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Summary
The Ubx and abd4 gene products
are required for
proper development
of thoracic and abdominal
structures in Drosophila.
We expressed
LexA-Ubx
and
LexA-abdA
fusion proteins in yeast. These proteins
activated expression
of target genes that carried either upstream LexA operators or upstream Ubx binding sites. Both proteins contain homeodomains.
Experiments with mutant fusion proteins show that the
homeodomain
is not required for the proteins to form
dimen or enter the nucleus, and that, when DNA binding is provided by the LexA moiety, the homeodomain
is not required for gene activation. Our results suggest
that the homeodomain
is necessary for these proteins
to bind Ubx sites, but that the homeodomain
does not
contact DNA exactly like bacterial helix-turn-helix
proteins. Finally, our data suggest that gene activation by
these proteins is a simple consequence
of their binding to DNA, while negative gene regulation
requires
that these proteins act together with other Drosophila
gene products.
Introduction
Early Drosophila development depends on the action of
a gene hierarchy that directs the progressive subdivision
of the embryo and its differentiation into parasegments. It
is now thought that establishment
of the dorsal-ventral
and anterior-posterior
body axes result from the action of
maternal effect genes, while the latitudinal subdivision of
the embryo into parasegments is mediated by the sequential action of gap genes, pair-rule genes, and segment
polarity genes (Nijsslein-Volhard
and Wieschaus, 1960;
Akam, 1967). Subsequent proper development of each
parasegment requires expression of the homeotic genes.
Ulrrabirhorax (Ubx) and abdominal-A (abM) are homeotic genes located in the bithorax complex. Mutations in
Ubx and abd-A transform parasegments into more or less
exact replicas of others (Lewis, 1976). The products of
these genes have specific realms of activity within the embryo: proper formation of structures specific to parasegl
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ments 5-13 requires Ubx, while formation of structures
specific to parasegments
7-14 requires abd-A (Lewis,
1976; Morata et al., 1963; Sanchez-Herrero
et al., 1965;
Akam, 1967).
Current evidence is consistent with the idea that Ubx
and abd-A proteins may control development by stimulating or repressing gene expression. One fact that suggests
this idea is that both proteins contain homeodomains.
These domains are conserved stretches of amino acids,
initially found in developmentally
important Drosophila
proteins (Biirglin, 1966; Scott et al., 1969). Sequence
similarity and physical data suggest that the C-terminal
part of homeodomains
folds into a helix-turn-helix
motif
like the DNA binding motif found in many prokaryotic proteins (Laughon and Scott, 1964; Scott et al., 1969; Otting
et al., 1966) and led to the hypothesis that homeodomains might specify the binding of proteins that contain
them to specific sites on DNA. It has also been proposed
that homeodomains
are important for proteins containing
them to be transported
to the nucleus, and to form
oligomers (Hall and Johnson, 1967; McGinnis et al., 1964).
Experiments in vitro suggest that Ubx and abd-A proteins indeed bind to specific sites on DNA. Purified Ubx
protein binds to sites upstream of the Ubx and Anrennapedia coding sequences (Beachy et al., 1966). Recent experiments by Simon and Bender show that abd-A protein
also binds DNA fragments containing these sites (personal communication).
If the two proteins in fact bind the
same sites, it is likely that binding depends on their
homeodomains, since 56/61 of the amino acids within the
two homeodomains
are identical, but the proteins have no
significant sequence similarity outside of this region
(Karch and Bender, personal communication).
There is more direct evidence that Ubx and abd-A proteins regulate gene expression in living cells. Endogenous expression of Ubx protein in the visceral mesoderm
of Drosophilaembryos
increases expression of a Ubx-/acZ
fusion transgene (Bienz and Tremml, 1966). Expression of
Ubx protein in HeLa cells stimulates expression
of
cotransfected target genes that carry upstream Ubx protein binding sites (Thali et al., 1966). In Ubx mutant embryos, Anrp RNA is expressed in parasegments 5 and 6,
but Ubx RNA is not, which suggests that Ubx protein normally represses Anrp expression in these parasegments
(Hafen et al., 1964; Carroll et al., 1966). Similarly, in abd-A
mutant embryos, the amount of Ubx mRNA is increased
in cells that normally produce abd-A protein (Struhl and
White, 1965); in wild-type embryos, expression of a UbxIacZfusion gene is diminished in cells that produce abd-A
protein (Bienz and Tremml, 1966).
In our experiments, we wished to address three important issues. First, does gene regulation by these proteins
depend on their binding to DNA in the vicinity of the regulated genes? Second, if the proteins regulate expression
of nearby genes when bound to DNA, is that regulation
positive or negative? Third, is the homeodomain
required
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for the proteins to bind to specific sequences, or does it
serve other functions? In order to answer these questions,
we studied gene regulation by Ubx and &d-A proteins in
yeast, in the absence of other Drosophila products. Our
experiments relied on the fact that transcription of many
yeast genes requires the binding of activator proteins to
sites upstream of the transcription start site. If an appropriate binding site is positioned upstream of a gene, transcription can also be stimulated by chimeric proteins that
contain a DNA binding domain fused to a transcriptional
activator (Brent and Ptashne, 1985; Ma and Ptashne,
1987; Struhl, 1987; Lech et al., 1988).
We expressed LexA-Ubx and LexA-abdA fusion proteins
in yeast and monitored their effect on expression of target
genes. When the target genes carried upstream LexA
operators or Ubx binding sites, the fusion proteins activated their expression. These results suggested that DNA
binding by the fusion proteins was required for gene activation. We then generated a set of mutant LexA-abdA and
LexA-Ubx fusion proteins. We used the yeast gene activation phenotype of these mutants to study the function of
their homeodomains.
Studies with the mutant proteins
show that the homeodomain
is not required for gene activation, nor is it required for the proteins to enter the nucleus or to form dimers and bind LexA operators. Our experiments suggest that the homeodomain
is required for
the fusion proteins to bind to their native sites, but that
specific DNA recognition by the homeodomain
differs
from DNA recognition by analogous bacterial regulatory
proteins. Finally, our results suggest that, in Drosophila,
activation of gene expression occurs when Ubx and abd-A
proteins bind DNA upstream of a gene, but that repression
of gene expression may require additional Drosophila proteins.
Results
Plasmids directing the synthesis of LexA-Ubx and LexAabdA proteins (“maker plasmids’) were constucted and in-

2. Visualization

of Fusion

Proteins

Protein extracts were analyzed on a denaturing
loo/, polyacrylamide
gel, then electrophoretically
transferred
to a nitrocellulose
filter that
was treated as in experimental
procedures.
(1) 100 ng of purified LexA
protein produced in E. coli (Brent and Ptashne, 1961). The antiserum
used for this immunoblot
was made from this same protein preparation, and reacts with a contaminating
band at 46 kd in the preparation.
(2) (3). (4) and (5) show protein extracts from yeast transformed
with
LexA-Ubx, LexA-Ubx269,
LexAabdA, and the expression vector pAAH
Eighty-seven
amino acids of native LexA are included in these fusion
proteins. The positions of molecular weight markers in kd are indicated
on the right.

traduced into yeast (Figure 1). Western gel analysis (Figure 2) shows that, in yeast, LexA-Ubx and LexA-abdA have
apparent molecular weights of 42 kd and 44 kd, close to
their predicted molecular weights of 45 kd and 43 kd. To
test the effects of these proteins on gene expression, we
introduced LexA-Ubx or LexA-abdA maker plasmids into
yeast, together with “target” plasmids, which contained a
CYCl-IacZ or GALI-IacZ “target gene” and an upstream
LexA operator. Yeast colonies that contained maker and
target plasmids were selected on solid medium and grown
in liquid medium under continuous selection for both
maker and target. The amount of 8-galactosidase
produced by log-phase cultures of these cells was used to
measure expression of the IacZ fusion gene.
Figure 3 (lanes a, b, c, and d) shows that LexA-Ubx and
LexA-abdA both activated gene expression from targets
that contain LexA operators (LexA targets), but not from
targets that do not contain LexA operators. The fusion proteins activated gene expression from targets that contain
a LexA binding site 128, 178 (Figure 3), and 350 (not
shown) nucleotides upstream of the transcription start
site. Both proteins stimulated expression of LexA targets
that were integrated into the chromosome (not shown).
Both proteins stimulated gene expression of both LexAopCYCl-IacZ and LexAop-GALl-IacZ
target genes, demonstrating that activation was not specific to a given promoter (Figure 4).
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Targets pLG670Z (a), 1107 (b), pSH1521 (c), JKIOI (d), ~206 (e), and p209 (f), are described
in Experimental
Procedures,
as are the maker plasmids
for LexA-Ubx, LexA-abdA,
LexA, LexA-GAL4,
and the parental pAAH
expression
plasmid. pLG67OZ bears a CX74acZ
fusion gene, but does not
contain the CYCl UAS. 1107 is a derivative of pLG67OZ that bears a LexA operator upstream of the fusion gene. The targets derived from LRlA206
were pSH15-21 (which contains a Bicoid site), JK101 (which contains a LexA binding site), ~206 (which contains a 45-mer U-A Ubx binding site)
and p209 (which contains a 7%mer U-B Ubx binding site). Since we used medium containing glucose, the GAL1 UAS upstream of these binding
sites remained inactive (Yocum et al., 1964). The numbers correspond
to units of 6-galactosidase
activity. Values greater than 50 were rounded to
the closest multiple of 5. NT not tested

We repeated the experiments described above with Ubx
target plasmids. These targets were similar to those previously described, except that they contained sites called
U-A or U-B that lie upstream of the Ubx coding sequence
and bind Ubx protein in vitro (Beachy et al., 1988). Both
LexA-Ubx and LexA-abdA activate gene expression from
these targets (Figure 3). Both fusion proteins stimulate expression of CYC74acZ fusion genes if and only if those
genes carry upstream Ubx sites (data not shown). Both fusion proteins stimulate gene expression from targets that
contain the U-A Ubx site in the opposite orientation (data
not shown). LexA-Ubx and LexA-abdA do not stimulate
gene expression of GALI-/acZ targets that carry upstream
sites that are bound by bicoid protein in vitro (Bicoid targets) (Figure 3) (Driever and Niisslein-Volhard,
1989)
while a LexA-Bicoid fusion protein does (Hanes and Brent,
submitted).
In the Ubx protein used in our experiments, the homeodomain spans amino acids 294-354; in the abd-A protein
used, it spans residues 137-197 (see Experimental Procedures). To explore the role of this domain in gene regulation and DNA binding, we utilized naturally occurring restriction sites to generate five C-terminal deletions of
LexA-Ubx, and three C-terminal deletions and an internal
deletion of LexA-abdA (Figure 4). We called the resulting proteins LexA-Ubx383, LexA-Ubx308, LexAUbx260,
LexAUbxl83, LexAUbxl30, LexA-abdA286, LexAabdAl84,
LexA-abdA72, LexA-abdAA67-179 (the naming scheme is
explained in Experimental
Procedures).
We also used
site-directed mutagenesis to construct a mutation called
LexA-abdA*, in which Glu179 and Arg180, the presumptive
first two amino acids of the homeodomain
recognition helix, were replaced by alanines (Figure 4, Experimental
Procedures). As judged by immunoblot analysis, all proteins except LexA-abdA72 were produced in yeast, and
their migrations on polyacrylamide
gels were consistent
with their predicted molecular weights (not shown).

We measured gene activation by these mutant fusion
proteins on LexA and Ubx targets (Figure 4A). The amount
of gene activation by LexA fusion proteins depends both
on their intrinsic strength as activators and on the degree
to which they occupy their binding sites upstream of target
genes. Because we lacked a precise measure of site occupancy by the mutant proteins, we interpreted the mutant
phenotypes
using strictly qualitative criteria, dividing
them into three classes based on their ability to stimulate
gene expression from different targets (see Discussion).
Class 1 Mutants
LexAUbx383 stimulated gene expression both from LexA
targets and from Ubx targets (Figure 4A). The fact that this
protein behaved indistinguishably
from wild-type LexAUbx indicates that the seven C-terminal amino acids of
LexA-Ubx are required neither for gene activation nor for
DNA binding. Similarly, LexA-abdA285 stimulated expression of LexA and Ubx targets, which shows that the 46
C-terminal amino acids of LexA-Ubx are required neither
for gene activation nor for binding Ubx sites (Figure 48).
Finally, LexA-abdA* directed the synthesis of approximately half the amount of f3-galactosidase as LexA-abdA,
both from Ubx targets and from LexA targets (Figure 4A).
Even though gene activation by this protein was lower
than that observed for wild-type LexA-abdA, the fact that
the ratio of LexA target activation to Ubx target activation
by the two proteins was the same suggests that LexAabdA* binds normally to Ubx sites. All class 1 mutants
activated gene expression from JKlOlint, a LexA target integrated into the chromosome;
LexA-abdA and LexAabdA* activated this target equally (not shown).
Class 2 Mutants
LexAUbx308
and LexA-Ubx260 activated gene expression from LexA targets but not from Ubx targets (Figure
4A). The simplest interpretation of this phenotype is that
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(A) The LexA domain is depicted by the open box on the left, the homeodomain
by the solid box. Presumptive
cz helices in the homeodomain
are
indicated by solid lines drawn above the solid box. The mutation introduced
into LexA-abdA*, which changes Glu and Arg at position 1 and 2 of
helix 3 to alanines, is shown by the symbol L Except for LexA-abdA72,
which was not detected, immunoblot
analysis using anti-LexA antibodies
showed that the predicted size of the proteins in MGLD4-4a
is consistent
with their migration on polyacrylamide
gels (not shown). The amount of
t%galactosidase
produced from a target containing
a LexA operator (JKlOl), and from a target containing
Ubx sites (p209), was determined
in the
presence of the different proteins. Suppression
of amber mutations was tested as described
in the text, and was monitored on X-gal plates. Symbols:
+, blue on X-gal plates; -, white on X-gal plates; NA, suppression
test not applicable. In all cases, stimulation of target gene expression
depended
on the presence of LexA or Ubx sites in the target. (6) shows the sequence
of the Ubx homeodomain.
The Ubx protein in our experiments
is 369
amino acids long; amino acids 294-354 comprise the homeodomain
(Weinzierl et al., 1987; O’Connor and Bender, personal communication;
D’Connor et al., 1988). Predicted a helices in the Ubx protein homeodomain,
positioned by analogy with the a helices of the Anfp protein homeodomain
(McGinnis
et al., 1984; Otting et al., 1988) are underlined
and labeled HI, H2, and H3. The abd-A protein homeodomain
is identical to that in Ubx
protein at 56/61 positions; all of the residues in helix 3 are identical (Karch and Bender, personal communication).
The LexA-abdA* mutation changes
the first two residues of the abdA protein recognition
helix to alanines

these proteins contain a region sufficient for gene activation, but do not contain the portion of the protein necessary to bind Ubx sites. LexA-abdAA67-179
showed the
same behavior on LexA and Ubx targets (Figure 4A). All
class 2 mutants activated gene expression from the integrated LexA target JKlOlint; on this target, LexA-Ubx
and LexAUbx260
showed identical activity (not shown).
None of the class 2 proteins contained an intact homeodomain (Figure 4A).
Class 3 Mutants
Although the proteins were
Ubx183, LexAUbxl30,
and
late gene expression from
LexA operators or Ubx sites
tain whether these proteins

synthesized in yeast, LexALexA-abdA184 did not stimutargets that contained either
(Figure 4). We did not ascerbound DNA in vivo. Immuno-

blot analysis suggested that one of the class 3 proteins,
LexA-abdA72, was not even stably synthesized in yeast
(data not shown).
Six of the mutant proteins were created by the insertion
of oligonucleotides
specifying amber codons in all three
reading frames into restriction sites within their coding sequences (see Experimental
Procedures). The effect of
suppressing the mutations should thus be to create a protein that resembles the wild-type protein, but which carries a few new amino acids at the site encoded by the oligonucleotide
(see Experimental
Procedures). We tested
the effects of such small insertions by introducing appropriate maker and target plasmids into an amber suppressor strain.
Suppression
of the class 1 amber mutants, LexAUbx383 and LexA-abdA285,
had no effect on their gene
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and LexA-abdA

activation phenotypes; both proteins still stimulated expression both from LexA and from Ubx targets (Figure 4A),
which suggests that small insertions at these positions in
Ubx and &d-A proteins (see Experimental Procedures) do
not affect their DNA binding or gene activation. There
were no class 2 amber mutants. Two class 3 amber mutants, LexAUbxl83
and LexA-abdA72,
became class 1
mutants when suppressed; that is, when suppressed,
they activated gene expression from LexA and Ubx targets
(Figure 4) again suggesting that small insertions at these
positions in the proteins do not affect gene activation or
DNA binding. Suppression did not correct the inactivity of
the two other class 3 amber mutants, LexA-Ubxl30 and
LexA-abdA184.
Discussion
LexRabdA
and LexA-Ubx Are DNA
Binding-Dependent
Gene Activators
LexA-Ubx and LexA-abdA proteins activate expression of
genes that carry either upstream LexA or Ubx binding
sites. Both proteins stimulate expression of CYC7-/acZ and
GAL7-/acZgenes that carry upstream binding sites at various positions. Target gene activation is not dependent on
the orientation of the binding site. The properties of LexAUbx and LexA-abdA thus resemble the properties of other
DNA binding-dependent
transcription
activators (Brent
and Ptashne, 1985; Lech et al., 1988; Ptashne, 1988). By
analogy with these other proteins, we presume that stimulation of gene expression by LexA-Ubx and LexA-abdA occurs because these proteins bind DNA upstream of target
genes and stimulate their transcription. Similar activation
of yeast gene expression by fusion proteins that carry the
DNA binding domain of GAL4 fused to the fushi tarazu
protein has recently been reported (Fitzpatrick and Ingles,
1989).
Activation
of LexA Targets Does Not Require
the Homeodomain
Many mutant proteins that did not contain intact homeodomains activated expression of LexA targets. In fact, in two
cases (LexA-Ubx260
and LexA-abdA*), the mutant proteins activated expression of an integrated LexA target as
well as the wild-type proteins. These facts show that, when
DNA binding is provided by the LexA moiety, the homeodomain is not required for gene activation. Although many
of the mutant proteins differed in the strength with which
they activated plasmid-borne
target genes, we did not
measure the extent to which the mutant proteins occupied
their binding sites, and we were therefore reluctant to ascribe much importance to quantitative differences in gene
activation.
The fact that LexAUbx260 activates expression of LexA
targets shows that amino acids 57-260 of Ubx protein are
sufficient for gene activation. Similarly, the fact that LexAabdAA67-179 activates LexA targets indicates that amino
acids 17-66 and 180-285 are sufficient for gene activation. Inspection of the Ubx and abd-A protein sequences
(Kornfeld et al., 1989; Akam, 1987; Karch and Bender, personal communication)
shows that they do not contain the

obvious acidic stretches sometimes sufficient for function
of eukaryotic activators (Ptashne, 1988). Interestingly, all
active abd-A protein derivatives contained a stretch between 227 and 258 in which 26 out of 31 amino acids are
glutamines; such glutamine-rich stretches have been proposed to be important in gene activation by the eukaryotic
activator Spl (Courey and Tjian, 1988). However, we favor
the idea that gene activation by these proteins depends
on phosphate groups, which might mimic acidic amino
acids by contributing equivalent negative surface charge
(Lech et al., 1988; Sorger et al., 1988; Lech, Besmond,
and Brent, unpublished data; Fanning and Brent, unpublished data).
Gene activation by LexA fusion proteins is a complex
phenotype that requires that the proteins enter the nucleus, form dimers, and bind to sites on DNA. The homeodomain has been proposed to be involved in both nuclear
entry and dimerization (Hall and Johnson, 1987; McGinnis,
1985). The fact that the class 2 mutants activate gene expression of LexA target genes shows that, whatever it may
contribute to either process, it is not necessary for either.
The Homeodomain
Is Required for Activation of
Ubx Targets
LexA-Ubx activates gene expression from targets that
carry upstream sites to which Ubx protein binds in vitro,
presumably because it binds to those sites in yeast. LexAabdA has the same properties, which argues that abd-A
protein binds to the same sites as Ubx protein. Class 2 mutant proteins do not contain intact homeodomains
and do
not activate Ubx targets, presumably because they do not
contact Ubx protein binding sites in yeast. Ubx and abd-A
proteins do not share significant homology, outside of
their homeodomains
(Karch and Bender, personal communication). Taken together with this fact, our results
strongly suggest that the DNA binding region of Ubx and
abd-A proteins is the homeodomain.
In other proteins, the homeodomain
also seems to confer DNA specificity (Desplan et al., 1985, 1988; Miller et
al., 1988; Mihara and Kaiser, 1988). Sequence comparison (Laughon and Scott, 1984; Btirglin, 1988; Scott et al.,
1989) and physical data (Miller et al., 1988) suggest that
the homeodomain
folds into three a helices, with the last
two forming a motif similar to the helix-turn-helix
motif
found in prokaryotic DNA binding proteins (Pabo and
Sauer, 1984; Scott et al., 1989). By analogy with these
bacterial proteins, it is often supposed that the last helix,
the so-called recognition helix, determines DNA specific.
ity (Laughon and Scott, 1984; Desplan et al., 1988; Scott
et al., 1989). By further analogy with the bacterial proteins,
we might imagine that major groove contacts made by the
first two amino acids of the recognition helix would be critical for DNA specificity (Hochschild et al., 1986; Wharton
and Ptashne, 1987).
To test this idea, we created LexA-abdA*, a mutant in
which the glutamic acid and arginine at positions 1 and
2 of the putative abd-A protein recognition
helix were
replaced by alanines. This substitution was chosen since
the DNA contacts likely to be made by glutamic acid and
arginine cannot be made by alanine, a smaller, chemically
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dissimilar amino acid (Seeman et al., 1976; Hochschild et
al., 1986; Wharton and Ptashne, 1987). Unexpectedly,
LexA-abdA* activated gene expression of Ubx targets.
This result suggests that amino acids 1 and 2 of the abd-A
protein recognition helix are not essential for DNA specificity, and that the specific DNA contacts made by LexAabdA may differ from those made by the prokaryotic helixturn-helix proteins.
Biological
Significance
Our experiments suggest that Ubx and abd-A proteins
regulate gene expression if and only if they are bound to
DNA in the vicinity of the regulated genes. In yeast, in the
absence of other Drosophila proteins, DNA binding by
Ubx protein and abd-A protein activates nearby genes. In
Drosophila, Ubx protein has been shown both to activate
and to diminish gene expression, whereas abd-A protein
has thus far only been observed to diminish it (Hafen et
al., 1984; Struhl and White, 1985; Carroll et al., 1986; Thali
et al., 1988; Bienz and Tremml, 1988). Based on our
results, we propose that negative gene regulation by
these proteins, for example, the apparent repression of
Ubx expression by abd-A protein in the visceral mesoderm
(Bienz and Tremml, 1988), requires the interaction of DNAbound Ubx and abd-A proteins with ancillary Drosophilaspecific proteins.
Experimental

Procedures

Strains and Transformations
Strains were propagated
and transformations
were performed according to standard procedures
(Miller, 1972; Sherman et al., 1986; Ausubel
et al., 1987). E. coli strains were MM294, endAl thi-l hsdR17(Backman
et al., 1976), used for plasmid DNA propagation
and for most constructions, and CJ236, dot-l ung-l thi-1 re/A-I/ F’::TnS (pCJ105 Cm3 and
SCS-1, F- endA
hsdRl7 supE44 thi-1 recA1 gyrA96 re/Al, used to
construct
LexA-abdA:
Saccharomyces
cerevisiae strains were MGLD4-4a, a leu.2 ura3 his3 trpl lys2, the standard host (a gift from Doug
Treco), and DJ51 l-5-3, a urad bar7 ade2 his4 leu2 lys2 trp7 tyrl SUP4-3
cyrl, a gift from Duane Jennes, which contains a temperative-sensitive
tyrosine amber suppressor
and was used to test suppressibility
of amber mutations.
Plasmids
Target plasmids,
shown in Figure 3, carry a 2pm replicator, a URAI
gene, a CVSlacZ
or GAL6/acZ
fusion gene, and various sequences
upstream.
Both pLG6702 and LRlA2OB
have been previously
described (West et al., 1984; Brent and Ptashne, 1985). Plasmid 1107 is
a pLG6702 derivative
containing a LexA operator, which is a binding
site for a LexA dimer, 178 bp upstream of the Ck’C1-/acZ transcription
start (Brent and Ptashne, 1985; see Figure 3). We constructed
JKlOlint
from JKlOl (Kamens, unpublished
data). These are integrated and 2
wrn plasmid derivatives
of LRl A208 that carry a high-affinity
LexA
operator inserted at an Xhol site 128 bp upstream of the major GALI/acZ transcription
start (Kamens and Brent, unpublished
data). This
LexA operator contains interdigitated
binding sites for two LexA dimers
(Ebina et al., 1983; see Figure 3). Plasmids ~205 and p209 are also
derived from LA1 A208, and contain Ubx protein binding sites inserted
at the Xhol site. Plasmid ~205 contains
one copy of the 45-mer
5’~TTGTTTTATTATCCACATTATCAGCGGCATTATTGTTA-3’,
while p209 contains one copy of the 77-mer B’CTAAGGCTAATAATCGTTCAAATCGTTAAAACCATAAAAATAATAATAATTGCAATAACAATAAACATAGTAATAAT-3’.
These two sequences,
respectively
called U-A
and U-B, are present in a 5’untranslated
region of the Ubx transcription
unit (Saari and Bienz, 1987), and bind Ubx protein in vitro (Beachy et
al., 1988). PSH15-21, a gift from Steve Hanes, is another LRlA20B
derivative
whose Xhol site contains four copies of the 22-mer 5’-ATC-

TAATCCCTATCTAATCCCT-3’.
This oligonucleotide
contains two copies
of a site upstream of the hunchback
gene that is bound by bicoid protein (Driever and Niisslein-Volhard,
1989; Hanes and Brent, submitted). All maker plasmids derive from pAAH5, which carries a 2 km replicator, a LEU2 gene, and an ADHl promoter and terminator. pRB500
and ~1027, pAAH derivatives
that direct the synthesis
of native LexA
and LexA-GAL4, respectively,
have been described (Brent and Ptashne,
1984; Brent and Ptashne, 1985).
LexA Fusion Proteins
Differential
splicing of the Ubx transcripts
gives rise to a family of
related proteins (O’Connor et al., 1988; Kornfeld et al., 1969). Plasmid
E6-9#7 contains a cDNA that encodes the largest Ubx product (389
amino acids) (O’Connor
et al., 1988; Kornfeld et al., 1989). We constructed alexA-Ubxfusion
gene by inserting a 1.9 kb Pstl fragment from
E6-9#7 into the Pstl site of pKA1035 (Lech et al., 1986) to create pUO1
(Figure 1). Plasmid FKC211 encodes a 330 amino acid form of the abdA protein (Karch and Bender, unpublished
data). We constructed
a
/exA-abd-A fusion gene by inserting the 1 kb BspMII-Xmal
fragment
from this plasmid into the Xmal site of pKA1035 (Lech et al.. 1988) to
create pA36 (Figure 1). The Hindlll fragment that contained each fusion
gene was inserted
into the unique Hindlll site of pAAH
to create
pUO2, the LexA-Ubx maker plasmid, and pA43, the LexA-abdA maker
plasmid.
Fusion Protein Derivatives
Mutant proteins were generated
by deleting portions of the corresponding fusion genes or by inserting oligonucleotides
specifying termination codons into restriction sites within the genes. The oligonucleotides used were a Nhel linker (5’-CTAGCTAGCTAG-3’)
and an Xbal
linker (5’~CTAGTCTAGACTAG-37
from New England Biolabs. Restriction analysis of the resulting DNAs, and size determination
of the
resulting proteins (data not shown) were used to verify the mutations.
The number in the mutant designation
indicates the most C-terminal
amino acid derived from wild-type Ubx or abd-A proteins. The C-terminal five amino acids at the C-terminus
of each mutant that derive
from the native protein are listed below, together with the new amino
acids resulting
from the manipulations
that created the mutation,
which are underlined.
All of the proteins, except LexA-abdA72,
were
stably synthesized
in MGLD-4-4a
(data not shown).
LexA-Ubx383,
AAAVQASAS,
was generated
by cutting pUO1 with
Styl, making the ends flush with Klenow, and inserting a single Xbal
linker at the filled-in site. LexA-Ubx308,
RYQTLQ was generated
by
cutting pUO1 with Xhol, making the ends flush with Klenow, and inserting a Nhel linker in the filled-in site. LexA-Ubx260,
SKIRSGSRTGE
was generated by cutting pUO1 at two internal Bglll sites, oneof
cuts in the coding sequence,
the other of which cuts downstream
of the coding sequence,
and ligating the cut cDNA. LexA-Ubxl83,
RGGSAE, and LexA-Ubx130, GTGGAM,
were generated
by cutting pUO1 with Nael within the coding sequence,
and inserting Nhel
linkers into these sites. Since an amber codon normally terminates Ubx
translation,
a stretch of 37 new amino acids should be added to the
C terminus of Ubx derivative
proteins when the amber codon is suppressed. The new amino acids are VILRSLDPVIRRVYVGLGEMTRRQIQSNYIVTNELF?,
where v indicates a tyrosine inserted at an amber
codon.
To create LexA-abdA’
the Hindlll fragment from pA36 was inserted
into Hindlll-cut
Bluescribe
BS-. This plasmid was introduced
into E.
coli CJ236 and plasmid DNA was isolated by alkaline lysis. Annealing
of the denatured
DNA to the oligonucleotide
5’-CCTCTGCCTGACCGEACAGATCAAGATCTG-3’,
elongation, and ligation were performed with the Mutagene kit (Biorad) according to the manufacturer’s
instructions.
The CGGC stretch differed from the AGCG present in the
wild-type abd-A sequence,
and altered it so that it contained a new
Sacll site. E. coli SCS-1 was transformed
with mutagenized
DNA, and
plasmid DNA minipreps,
isolated from transformed
colonies by the
boiling technique (Ausubel et al., 1987), were screened to identify one
that had incorporated
a new Sacll site. Dideoxy sequencing
of the partion of the gene that encoded amino acids 137-197 (which includes the
homeodomain)
revealed that the sequence was identical to that of wildtype abed except for the oligonucleotide-directed
point mutations,
which changed the glutamine and arginine codons at positions
179
and 180 into alanine codons.
The mutant gene was inserted
into
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pAAH to generate pA66. LexA-abdAA67-179
was generated by cutting
pA66 at two Sacll sites, one at the 5’end of the abd-A coding sequence,
the other the new Sack site introduced
by mutagenesis,
then religating
the cut plasmid backbone.
LexAabdA265,
LKLGLAA,
and LexAabdA164, RQIKIE,
were generated by cutting pA36 at Sty1 and Bglll
sites, filling in those ends with Klenow, and inserting an Xbal linker in
each site. LexA-abdA72,
SAASA!&,
was created by cutting pA36 at
a Nael site, and inserting a Nhel linker.
Determination
of !3-Galactosidsse
Activity
Assays were as described
by Harshman
et al. (1966) except that we
used between 5 x 10e3 and 1 ODBoo cell equivalent
for our determinations, and continued
the reactions
for up to 5 hr. 6-galactosidase
units were calculated
by the equation Units = 1000 x OD4ar,/cell volume (ml) x time of reaction (min) x ODsc,,. We sometimes
observed
that colonies containing
LexA-Ubx
and LexA-abdA
and derivatives
gave heterogeneous
colony color when patched onto X-gal plates.
Colonies that contained fusion proteins grew more slowly than colonies that did not, and we attributed the heterogeneity
in colony color
to the selective growth of cells that did not express the fusion proteins.
For this reason, a sample of the culture used for each assay was plated
on X-gal medium. If the blue color from the assayed cells did not match
the blue color from the cells used to inoculate the liquid culture, that
value was discarded.
The final values were the result of at least three
independent
determinations;
variation was less than 20%.
lmmunoblot
Analysis
To prepare protein extracts,
2 ml of yeast culture in late exponential
growth phase were centrifuged.
Acid-washed
glass beads were added
to the pellet in a l/l ratio (volhrol). Laemmli loading buffer (200 ul) was
then added to the samples (Laemmli,
1970) which were vortexed for
1 min and heated for 3 min at 100°C. Fifty microliters
of extract were
loaded on 6%, lo%, or 12% SDS-polyacrylamide
gels, and the gels
were run until the tracking
dye had reached the bottom (Laemmli,
1970). Transfer to nitrocellulose
membrane
was at 4‘C in 25 mM Tris
(pH 6.3) 20 mM glucine, 20% methanol overnight at 20 V, 200 mA. The
filter was pretreated
in NaCl 130 mM, NasHPOd 7 mM, NaHsP04 3
mM (1 x PBS), 20% fetal calf serum (FCS) for 2 hr at 37oC. Incubation
with the anti-LexA antibody was performed
overnight at 4OC in 10 ml
of 1x PBS, 20% FCS, 1 mglml bovine gamma globulin (EGG), 0.05%
Tween 20, and 1 to 5 ullml of rabbit anti-LexA antiserum
(Brent and
Ptashne, 1964). The filter was washed six times for 10 min in 1 x PBS,
0.05% Tween 20, and then incubated for 1 hr at room temperature
in
lx PBS, 20% FCS, 1 mg/ml BGG, 0.05% Tween 20 that contained a
1500 dilution of an alkaline phosphatase-conjugated,
affinity-purified,
goat anti-rabbit IgG (H+L) (Sigma). The filter was washed at room temperature six times for IO min in lx PBS, 1 mglml BGG, 0.05% Tween
20. It was then incubated at room temperature
in 10 ml 100 mM Tris
(pH 9.5) 100 mM NaCI, 5 mM MgCls containing
66 pl nitro blue
tetrazolium
and 33 VI 5-bromo-4chloro-5indolyl
phosphate
for 515
min until LexA-protein
derivatives were visualized (these reagents were
supplied with the ProtoBlot reagent system, Promega).

References
Akam, M. (1987). The molecular
sophila embryo. Development

basis for metameric
107, l-22.

pattern

in the Dro-

Ausubel, F. M., Brent, R.. Kingston, R. E.. Moore, D. D., Seidman, J.,
Smith, J. A., and Struhl, K. (1987). Current Protocols in Molecular Biology (New York: Greene Publishing Associates
and Wiley Interscience).
Backman, K., Ptashne, M., and Gilbert, W. (1976). Construction
of plasmids carrying the cl gene of bacteriophage
1. Proc. Natl. Acad. Sci.
USA 73, 4174-4176.
Beachy, f? A., Krasnow, M. A., Gavis, E. Ft., and Hogness, D. S. (1966).
An Uhbithorax
protein binds sequences
near its own and the Anrennapedia Pl promoters.
Cell 55, 1069-1061.
Bienz, M., and Tremml, G. (1966). Domain of Ultrabithorax
expression
in DrosophL
visceral mesoderm
from autoregulation
and exclusion.
Nature 333, 576-576.
Brent, R., and Ptashne, M. (1961). Mechanism
of action
gene product. Proc. Natl. Acad. Sci. USA 78, 4204-4206.

of the IexA

Brent, R., and Ptashne, M. (1984). A bacterial repressor
protein
yeast transcriptional
terminator
can block upstream
activation
yeast gene. Nature 372, 612-615.
Brent, R., and Ptashne, M. (1985). A eukaryotic
transcriptional
tor bearing the DNA specificity
of a prokaryotic
repressor.
729-736.
Biirglin, T R. (1988). The yeast
homeo box. Cell 53, 339-340.

regulatory

gene

P/-f02

or a
of a

activaCell 43.
encodes

a

Carroll, S. B., Laymon, R. A., McCutcheon,
M. A., Riley, P D., and
Scott, M. P (1986). The localization
and regulation of Anrennapedia
protein expression
in Drosophila
embryos.
Cell 47 113-122.
Courey, A. J., and Tjian, R. (1988). Analysis of Spl in viva reveals multiple transcriptional
domains, including a novel glutamine-rich
activation
motif. Cell 55, 887-889.
Desplan. C., Theis, J., and C’Farrell,
velopmental
gene engrailed encodes
ing activity. Nature 318, 630635.

F! H. (1985). The Drosophila
dea sequence
specific DNA bind-

Desplan, C., Theis, J., and O’Farrell, P H. (1988). The sequence
ficity of homeodomain-DNA
interaction.
Cell 54, 1081-1090.
Driever,
positive
embryo.

W., and Nusslein-Volhard,
C. (1989).
regulator of hunchback
transcription
Nature 337, 138-143.

speci-

The bicoid protein is a
in the early Drosophila

Ebina, Y., Takahara, Y., Kishi, F., Nakazawa,
A., and Brent, R. (1983).
LexA protein is a repressor
of the colicin El gene. J. Biol. Chem. 258,
13,258-13,261.
Fitzpatrick,
V. D.. and Ingles,
polypeptide
is a DNA-binding
Nature 337, 666-668.

C. J. (1989). The Drosophila fushi tarazu
transcriptional
activator in yeast cells.

Hafen, E., Levine, M., and Gehring, W. J. (1984). Regulation of Antennapedia transcript
distribution
by the bithorax complex in Drosophila.
Nature 307, 287-289.
Hall, M. N., and Johnson,
A. D. (1987). Homeodomain
of the yeast
repressor
a2 is a sequence-specific
DNA-binding
domain but is not
sufficient for repression.
Science 237 1007-1012.

Acknowledgments
We are grateful to Jeff Simon, Francois Karch, Welcome Bender, and
Pat O’Farrell for cDNAs and helpful discussions,
Phil Beachy for unpublished information
about Ubx binding sites, and Joseph Gatto for
advice about DNA sequencing.
We thank David Eisenmann,
Ellen
Fanning, Erica Golemis, Karen Lech, Thomas
Biirglin, Joanne Kamens, Mike Finney, Chao-Ting Wu, and Lenny Rabinow for helpful discussions
and comments
on the manuscript.
M.-L. S. is a member of
the Centre National de la Recherche
Scientifique
and received additional support from the Fondation pour la Recherche
Medicale and the
Fondation Philippe. R. 8:s work was supported
by grants from Hoechst
AG and the PEW scholars
program.
The costs of publication of this article were defrayed in part by the
payment
of page charges.
This article must therefore
be hereby
marked “advertisement”
in accordance
with 16 U.S.C. Section 1734
solely to indicate this fact.

Harshman,
K. D., Scott Moye-Rowley,
W., and Parker, C. S. (1988).
Transcriptional
activation
by the SV40 AP-1 recognition
element in
yeast is mediated by a factor similar to AP-1 that is distinct from GCN4.
Cell 53, 321-330.
Hochschild,
A., Douhan Ill, J., and Ptashne, M. (1986). How A. repressor
and 1 Cro distinguish
between On1 and 0~3. Cell 47, 807-816.

Received

Lech, K., Anderson,

February

17, 1969; revised

April 7, 1969.

Kornfeld, K., Saint, R. B., Beachy, P. A.. Harte. P J., Peattie, D.A., and
Hogness, D. S. (1989). Structure and expression
of a family of Ultrabithorax mRNAs generated by alternative
splicing and polyadenylation
in Drosophila.
Genes Dev. 3, 243-258.
Laemmli, U. K. (1970). Cleavage
sembly of the head bacteriophage

of structural
proteins during
T4. Nature 227, 680-685.

Laughon, A., and Scott, M. P (1984). Sequence
of a Drosophila
mentation gene: protein structure
homology
with DNA-binding
teins. Nature 370, 25-31.
K., and Brent,

R. (1988).

DNA-bound

the assegpro-

Fos proteins

Cell
1052

activate

transcription

in yeast.

Cell 52, 179-184.

Lewis, E. B. (1978). A gene complex
sophila. Nature 276, 565-570.

controlling

segmentation

in Dro-

Ma, J., and Ptashne, M. (1987). A new class of yeast transcriptional
tivators. Cell 51, 113-119.

ac-

McGinnis, W. (1985). Homeo box sequences
of the Antennapedia
class
are conserved
only in higher animal genomes.
Cold Spring Harbor
Symp. &ant.
Biol. 50, 263-270.
McGinnis,
W.. Garber, R. L., Wirz, J., Kuroiwa, A., and Gehring, W. J.
(1984). A homologous
protein-coding
sequence
in Drosophila
homeotic genes and its conservation
in other metazoans.
Cell 37, 403-408.
Mihara, H., and Kaiser, E. T (1988). A chemically
synthesized
napedia homeo domain binds to a specific DNA sequence.
242, 925-927.
Miller, J. (1972). Experiments
bor, New York: Cold Spring

in Molecular Genetics
Harbor Laboratory).

AntenScience

(Cold Spring

Har-

Morata, G., Botas, J., Kerridge, S., and Struhl, G. (1983). Homeotic
transformations
of the abdominal segments
of Drosophila
caused by
breaking or deleting a central portion of the bithorax complex. J. Embryol. Exp. Morphol. 78, 319-341.
Muller, M., Affolter, M., Leupin, W., Otting, G., Wuthrich,
K., and Gehring, W. J. (1988). Isolation and sequence-specific
DNA binding of the
Antennapedia
homeodomain.
EMBO J. 7. 4299-4304.
Nusslein-Volhard,
segment number

C., and Wieschaus,
E. (1980). Mutations
affecting
and polarity in Drosophila.
Nature 287; 795-801.

O’Connor, M. B., Binari, R., Perkins, L. A., and Bender, W. (1988). Alternative RNA products
from the Ulfrabithorax
domain of the bithorax
complex.
EMBO J. 7, 435-445.
Otting, G., Qian, Y.-Q., Miiller, M., Affolter, M., Gehring,
W., and
Wiithrich.
K. (1988). Secondary
structure
determination
for the Antennapedia homeodomain
by nuclear magnetic resonance
and evidence
for a helix-turn-helix
motif. EMBO J. 7, 4305-4309.
Pabo, C. O., and Sauer, R. T. (1984).
Rev. Biochem. 53, 293-321.
Ptashne. M. (1988). How eukaryotic
ture 335, 683-689.

Protein-DNA

transcriptional

recognition.
activators

Ann.

work. Na-

Saari, G., and Bienz, M. (1987). The structure of the Ultrebithorax
moter of Drosophila
melanogasfer.
EMBO J. 6, 1775-1779.

pro-

Sanchez-Herrero,
E., Vernos, I., Marco, R., and Morata, G. (1985).
Genetic
organization
of Drosophila
bithorax
complex.
Nature 373,
108-113.
Scott, M. I?, Tamkun, J. W., and Hartzell Ill, G. W. (1989). The structure
and function of the homeodomain.
BBA Rev. Cancer, in press.
Seeman, N., Rosenberg,
J. M., and Rich, A. (1976). Sequence-specific
recognition
of double-helical
nucleic acids by proteins.
Proc. Natl.
Acad. Sci. USA 73, 804-808.
Sherman,
F., Fink, G. R., and Hicks,
Manual for Methods in Yeast Genetics
Cold Spring Harbor Laboratory).

J. B. (1986). Laboratory
Course
(Cold Spring Harbor, New York:

Sorger, P K., and Pelham, H. R. B. (1988). Yeast heat shock factor
an essential DNA-binding
protein that exhibits temperature-dependent
phosphorylation.
Cell 54, 855-864.
Struhl, K. (1987). The DNA-binding
domains of the jun oncoprotein
the yeast GCN4 transcriptional
activator protein are functionally
mologous
Cell 50, 841-846.

is

and
ho-

Struhl, G., and White, R. A. H. (1985). Regulation of the Ultrabithorax
gene of Drosophila by other bithorax complex genes. Cell 43.507-519.
Thali, M., Miiller, M. M., DeLorenzi,
M., Matthias, P, and Bienz, M.
(1988). Drosophila
homeotic genes encode transcriptional
acitvators
similar to mammalian
CTF-2. Nature 336, 598-601.
Wharton,
repressor
888-891.

R. P, and Ptashne, M. (1987). A new-specificity
mutant of 434
that defines an amino acid-base
pair contact. Nature 326,

West, R. W.. Jr.. Yocum, R. R., and Ptashne,
cerevisiae GAL+GAL10
divergent promofer
tion of the upstream
activator
sequence
2467-2478.

M. (1984). Saccharomyces
region: location and funcUASo. Mol. Cell. Biol. 4.

Weinzierl,
R., Axton, J. M., Ghysen.
A., and Akam, M. (1967).
Ultrabithorax
mutations in constant and variable regions of the protein
coding sequence.
Genes Dev. 1, 388-397.
Yocum, R. R., Hanley, S., West, R. W., Jr., and Ptashne, M. (1984). Use
of IacZfusions
to delimit regulatory elements of the inducible divergent
GALI-GAL70
promoter in Saccharomyces
censvisiae.
Mol. Cell. Biol.
4. 1985-1998.

