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Summary

The fushi tarazu (ftz) gene of Drosophila acts early in
embryogenesis to regulate body segmentation. The
localization of the ftz protein product in embryos was
examined using indirect immunofluorescence micros-
copy. Antibodies were prepared against a f-galac-
tosidase-ftz hybrid protein made in E. coli. The ftz pro-
tein was first detectable in blastoderm-stage embryos
as seven stripes of nuclei encircling the embryos
transversely. The stripes persist through the early
events of gastrulation, but disappear before overt seg-
mentation is visible. The ftz protein is expressed a sec-
ond time in some nuclei of the developing nervous
system. In contrast to the early pattern, at the later
stage, ftz is expressed in each of fifteen metameric
subunits of the embryo.

Introduction

The establishment of the segmental body pattern in
Drosophila requires the coordinated function of three
classes of zygotically active genes early in develop-
ment (Nisslein-Volhard and Wieschaus, 1980; Nisslein-
Volhard et al., 1984; Jirgens et al., 1984; Wieschaus et al.,
1984). These three classes have been called gap, polarity,
and pair-rule loci based on morphological defects that oc-
cur in the absence of wild-type gene activity. It is thought
that information incorporated into the oocyte by maternally
active genes regulates the activity of the zygotic genes to
determine the number and orientation of body segments.

One extensively studied pair-rule locus is the fushi
tarazu (ftz) gene of the Antennapedia Complex (ANT-C)
(Kaufman et al., 1980; Wakimoto and Kaufman, 1981). Em-
bryos homozygous for null alleles of ftz die during em-
bryonic development and have a pattern of pair-wise seg-
mental fusions that result in an embryo with about
one-half the normal number of segments. The ftz gene
has been analyzed molecularly (Weiner et al., 1984;
Kuroiwa et al., 1984), and the gene has been sequenced
(Laughon and Scott, 1984). The gene has a 1.95 kb tran-
scription unit, the RNA product of which is expressed
maximally at 2-4 hr of development. In situ hybridization
of ftz DNA probes to frozen sectioned embryos revealed
that ftz transcripts are present in the syncytial blastoderm-
stage embryo. The transcripts are localized in a series of
well defined stripes that transverse the blastoderm stage
embryo even before cell membranes form (Hafen et al.,

1984). No ftz transcripts were observed in embryos older
than 4 hr (Hafen et al., 1984).

To examine the expression and localization of the ftz-
encoded protein product, the ftz protein was produced as
a hybrid protein in E. coli. Antibodies specific to the ftz
portion of this fusion protein were purified. Immunofluo-
rescence analysis of fixed whole-mount embryos was
used to study the cellular localization of ftz gene product,
and the time and site of its expression. We observe that
ftz protein is located in nuclei in a striped pattern, that not
all of the ftz-expressing blastoderm stripes are of equal
width, that the stripes become narrower during gastrula-
tion, and that ftz protein is also detected in the developing
ventral nervous system in a pattern quite different from its
earlier distribution in the embryo.

Results

Expression of the ftz Protein in E. coli

For the generation of antibodies directed against the ftz
protein, a gene fusion was constructed in Agt11 to produce
the protein in E. coli (Young and Davis, 1983). To express
ftz as a hybrid protein, a 1228 bp Ava Il fragment from the
pDmMG20 ftz cDNA (Laughon and Scott, 1984), with appro-
priate Eco RI linkers ligated to it, was introduced into the
Eco RI site of Agti1 (Figure 1). The phage (AftzA10)
produces a hybrid protein containing 399 amino acids of
ftz protein and lacking only the five N-terminal and nine
C-terminal amino acids of the deduced ftz product
(Laughon and Scott, 1984).

Lysogens containing the AftzA10 phage were induced to
express the hybrid f-galactosidase-ftz hybrid protein.
Upon thermal induction a fusion protein migrating with an
apparent molecular weight of 175 kd*was produced (Fig-
ure 2A). The protein migrates more slowly than expected
from the known sequence (160 kd is predicted). The high
proline content (10%) of ftz may be responsible for the
anomalous migration of the hybrid protein. The induced
protein was indeed a hybrid; it reacted with both anti-
galactosidase antibody (Figure 2B) and with an antibody
against a synthetic 11 amino acid oligopeptide (Carroll et
al., 1985) corresponding to the N-terminal part of the ftz
homeodomain (Figure 2C). Anti-homeodomain antiserum
reacted more strongly with a slightly faster migrating
band, presumably a degradation product of the full-length
fusion protein, perhaps caused by protein conformation
effects.

Antibodies against ftz Protein

Antiserum for use in immunofluorescence studies was
elicited by immunization with ftz-pgal fusion protein puri-
fied using amino-phenyl thiogalactopyranoside affinity
chromatography (see Experimental Procedures). The im-
mune serum was affinity-purified using hybrid protein
cross-linked to anti-g-galactosidase antibody attached to
Sepharose 4B. The specificity of the final antibody prepa-
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Figure 1. Construction of /acZ-ftz Gene Fusion in Agt11

An Ava |l subclone of the ftz pDmG20 cDNA (Laughon and Scott, 1984)
was inserted into pUC8 at the unique Eco RI site using 10 bp
(CGGAATTCCG) Eco Rl linkers ligated to the 1228 bp coding fragment
of ftz. H-BOX, the 180 bp homeobox sequence. The subcloned,
linkered fragment was then transferred, in the proper orientation, into
the unique Eco Rl site of the Agt11 expression vector (see Experimental
Procedures).

ration for the ftz-encoded portion of the fusion protein was
demonstrated using protein blots (Figure 2). The affinity-
purified antibody reacted with ftz fusion protein but not
with p-galactosidase or other E. coli proteins. The larger
number of anti-ftz labeled bands were presumably be-
cause of the presence of breakdown or prematurely termi-
nated products of the hybrid protein. To localize ftz antigen
during embryogenesis, whole fixed embryos were stained
with anti-ftz antibodies according to the method of Mitchi-
son and Sedat (1983).

Expression of ftz during Embryogenesis .

After fertilization, the Drosophila embryo undergoes a se-
ries of nearly synchronous nuclear divisions (Foe and Al-
berts, -1983). At about the eighth nuclear division the
nuclei begin to migrate to the periphery of the embryo, a
ninth division takes place enroute, and the nuclei undergo
four more divisions in-the cortical region of the egg. It is

after the eleventh nuclear division that ftz mRNA is first -

clearly detectable by in situ hybridization to sectioned em-
bryos. The striped distribution of ftz transcripts appears
at about the time of the thirteenth division (Hafen et al.,
1984).

In control experiments, wild-type embryos were stained
with antibodies against the 3-galactosidase portion of the
ftz hybrid protein (Figures 3a and 3b) and homozygous
mutant embryos, ftz%2°/ftz%2°, which presumably lack ftz
product (Weiner et al., 1984) were stained with the anti-ftz
antiserum (Figure 7c). In both cases, no specific staining
was observed at any developmental stage examined.

Immediately after the thirteenth nuclear division, no
localized immunofluorescent labeling was detected with
anti-ftz antibodies (Figures 3c and 3d). However, by the
cellular blastoderm stage, some 30 min after the last nu-
clear division, ftz protein was detected within nuclei in a
pattern of seven stripes, each about four nuclei wide in the
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Figure 2. Expression of a g-galactosidase-ftz Fusion Protein in E. coli
and Production of Specific Antibodies to the ftz-Encoded Domain
Lysogens were grown for 2 hr at either 30°C (uninduced) or 42°C (in-
duced), and cell lysates were prepared for electrophoresis on a 7.5%
SDS-polyacrylamide gel. Part of the gel was stained with Coomassie
blue (A), and replicate lanes were transferred to nitrocellulose and
were probed with affinity-purified antibodies against: -galactosidase
(B); an 11 amino acid peptide of the homeodomain (C); or the ftz por-
tion of the hybrid protein (D). The molecular weight markers indicated
in A are myosin (200 kd), -galactosidase (116 kd), phosphorylase b (97
kd), bovine serum albumin (66 kd), and ovalbumin (45 kd). The arrows
indicate the position of the full-length hybrid protein (migrating as 175
kd). Note that a small amount of hybrid protein is present in uninduced
cultures because of the absence of repression in strains without /ac
19. Many antigenic degradation products are present in induced cells.
U, uninduced; |, induced; M, markers.

anterior—posterior axis (Figures 4a and 4d). Therefore, the
ftz protein becomes detectable during the time between
the last nuclear division and the beginning of gastrulation.
During this 30 min interval, no cell divisions take place
(Hartenstein and Campos-Ortega, 1985). At all stages,
faint staining of all nuclei is seen in addition (Figure 4, Fig-
ure 5, and Figure 6); such general nuclear staining is not
seen with control sera (not shown). The most posterior
stripe appears slightly wider than the others, averaging

- ‘about five nuclei across. The spaces between the stained

stripes are about four nuclei wide. At the beginning of gas-
trulation, the stripes become narrower, averaging three
nuclei across, except for the most posterior stripe that re-
mains about five nuclei wide. At the same time, the spaces
between the stripes increase to a width of about five
nuclei. In some preparations, it is possible to see the
stripes extending around the embryo (Figure 4c). Note
that since the nuclei are hexagonally close-packed, the
number of nuclei spanning a stripe (or space) is not inte-
gral, and the numbers are therefore approximate.

As gastrulation begins, the mesodermal precursor cells
move into the interior of the embryo through the ventral
furrow (Figures 4b and 4e). Cells moving into the furrow
were stained, in the striped pattern, by the anti-ftz antibod-
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ies. The most anterior stripe is located just posterior to the
cephalic furrow, although the stripe and the furrow do not
precisely align at all times (Figure 5a). As gastrulation pro-
ceeds, the stripes become wedge-shaped, about two to
three nuclei wide on the dorsal side, and about four nuclei
wide ventrally (Figures 5a and 5d). The posterior stripe re-
mains the widest and is also somewhat wedge-shaped.
These changes appear to be due to rearrangements of
cells, although we cannot rigorously eliminate the possi-
bility that a different subset of the cells begins to produce
ftz antigen. After formation of the furrows, the germ band,
a ventral strip of ectodermal cells in which segments will
first become visible, begins to form and to extend around
the posterior end of the embryo. The lengthening of the
germ band is thought to be due largely to cell movement
rather than to cell division (Sander, 1976; Hartenstein and
Campos-Ortega, 1985).

The indentation that will become the posterior midgut
invagination begins to form posteriorly to the posterior-
most stripe (the flattened posterior end in Figure 5b), while

Figure 3. Control and Early Staining Patterns

Antibodies against f-galactosidase were affin-
ity-purified from serum from the same rabbit
from which the anti-ftz antibodies were pre-
pared. (a) The immunofluorescent staining of
an embryo in the early stages of gastrulation,
stained (as in Experimental Procedures) with
anti-g-galactosidase. (b) The same embryo as
in a, stained with the DNA-marking dye, DAPI.
cf, cephalic furrow. (c and d) Upon the comple-
tion of the thirteenth nuclear division, cell
membranes begin to form around the nuclei.
(c) Embryos later than the thirteenth nuclear di-
vision stained with anti-ftz antibodies. (d) Same
embryo as in ¢, stained with DAPI.

the first signs of the posterior transverse fold (pf in Figure
5b) appear dorsally at the location of the stripe fifth from
the anterior. The stripes can still be seen dorsally and ven-
trally as the pole cells enter the posterior midgut invagina-
tion (Figures 5¢c and 5e). Parts of the fourth and fifth
stripes disappear into the posterior transverse fold. Even-
tually part of the sixth stripe is drawn into the fold as well,
at a time after the pole cells have completely disappeared
into the posterior midgut invagination (Figure 6a). The
posterior end of the embryo moves dorsally and then an-
teriorly during the germ-band elongation phase of devel-
opment (Poulson, 1950; Turner and Mahowald, 1977). Dur-
ing elongation, the ftz stripes can be followed until nearly
the time of full germ-band extension (not shown). As the
germ band extends, ftz expression decreases in the dor-
solateral cells while remaining present in the germ band.
The stripes disappear before the germ band is fully
extended.

While the germ band is at its maximum extension, a dra-
matic change in the pattern of staining occurs. Concomi-
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Figure 4. Blastoderm and Early Gastrulation Stage Embryos

In each micrograph, the anterior end of the embryo is at the top. (a, b, and ¢) Whole-mount embryos incubated with anti-ftz antibodies and secondarily
stained with fluorescein-conjugated goat anti-rabbit antibody. (d, e, and f) The same three embryos as in a, b, and c (respectively) stained with DAPI.
(aand d) An embryo at the cellular blastoderm stage, just beginning gastrulation movements. The large internal bright spots in d are the yolk nuclei.
One yolk nucleus is indicated (yn). (b and e) An embryo (ventral view) that has begun gastrulation. The ventral furrow (vf) through which the mesoder-
mal cells move into the interior and the cephalic furrow (cf) are visible. By this stage, the stripes of stained nuclei have narrowed to an average
three-cell width, except for the most posterior stripe, rather than the initial four-cell width seen in a. (c and f) A dorsal view of a gastrulating embryo.
The immunofluorescent stripes (in c) can be seen to encircle the embryo. As cells move from the dorsal and lateral regions toward the ventral side,

the stripes take on a wedge-shaped appearance.

tant with the appearance of the ectodermal invaginations
that form tracheal pits, detectable antigen appears in fif-
teen clusters of germ-band nuclei within the dividing cells
of the developing nervous system (Poulson, 1950; Leh-
mann et al., 1983). From a lateral view, it can be seen that
the initial staining is in one cell layer (not shown). From a
ventral or dorsal perspective, the earliest staining is of
nuclei arranged in a chain of linked hexagons (Figure 6b).
The laterally extended vertices of the hexagons are just

posterior to the tracheal pits and are also in the approxi-
mate positions where the clusters of nuclei staining with
anti-ftz subsequently coalesce. The clusters (Figure 6c)
remain visible during germ-band shortening (Figure 6d).
The staining is repeated bilaterally in each of fifteen seg-
mental units, including the regions where the gnatho-
cephalic segments are forming (Figure 6e and Figure 7a).
To assess whether this unexpected spatial and temporal
pattern of anti-ftz staining is caused by the bona fide gene
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Figure 5. Embryos during Gastrulation

a and d: (a) A dorsolateral view of an embryo showing the anterior stripe of stained nuclei just posterior to the cephalic furrow (cf). (d) DAPI-stained
image of same embryo as in a. The distorted shape of the nuclei along the ventral (v) side is associated with the movement of the cells in that region
into the ventral furrow.

b and e: (b) A lateral view of an embryo in which the posterior transverse fold (pf) is beginning to form. The indentation at the posterior (bottom)
end is the beginning of the posterior midgut invagination. The cephalic furrow (cf) is still visible. The ventral furrow is visible by both immunofluores-
cent staining, and by the DAPI staining (in d), along the ventral (v) side.

c and f: A dorsolateral view of an embryo that is beginning germ-band elongation. (c) Most of the posterior endoderm has moved into the posterior
midgut invagination, leaving the double-width stripe of ftz protein near the posterior end. The cephalic furrow (cf) and posterior transverse fold (pf)
are visible. (f) The pole cells (pc) are in the process of entering the posterior midgut invagination in this embryo. Some of the cells around that invagina-
tion are distorted in shape as they bend into the opening. Most of the cells that contain detectable ftz protein are not distorted in this way (compare
c and e).

product, we examined homozygous mutant ftz%2° em-
bryos for staining. The ftz%2° allele has a 5 kb transposon
inserted into the protein-coding sequence of the gene
(Weiner et al., 1984). Staining of the neural cells was not
detectable at any stage of mutant embryo development
(example in Figures 7c and 7d). Therefore, the neural

staining is indicative of either authentic ftz protein product
or a cross-reactive protein that requires ftz* function for its
expression. The fifteen-unit staining pattern disappears
shortly after germ-band shortening is completed (Figure
7b), and no staining with the anti-ftz serum is seen at later
embryonic stages (data not shown).
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Figure 6. Protein Patterns Later in Embryogenesis

(a) A dorsal view of the posterior end of an embryo. The pole cells have moved into the interior. The ftz staining is beginning to lose intensity. The
fourth, fifth, and sixth stripes merge in the posterior transverse fold. (b) A ventral view of an embryo with an elongated germ band, stained with
anti-ftz. The tracheal pits (tp) are visible. The first detectable antigen is arranged in linked hexagons. The antigen is in the nuclei. (c) Lateral view
of an embryo with an elongated germ band, stained with anti-ftz. The clypeolabrum (cl) marks the anterior end of the embryo. Fifteen units of staining
are visible. (d) Same as ¢, but during germ-band shortening. (e) Ventral view of an embryo near the end of germ-band retraction. The clypeolabrum
(cl) is at the anterior end of the embryo. Antigen is visible in all of the subdivisions of the germ band and is located in patches flanking the ventral

midline. (f) DAPI-stained view of the embryo shown in e.

Discussion

The ftz Protein Accumulates in Embryonic Nuclei

The molecular functions of proteins encoded by segmen-
tation genes and homeotic genes are unknown. Based on
structural homology between part of the homeodomain
and bacterial DNA-binding proteins, it has been hypothe-
sized that one function of the family of homeodomain-
containing proteins is to bind to DNA (Laughon and Scott,

1984). The nuclear location of the ftz protein is consistent
with this hypothesis. Two other Drosophila homeodomain-
containing proteins have been localized in both em-
bryonic and imaginal disc nuclei, the Ultrabithorax protein
(White and Wilcox, 1984; Beachy et al., 1985), and the
engrailed protein (Di Nardo et al., 1985). Other genes
containing homeoboxes include the homeotic genes
Antennapedia, Sex combs reduced, Deformed, infraab-
dominal-2, and infraabdominal-7 (Scott and Weiner, 1984,
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McGinnis et al., 1984; Gehring, 1985; Laughon, Storfer
and Scott, unpublished observations). The products of
these genes may well also be located in nuclei.

The Arrangement of Segmental Precursor Cells

The analysis of whole-mount embryos with ftz protein-
specific antibody allows the detection of ftz protein up to
the 10 hr stage of embryogenesis; ftz mRNA has been de-
tected only up to about the four and a half hr stage (Hafen
et al., 1984). When the ftz protein is first detected, the
stripes of immunofluorescent labeling are about four
nuclei wide, in the anterior—posterior axis. A precise num-
ber cannot be determined because the nuclei are ar-
ranged (approximately) in a hexagonally close-packed ar-
ray. Also, at the edges of each stripe, some nuclei appear
to stain weakly. At the edges of the embryo where the sig-
nal is strongest because of vertical stacking of stained
nuclei (Figures 4a and 4b), four stained nuclei appear to
alternate with four unstained nuclei.

Figure 7. Protein Patterns after Germ-Band
Shortening and in ftz- Embryos

(a) Ventrolateral view of embryo stained with
anti-ftz at the end of germ-band shortening.
The light patch seen at the right (dorsally) is in
the region of the remaining yolk and is not due
to immunofluorescence. (b) Ventrolateral view
of an embryo at a slightly later stage than the
embryo in a. The ventral staining with anti-ftz
has disappeared. (c and d) Immunofluorescent
(c) and DAPI (d) staining of an embryo after
germ-band shortening. The embryo has about
half the usual number of body divisions be-
cause it is homozygous for a ftz null mutation
(ftz*2°/ftz%2°). No immunofluorescent staining
of embryos of this genotype (recognized by
their diminished segment number) is ob-
served. The bars in d indicate the remaining
body divisions.

As gastrulation begins, the ftz stripes become narrower,
averaging three nuclei across instead of four. The rapid
disappearance of ftz protein from some of the blastoderm
nuclei suggests that a specific mechanism for elimination
of the protein may exist. Later still, the stripes become
wedge-shaped, averaging two nuclei wide dorsally and
four nuclei wide ventrally. The most posterior stripe ap-
pears slightly wider than the other stripes at the blasto-
derm stage (Figure 4a) and does not become distinctly
narrower during early gastrulation movements (Figure 5).
As aresult, during gastrulation the posteriormost stripe re-
mains about twice as wide as the others.

The identity and number of segments at the posterior
end of Drosophila is a matter of some uncertainty. Most
primitive insects have eleven abdominal segments plus a
terminal segment, while Drosophila have only eight obvi-
ous segments. The dpuble-width posterior ftz stripe may
be due to the evolutionary disappearance of one or more
segments that in more primitive insects would divide the
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Figure 8. Diagram of a Model for the Blastoderm-Stage Segmental
Primordial Cells

The blastoderm cells are represented in a lateral view as repeating
segmental primordia, each four cells wide in the anterior—posterior
axis. Only part of the embryo is represented. The cells that will form
posterior compartment structures are shown as filled circles; cells that
will form anterior compartment structures are shown as open circles.
The segments (maxillary, labial, first, second, and third thoracic, and
first, second, and third abdominal) and some of the parasegments
(lower brackets; PS 2, 4, 6, and 8) are indicated. The two rows of
brackets indicate two possible frames in which the ftz* protein might
be expressed when it first appears in four-cell wide stripes at the cellu-
lar blastoderm stage. In ftz- embryos, the segment boundaries be-
tween MX and LB, T1 and T2, T3 and A1, A2 and A3, and so on, fail
to form. Therefore, we have indicated two frames that straddle the seg-
ment boundary and are consistent with the pattern elements deleted
when ftz* is absent.

double-width ftz stripe. Perhaps the “lost” segments are
the eighth, tenth, and eleventh, and the seventh and ninth
segments remain, fused together.

It has been estimated that the precursor cells for each
segment lie in a band three to five cells wide at the blasto-
derm stage (Lohs-Schardin et al., 1979). The ftz results
are consistent with this estimate, although the ftz stripes
may not correspond to segmental primordia. If the
blastoderm-stage repeating units are four cells wide, then
there are at least four “phases” in which the cells can be
grouped. One repeating unit would be segmental, units of
an anterior compartment plus a posterior compartment.
Another phase would give parasegments (Martinez-Arias
and Lawrence, 1985), units of a posterior compartment
plus an anterior compartment. The difference between a
segment and a parasegment is only a frameshift of one
cell (Figure 8), since the posterior compartment is likely
to be only one cell wide (Kornberg et al., 1985; DiNardo
et al.,, 1985). The remaining two possible phases each
consist of one posterior compartment primordium plus
parts of each of two anterior compartment primordia
(Figure 8).

The striped pattern of the ftz protein does not endure
long enough to decide in what phase ftz is expressed.
One argument supporting a nonsegmental unit as the cor-
rect phase of ftz expression comes from the ftzRP' allele
(Laughon and Scott, 1984), which causes a homeotic
transformation of the posterior compartment of metatho-
rax (T3) into mesothorax (T2). Only if ftz* is expressed in
a nonsegmental phase would posterior T3 be a site of ftz
expression (Figure 8). It has not been demonstrated, how-
ever, that the ftzPe! allele is expressed in only the same
places as ftz*. It is known that the ftzR?' allele encodes
an altered protein, which we suggested may interfere with
bithorax complex function to cause the homeotic transfor-
mation (Laughon and Scott, 1984). The engrailed (en) pro-
tein, which is likely to be an indicator of posterior compart-
ments of the segments (Kornberg, 1981), is first detected
slightly later than ftz (DiNardo et al., 1985), in stripes aver-

aging one nucleus in width. The use of en and ftz probes
together may help to resolve the issue of the phasing of
ftz expression.

Two important facts make the oversimplified models de-
scribed here only approximations: blastoderm nuclei are
not arranged in neat rows, they are hexagonally close-
packed, and, second, the demarcation between staining
and nonstaining nuclei often does not appear to be ab-
rupt, some nuclei appear to stain weakly. Both of these ob-
servations suggest that the expression of ftz may be con-
trolled by an underlying system of continuous gradients,
and that the sharp borders that eventually form (for exam-
ple between compartments) may be due to a “focusing”
process dependent on the expression of ftz itself and
other interacting genes.

Other pair-rule genes, such as hairy, even-skipped, odd-
skipped, paired, and odd-paired may be expressed with
different phasing with respect to ftz, engrailed and each
other. Homeotic genes such as Antp and Ubx could also
be expressed in different phases. In this way, the com-
binatorial action of the genes can be envisioned to specify
the identity of each cell as a function of its relative position
within the repeating units of the embryo. The lack of coin-
cidence between the borders of the embryo regions af-
fected by pair-rule segmentation gene mutations and the
segmental (or compartmental) boundaries was noted
when the effects of the genes were first described
(Nusslein-Volhard and Wieschaus, 1980), which sug-
gested that the genes can operate in frames other than
compartmental ones. By acting in different phases, some
of the early acting segmentation loci may be the determin-
ing factors in defining the polyclones that will form the
compartmental lineage units (Garcia-Bellido, 1968; Crick
and Lawrence, 1975). The ftz antibody probe provides pre-
cise landmarks along the embryo with which the relative
phasing of the expression of other pair-rule gene products
can eventually be assessed.

ftz and the Ventral Nervous System

One of the unexpected results of the in situ hybridization
of homeotic gene DNA probes to the RNA of sectioned
embryos was the high concentration of transcripts in the
nervous system. Both Ultrabithorax (Akam, 1983) and An-
tennapedia (Levine et al., 1983) transcripts are located in
specific parts of the ventral ganglia. In contrast to these
homeotic genes, segmentation genes such as ftz and en-
grailed have not been reported to have major accumula-
tions of transcripts in neural cells (Hafen et al., 1984; Korn-
berg et al., 1985). It was therefore a surprise to find a
nuclear protein in parts of the nervous system that is rec-
ognized by the anti-ftz serum (Figure 6).

There are several possible explanations for the neural
staining. First, the staining may be due to authentic ftz
protein. The ftz RNA may be at a low level in the nervous
system and may have been missed. Some recent in situ
hybridization analyses of sectioned embryos with ftz
probes have detected transcripts in neural tissue in a pat-
tern similar to that reported here for ftz protein (M. Levine,
personal communication). Northern blot analysis of
staged embryonic RNA indicated that ftz mRNA is detect-
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able up to 10-12 hr of development, although at a lower
level than its expression at cellular blastoderm (Weiner et
al., 1984). The absence of the neuroblast staining in ftz-
embryos is consistent with the signal being due to ftz-
encoded protein, but another possibility is that the antise-
rum cross-reacts with one or more proteins the expression
of which requires ftz* function. A third possibility is that
only part of the observed staining is due to authentic ftz
protein, for example, that found in alternate segments.

One likely source of cross-reactivity would be the 60
amino acid ftz homeodomain structure that is shared with
several other proteins. However, the antiserum against ftz
contains only a very low level of reactivity with other
homeodomain-containing proteins, as assayed by protein
blotting (Carroll and Scott, unpublished observations).
Furthermore, the transient position-specific signal ob-
served with anti-ftz antibody is not consistent with the pre-
viously described patterns of homeotic gene transcription
in the nervous system (Akam, 1983; Levine et al., 1983;
McGinnis et al., 1984). Also, an antiserum made against
a synthetic peptide representative of part of the homeodo-
main reacts with nuclei from most or all parts of the em-
bryo as well as all nuclei in the nervous system (Carroll
et al., 1985). The faint staining of all nuclei seen with the
anti-ftz serum might be accounted for by homeodomain
cross-reactivity. Experiments to identify on blots the pro-
teins detected by the ftz antibodies have not yet suc-
ceeded convincingly, and we do not know the number of
forms of the native ftz protein or of any cross-reactive poly-
peptides.

The expression of ftz in the nervous system raises the
question of a late function for the product. In an analysis
of the temperature-sensitive period of a ftz ts allele
(Wakimoto et al., 1984), the major period of sensitivity was
from 2 to 4 hr of development, at the blastoderm stage.
However, in addition, some lethality was observed if mu-
tant embryos were shifted to the restrictive temperature as
late as 6 or 8 hr into development. These data provide a
hint that ftz may function later than blastoderm stage. It
is also possible that lack of ftz function in the nervous sys-
tem does not cause much lethality, or that prior function
of ftz in neuroblasts at the early stages of gastrulation par-
tially protects embryos from a subsequent loss of ftz func-
tion. Clonal analysis has shown that no ftz function is re-
quired for differentiation of adult cuticular structures later
than 12 hr of development (Wakimoto et al., 1984). ftz
mRNA is not detectable after 12 hr of development
(Weiner et al., 1984). The distinct temporal and spatial pat-
terns of ftz expression in the ectoderm and neural tissues
suggests that the regulation of the ftz gene expression is
more complex than was previously thought. The identifi-
cation of those genes influencing ftz expression at each
stage of development and the elucidation of ftz function
at the cellular and molecular level remain the most press-
ing issues for eventually understanding the role of this
pair-rule gene in Drosophila embryonic pattern formation.

Experimental Procedures

Gene Fusion
The ftz cDNA clone pDmG20 has been described previously (Weiner
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Figure 9. Extraction and Purification of the -galactosidase-ftz Hybrid
Protein

Hybrid protein to be used as an immunogen was extracted with 8 M
urea, 1.5% SDS, or 50 mM NaPO,. The protein in the extract was fur-
ther purified on APTG-Agarose. The equivalent of 200 ul of original cul-
ture volume of each extract was applied to a 7.5% SDS-polyacrylamide
gel and was stained with Coomassie blue. The APTG-purified material
contains mostly intact hybrid protein (denoted by arrow at 175 kd) and
a f;-galactosidase degradation fragment (85 kd).

et al., 1984; Laughon and Scott, 1984). A 1228 bp Ava |l fragment con-
taining nearly all of the coding region was purified, its recessed 3’ ter-
mini filled in with the Klenow fragment of E. coli DNA polymerase, and
Eco Rl 10-mer linkers (New England Biolabs) that had been phos-
phorylated with T4 polynucleotide kinase were ligated to the now blunt-
ended Ava Il fragment. After ligation, the DNA was digested with Eco
RI, and the fragment was purified. To amplify the fragment and remove
tandem linkers, it was cloned into pUCS, the purified plasmid DNA was
digested with Eco RI, and the 1.2 kb Eco RI fragment was purified on
a preparative gel. The fragment was then ligated into Eco RI-digested
Agt11 (Young and Davis, 1983) at the unique site near the 3’ end of the
lacZ gene. The phage were packaged, plated on RY1090, and scored
for colorless plaques. The DNA from plaque-purified phage was pre-
pared and screened for insertion of the ftz fragment in the proper
orientation.

Expression of Hybrid Proteins

Lysogens of Agt11-ftz Av10 were established in RY1089. The pMC9
plasmid carrying the /ac /9 gene was cured from the strain to permit
optimal induction. (Even at 10 mM IPTG, induction of hybrid protein is
not as efficient as when no /ac /9 repressor gene is present.) A culture
of the lysogen was grown at 30°C overnight in NZCYM to saturation
and then was diluted 1/100 and grown to a density of 4 x 10° cells/m|
at 30°C. To induce the production of hybrid protein, the culture was
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shifted to a 45°C waterbath for 15 min. After 2 hr at 37°C, cells were
harvested by centrifugation and solubilized in 15% SDS-poly-
acrylamide gel sample buffer in 110 of the original cell culture volume
and then heated for 5 min at 100°C. Lysates were clarified by centrifu-
gation for 5 min in an Eppendorf centrifuge, and 25 ul of the superna-
tant was loaded per lane onto an analytical 7.5% SDS-polyacrylamide
gel (Weber and Osborn, 1975).

Purification of Hybrid Proteins

The p-galactosidase-ftz Av10 fusion protein was purified by several
methods. First, to obtain pure protein in soluble form, it was extracted
and purified by aminophenylthiogalactopyranoside-agarose (Sigma)
affinity chromatography (Germino et al., 1983). About 1 mg of intact
protein per liter of induced culture was obtained in this fashion. About
90% of the fusion protein was not extracted by the above method, but
could be solubilized in a buffer containing 8 M urea (Figure 9). The fu-
sion protein from the urea extract, after dialysis, was purified using ei-
ther anti-g-galactosidase antibody columns (see below) or preparative
SDS-polyacrylamide gels. By a combination of these methods, mildly
treated or denatured protein was purified for use as an immunogen in
amounts ranging from 1-10 mg per liter of induced cuiture. Additional
information on these and the methods below are available as detailed
protocols upon request.

Production, Purification, and Assay of Antibodies

Rabbits were immunized with 500 ug of antigen in complete Freund's
adjuvant on day 0 and again with 200 ug on days 14 and 21 (and
monthly thereafter) in incomplete adjuvant. All injections were sub-
cutaneous at multiple sites. Immunizations with gel-purified SDS-
denatured antigen (200 ug each) were intramuscular in incomplete
Freund's adjuvant. Rabbits were bled on day 28 and about monthly
thereafter until the final exsanguination.

Sera were absorbed to remove anti-g-galactosidase antibody by
repeated passages on f-galactosidase-Sepharose 4B. The resin was
made by coupling 1 mg of enzyme per mi of CNBr-activated resin. The
columns were loaded with 5-20 ml of serum, washed with phosphate-
buffered saline (PBS), BBS-Tween (0.1 M boric acid, 256 mM sodium
borate, 1 M NaCl, and 0.1% Tween 20) and PBS again. The bound anti-
body was eluted with 4 M Guanidine-HCI, 10 mM Tris (pH 8.0), and the
eluate was dialyzed against PBS overnight.

The flow-through fraction of the f-galactosidase column was frac-
tionated on an anti-g-galactosidase-DMP-ftz Av10 affinity column as
follows: the column was prepared by attaching 1 mg of affinity-purified
anti--galactosidase antibody per mi of CNBr-activated Sepharose 48B.
A dialyzed urea extract containing 1 mg/mi of intact fusion protein was
then passed over the column. The column was washed, until the ef-
fluent was free of protein, with PBS, BBS-Tween, PBS, and 0.2 M
triethanolamine (pH 8.2). To attach the fusion protein covalently, the
column beads were suspended in 10 vol of 0.2 M triethanolamine, 50
mM dimethylpimelimidate-2 HCI and adjusted to pH 8.2. The anti-
body-antigen complexes were cross-linked by rocking the beads
gently in this solution at room temperature for 45 min (Schneider et al.,
1982). The beads were poured into a column and washed with PBS,
noncovalently bound protein was removed with 4 M Guanidine-HCI
washes, and the column was equilibrated in PBS. The serum from
which anti-p-galactosidase antibodies had been removed was then ap-
plied, the column was washed as above, and the eluted antibody was
dialyzed against PBS. The purified antibody was passed once more
over the p-galactosidase column, to remove residual contaminating
anti-g-galactosidase antibodies in order to obtain the final anti-ftz
antibody.

The specificity of purified antibody was tested on proteins resolved
by PAGE and transferred to nitrocellulose (Towbin et al., 1979) from
lysogen extracts and from purified proteins by incubating a blot with
primary antibody (1 ug/ml) for 2 hr, washing with PBS, BBS-Tween, and
PBS, and then incubating the blot with affinity-purified alkaline
phosphatase-conjugated goat anti-rabbit IgG (Cappel). After washing,
the color was developed with bromo-chloro indolyl phosphate and nitro
blue tetrazolium at pH 95 in 50 mM Na,CO;.

Immunofluorescence
Whole Drosophila embryos were dechorionated, permeabilized in hep-
tane, fixed in formaldehyde, and devitellinized in heptane/methanol ac-

cording to Mitchison and Sedat (1983) as modified by Tim Karr (per-
sonal communication). After rehydration, the embryos were treated to
block protein-reactive sites with PBS-1% BSA containing 0.1% (vol/vol)
of Triton X-100 (PBT) for 3 hr at 4°C. The embryos were incubated over-
night at 4°C with agitation in a solution of purified antibodies (1-2
ug/ml) diluted in the PBT buffer. After the primary incubation, the em-
bryos were washed for 3-4 hr with 5-6 changes of PBT. Goat anti-
rabbit IgG-FITC, which had been previously incubated with fixed em-
bryos, was diluted 1:500 in PBT. The embryos were incubated in the
secondary antibody for 3 hr. The embryos were washed as above,
stained with 50 ng/ml diamidino-phenylindole (DAPI) for 3 min, and
washed for 30 min more. The embryos were mounted in Tris buffer con-
taining 4 mM ascorbic acid under a coverslip and were viewed by
epifluorescence microscopy. Photography was with Kodak Tri-X film
used at ASA 1600 and developed in Diafine (Acufine, Inc., Chicago, IL).
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