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Drosophila paired~ embryos can be rescued to viable
adults by the evolutionary alleles prd-Gsb and prd-
Pax3, which express the Drosophila Gooseberry and
mouse Pax3 proteins under the control of the paired cis-
regulatory region. As prd-Gsb uncovers a prd function
involved in the proper abdominal segmentation of
adults, evolutionary alleles, defined and constructed in
this manner, may often be weak and thus serve to
discover hitherto unknown functions of a gene. Qur
findings show that the Gooseberry and Pax3 proteins
have conserved most or all functions of the related
Drosophila Paired protein although their C-terminal
halves appear unrelated in sequence but not in 3-D
structure essential for function. It follows that the
acquisition of new cis-regulatory regions rather than
the divergence of the C-terminal coding regions has
been the primary device for the functional diversifica-
tion of the Drosophila genes paired and gooseberry and
the mouse Pax3 gene. The operation of this mechanism
in insects as well as vertebrates suggests a major role
in evolution.
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Introduction

About 50 genes, the maternal coordinate genes, three
classes of zygotic segmentation genes—the gap, pair-rule
and segment-polarity genes—and the homeotic genes,
interact in a hierarchical network to progressively define
position along the antero-posterior axis with increasing
precision in the developing Drosophila embryo (Niisslein-
Volhard and Wieschaus, 1980; Small and Levine, 1991;
Peifer and Bejsovec, 1992; St Johnston and Niisslein-
Volhard, 1992). We have isolated and characterized three
genes of this network that have arisen by independent
duplications during evolution, the pair-rule gene paired
(prd) and the segment-polarity genes gooseberry (gsb)
and gooseberry neuro (gsbn) (Noll, 1993). The N-terminal
halves of the transcription factors encoded by these genes
share a paired-domain and a homeodomain, whose amino
acid sequences have been highly conserved (~75% identity
and 85% homology) (Bopp et al., 1986), whereas their
C-terminal portions exhibit no significant amino acid
sequence similarity (Baumgartner et al., 1987). Together
with the other pair-rule genes, prd specifies position along
the antero-posterior axis with a double-segment periodicity
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and activates several segment-polarity genes, including
gsb, wingless (wg) and engrailed (en), which are expressed
at a single-segment periodicity. After germ-band extension,
gsb maintains the epidermal expression of wg, which
represses cuticular denticle formation, through a wg—gsb
autoregulatory loop (Li and Noll, 1993). In addition, gsb
activates gsbn in a segmentally repeated pattern in the
central nervous system (CNS) (Gutjahr et al., 1993b),
implying that gsbrn might be required for proper segmenta-
tion of the CNS (Patel et al., 1989).

Although these genes perform distinct developmental
functions, their ubiquitous expression generates the same
cuticular phenotypes (Li and Noll, 1994). Moreover, a
gsb—Prd transgene, which expresses the Prd protein under
the control of the gsb cis-regulatory region in the epidermis
(note that proteins are abbreviated in roman type and
initial capitals, genes in lower case italics), is able to
rescue the cuticular phenotype of gsb~ embryos (Li and
Noll, 1994). These surprising results suggest that the three
related proteins Prd, Gsb and Gsbn might have retained
the same functions despite their highly diverged C-terminal
domains and point to the cis-regulatory rather than coding
regions as being responsible for the essential difference
between the distinct functions of the three genes. However,
these experiments left unanswered the question of whether
the Prd protein is able to substitute for all functions or
only for the embryonic epidermal function of the Gsb
protein because (i) expression of Prd was controlled by
an incomplete cis-regulatory region of gsb and thus limited
to the embryonic epidermis, and (ii) the only available gsb™
embryos were homozygous for the deficiency D2R)IIX62,
which deletes additional genes that are required for survival
beyond embryogenesis (Coté et al., 1987).

Here, we have answered this question of the functional
equivalence of Prd and Gsb. We show that the Gsb protein,
when expressed under the control of the complete prd cis-
regulatory region, is able to rescue prd- embryos to
viable adults, thus demonstrating that Gsb has retained all
functions of Prd required for survival to the adult stage.
In addition, we have extended these studies to include the
mouse Pax3 or Splotch protein (Epstein e al, 1991), a
mouse homolog of Prd, Gsb and Gsbn and of the human
Pax3 protein (Burri et al, 1989) responsible for
Waardenburg’s syndrome type I (Baldwin er al., 1992;
Tassabehji et al., 1992). The Pax3 protein again consists
of the two highly conserved N-terminal domains and an
apparently unrelated C-terminal half (Goulding er al,
1991). We find that Pax3 protein expressed under the
control of the prd cis-regulatory region is able to rescue
the cuticular phenotype of prd~ embryos and thus is
capable of substituting for the main functions of Prd
protein, but that it is unable to support their development
to adults. We conclude that the different functions of prd,
gsb and Pax3 are largely determined by their different
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control regions and are modified by protein domains which
are probably located within the C-terminal portion. The
functional equivalence of the exchanged protein domains
is striking and emphasizes the high degree of functional
conservation of protein domains after gene duplication.
An important general implication of this functional con-
servation of the proteins, which includes the largely
unknown functions of their highly diverged C-terminal
halves, is the conservation of their secondary and tertiary
structures that is not necessarily reflected by their amino
acid sequences. The validity of per cent amino acid
identity as a measure of functional equivalence in homo-
logous proteins has been questioned before (Yockey,
1992). Together these observations add further weight to
our earlier suggestion that the acquisition of different
cis-regulatory regions is the primary mechanism in the
evolution of new functions (Li and Noll, 1994). Finally,
we show that the construction of ‘evolutionary’ prd alleles
has led to the discovery of prd functions not revealed by
previously known prd alleles.

Results

Gsb and Pax3 proteins recognize Prd target site

in vitro

Previous studies suggest that the establishment of gsb
expression depends on the gsb early enhancer (GEE) and
its activation by Prd protein (Ii er al, 1993). To test
whether Prd is able to bind to GEE in vitro, a 35 bp
fragment, GEEI, that exhibited a strong Prd footprint
(X.Li and M.Noll, unpublished) was derived from GEE
and used as probe in band-shift assays. As is evident from
Figure 1A, partially purified Prd protein synthesized in
bacteria forms a strong complex with GEE1 (lanes 2 and
3), whereas no band shift was detectable after its incubation
with bacterial extracts devoid of Prd (lane 1). Prd binds
specifically to GEE1 since the shifted band is not affected
by the addition of an excess of Spl binding sites (lane 5)
but is. abolished by competition with unlabeled GEEI
(lane 4). Moreover, the formation of this complex is
inhibited by Prd antiserum (lanes 6 and 7) but not by
preimmune serum (lane 8), confirming its dependence on
Prd protein. Similar to Prd, both Gsb (Figure 1B, lanes
1-7) and Pax3 proteins (Figure 1B, lanes 8-11) form a
specific complex with GEE1, indicating that they are able
to recognize in vitro the same target site as Prd.

Generation of prd-Gsb and prd-Pax3 transgenic
flies
To examine whether and to what extent the Gsb or Pax3
proteins are able to substitute for the functions of the Prd
protein, two DNA constructs, prd-Gsb and prd—Pax3,
consisting of the gsb or Pax3 coding region under the
control of the complete prd cis-regulatory region (Figure
2A; Gutjahr et al., 1994) were introduced into the Droso-
phila germline by P-element-mediated transformation.
Three independent transgenic lines were obtained for prd—
Gsb, whose transgenes, prd-Gsb-1, prd-Gsb-2 and prd-
Gsb-3, are all located on the third chromosome, and one
for prd—Pax3, whose transgene prd-Pax3-1 resides on the
X-chromosome.

We have shown previously (Gutjahr ef al., 1993a) that
in wild-type embryos Prd protein appears in a broad

Dominant role of enhancers in evolution

A o-Prd pis B o-Gsb pis
GEEISp1 1 5 5 GEE1Sp11 5 5 GEE1 Sp1
Prd 0 201G0 100 100 100 160 100 Gsb 20 100100100100100100]20 100100100 Pax3

Fig. 1. Prd, Gsb and Pax3 proteins bind specifically to the Prd binding
site GEE1. (A) Band-shift analysis of the oligonucleotide GEE1 with
purified Prd protein. Band-shift assays of labeled GEE1 were
performed with 1 ug protein from crude extracts of IPTG-induced
E.coli BL21(DE3) cells carrying the empty expression vector
PAR3040 (lane 1), and with 20 ng (lane 2) or 100 ng (lanes 3-8) of
purified Prd protein expressed in the same cells. In the assays shown
in lanes 4 and 5, a 400-fold molar excess of unlabeled GEEI and Spl
binding sites, respectively, was added to the labeled GEE1 prior to
addition of Prd protein. In lanes 6-8, Prd protein was preincubated
with 1 pl (lane 6) or 5 pl (lane 7) of rabbit anti-Prd antiserum
(Gutjahr er al., 1993a), or with 5 pl of preimmune serum (lane 8)
before binding buffer was added. (B) Band-shift analysis of GEEI
with purified Gsb or Pax3 protein. Band-shift assays of labeled GEE1
were carried out with 20 ng (lanes 1 and 8) or 100 ng (remaining
lanes) of purified Gsb (lanes 1-7) or Pax3 protein (lanes 8-11)
expressed in E.coli BL21(DE3). In the assays shown in lanes 3, 4, 10
and 11, a 400-fold molar excess of unlabeled GEE1 (lanes 3 and 10)
or Spl binding sites (lanes 4 and 11) was added to the labeled GEE1
prior to addition of Gsb or Pax3 protein. In lanes 5-7, Gsb protein
was preincubated with 1 pl (lane 5) or 5 pl (lane 6) of rabbit anti-Gsb
antiserum (Gutjahr et al., 1993b), or with 5 pl'of preimmune serum
(lane 7) before binding buffer was added.

anterior stripe at theiend of the last nuclear division (Figure
2B). By mid-cellularization, Prd protein is expressed in
seven stripes with a double-segment periodicity character-
istic of pair-rule genes (Figure 2C). Subsequently, Prd
expression is converted into a pattern of 14 stripes with
single-segment periodicity and an anterior dorsal patch
(Figure 2D). As expected, under the control of the prd
cis-regulatory region, the expression patterns of the trans-
genic Gsb protein (Figure 2E-G) and Pax3 RNA (Figure
2H-J) are indistinguishable from those of the endogenous
Prd protein (Figure 2B-D) although the three prd-Gsb
lines express Gsb at slightly different levels (data not
shown, but see below).

Rescue by prd-Gsb and prd-Pax3 of prd target
gene expression

The early expression patterns of several segment-polarity
genes, such as those of gsb, wingless (wg) and engrailed
(en), are positively regulated by Prd (Bopp et al., 1989;
Ingham and Martinez Arias, 1992), as evident from the
loss of their odd- or even-numbered stripes in prd mutant
embryos (Figure 3D-F) as compared with wild type
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Fig. 2. Expression of Prd, Gsb and Pax3 proteins under the control of the complete prd cis-regulatory region. (A) Map of prd—SN20, prd—Gsb and
prd-Pax3 transgenes. The prd-SN20 transgene is an 18.7 kb genomic fragment that includes the entire prd gene, consisting of its transcribed region
as well as of adjacent 10.0 kb upstream and 5.9 kb downstream sequences. As a single copy, it is able to rescue prd~ embryos to wild-type adults
(Gutjahr et al., 1994). In prd-Gsb and prd—Pax3 transgenes, most of the prd coding region and the prd intron are replaced by gsb- and Pax3 cDNAs,
respectively, while the entire prd cis-regulatory region is retained. Coding regions are indicated as black boxes except for the paired-domains PD and
the prd-type homeodomains HD which are hatched. The prd intron is indicated as an open box. Transcriptional starts are marked by 0 and poly(A)
addition signals AATAAA are indicated. (B—J) Expression of Prd protein in wild-type embryos (B-D), of Gsb protein in homozygous transgenic
prd-Gsb-2 embryos (E-G) and of Pax3 mRNA in homozygous transgenic prd-Pax3-1 embryos (H-J) at the onset of cellularization (B, E and H), at
mid-cellularization of syncytial blastoderm (C, F and I) and at the onset of gastrulation (D, G and J). Wild-type embryos were stained with anti-Prd
antiserum and transgenic embryos, collected from homozygous prd—-Gsb-2 or prd-Pax3-1 stocks, were stained with anti-Gsb antiserum or hybridized
in situ with digoxigenin-labeled Pax3 cDNA. Embryos are oriented with their anterior to the left and dorsal side up.

(Figure 3A—C). The prd mutant embryos used in these
and all subsequent experiments were either homozygous
or hemizygous, when combined with the deficiency
Df(2L)Prl, for the prd®>® allele, which has a 1.1 kb
insertion (Kilchherrr et al., 1986) after amino acid 45 of
the paired-domain (Frigerio et al., 1986), and hence lacked
any functional Prd protein. By the introduction of prd—
Gsb or prd—-Pax3 into such prd~ embryos, gsb, wg and en
expression patterns are rescued partially by one copy
(Figure 3G-I) and completely by two copies of the
transgenes (Figure 3J-L), demonstrating that Gsb and
Pax3 can substitute for Prd protein in the transcriptional
regulation of these target genes.

Rescue by prd-Gsb and prd-Pax3 of the prd~
cuticular phenotype

Embryos that lack prd function exhibit the classical pair-
rule phenotype in their cuticle (Nisslein-Volhard and
Wieschaus, 1980), in which segmental equivalents are
deleted with a double-segment periodicity (Figure 4B) as
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compared with wild-type embryos (Figure 4A). This
phenotype results from the failure to express several
segment-polarity genes, like gsb, wg and en, on either
side of every other parasegmental boundary (Ingham and
Martinez Arias, 1992). Since prd-Gsb and prd—Pax3
transgenes are able to rescue the expression of these
segment-polarity genes in prd mutants (Figure 3), they
might also rescue the cuticular pair-rule phenotype. Indeed,
prd—Gsb derived from all three independent lines and prd—
Pax3 rescue the cuticular phenotype of prd- embryos
partially with one copy (Figure 4C and D) and completely
with two copies (cuticles indistinguishable from those of
wild-type embryos, cf. Figure 4A), demonstrating that
Gsb and Pax3 are able to replace the function of Prd
protein in the epidermis.

Two copies of prd—-Gsb can rescue prd- embryos
to adult flies

When prd—Pax3 and prd—Gsb transgenes were tested for
their ability to rescue prd~ embryos to adulthood, one
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Fig. 3. Rescue of gsb, wg and en expression patterns in prd- embryos by prd—Gsb and prd—Pax3 transgenes. Expression of Gsb (A, D, G and J), Wg
" (B, E, H and K) and En protein (C, F, I and L) in wild-type (A-C), and homozygous prd2'45 embryos carrying no (D-F), one (G-I) or two copies
(J-L) of a prd—Pax3 transgene. Identical expression patterns were observed in homozygous prd>#’ embryos carrying one or two copies of a prd-Gsb
instead of the prd—Pax3 transgene (not shown). Embryos during the extended germ band stage are oriented with their anterior to the left and dorsal
side up. Embryos were collected from prd—Pax3-1/X or Y; prd>#/Cy0, actin-LacZ parents, whose CyO balancer chromosome expresses
[B-galactosidase under the control of the actin promoter, and double stained for B-galactosidase (brown) and Gsb, Wg or En protein (black), using
monoclonal antibodies or rabbit antiserum against B-galactosidase and rabbit anti-Gsb or anti-Wg antiserum or anti-En monoclonal antibodies. One
quarter of the embryos did not stain for B-galactosidase as expected. Of these embryos, one quarter express Gsb, Wg and En in a pair-rule pattern as
expected for prd~ embryos, half of the embryos display partially rescued and another quarter fully rescued expression patterns as in wild-type

embryos.

copy was insufficient. However, all combinations of two
prd—Gsb transgenes were able to rescue some of the prd-
embryos to viable adults, except for two copies of prd—
Gsb-1, which cannot be tested because its insertion is
lethal, and two copies of prd—Gsb-3 (Table I). These
results are explained by independent tests indicating that
transgene expression is highest in the prd—Gsb-1 and
lowest in the prd—Gsb-3 line. Hence, in order to substitute
Gsb for Prd protein and rescue prd- embryos to adulthood,
Gsb must be expressed above a threshold level which is
higher than that for wild-type Prd protein. For one copy
of a prd transgene with [prd—SN20 (Gutjahr et al., 1994);
Figure 2A] or without (prd-Prd) the prd intron is sufficient
to rescue all prd~ embryos to adulthood. Therefore, Gsb
protein is able, although less efficiently, to substitute for
all functions of Prd required for survival to the adult
stage, as already shown for Gsb and Pax3 proteins in
regard to the larval cuticular phenotype (Figure 4C and D).

One copy of prd—-Pax3 enhances rescue to
adulthood by prd-Gsb

In contrast to prd—Gsb, two copies of prd—Pax3-1 fail to
rescue prd- embryos to adults (Table I) although they
express Pax3 mRNA at levels comparable with those of
prd—-Gsb-1 and suffice to rescue the prd cuticular pheno-
type. Neither did doubling the prd—Pax3 dosage make a
difference as is evident from tests with one or two copies
of six additional prd—Pax3 transgenic lines even though
some of these lines express higher levels of Pax3 mRNA
than prd-Pax3-1 (data not shown). We conclude that prd—
Pax3-1 fails to rescue prd- embryos to adulthood not
because of insufficient levels of its expression but rather
because the Pax3 protein is unable to substitute for all of

Fig. 4. Rescue of the cuticular pair-rule phenotype of prd- embryos by
prd—Gsb or prd—Pax3 transgenes. Ventral views of cuticle preparations
of wild-type (A) and prd>*/prd®>* embryos without (B) and with one
copy of the prd—Gsb (C) or prd-Pax3 transgene (D) are shown under
dark-field illumination (anterior is up). Embryos carrying two copies
of the transgenes exhibit cuticles that are indistinguishable from wild
type (not shown). To obtain prd~ embryos carrying one or two copies
of prd-Gsb, prd**/SMI; prd—Gsb-2/prd-Gsb-2 flies were crossed with
prd®>*#/SM1 flies or inter se. To produce prd~ embryos carrying one or
two copies of prd—Pax3, prd-Pax3-1/prd-Pax3-1; prd>*/SMI virgins
were crossed with prd>#/SMI or prd** prd—Pax3-2/SM1 males.
Embryos were collected and allowed to develop for 24 h at 25°C
before cuticles were prepared as described (Wieschaus and Niisslein-
Volhard, 1986).

the functions of Prd required to support development to
the adult stage.

Surprisingly, combinations of one copy each of prd—
Pax3-1 and prd-Gsb transgenes result in much higher
rescue efficiencies than any combination of two prd—Gsb
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Table I. Rescue of prd~ embryos tc viable adults by two copies of
prd-Gsb or prd-Pax3

Table IL. Rescue of prd~ embryos to viable adults by combinations of
prd-Gsb-2 with prd-Pax3

prd—Gsb-1  prd-Gsb-2  prd-Gsb-3  prd-Pax3-1

(%) (%) (%)

prd—Gsb-1 lethal 15 (40/260) 5 (6/123) 51 (62/121)

prd—Gsb-2 9 (50/576) 4 (33/779) 29 (40/139)
prd—Gsb-3 0 (0/987) 18 (11/61)
prd-Pax3-1 0 (0/885)

Percentages of rescued prd®**/Df(2L)Prl flies harboring combinations
of two prd—Gsb or prd-Pax3-1 transgenes (actual numbers of rescued
flies per total number of expected prd mutants are given in
parentheses). Transgenic prd- flies carrying two copies of prd—Gsb
and/or prd—Pax3 were obtained as offspring from crosses between
prd®>¥#/SM1 and Df{2L)Prl/SM] flies that were homozygous for
prd-Gsb-2 or prd-Gsb-3 on the third chromosome, homozygous for
prd—Pax3-1 on the first chromosome, or carried prd—Gsb-1, whose
insertion is homozygous lethal, on one of the third chromosomes.

transgenes (Table I). For example, replacing prd—Gsb-2
in combinations with itself or the other two prd-Gsb
transgenes by prd-Pax3-1 produces 3- to 4-fold higher
rescue efficiencies. In general, if the expression of the
prd—Gsb transgene that is replaced by prd—Pax3-1 is low,
the enhancement of the rescue is high and vice versa.
Since the replacement by prd-Pax3-1 always results in an
enhanced rescue, it follows that Pax3 is better than Gsb
protein in substituting for at least one of the functions of
Prd protein required to support development to adulthood.
Moreover, these results confirm our conclusion that the
failure of two copies of prd-Pax3-1 to rescue prd~ embryos
to the adult stage does not result from insufficient levels
of Pax3 expression.

As is evident from Table I, all of six new prd—Pax3
transgenic lines, generated by mobilizing the P element
carrying prd-Pax3-1, rescue prd~ embryos to adults when
combined with one copy of prd-Gsb-2 with an efficiency
that reaches a plateau at ~30% for several prd—Pax3 lines.
Hence, in these lines, which include the original prd—
Pax3-1 line, the level of Pax3 expression is optimal and
not limiting. It follows that their failure to rescue prd-
embryos to adults in the absence of a prd—Gsb transgene
results from the inability of the Pax3 protein to substitute
for all functions of the Prd protein. Taken together, these
experiments show that Gsb protein is able to perform all
of the functions of Prd required for the rescue of prd-
embryos to adults, whereas Pax3 can substitute for some
but not all of these functions. However, Pax3 is a better
replacement than Gsb for at least one Prd function.

The rescued flies show, in addition to the wild-type
phenotype (Figure 5A and D), a segmental phenotype
exhibiting a variety of disorganized segments (Figure 5B
and C). The yield of wild-type phenotypes among the
rescued adults increases with the rescue ability of the
different combinations of the two transgenes (data not
shown, but see below).

Rescue of prd~ embryos depends on relative levels
of Gsb and Pax3 protein

Since two copies of prd—Gsb or prd—Pax3 transgenes are
able to rescue at best about half of the prd~ embryos to
the adult stage (Tables I and II), additional copies of these
transgenes might further increase the rescue efficiency
and/or the fraction of wild-type phenotypes among the
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prd-Pax3 line Chromosome? Rescued adults® (%)
prd-Pax3-1 X 29 (40/139)
prd—Pax3-2 2 23 (64/280)
prd-Pax3-3 2 17 (68/412)
prd-Pax3-4 2 7 (40/560)
prd-Pax3-5 3 29 (10/34)
prd-Pax3-6 3 30 (83/281)
prd-Pax3-7 3 11 (6/53)

aChromosome carrying the prd—Pax3 transgene.

PPercentages of rescued prd®#/Df{2L)Prl flies harboring one copy
each of prd-Pax3 and prd-Gsb-2 transgene (actual numbers of rescued
flies per total number of expected prd mutants are given in
parentheses).

The prd—Pax3 transgenes located on the second chromosome were
recombined with prd># (prd-Pax3-2) or Df{2L)Pri (prd-Pax3-3 and
prd-Pax3-4) and maintained as stocks over the SM1 balancer
chromosome while the other prd—Pax3 transgenes were kept as
homozygous stocks in a transheterozygous prd- background [prd*# or
Df(2L)Prl/SMI]. Transgenic prd®>#/Df{2L)Prl offspring carrying one
copy each of prd-Gsb-2 and prd-Pax3 were obtained from crosses of
these with prd>* or DF2L)Prl/SMI stocks homozygous for
prd—Gsb-2.

rescued adults. The results of such experiments, in which
up to two copies each of prd-Gsb and prd-Pax3 transgenes
were tested, are summarized in Table III. In agreement
with our observation that Pax3 protein enhances the rescue
activity of prd—Gsb (Tables I and II), replacing one of the
two prd—Gsb-2 transgenes by prd—Pax3-2 or prd-Pax3-3
increases the rescue efficiency considerably while the
percentage of wild-type phenotypes among the rescued
adults is augmented 6- to 11-fold (Table III). If an
additional copy of prd—-Gsb-2 is added to embryos carrying
one copy each of prd—Gsb-2 and prd—Pax3, the rescue
efficiency and the fraction of wild-type phenotypes among
the rescued adults are further enhanced several fold,
indicating that the level of prd—Gsb-2 expression is limiting
when only one copy is present. In contrast, if an additional
copy of prd-Pax3 instead of prd-Gsb is added, only the
fraction of normal rescued adults increases, whereas the
rescue efficiency is reduced (Table III). Thus, Pax3 protein
levels are too high for optimal rescue if two doses of a
prd—Pax3 transgene and only one copy of prd—Gsb are
present, demonstrating that the rescue efficiency depends
not only on absolute but also on relative levels of Gsb
and Pax3 proteins.

In other words, prd—Pax3 exerts a dominant negative
effect if expressed at too high a level. This interpretation
is confirmed by the finding that the rescue efficiency
achieved by two copies of prd-Gsb-2 and one copy of
prd-Pax3-2 is reduced 5-fold if one prd—Gsb-2 transgene
is replaced by prd-Pax3-3, whereas the dominant negative
effect exerted by the addition of a second prd-Pax3
transgene is largely buffered if two copies of prd—Gsb-2
remain present (Table III). Interestingly, the fraction of
rescued adults displaying a wild-type phenotype is not
subject to this dominant negative effect of prd-Pax3. On
the contrary, doubling the dose of prd—Pax3 enhances this
fraction to nearly wild-type levels (Table III). Therefore,
the dominant negative effect exerted by Pax3 protein
affects one or several functions of Prd required to support
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Fig. 5. Rescue of prd~ embryos to adult flies by two copies of prd-Gsb or one copy each of prd-Gsb and prd—Pax3 transgenes; the adult segmental
phenotype of prd. (A) Wild-type adult females. (B-D) prd®>*/Df{2L)Prl adult females, rescued by one copy each of prd—Gsb-2 and prd—Pax3-1,
displaying either a distorted (B and C) or wild-type (D) abdominal phenotype. Similar phenotypes are observed among prd~ flies rescued by two
copies of the prd-Gsb transgene. Rescued prd- flies were obtained from a cross of prd—Pax3-1/prd—Pax3-1; prd>*/SM1 females with Df{2L)Prl/

SM1; prd-Gsb-2/prd-Gsb-2 males.

Table IIL Rescue of lethality and of adult segmental phenotype of prd~ embryos by combinations of prd~Gsb-2 with prd—Pax3-2 and/or prd—Pax3-3

transgenes
prd—Gsb-2 prd—-Gsb-2/prd-Gsb-2
Rescued adults (%)? Wild type (%)° Rescued adults (%)? Wild type (%)b
9 (50/576) 2 (1/50)
prd-Pax3-2 23 (64/280) 22 (14/64) 61 (268/441) 74 (198/268)
prd-Pax3-3 17 (68/412) 13 (9/68) 55 (224/408) 65 (148/224)
prd-Pax3-2/prd-Pax3-3 12 (56/470) 86 (48/56) 53 (184/350) 94 (173/184)

Percentages of rescued prd”>#*>/Df{2L)Prl flies harboring combinations of prd—Gsb-2, prd—Pax3-2 and prd-Pax3-3 transgenes (actual numbers of
rescued flies per total number of expected prd mutants are given in parentheses).
bPercentages of wild-type segmental phenotype among rescued adults (actual numbers of wild-type rescued adults per total number of rescued adults

are given in parentheses).

Two to four transgenes were tested in combinations of prd-Gsb-2 with prd-Pax3-2 and prd-Pax3-3 for rescue of prd>#/Df{2L)Prl embryos to viable
adults by corresponding crosses between prd—Gsb-2, prd-Pax3-2, prd—Pax3-3 stocks (see legend to Table II), and prd-Pax3-2 and prd-Pax3-3 stocks
made homozygous for prd-Gsb-2, all in a prd>* or D{2L)Prl/SM1 background.

development to the adult stage, but not those functions
responsible for proper segmentation of the adult cuticle.

Discussion

In summary, our results demonstrate that (i) Gsb protein
is able to substitute for all functions of Prd required to
support development to adults but it cannot perform all
of these functions with the same efficiency as Prd; (ii) Pax3
protein cannot substitute for all Prd functions but is able
to replace some functions more efficiently than Gsb;
(iii) Pax3 protein executes all of Prd’s functions required
for the development of wild-type larval cuticle although
with lower efficiency than Prd; and (iv) prd-Pax3 is able
to exert a dominant negative effect on prd-Gsb in the
absence of wild-type Prd protein, since, unlike Gsb, Pax3
is unable to substitute for all functions of Prd. These
findings may be explained by the following molecular
model. We assume that Prd performs its various functions

by binding to several different partners with different
affinities. For wild-type Prd function, these DNA or protein
binding affinities of the Prd protein for each of its partners
must then be between certain threshold limits. If the
affinity of a mutant Prd protein for one or several of its
partners is not too far below the corresponding threshold
values for wild-type function, it can be compensated by
an increased dosage of the mutant allele enhancing the
concentration of the mutant protein. On the other hand, if
one of the mutant affinities is too low, this particular
function of Prd cannot be compensated by additional
dosages of the mutant allele.

Evolutionary alleles of prd

It is easy to see that our results (i)—(iv) may be explained
by such a model if we consider, in a Gedankenexperiment,
Gsb and Pax3 as leaky mutant proteins of Prd. Accordingly,
prd—Gsb and prd-Pax3 are hypomorphic prd alleles, which
we propose to call ‘evolutionary’ alleles of prd, as their
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coding regions and that of prd have been derived from a
common ancestral gene during evolution. Both of these
mutant proteins have only few alterations with respect to
Prd in their N-terminal halves, which consist of a highly
conserved paired-domain and prd-type homeodomain,
while their C-terminal halves have diverged to such an
extent that their descent from a common precursor is
difficult, if not impossible, to ascertain. It is therefore
particularly astonishing that Gsb is able to substitute for
all, and Pax3 for many, of Prd’s functions required for
survival. Since Gsb and Pax3 perform some of these
functions less efficiently than Prd, we conclude that these
proteins have somewhat reduced affinities for the partners
of Prd. For Gsb, these affinities are only slightly below
the threshold levels required for wild-type Prd function,
while for Pax-3 the affinity for at least one partner crucial
for survival to adulthood is too low to be compensated
by increased dosage of prd-Pax3. By extrapolation of this
argument, we expect that Gsb would be able to rescue all
prd- embryos to adults if prd-Gsb is present in sufficient
numbers, whereas Pax3 would not. Formally, the prd-—
Gsb-2 transgene behaves as a leaky lethal allele of
prd whose penetrance .is ~90% since 9% of prd—Gsb-2
homozygotes survive to adulthood in a prd~ background.
The prd—Gsb-2 allele is weaker than the weakest previously
known prd allele, prd?, which is homozygous lethal and
displays a cuticular phenotype (Niisslein-Volhard and
Wieschaus, 1980) very similar to that of hemizygous prd—
Gsb-2 (Figure 4C). Surprisingly, despite the numerous
mutations in its coding region, the prd—Gsb-2 allele is the
only known viable prd allele. This unusual fact uncovered
the previously unknown involvement of prd in the proper
abdominal segmentation of adults. Hence, our approach
of constructing evolutionary alleles might provide a novel
strategy for detecting protein functions not accessible by
other methods.

General aspects of structure-function analysis by
exchange of gene domains

The structure—function analysis of genes in relation to
evolution has progressed through several stages. Experi-
ments carried out by evolution itself demonstrate the
generation of novel functions by combining similar protein
coding regions with different control regions (Carroll,
1995). The same principle is observed with dramatic
gain-of-function or neomorphic mutants like Anfp in
Drosophila. These arise spontaneously from novel com-
binations of cis-regulatory with protein coding domains,
which result in the ectopic expression of the protein
(Frischer et al., 1986; Schneuwly et al., 1987a,b). The
same or similar dominant gain-of-function phenotypes
have been generated in Drosophila by ectopic expression
of the mouse or human homologs, suggesting that homo-
logous proteins of different species may have conserved
their functions during evolution (McGinnis et al., 1990;
Malicki et al., 1990; Zhao et al., 1993). The next stage
examined the functional attributes of the various parts of
homologous genes that have acquired novel functions
within the same species as well as across phyla. Our
previous experiments in Drosophila (Li and Noll, 1994)
and elegant experiments in the mouse (Hanks et al., 1995)
are consistent with the essential role of control elements
in determining a gene’s function. While the mouse experi-
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ments emphasized the selection for overlapping gene
functions prevalent in mammals, our experiments focussed
on the functional significance of conserving dissimilar
protein domains in genes with non-overlapping functions.
The present work takes the analysis one step further
by demonstrating the functional equivalence of highly
diverged protein domains of duplicated genes that have
evolved under conditions that ensured their independent
selection. In contrast to earlier work, these experiments
also seriously question the validity of the paradigm that
sequence similarity is a necessary condition for protein
folding and hence conservation of protein function. In the
following, we discuss the individual aspects supporting
these conclusions.

Paradox of conserved C-terminal moieties of Prd,
Gsb and Pax3

The Prd protein needs to fulfill several distinct functions
during development. In addition to its early embryonic
function in segmentation (Niisslein-Volhard and
Wieschaus, 1980), we have shown that Prd functions are
required for development to adulthood and for proper
segmentation of the adult cuticle (Figure 5 and Table I1I),
functions that have escaped detection by previously known
prd alleles. Tt is possible that these requirements for Prd
occur during embryogenesis as well since Prd protein
begins to accumulate in a few specific cell clusters of the
gnathal segments and in specific neurons of the central
nervous system after its epidermal pattern of segmental
stripes has disappeared (Gutjahr et al., 1993a). Although
these later embryonic functions of Prd are not known,
they appear to be indispensable for survival as indicated
by the observation that all prd- embryos carrying two
copies of prd-Pax3-1 die by the end of embryogenesis
whereas 84% of prd~ embryos carrying two copies of
prd—Gsb-2 survive to larval stages. Similarly, Prd functions
for proper segmentation of the adult abdominal cuticle
may be required during embryogenesis, for example for
the proper activation of the cognate target genes in the
abdominal histoblasts.

We have shown that both Gsb and Pax3 proteins are
able to substitute for the Prd functions required for
the proper segmentation of the larval and adult cuticle.
However, while Gsb can provide all Prd functions neces-
sary for survival, Pax3 cannot. Since the two N-terminal
DNA binding domains, the paired-domain and the homeo-
domain, are highly conserved in Prd, Gsb and Pax3, it
would make sense to postulate that those functions for
which Pax3 is unable to substitute are associated with the
C-terminal half of Prd. Quite unexpected, however, is our
finding that Gsb and Pax3 are able to substitute for many
Prd functions despite the lack of any apparent similarity
in their C-terminal moieties. Clearly, only some functional
equivalence not apparent in the amino acid sequence could
have ensured the retention of the C-terminal portion of
these molecules over hundreds of millions of years.
We conclude that certain structural features, possibly of
secondary and tertiary folding, must be responsible for
the common functions observed. The validity of amino
acid identity as a general measure of functional equivalence
in homologous proteins has been criticized by Yockey
(1992) who proposed to replace it by calculations of the
mutual entropy, a more precise statistical measure that
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text.

takes into account the probability by which certain amino
acids are replaced by others.

Driving evolution by the acquisition of new
cis-regulatory regions

Our most astonishing finding is that prd—Gsb or combina-
tions of prd—Gsb and prd—Pax3 transgenes can rescue prd-
embryos to viable adults. It follows that the Prd, Gsb and
Pax3 proteins are largely or entirely able to substitute for
each other’s functions although they have been separated
for several hundred million years (Noll, 1993) and their
C-terminal halves have diverged to a very large extent.
Hence, the crucial differences in function between prd,
gsb and presumably Pax3 reside in their cis-regulatory
rather than coding regions. These genes, therefore, serve
as paradigm of an important evolutionary mechanism by
which new functions evolve through the acquisition of
new control regions, for example during gene duplication
(Figure 6; Li and Noll, 1994). Furthermore, as proposed
earlier (L.i and Noll, 1994) and illustrated in Figure 6,
gene duplications that include part of the control regions
might explain the frequent observation of redundant func-
tions of homologous genes (Hanks ez al., 1995). Because
expression of the new gene overlaps in time and space
with that of the ancestral gene, the functions regulated by
the duplicated enhancers E2 and E3 become redundant
while new functions evolve by the acquisition of new cis-
regulatory elements (E8 and E9 in Figure 6). On the other
hand, if gene duplication does not include any of the cis-
regulatory regions of the ancestral gene, the new gene
expresses only new functions that are regulated by the
newly acquired cis-regulatory regions (E6 and E7 in
Figure 6). Following the duplication event, protein coding
or cis-regulatory domains mutate and thus optimize the
interactions with their partners. As shown here, such

subsequent changes of protein domains may result in
considerable divergence of their primary structure although
their functions are largely conserved.

Functional diversification of a gene may also occur by
the acquisition of new cis-regulatory regions in the absence
of its duplication as suggested recently by Carroll (1995).
Similarly to the acquisition of new protein domains during
evolution, the combination of new cis-regulatory elements
with a gene may endow it with new functions. Accordingly,
new genes evolve by the independent assortment of both
protein domains and cis-regulatory ‘domains’, a feature
that has been an explicit assumption of the gene network
hypothesis (Frigerio et al., 1986; Noll, 1993).

Materials and methods

Expression and purification of Prd, Gsb and Pax3 proteins
Prd, Gsb and Pax3 proteins were expressed in Escherichia coli
BL21(DE3) cells by placing the prd cDNA c¢7340.6 (Frigerio et al.,
1986), the gsb cDNA BSH9c2 (Baumgartner et al., 1987) and a Pax3
cDNA (Goulding et al., 1991), respectively, under the control of the T7
promoter in the pAR3040 vector (Studier and Moffat, 1986) and purified
to ~50% purity as described (Gutjahr er al., 1993a). The pARprd,
PARgsb and pARPax3 expression plasmids were constructed by creating
an Ndel site at the translation initiation codon of each ¢cDNA (Li and
Noll, 1994) and subsequent ligation of the Ndel-EcoRI cDNA fragment
into Ndel/BamHI-cut pAR3040.

Band-shift assays

For band-shift assays, proteins were preincubated with or without the
indicated antiserum for 15 min at room temperature. The incubation
mixture was then supplemented with binding buffer to a final volume
of 20 ul of 20 mM HEPES pH 7.9, 50 mM KCl, 1 mM EDTA, 1 mM
DTT, 4% Ficoll, 0.25 mg/ml BSA, 1 pg poly(dI-dC), 0.50 nM 32P-
labeled GEE1 (25 000 d.p.m.), incubated for another 15 min at room
temperature and analyzed on a 4% polyacrylamide gel run in 0.25X
TBE buffer at 10 V/cm for 3 h essentially as described (Gstaiger et al.,
1995). GEE!, which is derived from the gsb early enhancer GEE
(Li er al., 1993), is the following oligonucleotide (upper strand):
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5'-GACCACAAGCGTCATAATTGCGGTGTGTCTGACGG-3' (X.Li,
unpublished). Tts upper strand was labeled with [y->*P]ATP (3000 Ci/
mmol) and T4 polynucleotide kinase and reannealed with its complement-
ary strand according to standard procedures. The GC box oligonucleotide
(36mer), including two tandem Spl binding site sequences from the
ICP4 promoter of herpes simplex virus, was used as competitive Spl
binding sites (Silke et al., 1995).

Generation of transgenic prd-Gsb and prd-Pax3 flies

The prd-Gsb and prd-Pax3 transgenes were derived from prd—SN20-
rescue (Gutjahr er al., 1994) in two steps (cf. Figure 2A). First, the
1.7 kb HindllI-Sacll fragment, including 27 bp of prd leader sequence,
most of the prd coding region and the prd intron (Frigerio et al., 1986),
was deleted to generate the prd-0 construct, by ligating the Nofl-HindIIl
prd-upstream fragment and the Sacll-Nofl prd-downstream and P-
element vector fragment with a HindIIl/Sacll adaptor containing a
Spel and Kpnl site (5'-AGCTTACTAGTGGTACCGC-3'). The prd-Gsb
construct was then produced by cloning the Xbal-Nhel fragment from
PARgsb (see above in Materials and methods) in the proper orientation
into the Spel site of prd-0. The prd-Pax3 construct was prepared from
a Pax3 cDNA that included 297 bp of leader and the entire trailer
sequence (Goulding et al., 1991) and was cloned in the EcoRI site of
pKSpL5, a derivative of Bluescript pKS™ in which the Kpnl site is
eliminated and the EcoRI-HindIIl polylinker region replaced by the
EcoRI-HindIII polylinker of the pUC19 vector. The Xbal fragment of
this Pax3 cDNA clone, which included the entire Pax3 cDNA, was then
cloned in the proper orientation into the Spel site of prd-0O to generate
the prd-Pax3 construct. The prd-Gsb and prd-Pax3 constructs were
injected together with pUChspA2-3 P-element helper plasmid (ID.Rio,
unpublished) into v’ embryos and ry* transformants were selected
(Rubin and Spradling, 1982).

Immunostaining of embryos and in situ hybridization with
DIG-labeled probe

Embryos were stained with anti-Prd or anti-Gsb antiserum (Gutjahr
et al., 1993a,b) or hybridized in siru with digoxigenin-labeled Pax3
c¢DNA and stained essentially as described (Tautz and Pfeifle, 1989).
Double-labeling of embryos for B-galactosidase and Gsb, Wg or En
protein was performed according to Lawrence ez al. (1987).
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