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Stripe-specitic regulation of pair—rule
enes by hopscotch, a putative Jak
amily tyrosine kinase in Drosophila

Richard Binari and Norbert Perrimon'

Department of Genetics, 'Howard Hughes Medical Institute, Harvard Medical School, Boston, Massachusetts 02115 USA

We describe the characterization of the Drosophila gene, hopscotch (hop), which is required maternally for the
establishment of the normal array of embryonic segments. In hop embryos, although expression of the gap
genes appears normal, there are defects in the expression patterns of the pair—rule genes even-skipped, runt,
and fushi tarazu, as well as the segment-polarity genes engrailed and wingless. We demonstrate that the
effect of hop on the expression of these genes is stripe-specific. The hop gene encodes a putative nonreceptor
tyrosine kinase of the Janus kinase family, based on an internal duplication of the catalytic domain. We
present a model in which the Hop tyrosine kinase is involved in the control of pair-rule gene transcription in
a stripe-specific manner. Our results provide the first evidence for stripe-specitic regulation of pair-rule genes

by a tyrosine kinase.
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The basic segmental body pattem of Drosophila mela-
nogaster is established during embryogenesis. Detailed
genetic and molecular analyses have shown that the pro-
cess of segmentation results from a dynamic pattern of
gene interactions controlled in a precise way both spa-
tially and temporally (for review, see Ingham 1988). Gen-
eration of the proper array of embryonic segments in-
volves a complex interplay between maternal and zy-
gotic gene products. In a hierarchical model for the
activities of these genes, the maternal effect genes act
initially to set up the axial polarity of the egg (Meinhardt
1986; Nisslein-Volhard et al. 1987). Subsequent zygotic
gene expression and combinatorial interactions between
the resulting gene products subdivide the embryo into
successively smaller domains (Niisslein-Volhard and
Wieschaus 1980), which then become uniquely specified
by the products of the homeotic genes (Lewis 1978).
Systematic screens for mutants with altered patterns
of the embryonic cuticle have identified a number of
genes involved in segmentation (for review, see Akam
1987). Maternal genes set up the anteroposterior and dor-
soventral coordinates of the embryo (for review, see Niis-
slein-Volhard et al. 1987; Manseau and Schupbach 1989;
St. Johnston and Niisslein-Volhard 1992}. Mutations in
these genes delete pattern elements from restricted re-
gions of the embryo by altering the coordinates along the
anteroposterior axis. In these mutant embryos, struc-
tures deleted from one region of the embryo are replaced
by structures from adjacent regions. The zygotic segmen-
tation genes determine the proper number and orienta-
tion of segments and fall into three classes {Niisslein-

Volhard and Wieschaus 1980): Mutations in gap genes
delete multiple adjacent segments, those in pair-rule
genes delete each alternate segment, and those in seg-
ment-polarity genes delete part of each segment, often
replacing the missing region with a mirror-image dupli-
cation of the remainder of the segment.

Three maternal systems (anterior, posterior and termi-
nal) have been defined that control pattern along the an-
teroposterior axis (for review, see St. Johnston and Niis-
slein-Volhard 1992). However, mutations exist with spe-
cific maternal effects on embryonic segmentation that
do not belong to any one of these classes {Perrimon et al.
1989). One such gene is hopscotch (hop), an X-linked
larval/pupal zygotic lethal mutation (Perrimon and Ma-
howald 1986). When analyzed in homozygous germ-line
clones, hop embryos show specific segmentation defects.
The most prominent aspect of this phenotype consists of
the deletion of the fifth abdominal segment and the pos-
terior mid-ventral portion of the fourth abdominal seg-
ment.

Given its unique maternal effect phenotype, we have
undertaken a phenotypic and molecular analysis of hop.
Analysis of the expression patterns of zygotic segmenta-
tion genes in hop germ-line clone-derived embryos indi-
cates that the initial defect appears to be at the level of
expression of specific stripes of the pair-rule genes. The
cuticular defects observed in hop embryos can be ac-
counted for by the subsequent misexpression of the seg-
ment-polarity genes engrailed (en) and wingless (wg). We
have cloned the hop locus and show that hop encodes a
nonreceptor tyrosine kinase with a structure similar to
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that of the Janus ({Jak) family of tyrosine kinases. Hop is
thus the first example of a maternally provided nonre-
ceptor tyrosine kinase involved in segmentation of the
Drosophila embryo.

Results
hop is a novel maternal segmentation gene

hop is an X-linked locus that maps to chromosomal
bands 10B6-8 {Perrimon and Mahowald 1986). Among
the 28 hop mutations that we have characterized, 27
behave as strong loss-of-function mutations (hop*). hop
is required for zygotic viability because hemi- and ho-
mozygous hop™ animals die as late larvae or early pupae
(Perrimon and Mahowald 1986). The dead larvae have a
normal cuticle pattern, but all larval diploid imaginal
tissues are reduced in size, thus implying a zygotic role
for hop in cellular proliferation. In addition to its zygotic
function, hop is also required maternally because em-
bryos derived from females lacking germ-line hop activ-
ity, referred to as hop embryos, die with very character-
istic segmentation defects. The severity of the defects
observed in hop embryos is dependent on the paternal
contribution. The primary cuticular defect associated
with both null or unrescued hop embryos, as well as
rescued embryos, consists of a deletion of the fifth ab-
dominal denticle belt and the posterior mid-ventral por-
tion of the fourth abdominal denticle belt (Perrimon and
Mahowald 1986). Additional defects in the thoracic seg-
ments and the head and tail regions, as well as fusions of
the sixth and seventh abdominal segments, can be seen
in hop null embryos. The cuticular defects that result
from a lack of maternal hop activity do not resemble any
of the phenotypes associated with the three maternal
systems that operate along the anteroposterior axis be-
cause these defects cannot be associated with a general
rearrangement of the body plan {see introductory sec-
tion).

hop activity is required for normal pair-rule gene
expression

Reasoning that the generation of the hop phenotype
should be reflected in altered expression of one or more
of the zygotic segmentation genes, the expression pat-
terns of a number of these genes were analyzed in hop
embryos. No distinction was made between null and res-
cued hop embryos in these experiments. Qur analysis
begins with the gap genes, which are the first zygotic
segmentation genes to be expressed. We found that the
expression patterns of the gap genes hunchback (hb)
(Tautz 1988), giant (gt) (Kraut and Levine 1991), Kriippel
(Kr) (Gaul et al. 1987), and knirps (kni) (Rothe et al. 1989)
are not affected in hop embryos (Fig. 1). Although the
expression patterns of the terminal gap genes tailless (tl])
and huckebein (hkb) (Pignoni et al. 1990; Weigel et al.
1990} were not analyzed, we believe that they are normal
because we do not see any alteration in either the num-
ber of fushi tarazu (ftz) stripes or the position of the

Control of pair-rule gene expression by a tyrosine kinase

Figure 1. Gap gene protein expression in hop embryos. In each
case, the pattern of expression appears identical to that of wild-
type. (A) hb expression in a late cycle 14 embryo, showing the
anterior and posterior domains, both of which have retracted
from the poles. (B) gt expression in a late cycle 14 embryo,
showing the broad domains of both anterior and posterior ex-
pression. (C) Kr expression in a mid-cycle 14 embryo, showing
the central domain as well as the faint anterior domain. (D) kni
expression in a late cycle 14 embryo, showing both the anterior
and posterior domains. Embryos are oriented with anterior to
the left and dorsal at the top; stages are according to Campos-
Ortega and Hartenstein (1985).

posteriormost ftz stripe (see below). Mutations in tll and
hkb alter the expression of the posterior stripe of ftz
(Weigel et al. 1990).

We then analyzed the expression of the three pair-rule
genes runt (run) (Gergen and Butler 1988; Kania et al.
1990), ftz (Hafen et al. 1984), and even-skipped (eve)
{Macdonald et al. 1986). Figure 2 shows the expression
patterns of these genes in wild-type and hop embryos.
Unlike the case for the gap genes, the expression of all
three pair-rule genes is abnormal in hop embryos rela-
tive to wild type.

The most notable defect in run expression in hop em-
bryos is the almost complete loss of the fifth stripe of
expression (Fig. 2, c¢f. Al and Al). In addition, the re-
maining stripes (with the exception of the first and sev-
enth) are also defective to varying degrees, with the dor-
sal region of the stripe atfected more severely than the
ventral region. Despite the almost complete loss of the
fifth stripe, the borders of the fourth and sixth stripes
appear to be maintained in their normal positions. In
addition, the spacing between the remaining stripes also
appears to be normal.

Unlike the case for run, the defect in ftz expression in
hop embryos is more subtle and consists mainly of a
slight decrease in expression of the fifth stripe (Fig. 2, cf.
B1 and B2). As with run, this effect is more pronounced
dorsally than ventrally. This defect in the fifth ftz stripe
becomes more pronounced with time, such that hop em-
bryos at later stages show an almost complete loss of this
stripe (data not shown). In addition to the effect on stripe
five, there appears to be an increase in the width of the
sixth stripe toward the posterior of the embryo, such that
the spacing between the sixth and seventh stripes is
slightly decreased.
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Figure 2. Pair-rule gene RNA expression in wild-type and hop
embryos at cellular blastoderm. The pattem of run expression in
wild-type {Al} and hop {A2) embryos is shown. The arrowhead
in A2 indicates the almost complete loss of the fifth stripe of
run expression, which is the most consistent defect in the run
pattern seen in hop embryos. The remaining stripes, with the
exception of the first and seventh, are also variably affected in
this embryo. Note that the defects are more pronounced dor-
sally than ventrally. In addition, the borders of the stripes ap-
pear to be maintained in their proper positions. Bl and B2 show
the expression pattern of ftz in a wild-type and hop embryo,
respectively. Unlike the defects seen in the expression of run,
the defect in ftz expression is much more subtle, and involves
primarily a slight decrease in the dorsal expression of the fifth
stripe (arrowhead in B2). In addition, the sixth stripe appears
slightly wider at its posterior edge, such that the spacing be-
tween the sixth and seventh stripes is decreased from that in
wild type. In hop embryos at later stages, the fifth stripe is
almost completely missing {data not shown). We see the same
pattern of defects in ftz protein expression in hop embryos when
analyzed by anti-ftz antibody staining {data not shown). eve
expression in a wild-type and hop embryo is shown in C1 and
C2, respectively. The arrowheads in C2 indicate the third and
fifth stripes, which show a decrease in intensity relative to wild
type. In hop embryos, the fifth eve stripe is usually defective to
a greater degree than the third stripe. In this embryo there is also
a defect in the sixth stripe of expression. As with run, the de-
fects are more pronounced dorsally than ventrally. We see the
same pattern of defects in eve protein expression in hop em-
bryos when analyzed by anti-eve antibody staining (data not
shown). lacZ expression driven by the reporter gene construct
eve 5.2/lacZ is shown in a wild-type (D1) and a hop {D2) em-
bryo. In wild-type, lacZ expression is driven by a 5.2-kb frag-
ment of the eve promoter in the pattern of the second, third, and
seventh eve stripes. In hop, the lacZ expression corresponding
to eve stripe three is almost completely missing [arrowhead).
Embryos are oriented with anterior to the left and dorsal at the
top.
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The expression pattern of eve in odd-numbered para-
segments is completely complementary to that of ftz in
even-numbered parasegments at the blastoderm stage
(Lawrence and Johnston 1989). The most prominent de-
fect in eve expression in hop embryos is a decrease in the
fifth stripe, with the defect more pronounced dorsally
than ventrally (Fig. 2, cf. C1 and C2). There are also de-
fects in the expression of additional eve stripes, most
notably the third and sixth stripes. As was seen for run
expression, the decrease in eve expression in particular
stripes does not appear to affect the borders of the stripes
or to change the spacing between stripes.

Segment-polarity gene expression is abnormal in hop
embryos

In addition to defects in pair-rule gene expression, hop
embryos also show defects in the expression of the seg-
ment-polarity genes en and wg, both of which are nor-
mally expressed in individual parasegments (Fjose et al.
1985; Kornberg et al. 1985; Baker 1987). The most pro-
nounced and consistent defect in hop embryos is the
almost complete loss of the tenth stripe of en expression
and the ninth stripe of wg expression (data not shown).
Almost all of the lateral staining in these stripes is miss-
ing, with residual staining only in those cells at the mid-
line of the stripes. In addition, the remnants of these
stripes have shifted posteriorly. These two stripes corre-
spond to parasegments 9 (wg) and 10 (en), which is the
region where we detect defects in the expression of the
fifth stripes of both eve and ftz. The cuticle defect in this
region of hop embryos is thus an accurate reflection of
the misexpression of both en and wg.

The effect of hop on eve stripe three expression is
mediated through a 500-bp element of the eve promoter

To determine whether the effect of hop on pair-rule gene
expression is stripe specific, stripe-specific reporter gene
constructs for the eve promoter (Goto et al. 1989; Hard-
ing et al. 1989) were employed. Because a stripe-specific
element for eve stripe five has not yet been identified,
the expression of the third eve stripe as driven by an eve
promoter—lacZ fusion construct was analyzed. The con-
struct used for analysis {eve5.2/1acZ) {Goto et al. 1989)
contains ~5.2 kb of DNA from the proximal eve pro-
moter fused to B-galactosidase, such that B-gal is ex-
pressed in the normal positions of the second, third, and
seventh eve stripes. Stripes two and seven, which are not
affected in hop embryos, thus act as internal controls for
changes in stripe three expression. The wild-type pattern
of B-gal expression of this construct is seen in Figure
2D1, whereas the pattern seen in hop embryos is shown
in Figure 2D2. In hop embryos the B-gal expression cor-
responding to the second and seventh eve stripes is nor-
mal while that corresponding to the third stripe is al-
most completely missing. A similar result was obtained
using a construct containing only a 500-bp fragment
from the eve promoter (M. Levine and S. Small, pers.
comm.), which drives the expression of only stripe 3
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(data not shown). These results indicate that the effect of DNA spanning the distal breakpoints of Df(1)DA622 and
hop on eve stripe 3 expression is mediated through those Df(1)N71 (Fig. 3A). Using these cloned phage as probes,

factors that normally activate this particular promoter Southern blots of genomic DNA from several deficien-
element for stripe 3 expression. cies and a number of hop alleles were analyzed (Fig. 3B).
Hybridization with phage 1-2 enabled us to determine
Cloning of the hop locus that we had crossed the letal breakpoint of Df(1 )DA'622,
a deficiency that delimits hop from the next proximal
To clone the hop locus, a chromosomal walk in the lethal locus dlg. The next overlapping phage in the distal
10B6-8 region of the X chromosome was initiated using direction {phage 2-3} detects a small deficiency of ~300
as an entry point a bacteriophage from the distal end of a bp in genomic DNA of the X-ray-induced allele hop<???,
walk generated in the cloning of the discs-large (dlg) lo- which was further mapped to a 3.5-kb Sall fragment.
cus (Woods and Bryant 1989). With this phage as a start- This same phage also detects alterations relative to wild
ing point, overlapping phage and cosmid clones were iso- type in the DNA of the chromosomal rearrangement
lated that encompass ~60 kb of wild-type chromosomal GA118 that delimits hop from the next distal lethal lo-
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Figure 3. Molecular organization of the hop locus. (A) Restriction map and the
positions of a number of chromosomal lesions. The line above the restriction map
indicates the genomic DNA absent in Df(1)DA622, with the broken portion of the
line indicating uncertainty in the position of the breakpoint. The breakpoint associ-
ated with Dff1)N71 is located approximately at map position 60 (not shown). The
positions of the DNA lesions associated with hop©!!, hopM®*’, and GA118 are in-
dicated by the brackets. The stippled box represents the Sall fragment containing the
deletion in hop“'*!. The hop transcript is indicated by the solid arrow. The chromo-
$2-3 35Kb Sal Fragment somal walk was initiated using a 1.8-kb HindIII-Sall fragment from map coordinates
0-2 provided by D. Woods and P. Bryant (University of California, Irvine). The en-

B . zymes indicated above the horizontal line are BamHI (B}, Hindlll (H), and Sall {S). The
S . map coordinates are in kilobases (kb). (B) To detect the positions of the lesions
Actin 5C associated with mutations, equal amounts of DNA from heterozygous flies were

digested with various restriction enzymes, blotted onto nitrocellulose, and probed

with either entire phage or phage subclones from the walk. The left-most panel,

probed with phage 1-2, shows the alteration associated with Df{1)DA622. The restriction fragments that are missing in Df(1)DA622
have an intensity half as great as those from homozygous yellow forked (yf) control DNA. The next two panels, hybridized with phage
2-3, show the alteration associated with hop©???, This lesion was initially mapped to a 3.5-kb Sall fragment and subsequently mapped
to a 1.8-kb BamHI fragment within this Sall fragment. The next two panels indicate alterations in hop™®®’ relative to the viable
dysgenically-induced revertant hop™®37*"-? The left-most of these two panels was hybridized with phage 2-3, whereas the right-most
one was hybridized with the 2.3-kb Sall fragment from phage 2-3. The final right-most panel, hybridized with phage 2-3, indicates the
alteration associated with the rearrangement breakpoint GA118. These data {and other restriction data not shown) were used to map
the positions of Df(1)DA622, GA118, and the hop alleles C111 and M637. {C) Developmental Northern analysis of the hop locus. A
Northern blot of poly(A)* RNA of different developmental stages was hybridized with phage 2-3 and the 3.5-kb Sall genomic fragment.
In this exposure the 5.4- and 5.1-kb transcripts are not easily resolved from each other; with a lighter exposure these two transcripts
are easily distinguishable from each other. Phage 2-3 detects two additional transcripts of 1.8 and 0.9 kb in size that are not detected
with either the 3.5-kb Sall fragment or the hop cDNA. We believe that the larger of these two transcripts lies distal to hop because
it is also detected by restriction fragments derived from phage 4-1. As yet, we do not know the origin of the 0.9-kb transcript. The
embryonic stages are denoted in hours after egg deposition; the other stages are first (Ist) and third {3rd) instar larvae, 24- to 96-hr pupae

(MP), 96- to 120-hr pupae {LP}, and adult. The lower panel shows the same Northern blot hybridized with an actin 5C probe to
quantitate the amounts of RNA present.
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cus dishevelled (dsh) (Fig. 3B). We have used subclones of
this phage to map additional alterations in genomic
DNA of other X-ray- and gamma-ray-induced alleles of
hop (data not shown), as well as the site of insertion of a
P-element-induced allele {hop™43’). Comparison of the
genomic DNA of hop™©3” to that of a viable dysgenically
induced revertant of M637 (M6377¢"-?) allowed us to po-
sition the site of insertion of the P element within the
2.3-kb Sall fragment from phage 2-3 (Fig. 3B). All of the
alterations detected in five other X-ray- and gamma-ray-
induced hop alleles fall within the same genomic frag-
ments to which we have mapped the putative hop cDNA
(see below).

hop is expressed throughout development

A developmental Northern analysis using phage 2-3 de-
tects four transcripts of ~5.4, 5.1, 1.8, and 0.9 kb in size
(Fig. 3C|. The 3.5-kb Sall genomic fragment from phage
2-3 that detects a small deletion in genomic DNA of
hop©?!! hybridizes to only the 5.4- and 5.1-kb tran-
scripts. The larger of these two transcripts is present at
all developmental stages analyzed, whereas the smaller
transcript is strictly maternal. This temporal pattern of
expression is consistent with the known developmental
defects associated with hop, because the maternal effect
predicts expression during oogenesis and presyncitial
blastoderm while the zygotic lethality characterized by
small imaginal diploid structures indicates a require-
ment during larval/pupal development.

The 3.5-kb Sall genomic fragment from phage 2-3 was
used as a probe to isolate clones representing the larger
zygotic mRNA from a 9- to 12-hr embryonic ¢cDNA li-
brary. The longest clone (designated 5-1) was selected for
further analysis. A developmental Northern analysis
with 5-1 as probe detects both the 5.4- and 5.1-kb tran-
scripts (data not shown), indicating that they are related
to each other. In situ hybridization to whole-mount em-
bryos with 5-1 as probe indicates that hop transcripts are
present uniformly throughout the embryo from blasto-
derm through germ-band retraction (data not shown).

To demonstrate that hop function is encoded by 5-1,
the entire open reading frame from this cDNA was
cloned into the heat-inducible P-element transformation
vector pCasPeR {Thummel et al. 1988). Basal levels of
expression from an autosomal transformant carrying this
construct provided significant rescue of the hop germ-
line clone phenotype (data not shown)|.

hop encodes a putative nonreceptor tyrosine kinase

We determined the nucleotide sequence of 5-1 (5068 bp)
{Fig. 4B). The conceptualized open reading frame begins
with an ATG at position 620 and extends 3531 nucle-
otides to position 4150, encoding a putative protein of
1177 amino acids {Fig. 4B). The nucleotides immediately
upstream of the putative initiation codon (TCTC]) are not
a good match to the consensus for Drosophila transla-
tion start sites [[C/AJAA(C/A]| (Cavener 1987); however,
there is another potential in-frame initiation codon at
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position 812 with a much better match to the consensus
sequence (CAAC). A 3'-untranslated region of 911 nu-
cleotides ends in a tract of 16 A’s, 25 bp downstream of
the consensus polyadenylation recognition sequence
AATAAA (Birnstiel et al. 1985). Nucleotide sequencing
of genomic DNA corresponding to the cDNA sequence
shows that hop is comprised of 10 exons, ranging in size
from 161 to 1675 nucleotides, and extending over ~7.5
kb (Fig. 4A).

A search of the available data bases indicates that hop
encodes a protein with significant homology at its car-
boxyl terminus to the catalytic domain of tyrosine ki-
nases (Fig. 5A). A hydrophobicity analysis shows no ob-
vious signal sequence or membrane-spanning domain,
suggesting that Hop is a cytoplasmic protein rather than
a transmembrane receptor protein. However, there is a
short sequence (KKAKRR; amino acids 315~-320) that re-
sembles previously described nuclear localization sig-
nals (Richardson et al. 1986; Wychowski et al. 1986; Ly-
ons et al. 1987), suggesting that Hop may translocate to
the nucleus.

The putative catalytic domain of Hop shows the high-
est similarity to the catalytic domains of Elk, Jakl, and
Fes (Fig. 5A) with the degree of identity ranging from
38% |Fes) to 42% (Elk]. Elk encodes a rat brain-specific
receptor tyrosine kinase belonging to the eph subfamily
(Lhotak et al. 1991). Jakl is the prototype of the Jak (or
Janus kinase) subfamily of nonreceptor tyrosine kinases
and was originally isolated from a murine hematopoietic
cell line (Wilks et al. 1991). Fes is the transforming pro-
tein of the Gardner-Arnstein and Snyder-Theilin strains
of feline sarcoma virus (Hampe et al. 1982). Within the
catalytic domain, Hop shows a greater degree of identity
in those regions that mediate nucleotide binding (subdo-
mains I and VII) and distinguish tyrosine kinase catalytic
domains from those of serine—threonine kinases (subdo-
mains VI and VIII) (Hanks et al. 1988).

Hop belongs to the Janus family of nonreceptor tyrosine
kinases

In addition to a putative tyrosine kinase catalytic do-
main, the deduced Hop protein contains a region of in-
ternal homology such that residues 528-864 show 22%
identity to residues 864—1177 within the kinase domain.
This internal homology resembles that found in mem-
bers of the Jak family of tyrosine kinases. This family
consists of the nonreceptor tyrosine kinases Jakl (Wilks
et al. 1991), Jak2 (Harpur et al. 1992), and Tyk2 (Firm-
bach-Kraft et al. 1990}, all of which contain a second
kinase-related domain in addition to a more canonical
tyrosine kinase domain. Like Hop, members of the Jak
family lack SH2 and SH3 domains, one or both of which
are found in all other nonreceptor tyrosine kinases de-
scribed to date (Koch et al. 1991).

The two kinase domains of Jak family members show
varying degrees of homology both within and between
individual proteins. Figure 5B shows a schematic dia-
gram comparing Hop with the other members of the Jak
family. Although the canonical kinase domain of Hop is
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gaattcCTGTCC GATGAATTTCACTGATATTCGTGGCTTGTATTGTAGCTTCGCAATTGCAGC TTOG TTTCGACAGCAGGCCCACTTTCAGATCGAAGGCG TCTATAATCGCCATCCAGTCCCGTCGCCCTG
TTCCCACAACGCCCCACAAATTTCGGGATCTAGC TGGCGTTTCGGG TG TC TAATTTCGGACCAG TGCACTG TGAT T TCCGATTICCAG TTTACT TTGCTGACGGA TCGCCCAAGTGGCGAAGTGG TTCTTGC
TCGGAAAGTTGGCGCTTGCTAAAAGAAGGAGCAGTCCAGGTGG TTCCCCGCCAGTGGCATCAATGGAACTCGCGC TGGAG TTTGGGGCAACCTTGC AACTGCAAGGG TAAGAGCATCGCCGATTCCAGGAGE
ATTCGCAGTAAGCCCAAARATAGCAACTCAAGTCAGTCGCGG TGG TCATTGTTATTGGCAAGAAGAAGAGGAAACGGATAGAACGCGGCAAATTCCTAGGARAGCTCCCATGATCTAGCTTCAGTGCGGCCG

====
CGTAAGGAARCTGCTCCAGCCAAGGAACTGGGC TTGCAGGAGCAGCAGATAGCACCCAGCCCACAAGGGACCACTCACCGACAATCCTCTCATGGCCCTGGCCAACGGGGGAGAGGATAGAATGGACGACAG
M A L AN GG E DR M DD §

CAGCAGCGGACGCACTTCGCTGGCGGACAGCGCCAGCCTGACGAACTCCTCGCTECGCAGCGGCACCTCCTCGCAGAGCATC CACACCAACGATGGCACAATCCG TG TGTTCAACTTCACCACCGGCGAATT
$ $G6GRTSULADSASLTNSSTLRSGTSSOQSTIHTNDGTTIRVYTFPFNTFTTGTEF

TGAGCGTTTCCATCCCAACATGCTGTGCGAGGAGATCTGCAATACGATG TGCCGCCAGCTGGGCATTGCACCAATTGCCCAGC TGCTC TACGGAATACGGGAGCACTCGACATCGCGACGTCCCTCGCCGCT
ERFHPNHLCEEICNTHCRQLGIAPIAQLLYGIREHSTSRRPSPL

GGTGCGTTTGEATC TGACGTGGTGCCTGCCCGGCGAGCGACTCAACTGCCAGCTGG TC TATTGC TTTOGGA TGCG T TTCCG TG TGCCCGAATTGGATAGCCAGC TGGAGTTGATCGATGGACGGAGCCACAA
VRLDILTWOCL®PGETRTLNTC COQLVYSCTFRM®BREFTI RUYVTPETLTDST QLETLTIDGT RSHK

GTTCCTCTACCGCCARATGCGCTACGATATGCGGACCGAGCAAATCCCGGAGATTCGCTATCCGGAGCACAAGGACAAATC AACGGGACTGGCCGTGATGGATATGC TAATCGACGATCAGGAACAGTCGGA
FLYRQMRYDMR’X‘EQIPEIRYPEHKDKSTGL}\VHDHLIDDQEQSE

GGA’ICAGCAGGCGATGCGC'I‘CCA’KCéAGMGCmACAMC TGTATTTGCCACCGAGCTTGTGGCGCGCCCACAGCTTCTTTGTGGGCTCCAAGATACG TGAGG TTTTCCGCAGTCTAAAAGCGAATTCGCT
D QQAMRSTIETZ KTLTYZ KTLTYTILZPZPSTLW® RAHRSTFTFUVGSZKTIRTETVTFT RS STLTIEKANSTL

GAGTGTGGAGCGTTTGAAGTGGCACTATGTGCATCAGG TATCCCATTTGGCGCCCACCTATATGACCGAACAGTTCACCTGCACCG TTCAGTATC TGCCCAACGAGGAGGTGGCCCGCGG TAGCGGACCCAT
S VERTLIKWHYVHQV S HLAPTTYMTTETZG QTFTT CTVOQYULZPNETETV VA ARTGSGT?PTI

CGGCACCAGTCTGGCCCACTCGACGTCGACGC TGGCCAGTTCTGGATCGACCAACACTC TG TCCACGC TCACCACCAACACC AATTCCG TTGCACTCGGCGGCAGTGGCAAGAAGGCCAAACGACGTTCCAC
6 TS LAHSTSTLASSGSTNTTLS STULTTNTNSZSUVALGSGSGZ KZ KA AT KT RTR RTST

P T

CAGCGGTGGAATCGATGTC TATGTGCGAGTCTTTCCACACGATTCCCTGGAGCCTGGACTCAAGGTGGCCAGGG TCACCTCCGAGGCCACACTCAAGTGGATCCTIG TTGGCGCCGTGGAAGGAATTGTTAT
§ 666G I DVYVRVYF®PHDSULETPGTLZE KV VARTYTSEHA ATTLZEKMWTITLVGA AV VESGTIUVHM

GATCTCCAAAATCAACGACACCTCTGTGCGGCTGGAAATCG TTGGTC TGCCCARGGGCTACGAGATGCAG TTTCAGACGGAGAAGGAGATGAAGTCCTTCATCTCCTACCTGGGCATC TACATCAGATTGTC
I S K INDTSVRLETIVGTLTPZE KTGTYTEMG FIQTTET KT EMZ KT ST FTISYTULGTIZYTIHZRTLS

GAGCAAATGGATGCAGGATCTGTGCCATTCGTACCGCACGCCC TCCCTGGAGGAGCTGAGCTCCCTCCACTGCCATGG TCCAATCGGCGGTGCCTACTCGCTGATGAAGC TGCACGAGAACGGTGACAAGTG
S KWMQDULCHSYRTZ®PSLEETLSSULHCHGTPTIOGS®GATYSLMEKTULUHENTGTDEKC

CGGCAGCTATATTGTGCG TGAATGCGATCGAGAATACAACATATACTACATCGATATCAACACCAAAATCATGGCCAAGARAACCGATCAGGAACGC TGCAAGACGGAGACATTTAGGATCGTGCGCAAGGA
G s Y I VREGCDHRETYNTITY Y IDTINTZ KTIMAZEKTEKTHDUG QERTECZEKTTETTFTZ RTIVHR RIEKTD

CTCGCARTGGAAGCTAAGCTACAACAACGGCGAGCATGTACTAAACTCACTGCACGAAGTGGCGCACATCATTCAAGCGGATAGTCCCGATCGC TATCGCATACCCGCCTCCAAATATGACAAGCCGCCGCT
$ Q WKL S Y NNGEHUVLNSTLUHEVA AHKTITIGQADT ST PDHRTYZ RTITPASTIEKTYDTZEKTZPZPIL

GCTGCTACTGCTGCTGCCAAAGAACCTCAAGGCCARARAGAC TGACC TCCAGCTGAGCGAGGCGGAGCTGCAGCGCCGCAATCCGCAGATCTTCAATCCCCGAACGGATC TGCAGTGGTATCCAGATTCGAT
L L L LLPIKNJLTIEKA ATIKTIKTUDULG QLS SEA ATETLI QRZ ERNTPI QTITFNZPRTUDILAOQWYU®PDS I

ATCGCTTAGCGACGATGCCATGATGTTTACGATGCGCGGCGATTGGATCCAACAGAGTCCCGTCAAGGATG TG TCCG TGACGATGAAAATGCTAAAGAGCGATGGCAATTTCATGGAGTTCTTTCGCTTGGC
§ L S PDAMMTFTMRPBRGDUWTIQQQSsS PV KDV VSV TMZEKMMTLTEKTSDGNTFMETFTFRTILA

ACAGACCTGGAGCCTCATCCAGTCGCCGCAGTTCCTCAAGC TG TACGGCCTAACGCTCGCCGATCCGTACACAATGG TCATGGAGTATTCGCGGTATGGTCCGCTCAATAAG TTCCTGCACTCGATGCCCAA
Q T®W S L I Qs PQF L KLY GLTLADTFETYTHMUVMETYSURYGPILNTI KTFTLUHSMPN

TGTAACACTGCATTGTCTACTGGATCTGATGCATGGATTGG TGCGCGGCATGCACTATTTGGAGGACAACAAGATTATCCACAATTACATACGATGCAGTAATC TG TACG TGACCAAGTACGATCCGAATTC
VTLHCLLDULMHEGTELVRGMHEYULEDINTZEKTITIHNTYTIRTCSNLTYVTTZ KT YDTFPNS

GTACGTGCTAGACGCGAAAATTAGCGATCCCGGCTATCCGCGTCCCTACCGAGAATCCGACTCGCCATGGATACCTG TTAAGTATTATCGCAATTTGCAAGCAGCCAAAACGGATCAGTTTGCCCAGCTGTG
Y vL DAXTI SDZPGYU®P®RUPYURESTDSU®PWTIUZPVEKYTYZRNTILU QAR ATIKTUD GQPFAG QLW

GGCCTTCGCTACCACCATATACGAGATC TTCTCGCGCTGCAAGGAAGATCTGAGCACACTGCGCCAGGAGCAGC TACTCAGGCAGAARAATCTCGATGGCAACATACTCAAGATGCTCGATCAGGACATCTG
A FATTTIYETILITFSRCKTEDTLSTLRQ QE- QLTLT RS QEKNTLDGNTITLIE KMLUDAIQ@DTIC

TCCGGCGCCGATATTCGAGACAATCATGGATGGATGGTCCGATGATGAGACCAAGCGCTTCAGTCACCACGACATTTTCTCGCG TCTCAACACGATCAAGGCGGAAATTCTGCCCAATTATATGCCGCCACT
P AP I F ETTIMDGWSDDETI KT RTFSHHDTITFSRULNTTIIKA AETITLTFPNTYMZPTPFP

CGAGATCGCAACGAATGGAACTGGAGACGAGACCGTGATCGATAGAAGCGACATACCCTTCCTACCCTTTCCGCG TTCGAATATG TTGATGG TCATACCGCTGACCAGCGAATGTCGAGTGATCTACAACAT
E I ATNGTGDETUVIDRSUDTIUZPTFULZPTFZPIRSNMMLMUVIZPLTSETCHRUVYVTITYNHM

GGAGAACATGATCGGGCGCGGTCATTATGGCACTGTC TACAAGGG TCATCTGGAGTTCAACGACAAGGATC AGCCGCGCGAGCAGG TTGCCATCAAGATGC TGAACACCATGCAGG TGTCGACCGATTTTCA
E NM I GRGHYGTUV Y K GHTULETFNDIKT DT G Q®PZ RTETZGQVATII KMTILNTMZQUVSTDTFH

TCGCGAGATCGGCATCATGCGCACCCTCAGTCATCCGAACATAGTCAAGTTCAAG TATTGGGC TGAGAAG TCGCACTGCATCATTATGGAG TATCTGCAATC TGG TTCCTTCGACATTTACCTGCGCTTCAC
R E I G I MRTULSHUZPNTIUVIEKTFIKTYWATETZ KT SHTECTITIMEYULOQSGSTVFDTIJYULTZRTFT

GGCACCCRATCTCAATAATCCACGGCTCGTCAGCTTCGCTTTAGATATTGCAAATGGCATGAAATACTTG TCCGACATGGGACTCATCCACCGCGACCTGGCCGCCCGCAACATTTTGGTGGACCACAACGG
A P NLNNUPRTULUV S5 F ALUDTIA®NTGMZ XYL SDMG LTI HRUDILAARNILVYVDHNG

CGATGGTGACTGCGTCARAATCTCAGACTTCGGCC TGGCOGCAATTCGCCAATTCCGATGGATATTACTATGCGAAAAGCAAGCG TGATATTCCCATTAGATGG TACTCTCCGGAGGCCATCTCCACCTGCAG
D GDOCVEKTISDFGLAQTFANSUDSGY Y] Y YA AZKSZ KA RDTIPTIRWYSZPEATISTTCR

ATTCTCATCGTATTCGGATGTTTGGAGC TATGGCGTGACGC TCTTCGAAATG TTTTCGCGCGGCGAGGAGCCCAATTTGG TGCCGATCCAGACATCGC: TTTCCTCAATCGCCTTCAGAGCGGCGA
F S S Y §$ DVWSYGVTULTFEMTFSURGETEZPNLUVUPTIOQTSOQEUDTFTLNIZ RTLTUG QSGE

ACGCTTAAATCGTCCGGCCAGTTGTCCCGATTTCATTTACGACCTGATGCAGC TG TGCTGGCATGCCACGCCCCG TTCGCGACCCAGTTTCGCGACCAT TG TGGACATCATCACAAGGGAGGTGGCCACCAR
R L NRPA S CPDVF I Y DILMGOQLTCWHATTZP®RSURZPSZPATTIVDTITITR RETVATK

GGTGACGCACCCGACAGATGGACACCAGTCGCCGCCGAATCAGCCGACGGATGCCGAGTGACTG TTGACAACTGAATGAAATCGATATACACACACAATTAGGCATAAGGTCTTTTAAGATG TTAGCATTTA
vV THPTDGH QS P P NQPTDAE

AACTGTACGTTTTTAAAACAACACAAGCCAGACCCCAAARACCACTTGACGCAATCCTTGGCTTAAAGCGCTATCGGARGAATCACATTGACCCCCAACCAATCAATCATTCATCCATACCAAATCCGGATA
CACTTACGCCATCGCAAGCATTTTTGGATTCTCGCCAGATCTTAG TTTTATTTGATTG TGC TTACCACTGGCCACGCCCCCCTACCTCCAATG TCATTAAGCCCACCCCTCCTCCCCCCTCTTGACAAAGCG
AAAGTCCACACTTTATATGATATATGTATATGTATAAACAAATTCTCAACCTACTTTG TGTTATACATTTTAGACAACTTTG TTAAATATTG TTAAGCTTGAGC TTCAATTTTTTTTTTG TAATGCCCACAC
CACGCATAAACACTGAACTAAACTAAACTAAATTAATCATAACGTGTAAATAATAATTAAATTAGTTAAGGGTTTAATCGCGAAACGGCAACACACGGTAATTTACAAAATGAATGGACGTCGACAGAATCG
AAAGGATGCTGCTGCGATC TG TTCTG TTCGGCGACTAAGTCGAACCGCCTAATCTACGCAARARAARAAAGTAACATG TGCACATATAGTCGTAAGG TATGTCAATTAATG TTAATCAAATGCCATTTTAAC
CTACAATACTTCGAAACAGAAACGAATTATATATTTACAAGCTATACAAGCCACTATACAAGCCGGTATATGCACAACCACACACCCGCAGGCACAATAACTTATTATTGC TG TTAACGAGAA. TATTT
CCGARATAAATCAATTTTCTTACGTGTTTAAAAAAAAAAAAAAAAGgaattc 5068

Figure 4. (See following page for legend.)
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39% identical to those of Jakl, Jak2, and Tyk2, the ki-
nase-like domain of Hop is 27% identical to that of Jakl
but only 21% identical to that of Tyk2 and 24% identical
to that of Jak2. In the carboxy-terminal half of the pro-
tein Hop would thus be somewhat more closely related
to Jakl than to either Jak2 or Tyk2. However, across the
length of the entire protein Hop shows the highest de-
gree of identity to Jak2 (27%] (see Fig. 5B).

Discussion

The zygotic lethal mutation hop of Drosophila shows a
specific defect in segmentation when analyzed in em-
bryos derived from homozygous germ-line clones. The
major defect involves the fourth and fifth abdominal seg-
ments, although other regions of the embryo can be vari-
ably affected. We have analyzed the expression of a num-
ber of zygotic segmentation genes in hop embryos. Al-
though expression of the gap genes appears normal, we
find defects in the expression of specific stripes of pair—
rule genes. We have cloned hop and show that it is a
nonreceptor tyrosine kinase belonging to the Janus fam-
ily of tyrosine kinases. Hop is thus the first maternally
provided nonreceptor tyrosine kinase involved in embry-
onic segmentation in Drosophila.

Segmentation gene expression in hop embryos

The analysis of the expression patterns of segmentation
genes in embryos mutant for other patterning genes has
been a fruitful approach for determining both the hierar-
chy of expression and the cross-regulatory interactions
between various gene products. In our analysis of zygotic
segmentation gene expression in hop embryos, we have
found that the protein expression patterns of the gap
genes hb, gt, Kr, and kni appear to be normal. It is pos-
sible that one or more gap gene proteins are not post-
transcriptionally regulated in hop embryos. However, we
do not believe this to be the case, because aitered activity
of one or more gap genes should be reflected in changes
in the spatial domains of other segmentation genes
{Jackle et al. 1992 and references therein). In contrast to
the expression of the gap genes, the expression patterns
of several of the pair-rule and segment-polarity genes are

abnormal in hop embryos. The pair-rule genes run, eve,
and ftz all show defects in levels of expression in hop
embryos. In each case, the defects are confined to one, or
a subset, of the normal seven stripes. In no case are all of
the stripes affected. In addition, the positions and bor-
ders of both the affected and unaffected stripes are main-
tained normally in hop embryos (with the possible ex-
ception of the posterior border of the sixth ftz stripe).
The fact that the positions and borders of pair-rule gene
expression are normal in hop embryos is a further indi-
cation that the activities of the gap genes are unaffected
in these embryos, because the striped domains of pair-
rule gene expression are normally set up by the activities
of the gap genes (for review, see Pankratz and Jickle
1990).

The effect of hop on the expression of the eve stripe-
specific reporter constructs may enable a dissection of
those regulatory components functioning through these
elements that are directly or indirectly affected by the
loss of maternal hop gene product. In this regard it would
be of interest to identify the factors involved in directing
proper expression of eve stripe three as mediated through
these promoter elements; one or more of these factors
would then be candidates for direct or indirect targets of
hop. Stripe-specific elements for run would allow a sim-
ilar analysis of the role of hop in activating specific
stripes of run expression {P. Gergen, pers. comm.).

The segment-polarity genes en and wg are required for
patterning of both the denticles and the region of naked
cuticle in each segment (for review, see Peifer and Bejs-
ovec 1992). Their expression patterns are initiated in the
early embryo by the activity of a number of the earlier-
acting pair-rule genes (DiNardo and O’Farrell 1987; In-
gham et al. 1988). Because en and wyg are required for
intrasegmental patterning, any cuticular defect should
be reflected in abnormal expression of these genes. In
hop embryos both en and wg show defects in expression
{data not shown). This is not unexpected and is consis-
tent with both the cuticular defects and the misexpres-
sion of pair-rule genes in hop embryos. Because pair-
rule genes are required for initiating the 14-stripe com-
plement of en expression in the posterior compartment
of each segment, defects in their expression would be
expected to generate abnormal expression of en. This

Figure 4. Molecular organization and sequence of the hop gene. (A) Molecular map of the genomic DNA encompassing the hop gene
from the genomic walk coordinates 22 (proximal on the X chromosome) to 31.3 (distal on the X chromosome). Below the molecular
map is a schematic diagram of the exon-intron structure of the genomic sequence corresponding to the cDNA sequence of the larger
of the two hop transcripts. The sizes of the 10 exons in base pairs {reading from 5' to 3') are as follows: 1675; 161; 207; 320; 463; 350;
437, 182; 162; and 1099. Solid black indicates translated sequence; white indicates untranslated sequence. The direction of transcrip-
tion is indicated. The enzymes indicated above the horizontal line are BamHI (B), HindlIII (H), and Sall {S). The parentheses enclose a
restriction site not present in genomic DNA but present at the junction of genomic and vector DNA in the particular walk phage used
to generate this map. (B) Nucleotide and deduced amino acid (single-letter code) sequence of hop. Nine cDNAs were isolated from a
9- to 12-hr embryonic cDNA library made in Agtl1 (Zinn et al. 1988). The sequence shown is that of the longest cDNA, designated
5-1 (5068 bp). Numbers refer to nucleotide position. Double dashed lines indicate the sequence flanking the potential translation start
sites. Single dashed line indicates the putative polyadenylation signal. Asterisks indicate a putative nuclear localization signal. Two
in-frame termination codons are indicated by the solid single lines. Lowercase sequence is the EcoRI site in the cloning vector. The
G residue between the poly(A] tract and the 3’ EcoRI site is probably a cloning artifact introduced during the construction of the cDNA
library.
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Hop MENMIGRGHY GTVYKGHLEF NDKDQPREQV AIKMLNTM. .
o 1=
Elk IEEVIGAGEF GEVYKGRLKL PGKREI..YV AIKTLKAGYS
Jakl RIRDLGEGHF GKVELCR..Y DPEDNTGEQV AVKSLKPESG
Fes LGEQIGRGNF GEVFSGRLR. ..ADNT..LV AVKSCRETLP
Hop IGIMRTLSHP NIVKFKYWAE K..SH..CII MEYLQSGSFD
*'** [ H** * ok * * |**|t
Elk ASIMGQFDHP NIIRLEGVVT K..SRPVMII TEFMENGALD
Jakl IEILRNLYHE NIVKYKGICT EDGGNGIKLI MEFLPSGSLK
Fes AKILKQYSHP NIVRLIGVCT Q..KQPIYIV MELVQGGDFL
Hop NNPRLVSFAL DIANGMKYLS DMGLIHRDLA ARNILVDHNG
o ] L
Elk TVIQLVGMLR GIAAGMKYLS EMNYVHRDLA ARNILVNSN.
Jakl NLKQQLKYAV QICKGMDYLG SRQYVHRDLA ARNVLVESEH
Fes RMKTLLOMVG DAAAGMEYLE SKCCIHRDLA ARNCLVTEK.
Hop GLAQFANSDG ....YYYAKS KRDIPIRWYS PEAISTCRFS
I* * l *I*I* H**t*
Elk GLSRYLQDDT SDPTYTSSLG GK.IPVRWTA PEAIAYRKFT
Jakl GLTKAIETDK E...YYTVKD DRDSPVFWYA PECLMQSKFY
Fes GMSR....EA ADGIYAASGG LRQVPVEKWTA PEALNYGRYS
Hop TLFEMFSRGE EPN....... ....LVPIQT SQEDFLNRLQ
*lt** * * * *
Elk VMWEVMSFGE RPY....... ....W...DM SNQDVINAIE
Jakl TLHELLTYCD SDSSPMALFL KMIGPTHGQOM TVTRLVNTLK
Fes LLWETFSLGA SPY....... ..P...NL SNQOTREFVE
Hop CPDFIYDLMQ LCWHATPRSR PSFATIVDII TREV.
s 01l M
Elk 'CPAALHQLML DCWQKDRNSR PRFAEIVNTL DKMI.
Jakl CPDEVYQLMR KCWEFQPSNR TSFQNLIEGF EALLK
Fes CPDAVFRLME QCWAYEPGQR PSFSAIYQEL QSIR.

Control of pair—rule gene expression by a tyrosine kinase

B

-QUSTDFHRE  Hop 1,177
EKQRRDFLSE 19% 27% 39%
GNHIADLKKE  gay1 1,142 25%
PDIKAKFLQE
23% 24% 39%
Jak2 1,136 27%
IYLRFTAPNL
| * 20% 21% 39%
SFLRQNDGQF  Tyk2 1,187  25%
EYLPKNKNKI
TFLRTEGARL  Figure 5. Comparison of the Hop protein with
other tyrosine kinases. (A) Comparison of the
amino acid sequences of the tyrosine kinase do-
DGDCVKISDF  mains of Hop, Elk, Jakl, and Fes. Straight vertical
[**1| line indicates identity between residues. Asterisk
..LVCKVSDF indicates a conservative change based on struc-
Q...VKIGDF tural similarity. Double underline indicates the re-
- .NVLKISDF  gion containing the nucleotide binding site
(GXGXXG). Single underline indicates residues
that distinguish tyrosine kinases from serine-thre-
SYSDVWSYGV ~ onine kinases. {Hanks et al. 1988). Amino acids
{111} |* 894-1155 of Hop are shown, as are amino acids
SASDVWSYGI  621-882 of rat Elk (Lhotak et al. 1991}, 866-1142 of
IASDVWSFGV  human Jakl (Wilks et al. 1991}, and 698-953 of
SESDVWSFGI  feline retroviral Fes {(Hampe et al. 1982). Within
the kinase domain Hop is 42% identical to Elk,
39% identical to Jakl, and 38% identical to Fes. (B)
SGERLNRPAS Schematic comparison of the Hop protein with the
L] human Jakl, murine Jak2, and human Tyk2 pro-
QDYRLPPPMD  teins. The positions of the canonical kinase do-
EGKRLPCPPN  main {solid bar) and the second kinase-like domain
KGGRLPCPEL  (hatched bar) are indicated. (Right) The size of the

protein in amino acids and the percent identity
with Hop over the length of the entire protein.
Sequences used to make the protein comparisons
were derived from the following sources: human
Jak1 {Wilks et al. 1991); murine Jak2 {Silvennoinen
et al. 1993); human Tyk2 (Firmbach-Kraft et al.
1990).

would lead to misspecification of pattern elements
within particular segments and subsequent defects in
the normal pattern of naked cuticle and denticles within
the affected segments. In hop embryos, altered expres-
sion of the fifth ftz stripe precedes defects in the expres-
sion of en in parasegment 10. In parasegment 9, however,
en expression appears normal, even though the expres-
sion of eve in this parasegment is defective. This may be
attributable to the fact that run expression in this para-
segment is also abnormal. Because eve negatively regu-
lates run, which negatively regulates en, the lower levels
of expression of both these gene products in parasegment
9 would lead to normal en expression (Manoukian and
Krause 1993).

Hop as a nonreceptor tyrosine kinase

The putative Hop protein has significant homology at its
carboxyl terminus to the catalytic domain of tyrosine

kinases. More specifically, Hop is a new member of the
Janus family of nonreceptor tyrosine kinases. Several
members of this family have recently been shown to be
involved in mediating signal transduction through the
interferon a, erythropoietin, and growth hormone recep-
tors {Velasquez et al. 1992; Witthuhn et al. 1993; Argets-
inger et al. 1993). As a tyrosine kinase, Hop could act in
a signal transduction pathway whose ultimate function
is the correct expression of particular stripes of pair-rule
genes. In this regard, another member of the Jak family of
nonreceptor tyrosine kinases has been implicated in
transducing a signal from a cell-surface receptor to a
transcription factor complex. The Tyk2 gene has re-
cently been shown to be a link between the interferon a
receptor and the ISGF3a transcription factor complex
{Velasquez et al. 1992). The proteins comprising this
complex have been shown to require tyrosine phospho-
rylation for activity and may interact directly with an
interferon a-induced cytoplasmic tyrosine kinase via
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their SH2 and SH3 domains {Fu 1992). After phosphory-
lation, this complex then translocates to the nucleus,
where it forms a functional transcriptional activation
complex (ISGF3) by its association with an additional
protein, ISGF3y. The active ISGF3 complex then binds to
the ISRE site, thus initiating transcription of interferon
a-inducible genes (Levy et al. 1989; Kessler et al. 1990).
In an analogous manner, Hop may phosphorylate and
thus activate a component of a transcription factor com-
plex that translocates to the nucleus and subsequently
ensures the expression of particular stripes of pair—rule
genes to their wild-type levels. A number of early-acting
segmentation genes are phosphoproteins (Ollo and Ma-
niatis 1987; Krause and Gehring 1989), so the involve-
ment of protein kinases in the segmentation gene hier-
archy is not without precedent,

Mechanism of Hop function in the early embryo

The hop cuticular phenotype does not allow the charac-
terization of hop as a member of any of the known seg-
mentation gene classes. The aperiodicity of the segmen-
tal defects suggests that the hop gene product may only
be required in specific regions of the embryo and thus act
in a segment-specific manner. Because expression of hop
mRNA is ubiquitous throughout the embryo, it is pos-
sible that the matemal hop product has as one of its
downstream target genes a zygotic segmentation gene
whose expression is localized. Lack of activation of this
spatially localized target gene in hop embryos would
then lead to localized defects in the segmentation pat-
tern. All of the zygotic segmentation genes so far ana-
lyzed show spatially restricted patterns of expression
(Akam 1987; Ingham 1988), with the regions of cuticle
that are defective in mutant embryos showing a close
correspondence with the relevant expression domains. In
this respect the phenotype of the zygotic lethal mutation
unpaired (upd) is of considerable interest (Gergen and
Wieschaus 1986). upd embryos die with a segmentation
defect extremely similar to that seen in hop embryos.
One could thus imagine that upd may be a target of hop.
However, any possible interaction between hop and upd
remains to be determined, as upd has not yet been char-
acterized at the molecular level.

Our results indicate that maternal hop product is re-
quired for the proper levels of expression of particular
stripes of pair-rule genes. The maternal activity of hop is
in contrast to that of the tramtrack gene, which has been
shown to be a maternally provided repressor of pair-rule
genes in the preblastoderm embryo (Brown and Wu
1993). We propose a model in which hop is required to
activate a subset of the stripes of several pair-rule genes
(Fig. 6). It is known that activation of specific pair-rule
stripes by the gap genes is attributable to different com-
binations of gap gene proteins acting on individual
stripe-specific promoter elements upstream of the pair—
rule genes (Pankratz et al. 1990; Stanojevic et al. 1991).
For example, the expression of eve stripe two is attrib-
utable to a combination of overlapping activators and
repressors, with the bcd and hb proteins mediating acti-
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other
b°d+ + hb hop+ + activators (?)
wild-type gt Kr hb\-{ )-/kni
eve 2 eve 3
other
bed + + hb + activators (?)
hopscotch gt Kr hb r/kni

eve 2 eve 3

Figure 6. Model of Hop function. In wild type, expression of
eve stripe 2 is regulated by overlapping activators (Bcd and Hb)
and repressors (Gt and Kr). Stripe 3 is negatively regulated
through repression by Hb and Kni, and is activated by Hop and
other unidentified activators, some of which may be gap gene
products. The final result is the expression of eve to its wild-
type levels in both stripes two and three (black boxes). In hop
embryos, stripe two is unaffected by lack of Hop. Stripe three,
however, is unable to be activated to wild-type levels in the
absence of Hop (stippled box).

vation, whereas the Kr and gt proteins determine the
borders of the stripe through repression (Small et al.
1991, 1992). In the case of eve stripe 3, the anterior and
posterior borders are set through repression by the hb
and kni proteins, respectively, whereas the stripe is ac-
tivated by unknown activators, one or more of which
may be gap gene proteins (Stanojevic et al. 1989; M.
Levine, pers. comm.). A good candidate for one of these
activators is Hop, which may be present ubiquitously
throughout the embryo.

The mechanism by which hop acts as an activator of
specific stripes of pair-rule gene expression remains to
be determined. Like other members of the Jak family
(i.e., Tyk2 and Jak2}, Hop may be activated by its inter-
action with a membrane-bound receptor lacking a kinase
domain. Such a receptor would require association with
a cytoplasmic kinase to couple ligand binding to activa-
tion of a signal transduction pathway. The subsequent
requirement for the function of Hop in specific regions of
the embryo could then be mediated by its activation of a
more spatially restricted downstream target gene, such
as a transcription factor. This target gene would only be
required for activation of a subset of pair-rule gene
stripes. In this model the activity of the putative target
gene is required to activate those pair—rule gene stripes
for which the combinations or concentrations of gap
gene proteins are not sufficient for stripe activation to
wild-type levels, but are sufficient for determining the
borders of stripe expression by repression. Loss of mater-
nal hop product throughout the embryo would then be
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reflected in defects in pair-rule gene expression only in
those stripes requiring the activity of the target protein.
An alternative model postulates that hop is a component
of a more general transcriptional activation system. In
hop embryos, specific stripes of pair-rule gene expres-
sion may be more affected than others, reflecting the fact
that other activators cannot compensate for lack of Hop
function in these stripes. For example, eve stripe two
would be unaffected by loss of Hop because of the pres-
ence of the strong activators Bcd and Hb, whereas ex-
pression of eve stripe 3 would be greatly diminished be-
cause of the lack of strong activators other than Hop. It
will be of interest to determine both the activator(s) and
the targets of hop in the early embryo, because identifi-
cation of the components of this pathway may lead to
novel insights into the process of embryonic segmenta-
tion in Drosophila and mechanisms of tissue-specific
transcriptional regulation in eukaryotes.

Materials and methods
Genetic strains

hop has been mapped to polytene bands 10B6-8 on the X chro-
mosome, between the distal breakpoints of Df(1)DA622 and
Df(1)N71. Its meiotic map position of 34.61 places it between
dsh at 34.50 and dlg at 34.82. In this paper we only characterized
the loss-of-function allele hop“!’?, an X-ray-induced allele gen-
erated by G. Lefevre (Perrimon and Mahowald 1986). The mo-
lecular lesion associated with this allele is described in the text.
The allele hop™®3” was isolated in a P-element-mediated mu-
tagenesis for X-linked lethal mutations exhibiting melanotic
tumor formation (Watson et al. 1991]. The lesion generating this
allele was shown to be attributable to the insertion of a P ele-
ment by reverting the mutation through a dysgenic cross with
M strain females and recovering viable fertile males. We chose
one of these revertants, designated M637!, for molecular
analysis (see text).

Production of germ-line clones

Females carrying germ-line clones of hop were generated by use
of the FLP-DFS technique {Chou and Perrimon 1992). Virgin
females of the genotype FM7/hop FRT'°' were mated with
males of the genotype w ovo”! FRT'°!/Y; F38/F38. The result-
ing progeny were heat-shocked at 37°C for 2 hr at the third
larval instar, and females of the genotype hop FRT!°!/w ovo®!
FRT'%; F38/+ were examined for germ-line clones, as indi-
cated by the presence of vitellogenic egg chambers.

In situ hybridizations and immunocytochemistry

In situ hybridization to whole-mount embryos using digoxyge-
nin-labeled probes was performed according to Tautz and Pfeifle
(1989), with minor modifications (U. Grossniklaus, pers.
comm.). Single-stranded antisense DNA probes were generated
by use of PCR (N. Patel, pers. comm.) with the appropriate
primers. Probes were prepared from plasmids containing the
following sequences: eve cDNA (p572-B7; 0.9 kb of eve-coding
sequence cloned into pGEM1); ftz cDNA (pGEMEF3; the car-
boxy-terminal two-thirds of the ftz-coding sequence cloned into
pGEM3); run cDNA (pED5’; the entire run-coding sequence
cloned into pBSK +); lacZ-coding region {a 2.4-kb BamHI-Xbal
fragment from pC4BGal; Thummel et al. 1988). For visualiza-
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tion, embryos were dehydrated through an ethanol series and
mounted in Euparal (Carolina Biological Supply). Embryos were
analyzed and photographed on a Zeiss Axiophot microscope
with Nomarski optics.

Antibody staining to whole-mount embryos was performed as
described in Smouse et al. (1988). All antibody detection was
done with horseradish peroxidase using biotinylated secondary
antibodies and the Vectastain Elite Kit (Vector Laboratories).
For visualization, embryos were dehydrated through an ethanol
series and mounted in methylsalicylate. Embryos were ana-
lyzed and photographed as above. Antibodies were as follows:
rat anti-hb {from P. Macdonald) used at 1:800; rabbit anti-gt
{from S. Carroll, University of Wisconsin, Madison) used at 1:
500; rabbit anti-Kr {from S. Carroll) used at 1:200; rat anti-kni
{from G. Struhl, Columbia University College of Physicians and
Surgeons, New York) used at 1:200 after preabsorption against
8- to 20-hr-old embryos; mouse monoclonal anti-en (from R.
Holmgren, Northwestern University, Evanston, IL) used at 1:1;
rabbit anti-wg (from R. Nusse, Stanford University, CA) used at
1:500 after preabsorption against 6- to 16-hr-old embryos.

Genomic DNA analysis

Overlapping phage were isolated from a Drosophila genomic
library made in bacteriophage EMBL3 (Blackman et al. 1987).
Overlapping cosmids were isolated from a Drosophila genomic
library made in pWEL6 (Jones and Gelbart 1993). Plaque and
colony hybridizations, DNA purification and cloning, and
Southern blot analysis were done as described in Sambrook et
al. {1989). Probe DNAs were *2P-labeled using the random prim-
ing method (Feinberg and Vogelstein 1983).

RNA analysis

Northern blotting and probe preparation were carried out ac-
cording to standard methods {Sambrook et al. 1989). Approxi-
mately 5 pg of poly(A}* RNA per lane was fractionated on a 1%
formaldehyde agarose gel and transferred to nitrocellulose.
Probe DNAs were labeled as above.

¢DNA analysis

Putative hop cDNAs were isolated from a 9- to 12-hr Drosophila
embryonic cDNA library made in Agtll (Zinn et al. 1988). The
c¢DNA insert from the largest isolate {designated 5-1) was sub-
sequently subcloned into pBSK + for further manipulations and
analysis. Because this cDNA library was generated by use of
EcoRlI linkers, the three EcoRI fragments comprising this cDNA
insert were hybridized to genomic DNA from the phage walk to
ensure that they all derived from the same region of the genome.
This was subsequently confirmed by comparison of the cDNA
sequence to that of the appropriate genomic DNA subclones.

P-element-mediated germ-line transformation and rescue

A P-element transformation construct containing the hop open
reading frame under the control of the hsp70 heat-inducible
promoter was generated by cloning a 4.5-kb Notl-Xbal frag-
ment from the hop cDNA into pCasPeR (Thummel et al. 1988).
In addition to the entire open reading frame, this fragment also
contains 100 bp of 5'-untranslated sequence and 900 bp of 3'-
untranslated sequence. Germ-line transformants were gener-
ated using standard techniques (Spradling 1986). One X-linked
and one autosomal line were obtained. To rescue the germ-line
clone phenotype, male transformants from the autosomal line
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were crossed to virgin females bearing germ-line clones of
bopCIII

DNA sequencing

DNA sequencing was carried out using the dideoxy chain ter-
mination method {Sanger et al. 1977) and Sequenase (U.S. Bio-
chemical Corp.). For the cDNA sequence, templates were made
tor the first strand by generating nested exonuclease III dele-
tions using the Erase-a-Base system (Promega). The second
strand was sequenced by use of a combination of nested dele-
tions and oligonucleotides to known sequence. Regions of se-
quence compression were resolved with deaza-guanosine and
deaza-inosine in place of guanosine. The entire sequence of the
cDNA was determined on both strands. For the genomic se-
quence, the Sall fragments of phage 2-3 that hybridized to 5-1
were subcloned into pBSK+. The ends of each genomic sub-
clone were initially sequenced to determine their position and
orientation relative to the sequence of the cDNA. The remain-
der of each genomic subclone was then sequenced, until the
entire sequence of the cDNA could be accounted for, by use of
oligonucleotides specific for the cDNA sequence and other oli-
gonucleotides synthesized specifically to extend the sequence
across intron-exon borders. The positions of the intron—exon
boundaries were determined by comparison of the sequence of
genomic DNA to that of the cDNA. DNA sequence analysis
was carried out with the Wisconsin Genetics Computer Group
sequence analysis programs (Devereux et al. 1984). GenBank
and EMBL data bases were searched by use of the TFASTA,
BLASTP, and WORDSEARCH programs. Alignments were gen-
erated using the BESTFIT program.
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