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SUMMARY

A major challenge for developmental biologists in coming
years will be to place the vast number of newly identified
genes into precisely ordered genetic and molecular
pathways. This will require efficient methods to determine
which genes interact directly and indirectly. One of the
most comprehensive pathways currently under study is the
genetic hierarchy that controls Drosophila segmentation.
Yet, many of the potential interactions within this pathway
remain untested or unverified. Here, we look at one of the
best-characterized components of this pathway, the
homeodomain-containing transcription factor Fushi tarazu
(Ftz), and analyze the response kinetics of known and
putative target genes. This is achieved by providing a brief
pulse of Ftz expression and measuring the time required
for genes to respond. The time required for Ftz to bind and
regulate its own enhancer, a well-documented interaction,

is used as a standard for other direct interactions.
Surprisingly, we find that both positively and negatively
regulated target genes respond to Ftz with the same kinetics
as autoregulation. The rate-limiting step between
successive interactions (<10 minutes) is the time required
for regulatory proteins to either enter or be cleared from
the nucleus, indicating that protein synthesis and
degradation rates are closely matched for all of the proteins
studied. The matching of these two processes is likely
important for the rapid and synchronous progression from
one class of segmentation genes to the next. In total, 11
putative Ftz target genes are analyzed, and the data provide
a substantially revised view of Ftz roles and activities
within the segmentation hierarchy.
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INTRODUCTION

This requires the sequential regulation of several gene classes.
First, gap genes respond to the graded distribution of maternal

The involvement of transcriptional cascades in developmemgroducts, forming bands of expression that span several

is becoming increasingly apparent. Well-known examplesegment primordia. Then,
underlying expression of the pair-rule genes generating periodic stripes,

include the hierarchical interactions

gap gene proteins regulate

hematopoiesis and adipogenesis in vertebrates (reviewed approximately a segment in width, in different portions of
Shivdasani and Orkin, 1996; Fajas et al., 1998), and thalternate segmental primordia. Finally, pair-rule proteins

ecdysone and segmentation gene pathway®rosophila

interact in various combinatorial codes to direct the expression

(reviewed in Rivera-Pomar and Jackle, 1996; Thummelof segment polarity genes. Segment polarity genes are
1996). Gene expression within these cascades ®xpressed in stripes in different subregions of each future
predominantly controlled at the level of transcript initiation,segment. These stripes provide the blueprint for segmental
and is based on interactions between sequence-specifiatterning. In addition to these hierarchal interactions, there are
transcription factors and thetis-acting response elements. a large number of interactions that occur within each class of
Two types of regulatory relationships, direct and indirect, casegmentation genes and substantial feedback occurs between
be defined. Direct interactions occur independently otlasses (e.g. Harding et al., 1986; Jackle et al., 1986; Ingham
intermediary gene regulation but need not involve direcand Gergen, 1988; Hulskamp et al., 1990; Kraut and Levine,
molecular contact between the regulator and its target ged®91). This cross-regulation significantly increases the
promoter. Indirect interactions require the activation orcomplexity of the regulatory network.
repression of intermediary genes, the products of which act Genetic studies have provided a great deal of information on
on the target gene in question. the function of this hierarchy. In particular, genetic screens are
The segmentation gene hierarchypodsophilais one of the  believed to have identified most of the loci involved (Nusslein-
best-characterized developmental cascades (reviewed Wolhard and Wieschaus, 1980; Schupbach and Wieschaus,
Ingham and Martinez Arias, 1992; St Johnston and Nussleiri-986; Perrimon et al., 1989) and subsequent epistasis studies
Volhard, 1992). Its role is to pattern the anterior-posterior bodpave defined the regulatory relationships between many of
axis by converting maternal information, largely in the form ofthese genes. Although the contribution of these studies is
transcription factor gradients, into repeating segmental unitprofound, many important issues remain unclear. For example,
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in very few cases do we know whether genetic interactionsnportantly, it was shown that the effect of these mutations
represent direct or indirect regulatory interactions. could be reversed by expressing a mutated version of Ftz that
The approach most often used to distinguish between direpteferentially binds the mutated sites.
and indirect interactions is to identify binding sites for the Molecular and genetic data indicate that the segment polarity
putative regulator within the promoters of genetically definedjeneengrailed(en) is also likely to be a direct target of Ftz
target genes, and to then analyze expression of normal attdoward and Ingham, 1986; DiNardo and O’Farrell, 1987;
mutated forms of the promoter in vivo (e.g. Jiang et al., 1991Desplan et al., 1988; Han et al., 1989; Florence et al., 1997).
Schier and Gehring, 1992; Schier and Gehring, 1993:tz-dependent enhancer elements have been identified in both
Capovilla et al., 1994). Although this combination of5'-flanking and intron sequences, and both contain Ftz-binding
molecular and genetic approaches has been used successfudiies. Deletion of the Ftz-binding sites in an intron-derived
it is quite tedious, and problems in its execution andeporter abolisheftz-dependent expression in vivo (Florence
interpretation have been encountered. For example, thet al.,, 1997). Genetic data, although less conclusive, suggest
functional specificity of transcription factors in vivo cannotthat another possible target of Ftz is the segment polarity gene
always be predicted by the DNA-binding properties that theyinglesswg) (Ingham et al., 1988). Interestingly, the action of
exhibit in vitro. In fact, there is increasing evidence that~tz on this gene is negative, suggesting that Ftz might be able
protein-protein interactions often play a decisive role into function as both an activator and repressor of transcription.
determining binding site specificity (Chan et al., 1994;Other possible targets, suggested by genetic analyses, include
Copeland et al.,, 1996; Reichardt et al., 1998). Additionathe pair-rule gengsaired (prd) (Baumgartner and Noll, 1990),
complications encountered in these studies include redundaneyen-skippedeve (Kellerman et al., 1990) andunt (run)
of cis-acting binding sites and theians-acting factors and the (Klingler and Gergen, 1993).
size and complexity of most developmentally regulated Here, we use pulses of ectopic Ftz expression in vivo to test
promoters (e.g. Howard and Struhl, 1990; Tautz, 1992%he kinetics of these and other putative target genes. The
Klingler et al., 1996; Han et al., 1998). response time fditz autoregulation is used as a standard. We
These drawbacks emphasize the need for alternatiiind that the responses of putative target genes fall within two
methods capable of distinguishing between direct and indireetasily distinguished temporal windows, one that overlaps with
interactions in an in vivo setting. Examples of currentlythe autoregulatory response and a second that occurs with a
employed methods include in vivo cross-linking of proteins to<10 minute delay. We argue that these different temporal
their target sites (Gilmour and Lis, 1986; Gould et al., 1990windows reflect the responses of direct and indirect targets,
Walter et al., 1994), in vivo footprinting (Huibregtse andrespectively. Interestingly, we find that both activated and
Engelke, 1989; Mirkovitch and Darnell, 1991) and, inrepressed target genes respond with the kinetics of direct target
Drosophilg visualization of proteins bound to polytene genes, indicating that Ftz does indeed have the ability to
chromosomes (Zink and Paro, 1989; Urness and Thummélnction as both an activator and repressor of transcription.
1990). Another approach used has been to monitor tHeurthermore, we show that both processes proceed in parallel
temporal response of putative target genes following pulsedue to the matching of protein synthesis and degradation rates,
expression of the regulator. In this case, the distinction betweevhich are the rate-limiting processes between successive gene
direct and indirect targets is based on the assumption that dirécteractions. Our data also provide important new insights into
targets respond immediately while indirect targets responthe complexity of Ftz functions required for the specification
with a delay due to the time required for intermediary genand differentiation of even-numbered parasegments.
expression. Studies of this type have been used to identify
likely targets of several pair-rule proteins (Ish-Horowicz and
Pinchin, 1987; Ish-Horowicz et al., 1989; Morrissey et al. MATERIALS AND METHODS
1991; Manoukian and Krause, 1992, 1993; John et al., 1995;
Saulier-Le Drean et al, 1998). However, the time required ly stocks and mutant alleles

determined. transgene on the'chromosome (Fitzpatrick et al., 1992) and a

The best-documented example of a direct regulator omozygous line (hsf2) carrying the transgene onftthelomosome

. . ’ . ; Struhl, 1985), were used in this study. Two null allelefzftz9H34
interaction amongsDrosophila segmentation genes is the Jurgens et al., 1984) aftd20 (Lewis et al., 1980a,b; Wakimoto and

action of the pair-rule protein Fushi tarazu (Ftz) upon its OWiayfman, 1981), were used to examine target gene expression
promoter. Ftz is a homeodomain-containing transcriptiomatterns in dtz mutant background. Both caused identical changes in
factor required for the formation of alternate segmental regionge expression of analyzed targets. To identify homozygous mutant
(Wakimoto and Kaufman, 1981; Wakimoto et al., 1984)embryos, mutant chromosomes were balanced olfdi&balancer
referred to as even-numbered parasegments. The function afromosome marked withrainchback3-gal reporter (Driever et al.,

Ftz as a direct regulator of its own promoter comes from 4989). The allele ofrd used for mutant analysis wasd?4>-17
number of elegant studies. These include promoter deletidfiigerio et al., 1986)pra’, HSFtz embryos were obtained as
analyses, biochemical studies and molecular genetfedregates from a stock of phenotppd*>-+1CyG HSFtZTM3, Sh

; : . . ) i i 2.45.17 a CyO balancer
approaches (Hiromi et al., 1985; Hiromi and Gehring, 1987!¢ ldentify embryos homozygous fqa™™ % a Cy
|SI?]F3HOI’OWiCZ( et al. 1989 Pick et al. 1990 Schgi]er ancf:arrylng thehunchbackB-gal reporter was used (Driever et al., 1989).

Gehring, 1992, 1993). The most convincing of these studi@BRNA and protein localization
was the demonstration that mutations in a number of FtZ=xcept forftz, probes for in situ hybridization were prepared by PCR

binding sites identified in a minimdtz enhancer element in two steps. The first step was to amplify a cDNA portion of the target
disrupt autoregulation (Schier and Gehring, 1992). Moregene from a plasmid template. The product of this reaction was then
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used as template, along with tHgpBmer and nucleotides to generate hsf2 (Struhl, 1985). Responses were analyzed with 2, 4, 6 and 8
antisense probes. Nucleotides used in the latter reaction containednute heat shocks. In general, all Ftz-specific responses could be
digoxigenin-labeleddUTP (Boehringer Mannheim). The following reproduced with only a 2-4 minute heat shock. Non-specific responses
plasmids were used to prepare probpSKrun (provided by P. due to heat treatment were not observed with these durations of heat
Gergen), pJGH4 containing hairy cDNA (provided by D. Ish- shock. Specific versus non-specific effects were determined by
Horowicz), pKSll+evel2land prdORF2 (provided by C. Desplan), analyzing the response of all loci in heat-shocked and non-heat-
odd 7.4 II-F(Coulter et al., 1990pBSslp(provided by W. Ghering), shocked Oregon R controls, treated in parallel.

pwg-cl4(provided by N. BakerjpBSermandpNB40opaprovided by

S. DiNardo), angpBSgsHprovided by S. Cote)l'7 and T3 promoter
primers (Promega Corporation) were used to prepare probesfor
en, eve, odd, sl@nd wg. Other probes were prepared with the .
following primers: 5GCTCGCCACTCCAAATTG@- and 5- Experimental approach

GCAGCTGCTGCTGCTTCCG® for hairy, 5-GCCTCAGTAAG-  To monitor transcriptional targets of Ftz, expression patterns of
CCATGTCGE3 and 3-GGGCGGTGACATCCAGAGCE- for  putative target genes were monitored by in situ hybridization
paired, 5-GATGAACGCCTTCATTGAGE-and STTGACCAGC-  in heat-inducible Ftz (HSFtz) transgenic embryos. HSFtz

TTGTACTTGGE3 for opa. To prepare thdtz probe, thepGEMF4 embryos carry dtz transgene in which théz cDNA is

plasmid, made by subcloning 8al-Aval fragment of theflz o <rrined under control of thep70heat-inducible promoter

transcription unit into the vectpGEM-1(Promega Corporation), was
first digested withFsp. The digested DNA was then used as a(StrUhl' 1985). When heat-pulsed, these embryos exfizess

template, together with B promoter primer (Promega Corporation), throughout the embryo. Two HSFtz lines (Struhl, 1985;
to obtainDIG-labeled antisense cDNA by PCR. Fitzpatrick et al., 1992), carrying different constructs inserted

In situ hybridization to whole-mount embryos using digoxigenin-at different genomic locations (see Materials and methods),
labeled DNA probes was performed as previously describetvere used in this study. The majority of experiments were
(Manoukian and Krause, 1992). Immunolocalization of proteins, angerformed using a line carrying a heterozygous copy of the
double-labeling of protein and mRNA were also performed asransgene on the third chromosome (Fitzpatrick et al., 1992).
previously described (Manoukian and Krause, 1992). Double-labelingja gt pulses used for this line were for 8 minutes at 36.5°C.
‘;‘Sing a“tiB'ga'aCéOSiﬁgse an;g)tczadiez Wgs A”SQ% toldete.cbt ;mbryoﬁhese conditions are optimal for the regulationftaftarget

eterozygous and wild-type and prd. Anti-B-gal antibodies : . i ;
were obtained from Promega Corporation and Prd antibody wagenes and Indu_ctlon of an “aifte .Cutlcular phenotype, as
: previously described (Struhl, 1985; Ish-Horowicz et al., 1989).
provided by C. Desplan. . .
Under these conditions, the levels of ectd@expressed from
Determining target gene response kinetics the transgene are lower than endogenous levels of expression
HSFtz embryos were collected on apple juice/agar plates for 4(Btruhl, 1985; Fitzpatrick et al., 1992).
minutes and aged for 2 hours and 40 minutes at 25°C. Embryos wereThe second line, hsf2 (Struhl, 1985), was used when
then heat-treated for 8 minutes by submersion in water preheateddmalyzing the expression of heat-sensitive loci. This line
36.5°C. Following heat-treatment, embryos were split into 8 batchesxpresses the same levels of protein as the first with half the
and allowed to recover at 25°C. Embryos were dechorionated ang|jration of heat shock (4 minutes at 36.5°C). Non-specific
fixed at 5 minute intervals thereafter, starting with a 5 minute recoven¥stacts due to heat treatment were revealed by analyzing gene

and ending with a 40 minute recovery. Once fixed, embryos wer . ; .
stored in MeOH at20°C. This procedure was repeated a number o xpression patterns in Oregon R embryos heat shocked in
rallel to HSFtz embryos. No changes in target gene

times, and the embryos representing each 5 minute recovery tinf . - -
pooled. Once sufficient numbers of embryos were collected, embryd&Pression were observed in Oregon R embryos following a 4
representing each 5 minute interval were once again divided intdlinute heat pulse.

aliquots for hybridization with different probes. Ftz, en, wgand L . .

prd, the experiment was repeated and the values obtained from edéinetics of endogenous  ftz induction

experiment were averaged. Compelling molecular and genetic evidence has been
Following hybridization and mounting, expression patterns wergyreviously presented demonstrating that Ftz directly binds and

observed by microscopy and the number of altered patterns Scorﬁ‘@gulates expression of its own promoter (Hiromi et al., 1985;

For ectopically activated targets, responses were first scored @8.omi and Gehring, 1987; Schier and Gehring, 1992). Hence,

positive when ectopic expression was about 25-50% of endogeno . .
levels. For repressed targets, unaffected stripes served as inter ? temporal response of th|s_ interaction was me"’.‘sure‘i and
ed as a basis of comparison for other possible direct

controls. Hence, early responses could be scored with more certain}y; ; X h
Stripes with about a 20% drop in relative expression levels were easiijteractions. Previous studies have shown that endogétzous

detected. stripes respond to ectopic Ftz expression by limited expansion:
To help with counting, grids were drawn on each slide.each stripe expands anteriorly by about one cell (Fig. 1B) (Ish-
Approximately 200-300 embryos were mounted per slide and twélorowicz et al.,, 1989). To determine the kinetics of this
slides were prepared for each probe/recovery time. Percentagesresponse, HSFtz embryos were heat treated for 8 minutes and
embryos showing altered expression patterns were determined agfiquots were fixed at 5 minute intervals (see materials and
plotted in relation to their ti‘me of recovery. Curves calcu]ated in thi%ethods). Enough embryos (approximately 50,000 in total)
manner overlap closely with curves generated in previous studiegere collected so that each aliquot of staged and fixed embryos

where target gene responses were quantitated by enzyme reacti o L - -
and colorimetry (Manoukian and Krause, 1992). ¥Sld be partitioned for staining with as many as ten different

Kinetic curves were obtained for transcripts encoded bftzhen, PFOb?S- In this way, p(_)53|_ble Va”f%‘t.'O”S in stalnlr_lg due to
wg andprd genes, and for proteins encoded bypfeandengenes. dlffermg _heat shock or fixation condmons_were .av0|ded.
All other target gene responses were simply observed at 20 and 40A minimum of 500 embryos per 5 minute interval were
minutes post-heat shock. For heat-sensitive loci suchra®ve, gsb  examined by in situ hybridization for change$tirexpression.
andwg, experiments were repeated using the heat-inducible Ftz lin€he fraction of embryos exhibiting broadened Ftz stripes was

RESULTS
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influences on the ability of Ftz to autoregulate in these cells,
we are reluctant to make conclusions based on a single time
point.

engrailed (en) activation follows the same kinetics

as ftz activation

The second best-characterized target of Ftz, and hence the next
target that we examined, is the segment polarity gegeailed

(en). Stripes ofen initiate at the anterior edge of each
parasegment (Fig. 2A). Every second stripe overlaps with the

80 anterior portion of eaciftz stripe and is lost irftz mutant

70 . embryos (Howard and Ingham, 1986; DiNardo and O’Farrell,

o 1987; Lawrence et al., 1987). As previously shown, ubiquitous
R " expression of Ftz causes a broadening of expression of these

50 ftzzdependenen stripes (Ish-Horowicz et al., 1989; Fig. 2B),

40 making them 2-3 cells wide instead of 1-2 cells wide. This

expansion occurs in the same cells as endogeitpssipe

fraction of embryos with ectopic induction (%) )

30 expansion. The kinetics of this response was determined in the

20 same way as described above for endogerftmisusing

id embryos from the same set of collections. As shown in Fig.
4 2C, the curve generated fenoverlaps very closely that of the

0% : m % o > I yr) endogenou#tz response, suggesting that both genes are direct

targets of Ftz. Ienwere regulated indirectly, a delay would be
expected reflecting the time required for intermediary gene
products to be expressed, to accumulate and to elicit a
Fig. 1.Kinetics of endogenoutz activation. Endogenoufiz mRNA response.

in wild-type (A) and HSFtz (B) stage 7 embryos. The embryo in B
was fixed 20 minutes after an 8 minute heat shock. Stripes of
endogenouftz expression are normally 1-2 cells wide at this stage
(except stripe 7), but respond to a pulse of ubiquitous Ftz expressio
by expanding anteriorly an additional 1-2 cells per stripe. The
kinetics of this broadening response is shown in (C). The curve
shows the percentage of embryos exhibiting broadened stripes at
various time points after the end of heat shock. The values shown
represent the average of two separate experiments. Standard
deviations for these values are between 0 and 2%.

time after heat shock (minutes)

801 m—fizmRNA induction
701 ®—en mRNA induction a

determined. Embryos were scored as positive when the regig
of broadening could be visually determined with certainty (se
Materials and methods). The results of this analysis a
presented in the form of a curve (Fig. 1C), which plots thg
percentage of embryos exhibiting expandedstripes as a
function of the time in minutes following the heat pulse. Thid
curve represents the average of four experiments perform
with two separate collection series. Embryos for eac
experiment were counted twice (eight counts in total) with
essentially identical numbers tallied for each duplicate counf
The resultant curve shows that autoregulation, resulting i
ftz stripe widening, occurs between 15 and 20 minutes pog
heat shock. After this time, a plateau is reached with about 65
of embryos having responded. Since the HSFtz line used in tt
experiment is heterozygous, a maximum of 75% of thdig. 2.The kinetics oenandftz activation are similar.
embryos examined would be expected to exhibit this responsé) Expression oenin a stage 7 embryo. Fourteen evenly spaced
Failure to reach this theoretical maximum at most time pointglfipes are present and are each 1-2 cells wide. The first six stripes
is probably due to the presence of embryos that were eith8f¢ numbered. (B) In HSFtz embryos, fixed 20 minutes after an 8
inaccurately staged, unfertilized or inefficiently heat shocked MUt heat shock, even-numbeeststripes have expanded

. . - - -anteriorly by 1-2 cells. The kinetics of this response (C) overlaps that
One exception was the value determined for the 30 minute img endogenouliz activation. Values for thiz curve are marked as

point. This was a highly reproducible 72%, after which thesguares, and those for taecurve as circles. As fdtz, the values
number of embryos with widened stripes appeared to steaditiculated foenrepresent the average of two separate experiments.
decrease. While this suggests the possibility of complegtandard deviations for these values range between 0 and 2%.

0 5 10 15 20 25 30 35 40
time after heat shock (minutes)

fraction of embryos with ectopic induction (%Jo
n
=
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Fig. 3.Direct and indirect responseswq. Expression ofvg is shown in wild-type (A) and HSFtz (B,C) stage 6 embryos. Two different

changes in expression were observed in response to ectopic Ftz. The earliest response is characterized by repressidreddvegl-num

stripes (B). Even-numbered stripes (designated with numbers) are also weakly repressed. In embryos fixed later (35 rhicate csy-

(C), odd-numbered stripes appear to expand anteriorly into odd-numbered parasegments. The kigetpsasfsion (triangles) aney

activation (diamonds) are shown in (D) and compared with the response of enddgefsousres). The mid-points of response curves are
indicated by vertical dashed lindhe values indicated represent the average of two separate experiments. Standard deviations for these values
(not shown) range between 0 and 2%.

Two responses of wingless (wg) in HSFtz embryos Prd functions as an intermediate between Ftz and wg

In contrast teen the segment polarity geméngless(wg) has  To test whether th@rd gene acts as an intermediate in the
been identified genetically as a negative target of Ftz (Inghapositive response ofvg to ectopic Ftz, we determined the
et al, 1988). This negative interaction has also beespatial and temporal responsegafin HSFtz embryos. Iprd
demonstrated in HSFtz embryos (Ish-Horowicz et al., 19894does function as an intermediary gene, its expression should
Although all wg stripes are repressed in these embryos, thee induced in odd-numbered parasegments where
predominant effect is on odd-numbered stripes which, as shovagtivation is later observed. Moreover, the inductiorpiaf
in Fig. 3B, are completely repressed following Ftz inductiontranscripts should occur with the same rapid kinetics azhe
Repression of even-numbered stripes is much less efficient. en and earlywg responses. Shown in Fig. 4B is tped
To assess whether this repression is direct, we determinedpression pattern detected 20 minutes after ectopic expression
the kinetics of repression as measured abovdtfainden  of Ftz. Stripes are significantly wider than those in similarly
activation. The differential repression of odd- versus evenstaged wild-type embryos (Fig. 4A). Using the most posterior
numbered stripes afgwas a helpful tool and internal control stripe ofprd as a landmark, it can be seen that each of the
for recognizing affected embryos. The kinetic curve showingxpanded stripes has broadened at its anterior edge. These
the percentage of embryos affected following heat shock iegions of expansion comprise most of each odd-numbered
presented in Fig. 3D. Again, this curve follows very closelyparasegment, which is exactly where ectopic expressiug of
that of ftz autoregulation, with the midpoint of both curves occurs (Fig. 3C).
occuring at 18 minutes post-heat shock. This indicates that The time course oprd mMRNA induction was assessed as
repression ofvg by Ftz is also likely to be direct, and that Ftz described for endogenottg, enandwg. Although the slopes
can act as both an activator and repressor of transcription. of the prd andftz activation curves differ (Fig. 4E), the initial
Repression was not the only response exhibiteavdpyn responses occur at about the same time, suggesting that the
HSFtz embryos. Weak activation within most of each oddinteraction between Ftz anuld is also direct. The differences
numbered parasegment was also detected (see Fig. 3C). Riy.the slopes of the two curves are likely due to the
3D shows that the kinetic curve of this activation response igutoregulatory nature of thtz response: for a short time, Ftz
considerably delayed relative to the kinetics of the other threie expressed from both heat shock and endogenous promoters,
responses measured thus far. This suggestsvthattivation  and then maximal expression is sustained via autoregulation at
results from an indirect genetic interaction. A likely the endogenous locus. In contrgst] activation takes place in
intermediary gene in this response isph@edgene prd). prd  regions of the embryo where neitHer (Ish-Horowicz et al.,
is genetically required for the proper initiation of all &  1989) norprd (Morrissey et al., 1991) autoregulates. Hence,
stripes (Ingham et al., 1988; Copeland et al., 1996) and all Jg¥d transcripts do not accumulate as quickly as tho$& ahd
wg stripes expand rapidly in HSPrd embryos (Copeland et alsoon disappear due to degradation of the ectopically expressed
1996). Ftz activator.
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role of prd as a direct activator ofivg and as a genetic
intermediate between Ftz andg during ectopic stripe
broadening.

A

Direct regulation of wg by Prd

Previous studies (Copeland et al., 1996), and the results
presented above, support the idea thaptheprotein (Prd) is

a direct activator oivg. To verify this, we analyzed the nature
of the temporal delay betweeprd and wg activation.
Specifically, we examined the temporal accumulation of Prd
protein with respect tprd andwgtranscripts. If the interaction
betweerprd andwg is direct, then we would expect that much

1 of the interval between accumulation of the two transcripts

3 57 would be occupied by synthesis and nuclear transport of the
prd protein.

Nuclear  expression of Prd was  monitored
801 m— fizmRNA induction immunohistochemically at various intervals following ectopic
704 o - prd mRNA induction " Ftz induction and quantitated as described above (see also
- Materials and methods). The kinetic curve for ectopic Prd
. induction is shown in Fig. 4E. This curve closely resembles
that of wg mRNA activation except that it is shifted by 1-2
minutes to the left (earlier). This indicates that most of the
delay observed between the accumulationpaf and wg
transcripts (about 8 minutes) is consumed by the synthesis and
localization ofprd protein. The time required-6-7 minutes)
may be fairly typical of other segmentation proteins expressed
at this stage. Indeed, the delay between detectiomnof
transcript and protein responses was also 6-7 minutes, with
curves that were virtually identical to thosepufl transcripts
and protein (data not shown).

These data do not exclude the possibility that there are genes
Fig. 4. prd is required for activation af/g. Expression patterns pfd In addltlon_toprd that are required for ectoplc_ actlvatlo_nmj.
mRNA are shown in wild-type (A) and HSFtz (B) stage 7 embryos. However, if such gene products are required, their rates of
Secondary stripes @id expand anteriorly into odd-numbered synthesis or removal do not appear to supercede the temporal
parasegments, 20 minutes after an 8 minute heat shock.fidese  limitations imposed by the synthesis of Prd.
expressing cells are the same cells that express eutgfis

m|

=)
=]

4 = - prd protein induction

501 & - wg mRNA induction
404

or ectopic induction (%)

fraction of embryos with ectopic repression

0 5 10 15 20 25 30 35 40
time after heat shock (minutes)

minutes after heat shock, consistent gitti acting as an Primary pair-rule genes do not respond directly to

intermediary activator. lprd- embryos (C), even-numberad ectopic Ftz

stripes are missing and odd-numbered stripes, the first four of whichrhe pair-rule gendsairy (h), runt (run) andeven-skippe(eve

are numbered, are weak. In HSHim~ embryos (D), ectopic were previously designated as primary pair-rule genes, as they

expression ofvg fails to occur. These results are consistent with Prd

acting as a requisite activatorwef. (E) Comparison of the induction were believed to regulate, and not to be regulated, by the other

. . : air-rule loci (Carroll and Scott, 1986; Howard and Ingham
curves ofprd (brown circles) anavg (purple diamonds) transcripts P . ’ o ’
relative to the curve fditz autoregulation (black squares). Also 1986; Ingham and Gergen, 1988; Pankratz et al., 1990).
shown is the time required for accumulation of Prd protein within thd lowever, the results of more recent genetic analyses suggest

nucleus (red squares). It can be seen from the curvegsrthat thateveandrun may be targets of Ftz (Kellerman et al., 1990;
responds with the kinetics of a direct target, and that the time coursélingler and Gergen, 1993). Given the conflicting nature of
of nuclear Prd accumulation precedes thatgfranscript these results, we analyzed expression patterns of the primary

accumulation by 1-2 minutes. The values represent an average of 2pair-rule genes in HSFtz embryos to clarify their regulatory
experiments. Standard deviations of these values (not shown) rangeelationships. Since we have consistently observed primary and
between 0 and 4%. secondary responses that peak 20 and 35 minutes post-heat
shock (this study and Manoukian and Krause, 1992;
Manoukian and Krause, 1993; Saulier-Le Drean et al., 1998),
The role ofprd as an intermediary factor iwg activation ~ we examined the primary pair-rule gene expression patterns at
was tested further by examiniagyexpression in a HSF{d~  these time points. The more efficient Ftz-expressing line, hsf2
background. In the absencepofl, wg stripes should no longer (Struhl, 1985), was used due to the sensitivitgwafandrun
expand. As shown in Fig. 4D, ectopic Ftz does indeed fail tto longer (>4 minutes) heat shocks.
activate ectopiowvg in the absence oprd. The expression Fig. 5B shows a typical example eive expression 20
pattern in HSFtord~ embryos is essentially identical to the minutes after induction of ectopic Ftz. This pattern shows no
pattern ofwg expressed imprd~ embryos (Fig. 4C): odd- obvious differences from the wild-type pattern shown in Fig.
numbered stripes are weak and even-numbered stripes &&. Likewise, expression df andrun were also unaffected 20
essentially absent. This result is consistent with the proposexinutes after induction of Ftz (not shown). This was true for



Kinetics of segmentation gene interactions 1521

Ftz appears to be an activatoroafd at all stages tested. This
positive relationship between Ftz apdilis consistent with the
differences inodd expression observed ftr mutant embryos.
Stripes ofodd appear to be diminished in intensity in stage 5
embryos (Fig. 6C), and primary stripes are weak or missing in
stage 6 (Fig. 6F) and 7 (not shown) embryos.

Unlike prd and odd the pair-rule genslp is negatively
regulated by Ftz: ectopic expression of Ftz results in the
differential repression of secondaslp stripes (Fig. 6H).
Again, the penetrance of repression at the 20 minute recovery
time was about 60%, as has been measured for the other genes
exhibiting direct responses. As might be expecsgastripes
expand inftz mutant embryos, filling the regions where Ftz is
normally expressed (Fig. 61). Thus, as with, Ftz appears to
act as a direct repressor slp. This effect is likely exerted
through the response elements tmnsacting factors that
regulate secondary stripe expression.

Gooseberry (gsb) is an indirect target of Ftz
Genetic studies have suggested that the segment polarity gene

i . . . . ooseberry(gsh, like wg, may be repressed by Ftz. fiz
Fig. 5. Expression oéveis unaffected by ectopic Ftz. Expression of 9 . . .
eveis shown in wild-type (A) and hsf2 (B) stage 5 (late) embryos. .mUtam embryosgsbstripes .expand into the regions Where Ft_z
The embryo in B was fixed 20 minutes after a 4 minute heat shock. IS nNormally expressed, fusing to form seven wide stripes (Fig.

No significant differences in the two expression patterns were 7B). To test whether this interaction is direct, we examgséd
observed. expression in hsf2 embryos fixed 20 and 35 minutes after a 4

minute heat shock. As shown in Fig. 7C, no response was

observed 20 minutes post heat shock. However, changes were
all stages (5-7) examined. Thus, no evidence was found tietected in embryos fixed 35 minutes post heat shock; stripes
support the possibility that these genes are direct targets of Fexpanded into the ventral regions of odd-numbered

Somewhat surprisingly, no differences in primary pair-ruleparasegments (Fig. 7D). Interestingly, this response is a positive

gene expression patterns were apparent at the later recoverye, in contrast to the negative response predicted from
time either (data not shown), indicating a lack of both direcexpression iritz- embryos. This apparent contradiction can be
and indirect responses. Similarly, no primary or secondargeconciled by postulating thgsbis indirectly regulated by Ftz
responses were observed for another pair-rule geétigoaired  and that different intermediary factors are involved in each case.
(data not shown). Thus, only a subset of genes investigatedTie delayed nature of the response in HSFtz embryos is
this study respond to ectopic Ftz, further demonstrating theonsistent with this interpretation, and a likely intermediary

specificity of this assay and Ftz function. factor is Prd, sincgsh like wg, appears to be activated by Prd
) ] (Cai et al., 1994). Inftz- embryos, a likely intermediary

prd, odd-skipped (odd) and sloppy-paired (slp) are activator iswg, sincewg also expands iftz- embryos (Ingham

direct targets of Ftz et al., 1988) and appears to function as an activatgsto(Li

To determine the regulatory relationships between Ftz and tteand Noll, 1993). An alternative explanation is that Ftz has the
other non-primary pair-rule genes, we analyzed the expressiatility to represgysb directly, but that this effect is spatially
of odd-skipped (odd) and sloppy-paired (slp) in HSFtz limited to regions wherkzis normally expressed. An exception
embryos fixed 20 and 35 minutes post Ftz inductionwould have to be made, however, in the anterior-most cell of
Expression patterns of these genes were also examirfed in eachftz stripe, where Ftz angsbnormally overlap.
mutant embryos to obtain genetic confirmation of the
interactions observed.

Like ftz, enandprd, odd appears to be directly activated by DISCUSSION
Ftz. In stage 5 embryos, ectopic expression of Ftz causes rapid
expansion obdd, from its initiating pattern of six stripes (Fig. Using kinetics to distinguish between direct and
6A), to near homogeneous expression across the germbaifdirect gene interactions
(Fig. 6B). In stage 6 embryosddis normally expressed in 14 Distinguishing between direct and indirect gene interactions is
evenly expressed stripes (see Fig. 6D). Ectopic Ftz causes a@cessary prior to studying the complex molecular interactions
intensification of the primargddstripes at this stage (Fig. 6E). that control them. In this study, we used a kinetic approach to
These stripes are derived from the original 7 stripes that overlagentify direct and indirect targets of ectopically expressed Ftz.
ftz stripes. In stage 7 embryos, these primary stripes are ndh advantage of this approach is that it can be carried out in
only intensified, but expand anteriorly as well (from about lvivo at the time(s) that the protein of interest is normally
cell wide to 2 cells wide; data not shown). The percentage @xpressed. This is crucial for Ftz as, like many other
embryos responding to ectopic Ftz, at all stages tested, waanscription factors, it is dependent upon interactions with
about the same as the percentage of embryos that féhow specific cofactors in order to recognize and regulate specific
autoregulationenandprd activation andvg repression. Thus, targets (Copeland et al., 1996; Guichet et al., 1997; Yu and
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A

Fig. 6. Ftz activate®ddand repressesp. Transcript patterns are shown, from top to bottom, for th
pair-rule genes: earlydd(stage 5: A-C), latedd(stage 6; D-F), andlp (stage 7: G-I). Embryos on
the left (A,D,G) are wild-type, embryos in the middle (B,E,H) are HSFtz embryos heat-treated f
minutes and recovered for 20 minutes, and embryos on the right (C,Ft¥ @mbryos. Note that

Pick, 1997). Another advantage of
the kinetic approach is that analysis
is relatively fast and can be applied
to a large number of putative targets
with no prior knowledge of their
genetic relationships. When
combined with other techniques,
such as expression pattern analyses
in mutant backgrounds and
promoter deletion analyses, results
can be confirmed and mechanisms
determined.

Primary and secondary
response windows

The results of our analysis with Ftz
show that target genes respond to
pulses of Ftz expression within two
distinct temporal windows. Direct
responses are 50% complete within
about 18 minutes post heat shock.
fhdirect responses do not reach the
sane level of response until 26
minutes post heat shock. Thus, the

the effects of ectopic Ftz are opposite to those of lofiz. dfrrows point to the affected stripes. time between successive gene

Fig. 7.Indirect

regulation ofgsbby Ftz.
Expression ofsb
transcripts is shown in
WT (A), ftz~ (B) and

hsf2 embryos heat-
treated for 4 minutes and
recovered for 20 minutes
(C) or 35 minutes (D). In
ftz- embryosgsbstripes
expand into even-
numbered parasegments
(C), suggesting negative
regulation byftz.
However, no change in
gsbexpression was
observed 20 minutes
post-heat shock (C), and
the secondary response
(D) was positive.

interactions, for the genes studied

here, is just under 10 minutes. This
time interval is shorter than the 10-15 minute approximation
of previous studies (Manoukian and Krause, 1992, 1993;
Saulier-Le Drean et al, 1998). Our analysis of protein and RNA
levels indicates that the rate-limiting process in this <10 minute
interval, for activated intermediates, is the time required for
protein synthesis and translocation to the nucleus. Secondary
responses are detected immediately thereafter. The products of
repressed target genes are degraded within the same time
frame. Hence, secondary responses occur within the same time
frame regardless of whether the intermediary gene is activated
or repressed. Although this generalization appears to hold for
the genes tested in this and previous studies, other genes in the
pathway should be tested for further verification.

The ~18 minute response time observed for primary
responses following heat shock is consistent with the response
times observed for targets of other ectopically expressed
segmentation proteins (Ish-Horowicz and Pinchin, 1987,
Manoukian and Krause, 1992, 1993; John et al., 1995; Saulier-
Le Drean et al, 1998). The relatively long time period required
for these primary responses (18 minutes, versus 8 minutes for
subsequent responses) is likely due to the use of heat-inducible
transgenes. Time is required for the heat shock effect itself, and
then synthesis, processing and translation of the induced
mMRNAs are further delayed by the heat shock response (Yost
and Lindquist, 1986; Saavedra et al., 1996). Secondary and
tertiary response times do not appear to be appreciably affected
by the prior heat shock, since these occur well after the
embryos have returned to normal temperatures and their
response times are approximately eqgdbD(minutes each).

Factors determining primary and secondary

response times

Within a transcriptional cascade, the time required between
successive gene interactions will depend upon a multitude of
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This means that the time required for synthesis of each gene

¥ | 0bD#Ps | Even#Ps | ODD#PS | product should be very similar, consistent with the results of
f 1 t 1 this and previous studies. Importantly, the times required for
l:l I:I i protein import (activated targets) and removal (repressed
! Oy ! ! targets) from the nucleus appear to be virtually identical,
! [:\_J e indicating that protein synthesis and degradation rates are also
| { o ; ! closely matched. This matching of synthesis and degradation
: :j Rl rates may have evolved to ensure that activation and repression
: A i ; events can proceed in parallel. In pathways such as this, where
= : prd progression down the hierarchy from one class of genes to the
' ' ' ' next must be kept in synchrony, and at the same time progress
= as rapidly as possible, this optimization and matching of rates

may be crucial. Further support for matched rates of activation

| DDD#eS | EuNsss | ouaems and repression comes from a study in which the Hairy protein

in the curves within these windows may occur, not just because
of synthesis and degradation rate differences, but also due to
en differences in the molecular mechanisms underlying each

interaction. For example, the curve representing the response
of prd differed from those of the other direct responses, most

likely because it is the only response that occurs wfiere

schematic representation of three consecutive parasegmental autoregulation does not. Where_ au_toregulatlon occurs, the
intervals is shown. Each parasegment is designated by text and solitfSponses are enhancgd and malntglned by th? ent_jogﬁ@ous
black lines at the top of each panel as well as vertical dashed lines. 9€ne product. Another important point to keep in mind is that
Spatial gene expression is presented in the form of boxes. Odd-  direct interactions, as defined here, need not involve direct
numbered parasegments are distinguished by expressoemof contact between Ftz and its target regulatory elements. Effects
skipped(eve whereas even-numbered ones exphesisi tarazu(ftz) could also be relayed via a series of protein interactions, the
(blue box). Positive interactions triggered by Ftz are shown in greencomplexity and nature of which could vary the speed or
and the negative ones are shown in red. During early stage 5 (A), Fihagnitude of the response. However, from the data obtained
autoregulates its own expression as well as positively regoides  pare it seems that these types of molecular variations, if they
S (grer ol arons). e nieractons are beleve o2 are_occurring, cause temporal shifs that are minor in
: ¢ ! comparison to the significant intervals of time required for the

begins to activate even-numbered stripesrdfyreen solid arrows). L lati dl lizati fi di
At the same time, it represses (red blunt-ended lines) odd-numberedf@nscription, translation and localization of intermediary gene

stripes ofwg and secondary stripes si, preventing their expression Products.
in even-numbered parasegments.

I
D b =5 | eve was converted from a repressor into an activator and expressed
i : : : ectopically (Jimenez et al., 1996). Activation of target genes
i O L s ! & . o that are normally repressed by Hairy was achieved within the
: D.J. ) | ez same 20 minute recovery period.
i : I Although these results show that target gene responses can
i | | st be readily separated into distinct temporal windows, variations

I[:HIEI [

o B b

-,

Fig. 8. Direct gene-regulatory interactions triggered by Ftz. A

Direct targets of Ftz

Our results suggest that genes directly activated by Ftz include
factors. These include the time required for transcription, RNAhe endogenouiz gene, the pair-rule genesd andodd, and
processing, transport, translation and protein localization. Thiae segment polarity gers Genes that appear to be directly
duration of these events will depend, in turn, on the size of theepressed by Ftz include the pair-rule gsipeand the segment
transcription unit and its products. The stability of each genpolarity genewg. All six loci responded with similar kinetics.
product is also a factor. If there is significant variability The spatial and regulatory relationships amongst these genes
amongst genes with regard to each of these parameters, ttee summarized in Fig. 8.
target gene responses will fall into a variety of overlapping The importance oftz gene autoregulation areh activation
temporal windows. This appears not to be the case with this well described in the literature (Morata and Lawrence, 1975;
genes investigated in this study. Kornberg, 1981; Hiromi and Gehring, 1987), and the data

All of the genes investigated here encode transcripts that aaeguing that both interactions are direct were already quite
~2 kb in length, have few or no introns (e.g. Kuroiwa et al.persuasive (Hiromi et al., 1985; Hiromi and Gehring, 1987;
1984; Ish-Horowicz et al., 1985; Poole et al., 1985; KilchherDesplan et al., 1988; Han et al., 1989; Pick et al., 1990; Schier
et al., 1986; Macdonald et al., 1986; Baumgartner et al., 198@nd Gehring, 1993; Florence et al., 1997). There is less support
Drees et al., 1987; Gergen and Butler, 1988) and have similéor the activation oprd and the repression @fg (Ingham et
half-lives (between 5 and 10 minutes) (Edgar et al., 198@l., 1988; Ish-Horowicz et al., 1989; Baumgartner and Noll,
Manoukian and Krause, 1992, 1993). In addition, the proteic990; Gutjahr et al., 1994). Regulation of tiielandslpgenes
products of each gene are on average kDa, and also have by Ftz has not been previously noted. Support for the less-well-
similar half-lives (between 5 and 10 minutes) (Edgar et algharacterized interactions will be provided below, as well as
1987; Kellerman et al., 1990; Manoukian and Krause, 1992}heir likely relevance to the segmentation process.
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Previous observations suggesting a positive regulatorgnterior edges of each parasegment directly. It also actemtes
relationship between Ftz angrd include the overlapping indirectly by repressing thenrepressoslp. At the same time,
expression patterns of the two genes, the presence of Ffziz excludes expression wfy throughout all but the posterior
binding sites within theprd promoter, and inappropriate edge of each even-numbered parasegment. Facilitatiog of
narrowing ofprd and prd reporter gene stripes fitz mutant  expression in these cells is brought about indirectly by the
embryos (Kilchherr et al., 1986; Baumgartner and Noll, 1990activation ofprd. Exclusion ofenandwgexpression within the
Gutjahr et al., 1994). Our data support the occurrence of middle of these parasegments is controlled indirectly by
direct interaction between the two genes and suggest that thetivation ofodd, which encodes a repressor of both genes
most important function of this interaction is to maintaid  (Manoukian and Krause, 1993; Mullen and DiNardo, 1995;
expression in the posterior regions of even-numbere&aulier-Le Drean et al., 1998). The activationoafd also
parasegments, whepad is required for the activation afg  results inftz stripe narrowing and further polarization of each
(this study and Ingham et al., 1988; Copeland et al., 1996¢ven-numbered parasegment. Thus, Ftz has many functions
Interestingly,prd was the only gene that responded to ectopithroughout each even-numbered parasegment. This conclusion
Ftz in the anterior regions of odd-numbered parasegments. Thdgfers from that of an earlier study in which it was suggested
suggests that the molecular interactions governing activation ttfiat the only real requirement of Ftz may be to actieatat
prd may differ from those involved in other Ftz target genethe anterior edges of even-numbered parasegments (Lawrence
responses. et al., 1987).

Our data also indicate that Ftz is an effective activator of Five of the eleven genes tested in this study did not respond
odd This is consistent with the coinciding spatial expressiono ectopic Ftz with the kinetics of direct target genes. These
patterns of the two genes during stages 5 and 6 (Coulter et ah¢lude the pair-rule genese, h, rurandopa, and the segment
1990; Manoukian and Krause, 1992), and the reduction ipolarity genegsh Except forgsh secondary responses were
levels ofoddexpression ifitzmutant embryos (Fig. 6C,F). The also absent. This suggests that the effects observed in previous
requirement of Ftz as an activatorarfd beyond stage 5 also genetic studies suggesting tkat(Kellerman et al., 1990) and
suggests a unique mechanism for the regulation and kinetics mfn (Klingler and Gergen, 1993) may be regulated by Ftz, are
oddstripe narrowing. During stage 6 and 7, stripesdifand  most likely due to indirect effects. We cannot exclude the
ftz become narrower as expression is lost at their posteriguossibility, however, that such interactions do occur and that
edges (see Fig. 8B). The narrowindgtafstripes occurs first as they were missed here due to an inability of Ftz to regulate
a result of repression by Odd (Saulier-Le Drean et al, 1998)hese genes outside the normal domains of Ftz expression.
The resolution ofodd stripes, which follows immediately o ]
thereafter, may be due to prior loss of Ftz. Thus, Odd appedfdénetic assessment of genetic hierarchies
to be instigating its own removal by repressing its ownA major goal of the post genome sequencing era will be to
activator. The participation of other genes must be invokedyrganize all newly identified genes into comprehensive genetic
however, to explain why Ftz fails to maintaidd expression circuits. Powerful new methods will be required to perform this
in the anterior-most Ftz-expressing cells of each Ftz stripe, artdsk efficiently and accurately. One new approach that shows
why odd continues to be expressed just behind each Ftz stripa, great deal of potential is the use of high-density
well after Ftz has been removed from those cells. oligonucleotide arrays (DeRisi et al., 1997; Wodicka et al.,

The broadening ofg stripes inftzmutant embryos (Ingham 1997). Like the kinetic approach described here, this is a
et al., 1988) and repression wfy in HSFtz embryos (Ish- functional assay in that it has the potential to identify genes
Horowicz et al., 1989) had previously suggested Wrpmay  that respond directly to specific cellular stimuli or programmed
be a target of Ftz. However, because of the very different natusteps in differentiation. As currently employed, however,
of this interaction, opposite to that of the well-characterized¢dhanges in gene expression may not represent direct
activation functions, further confirmation of a direct interactioninteractions. For example, a recent analysis of genes affected
was sought. The near identical kineticswaf repression and by mutations in components of the general transcription
ftz autoregulation are consistent with the ability of Ftz tomachinery used a 45 minute recovery time following
function as both an activator and a repressor of transcriptiomactivation of temperature-sensitive alleles (Holstege et al,
Our ectopic expression studies suggest that Ftz actgoima  1998). Based on our results, 45 minutes is enough time for
regulatory elements that specifically regulate odd-numbereseveral successive gene interactions to take place. To identify
stripes, and that it is these stripes that expanfizimutant  direct targets, a kinetic approach, much as described here,
embryos. would have to be employed. Genes could be turned on or off

The repression by Ftz &lp stripes, as well ag/g stripes,  using a variety of techniques, and then the responses monitored
indicates that repression is an important aspect of Ftz functioat intervals thereafter. Genome-wide analyses of this type can
Negative regulation oflp by Ftz is consistent with the non- then be used to comprehensively solve complex hierarchies
overlapping expression patterns of the two genes (see Fig. 8BJch as the segmentation gene hierarchy studied here. Once
and with the broadening efp stripes that we observed ftz  direct circuitry is established, the more time-consuming
mutant embryos (Fig. 61). Our data suggest that the normal rolisiness of establishing the relevance and molecular
of Ftz is to prevent posterior expansion of secondirgtripes  mechanisms underlying each interaction can follow.
into even-numbered parasegments.

In summary, Ftz controls even-numbered parasegmentyye wish to thank Andrew Spence, Howard Lipshitz and members
formation and polarity by a number of direct and indirectof the laboratory for critical reading of the manuscript. Support for
interactions that span a time interval of at least 30-60 minut@gis work was provided by the National Research Council of Canada
(summarized in Fig. 8). Ftz activaten expression at the with funds from the Canadian Cancer Society.
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