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ABSTRACT

The Drosophila Hox gene, Sex combs reduced (Scr), is required for patterning the larval and adult, labial and
prothoracic segments. Fifteen Scr alleles were sequenced and the phenotypes analyzed in detail. Six null
alleles were nonsense mutations (Scr2, Scr4, Scr11, Scr13, Scr13A, and Scr16) and one was an intragenic deletion
(Scr17). Five hypomorphic alleles were missense mutations (Scr1, Scr3, Scr5, Scr6, and Scr8) and one was a small
protein deletion (Scr15). Protein sequence changes were found in four of the five highly conserved domains
of SCR: the DYTQL motif (Scr15), YPWM motif (Scr3), Homeodomain (Scr1), and C-terminal domain (CTD)
(Scr6), indicating importance for SCR function. Analysis of the pleiotropy of viable Scr alleles for the
formation of pseudotracheae suggests that the DYTQL motif and the CTD mediate a genetic interaction with
proboscipedia. One allele Scr14, a missense allele in the conserved octapeptide, was an antimorphic allele that
exhibited three interesting genetic properties. First, Scr14/Df had the same phenotype as Scr1/Df. Sec-
ond, the ability of the Scr14 allele to interact intragenetically with Scr alleles mapped to the first 82 amino acids
of SCR, which contains the octapeptide motif. Third, Scr6, which has two missense changes in the CTD, did
not interact genetically with Scr14.

THE Homeotic selector (Hox) genes are required for
patterning the anterior–posterior axis of all bilat-

eral animals (Lewis 1978; Carroll 1995). In Drosophila
melanogaster, the Hox genes establish segmental identity
in the embryo by controlling the spatial expression of
target genes (Capovilla et al. 1994). Although much is
known about the requirement of HOX activity in de-
velopment, there is little known about internal domain
structure of these proteins and how these transcription
factors are regulated. In fact, the analysis of the
functional domainsofHOX proteins hasproven difficult
and often contradictory (Zhao et al. 1996; Galant et al.
2002; Hittinger et al. 2005; Tour et al. 2005). For
example, the insect specific QA motif of the HOX
protein Ultrabithorax (UBX) is required for full Ubx
repression of limb development in Drosophila when
UBX is ectopically expressed (Galant and Carroll

2002; Ronshaugen et al. 2002). Noninsect UBX homo-
logs lack a QA motif and lack the ability to suppress limb
development when ectopically expressed in Drosophila;
however, limb repression can be conferred to these
noninsect UBX homologs by fusing the QA motif to
the carboxyl termini (Galant and Carroll 2002).

These ectopic expression experiments suggested that
the QA motif was essential for UBX activity; therefore,
it was surprising that a deletion of the QA motif within
the Ubx locus produced only a subtle phenotype
(Hittinger et al. 2005). The observation of differential
pleiotropy in the Ubx and Antennapedia (Antp) loci offers
a potential explanation for these difficulties: HOX
proteins are made up of small independently acting
peptide elements that alone make only a small contri-
bution to HOX activity (Carroll 2005; Hittinger et al.
2005; Prince et al. 2008). Uniform pleiotropy is the same
relative behavior of a set of alleles in a locus on two or
more phenotypic characteristics, whereas, differential
pleiotropy is a distinct relative behavior. Differential
pleiotropy has been described in Ubx (Hittinger et al.
2005). Analysis of the Ubx-DQA allele revealed a differ-
ential requirement for the QA motif in the development
of various UBX-dependent tissues. This preferential
requirement for the QA motif in a subset of tissues is an
example of differential pleiotropy (Hittinger et al.
2005). In addition, the YPWM motif of the HOX protein
Antennapedia (ANTP), a motif that has been conserved
across evolution in most HOX proteins, exhibits differ-
ential pleiotropy by being required for the formation of
ectopic wing tissue but not the formation of ectopic leg
tissue (Prince et al. 2008).

The sequence of Scr mutant alleles allowed the anal-
ysis of the requirement of highly conserved motifs of
the HOX protein, Sex combs reduced (SCR). Like Ubx,
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Scr is haplo-insufficient, making it an excellent gene for
identifying small changes in SCR activity because even
subtle changes in levels of protein function are regis-
tered in SCR-dependent phenotypes. SCR function is
essential for the development of labial derivatives, such
as the adult proboscis and larval salivary glands, and for
establishing the identity of the adult prothoracic legs
(Lewis et al. 1980b; Struhl 1982; Panzer et al. 1992;
Percival-Smith et al. 1997). SCR activity is required
with a second HOX protein, Proboscipedia (PB), for the
formation of the proboscis but does not require PB for
the formation of the sex comb bristles or the salivary
gland (Kaufman 1978; Struhl 1982). The SCR protein
has five highly conserved regions (Curtis et al. 2001).
The octapeptide, YPWM motif and homeodomain (HD)
are well conserved across evolution and are found in
all SCR homologs. The MvDYTQLQPQRL sequence
(DYTQL motif) and the carboxy-terminal domain
(CTD) are insect and SCR specific. From our analysis
of an Scr antimorphic allele, we suggest that the octa-
peptide of SCR participates in protein complex forma-
tion required for the formation of sex combs and
pseudotrachea, and that the CTD inhibits protein com-
plex formation by masking the octapeptide. In addition,
analysis of the proboscis phenotype of viable Scr alleles
in the presence of one or two copies of the pb locus
suggests that the DYTQL motif and the CTD of SCR
mediate a genetic interaction with pb.

MATERIALS AND METHODS

DNA sequencing of Scr mutant alleles: The fly strains used
were obtained from the Bloomington Stock Center (Indiana
University, Bloomington, IN) with the exception of Scr13A,
which was provided by Gary Struhl (Struhl 1982). The
genotypes of the stocks used were: y w; FRT82B Scr1 P{w1}/
TM6B, Tb1, P{walLy}, y w; FRT82B pb27Scr2p p cn P{w1}/TM6B,
Tb1, P{walLy}, y w; Scr3p p/TM6B, Tb1, P{walLy}, lab4Scr4p p/TM3,
Sb1, y w; Scr5red1e1/TM6B, Tb1, P{walLy}, y w; Scr6p p/TM6B, Tb1,
P{walLy}, Scr7p p/TM6B, Tb1, y w; Scr8rnroe-1rn1 p p/TM6B, Tb1,
P{walLy}, Scr11red1e1/TM3,Sb1, Scr13e1/TM3, Sb1, y w; FRT82B
Scr13A Ubx1e/TM6B, P{walLy}, y w; kniri-1Scr14e1/TM6B, Tb1,
P{walLy}, y w; kni ri-1 Scr15 e1/TM6B, Tb1, P{walLy}, kni ri-1Scr16 e1/
TM3, Sb1, Scr17/TM6B, Tb1, w; Ki pb34pp/TM6B, Tb1, y w; Ki pb34pp/
TM6B, Tb1, P{walLy}, y w (Lewis et al. 1980b; Struhl 1982;
Lindsley and Zimm 1992; Percival-Smith et al. 1997).

To sequence the DNA of Scr alleles, two approaches were
used to collect material for DNA extraction. For null Scr al-
leles, embryos were collected on apple juice plates and allowed
to develop to the first instar larval stage. DNA was extracted
from unhatched eggs containing larvae with deformed mouth
skeletons characteristic of homozygous Scr null mutants
(Pattatucci et al. 1991). For viable alleles, DNA was extracted
from imagos hemizygous for the Scr allele and a complete
deletion of the Scr locus (pb34). The one exception was Scr1

where DNA was extracted from heterozygous imagos. Coding
region DNA from exon 2 and exon 3 was amplified for all
alleles and sequenced at the Robarts DNA Sequencing Facility
(London, Ontario, Canada). The sequence of the 39- and 59-
untranslated regions of Scr5, Scr7, and Scr8 was also determined.
See supporting information for the primers used (Table S1).

Phenotypic characterization of viable Scr mutants: Imagos
of the genotype Scr x/Scr1, Scr x/pb34, Scr x/Scr14, and Scr x/Scr13A

were collected. Either these imagos were critical point dried
and the heads and prothoracic legs mounted for scanning
electron microscopy or the first legs were pulled off and
suspended in Hoyer’s mountant to count the number of sex
comb bristles under bright field optics (Wieschaus and
Nusslein-Volhard 1986). To count the number of salivary
gland cells, salivary glands were dissected from non-Tubby
third instar larvae with the genotypes Scr x/pb34, Scr x/Scr14, and
Scr x/Scr13A. The glands were fixed and the DNA of the salivary
gland nuclei was visualized with DAPI. For analysis of cold-
sensitive phenotypes Drosophila were reared at 18� and 23�.

Analysis of Scr larval cuticles: First instar larvae were
collected from apple juice plates, dechorionated, devitelli-
nized, and mounted in 50% Hoyer’s mountant/50% lactic
acid (Wieschaus and Nusslein-Volhard 1986).

Quantitative real-time PCR: Total RNA was extracted from
three independent samples of 0- to 14-hr Scr x/pb34 pupae.
cDNA was made using Superscript II reverse transcriptase
(Invitrogen) and Oligo d(T)15 primers (Invitrogen). To
determine transcript levels, real-time PCR was performed in
the Corbett Rotor-Gene 3000 real-time cycler using SYBR
green detection (Bustin 2000; Karsai et al. 2002) and was
analyzed using Rotor-Gene Analysis software 6.0 (Corbett).
See supporting information for primer sequences (Table S2).

Western blot analysis: Protein was extracted from three
independent samples of 0- to 14-hr Scr x/pb34 pupae. SCR was
detected on the Western analysis with a mouse monoclonal
SCR antibody (Glicksman and Brower 1988), diluted 1:5.
The antibody–antigen complex was detected with an anti-
mouse HRP conjugated secondary antibody (Sigma) and the
SuperSignal West Femto Chemiluminescent kit (Pierce). An
image was collected on a Fluorchem 8900 gel documentation
system (Alpha Innotech) and quantified using the AlphaEase
Fluorchem Software (v.4.0.1).

Mosaic analysis: Clones of Scr1 and Scr13A tissue were
generated using FLP-mediated mitotic recombination, and
were identified by the Sb1 M1 y phenotype (Xu and Rubin

1993; Percival-Smith et al. 1997). Images were acquired using
a scanning electron microscope.

Statistical analyses: All data were statistically analyzed using
SPSS v.16.0. Analyses of SCR transcript levels were performed
with a one-way analysis of variance (ANOVA), and data for
cold-sensitive alleles were analyzed using two-way ANOVAs.
Transcript and cold-sensitive sex comb bristle data were log10

transformed before analysis to meet the requirements of
homoscedasticity and normality (Zar 1999). If significant
differences were detected with an ANOVA, multiple pairwise
comparisons were made using a Tukey test. Analyses of SCR
protein levels were performed using a Kruskal–Wallace test; if
a significant interaction was found, multiple pairwise compar-
isons were made using a Dunnett T3. All data for the number
of rows of pseudotrachea were analyzed using Kruskal–Wallace
tests. All salivary gland data were analyzed using one-way
ANOVAs, with the exception of Scr x/Scr13A data, which were
analyzed using a Kruskal–Wallace test. All sex comb bristle data
were analyzed using Kruskal–Wallace tests, with the exception
of Scr x/Scr1 data, which were analyzed using a one-way
ANOVA.

RESULTS

DNA sequence of Scr mutant alleles: Identifying
mutational changes within the coding region of a gene
reveals important functional domains of a protein. The
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Scr locus in Drosophila is represented by 15 alleles that
are not associated with a cytological change (Lewis et al.
1980b; Struhl 1982; Lindsley and Zimm 1992). These
Scr mutant alleles were sequenced, and a number of
DNA sequence changes were observed and placed into
two groups: polymorphisms or mutations (Table 1). The
six sequence changes, T15 / C, A171 / G, C180 / T,
A345 / G, C747 / T, and A933 / G, resulted in silent
mutations that occurred in more than one indepen-
dently isolated Scr allele and are presumed to be natu-
ral polymorphisms. These six polymorphisms occur
frequently, with at least two present in every Scr allele
sequenced. The Scr mutant alleles were isolated in
many independent mutational screens that used isogenic
third chromosomes; therefore, it was expected that the
pattern of polymorphisms should group according to
the screen in which the alleles were isolated. This
pattern is observed for alleles Scr2 and Scr3, alleles Scr6

and Scr7, and alleles Scr13, Scr14, and Scr16; however, many
alleles do not follow this expected pattern. For example,
Scr4 was isolated in the same screen as Scr5 but has a
different pattern of polymorphisms (Lewis et al. 1980).
Mutant changes were identified as missense, nonsense,
or small deletion mutations unique to each sequenced
allele (with the exception of alleles Scr5 and Scr8, and
alleles Scr13 and Scr16). The alleles sequenced in this
study fall into two broad phenotypic categories: lethal
and viable alleles. The following detailed phenotypic
analysis of these alleles has shown that the Scr locus is
represented by null (amorphic), hypomorphic, and
antimorphic mutant alleles (Muller 1932).

Null alleles: Six of seven null alleles were nonsense
mutations, and one was an intragenic deletion muta-
tion. Scr17 was a 3.4-kb deletion that removed the 39

portion of the second exon, a splice site, and a portion
of the second intron. Scr17 has the potential to encode a
truncated protein of 242 amino acids (Figure 1A). Scr2,
Scr4, Scr11, Scr13A, and Scr16 were all nonsense mutations
that would result in the truncation of the SCR protein
and loss of conserved SCR protein domains (Figure 1A).
Although the loss of these conserved domains may
explain the null nature of the alleles, nonsense muta-
tions also affect the stability of the transcripts, resulting
in degradation via nonsense-mediated RNA decay (NMD)
(Hentze and Kulozik 1999; Alonso and Akam 2003).
The signal that triggers NMD is a premature termina-
tion codon followed by an intron (Hentze and Kulozik

1999). All Scr nonsense alleles, with the exception of
Scr11, met this requirement of NMD; therefore, if NMD
were a factor, it was expected that SCR11 alone would be
detected in a Western analysis of protein extracted from
progeny embryos of heterozygous flies, in a 1:1 ratio
with SCRWT protein. However, truncated SCR11, SCR13A,
SCR16, and SCR4 proteins were also detected (Figure
1C). This indicates that SCR is not degraded via NMD;
therefore, the phenotype observed in Scr nonsense
mutants is caused by the deletion of important func-

tional domains from SCR. SCR2 was not detected in the
Western analysis and we propose that the epitope for the
SCR monoclonal antibody used is missing from SCR2

(Glicksman and Brower 1988). Larval cuticles of Scr11

and Scr2 mutants were compared to determine if there
were differences in the phenotypes. Scr11 encodes the
longest truncated SCR peptide with a Trp371 to stop
codon in the third a-helix of the HD. Scr2 encodes the
shortest truncated SCR peptide only encoding a protein
containing the octapeptide and part of the DYTQL
sequence. No significant difference between the larval
cuticle phenotypes of Scr11 and Scr2 mutants were ob-
served, suggesting that deletion of the last 13 residues of
the DNA recognition helix of the HD and the CTD
results in a Scr null phenotype (Figure 1B; Table S3).

Scr1 a lethal hypomorph: The embryonic lethal Scr1

allele was a missense mutation in a codon of the SCR HD
that alters Glu365 to Lys (Figure 2A). Analysis of the
affect of the HD missense mutation on the phenotype of
marked Scr1/Scr1 embryonic cuticle revealed that this
mutation was hypomorphic. In comparison to the cuti-
cle of a homozygous null Scr13A mutant, the larval head
structures of Scr1 mutants were not deformed and the T1
beard was not significantly reduced when compared to
wild type (P ¼ 0.8; Table S3). Hypomorphy of the HD
change was also detected in the adult proboscis. Scr1/
Scr1 clones of cells in the proboscis showed a weak
proboscis to maxillary palp transformation, but pseudo-
trachea still formed while Scr13A/Scr13A clones in the
proboscis were completely transformed toward maxil-
lary palp identity (Figure 2B; Struhl 1982).

Viable alleles: Six of the sequenced viable alleles
contained missense mutations, and one allele had a
small protein deletion mutation (Table 1). Two alleles
resulted in changes in motifs conserved across evolution
and found in all SCR homologs, the YPWM (Scr3) and
octapeptide (Scr14) motifs. Two alleles resulted in changes
in insect-specific regions of SCR, the DYTQL (Scr15)
motif, and the CTD (Scr6). Two alleles resulted in the
same change in a nonconserved region of SCR (Scr5 and
Scr8) and one allele (Scr7) had no changes in the coding
region of Scr.

To determine whether the sequence changes identi-
fied in the SCR protein were uniformly or differentially
pleiotropic, detailed and quantitative analyses of the
phenotype of the viable alleles were performed. For
these analyses, the phenotype was assessed in imagos or
larvae hemizygous for the Scr allele and a deletion that
encompassed the Scr and pb loci (pb34). The three phe-
notypes assayed were the number of sex comb bristles
that developed on the prothoracic legs of males, the
number of rows of pseudotracheae that developed in
the proboscis, and the number of cells per salivary gland
(Figure 3; Table 2). Haplo-insufficiency of the Scr wild-
type allele was observed for the number of sex comb
bristles, which decreased from 9.5 to 6.3 (P , 0.001).
Haplo-insufficiency of the Scr wild-type allele was not
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observed for the number of larval salivary gland nuclei
that formed: on average 121.1 nuclei formed
in homozygous wild-type larvae, whereas 117.7 nuclei
formed in larvae heterozygous for pb34. Although nei-
ther Scr (Table 2) nor pb (data not shown) are haplo-
insufficient for formation of pseudotracheal rows, the
deletion of both loci, in pb34 does result in a significant
reduction of the number of rows relative to wild type
(P , 0.001).

In addition to the phenotypic analysis, pupal SCR
transcript and SCR protein levels were determined for

the viable Scr alleles. The levels of mutant mRNA were
not significantly different from wild type, with the ex-
ception of a significant increase in transcript levels in
Scr6 (P¼ 0.02) and Scr14 (P¼ 0.01; Figure 4A). However,
these differences were not translated into increased
levels of SCR6 and SCR14 protein expression. All mutant
protein accumulated to similar levels (P ¼ 0.07), with
the exception of SCR15 (Figure 4B). SCR15 is a small
protein deletion not detected on a Western. This is most
likely because the epitope for the anti-SCR 6H4.1-s anti-
body (Glicksman and Brower 1988) is in the region

Figure 1.—Structure, activity, and expression
of the polypeptides encoded by Scr null alleles.
(A) The colored boxes indicate conserved
regions of SCR. Regions conserved in all SCR
homologs are the octapeptide motif (purple),
the YPWM motif (green), and the homeodomain
(HD, cyan). The insect-specific conserved motifs
are the DYTQL motif (blue) and the carboxyl ter-
minal domain (CTD, yellow). Scr17 contains an in-
tragenic deletion and the predicted protein
contains novel amino acids (orange). Expected
molecular weights (kiloDaltons) of each protein
are indicated in parentheses beside each peptide.
(B) Phase contrast micrographs of first instar lar-
val cuticles of wild-type, Scr2 and Scr11 mutants. In
both Scr mutants, the head is severely disrupted
and the number of rows of T1 beard denticles
is reduced. T1 beards are indicated with an ar-
rowhead. (C) Western analysis of the expression
of truncated protein from Scr nonsense alleles.
Proteins were resolved on (i) 10%, (ii) 13%,
and (iii) 11% SDS-polyacrylamide gels. Above
the Western blot a conceptual translation of
SCR mRNA is shown where the dotted line indi-
cates the junction between exons 2 and 3. Protein
was extracted from 3-to 10-hr embryos laid by
wild-type and heterozygous stocks. The arrow in-
dicates the protein expressed from the wild-type
Scr locus, and arrowheads indicate the truncated
protein products. The relative molecular mass
(kiloDaltons) of the SCR peptides is indicated be-
side the arrows and arrowheads.
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that is either missing or disrupted by the SCR15 deletion,
and interestingly this region was also affected in the
SCR2 truncated protein (Figure 1A). The b-galactosidase-
SCR fusion protein used to generate the monoclonal
antibody started at amino acid 79 of the SCR protein;
therefore, the epitope must be between amino acids 79
and 130 (SCR4), which is the region affected in both
SCR15 and SCR2 (Riley et al. 1987; Glicksman and
Brower 1988). Since no significant differences in
protein levels were observed, the mutant phenotypes
observed are most likely due to a decrease in protein
activity, with the exception of SCR7.

Multiple differential pleiotropy: The sequence anal-
ysis of the viable alleles identified protein changes
in four of the five conserved sequences of SCR, the
exception being the homeodomain. To analyze the
pleiotropy of the Scr alleles, we ranked the alleles from
weakest to strongest Scr phenotype in each of the three
tissues examined. If each region of SCR is uniformly
required in all tissues, the same allelic series would be
expected for each tissue; however, this was not observed
(Table 2). The rank order for the number of salivary
gland nuclei was Scr1/�¼ Scr7¼ Scr14¼ Scr8¼ Scr5¼ Scr6 $

Scr15¼ Scr3; for the number of sex comb bristles the rank
order was Scr14¼ Scr1/�. Scr7 . Scr3¼ Scr6 . Scr15¼ Scr8¼
Scr5; and for the number of pseudotracheal rows, the
order was Scr1/�¼ Scr14 $ Scr6¼ Scr7 . Scr8 . Scr15¼ Scr5¼
Scr3. However, the order for the number of pseudotra-
cheal rows changed when two doses of the pb locus was
present to Scr1/�¼ Scr6¼ Scr15 $ Scr7 . Scr14 . Scr8 . Scr5¼
Scr3. The rank order varied in the tissues examined, and
particularly important (indicated in boldface type) was
the placement within the order of changes in the
DYTQL motif (Scr15), YPWM motif (Scr3), octapeptide
(Scr14), and CTD (Scr6), demonstrating a clear differen-
tial requirement for the DYTQL and YPWM motifs in the

tissues. In addition, the order of the alleles for the
number of pseudotracheal rows changed when either
one or two pb loci were present; this change is not
observed for the number of sex comb bristles (Table 3)
or the number of salivary gland nuclei (Table 4). The
most interesting shift was that of Scr15 and Scr6. When two
pb loci were present both Scr6 and Scr15 exhibited a
phenotype not significantly different from wild type
(both P ¼ 1.0); however, in the presence of a single pb
locus both Scr alleles had significantly less pseudotra-
chea than wild type (both P , 0.001). The number of
pseudotracheal rows observed with Scr5 and Scr8 were
not significantly affected by changes in the dose of pb
(P¼ 0.1 and P¼1.0, respectively). Scr3 showed a slight yet
significant decrease in the number of pseudotracheal
rows by the loss of one copy of pb (P¼ 0.02), whereas, Scr6

and Scr15 showed a stronger significant decrease from a
wild-type number of pseudotracheal rows (both P ,

0.001). This suggests that changes in the DYTQL motif
(Scr15) and the CTD (Scr6) are sensitive to changes in pb
dose and that these domains may mediate an interaction
with PB required for proboscis formation.

Scr14 an antimorphic allele: Phenotypic analysis of
Scr14/pb34 flies and larvae suggested that Scr14 produces
the same amount of SCR activity as an Scr1 allele (Table
2). To address the question of how Scr14 was identified in
the screens for Scr mutants, the sex comb bristles of all
viable alleles over the Scr1 allele were counted (Table 3).
The viable alleles Scr3, Scr5, Scr6, Scr7, Scr8, and Scr15

resulted in a number of sex comb bristles that was
between that observed with two Scr1 alleles and one Scr1

allele. The relative order of severity in reduction of sex
comb bristle number in this heterozygous situation is
the same as observed when these alleles are over pb34.
However, Scr14, rather than resulting in no reduction in
the number of sex comb bristles as might be expected

Figure 2.—Scr1 is a lethal hypomorphic al-
lele. (A) At the top is the primary structure of
SCR1 showing the position of the Scr1 mis-
sense change; the color scheme for the
SCR domains is the same as used in Figure
1. Below is the 3-D structure of the SCR
HD–EXD complex bound to the fkh en-
hancer(Joshietal.2007)withEXDremoved,
leaving the SCR-HD and fkh enhancer, and
glutamic acid 365 of SCR is highlighted in
yellow in Cn3D 4.1 (NCBI). (B) The larval
and adult phenotype of Scr1 and Scr13A. a, c,
and e are first instar larval cuticle of wild type,
Scr1 and Scr13A mutants, respectively. The
arrowheads indicate the T1 beards. b is a
wild-type labial palp. d and f are labial palps
with clones of Scr1 and Scr13A cells. The arrows
indicate non-Stubble, non-Minute maxillary
palp bristles. The asterisks indicate normal
maxillary palps and the squares highlight
probocis toward maxillary palp transforma-
tions. Pseudotrachea still form in Scr1 clones
but not in Scr13A clones.
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from the data in Table 2, resulted in the strongest
reduction of sex comb bristles of all viable alleles.
Indeed, there was no significant difference in the
number of sex comb bristles between Scr1/pb34, Scr14/
pb34, and Scr14/Scr1 (P¼ 1.0). These results suggested the
possibility that Scr14 was an antimorphic allele that alone
encoded a fully active protein, but which in combina-
tion with SCR protein resulted in a 50% reduction
of total SCR activity. To explain the 50% reduction in
total SCR activity, we proposed that at least two SCR
molecules were required in a protein complex for the

complex to have SCR activity, and that in a Scr14/Scr1

heterozygote the 50% of complexes that contained
SCR1 and SCR14 were inactive but the 50% of complexes
containing either SCR1 or SCR14 were active. To gain
greater insight into the interaction of SCR14 with SCR,
the phenotypes of Scr14 over all nonsense, hypomorphic
lethal, and viable alleles were assessed (Table 3).

Scr14 interactions with Scr alleles: The initial rationale
for crossing all viable and nonsense alleles to Scr14 was to
determine whether the protein products of the viable
and nonsense alleles would interact with SCR14 and
further reduce SCR activity such that ,6.3 sex comb
bristles, fewer than six pseudotrachael rows, and ,110
salivary gland nuclei formed. The reduction was ex-
pected for an interaction because the 25% of SCR14

homocomplexes would be fully active but the 25% of
homocomplexes that contain just the mutant polypep-
tides would be either inactive or partially active. As with
the SCR1 protein, all complexes containing SCR14 and
the SCR mutant protein would be inactive. All nonsense
alleles in combination with Scr14 resulted in a reduction
in the number of sex combs from 6.3 to an average of
2.2 (Table 3, in italics), and a reduction in the number
of pseudotracheal rows from six to an average of 4.1
(Table 5), but no reduction in the number of salivary
gland nuclei was observed (Table 4). In one sense these
reductions suggest that the nonsense alleles are anti-
morphic to the Scr14 antimorphic allele. This ability to
interact with Scr14 mapped to the first 112 amino acids of
SCR encoded by Scr2. The lethal hypomorphic allele
Scr1, the missense change in the HD, also reduced the
number of sex comb bristles that formed. The viable
alleles Scr3, Scr5, Scr8, and Scr15 in combination with Scr14

also significantly reduced the number of sex comb
bristles that form below 6.3. Scr15 is particularly impor-
tant because the encoded product is a deletion of T83–
P117, suggesting that the first 82 amino acids of SCR
contain a motif important for an interaction with Scr14.
The combination of the viable alleles Scr3, Scr5, Scr8, and
Scr15with Scr14 all resulted in a reduction of sex comb
bristle number consistent with the level of SCR activity
exhibited by these alleles over pb34 (Table 3). Scr6 and Scr7

do not result in a significant reduction of sex comb
bristle formation (P ¼ 0.8 and P ¼ 0.06, respectively;
Table 3 in boldface type). Finally we tested whether a
null and the viable alleles would interact with one
another as is observed with Scr14. The number of sex
comb bristles of all viable alleles over pb34 was not
significantly different from the number of sex comb
bristles of the viable alleles over the nonsense allele
Scr13A (Table 3); therefore, the intragenic interaction is
specific to Scr14.

In summary, nonsense and viable alleles interact with
the antimorphic Scr14 allele, and this intragenic inter-
action was specific to the Scr14 allele. The intragenic
interaction between Scr alleles and Scr14 was observed
for adult sex comb and pseudotracheae formation, but

Figure 3.—The adult phenotypes in the proboscis and pro-
thoracic leg of viable Scr alleles. (A) The structure of the SCR
proteins encoded by the Scr alleles; the color scheme for the
SCR domains is the same as used in Figure 1. Scr3, Scr6, Scr14,
and Scr15 have amino acid sequence changes in the YPWM mo-
tif, CTD, octapeptide motif, and DYTQL motif, respectively.
Scr5 and Scr8 have the same change in a nonconserved region
of SCR, and Scr7 is wild type. (B) Scanning electron micro-
graphs of the adult labial palps of Scr x/pb34 mutants. (C) Scan-
ning election micrographs of the fifth tarsal segment of the
adult prothoracic leg of Scr x/pb34 mutants. The arrowheads in-
dicate the position of the sex combs.
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not for larval salivary gland formation. The hypomor-
phic allele Scr6 showed no intragenic interaction.

Cold-sensitive alleles Scr6 was previously character-
ized as a cold-sensitive allele on the basis of increased
lethality at 18� relative to 25� (Pattatucci et al. 1991).
Examination of the phenotypes of the proboscis and
prothoracic legs at 18� and 23� revealed a significant
decrease in the number of rows of pseudotrachea (P ¼
0.01) and number of sex comb bristles (P , 0.001) that
developed in Scr6 mutants at 18� (Table 6). At 18�, Scr6/
Scr14 does not significantly reduce the number of sex
combs relative to Scr14/Scr1. Therefore, at both 18� and
23� Scr6 does not interact with Scr14.

Scr5 and Scr8 had the same missense DNA change that
results in an Ala288 to Thr protein change. These two
alleles were isolated in different mutational screens
(Lindsley and Zimm 1992) and have very distinct
patterns of polymorphisms suggesting that these alleles
were independently isolated (Table 1). Scr5 and Scr8

mutants both have a wild-type number of salivary gland
cells and no sex comb bristles at 23�; however, despite
having the same change these two alleles exhibit distinct
phenotypes: Scr5 mutants had an average of 2.6 rows of
pseudotrachea and Scr8 mutants had 3.6 rows, which are
both significantly different from wild type (P , 0.001)
and significantly different from one another (P¼ 0.01).
Also, Scr8 mutants were cold sensitive and Scr5 mutants
were not (Table 6). It has been suggested that the
translation of SCR mRNA is regulated (Mahaffey and
Kaufman 1987); therefore, to test the possibility that
translation of SCR8 mRNA may be cold sensitive, the 59

and 39 noncoding regions of Scr5 and Scr8 were se-
quenced but no differences were found between the
alleles (data not shown).

DISCUSSION

Scr14 a missense allele in the octapeptide: Scr14 is a
Ser10-to-Leu change in the octapeptide motif of SCR.

The octapeptide motif is found in all SCR homologs,
and for SCR and murine HOXA5 the octapeptide is
required for the formation of ectopic salivary glands
in Drosophila (Zhao et al. 1996; Tour et al. 2005). A
submotif of the octapeptide, SSYF, is found in the
Drosophila HOX proteins Labial, ANTP, Deformed,
and UBX, which in the case of UBX is important for
function (Tour et al. 2005). Therefore, it was surprising
that the Scr14 change of a Ser10 to Leu of the most
conserved residue of the octapeptide submotif had little
affect on the number of sex comb bristles, pseudotra-
cheal rows, and salivary gland nuclei when hemizygous
over a Df. The only strong phenotype was a reduction of
the number of sex comb bristles when heterozygous.
This suggests that Scr14 is an antimorphic allele, and we
propose that SCR14 forms inactive heterocomplexes
with SCR1 resulting in a 50% reduction of total SCR
activity. This model of inhibition of SCR at the protein
level is favored over a mechanism of pairing-dependent
repression because all null and hypomorphic alleles
that interact with the Scr14 allele are DNA sequence
changes that would result in an altered protein product
(Southworth and Kennison 2002). These alleles that
interact with Scr14 encode proteins that result in a
further reduction of total SCR activity. These alleles
produce inactive or partially active SCR proteins that
interact and inactivate SCR14. In the case of nonsense
alleles, the only active complex left is that containing
two SCR14 molecules (25%). This ability to interact with
SCR14 maps to the first 82 amino acids of SCR, and the
only conserved domain in this region of SCR is the
octapeptide motif. However, two alleles Scr6 and Scr7 did
not interact genetically with Scr14.

Scr7 an allele with no changes in the coding region:
Scr7 mutants had reductions in the number of sex comb
bristles, reductions in the number of rows of pseudo-
trachea, but no reductions in the number of salivary
gland cells. Transcript and protein levels in this mutant
do not differ significantly from wild type. The Scr7

TABLE 2

Affect of sequence changes in viable hypomorphic Scr alleles on the phenotypes of the proboscis,
prothoracic leg, and salivary glands (6 SEM)

Mean no. of Sex
comb bristles, /pb34

Mean no. nuclei per
salivary gland, /pb34

Mean rows of pseudotrachea

Allele /pb34 /Scr13A

Scr1/Scr1 9.5 6 0.2 (a) 121.1 6 2.2 (a) 6.0 6 0.0 (a) 6.0 6 0.0 (a)
Scr1 6.3 6 0.2 (b) 117.7 6 3.9 (a) 5.3 6 0.1 (b) 6.0 6 0.0 (a)
Scr3 2.4 6 0.2 (d) 82.6 6 2.2 (c) 2.2 6 0.2 (e) 3.1 6 0.1 (e)
Scr5 0.0 6 0.0 (e) 110.7 6 3.1 (a) 2.6 6 0.2 (e) 3.3 6 0.1 (e)
Scr6 2.3 6 0.2 (d) 105.6 6 3.9 (a, b) 4.4 6 0.1 (c) 5.9 6 0.1 (a, b)
Scr7 3.5 6 0.2 (c) 115.8 6 4.1 (a) 4.3 6 0.1 (c) 5.6 6 0.1 (b)
Scr8 0.0 6 0.0 (e) 114.2 6 4.1 (a) 3.6 6 0.1 (d) 3.9 6 0.1 (d)
Scr14 7.0 6 0.3 (b) 114.8 6 3.2 (a) 5.4 6 0.3 (a, b, c) 4.8 6 0.2 (c)
Scr15 0.4 6 0.2 (e) 93.4 6 2.6 (b, c) 2.6 6 0.2 (e) 5.8 6 0.1 (a, b)

Data in the same column with the same letters are not significantly different (P , 0.05).
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phenotype may be caused by a subtle change in the
pattern of SCR expression at the pupal stage. Therefore,
it is possible that this allele may be a regulatory mutant.
If Scr7 is a regulatory mutant, it is expected to show a
weak genetic interaction with Scr14 because varying the
ratio of SCR1 to SCR14 below 1 results in a theoretical
maximum loss of 17.5% of total SCR activity (about one
sex comb bristle) when at a ratio of 0.5 [number of
active complexes ¼ (1/2 � (proportion of SCR1)(pro-
portion of SCR14))total SCR]. This weak effect is due to
less inactive SCR14 SCR complexes forming as the
expression of SCR decreases.

Scr6 two missense changes in the CTD: The cold-
sensitive Scr6 allele has two missense mutations in the

conserved CTD of SCR, both these missense mutations
result in amino acid changes of highly conserved amino
acids of the CTD (Curtis et al. 2001). The lack of an
intragenic interaction between Scr6 and Scr14 suggests
that SCR6 does not interact with SCR14 to form an
inactive complex. The inability of SCR6 to interact with
SCR14 is not due to a lack of CTD function because all
proteins expressed from a nonsense allele lack the CTD
but are still able to interact with SCR14. We propose that
normally the CTD domain has a role in negative
regulation of SCR activity by binding the octapeptide,
and that the Scr6 missense mutations result in the
expression of a protein that is hyperactive for a CTD
function of binding and masking the octapeptide. This
explains why SCR6 has less activity than SCR; the
octapeptide is not available for complex formation. In
addition, in SCR6 the octapepide is not available to
interact with SCR14. The proposed intramolecular in-
teraction of the octapeptide with the CTD in SCR6

would be temperature sensitive, rendering SCR6 activity
cold sensitive.

A possible mechanism of Scr14 antimorphy: Many
models can be proposed for the inactivity of the SCR14

SCR protein complex. But most of these models have
difficulty explaining why the genetic interactions of
null and hypomorphic alleles are specific to Scr14. One
example is an incompatibility model where SCR14 and
SCR form an inactive complex because the transcription
machinery may not recognize the conformation that the
heterotypic octapeptides adopt. In this model and
others like it, it is assumed that SCR14 and SCR interact
with the same affinity as that between two SCR or two
SCR14 molecules. Therefore, complexes would form
between the products of nonsense alleles and hypomor-
phic alleles, and because these complexes only have one
HD they would be expected to be less active or inactive.
This is not observed because the phenotype of a hypo-
morphic allele over a deletion is the same as that over a
null nonsense allele.

Our favored model is a locked complex model, which
to understand first requires presentation of a specula-
tive model for SCR activity. We conjecture that there is a
dynamic equilibrium between four forms of SCR during
adult sex comb and pseudotrachea formation (Figure
5). Three interactions of the octapeptide mediate the
dynamic equilibrium: the octapepide interacting with
a component(s) of the transcription machinery, the
octapeptide interacting with another octapeptide motif
to mediate complex formation of SCR, and the octa-
peptide interacting intramolecularly with the CTD. In
two of the forms SCR is a monomer, and as a monomer
SCR is in dynamic equilibrium with a form where the
octapeptide is exposed for complex formation with
another SCR molecule and a form where the octapep-
tide interacts with the CTD and is not available for
complex formation. The two SCR protein complexes
bound to DNA are in dynamic equilibrium between a

Figure 4.—Pupal transcript and protein expression from
viable Scr alleles. (A) Real-time PCR quantification of SCR
transcript levels in Scr x/pb34 pupae. SCR transcript levels were
normalized to the level of Ribosomal protein-49 (RP49) and are
expressed as a ratio of SCR to RP49 in the graph. Standard
error of the mean (SEM) is indicated for all measurements
and the letters indicate statistical significance. A significant in-
crease was observed in SCR6 and SCR14 transcript levels relative
to wild type. (B) Protein expression levels in Scr x/pb34 pupae,
quantified from Western blots. The mouse monoclonal anti-
SCR 6H4.1-s antibody (Glicksman and Brower 1988) detects,
in addition to SCR, some nonspecific proteins and one of
these nonspecific bands was used as a loading control. Protein
levels are expressed as a ratio of SCR to loading control (SCR/
Ref). No significant differences were detected for protein ex-
pression levels. (C) Western blot showing expression of SCR
from viable alleles. SCR15 is a small protein deletion and a
band migrating with SCR1 is not present. In addition, no
smaller band corresponding to SCR15 was detected.
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complex held together by an interaction between two
octapeptides, and a complex held together by an in-
direct interaction of the two octapeptides mediated by
a component(s) of the transcriptional machinery. SCR
is only active when it is interacting with the transcrip-
tional machinery.

In the locked complex model, the SCR14 SCR com-
plex is inactive because the two octapeptides are unable
to dissociate and interact with the transcriptional ma-
chinery and unable to dissociate to form monomers;
dynamic equilibrium is lost. The locked complex model
also explains why the genetic interactions are specific to
Scr14. An interaction between nonsense null alleles and
viable alleles is not observed, because all these alleles
have a wild-type octapeptide sequence that is in dynamic
equilibrium. The complexes that form between a
truncated SCR protein and an SCR molecule encoded
by a viable allele are transient, falling apart rapidly, and
with the additional interaction between SCR protein
complex and DNA, the formation of partially active
complexes of the SCR proteins expressed from viable
alleles is favored. Our model, based on interpretation of
genetic evidence, will require biochemical tests of the
interaction of the octapeptide with itself and the CTD
and of the formation of a locked complex between SCR
and SCR14.

Scr3 a missense mutation in the YPWM motif: Scr3

encodes a protein in which Pro306 is changed to Leu,
altering the sequence of the YPWM motif to YLWM. The
effect of this change was the most severe of all the viable
hypomorphic alleles on the number of pseudotracheal
rows and salivary gland cells. The Scr3 allele had a weaker
affect on the prothoracic leg identity. The YPWM motif
is a highly conserved motif found in all HOX proteins,

and is a binding site for two proteins: Extradenticle
(EXD) and Bric-à-Brac Interacting Protein 2 (BIP2)
(Joshi et al. 2007; Prince et al. 2008). The results are
difficult to explain solely as a loss of EXD binding to SCR
because although SCR and EXD are essential for salivary
gland formation (Ryoo and Mann 1999), EXD is not
required for sex comb and pseudotrachea formation
(Percival-Smith and Hayden 1998).

The YPWM motif of SCR makes a protein–protein
interaction with the hydrophobic pocket of the EXD
HD (Joshi et al. 2007); therefore, a mutation in the

TABLE 4

Mean number of pseudotracheal rows
(6 SEM) for Scr mutants

Allele Class /Scr14

Scr1 6.0 6 0.0 (a)
Scr3 Hypo 5.9 6 0.1 (a)
Scr5 Hypo 6.0 6 0.0 (a)
Scr6 Hypo 6.0 6 0.0 (a)
Scr7 Hypo 6.0 6 0.0 (a)
Scr8 Hypo 6.0 6 0.1 (a)
Scr15 Hypo 5.8 6 0.1 (a)
Scr2 Null 3.3 6 0.1 (e)
Scr4 Null 3.6 6 0.1 (d, e)
Scr13 Null 4.0 6 0.1 (c, d, e)
Scr13A Null 4.8 6 0.2 (b)
Scr11 Null 5.1 6 0.1 (b)
Scr16 Null 4.0 6 0.3 (b, d, e)
Scr17 Null 4.0 6 0.1 (c, d)
pb34 Df 5.4 6 0.3 (a, b, c)

Data in the same column with the same letters are not sig-
nificantly different (P , 0.05).

TABLE 3

Mean number of sex comb bristles on prothoracic legs of males (6 SEM)

Allele Class /Scr1 /Scr14 /pb34 /Scr13A

Scr1 9.5 6 0.2 (a) 6.9 6 0.2 (a) 6.3 6 0.2 (a) 6.3 6 0.1 (a)
Scr3 Hypo 8.4 6 0.2 (b) 4.7 6 0.1 (b) 2.4 6 0.2 (c) 2.2 6 0.1 (c)
Scr5 Hypo 7.4 6 0.2 (c, d) 4.4 6 0.1 (b) 0.0 6 0.0 (d) 0.0 6 0.0 (d)
Scr6 Hypo 8.9 6 0.3 (a, b) 6.3 6 0.2 (a) 2.3 6 0.2 (c) 2.0 6 0.2 (c)
Scr7 Hypo 9.4 6 0.2 (a) 6.0 6 0.1 (a) 3.5 6 0.2 (b) 3.5 6 0.1 (b)
Scr8 Hypo 7.9 6 0.2 (b, c) 4.3 6 0.1 (b) 0.0 6 0.0 (d) 0.0 6 0.0 (d)
Scr14 Antimorph 6.9 6 0.2 (d, e) — 7.0 6 0.3 (a) 2.6 6 0.1 (c)
Scr15 Hypo 8.4 6 0.2 (b) 4.5 6 0.2 (b) 0.4 6 0.2 (d) 0.5 6 0.2 (d)
Scr1 Lethal-hypo 6.9 6 0.1 (d, e) 3.3 6 0.1 (c)
Scr2 Null 6.5 6 0.1 (e, f) 2.8 6 0.1 (c, d)
Scr4 Null 5.9 6 0.1 (f) 2.4 6 0.1 (d)
Scr11 Null 6.3 6 0.2 (e, f) 1.5 6 0.3 (d, e)
Scr13 Null 6.5 6 0.1 (e, f) 2.6 6 0.3 (c, d)
Scr13A Null 6.3 6 0.1 (e, f) 2.6 6 0.1 (c, d)
Scr16 Null 5.9 6 0.1 (f) 1.9 6 0.3 (c, d, e)
Scr17 Null 6.3 6 0.1 (e, f) 1.4 6 0.2 (e)
pb34 Df 6.3 6 0.2 (e, f) 7.0 6 0.3 (a)

Data in the same column with the same letters are not significantly different (P , 0.05).
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YPWM motif may be expected to result in no salivary
gland formation. Indeed, deleting the YPWM motif of
the mammalian homolog, HOXA5, results in an in-
ability to induce ectopic Forkhead (FKH) expression
(Zhao et al. 1996); however, this deletion of 16 amino
acids includes a His residue important for minor groove
interactions by SCR and EXD with the fhk enhancer
element ( Joshi et al. 2007). A potential explanation for
the weak reduction of the salivary gland is that the Pro
residue of the YPWM motif is not essential for binding to
EXD. In fact, in the Apis mellifera SCR homolog, the
YPWM motif is YSWM. Also, the YPWM motif is YKWM
and HEWT in the Drosophila HOX proteins Labial and
Abdominal-B, respectively. The structure of the verte-
brate HOX-EXD (HoxB1, PBX1) homologous hetero-
dimer was solved with a FDWM sequence (Piper et al.
1999). Therefore, the Pro306-to-Leu change may not
completely inactivate the YPWM motif.

An explanation for the observation that EXD is not
required for pseudotracheae or sex comb development
is that the YPWM of SCR interacts with a protein other
than EXD. The YPWM motif of ANTP binds BIP2
(Prince et al. 2008). BIP2 is a TATA binding protein-
associated factor, associated with the basal transcrip-
tional machinery, that when coectopically expressed
with ANTP promotes the formation of ectopic wing
tissue in Drosophila (Gangloff et al. 2001; Prince et al.
2008). Since BIP2 is expressed widely throughout all of
the imaginal discs of third instar larvae (Gangloff et al.
2001), there is a strong possibility that BIP2 may interact
with the YPWM motifs of other HOX proteins such as
SCR. If BIP2 binds to the SCR YPWM, the Pro306-to-Leu
change observed in the YPWM motif of SCR3 could
decrease the ability of these proteins to interact, ex-
plaining the proboscis toward maxillary palp transfor-
mation and reduction in sex comb bristle number in
Scr3 mutants (Figure 3).

Salivary gland formation requires both SCR and EXD
for the expression of FKH, which is required for salivary

gland formation. The evidence for SCR and EXD
binding as a protein complex to a fhk enhancer is
extensive at both functional and structural levels (Joshi

et al. 2007). However, EXD is not required for the
formation of sex comb bristles and pseudotrachea
(Percival-Smith and Hayden 1998; Joulia et al.
2006). In addition, the intragenic interaction between
Scr14 and Scr alleles is observed for the formation of the
sex combs and pseudotrachea, but not salivary gland
nuclei. To resolve this inconsistency, we suggest that
SCR requires complex formation with itself for sex
comb and pseudotracheae formation and complex
formation with the HOX cofactor EXD for salivary
gland formation. This phenomenon is similar to the
observation that UBX does not require EXD for haltered
development (Galant and Carroll 2002).

Scr1 a missense mutation in the HD: The Glu365

residue of the SCR HD is well conserved through evo-
lution and is found in all Drosophila HOX HDs; however,
this residue does not mediate important contacts in the

TABLE 6

Affect of temperature on proboscis and prothoracic leg
phenotypes in cold-sensitive mutants

Genotype

Mean no. of
pseudotracheal rows

Mean no. of sex
comb bristles

18� 23� 18� 23�

Scr1/pb34 5.4 6 0.1 5.3 6 0.1 5.7 6 0.2 6.3 6 0.2
Scr5/pb34 2.4 6 0.2 2.7 6 0.1 0 0
Scr6/pb34 4.1 6 0.1* 4.5 6 0.1 1.1 6 0.3* 2.3 6 0.2
Scr8/pb34 2.7 6 0.1* 3.6 6 0.1 0 0
Scr1/Scr14 7.0 6 0.3 6.9 6 0.2
Scr6/Scr14 6.1 6 0.2 6.3 6 0.2
Scr8/Scr14 3.6 6 0.1 4.3 6 0.1

Asterisks denote statistically significant differences for a
particular genotype at 18� from values obtained at 23� (P ,
0.01).

TABLE 5

Mean number of nuclei per salivary gland (6 SEM) for Scr mutants

Allele Class /pb34 /Scr14 /Scr13A

Scr1 117.7 6 3.9 (a) 112.8 6 3.0 (b, c) 123.5 6 2.6 (a)
Scr3 Hypo 82.6 6 2.2 (c) 108.9 6 3.0 (c) 76.8 6 1.6 (c)
Scr5 Hypo 110.7 6 3.1 (a) 128.3 6 2.4 (a) 119.4 6 2.9 (a)
Scr6 Hypo 105.6 6 3.9 (a, b) 126.0 6 5.9 (a, b) 109.5 6 4.1 (a, b)
Scr7 Hypo 115.8 6 4.1 (a) 120.8 6 3.7 (a, b, c) 117.8 6 2.8 (a)
Scr8 Hypo 114.2 6 4.1 (a) 112.8 6 2.7 (b, c) 114.7 6 3.4 (a)
Scr14 Antimorph 114.8 6 3.2 (a) — 123.6 6 2.7 (a)
Scr15 Hypo 93.4 6 2.6 (b, c) 110.3 6 3.1 (b, c) 99.4 6 1.5 (b)
Scr1 Lethal-hypo 116.9 6 4.7 (a, b, c)
Scr2 Null 109.4 6 3.3 (c)
Scr13A Null 123.6 6 2.7 (a, b, c)
pb34 Df 114.8 6 3.2 (a, b, c)

Data in the same column with the same letters are not significantly different (P , 0.05).
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crystal structures of SCR, ANTP, and UBX or the NMR
structure of ANTP (Joshi et al. 2007; Billeter et al.
1993; Pasner et al. 1999; Fraenkel and Pabo 1998).
Glu365 is the first amino acid of the third a-helix of the
HD, the helix that makes direct contacts with the major
groove of DNA; therefore, the importance of this
residue may lie in its position within the HD. A change
from an acidic Glu residue to a bulkier, basic Lys residue
may affect the structure of the third a-helix and
subsequently the ability of the HD to bind DNA.
Although the hypomorphic Scr1 allele may suggest that
SCR has a HD independent activity like the pair rule
protein Fushi tarazu (Hyduk and Percival-Smith

1996), mutational studies have shown that the SCR
HD is essential for SCR activity. Berry and Gehring

(2000) showed that altering two amino acids in the N-
terminal arm of the SCR HD to aspartic acids inactivated
the SCR protein. Also Joshi et al. (2007) showed that
changing Arg3 of the SCR HD resulted in an inability of
the SCR protein to activate the fkh enhancer. The
observation that changes in conserved amino acids of
the HD result in a hypomorphic allele is not novel; three
of four missense alleles with changes in highy conserved
positions of the Proboscipedia HD were hypomorphic,
only one was null (Tayyab et al. 2004).

Scr15 is a deletion of the conserved DYTQL motif:
Scr15 encodes a 35-amino-acid deletion of Thr83 through
Pro117 encompassing the insect-specific DYTQL motif.
Although, this change had a strong affect on all three
phenotypes assessed, the DYTQL motif is not essential
for SCR function, which is similar to the nonessential
role of the insect-specific UBX QA motif (Hittinger

et al. 2005). However, analysis of differential pleiotropy
in flies with one or two copies of pb, suggests that the
DYTQL motif and the CTD mediate an interaction with
PB in pseudotrachea formation. We have proposed that
the CTD encoded by Scr6 is hyperactive; therefore, PB
may have a role in overcoming the negative regulation
of SCR activity mediated by the CTD. And since Scr15 is
the loss of the DYTQL motif, we propose that the
DYTQL motif may also have a role assisting in PB
overcoming negative regulation of SCR activity possibly
mediated by the CTD.
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TABLE S1 

Sequencing of Scr mutant alleles  

 
Amplified region  Amplification Oligos (5’ to 3’)  

 Forward Reverse Sequencing Oligos (5’ to 3’)  

Exon1:  Transcript-A TCGCATCAAATTGTTAAGAAAAA ACTGCACTTGGACGACGATA forward 

Exon 1: Transcripts-B, C AAACCTTTAAGGGCAAAACT TTC GTGGCTGCCAACTACCTGTT forward and reverse  

Exon 2* ATTGCATTATATTTTGTTTTC TAAGTTGCCGTGAGTCGTC forward 

CGAACGGCGGTCAGG 

CAAACTGTCGCCCAG 

Exon 3*: Coding TAAGCACCTCTATTCCTG GGGATAACACCTAACTTTGAC forward 

Exon 3: Non-coding CACGTTTGAACTTCCCGTCT TGAACGTCATTCGCCAAATA AGTGGTTATCAGTCGCAGGAC 

TCGAATGCAACTTGTTCTGC 

GGGGATCGCCTTTTTATGTT 

ATCAGCCGATCCTTCCTCTT 

GCAATTGGTCGGAACCATAC 
 

* Exons 2 and 3 are the same in all three SCR transcripts 
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TABLE S2  

Primers used for Real time PCR analysis of transcript levels in viable Scr hypomorphs  

Oligo name Oligo sequence (5’ to 3’) 

Scr-Fwd  TATCCGTGGATGAAGCGAGT  

Scr-Rev GGTCAGGTACGGTTGAAGT 

rp49-Fwd CTTCATCCGCCACCAGTC 

rp49-Rev  GTGCGCTTGTTCGATCCG 
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TABLE S3 

Mean number of rows of bristles in T1 beards of non-viable Scr mutants  

Genotype  Mean rows of bristles (± SE)1 

Scr+/Scr+ 6.9 ± 0.2a 

Scr1/ Scr1  6.2 ± 0.2a 

Scr1/pb34 5.8 ± 0.4a 

Scr2/Scr2 2.1 ± 0.3bc 

Scr11/Scr11 2.7 ± 0.3b 

Scr13A/Scr13A 1.4 ± 0.2cd 

Scr13A/pb34 1.1 ± 0.1d 

  1Data in the same column with the same letters are not significantly 
different, p<0.05 

 

 

 
 


