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SUMMARY
The Engrailed homeodomain protein is an ‘active’ or dominant transcriptional repressor in cultured
cells. In contrast, the Fushi Tarazu homeodomain protein is an activator, both in cultured cells and
in Drosophila embryos, where it activates several known target genes, including its own gene. This
auto-activation has been shown to depend on targeting to a fushi tarazu enhancer by the Fushi Tarazu
homeodomain. We combined Fushi Tarazu targeting and Engrailed active repression in a chimeric
regulator, EFE. When EFE is ubiquitously expressed, it overrides endogenous Fushi Tarazu and
causes a fushi tarazu mutant phenotype. Normal Fushi Tarazu target genes are affected as they are
in fushi tarazu mutants. One such target gene is repressed by EFE even where Fushi Tarazu is not
expressed, suggesting that the repression is active. This is confirmed by showing that the in vivo
activity of EFE depends on a domain that is required for active repression in culture. A derivative
that lacks this domain, while it cannot repress the endogenous fushi tarazu gene, can still reduce the
activity of the fushi tarazu autoregulatory enhancer, suggesting that it competes with endogenous
Fushi Tarazu for binding sites in vivo. However, this passive repression is much less effective than
active repression.
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INTRODUCTION
The creation of dominant negative molecules is a powerful tool for investigating function in
vivo, as it can mimic the loss of function of a regulator (Herskowitz, 1987). This is particularly
useful under circumstances where specific mutations are unavailable or difficult to obtain.
Dominant negative effects can be generated in a number of ways, including the introduction
of altered dimerization partners to disrupt function at the protein level (e.g., see Amaya et al.,
1991), and the use of antisense nucleic acids (Erickson, 1993; Wagner, 1994) and ribozymes
(Uhlenbeck, 1987; Zhao and Pick, 1993) to disrupt expression of specific messenger RNAs.
The recent characterization of dominant or ‘active’ transcriptional repressors (see below)
provides a potential new approach to generating dominant negative regulators that prevent
transcription of specific sets of genes.
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A wealth of information about the regulatory interactions that govern early embryogenesis has
been obtained in recent years from studies in Drosophila. Not only does this detailed
information give us a window into the mechanisms of development, it provides fertile ground
for testing the molecular actions of regulatory proteins of various kinds. In particular, the
segmentation gene hierarchy, which involves a cascading series of interactions that
sequentially subdivide the embryo into patterns of transcription of regulatory genes, provides
a useful backdrop for the study of transcriptional mechanisms in vivo. In this work, we use
this system to test the action of an engineered active repressor as a dominant negative molecule
in vivo.

The product of the Drosophila engrailed (en) locus, En, is a homeodomain-containing protein
(HD protein) that acts in much the same manner as the homeotic gene products. It is required
for cell fate specification throughout development in the progeny of cells that first express it,
and without it, these cell fates are transformed toward those of cells in which it is normally off
(Kornberg et al., 1985; Kornberg, 1981; Lawrence and Morata, 1976; Morata et al., 1983;
Nüsslein-Volhard and Wieschaus, 1980). From genetic and molecular studies, En is known to
activate some genes and to repress others (Eaton and Kornberg, 1990; Harding et al., 1986;
Heemskerk et al., 1991; Hooper and Scott, 1989; Tabata et al., 1992), but no direct interactions
have yet been established.

En is an active repressor of transcription in cultured cells (Jaynes and O’Farrell, 1991). That
is, it is capable of repressing both basal transcription and transcription enhanced by a variety
of activators in a manner that requires En-binding sites in the target gene, but does not require
competition for activator-binding sites (Jaynes and O’Farrell, 1991; Han and Manley, 1993a).
An increasing number of transcription factors are known to possess similar functional
properties (Biggin and Tjian, 1989; Forrest et al., 1990; Han and Manley, 1993b; Ip et al.,
1991; Johnson and Herskowitz, 1985; Johnson and Krasnow, 1992; Keleher et al., 1992; Licht
et al., 1990; Madden et al., 1991; Saha et al., 1993; Sap et al., 1989; Sauer and Jäckle, 1991;
Zuo et al., 1991).

The homeodomain (HD) is a sequence-specific DNA-binding domain (Desplan et al., 1988;
Ekker et al., 1991; Hoey and Levine, 1988) that is responsible for directing proteins to their
appropriate target genes in vivo. This is apparently true even for proteins with closely related
HDs that bind to virtually identical sites in vitro. For example, HD swap experiments have
shown that the Deformed and Ultrabithorax HDs interact with distinct sets of target genes in
vivo (Kuziora and McGinnis, 1989), even though they have identical ‘recognition helices’ that
make most of the sequence-specific DNA contacts (Kissinger et al., 1990). In addition, the
slight differences that have been found in their sequence preference cannot account for their
target discrimination in vivo (Lin and McGinnis, 1992). Thus even closely related HDs can
effectively distinguish between target genes, probably due to interactions with other DNA-
binding proteins.

Like En, Fushi Tarazu (Ftz) is a HD protein that acts in the segmentation hierarchy (Ingham,
1988). It is expressed in a pair-rule pattern of seven stripes (Carroll et al., 1988) that, in
combination with other pair-rule gene products, provides for the proper expression of the
segment polarity genes, such as en. (DiNardo and Farrell, 1987, Kassis, 1990). Unlike En, Ftz
is a strong activator of transcription in cultured cells (Jaynes and O’Farrell, 1988; Winslow et
al., 1989). Consistent with this activity, Ftz activates its own gene in embryos (Hiromi and
Gehring, 1987; Pick et al., 1990), apparently through a direct interaction with binding sites in
an upstream enhancer (Schier and Gehring, 1992). Ftz is also required to activate the even-
numbered en stripes (DiNardo et al., 1988), which lie within its domain of expression
(Lawrence et al., 1987), an interaction that is also thought to be direct (Kassis, 1990). In
addition, Ftz has a role in limiting wingless (wg) expression. In the absence of Ftz, wg is initiated
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in stripes that are much broader than normal, extending throughout the normal Ftz domains
(Ingham et al., 1988). It is not known whether Ftz interacts directly with the wg gene. These
defects in en and wg expression contribute to the pair-rule pattern deletions observed in the
cuticles of ftz-mutant embryos (DiNardo and O’Farrell, 1987; Frasch and Levine, 1987; Ingham
et al., 1988).

When Ftz is expressed ubiquitously in early embryos from a heat-shock promoter, it causes a
phenotype consistent with its normal autoregulatory activity: it expands the domain of
endogenous ftz expression, causing expanded en expression in the same cells, and concomitant
loss of half of the wg stripes (Ish-Horowicz et al., 1989). The outcome at the end of
embryogenesis is a pair-rule cuticular phenotype approximately complementary to that of a
ftz mutant (Struhl, 1985). This activity of Ftz can be seen even when its HD has been partially
deleted (Fitzpatrick et al., 1992). The effects of ectopic En expression have been previously
analyzed only later in embryogenesis, after endogenous en expression has begun. The effects
are somewhat similar to those produced at earlier times by ectopic Ftz. En stripes are expanded
and wg stripes are repressed, but in this case, all the stripes are affected (Heemskerk et al.,
1991).

In this study, we use a HD swap between Ftz and En to uncouple the targeting functions of
these proteins from their transcriptional activities of activation and repression, allowing these
properties to be independently characterized. When the En HD is replaced by the HD of Ftz,
the resulting chimera, EFE, possesses the repression activity of En, as assayed in cultured cells
(Jaynes and O’Farrell, 1991). This is consistent with studies that have mapped En repression
function to domains outside the HD (Han and Manley, 1993a; Jaynes and O’Farrell, 1991).
Although previous work has shown that the Ftz and En HDs bind to similar sequences in vitro
(Desplan et al., 1988; Hoey and Levine, 1988), and, indeed, can act through the same consensus
binding sites in cultured cells (Jaynes and O’Farrell, 1988), the present study shows that EFE
represses normal Ftz target genes in vivo, and that these are distinct from the genes repressed
by En. Thus the Ftz HD, in the context of EFE, is apparently sufficient for specifying these
targets. The repression activity of EFE in vivo is also shown to depend on an En domain that
mediates active repression in cultured cells. Without this active repression domain, the Ftz HD
can apparently still compete with endogenous Ftz for binding sites in vivo, but this passive
repression is much less effective than active repression. The combined activities of Ftz targeting
and En active repression create a potent dominant negative molecule that efficiently mimics a
ftz mutant phenotype in vivo.

MATERIALS AND METHODS
Embryo preparation and staining

P-element transformations (Spradling and Rubin, 1982), cuticle preparations (Wieschaus and
Nüsslein-Volhard, 1986), and in situ hybridization to fixed embryos (Edgar and O’Farrell,
1990) were performed essentially as described previously. Antibody staining was performed
essentially as described (Manoukian and Krause, 1992) using a polyclonal α-En antisera, a
kind gift of Charles Girdham and Patrick O’Farrell, that had been prepared against full-length,
partially purified GST-tagged En and affinity purified against a His-tagged peptide with the
N-terminal 150 amino acids (aa) of En. An alkaline phosphatase coupled secondary antibody
(Vector Laboratories) was used both for microscopic examination of fixed embryos, where the
BCIP and NBT substrates were used for staining (Boehringer Mannheim), and for quantitation
of antibody signals, where p-nitrophenyl phosphate (Sigma) was used as described (Manoukian
and Krause, 1992). This substrate was also used to quantify in situ hybridization signals in Fig.
9C. (In situ hybridization utilized an alkaline phosphatase coupled antibody, Boehringer
Mannheim, against a DGG-labeled probe.) Incubation times were determined to be in the linear
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range of the assay by incubating sets of embryos with different signal intensities for various
times.

Heat shocks were administered to embryos on 35 mm collection plates by floating the plates
on 37°C water inside a sealed container, in order to minimize evaporative cooling. Standard
heat-shock conditions employed a 15 minute incubation followed by return to a 25°C
humidified environment.

Transfections
Cell culture assays for passive and active repression were performed as described (Jaynes and
O’Farrell, 1991), using 2 µg per 60 mm culture dish of one of two target genes:
T3N6D-33CatA and N6T3D-33CATB (Jaynes and O’Farrell, 1991). Active repression assays
with each of these target genes gave qualitatively similar results. The quantitative values quoted
in the legend to Fig. 8 were from transfections using the former plasmid, where values were
averages from at least two separate transfections, normalized to the activity of a co-transfected
reference gene (Jaynes and O’Farrell, 1988; Jaynes et al., 1990). In each case, the range of
values was less than 20% of the average. For active repression assays, 0.04 µg of pPAc-GR
(Yoshinaga et al., 1993) was used to express the rat glucocorticoid receptor. For passive
repression assays, 0.3 µg Ftz expression plasmid pPAc-ftz (Jaynes and O’Farrell, 1988;
Winslow et al., 1989) was used. CAT assays, as well as β-galactosidase assays for expression
of the co-transfected reference gene pLac82SU (Dorsett et al., 1989), were performed as
described (Jaynes and O’Farrell, 1991). Co-transfected plasmids used to express EFE and its
derivatives were the same as those used for P-element transformation. Transfections typically
used 5 µg of these constructs. Exceptions are noted in the text.

Plasmid constructions and Drosophila strains
To construct the EFE transformation vector, pRK232 (Heemskerk et al., 1991) containing the
hsp70 promoter upstream of the wild-type en coding region (Poole et al., 1985) was cut at two
unique restriction sites (MluI and BstEII) flanking the En HD. The En HD containing fragment
was replaced with the corresponding fragment from pAc-EnFtzHD (Jaynes and O’Farrell,
1991), which contains the 60 aa Ftz HD coding sequence in place of the 60 aa En HD coding
region. This plasmid, phs-EFE, was modified using unique restriction sites within the En coding
region to yield the deletion derivative phs-EFEΔ, removing codons 169–399. These plasmids
were introduced into flies using standard methodologies (Spradling and Rubin, 1982).
Homozygous viable insertions on either the second or third chromosome were used in all the
analyses. A Drosophila strain carrying a ftz-lacZ transgene on the second chromosome (‘5′B’
of Pick et al., 1990; kindly provided by L. Pick) was crossed with a strain carrying phs-
EFEΔ on the third, and appropriate progeny were crossed to give flies that both carried ftz-
lacZ and were homozygous for the phs-EFEΔ transgene. A strain carrying an eve-lacZ
transgene on the balancer chromosome SM6B (Panzer et al., 1992) was analogously
manipulated. These were used in the analysis presented in Fig. 9.

RESULTS
Replacing the En HD with that of Ftz results in a predictable change in regulatory specificity

A chimeric En protein containing an exact replacement of its 60 aa HD with that of Ftz was
previously tested in cell culture assays for transcriptional activity, and was found to be an active
repressor (Jaynes and O’Farrell, 1991). The corresponding protein coding region was placed
in a P-element transformation vector under heat-shock promoter control, and transgenic lines
were established. The effect of ectopic production of the chimeric protein EFE was compared
to that of the two parental proteins, En and Ftz. Ftz is a transcriptional activator as assayed in
cultured Drosophila cells (Jaynes and O’Farrell, 1988), and has been implicated in a positive
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feedback loop in early embryos (Hiromi and Gehring, 1987; Pick et al., 1990), apparently acting
directly through an enhancer in its own gene (Schier and Gehring, 1992). As described
previously (Struhl, 1985), when Ftz is ectopically expressed between 2.5 and 3.5 hours of
development, it causes pair-rule deletions in the pattern of cuticular structures formed at the
end of embryogenesis that are approximately complementary to those caused by lack of Ftz
(Fig. 1B). In contrast, ectopic EFE production between 2.5 and 3 hours mimics the effects of
a ftz mutant (Wakimoto et al., 1984), causing pattern deletions predominantly in the ftz-
dependent parasegments (Fig. 1C; see below and Fig. 1 legend for details). The effects of
ectopic En production have been analyzed previously only in older embryos, after 3 hours of
development, when it causes pattern defects in each parasegment (Heemskerk et al., 1991). At
earlier times, between 2.5 and 3 hours, it also causes pre dominantly segment polarity-type
pattern defects, although occasionally it produces pattern deletions that are close to pair-rule
(not shown). These usually take the form of deletions of naked cuticle (Fig. 1D), and are distinct
from the defects seen at high frequency in EFE embryos. The mimic of a ftz mutant phenotype
by ectopic EFE is consistent with the combination in the EFE molecule of Ftz targeting activity
and En dominant repression activity.

As described in Fig. 1, not all of the EFE embryos show simple pair-rule pattern deletions. The
most commonly seen less severe phenotype was the fusion of pairs of denticle bands, most
often at the edges, with a loss of naked cuticle anterior to the ftz-dependent bands. This is the
region most sensitive to loss in response to ubiquitously expressed Ftz protein (Struhl, 1985),
as well as in en mutants (Nüsslein-Volhard and Wieschaus, 1980), and probably reflects the
loss of wg expression anterior to the even-numbered en stripes. At a lower frequency, we also
observed partial loss of ftz-dependent denticle bands without loss of naked cuticle. In an attempt
to determine whether a distinct time window exists for these distinct pattern deletions, we
performed shorter collections of 15 minutes. In collections corresponding to the earlier half of
the previous collections, we observed a predominance of denticle band-only deletions, while
in collections corresponding to the later half of previous collections, we observed an increased
frequency of denticle band fusions. This suggests that the ftz-dependent denticle bands are most
sensitive to a loss of Ftz between 2½ and 2¾ hours of development, while the anteriorly adjacent
naked cuticle becomes most sensitive 15 minutes later, which may reflect a temporal order in
patterning events within the ftz domain (see Discussion). The earlier collections also contained
a higher proportion of more severely affected embryos, suggesting that the odd-numbered
parasegments are more sensitive to disruption by EFE at earlier times. Deletions of either non-
ftz-dependent denticle bands or additional naked cuticle were observed, usually in different
embryos. Although this suggests that there may be a temporal order of sensitivity to the effects
of EFE in different non-ftz-dependent portions of severely affected embryos, we have not
attempted to further characterize these effects.

The time window during development in which EFE can induce defects was also assessed by
determining hatching rates. Both Ftz and EFE, when ectopically expressed, are most effective
at producing lethal defects early in development (Fig. 1E). The analysis was not extended to
earlier times, since earlier heat shock causes significant lethality in wild-type embryos (not
shown). The effectiveness of Ftz and EFE falls off rapidly after 3 hours of development. In
contrast, En is more effective later, with a peak around 3.5 hours, and the window extends to
much later times. Thus the activity of En appears to be significantly altered when its HD is
replaced by that of Ftz. This conclusion is confirmed by results described below.

EFE represses Ftz-activated genes in the embryo
Ectopic EFE production causes a rapid loss of endogenous ftz gene expression. Following a
15 minute heat pulse between 2.5 and 3 hours of development (the ‘standard heat shock’), at
a time when ftz expression has been established in 7 broad, sharply defined stripes, hs-EFE
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embryos fixed within 10 minutes of the end of the heat shock show a dramatic reduction in
ftz RNA levels (Fig. 2C). In contrast, wild-type embryos heat shocked in parallel show normal
ftz expression, consistent with the fact that such embryos develop normally. This rapid loss of
ftz expression suggests that the endogenous ftz gene is repressed directly by EFE. This activity
depends on the Ftz HD, since hs-En embryos show only slight repression of ftz stripes 4 and/
or 5, and only in some embryos (Fig. 2D). This activity is also distinct from that of ectopic Ftz,
which, as has been shown previously (Ish-Horowicz et al., 1989), expands late ftz stripes (Fig.
2B). Following global repression by EFE, ftz expression partially recovers in a characteristic
pattern (Fig. 2C, ‘hs + 40min.’), with stripe 7 recovering completely, stripe 6 recovering in a
narrow stripe, with some loss ventrally, stripe 3 recovering only dorsally, stripe 1 recovering
ventrally (and variably), and the other stripes recovering only patchy expression, mostly
dorsally.

The pattern of ftz repression is distinct from that observed previously in response to ablation
of ftz RNA using an antisense ribozyme construct (Zhao et al., 1993), in which stripes 3 and 7
were relatively sensitive to repression. This distinction between the patterns may indicate that
the mechanism of repression by EFE is not solely a passive competition for endogenous Ftz
sites, which might be expected to result in a pattern of repression more similar to that caused
by ablation of ftz RNA.

In addition to repressing ftz, EFE prevents activation of the engrailed gene (en), a Ftz target
gene that is immediately downstream in the segmentation gene hierarchy. Not only does EFE
repress the en stripes that are ftz dependent, the even-numbered stripes, but it also prevents
activation of the odd-numbered en stripes, which lie outside the ftz domain of expression (Fig.
3C). Although this effect could be indirect, it suggests that EFE may repress en not only by
repressing endogenous ftz, but also directly, in regions where en is activated by factors other
than Ftz. This is a second indication that EFE may be acting as an active repressor in vivo,
consistent with its transcriptional activity in cultured cells. In contrast, Ftz expands the even-
numbered en stripes (Fig. 3B), as previously described (Ish-Horowicz et al., 1989), while En
has little effect (Fig. 3D).

The HD swap causes a re-targeting of repression activity
In addition to conferring on EFE the ability to repress the ftz gene, the HD swap directs En
repression activity away from the eve gene. When En is ectopically expressed using standard
heat-shock conditions, endogenous eve stripe expression is rapidly lost. In contrast, neither
wild-type, hs-ftz, nor hs-EFE embryos show this loss (Fig. 4). These results are consistent with
eve being a direct target of En, a possibility consistent also with the previous observation that
eve expression persists longer than normal in en mutant embryos (Harding et al., 1986), in
those cells that usually express En. Repression of eve at this time in development, somewhat
surprisingly, does not cause a loss of odd-numbered en stripes, which are normally sensitive
to loss of eve function (DiNardo et al., 1987), although we do see a reduction in intensity in
these stripes in many hs-En embryos (e.g., stripe 5 in Fig. 3D). This result is consistent with
the recent finding that only early eve expression is absolutely required for activation of these
en stripes, although later eve expression enhances their activation (M. Fujioka, J. Jaynes, and
T. Goto, submitted). This, and the fact that EFE is ineffective at repressing eve, implies that
the loss of odd-numbered en stripes in hs-EFE embryos cannot be explained by a loss of eve
expression, adding weight to the possibility that this loss is due to direct, active repression of
en by EFE.

The distinct regulatory specificities of EFE and En are further seen in their divergent effects
on wingless (wg) expression. When ectopically induced, Ftz represses wg in odd-numbered
parasegments (Fig. 5B), while En represses all of the wg stripes (Fig. 5D). In contrast, EFE
has an effect similar to that of a ftz mutant: wg is derepressed, often throughout the ftz domain
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(Fig. 5C). This occurs quite rapidly, with ectopic expression appearing within 20 minutes of
the end of a standard (15 minute) heat shock. This is roughly coincident with the normal time
of induction of wg expression in its 14-stripe pattern within the segmented region of the trunk.
However, it is delayed enough following EFE production that it could be an indirect effect due
to repression of a wg repressor. This possibility is consistent with indirect regulation of wg by
Ftz, via activation of the same (hypothetical) wg repressor (see Discussion).

An active repression domain is required for repression by EFE in vivo
In order to determine whether repression by EFE in vivo depends on the active repression
function of En, or whether it might be due solely to competition for Ftz-binding sites in target
genes, we examined the effects of a derivative of EFE that could no longer actively repress.
We constructed a deletion derivative (EFEΔ) by removing an En-derived region containing
both an active repression domain previously identified using cell culture assays (Han and
Manley, 1993a; Jaynes and O’Farrell, 1991), as well as a conserved motif from the N-terminal
half of En. Deletion of both of these regions was necessary to completely abolish active
repression activity in culture (S. T. S. and J. B. J., unpublished observations; see below). Since
the Ftz HD appears to be responsible for targeting EFE to the ftz gene, this deletion would not
be expected to affect the ability of EFE to compete for Ftz target sites.

First, we examined the ability of EFEΔ to repress endogenous ftz gene expression. Following
a standard (15 minute) heat shock, transgenic embryos showed no reduction of ftz RNA levels
relative to wild-type controls (not shown), in strong contrast to the effect of EFE (Fig. 2C).
Following a 30 minute induction of EFEΔ, there was a slight reduction in ftz expression,
followed by a recovery to normal levels (Fig. 6A,B). Next, we examined whether EFEΔ
retained the ability to disrupt embryogenesis. In two independent lines, EFEΔ was unable to
significantly affect the hatching rate of embryos following a standard heat shock (Fig. 6C). In
contrast, EFE reduced the hatching rate below 30%. Even with a 30 minute heat shock,
EFEΔ was unable to significantly reduce hatching rates below those of wild-type embryos (not
shown), suggesting that the observed transient reduction of ftz expression has no lasting
phenotypic consequence.

In situ hybridization revealed that EFEΔ mRNA was expressed following heat induction at a
level similar to that of EFE mRNA, and that the two decayed with similar kinetics, becoming
undetectable after about 30 minutes (not shown). To determine whether EFEΔ was expressed
effectively, we employed an antiserum directed against the N-terminal portion of En, which is
present in both EFE and EFEΔ. Staining with this antibody preparation showed a similar strong,
nuclear signal in both EFE and EFEΔ embryos 10 minutes after induction. While EFE decayed
rapidly, EFEΔ protein was more stable, persisting in nuclei for at least 1 hour (Fig. 7A–D).
Quantitation of the signal confirmed that EFEΔ is expressed at the same level immediately
following induction, and persists considerably longer than EFE (Fig. 7E). These data show that
the inability of EFEΔ to repress ftz and to disrupt embryogenesis is not due to a lack of its
accumulation or persistence in nuclei.

Deletion of the active repression domain does not affect competition for DNA-binding sites
in cultured cells

Based on previous results, we hypothesized that EFEΔ would have reduced or abolished active
repression activity in culture, and, since the HD has been shown to be sufficient for sequence-
specific DNA binding (Desplan et al., 1988), that it would retain the ability to bind to target
sites. To test this, we used an established co-transfection assay in Drosophila S2 cells (Jaynes
and O’Farrell, 1988; Jaynes and O’Farrell, 1991). Previous analyses had shown (Jaynes and
O’Farrell, 1991) that En and EFE could repress activated transcription of a reporter gene
without competing for binding sites with a sequence-specific activator such as the
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glucocorticoid receptor (GR). This activity was termed active repression. In contrast, both these
active repressors and HD-containing proteins with no active repression function could repress
by competing for activator-binding sites (Jaynes and O’Farrell, 1988; Jaynes et al., 1990;
Jaynes and O’Farrell, 1991). This competition can thus serve as an in vivo measure of DNA-
binding activity. In this assay, we used Ftz as the activator, since its activation function on a
HD-binding site-containing target gene has been shown to be repressible by simple competition
(Jaynes and O’Farrell, 1988), and since EFE and EFEΔ contain the Ftz HD. The results (Fig.
8) show that EFEΔ has lost most, or all, of its active repression function, since it does not
significantly repress GR-activated expression, while EFE represses this expression very
effectively. In contrast, both EFE and EFEΔ are equally effective in repressing Ftz-activated
expression. As previously shown, EFE can repress basal level expression of a reporter gene 2-
to 3-fold, but only when the reporter contains HD-binding sites, another characteristic of active
repression (Jaynes and O’Farrell, 1991). EFEΔ, however, does not repress basal level
expression of the reporter, whether or not it contains HD-binding sites (not shown). These data
demonstrate that EFEΔ has selectively lost the ability to actively repress transcription, while
retaining the ability to compete for binding sites on the DNA.

EFEΔ is targeted to the ftz autoregulatory enhancer in vivo
Since EFEΔ retains DNA-binding activity in culture and can accumulate in embryonic nuclei,
it is somewhat surprising that it is virtually inert in vivo. Based on previous analyses of Ftz
autoregulation (Han et al., 1993; Schier and Gehring, 1992), and on our indications of the
targeting ability of EFE, we would predict that EFEΔ would compete for Ftz-binding sites
within the ftz gene. We therefore tested whether partial competition might be occurring, to an
extent that allows EFE to occupy enough sites to actively repress ftz, but not enough to allow
EFEΔ to completely prevent auto-activation by Ftz. For this we used a reporter transgene driven
by a 1.75 kb ftz autoregulatory enhancer (Pick et al., 1990), testing whether the level of RNA
from the lacZ reporter was reduced in doubly transgenic embryos by induction of EFEΔ. The
reporter was clearly repressed relative to endogenous Ftz protein (Fig. 9A,B) following a 30
minute heat shock. While this repression by EFEΔ was not complete, quantitation of the in situ
hybridization signal indicated that the degree of repression was at least 5-fold (Fig. 9C).
Without heat shock, there was no significant difference in reporter expression levels between
EFEΔ and control flies. As suggested by the quantitation in Fig. 9C, heat shock itself caused
a 2-fold increase in RNA levels from the transgene, which followed a slight reduction
immediately after heat shock (not shown). In fact, we have observed a similar effect on
endogenous ftz RNA levels (not shown). Thus it appears that ftz expression, once established,
is subject to positive feedback, and that this positive feedback may be partially Ftz independent,
since increased expression can follow a brief decrease. The effect of EFEΔ is both to prevent
this increase, and to repress ftz enhancer expression below the level seen without heat shock.
We have also examined the effect of EFEΔ on a 300 bp ‘minimal’ ftz upstream enhancer (Han
et al., 1993), with similar results (data not shown). Control experiments with an eve enhancer-
lacZ transgene showed no repression by EFEΔ (Fig. 9C). These data suggest that EFEΔ can
compete for Ftz-binding sites in vivo, but that this passive repression is much less effective
than active repression by EFE at inactivating the endogenous ftz gene (see Discussion).

DISCUSSION
An engineered active repressor generates a predicted mutant phenotype

In this study, we have examined the feasibility of creating a dominant negative version of a
transcriptional activator by converting it to an active repressor. We demonstrated that such a
regulator can generate a close approximation of the expected mutant phenotype, that of loss-
of-function of the activator, by the two criteria of target gene activities and external
morphology. The extensive base of knowledge available from molecular studies of early
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Drosophila embryogenesis allowed us to monitor effects on the known regulatory circuitry so
as to test the specificity and mode of action of the engineered regulator. We found that, in vivo,
the chimeric regulator is accurately targeted by the activator’s DNA-binding domain and that
it acts as an active repressor.

Specifically, we found that the Ftz HD is capable of targeting the chimeric active repressor
EFE to Ftz target genes in vivo. This combination of Ftz targeting and active repression
efficiently generates a ftz mutant-like phenotype. A considerable degree of specificity is
demonstrated by the similarity of this phenotype to that of a ftz mutant, both in the morphology
of cuticular structures and in the effects on known ftz target genes. Specificity is further
indicated by the fact that neither parental protein, Ftz or En, is able to approximate this
phenotype (Fig. 1).

The re-targeting was accomplished by replacement of the 60 aa En HD with that of Ftz (Jaynes
and O’Farrell, 1991). These HDs differ at 31 aa, of which one is in the recognition helix (helix
3) at position 2, and they bind to similar sequences in vitro (Desplan et al., 1988; Hoey and
Levine, 1988). In addition, they are both able to regulate transcription through the same
consensus binding sites in cell culture transfection experiments. A distinct change in regulatory
specificity in vivo is seen in a comparison of the target genes affected following ectopic
expression of either the chimeric protein or the parental En protein in early Drosophila
embryos. Ftz has previously been implicated in a direct positive feedback on its own
expression, through an upstream enhancer element (Pick et al., 1990; Schier and Gehring,
1992). The chimeric protein, EFE, strongly represses this Ftz target gene, i.e. the ftz gene itself,
while En, with its own HD, is unable to do so. The repression of ftz by EFE occurs very rapidly
(we see clear repression 5 minutes after a 7 minute heat shock), suggesting that it occurs via a
direct interaction.

That the HD swap has effected a true re-targeting, rather than simply an increased activity, is
shown by the fact that ectopically expressed En strongly repress eve, while EFE does not (Fig.
4). The eve gene has previously been implicated as a target of En, since eve expression persists
abnormally in en mutants, in cells that normally turn on en as eve expression fades (Harding
et al., 1986). Thus, the HD swap re-targets the protein away from one gene (eve) and toward
another (ftz), in a manner consistent with the normal targeting activities of the parental proteins
in the embryo. Since this difference in targeting activity in vivo is not accompanied by a clear
difference in DNA-binding specificity in vitro (Desplan et al., 1988), the results suggest that
targeting in vivo is accomplished by recognizing both specific DNA sequences and other DNA-
bound proteins. Both types of recognition interaction can apparently be mediated by the Ftz
HD itself. Similar inferences have been drawn previously from comparisons of the in vivo
targeting activities of other HD proteins (Kuziora and McGinnis, 1989;Lai et al., 1992;Lin and
McGinnis, 1992;Mann and Hogness, 1990), although in some cases conserved regions
immediately flanking the HD have also been implicated (Gibson et al., 1990;Lin and McGinnis,
1992;Mann and Hogness, 1990).

An additional indication that the HD swap results in a global change in regulatory specificity
comes from a determination of when during embryogenesis defects can be induced. The time
window of effectiveness of EFE is similar to that of ectopically expressed Ftz, and unlike that
of En (Fig. 1E). Both EFE and Ftz are ineffective after 3.5 hours of development, while En is
most effective at 3.5 hours. Thus, in vivo efficacy appears to depend on the HD. This might
be due to a temporal restriction in the expression or activation of a partner protein for targeting
by the Ftz HD. A possible candidate for such a partner is FTZ-F1, identified as a DNA-binding
activity that decreases after roughly 3–4 hours of development (Ueda et al., 1990). Cloned
factors belonging to the nuclear receptor superfamily, which are thought to correspond to this
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binding activity (Lavorgna et al., 1991;Ohno and Petkovich, 1992), bind in vitro to sites within
both the ftz zebra-stripe element and the upstream enhancer (Han et al., 1993).

Repression in vivo by EFE is active
En acts as a dominant or active transcriptional repressor in cultured cells, and represses several
target genes in embryos (Eaton and Kornberg, 1990; Harding et al., 1986; Hooper et al.,
1989), although direct interaction with these target genes in vivo has not been demonstrated.
Cell culture experiments had shown that the active repression function of En could be conferred
by regions separate from the HD (Han and Manley, 1993a; Jaynes and O’Farrell, 1991), and
that the EFE chimera was also an active repressor (Jaynes and O’Farrell, 1991). When EFE is
expressed in 2.5-3 hour old embryos, it represses the normal Ftz target genes ftz and en (Fig 2
and Fig 3). Repression of en occurs even where Ftz is not expressed, i.e., where en is activated
by other factors (DiNardo et al., 1987). These activities require a domain of En that is also
required for active repression in cell culture assays (Fig 6, Fig 7, Fig 8). Together, these results
suggest that in vivo, EFE possesses the targeting activity of Ftz and the active repression
activity of En.

The pattern of ftz repression is distinct from that seen following an overall reduction in ftz RNA
levels caused by expression of an antisense ribozyme (Zhao et al., 1993). In that case, the
differential sensitivity of stripes was attributed to a differential requirement for autoactivation,
possibly correlating with the order of establishment of ftz stripes. The EFE effect is quite
different, with some stripes that were very sensitive to loss of Ftz being less sensitive to EFE
repression. The pattern of EFE repression may relate to its ability to actively repress
transcription, an activity that is likely to be affected by the ‘context’ of binding sites, i.e. the
nearby binding of other regulators, in a different way than is activation by Ftz, leading to
different relative sensitivities of different stripes to active repression by EFE vs. a simple loss
of auto-activation. In any case, these results are consistent with previous studies which
suggested that there are significant differences in how different ftz stripes are regulated (Binari
and Perrimon, 1994; Dearolf et al., 1989; Han et al., 1993; Ueda et al., 1990).

The pattern deletions caused by EFE, although clearly exhibiting a strong bias toward ftz-
dependent regions (see Fig. 1 legend), are sometimes less severe and sometimes more severe
than the pair-rule deletions caused by ftz mutants. The details of these phenotypes can be
instructive with regard to the regulatory interactions and functions of ftz and its target genes.
In less severely affected embryos, there is a preferential loss of naked cuticle anterior to even-
numbered en stripes (relative to that adjacent to odd-numbered en stripes) that parallels a similar
effect in en mutants. Mutations which are thought to eliminate en function, leaving that of the
en-like gene invected (inv) intact, cause fusion of pairs of denticle bands due to loss of naked
cuticle anterior to even-numbered en stripes, but only partial loss of the naked cuticle that forms
anterior to (and within) odd-numbered en stripes (Nüsslein-Volhard and Wieschaus, 1980).
Even-numbered en stripes form before the odd-numbered stripes (Weir et al., 1988), and inv
is activated later than en (in an en-like pattern; Coleman et al., 1987). It seems that en/inv
function is required earlier in the even-numbered stripes, which form first, than in the odd-
numbered stripes. Interestingly, en is required to maintain wg expression in the adjacent cell
row (Martinez Arias et al., 1988), and wg is activated first (anteriorly) adjacent to the incipient
odd-numbered en stripes, and only later next to the even-numbeed en stripes (Baker, 1988). In
EFE embryos, odd-numbered en stripes are transiently lost, re-appearing between 3.5 and 4
hours of development. These embryos apparently go on to exhibit a ftz-mutant like pair-rule
phenotype as shown in Fig. 1. Thus the wg stripes that are activated first appear to be less
dependent on early en expression, where transient repression of en by EFE has little phenotypic
consequence.
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The detailed time course of sensitivity of different pattern elements to the effects of EFE, as
outlined in Results, suggests that different Ftz target genes in different portions of each Ftz
stripe may require Ftz at different times, with the presumptive denticle band region apparently
becoming independent of Ftz earlier than the anteriorly adjacent naked cuticle, which depends
on the even-numbered en stripes.

The deletion derivative of EFE, EFEΔ, has several intriguing properties. Consistent with
previous suggestions that the HD is sufficient for effective competition for binding sites (Jaynes
and O’Farrell, 1988; Jaynes et al., 1990; Jaynes and O’Farrell, 1991), EFEΔ retains the ability
to passively repress transcription in cultured cells, apparently by competing with the Ftz
activator for binding sites. However, it is unable to repress transcription activated by the
glucocorticoid receptor, which binds to distinct sites within the reporter gene. Two features
are deleted in EFEΔ that may contribute to the loss of repression activity in vivo. The first is
an active repression domain as defined by transient expression studies in cultured cells (Han
and Manley, 1993a; Jaynes and O’Farrell, 1991). The second is a conserved motif found in all
known En-class HD proteins (Logan et al., 1992), which we have recently found is shared with
other classes of HD proteins (J. B. J. and A. Mazo, unpublished observations).

Active repression is much more effective in vivo than passive repression
Not only is EFEΔ able to interact with HD-binding sites in culture, as indicated by its ability
to passively repress transcription (Fig. 8), but it is more stable in embryonic nuclei than EFE
(Fig. 7). Therefore, it was somewhat surprising that it is unable to cause more than a weak,
transient reduction in ftz gene expression. We tested whether EFEΔ is still targeted to the ftz
gene in vivo by monitoring the activity of an enhancer specifically implicated in Ftz
autoregulation (Han et al., 1993;Pick et al., 1990;Schier and Gehring, 1992). We found that a
1.7 kb enhancer region (Fig. 9), as well as a 300 bp subregion, is repressed significantly by
EFEΔ, presumably by competing for the multiple Ftz-binding sites that they contain (Han et
al., 1993;Schier and Gehring, 1992). These results suggest that while EFEΔ is able to
significantly reduce Ftz autoregulation, this does not severely affect endogenous gene
expression. This may be due to contributions from several effects, including the following: i)
the competition for Ftz HD-binding sites by EFEΔ is probably not complete, ii) Ftz has the
ability to activate its own gene through a HD-independent mechanism (Fitzpatrick et al.,
1992), and iii) direct Ftz auto-activation may not be crucial to the maintenance of endogenous
ftz gene expression. Whatever the reasons, competition for Ftz-binding sites by EFEΔ appears
not to be an effective means of repression of the endogenous ftz gene. In contrast, repression
by EFE is very effective, apparently due to its ability to actively repress transcription. The
mechanisms of active repression are not known. However, it may be mediated by alterations
in chromatin structure (Roth et al., 1992), or by direct interaction with the basal transcriptional
machinery (Herschbach et al., 1994), or both.

Re-targeting the En active repressor by fusing it with a het-erologous targeting activity may
be a generally useful method of inactivating specific sets of genes in vivo. In fact, a recent
study suggests that the N-terminal half of En, which can confer active repression function to
the GR DNA-binding domain (Jaynes and O’Farrell, 1991), is active in the hematopoietic
lineage of mice when fused with the myb DNA-binding domain (Badiani et al., 1994). Our
results indicate that such retargeting can be very effective, since EFE is capable of efficiently
generating a ftz mutant-like phenotype. However, when expressed ubiquitously, EFE represses
at least one Ftz target gene, en, outside the ftz domain. Although cross-regulatory interactions
among segment polarity genes are apparently able to later restore en expression in these regions,
so that few phenotypic changes occur outside the ftz domain, this result suggests that an
engineered active repressor can be effective in vivo even without directly competing for
activator-binding sites.
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The effects produced by a specifically targeted active repressor can illuminate complex
regulatory relationships in vivo. For example, our results suggest that Ftz may act as an activator
in early embryos on all its direct target genes. This follows from the fact that re-targeting an
active repressor to these genes mimics a loss of Ftz function. The normal repression of wg
expression by Ftz is likely to be an indirect effect, through activation of a repressor of wg.
Thus, this kind of regulatory manipulation has useful applications in a variety of contexts, both
for understanding normal gene function and, potentially, for intervening in cases of aberrant
function.
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Fig. 1.
(A–D) Cuticular pattern deletions caused by EFE and its parental proteins. Cuticle patterns in
(A) wild-type embryos, or 20 hours after transient induction of either (B) Ftz, (C) EFE, or (D)
En from heat-inducible transgenes. Embryos were subjected to a 15 minute heat pulse at 37°
C (see Materials and Methods) beginning 2.5 hours after the end of a 30 minute egg collection
period. Ftz caused deletion of the even-numbered abdominal denticle bands, as well as the first
and third thoracic bands, while EFE-induced deletions were essentially complementary. The
positions of the A1 (arrow) and A8 (arrowhead) denticle bands are indicated. The EFE pattern
is very similar to that of ftz mutants (Wakimoto et al. 1984). EFE pair-rule embryos retain
ventral pits posterior to the T3 denticle band but usually lose the Keilin’s organs, which lie just
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posterior, suggesting that the register of the deletions is very similar, if not identical, to that of
ftz mutants (Struhl, 1985). More than 70% of EFE embryos had preferential deletions of ftz-
dependent parts of the ventral denticle bands, including the following categories: pair-rule
deletions of ftz-dependent bands, 20–30%; deletions of a subset of the ftz-dependent bands,
20–30%; and deletions of all of the ftz-dependent bands plus some additional bands, 15–30%.
10–20% of these cuticles showed normal patterns, most likely due to embryos that were
partially developed at the time of egg laying, and therefore escaped the effects of EFE (see part
E). In contrast, En caused extensive disorganization of repeating pattern, including polarity
reversals. All embryos in all figures are oriented ventral down and anterior to the left. (E)
Ectopically expressed EFE causes defects within a time window similar to that of Ftz, but
different from that of En. Hatching rates were determined (after 40 hours) following a 15 minute
heat pulse beginning at the indicated time after the end of a 30 minute egg collection. The
indicated protein was ectopically expressed from a heat-inducible transgene. At least 3
independently heat-shocked plates with at least 100 eggs each were counted (both unhatched
eggs and empty egg casings) for each data point. The graph indicates the average and range of
the data obtained. Normal embryos hatch after about 24 hours.
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Fig. 2.
ftz gene expression is repressed strongly by EFE, but not by either parental protein. The pattern
of ftz RNA expression was monitored in embryos at two times after induction (as in Fig. 1) of
(A) no transgene, (B) hs-Ftz, (C) hs-EFE or (D) hs-En. Embryos were fixed either 10 minutes
(column 1) or 40 minutes (column 2) after induction, and stained by in situ hybridization (as
described in Materials and Methods) using a probe to ftz RNA sequences outside the HD. The
apparent background staining in B, column 1, is due at least in part to cross-reaction of the
probe with ftz RNA sequences expressed from the Ftz transgene.
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Fig. 3.
EFE represses both even- and odd-numbered en stripes. The patterns of en RNA were detected
(as in Fig. 2, except using an en probe) in embryos 40 minutes following induction (as in Fig.
1) of either (A) no transgene, (B) hs-Ftz, (C) hs-EFE, or (D) hs-En. Ubiquitous expression
from both the En- and EFE-producing transgenes was observed at earlier times after induction,
with RNA from the En transgene persisting somewhat longer (not shown). Note that both the
even- and odd-numbered en stripes are repressed by EFE.
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Fig. 4.
eve expression is repressed by ectopic En, but not by EFE. The patterns of eve RNA were
detected (as in Fig. 2, except using an eve probe) in embryos 20 minutes after heat induction
(as in Fig. 1) of either (A) no transgene, (B) hs-Ftz, (C) hs-EFE, or (D) hs-En. Ftz and EFE
had little or no effect. En repressed all eve stripes, with stripes 5, 6, and 1 being least affected.
Thus En repression activity is re-targeted away from the eve gene by the HD swap.
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Fig. 5.
The effect of ectopic EFE on wg expression is distinct from that of En and Ftz. The patterns
of wg RNA were detected (as in Fig. 2, except using a wg probe) in embryos 40 minutes after
induction (as in Fig. 1) of either (A) no transgene, (B) hs-Ftz, (C) hs-EFE, or (D) hs-En. wg is
repressed by Ftz (in odd-numbered parasegments) and by En, while it is strongly de-repressed
by EFE in the Ftz-dependent (even-numbered) parasegments, as it is in ftz-mutant embryos.
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Fig. 6.
Repression of ftz requires an active repression domain from En. In situ hybridization to ftz
RNA in EFEΔ embryos was carried out as in Fig. 2 following a 30 minute heat shock beginning
between 2.5 and 3 hours of development (30 minute collections). Embryos were fixed either
(A) 10 minutes or (B) 40 minutes after the end of heat shock. EFEΔ embryos showed a slight
repression initially (compare to Fig. 2A), followed by full recovery. (C) EFEΔ is innocuous in
vivo. Hatching rates were determined for the wild-type recipient strain, and for transgenic
derivatives carrying either an EFE- or an EFEΔ -producing transgene either without heat shock,
or following a 15 minute heat shock beginning 2.5 hours after the end of a 30 minute egg
collection.
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Fig. 7.
(A–D) Both EFE and EFEΔ are localized to nuclei, and EFEΔ is more stable. Embryos were
heat shocked for 15 minutes to induce transgene expression, then fixed and stained with α-En
(affinity purified using the N-terminal 150 aa of En, present in both EFE and EFEΔ ) and with
alkaline phosphatase (AP) coupled 2° antibodies. AP activity was first quantified using the
soluble-product-producing substrate PNP (Manoukian and Krause, 1992) (results shown in E),
then the embryos were stained as in Fig. 2 (final step). (A) EFE expression 10 minutes after
induction, (B) EFEΔ expression at the same time, (C) staining of EFE transformants 55 minutes
after induction, leaving only a trace of endogenous en stripes (consistent with the RNA analysis
of Fig. 3C), (D) EFEΔ staining 55 minutes after induction. In spite of its persistence, EFEΔ is
unable to repress ftz expression or disrupt normal embryogenesis. (E) EFEΔ is expressed at
the same level as EFE, and is more stable. α -En antibody staining was quantified as described
in A-D. Both proteins were initially expressed at equal levels, but EFEΔ was more stable. A
background value (amounting to 7% at the first time point and 10% at the second and third)
was subtracted from the numbers plotted based on parallel staining of control embryos.
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Fig. 8.
EFEΔ can compete for Ftz-binding sites in cultured cells, but cannot actively repress
transcription. Drosophila S2 cells were co-transfected with a CAT (chloramphenicol
acetyltransferase) reporter plasmid, which contains binding sites for both the glucocorticoid
receptor (GR) and the Ftz HD, separated by 40 bp, upstream of a basal promoter, and a plasmid
that expresses either Ftz or GR (see Materials and Methods for details). Each of the latter
activate reporter expression 50- to 100-fold above the basal level. The ability of either EFE or
EFEΔ to repress this activated transcription was determined by co-transfection of an
appropriate expression plasmid. The non-repressed level was determined by co-transfection of
the same quantity of ‘empty’ parental expression plasmid, which is a P-element transformation
vector (see Materials and Methods). CAT activity was determined and normalized to the
activity of a co-transfected reference gene (see Materials and Methods for details). The graph
represents the average and range of at least 4 independent transfections with 2 different plasmid
preparations, in at least 2 separate experiments.
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Fig. 9.
(A,B) EFEΔ inhibits the activity of a ftz enhancer in vivo. Embryos carrying a ftz-lacZ
transgene, and either (A) lacking or (B) containing the EFEΔ transgene, were double-stained
for lacZ RNA (black), as in Fig. 2 except using a lacZ probe, and endogenous Ftz protein
(brown), using an α-Ftz monoclonal antibody (kindly provided by Ian Duncan) that does not
bind the Ftz HD and therefore does not cross-react with EFEΔ. Embryos were fixed 30 minutes
after a 30 minute heat shock beginning between 2.5 and 3 hours of development (30 minute
collections). Although the ftz-lacZ transgene gives a range of staining intensities in different
embryos, there was a clear shift in the entire range due to repression by EFEΔ, most clearly
discernible as a lack of embryos with strong, mostly complete stripes like that shown in A. (C)
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Quantitation of ftz enhancer activity. Embryos were probed for lacZ RNA expressed from the
ftz enhancer, or, as a control, from an eve enhancer (8.0 eve-lacZ of Harding et al., 1989), as
in A and B (fixed either 15 or 30 minutes after heat shock, as indicated), and the signal was
quantified using a soluble chromogenic substrate, as described in Materials and Methods. A
background from non-lacZ RNA-producing embryos processed in parallel was subtracted from
each of the values presented. The graph represents the average and range of two separate
experiments for the heat-shock-induced values. For the non-heat-shocked values, 2 sets of
embryos were collected for each transgenic line at each of the two stages used for the heat-
shocked values, and processed in parallel; the values shown are the average and range of these
4 determinations.
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