTA and 1% SDS. The reaction
volume was extracted once with phenol —chloroform, ethanol precipitated
and analysed on a 7% acrylamide 8 M urea gel.

An alternative protocol was used for some experiments including that
shown in Figure 6. DNA was end-labelled with T, polynucleotide kinase
and [32P-y]ATP, the amount of protein added was 3.5—42 pg and the
binding reaction took place in ice in 20 mM Tris pH 7.6, 0.25 mM EDTA,
1 mM dithiothreitol and 150 mM NaCl. Digestion was done by adding 50 ul
of ice cold binding buffer containing 12.5 ug/ml DNase I and either 10 mM
MgCl, and 5 mM CaCl, or I mM MnCl,.

Affinity column

Approximately 25 ng of kinase-labelled DNA was incubated with crude
E.coli extract (480 g protein) in 200 ul of 20 mM Tris pH 7.6, 0.25 mM
EDTA, 1 mM dithiothreitol, 150 mM NaCl and 50 pg/ml sonicated calf
thymus DNA. After binding at 0°C, the reaction volume was passed three
times through a 100 ul bed volume affinity column made with
oligonucleotides containing the zeste consensus binding sequence (Biggin
et al., 1988). The columns were washed with a total of 1 ml binding buffer
containing 10 ug/ml calf thymus DNA, then eluted with ten 50 pl aliquots
of 0.6 M NaCl, 10% glycerol, 1 M dithiothreitol, 10 mM Tris pH 7.6,
1 mM EDTA. All column procedures were done at 4°C.
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