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SUMMARY

In Drosophila, two closely related serpentine receptors,
Frizzled (Fz) and D-Frizzled2 (Fz2) are able to act as
receptors for the secreted Wnt peptide, Wingless (Wg). In
addition to transducing the Wg signal, Fz (but not Fz2) is
able to transduce a second, unidentified signal that
mediates planar polarity. Much attention has been focused
on the structure of the N-termini of the Fz-class receptors
and their role in ligand binding. Experiments using

involving high level expression of the receptors cannot be
adequately interpreted and we have tested the ability of the
receptors and chimeric forms when driven at moderate
levels to rescue loss of function of thé&z and fz2 genes.
Under these conditions we find that all receptors tested will
function as Wg receptors, but only a subset show the ability
to rescue the polarity pathway. The presence of this subset
implies that the N terminus is necessary but not sufficient

techniques of high-level expression have suggested a role and suggests that the ability to transduce the polarity signal

for the C-termini in specifying which of the two second

messenger systems the receptors are able to activate (M.

Boutros, J. Mihaly, T. Bouwmeeste and M. Mlodzik (2000).

is widely distributed throughout the protein.
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Science288 1825-1828). We argue here that experiments melanogaster

INTRODUCTION epithelium are uniformly organized within the plane of that
epithelium. The most obvious manifestation of planar polarity
A few families of secreted peptides mediate much of thés the coordinated orientation of hairs or bristles in animal
intercellular signaling that occurs during animal developmentectoderms. Planar polarity appears to be organized by the
One such family is the Wnt class of secreted glycopeptides [faction of a diffusible signal and Fz is the receptor for that signal
review see (Cadigan and Nusse, 1997)]. Not only are Wni{&ubb and Garcia-Bellido 1982; Vinson et al., 1989; Wehrli
critical cell signaling molecules during development, but inand Tomlinson, 1998). A number of proteins have been
adult life the inappropriate activation of their signalingimplicated in the transduction of the polarity pathway through
pathway has major oncogenic effects [for review see (VarmuSz, most notably Dishevelled (Dsh). Dsh, as described above,
et al., 1987)]. Accordingly, a large body of work has beeralso transduces Wg, and discrete domains of the protein appear
directed to understanding the mechanisms of Wnt signalingledicated to each of the two second messenger pathways
The plasma membrane receptors for the Wnt molecules hay&xelrod et al., 1998; Boutros et al., 2000). A number of other
been identified as the Frizzled (Fz) class of serpentine receptamsmponents of the polarity pathway have been described,
(Bhanot et al., 1996). Understanding how the binding of théacluding Strabismus, Prickle/spiny-legs and members of the
Whnt ligand to its Fz receptor elicits signal transduction withinsmall GTPase family (Wolff and Rubin, 1998; Gubb et al.,
the cell constitutes a major goal of Wnt research. 1999; Strutt et al., 1997). How these various molecular
In Drosophila Wingless (Wg) is the functional counterpart components are interconnected in the transduction of the
of mammalian Wntl (Cabrera et al., 1987; Rijsewijk et al.polarity pathway remains unclear.
1987) and two Frizzled proteins, Fz and Fz2, can function Flies mutant at the Fz2 locu$z? show no aberrant
redundantly to transduce Wg signals (Chen and Struhl, 1998henotype, those mutant for Fz)(show polarity defects, but
Bhanot et al., 1999). Transduction of Wg through thesdlies mutant for both do not transduce Wg signals (Chen and
Frizzled proteins results in a cascade of biochemical eveng&truhl, 1999). Thus Fz appears to transduce both the polarity
within the cell, including the phosphorylation of the and Wg signals, whereas Fz2 is dedicated to the Wg pathway.
Dishevelled (Dsh) glycoprotein, the down-regulation ofFurther evidence for this dual role of Fz is presented in this
Shaggy (Sgg - the fly homologue of Gsk3) kinase activity, andaper where it is shown th& when expressed under the
the stabilization of cytoplasmic pools of Armadillo (Arm — the tubulin promoter tub-f2 will rescue Wg signaling in clones
fly B-catenin) (Peifer et al., 1994; Yanagawa et al., 1995; Ruehutant for botHz andfz2
et al., 1999). Since Fz is able to transduce both Wg and the polarity signal
Planar polarity is a phenomenon whereby cells within amnd Fz2 can only transduce Wg, then a detailed functional and



4830 W. R. Strapps and A. Tomlinson

structural comparison of the two receptors may reveal wher@M domain or the C terminus) Fz domain could rescue. Thus
signal transduction specificity lies within this receptor type. Fzpolarity signal transduction cannot be discretely localized to
class serpentine receptors can be viewed as consisting of theegy one of the receptor domains.
distinct domains (Fig. 1). (1) The N terminus, from the first The results from the rescue experiments contrasts with those
amino acid to the beginning of the first transmembrane domaiof Boutros et al. (Boutros et al., 2000), which from over-
(2) the transmembrane (TM) domains, from the beginning oéxpression studies suggested that the signaling specificities of
the first transmembrane domain to the end of the seventh T¥e two receptors lie in their C-termini; chimeric proteins of
domain including the intra- and extra-cellular loops; and (3jhe two receptors, when over expressed, were able to
the C-terminal domain, which is measured from the end of thdifferentially activate the Wg or polarity signaling pathways
seventh transmembrane domain to the end of the protein. @épending on the C terminus present in the receptor. These
these three domains, the most highly conserved is the THihdings were in contrast to those of Rulifson et al. (Rulifson
domain region that shows an identity of 41% between the twet al., 2000), who found that the cysteine-rich domain (CRD)
proteins. The C-terminal regions are relatively divergent. Thef the N-termini was the region of the protein most responsible
Fz C terminus is only 28 amino acids in length whereas thir signaling specificity. The results that emerged from our own
Fz2 C terminus contains 89 amino acids. Over the first 28ver-expression studies suggested that little could be
amino acids the two C termini are approximately 46%understood about the signaling abilities of chimeric receptors
identical. The N termini of these two proteins have an overafrom the dominant phenotypes that emerge under these
identity of about 28%. However, the N terminus can be dividedonditions. Our major conclusions therefore are drawn from
into two subdomains; a cysteine-rich domain (CRD), whichthe rescue experiments that suggest that the ability of Fz to
has been implicated in the binding of Wg (and other Wntsjransduce the polarity signal from one side of the plasma
(Rulifson et al., 2000; Lin et al., 1997; Uren et al., 2000; Wangnembrane to the other appears to be distributed throughout the
et al., 1997; Hsieh et al., 1999), in which the two proteins havdomains of the protein with necessary information residing in
nearly 50% identity; and the so-called non-conserved regiotihe N terminus.
(NCR) where there is approximately 11% identity between the
two proteins.
We constructed and expressed in flies, chimeric versions @iATERIALS AND METHODS

the proteins containing one domain (N, TM or C) from one
receptor and two from the other (Fig. 1). We then investigatedonstruction of chimeras
whether the chimeric proteins behaved as Wg receptorshe chimeric transgenes were made as followBs@L20! site in the
polarity receptors or both. Two distinct approaches wer@l terminus of Fz2 at amino acid (aa) position 308 was used to
employed. First, in mutant rescue experiments, the abilities @fenerate the N-terminal chimeras. SpecificallBsgl20l site was
the chimeric receptors to rescue Wg signaling in tissue mutaimserted in the Fz N terminus at the same position that this site is found
for both fz2 and fz, or to rescue p0|arity Signa"ng in tissue in the Fz2 ORF. This allowed t_he_fusing of the two proteins such that
mutant only forfz were tested. Second, in over-expressiorfhe first 2)42 aa Ofdtdhed':tz F;[]Ote'n (in the FlZéFZZ/FﬁhanﬁtgeNFf/FZZ/FZ

H H H H Imeras) was added 1o the remainin aa o e rFz erminus
\?\}:’iﬁ I?ﬁbstze o?ﬁticetsv\zlfdf?yep : hrlg:eergoféozilg sa\r/1vde r'ezzczc))mv[\?ﬁ ée(ar:d the Fz2 TM domains. Similarly, thge first 308 aa of the Fz2 were

- ; he 1 ini f the Fz N termi
expressed at high levels using the Gal4-UAS system. thp:eple:r;gt/enggztocaiﬁ]er(;.remammg aaofthe Fz N terminus to generate

Two organizational features of the fly wing under the prqor the C-terminal chimeras, a conserved TS di-amino acid, 5
separate control of the Wg and polarity pathways are relevagnino acids from the end of the seventh TM domain in both proteins
to these analyses. First, Wg signaling about the margin direcigs edited in such a way that the coding remained the same, but it
the local elaboration of marginal bristles, which in the anterionow formed &pé site. This site was used to exchange the C termini
part of the wing are particularly distinctive. Second, theof the proteins. For more complete details on construction please
polarity pathway organizes the uniform proximal-to-distalcontact the authors.
orientation of the wing hairs (restricted to the blade) an .
marginal bristles (Fig. 1B). We used the formation of thé%)(IoreSSIon systems

; ; ; ) r | constructs were engineered withwaite" flip-out cassette (Wehrli
margin bristies as an assay of a chimera’s ability to transdué;%ﬁd Tomlinson, 1998) between the promoter elements and the coding

the Wg signal. The wing hair organlz_atlon was npt used tg qguence. This was used as the transformation marker. Three forms
assay rescue of the polarity pathway since the required level gf construct were made; those having the UAS promoter element,
expression could not be engineered in this tissue. Instead Wgse having the alpha-tubulin promoter, and those withsthe
used rescue of the Fz-dependent polarized organization of tBghancers-heatshock promoter [modified from Basler et al. (Basler et
ommatidia in the eye (Fig. 1C). In the wing we determined thadl., 1989)]. The constructs for the over-expression experiments placed
when expressed under tubulin transcriptional control Fz2, Fhe relevant coding sequence into the standard pCaSpeR3-UAS vector,
and the chimeric forms all rescued the loss of function of botihich includes awhite" gene in the backbone of the vector. In a

fz andfz2 Hence all appeared by this assay to be functiondi"evious publication we reported that Fz when expressed upder the
Wg receptors. In the eye we tested the ability of the recepto%ntrOI of thesevenhancers-heatshock promoter gave a domiizant

to rescue the polarity phenotypes ff mutants. When phenotype in the eye (Tomlinson et al., 1997). These original

d d | ¢ it | trol constructs were engineered in a pW8 transformation vector. However
expressed undesevenlesgsey ftranscriptional control, we when we switched to a derivative of Carnegie 20 (C2NXT) (Struhl et

found that only those receptors bearing the Fz N terminus Wekg 1993) in which they* gene had been removed, the dominant
able to rescuéz mutant eye tissue. However, the N-terminaleffect of thesev-fawas lost. We suspect the presence of eye enhancer
domain was not sufficient féz-rescuing function. That is, only sequences in thehitegene that up-regulate transcription levels in the
chimeric proteins containing the N terminus and one other (thews versions.
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Over-expression in the wing dorsal and ventral cells about the margin leads to the marginal
High levels of expression of the various genes were obtained througtxpression of Wg. From this medial position Wg organizes
the use of the C765 wing-specific) GAL4 driver (Guillan et al., 1995)growth and patterning in the dorsoventral axis of the wing from
Wings were removed in 75% ethanol and fixed in GMM as pea very early stage of wing development (Rulifson et al., 1996).
standard methods. The inability of cells to transduce Wg leads to their exclusion
from the wing epithelium. For exampfe, fz2clones fail to
survive in the wing (Chen and Struhl, 1999).

Eyes . . ) Fz2 expressed under the tubulin promoteb{z2 rescues
Forsev-fzlones infzmutant eyes flies of the followir~

genotype were heat shocked at 35°C for 1 hgun

hs-flip; sev > w+> fz; fED4A/fZH51, —I‘\ﬁl— %ﬁ:
Similar genotypes were used for otheev-f. A " 2/2/2

constructs, theev-fz2and thesevchimera construct

When constructs were located on the t

chromosome they were recombined witfz allele. :% i&b%‘t %

Clone induction

Wings 1/2/2 1/1/2 1/2/1

fz, fz2 mutant clones were induced in flies in a tL (T,
3(‘ E v bt E v lﬂ-;

background of the following genotype. y,w, hst
tub > w+ > fz/+;fzZL {2851 FRT 2A/hs-CD2,y

. . . N Transmembrane e ”
w* M(3L)i55,r,FRT 2A. Teilihig Pysisiiss Terminus 2/2/1 2/1/1

24-48 hour larvae were heat-shocked at 37°C
hour. The cis recombination between the FR
excising the w+ flip-out cassette occurs \
significantly higher efficiency than thetrans
recombination required to generate thie, fz, fz:
clones.yellow mutant clones were never observe
control wings (identical except lacking theb > w+
> fz). The rescue of thmb-chimeras was assayec
the same way. The presence of thk constructs i
flies that had/ellow patches in the wings was verif
by PCR. In no cases was therellow tissue in th
wings where the constructs were absent.

RESULTS

Generation of chimeric receptors - e

A detailed description of the generation of C _ :m / : & A
chimeras is given in the Methods. The prot SBEs s / 4 \ L \
were divided into three domains — the N term o % Iﬂ% 18 A B A A A SN
(terminating close to the first transmembi :,g v "‘E 82t A i \ 3 A
domains); the transmembrane domain re g s e S \ A \ A A

(TM) containing all seven transmembrane he -i P—ot W, 't y A y A y

and associated intra- and extra-cellular loops 1.3 % L3 % 1.} ' ' ' Y

C terminus beginning close to the ’-‘i LE S A 23 3 oy ! Y
transmembrane domain and extending to tr IR iy R X g M \ Py ! '
terminal end of the proteins (Fig. 1A). | Lj:_i oy Y Y
simplicity of description we use ‘1’ to signify L vy ¥

domain from Fz and ‘2’ for a domain of Fz2. "
regional identity of the domain (N,TM or C) Fig. 1.Frizzled receptors, their chimeras and the phenotype they control. (A) The

given by its position in the sequence descri Frizzled class proteins are serpentine receptors. Each has a large extra cellular
the chimera — N/TM/C. For examplé2/1refers domain (N terminus) with a cysteine-rich domain (loops), a transmembrane
to a chimera containing the N terminus of Fz domain region containing the seven transmembrane helices and the associated
TM region of Fz2 and the C terminus of Fz. intra- and extra-cellular loops, and an intracellular domain (C terminus) of variable
made all chimera combinations exceft/2 length. Chimeras were constructed by splicing the Fz (red) domains to Fz2 (blue)
domains. (B) The wing (i) contains two features relevant to the signaling of the
Rescuing abilities of the chimeric two receptors. Wg signaling organizes the wing margin, most notably the large
receptors bristles on the anterior margin (ii, iv). On the blade of the wing each cell is

P : decorated with a small hair. Collectively the small hairs point to the distal end of
Rescug of Wg tr.antc,ductlo_n in the wing the wing (iii, v). (C) The shape of the ommatidia indicate the polarity in the eye
The wing margin is the interface between (the different chiral forms are shown as red or blue). In each half of the eye all
dorsal and ventral surfaces of the wing. Du ommatidia are of the same shape and this indicates polarity running from the
development reciprocal signaling between midline of the eye towards the dorsal and ventral extremes (arrowheads).
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9= £, - Fig. 2.Rescue of Wg signaling in the winlginute
K f“b"l/ljl sz-,‘:& g = i't“b'll:uz" fz2 s z =Zh % clones offz€1f#5 were induced in wings in the
presence of (Ajub-1/1/1, (B) tub-1/2/2, (C)tub-
2/1/1and (D)tub-2/2/1 Clones were marked by the
loss of theyellowmarker. Arrowheads indicate non-
mutant gellow) bristles. In the presence of ttud
constructs large healthy patches of mutant tissue
identified byyellowbristles are present. Polarity
defects are not rescued. The 3 chimeras shown are
those that failed to rescue polarity in the eye. All
chimeras tested showed rescue.

Wg transduction infz, fzZ2mutant wing patches (Chen and trapezoids occur in two chiral forms. We color-code these as
Struhl, 1999). Similarlyub-fzrescuedz, fz2clones in the wing red and blue. Each dorsal or ventral half of an eye contains
(Fig. 2A). In this experiment theb-fzconstruct was activated only one chiral form and the other half contains the other chiral
concomitantly with the induction dt, fz2clones. The clones form. The shape of the ommatidia indicate their polarity in the
were marked byellow, a color marker for the bristles. In the dorsoventral axis (Fig. 1C). fz mutants, polarity information
absence dfub-fznoyellowclones were observed in the wings, is lost and red and blue chiral forms are found interspersed
but in its presence large patches (the Minute technique wéBig. 3B). In addition a third (black) symmetrical form is also
used) ofyellow margin bristles were observed. Thus Wgfound (Zheng et al., 1995; Tomlinson et al., 1997). Fz appears
transduction in thdz, fzZ2mutant tissue was restored by theto be a critical transducer of the polarity signal that directs the
presence of theub-fzconstruct, but polarity defects associatedommatidia to their appropriate chiral form. Fz function is only
with the clones were not rescued. Whether the levels werequired in the R3 and R4 presumptive photoreceptors for the
too high (hypermorphic condition) or too low (hypomorphic appropriate chiral choice, and tlsevenlesgsey enhancer
condition) to transduce the polarity signal appropriatelydrives in these two cells at the appropriate stage (Basler et al.,
remains uncleatub-fz2similarly rescued Wg transduction but 1989). In earlier work we described the dominant effects of
not polarity transduction in this assay (data not shown). Fiveev-fzconstructs (Tomlinson et al., 1997). However, when we
chimeric proteins were then similarly testet¥1(2, 1/2/2, engineered newev-fzzonstructs in a different vector backbone
1/2/1, 2/1/1and 2/2/1) and all rescued wing morphology (see Materials and Methods) the dominant phenotype did not
(transduced the Wg signal) but failed to rescue wing polaritpccur, and when crossed intofa mutant background the

(3 examples are shown in Fig. 2B,C,D). From this we inferregolarity phenotype was rescued (Fig. 3C; Table 1fg tnutant

that all five chimeras were functional Wg receptors. eyes, correct ommatidia occur at approximately 50% (Table 1)
) o and in the presence ofsav-fz(wild-type gene) the number of
Rescue of polarity transduction in the eye correct ommatidia rose to 86% (Fig. 3C; Table 1). In contrast,

The Drosophilaeye contains many hundred ommatidia. At thesev-fz2constructs showed no rescue (Table 1). The chimeras

core of each ommatidium lie the photoreceptors arrangedere tested in this manner and two of them showed significant

in a characteristic trapezoidal pattern (Dietrich, 1909). Theescue of polarity transductiosev41/1/2rescued to 93% and
sev4/2/1rescued to 76% (Fig. 3C,D; Table 1). In both cases

Table 1. The rescue ability of chimeric forms of the the rescue was statistically significant compared to fthe
Frizzled proteins mutant alone, and both rescues were not significantly different
. 5 P— from that ofsev-fz The three other chimeragv2/2/1; sev-
E;’Qfgt?c‘,f,‘n'{f zmutant & °m”“c?fi'r‘1,'f‘s”ﬁ§';§ orrect 2/1/1 and sev4/2/2 shoyved no rescue of thie phenotype
NO construct 4748.9 (1=240) ('_I'able 1). Thus of the five chimeras able to transduce the Wg
11/1 86.2:5.1 (1=410) P<0.001) signal, two {/1/2 and 1/2/1) were also able to transduce the
2/2/2 48.34.7 (=292) P=0.236) polarity signal. These results suggested that the presence of the
17172 93.35.0 (1=587) (<0.001) Fz N terminus was critical for the transduction of the polarity
igﬁ ?ggg'i gfiggg gzg%%)l) signal but not sufficient sinceev4/2/2 did not rescue. In
2111 47.86.1 (1=370) =0.40) addition to the presence of the Fz N terminus one other domain
1/2/2 51.85.7 (1=188) P=0.14) of Fz was required, either the TM domain (ad/tv2) or the

C terminus (as i1/2/1).
Ommatidia were scored for whether or not they had adopted the correct
chiral shape for their location in the eye, when expressing the relevant Over-expression experiments
construct. A standaritest was performed on the data to determine if each . . .
genotype resulted in a statistically significant difference from the ‘no The conclusions we drew form the rescue experiment differed
construct’ control. In all cases, these results were scorefilg<D4A from those of Boutros et al. (Boutros et al., 2000) who argued

transheterozygote background. that the C terminus was the critical determinant of which
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expression of Fz caused polarity phenotypes throughout the
wing blade and margin (Fig. 4E,F). These results are consistent
with those previously obtained (Boutros et al., 2000; Rulifson

et al., 2000; Krasnow et al., 1995; Zhang and Carthew, 1998).

Over-expression of chimeric proteins results in similar
phenotypes

Three chimeric forms of the Fz and Fz2 proteti4/e, 1/2/2,

2/1/1) were then over-expressed using the same method as the
full-length forms of the Fz and Fz2 proteins. All three chimeric
forms gave the same basic phenotype of ectopic margin bristles
and disturbed polarity (two are shown Fig. 41,J and K,L).
These phenotypes represented the additive effects of the
misexpression of wild-type Fz2 (ectopic margin bristles) and
wild-type Fz (disturbed polarity). We suspended this approach
at this point because of problems with interpretation of the
data. For example, when polarity effects occurred in the
wings we did not know whether they were caused because
the chimeras positively activated the polarity pathway or
dominantly suppressed it. This and the other interpretation
problems are addressed at more length in the Discussion.

DISCUSSION

Fz2 functions as a Wg receptor and Fz functions both as a Wg
receptor and as a receptor for the polarity signal. The
experimental goals have been to map critical regions of
the receptors required for the two distinct pathways.
Experimentally the approach has been to subdivide the
receptors into three domains and then create various chimeric
forms of the two receptors. The chimeras were then assayed
for their signaling properties in the Wg and polarity pathways.
First, the ability of the chimeras to rescue tissue mutant for the
receptors was tested. Second, the effects of over expression of
the chimeras were compared with the over-expression
phenotypes of the native receptors.

From the rescue experiments we inferred that all chimeras
eyes show ommatidia uniformly organized and of the same chiral assayed behaved as functlt_)nal Wg r_eceptors but on_ly a subset
form (color). (B)fzmutant eyes show deregulation of the shape and Wa&S abl_e to rescue _polarlty signaling fin mutant tissue.
orientation of the ommatidia. (C-E) When expressed useler Comparison of the chimeras that rescue polarity signaling with
transcriptional control two of the chimeras show clear rescue ¢ the those that do not suggests that the N-terminal domain of Fz is
phenotype. (Cyev-fz {/1/2); fz. (D) sevi/2/1; fzand (E)sev4/1/2 critical for the transduction of the polarity signal but that alone
fz. Only the chimeras that rescue are shown, those that failed are it is not sufficient. In addition to the N terminus, one of the two
shown in the Wg rescue assay of Fig. 2. other Fz domains is required. Thus the specificity for signal

transduction appears spread through the three domains of the
pathway was activated by a receptor. These results were draprotein. The simple way we view this is that ligand binding
from experiments studying which of the two pathways (Wg orequires the N terminus, and that transmission of the signal to
polarity) was activated when chimeric receptors were ovelintracellular molecular machinery can be achieved by at least
expressed using the UAS/Gal4 system (Brand and Perrimoane of two distinct sites in the remainder of the protein. We are
1993). To address the contradictions between the two sets afrrently attempting to map these three signaling sites more
results, we too performed over-expression studies witfinely.

Fig. 3. Rescue ofzmutant phenotypes in the eye. (A) Wild-type

chimeras we had constructed. Our interpretations are in contrast to the conclusions of

) o Boutros et al. (Boutros et al., 2000) who argued from over-
Over-expression of Fz and Fz2 results in distinct expression studies that the C terminus was sufficient to
phenotypes determine which pathway was activated. Specifically, we note

Fz2 and Fz were over-expressed in the developing wing undératsev4/1/2which carries the Fz2 C terminus is still able to
the control of the C765 Gal4 line that drives expression at higttansduce the polarity signal. However, the chimeras were not
levels in the majority of wing cells (Guillan et al., 1995). Over-constructed in the same manner particularly in the region of
expression of Fz2 in this manner induced ectopic marginahe N-terminal replacements (see below), but this is an unlikely
bristles usually close to the wing margin (Fig. 4G,H) and overexplanation for the discrepancy. Rulifson et al. (Rulifson et
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E C765xUAS-Fz K €765x UAS-1/2/2

Fig. 4. Over-expression studies in the wing. In a wild-type wing the large bristles are confined to the anterior wing margin (£ amdheai

wing blade are uniformly organized pointing towards the distal parts of the wing @yvilmgs the margin bristles show polarity defects

(C) and a severe polarity disruption is evident in the wing blade hairs (D). Over-expression of UAS-Fz using the C765 (Giald drive
phenocopiefz mutant wings. The margin bristles (E) and wing blade hairs (F) show clear polarity defects. Over-expression of Fz2 does not
affect polarity but ectopic margin bristles occur (G,H), usually close to the margin but some can be in the main bladeoedieads).
Over-expression of the two chimei24/1and1/2/2induces ectopic margin bristles (I,K) and polarity defects (J,L).

al., 2000), suggested that the CRD of the Fz-class proteimhimeras we cleanly exchanged the N-termini of the two

determines the specificity of pathway activation. Our resultproteins at a site directly adjacent to the plasma membrane.
agree in as much as the Fz N terminus appears critical @ther studies exchanged only the CRDs of the two receptors,
activate the polarity pathway, but suggest that it is not in itsefind these exchanges were accompanied by deletions and/or

sufficient for that purpose. duplications of portions of the NCR of each of the proteins
(Rulifson et al., 2000; Boutros et al., 2000).
The rescue assays Over-expression of a chimera in which the Fz2 CRD was

The rescue experiments investigate which domains must lexchanged for the Fz CRD in an otherwise Fz2 protein induced
present in the chimeras for them to transduce each of tleetopic bristles but no polarity defects (Boutros et al., 2000;
signals? In the case of Wg transduction it appears that d@Rullifson et al., 2000). In contrast tHg2/2 reported here
chimeras are functional receptors and the Fz and Fz2 domaimsluced both effects. This suggests a role for the NCR and we
are interchangeable. This is not surprising given that both Fare presently investigating the differential functions of the
and Fz2 themselves are Wg receptors. But a further value BCR and the CRD.

this result lies in its control for the chimeras that fail to rescue Although the over-expression studies generated distinct
polarity signaling — those that fail to rescue polarity do rescuphenotypes we were unable to adequately interpret them in
Wg transduction, which suggests they are at least functions#rms of where signaling specificity resides in the Fz-class
generic receptors. The failure of these receptors to rescipeoteins. The reasons for this are as follows.

polarity signaling suggests that they lack specific domains (1) Polarity phenotypes. Polarity phenotypes cannot be
required for that polarity signaling. However, the formaleasily classified into those caused by ectopic or hyperactivation
possibility remains that their failure to rescue polarity signalingf the polarity pathway from the effects caused by down
results from other features of the chimeras such as reduceegulation of the pathway. For example, when the chimera
protein levels resulting from protein instability or translational2/1/1is over-expressed in the wing, do the polarity phenotypes
inefficiency or such like. But we note that only low levels ofresult from hyperactivation of the polarity pathway because of
Fz are normally required for polarity transduction and that athe abundance of an active Fz C terminus or, does it result from
least two of the constructs that failed to rescue polaritpg dominant negative effect such that an impotent (no ligand
transduction 1/2/2 and 2/1/1) resulted in strong polarity binding domain on the outside) C terminus sequesters down-

phenotypes when over-expressed in the wing. stream components from wild-type Fz receptors?
) ] (2) Wg phenotypes. The appearance of ectopic wing margin
Over-expression studies bristles has long been thought to result from ectopic Wg

The N-terminal region of the Fz class receptors contains twpathway activation. For example ectopic activation of
distinct domains — the CRD positioned close to the N terminu&rmadillo (Arm) or loss ofshaggy(sgg gene function both

of the protein and the non-conserved region (NCR) that liesesult in ectopic margin bristles (Blair, 1992; Zecca et al.,
between the CRD and the first transmembrane domain. In oi®96). When we observe ectopic bristles resulting from over-
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expression of Fz2 or the chimeras we infer therefore the S.and Roote, J(1999). The balance between isoforms of the prickle LIM
activation of the Wg pathway. The problem arises with Fz. It deomaingr\%ginzgslgﬂggg;fm planar polarity in Drosophila imaginal discs.
H i H H enes be )y - .

I.s equa”y Capable’ with Fz2, of transducmg .Wg in almost al!_;uillen, I., Mullor, J. L., Capdevila, J., Sanchez-Herrero, E., Morata, G.
tissues tested (Chen a_'nd StrUhI{ 19%2 flies show no and Guerrero, |. (1995). The function of engrailed and the specification of
phenotype, only whefz is concomitantly removed does the Drosophila wing patterrDevelopment 21, 3447-3456.

wg mutant phenotype emerge. Furthermaoub;fz2or tub-fz Hsieh, J. C., Rattner, A., Smallwood, P. M. and Nathans, J1999).
appears to rescue Wg transductionfan fz2 mutant tissue B_ioch(_emical characterization of Wnt—frigzled interactions usi_ng a soluble,
equally well. The problem then is that over-expression of Fz gg‘gf’éﬁ'{ active vertebrate Wit proteiroc. Natl. Acad. Sci. USB6,
does not lead to the ectopic margin bristles seen with OVegrasnow, R. E. and Adler, P. N.(1994). A single frizzled protein has a dual
expression of Fz2. Thus in over-expression studies the absenceinction in tissue polarityDevelopmeni20, 1883-1893.

of ectopic bristles does not indicate an inability to transducéin. K., Wang, S., Julius, M. A., Kitajewski, J., Moos, M. Jr and Luyten,

; ; i P. (1997). The cysteine-rich frizzled domain of Frzb-1 is required and
W, and must be viewed as relatlvely meamngless asan a'Ssa'gufﬁcient for modulation of Wnt signaling?roc. Natl. Acad. Sci. US94,

for determining differences in signaling specificity. 1196-1200.
. Peifer, M., Pai, L. M. and Casey, M.(1994). Phosphorylation of the
Conclusions Drosophila adherens junction protein Armadillo: roles for wingless signal

We report here that all chimeric forms of Fz and Fz2 made wergand zeste-white 3 kinasbev Biol. 166 543-556.

: - ijsewijk, F., Schuermann, M., Wagenaar, E., Parren, P., Weigel, D. and
functional Wg receptors but only a subset was polarity receptor@.Nussey R. {987). The Drosophila homolog of the mouse mammary

Those that transduced the polarity signal ha(?' the Fz N terminusncogene int-1 is identical to the segment polarity gene wingDesis50,

and one of the two other (TM and C) domains. Thus we have 649-657.

mapped a critical role to the N terminus but other sequencégiel, L., Stambolic, V., Ali, A., Manoukian, A. S. and Woodgett, J. R.
required in addition for the signal transduction to occur are (1999). Regulation of the protein kinase activity of Shaggy(Zeste-white3)

s . by components of the wingless pathway in Drosophila cells and embryos.
redundantly distributed between the two other domains 3. Biol. Chem274, 21790-21796.

) Rulifson, E. J., Micchelli, C. A., Axelrod, J. D., Perrimon, N. and Blair, S.
We are indebted to Tom Jessell and to Gary Struhl for comments s, (1996). wingless refines its own expression domain on the Drosophila

on the manuscript and to Atsuko Adachi for help with the germline wing margin.Nature384, 72-74.
transformations, and to Gary Struhl and Sheny Chen for providing flRulifson, E. J., Wu, C. H. and Nusse, R2000). Pathway specificity by the
stocks. This work was funded by NIH grant ROLGM57043 to A. T. bifLIJInctionaI receptor frizzled is determined by affinity for winglddsl.
Cell. 6, 117-126.
Struhl, G., Fitzgerald, K. and Greenwald, I.(1993). Intrinsic activity of the
lin-12 and Notch intracellular domains in viv@ell 74, 331-345.
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