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Structure and expression of a family of
Ultrabithorax mRNAs generated by
alternative splicing and polyadenylation
in Drosophila

Kerry Kornfeld, Robert B. Saint,! Philip A. Beachy,? Peter J. Harte,® Debra A. Peattie,*
and David S. Hogness

Department of Biochemistry, Stanford University School of Medicine, Stanford, California 94305 USA

The 77-kb primary transcript of the homeotic Ultrabithorax (Ubx) gene is alternatively spliced to yield at least
five different coding regions. Each is restricted to either a 3.2- or a 4.3-kb size class generated by alternative
polyadenylation. The pathways for splicing and polyadenylation are therefore coordinately regulated, and
because the relative abundance of the respective mRNAs varies throughout development, these pathways also
appear to be developmentally regulated. Translation of these mRNAs yields a family of Ubx proteins
characterized by constant amino- and carboxy-proximal regions of 247 and 99 amino acid residues, respectively.
Members of this family are distinguished by a short variable region that links the constant regions and consists
of different combinations of three optional elements of 9, 17, and 17 residues. Only four amino acid residues
separate this variable region from the 60-residue homeo domain of the carboxy-terminal constant region. This

proximity suggests that functional differences among the Ubx proteins derive from the differential effects of
their variable regions on the DNA-binding capacity of the homeo domain. An argument is made that these

functional differences are tissue specific.

[Key Words: Drosophila development; homeotic gene; Bithorax Complex; Ultrabithorax; altemative splicing;

alternative polyadenylation]

Received September 19, 1988; revised version accepted December 13, 1988.

Epidermal development in Drosophila melanogaster is
characterized by the formation of three kinds of meta-
meric units: compartments, segments, and paraseg-
ments (Garcia-Bellido et al. 1973; Lawrence 1981; Struhl
1984; Martinez-Arias and Lawrence 1985). The epi-
dermis can be viewed as a linear array of alternating an-
terior (a) and posterior {p) compartments. Each is gener-
ated from a discrete set of embryonic founder cells so as
to create lineage-restricting p/a and a/p boundaries that
correspond to the segment (a + p) and parasegment
{p + a) boundaries, respectively. The developmental
fates of these founder cells and, hence, the identities of
the respective metameres are determined by the regula-
tory functions of homeotic genes—referred to as iden-
tity functions. We are concerned here with one of these
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homeotic genes, Ultrabithorax (Ubx) and, more specifi-
cally, with the nature of the Ubx gene products that ef-
fect its identity functions.

Ubx is one of three homeotic genes that comprise the
Bithorax Complex (BX-C), the other two being abdom-
inal-A {abd-A) and Abdominal-B (Abd-B} (for review, see
Duncan 1987). Mutational analyses of these three genes
indicate that together they provide identity functions in
epidermal metameres that extend posteriorly from the
a/p boundary in the second thoracic segment (T2) to in-
clude parasegment 5 {ps5) through parasegment 14
(ps14). Of the three, only Ubx provides identity func-
tions in ps5 and ps6 or, equivalently, compartments
T2p + T3a and T3p + Ala, where T3 and Al represent
the third thoracic and first abdominal segments, respec-
tively (Lewis 1978, 1981, 1982; Morata and Kerridge
1981; Minana and Garcia-Bellido 1982; Hayes et al.
1984; Struhl 1984). Ubx also provides identity functions
in ps7-psl3 of the larval epidermis (Lewis 1978, 1981;
Struhl 1984; Bender et al. 1985}, but here these functions
act in combination with those provided by abd-A, or by
both abd-A and Abd-B, to elicit the appropriate meta-
meric identities (Sanchez-Herrero et al. 1985a,b; Tiong
et al. 1985). Although less studied, the identity transfor-
mations produced in the central nervous system (CNS)
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and the somatic musculature by mutations in the Ubx
gene indicate that it also provides identity functions for
these tissues (Teugels and Ghysen 1985; Hooper 1986).

Previously, we showed that the Ubx gene is divisible
into two functionally and mutationally distinct parts by
molecular mapping of its mutations and transcription
units (Bender et al. 1983a,b; Beachy et al. 1985; Hogness
et al. 1985; Lipshitz et al. 1987). One part consists of a
long transcription unit (Ubx unit) that includes and is
virtually coextensive with a 73-kb region delineated by
the sites of the Ubx mutations—a class of recessive
mutations that inactivate all of the known identity
functions of the gene. The other part consists of an ap-
proximately 45-kb cis-regulatory region lying immedi-
ately upstream of the Ubx unit. It includes and is vir-
tually coextensive with the region delineated by the
sites of the bithoraxoid (bxd) and postbithorax (pbx)
mutations, whose effects are restricted to the cis-inacti-
vation of the ps6 identity functions and the ps7—psl3
larval functions. Another group of recessive mutations
(anterobithorax or abx, and bithorax or bx} also cis-in-
activates a subset of the Ubx functions—in this case,
those required for the appropriate identity of ps5. The
mutational sites of this group cluster near the center of
the Ubx unit within its 3'-proximal intron and appear to
define a downstream cis-regulatory region (Figs. 1 and 3).

Our initial analysis of the Ubx unit indicated that its
primary transcript is spliced in different ways to yield at
least two mRNA forms, labeled Ia and Ib, that contain
different AUG-initiated open reading frames (ORFs), or
coding regions {Beachy et al. 1985; Hogness et al. 1985).
Each coding region is divisible into four parts: a 5’ exon,
two microexons, and a 3’ exon. Those parts contributed
by the two microexons and the 3’ exon, which contains
the Ubx homeo box (Regulski et al. 1985), are the same
for forms Ia and Ib. They differ according to which of
two 5’ splice sites is used to join the 5’ exon to the first
microexon. These two sites are 27 bp apart and define an
optional element present in Ib but not in Ia, which we
therefore call the b element.

These results, in combination with the observation
that Ubx mutations generally interrupt transcription or
alter the sequence of the coding region contributed by
the 3’ exon and/or the common part of the 5’ exon, led
to the following two propositions (Beachy et al. 1985;
Hogness et al. 1985). All identity functions of the Ubx
gene require one or more proteins encoded by the Ubx
unit. This proposition and its corollary, that the bxd/
pbx and abx/bx regions provide cis-regulatory elements
controlling expression of the Ubx unit, are consistent
with the spatial distributions of Ubx expression ob-
served in wild-type and mutant Drosophila (Akam 1983;
Akam and Martinez-Arias 1985; White and Wilcox 1984,
1985a, 1985b; Beachy et al. 1985; Cabrera et al. 1985;
Hogness et al. 1985). The second proposition is that dif-
ferent combinations of Ubx proteins provide the iden-
tity functions for different metameres and/or tissues—a
proposition that includes the suggestion that the family
of Ubx proteins includes more than the two members
defined above.

244 GENES & DEVELOPMENT

In this paper we extend our initial analysis of the
structure and expression of the Ubx unit and its mRNAs
with particular reference to this second proposition. We
show that alternative splicing creates a set of Ubx
mRNAs that include at least five coding sequences
whose differences define a short variable region that
links two constant regions derived from the 5’ and 3’
exons. The variable region consists of different combina-
tions of three optional coding elements: the b element
and the two microexons noted above. Nucleotide se-
quence analyses of genomic and cDNA clones combined
with 5’- and 3'-end analyses have defined the sequences
and boundaries of all exons in this set of mRNAs. These
boundaries consist of the 5’ termini common to all
members of the set, the splice sites for each exon, and
alternative polyadenylation sites that define two size
classes of 3’ exons, which account for the 3.2- and 4.3-kb
mRNA size classes of the set. The lengths of the Ubx
transcription unit required for the 3.2- and 4.3-kb
mRNAs were thereby defined as 76 and 77 kb, respec-
tively. Analysis of fractionated 3.2- and 4.3-kb mRNAs
demonstrated that each of the five coding sequences is
restricted to one of these two size classes, indicating
that the splicing and polyadenylation pathways are coor-
dinately regulated. Furthermore, the relative abundance
of the respective mRNAs varies throughout develop-
ment, indicating that their expression is also develop-
mentally regulated so as to provide different combina-
tions of Ubx proteins pertinent to the identity functions
of different metameres and/or tissues. A variable region
for the Ubx mRNAs like that defined here has recently
been reported by O’Connor et al. (1988).

Results

A large Ubx primary transcript is processed into
discrete RNA size classes

To analyze transcriptional activity in and adjacent to the
73-kb Ubx region defined by the sites of Ubx mutations
(Bender et al. 1983b), strand-specific probes spanning 100
kb were hybridized to filters containing RNA from early,
mid-, and late embryogenesis. Figure 1 shows that two
RNA size classes of 3.2 and 4.3 kb contained sequences
from both ends of the region and were transcribed in the
rightward direction (blots 3 and 16). In contrast, a third
size class of 4.7 kb appeared to contain sequences only
from the 5’ end of the Ubx region (Fig. 1, blot 3; Fig. 5, 3-
to 6-hr panel). The 4.7-kb class also differed from the 3.2-
and 4.3-kb classes in two other characteristics: It was
not polyadenylated, whereas the other two were (data
not shown); and it was transiently expressed only during
the first few hours of embryogenesis, whereas the other
two continued to be expressed in the larval, pupal, and
adult stages (Fig. 5). In this paper, we focus on the 3.2-
and 4.3-kb poly{A)* RNAs, which comprise the Ubx
mRNAs. Probes between the ends of the Ubx region hy-
bridized only to a heterogenous ‘smear’ of high-molec-
ular-weight RNA, which we interpret to be a combina-
tion of nascent transcripts and processed or partially de-
graded intron RNAs (blots 6—13). Probes just outside the
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Figure 1. Transcriptional activity in the Ubx domain. Total RNA from embryos 3—6, 9—12, and 18-21 hr after egg deposition (A, B,
C, respectively) was electrophoresed and transferred to paper. Numbered arrows show the extent and orientation of single-stranded
DNA probes and their location in the Ubx gene (coordinates in kilobase pairs from Bender et al. 1983b). Numbers above each blot
correspond to numbered hybridization probes. Blots 3 and 16 were underexposed relative to the others to show the discrete RNA
species whose sizes are indicated at the margins. Probes 6, 8, 11, and 13 lie between the ends of the Ubx unit and detected a
heterogenous smear of high-molecular-weight RNAs. Other probes from this region (4, 5, 7, 9, 10, 12, 14, and 15) also detected this
smear (data not shown). Probes 1—17 can detect only rightward transcription; 17 single-stranded probes with opposite orientation {not
shown) detected no leftward transcription {data not shown). Triangles and parenthesis indicate the position of transposable element
insertions and small deletions, respectively, found in the indicated BX-C alleles (Bender et al. 1983b; Weinzierl et al. 1987). The solid
black and hatched portions denote the regions defined by the location of Ubx and bxd rearrangement breakpoints, respectively
(Bender et al. 1983b; Bender et al. 1985). Probe 1 detected bxd transcripts whose sizes and developmental patterns distinguish them
from the Ubx RNAs (Lipshitz et al. 1987). Probe 2 did not hybridize to the smear, indicating that transcription does not extend from
the bxd into the Ubx region. Probe 17 detected RNAs that we believe are unrelated to Ubx function, based on their novel size,
presence in maternal RNA, and lack of differential expression during development (data not shown).

Ubx region did not hybridize to the smear (blots 2 and
17), and probes of opposite orientation did not reveal any
leftward transcription within the 100-kb region exam-
ined (legend to Fig. 1).

Alternative splicing generates a family of Ubx mRNAs

cDNA analysis To characterize the structure of the
poly(A]* Ubx RNAs, cloned cDNAs that contain both
5'- and 3’-proximal Ubx sequences were isolated. cDNA
libraries made with 1.5- to 5-hr and 3- to 12-hr embry-
onic RNA yielded 2 and 35 clones, respectively. A pre-
liminary analysis of the two clones from the 1.5- to 5-hr
library has been reported (Beachy et al. 1985; Hogness et
al. 1985). A nearly full-length clone (3.1 kb) from the 1.5-
to 5-hr library was sequenced along with the genomic
DNA that overlaps each exon (Fig. 2). The cDNA con-
tained long 5’ and 3’ exons, predicted by the transcript
analysis shown in Figure 1, linked by two 51-bp mi-

croexons. Although these microexons were not detected
in the experiments shown in Figure 1, presumably be-
cause the homologous region was short and the strin-
gency of the wash high, they were mapped to
—40.7 + 1.1 kb and —52.9 = 1.7 kb, as described in
Materials and methods and illustrated in Figure 3.

The other 36 cDNAs were analyzed by restriction en-
Zyme mapping to uncover heterogeneity, particularly in
the microexon region. Comparisons between cDNAs di-
gested with Aval, which cleaves at sites located just
outside the microexon region, revealed four different
exon patterns. Each novel pattern was confirmed by di-
gests with Bg/Il and Ddel, which cleave at sites located
in microexon 1 and 2, respectively, and by sequencing
the variable region of a representative cDNA from each
class. Figure 3 shows that each cDNA consisted of 5’ and
3' constant regions linked by some combination of three
optional sequence elements. The optional element far-
thest upstream is a 27-bp region that lies between two 5’
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splice sites in the 5’ exon called the a and b sites (Fig. 2).
It is called the b element, as it is included in the mRNA
only if the b site is used. The other two optional ele-
ments are the 51-bp microexons 1 and 2. Each of the
eight potential combinations of optional elements is
designated by a Roman numeral indicating the mi-
croexon pattern followed by a or b to indicate which 5’
splice site is used. Thus, forms Ia and Ib contain both
microexons, and, respectively, lack or contain the b ele-
ment; forms Ila and IIb lack microexon 1; forms IIla and

IIb lack microexon 2; forms IVa and IVb lack both mi-
croexons. Figure 3 shows that among 37 ¢cDNAs isolated
from two embryonic libraries, forms Ia (59%) and Ib
(27%) predominated over I1a (11%) and IVa (3%).

The consensus splice sites that flank each optional el-
ement and the demonstration that the entire Ubx unit is
transcribed into high-molecular-weight RNAs (Fig. 1)
strongly suggest that a 77-kb Ubx primary transcript is
alternatively spliced when one of two possible 5’ splice
sites (a or b) is joined with one of three possible 3’ splice

ATGAATGAAC GAGAGGCGCC CACCCCGATA AACTTAAACT GAACGAACAC TCAAGAGAGA GCGCAAGAGC GCTCAAAAAC AATCTGGTTT TGAGCGTTTC GCTGGCTCTC TGTTTCTGTT TTCCACTCGT TTTTAGGCCG -61
- cDNA 3712
AGTCGAGTGA GTTGAGTCGG CAGAGCAAAG TCAAAACACT GGCAACTGCG ATTTGGTGCC ACATTCGTTC GATGGCAACG GATTGGATAA CAGGCGCGCG CTTTGTTTTA TTATCCACAT TATCAGCGGC ATTATTGTTA 80
L
TTATTGGCCC TCAGCGCTTT ACCGCTCGCC CACGCGTCCG CCCGTGAATG CCGCGCGGAA AAGTCGCTTT CCACTAGATT GGCGTCCAGA TTCGAGGAAA TCCGTCAGCA GACGCATTCG CGCCCGTTCG GTCAGCACTQ 220
t
AGGCTAATAA TCGTTCAAAT CGTTAAAACC ATAAAAATAA TAATAATTGC AATAACAATA AACATAGTAA TAATCGTAAC GCTTACGAGC CTTTGATAGT GCCAAGGCAA GCGCAATCCA AGTATTCAAA TTCGAATTCA 360
ATTAACAGCA AAGTGCAATT GGCTAAAAAC CGAAACCAAAR ACGCAACAAA GTATACGAAA CACTTGTGAA ACCGTACAAA CAATTGTGGA AAAAAAATTT AAAGATTATT AAGATTGAAG TCTCAATAAA CATTAGTGCT 500
a
TARATAAATT TAAAACGACC CGCGTGGAGA GTGCAATAAA AAGAATAACT TTTGAAATAA ATATTTACCA AACAGAAAAA TATTTTATAA ATATTTAAAT AAGTGAAAAA CRAATTGGTT ACTCTGRAAC AAAGAATATT 640
CAAATTGGTG CTAAAACAAA GGAGAAAAAA TTTCAAGAAT -ATTATACAA ATAATAAGAC ATATTTAACT ATATAAAACC AAACTTAATC AACABAGACA AAGGAGTGAA AAAAATAAAA AAAAATTTTA AAAGAGTTAA 780
t
AAAAAAATTG TTTATATCCA AAGGAGGCAA AGGAACAGCA CAGAAAGCGA GGAAACACTC AAATAAAATC CGCCAAAAAT CGCAGATCCC TGGAAACCAA TTCGTGTGAA ATCGGTCAAG CCCCCAACGA CTTTTAGCCC 920
GTCTCAGACG GAGCACCGCC ARGATTCTTA CCGCCAGCAG CGCA ATG AAC TCG TAC TTT GAA CAG GCC TCC GGC TTT TAT GGC CAT CCG CAC CAG GCC ACC GGA ATG GCG ATG GGC 1036
M N s Y F E Q A S G F Y G H P H Q A T G M Aa M G
1
AGC GGT GGC CAC CAC GAC CAG ACG GCC AGT GCA GCG GCG GCC GCG TAC AGG GGA TTC CCT CTC TCG CTG GGC ATG AGT CCC TAT GCC AAC CAC CAT CTG CAG CGC ACC 1144
s G G H H D Q T A s A A A A A Y Ra G F P L s L G M s P Y a N H H L Q R T
25
ACC CAG GAC TCG CCC TAC GAT GCC AGC ATC ACG GCC GCC TGC AAT AAG ATA TAC GGC GAT GGA GCC GGA GCC TAC AAA CAG GAC TGC CTG AAC ATC AAG GCG GAT GCG 1252
T Q D S P Y D A s I T A A C N cK 1 Y G o] G A G A Y X Q D c L N I K A D A
61
GTG AAT GGC TAC AAA GAC ATT TGG AAC ACG GGC GGC TCG AAT GGC GGC GGG GGT GGC GGC GGA GGC GGT GGT GGC GGC GGA GCG GGC GGA ACA GGT GGA GCC GGC AAT 1360
v N G Y K D I W N T G G s N G G G G G G G G G G G G G A G G T G G A G N
97
GCC AAT GGC GGT AAT GCG GCC AAT GCA AAC GGA CAG AAC AAT CCG GCG GGC GGT ATG CCC GTT AGA CCC TCC GCC TGC ACC CCA GAT TCC CGA GTG GGC GGC TAC TTG 1468
A N G G N A A N A N G Q N N P A G G M P v R P s A c T P D s R v G G Y L
133
GAC ACG TCG GGC GGC AGT CCC GTT AGC CAT CGC GGC GGC AGT GCC GGC GGT AAT GTG AGT GTC AGC GGC GGC AAC GGC AAC GCC GGA GGC GTA CAG AGC GGC GTG GGC 1576
D T s G G s P v s H R G G s A G G N v s v s G G N G N A G G v Q s G v G
169
GTG GCC GGA GCG GGC ACT GCC TGG AAT GCC AAT TGC ACC ATC TCG GGC GCC GCT GCC CAA ACG GCG GCC GCC AGC AGT TTA CAC CAG GCC AGC AAT CAC ACA TTC TAC 1684
v A G A G T A W N A N c T I S G A A A Q T A A A s s L H Q A s N H T F Y
205
b SITE INTRON 1 INTRON 2
TTGCATTTTCAG I GTAAGARAAATTT....TATTTTTTCCAG I
a SITE GL
CCC TGG ATG GCT ATC GCA GGT _GAG TGT CCT GAA GAT CCG ACC AAA AGT AAG ATA AGA TCT GAT TTA ACA CAA TAC GGC GGC ATA TCA ACA GAC ATG T AAG AGA TAC 1792
P W M A I A G E c P E D P T K s K 1 R s D L T Q Y G G I S T D M G K R Y
241 247 256 273
INTRON 3
lE'MGTCGmT. «..TCCGATGTACAG l
TCA GAA TCT CTT GCG GGC TCA CTT CTA CCA GAC TGG CTA *T ACA AAT GGT CTG CGA AGA CGC GGC CGA CAG ACA TAC ACC CGC TAC CAG ACG CTC GAG CTG GAG 1897
s E S L A G s L L P D W L G T N G L R R R G R Q T Y T R Y Q T L E L E
277 290
AAG GAG TTC CAC ACG AAT CAT TAT CTG ACC CGC AGA CGG AGA ATC GAG ATG GCG CAC GCG CTA TGC CTG ACG GAG CGG CAG ATC AAG ATC TGG TTC CAG AAC CGG CGA 2005
K E F H T N H Y L T R R R R I E M A H A L c L T E R Q I K I L F Q N R R
312
ATG AAG CTG AAG AAG GAG ATC CAG GCG ATC AAG GAG CTG AAC GAA CAG GAG AAG CAG GCG CAG GCC CAG AAG GCG GCG GCG GCA GCG GCT GCG GCG GCG GCG GTC CAA 2113
M X L K X E I Q A 1 K E L N E Q E X Q A Q A Q K A A A A A A A A A A v Q
348
GGT GGA CAC TTA GAT CAG TAG ATCCTTAGAT CCTTAGATCC TTAGATCCGT AGGGTGTATG TGGGATTGGG CGAAATGACG CGGAGACAGA TACAAAGCAA CTATATTGTA ACAAATGAAC TATTTACTTA 2244
G G H L D Q
384 389
AATGAATAAT ATTTARATAT TTTGATGGTA CTTGTGCGAA TACGAAACTT AACCTAAATC GAACCTAATG GAATTATTTC AAGCGTTTGA GCAGCAACCG ARAATACGTA AATGARACAA AACTACBAAC TAATTAACTA 2384
GGCTAAGTAA ATAARAAGTAG TGGAAGGAGC GCAGATTATA AACCTACTTA GAATTAAATG AGCAAAACAA ACATTTTTAA TTTAGTTCCA AACGAAAARA AAATTCAAGA GGATTCGCTC GAAATGGAAAR CCTCTGTCCT 2524
GCCCCTTTGT TGCTTACTGC TATGTTTAAA TTAATTTCGC GAAAAATACT CAAAAATTGA AACACAAAGA AARCAAAAAA TGAAAGTA/A CCATTATAAT GTTGAATGCG AGCAAAATTC CTGTTGATAT GAATTTTTGG 2664
a
TAAAAACATG TTCTAAACCA ATTTAAGATA CGTAACGAAG GATGCAAAAA CAAAATGAAA ACTATTAAAC TTTAACTTAA ATATAAATAG AATTTGTTAG CCAAGTAAAC ATATTACGAC ACGAAGAACA AACGTTTTCG 2804
GGAGTATCGA ATATTTGAAT GTGTATAGTT TGTGCTTATT AAATARAATA ATGCAATTTT AGTTAACTCT GTTTATTTGT 'AAACGAATTT GTTTAGTTCT CGCCCAAACG ACTAGAGTGA AGCTGTTTCT TTAAGTAATG 2944
TGTAGTGTGT TTACTTTTTA AATTAAATTA ATGCCTAATT TTATTATTAT TATGTTTAGT TTAATGACAA GCGTTTATGA GATTATCCGA CAGAAGCGGC GAGAAGAGGA GTGCGACAAA CCGTTTGCCC CGGCAAACGC 3084
3.2 CDNA 3712=— {—cDNA 3801
AAATAAATTA TTGGTTTTGA ARAAATCTAA AGAAAACAAA AAAAAAAAAA CAATGAGAAA TCGAATCCGA TTGTTGTGTT ATTATTTTAG TTCTGCCATT GCGATTTTCC GTTCTCCCAG TGTAATTAGA GCCTGAGTTG 3224
TTTGAGAGAG TCTTCGCGGG CTACCCGCTT GCATGCGAAA TTGCTTTTGA TCTCGTTTTG AGCCGTTAAT TGATCGTGAG TTGTACGCTC TATAGAGATA CCCATACCGA TTAGCTATAA CGATACCATA CCGATACCAA 3364
TACCATATAT ATAGTTTAGT GGATCCAACG AGCTGTGCTG CTAAGCCACA GGCTCCGTGT GTGTGTCCCG ATAATGATCC TTCAGTTGAG TTTCCATGGT GGTCCAGTTG GCGTTCGTAC GAGTCTGCAG AAGATGTATA 3504
CGTACTACCG CCTAAGATTC GATTATAGAT ATATTATATT TATAAATCTT GATATATATT TATGTACTTA TGTATGTGGG GATCGAGTCG AAATGGACAA ACAATAAGAG AGTAATTCTG CGGAACGGAA CGAAGGCAGA 3644
TGCAAATACG TAAATAAGAA TAAGTTAAAT GTTATAGATT TTACGCATAT GTACCTACTA CTACTACATG CACGTAGTAA ATAGTAAATA ACGCTACTAC TGTACATGCT ATGGCTACTT AACTCTCTGA CCCTCGGCSG 3784
AGCAGGCCTA TCCATAAGAG ACTACTACTT TTCCTATATA CCTACTTCAT CCGATCAGAT CAGACCTACA GATACTTTGC GGTTACATTT TCTACTTGTA ATTTCCCCTC CCCGCGATCG AAGATTGGAC CCGCAGGCTT 3924
cDNA 3801
CCGTTCATAC TTAATCGATG TAACTCTAAT TTAATGCCAT TCTATGTTAG CTCCGTAAGT TGTAAATTAT CATATAAACT ACACGTAAAA AGAACAAACA CAAAACAAAC AGCAACCAGT GAGAATGTGG AAAATGAAAC 4064
AARTAAATTA AACAARACGA TTTAAATAAT TTAAAAGATG CCTTTGGATT ATTAATGTGA AATAGTTGGT TTCGGAATTG TAGGTAATTC GAA TTTTGCGGTA CTTCTTAAAA TAGCAGTCCT TCGTTCTACA 4204
4.3
TTTTTAATAG CAATATTCTC CATTTGGCGC CATACTTTCT TGGCTTAGGA AGTATCTTGT TCCAAGAAAG CCAATAAAAC GTTAAGTTTT TCTTGCCGTG CTATCCAGGA ATAAAATTTT CAGTGGAAAT TCARACCATA 4344
Figure 2. (See facing page for legend.)
246 GENES & DEVELOPMENT
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sites (adjacent to microexon 1, microexon 2, or the 3’
exon). The unlikely alternative explanation that this
family of Ubx mRNAs results from genomic DNA rear-
rangements rather than RNA splicing is rendered even
less likely by a Southern analysis of restriction frag-
ments of DNA prepared from isolated haltere disks,
where nearly every cell contains Ubx protein (White and
Wilcox 1984; Beachy et al. 1985). No rearrangements
were detected in the region of genomic DNA extending
3.3 kb downstream from the EcoRlI site located at +354
bp (Fig. 2) within the 5’ constant region (R.B. Saint and
M. Goldschmidt-Clermont, unpubl.). Because this re-
gion includes the b element and 1.9 kb of adjacent in-
tronic DNA, as well as the remaining 1349 bp of the 5’
constant region, this observation indicates that DNA re-
arrangement alone cannot account for the Ubx mRNA
structures.

A long OREF initiates in the 5’ exon and terminates in
the 3’ exon. Because the length of each optional element
is a multiple of 3 bases, any combination will maintain
an ORF. We therefore predict that the family of Ubx
mRNAs generated by alternative splicing would encode
a corresponding family of Ubx proteins containing a
maximum of 389 amino acids (Ib] and a minimum of 346
amino acids (IVa). Figure 3 shows the amino acid se-
quence of the variable region for each of the forms iden-
tified by the cDNA analysis.

81 nuclease protection analysis Four of the possible
eight combinations of optional elements were not de-
tected by the above analysis of cDNA clones. The RNA
populations examined by that analysis were, however,
limited to the first 12 hr of embryogenesis, and the alter-
native splicing patterns may vary with developmental
stage. Variation in the structure of the variable region

Structure and expression of Ubx transcripts

was therefore examined by the rapid and sensitive nu-
clease S1 protection method in RNA populations from
all stages of embryogenesis, from all three larval stages
or instars (L1-L3), and from the pupal and adult stages.
Figure 4A shows the structure of the uniformly la-
beled, single-stranded DNA probe used for these anal-
yses, as well as the expected structure and length of the
probe fragments protected from nuclease S1 digestion by
Ubx mRNAs with different variable regions. Because
the probe derives from a Ib cDNA subclone containing
all three optional elements, the Ubx Ib mRNA will pro-
tect all Ubx sequences within the probe from nuclease
S1 digestion to yield a single protected fragment that
will be slightly shorter than the probe because its 48-
base polylinker will be digested. In contrast, Ubx
mRNAs that lack one or more of the optional elements
will yield two fragments protected by RNA sequences
lying upstream (5’ fragment) or downsteam (3’ fragment)
of the missing element(s), as shown in Figure 4A.
Figure 4B shows the results obtained when the pro-
tected fragments generated by each RNA population
were separated by gel electrophoresis and their lengths
determined from their mobilities. Comparison of the de-
termined lengths for the six significant fragment bands
observed in Figure 4B with those expected from protec-
tion by the different Ubx mRNA forms given in Figure
4A shows that the observed bands correspond to the
full-length fragment generated by Ib (970 versus 980
bases); the 3’ fragments generated by la {370 versus 380
bases), by IIa and/or IIb (325 versus 329 bases), and by
IVa and/or IVb (275 versus 278 bases); and the 5' frag-
ments generated by all a forms (560 versus 573 bases)
and by IIb and/or IVb {590 versus 600 bases). The first
five of these bands were expected from the Ia, Ib, IIa, and

Figure 2. Sequence of Ubx ¢cDNAs and genomic DNA and conceptual translation of the ORF. cDNA 3712, a nearly full-length Ib
clone derived from a 3.2-kb RNA, was entirely sequenced and extends from +48 to +3129 (limits marked). cDNA 3801, a partial
clone derived from a 4.3-kb RNA, was entirely sequenced and extends from +3139 to +4060 (limits marked). All other sequences (5
and 3’ extensions, introns, and the 9-bp region between the cDNAs) derive from genomic DNA clones (Bender et al. 1983b). Tran-
scription start sites are marked by arrows and are numbered +1 and +3. They apply to both the 3.2- and 4.3-kb mRNAs (see text).
Saari and Bienz (1987) have also observed two start sites but assign them to positions —3 and +1 in this sequence. Nucleotide
numbers (right| apply to the sequence of cDNA Ib, which contains all three optional elements. The two upstream ATG initiated
ORFs, which we do not believe are translated (Beachy et al. 1985), are underlined and overlined; dots indicate stop codons. The
conceptual translation of the long ORF is shown in one-letter code. Amino acid residue numbers {left) apply to protein form Ib. A
glycine-rich region, which may constitute a flexible protein hinge, is underlined. Residues 295354 comprise the Ubx homeo domain
and are also underlined. Introns, numbered in reference to form Ib, are shown as insertions at the splice junctions. Each intron encodes
consensus splice signals at both ends. The a and b 5' splice sites are marked, and 10 bp of identical sequence following each is
underlined. Consensus polyadenylation signals used in 3.2- and 4.3-kb RNAs are underlined and labeled. The site of polyadenylation
for 3.2-kb RNAs is within a 13 A residue stretch derived from genomic DNA (+3122 to +3134), as determined from the 3'-terminal
sequence of cDNA clone EC14, which contains a poly(A) tail of >50 residues. The C-S genomic sequence for each exon was deter-
mined and found to differ from the O-R cDNA sequence at three positions in the long ORF (all conservative changes) and four in the
untranslated region, perhaps due to strain variation. The genomic sequence at these positions is noted below in lowercase letters. In
addition, cDNA 3712 exhibited a 22-bp deletion not found in another cDNA clone (3602) nor in the genomic DNA at +769 to + 791
[not marked), which may be due to replication slippage during cloning, as may also have caused an AAT insertion at +276 [not
marked) in cDNA 3712. A cloning artifact at the 5’ end of cDNA 3712 caused by self-primed second-strand synthesis is not shown.
Artifacts of this kind have been described by Laughon and Scott {1984). The sequence of C-S genomic DNA from —200 to + 988 (Saari
and Bienz 1987) and +965 to +3390 (Weinzierl et al. 1987) was reported recently. Differences between our data and that of Weinzierl
et al. are T:A (2458), C:— (2645), A:— (3134), C:— (3241}, G:— (3242), where our finding precedes theirs and the number in paren-
thesis is our residue number. Single-letter amino acid code: (A} Ala, (C) Cys, (D) Asp, (E) Glu, (F) Phe, (G) Gly, {H) His, (I) Ile, (K] Lys, (L)
Leu, (M) Met, (N) Asn, (P) Pro, (Q) Gln, (R) Arg, (S) Ser, (T) Thr, (W) Trp, {Y) Tyr, (V) Val. Restriction enzyme recognition sites noted in
text: Aval (1618, 1886), Avall (2107), BamHI (3385), Bglll {1739), Ddel (1792), EcoRI {354), Hpal (2866), Pst (1133), Taq (1289), Xmnl
(2315).
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Figure 3. Summary of Ubx cDNA analysis.
An arrow representing the Ubx primary tran-
script, with four exons colored black, is
drawn beneath a map of the Ubx gene (coor-
dinates as in Fig. 1). Parentheses, a triangle,
and an arrow indicate the position of dele-
tions, a transposable element insertion, and a
nonsense base change, respectively, in the in-
dicated Ubx alleles (Beachy et al. 1985;
Weinzierl et al. 1987). Each Ubx mRNA en-
codes a 247-amino-acid residue 5’ constant
region (5' CON) and a 99-amino-acid residue
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sible combinations of the three optional ele-
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the nuclease S1 protection analyses. (Right)
The percentage of each spliced form among

the 37 Ubx cDNAs isolated from the 1.5- to 5-hr and 3- to 12-hr embryonic libraries. The dotted line separating the 5’ constant
elgment from tl}e b element indictes that both derive from the same exon, whereas the other elements are discrete exons. The amino
acid codons assigned to each element are indicated by the single-letter amino acid code. The first amino acid of the homeo domain is

the fifth (R] encoded by the 3’ constant region.

IVa forms detected by the cDNA analyses (Fig. 3). The
sixth band demonstrates the existence of at least one
and possibly two additional forms: IIb and/or IVb. This
conclusion is consistent with the finding of a IIb cDNA
clone by O’Connor et al. (1988).

A band corresponding to the 651-base 5' protected
fragment expected from form IIlb was not detected in
any of the RNA populations examined in Figure 4B, in-
dicating that little if any of this form is produced at any
stage of development. The absence of form IIlb indicates
that the splice between microexon 1 and the 3’ exon
occurs rarely, if at all. If this rule applies to the a forms
as well as the b forms, then IIla should also be absent or
in low abundance throughout development, an expecta-
tion consistent with the absence of Illa and IlIb cDNA
clones in searches carried out by us and by O’Connor et
al. (1988). The 3'-protected fragment expected from Illa
and IIIb is the same 278-base fragment expected from
IVa and IVb (Fig. 4A}, and a band corresponding to this
fragment was generated only by RNAs from late em-
bryos (12 + 4 hr and 20 + 4 hr) and first-instar larvae
(Fig. 4B,C). Although our data exclude only IIb from sig-
nificantly contributing to this band, the above argu-
ments suggest that the contribution of Ila is also small.

Temporal developmental profiles for the Ubx mRNAs

We have seen that members of the Ubx mRNA family
are divisible into two length classes and at least five pro-
tein-coding forms formed by alternative splicing. We
now compare the temporal developmental profiles for
the coding forms with those for the length classes to test
for possible correlations.

Figure 4C shows the relative molar abundance of the
different coding forms, or pairs of those forms, as a func-
tion of developmental stage. Ignoring differences of form
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due solely to the presence or absence of the b element
for the moment, one sees that form I predominates
during early embryogenesis. Forms 1I and IV then in-
crease while form I decreases so that they predominate
during late embryogenesis {20 = 4 hr sample). During
the larval, pupal, and adult stages, form I again predomi-
nates, with form IV decreasing dramatically. These data
suggest that the choice of which 3’ splice site is joined to
the 5’ exon is developmentally regulated.

We have also determined the relative abundance in
the same set of RNAs of forms that contain or do not
contain the b element, using a single-stranded genomic
DNA probe that spans the two splice sites of the 5’ exon
{see Materials and methods). The fraction of Ubx
mRNAs that contains the b element progressively de-
clines from a maximum of 30% in the 2 + 2-hr embry-
onic sample to 10% in adults (data not shown). This re-
sult is consistent with the decrease in form Ib seen in
Figure 4C and the virtual absence of forms IIb + IVb in
the larval, pupal, and adult stages (Fig. 4B). These data
suggest that the choice of the 5’ splice site in the 5’ exon
is developmentally regulated. The difference in the de-
velopmental profiles for the choice of the 5’ and 3’ splice
sites suggests that they are independently regulated.

Figure 5 shows the results of Northern analyses used
to obtain the developmental profiles for the 3.2- and 4.3-
kb-length classes. A comparison of the signal intensities
within a given lane indicates predominance of the 3.2-kb
class during early embryogenesis, followed by predomi-
nance of the 4.3-kb class during the last half of embryo-
genesis followed, in turn, by a return to 3.2-kb class pre-
dominance during the remainder of development. A
comparison of these profiles with those shown in Figure
4C indicate a corrrespondence between the 3.2-kb and
form I profiles and between the profiles for the 4.3-kb
mRNAs and the sum of forms II and IV.
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Figure 4. Nuclease S1 protection analysis of the variable region of Ubx mRNAs with RNA from wild-type flies at each develop-
mental stage and RNA from bx3/bx® and pbx?/pbx? mutants. {A) Schematic of the intact probe is at the top, with schematics for the
fragments protected by the indicated mRNAs (or parts thereof) at the bottom. The 1028-base probe is a subclone from a Ib cDNA that
extends from the Pst site in the 5° exon to the Avall site in the 3’ exon (Fig. 2). Sizes and shading of probe elements are 573-base 5'
constant {open), 27-base b element (lightly stippled), 51-base microexon 1 {heavily stippled), 51-base microexon 2 (black), 278-base 3’
constant {open), and 48-base polylinker (line). The Ib mRNA protects the indicated 980-base fragment. Other Ubx mRNAs lack an
optional element found in the probe and protect the indicated 5' and 3' fragments. Several probe fragments are protected by two or
more different spliced mRNAs. Fragments protected by the form IIl mRNAs are defined in the text. (B) Lanes: (M) size markers; (IP)
intact probe. {Time intervals) Four embryonic periods indicated in hours after egg deposition. (L1, L2, L3} First, second, and third instar
larvae, respectively. (P} Pupae; (A} adults; (Y) yeast total RNA, which controls for nonspecific probe protection. (bx} bx3/bx® pupae;
{wt) wild-type pupae; (pbx) pbx?/pbx? pupae. Poly{A}* RNA was annealed to a single-stranded, uniformly labeled DNA probe and
cleaved with nuclease S1. Protected probe fragments were separated in a denaturing acrylamide gel and visualized by autoradiography.
The uppermost arrow marks residual, intact probe typically seen in these experiments. Other bands marked by arrows result from
probe protection by spliced mRNAs, which are listed. Calculated sizes (shown in parentheses) correspond closely to predicted sizes
listed in A. The 5’ end of IlIb would protect a 651-base fragment that was not observed. (See the text for a consideration of this and
other fragments expected to be protected by form IIl mRNAs.) A different amount of RNA was used in each lane, so it is meaningful to
compare signal intensities within lanes but less so between lanes. Sizes (in bases) of fragments in lane M: 993, 823, 673, 552, 444, 369,
310, 249. (C) The gel was exposed briefly with an intensifying screen and preflashed film at —70°C, and signal intensities were
quantitated by scanning densitometry. Signal intensity is proportional to the number of mRNA molecules, which protect the uni-
formly labeled probe fragment corrected for the number of labeled residues that it contains. Corrected values for Ib, Ia:3’, Ifa + IIb:3’,
and IVa + IVb:3’ were summed and expressed as a percent of total Ubx mRNA such that the four values sum to 100%. IIb + IVb:5’
and Ia + IIa + IVa:5’ were not used for these calculations. The abscissa is linear for the embryonic (E) stage (24 hr); values from
embryonic samples are plotted at the midpoint of the collection period. Breaks indicate a discontinous time scale at later stages. Note
that IVa + IVband Ila + IIb peak during late embryogenesis. Poly(A)* RINA was used in these experiments to minimize the effects, if
any, of nascent and partially processed RNAs.

The 3.2- and 4.3-kb size classes result from different

polyadenylation sites 3.2-kb class and that forms II and IV are restricted to the

4.3-kb class—a suggestion that is confirmed in the next
section. Given these restrictions, the variable regions in
the 3.2-kb mRNAs will be 102 or 129 bases long,

This temporal correspondence between length classes
and coding forms suggests that form I is restricted to the
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Figure 5. Developmental Northern analysis of Ubx mRNAs.
Lanes: (Time intervals) Eight embryonic periods indicated in
hours after egg deposition. (L1, L2, L3) First, second, and third
instar larvae respectively. (D) Imaginal discs; (PP) prepupae; (P)
pupae; (A) adults. Total cellular RNA was electrophoresed,
transferred to paper, and hybridized with a single-stranded ge-
nomic DNA probe that includes the Ubx 5’ exon and has an
identical region of homology with the 3.2- and 4.3-kb size
classes (probe 3 of Fig. 1). The 4.7-kb size class is only detected
in 3- to 6-hr RNA. The 4.3-kb size class predominates only
during late embryogenesis. Low-molecular-weight RNAs seen
at L1 and later stages were also detected in embryonic samples
(data not shown| and hybridize only to probe fragments con-
taining a {GGX)n repeat, suggesting that they derive from loci
other than Ubx (S. Munroe and D.S. Hogness, unpubl.).

whereas those in the 4.3-kb mRNAs will be 0, 27, 51, or
78 bases long. Differences in the variable region there-
fore contribute little to the length difference between
the two size classes. What then accounts for this length
difference? We show here that the transcription initia-
tion sites are the same for both classes and that their
length difference results from different poly(A) sites.

The 5’ terminus for each size class was determined by
exploiting the observation that the 3.2- and 4.3-kb
mRNAs predominate in early and late embryos, respec-
tively (Fig. 5). Nuclease S1 protection and primer exten-
sion 5'-end determinations (Materials and methods)
yielded the same result with early and late embryonic
poly(A)* RNAs, indicating that the 3.2- and 4.3-kb
mRNAs both initiate at either of the two A residues la-
beled +1 and +3 in Figure 2 (data not shown).

The poly{A} site for the 3.2-kb mRNAs has been
mapped to +3128 (+6) in Figure 2 by determining the
3'-terminal sequence of a cDNA clone with an intact 3’
end. (The imprecision of this localization results from
the fact that this site is located within a stretch of 13 A
residues; see legend to Fig. 2.) A consensus AATAAA
polyadenylation signal (Proudfoot and Brownlee 1976) is
appropriately located 37 + 6 nucleotides upstream from
this site (Fig. 2).

The poly(A) site for the 4.3-kb mRNAs has not been
mapped with similar precision as cDNA clones with in-
tact 3’ ends have not been isolated and sequenced for
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this class. The sequence of a partial cDNA clone from
this class (cDNA 3801} has, however, been determined
and is identical to the genomic DNA sequence from po-
sition +3139 to +4060 in Figure 2. The 4.3-kb mRNA
poly(A) site should therefore be downstream from
+4060, a conclusion consistent with the observation of
Akam and Martinez-Arias (1985} that a genomic DNA
probe extending 1.6 kb downstream from the BamHI
site at +3385 (Fig. 2) hybridizes to the 4.3-kb, but not
the 3.2-kb, mRNAs. A consensus polyadenylation signal
is located at +4277 (Fig. 2}, 1191 nucleotides down-
stream from the polyadenylation signal for the 3.2-kb
mRNAs. This difference correlates nicely with the 1.1-
kb difference between the lengths of the two size
classes. We therefore expect that the poly(A) site for the
4.3-kb mRNA is located within a few dozen nucleotides
downstream from this polyadenylation signal (labeled
4.3 in Fig. 2).

The position of the poly(A) sites for the 3.2- and 4.3-kb
mRNAs that were determined and predicted, respec-
tively, from the nucleotide sequence data have been
confirmed by nuclease S1 protection mapping of the 3’
ends of both size classes, again taking advantage of the
differences in their relative abundance during embryo-
genesis. Figure 6 shows that a single-stranded genomic
DNA probe extending 1.7-kb downstream from the
+2866 position in Figure 2 generated protected frag-
ments of 0.27 and 1.4 kb that attained maximum rela-
tive intensities during early and late embryogenesis, re-
spectively (lanes 2 and 4); they are therefore presumed to
result, respectively, from the 3.2- and 4.3-kb mRNAs.
These data place the poly(A) sites for the 3.2- and 4.3-kb
mRNAs at +3.14 and +4.3 kb on the sequence shown
in Figure 2, in good agreement with the values obtained
by analyzing the sequence data.

Alternative splicing and polyadenylation are
coordinately regulated

As noted above, comparison of the temporal develop-
mental profiles for the Ubx mRNA size classes and
spliced forms suggests that the 3.2- and 4.3-kb mRNAs
consist of forms I and II + IV, respectively. Here, we test
and confirm this suggestion.

Mid-embryonic RNA was fractionated by electropho-
resis in an agarose—urea gel, extracted from a series of
gel fractions, and analyzed for the amounts of the dif-
ferent spliced forms by the nuclease S1 protection assay
described in Figure 4. Because complete separation of
the two size classes was not achieved, the RNA from
each fraction was also assayed for the amount of each
size class by nuclease Sl protection {see Materials and
methods). Table 1 shows the relative amounts of the dif-
ferent spliced forms in each size class, as calculated from
the data obtained for different pairs of fractions by, in
effect, ‘subtracting out’ the cross contamination; see
Materials and methods for the data and method of calcu-
lation. The striking result of this experiment is that
within experimental error, the 3.2-kb size class consists
of the mRNAs that contain both microexons (Ia and Ib),
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Figure 6. Nuclease S1 protection analysis of the 3’ end of Ubx
mRNAs. Lanes: (1) 0-4 hr; (2) 4-8 hr; (3) 8—16 hr; (4) 16—24 hr
poly(A}* embryonic RNA; {5) yeast total RNA. A uniformly la-
beled, single-stranded, genomic DNA probe that extends from a
Hpal site {Fig. 2, position +2866) in the 3’ exon to a BgIII site
1.7 kb downstream was annealed to RNA, treated with nu-
clease S1, and electrophoresed in a denaturing acrylamide gel.
(Left) Migration of size markers in nucleotides. Probe [thin ver-
tical line| is protected by the 3’ end of Ubx mRNAs {arrows,
with the protecting region highlighted). Doublets of 275 + 250
bases and 1.4 + 1.1 kb indicate protection by 3.2- and 4.3-kb
size classes, respectively. The uppermost band of each doublet
is marked by an arrow. Comparing signal intensities within
lanes and correcting for probe length shows that the 3.2- and
4.3-kb size class predominated early and late in embryogenesis,
respectively. A different amount of RNA was used in each lane
s0 comparisons of intensities between lanes may be less accu-
rate than comparisons within lanes. In each doublet, the ratio
of lower band to upper band was increased by incubation with
additional nuclease S1, suggesting that the upper bands map the
actual 3’ ends of mRNAs and the lower bands are due to S1-
sensitive sites within the protected probe fragment. The probe
fragment protected by the 4.3-kb RNAs, which cannot be accu-
rately sized from these data, was determined to be 1.4 kb by
glyoxylation and electrophoresis in a 1.3% agarose gel with ap-
propriate size markers. The uppermost arrowhead marks re-
sidual, intact probe that is present in the yeast control lane and
is typically seen in these experiments.

whereas the 4.3-kb size class consists of mRNAs that
lack one or both microexons (Ila + IIb and IVa + IVb).
Figure 7 diagrams this result.

This result is consistent with limited data from the 37
Ubx cDNA clones that were analyzed. Two of these
clones derived from 1.5- to 5-hr embryonic RNA con-
taining only the 3.2-kb size class of Ubx mRNAs, as de-
termined by Northern analysis {M. Goldschmidt-Cler-
mont and D.S. Hogness, unpubl.}. One of these cDNAs

Structure and expression of Ubx transcripts

exhibits the Ia form, and the other, the Ib form. A third
clone, obtained from the 3- to 12-hr library, exhibits the
Ia form and is known to derive from the 3.2-kb size class
because its 3’ end is intact, as demonstrated by the in-
clusion of sequences from the poly[A) tail of the mRNA.
The remaining 34 clones were isolated from the 3- to
12-hr library and could derive from either size class.
Attempts to isolate Ubx cDNA clones containing the
sequences from the central variable region and se-
quences from the 3'-proximal region specific to the 4.3-
kb mRNAs failed. When libraries made from late embry-
onic RNA preparations, in which the 4.3-kb size class
predominates, were screened with 4.3-kb-specific se-
quences, only short clones (<1 kb) were isolated, and
their sequences were restricted to the 3’-untranslated
region unique to the 4.3-kb class. We suspect that during
c¢DNA synthesis, the oligo(dT) primer anneals to an in-
ternal stretch of 13 A residues (+3122 to +3134, Fig. 2}
in the 4.3-kb RNAs that could (1) block first-strand syn-
thesis initiated at the poly[A) tail and (2) prime first-
strand synthesis resulting in 4.3-kb-derived cDNAs with
truncated 3’ ends. Consistent with this hypothesis, the
longest isolated 4.3-kb-derived cDNA terminates 4 bases
downstream of the 13 A residues (cDNA 3801, Fig. 2).

The relative abundance of the spliced forms is the
same in bx3® and pbx mutants as in wild type

The bx? and pbx mutations inactivate the T3a and T3p
identity function of the adult epidermis, respectively
(Lewis 1963) and, correspondingly, prevent the appear-
ance of Ubx protein in the respective compartments of
the T3 imaginal discs (White and Wilcox 1985a; Cabrera
et al. 1985). These negative effects could result either
because the mutations inactivate cis-regulatory ele-
ments required for the transcription of the Ubx unit in
these compartments or because these compartments
contain a subset, perhaps only one, of the different
spliced forms and the mutations inactivate the splicing
pathway(s) specific to the subset.

If such a specific inactivation of splicing should occur
in all tissues generating Ubx transcripts, then one would
expect that the relative abundance of the different
spliced forms would be different in the bx® and pbx mu-
tants than in wild type. RNA was therefore isolated
from bx3/bx® and pbx!/pbx? larvae, pupae, and adults
and analyzed for the different spliced forms by nuclease
S1 protection. Figure 4B shows that the different spliced
forms were present in the same relative amounts in the
mutant pupae as in the wild-type pupae. The same result
was obtained for the larval and adult RNAs (data not
shown). It therefore appears that the bx® and pbx muta-
tions do not generally alter the frequencies of the dif-
ferent splicing pathways, although the possibility re-
mains that they alter such frequencies in a tissue-spe-
cific or metamere-specific manner.

Discussion

Here, we consider three questions raised by our results.
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Table 1. Calculated composition of each Ubx mRNA size class

Ubx mRNA

size class Percentage of mRNAs containing spliced forms

(kb) Ib Ia Ia + IIb IVa + IVb
3.2 2 +7 68 + 4 {9 = 10) (1 =5)
4.3 (4 = 6) (-3 = 4) 66 = 10 33+2

Embryonic RNA (10- to 18-hr plus 15- to 18-hr) was fractionated in an agarose—urea gel. The spliced forms that comprise the 3.2- and
4.3-kb size classes were calculated by comparing two fractions enriched for 3.2-kb mRNAs with two fractions enriched for 4.3-kb
mRNAs. The values listed are the average of four calculations + 1 s.D. Values in parenthesis are within 1 s.D. of zero (see Materials
and methods for the contents of each fraction and the computation that yields these values).

What functional differences might derive from the struc-
tural differences among the proteins encoded by the Ubx
mRNAs? What accounts for the observed correlation be-
tween alternative splicing and polyadenylation of the
Ubx transcripts? Is the great length of the Ubx tran-
scription unit, per se, an important factor in the control
of Drosophila development?

Structure and function of the members of the Ubx
protein family

It has long been assumed that the products of homeotic
genes such as Ubx specify the identities of epidermal
metameres by regulating the expression of other genes
that are required to effect these identities (Lewis 1964).
More recently, it has become apparent that the postu-
lated set of ‘effector’ genes regulated by Ubx proteins
must be expanded to include not only those required for
epidermal identites but also those required for the quite
different identities of metameres in the CNS and mus-
culature (Teugels and Ghysen 1985; Hooper 1986).

At present, no member of this set of effector genes has
been identified. Another set of genes has, however, been
identified as likely regulatory targets of the proteins en-

coded by homeotic genes—namely, the homeotic genes
themselves. This identification derives from observa-
tions of the effects of mutations in one homeotic gene
upon the spatial distribution of the products of other ho-
meotic genes. Thus, the distribution of the RNA and
protein products of the Antennapedia {Antp) gene {a ho-
meotic gene contributing identity function for meta-
meres in the anterior thorax) is perturbed by Ubx null
mutations in a manner indicating that Ubx proteins re-
press Antp expression in the wild type (Hafen et al.
1984; Carroll et al. 1986). Similar experiments indicate
that the proteins encoded by the abd-A and Abd-B ho-
meotic genes of the BX-C repress Ubx expression {Struhl
and White 1985) and that abd-A proteins, like Ubx pro-
teins, also repress Antp expression (Carroll et al. 1986).
The effect of this cross regulation is to refine the pat-
terns of homeotic gene expression after their initial de-
termination by the earlier and transiently expressed seg-
mentation genes (for review, see Akam 1987; Scott and
Carroll 1987).

More direct lines of evidence leave little doubt that
the Ubx proteins are indeed genetic regulatory proteins
and that they act by binding to specific DNA sequences
associated with the genes that they regulate. The Ubx Ib

GENE MICRO- MICRO-
5' EXON EXON 1 EXON 2 3' EXON
—Q 00— —

Figure 7. Summary of Ubx mRNA structures. Ubx genomic DNA (GENE] is represented above: exons (named, open boxes) are
drawn to scale, whereas introns (lines} are not drawn to scale. Ubx mRNAs are illustrated below. Exons are shown as above; the
coding region is stippled and a wavy line represents the poly(A] tail. Lines mark splice sites joined in the indicated spliced forms. The
3.2-kb size class contains predominantly spliced forms Ia and Ib, whereas the 4.3-kb size class contains predominantly Ila + IIb and
IVa + IVb. Form IVb is shown in parenthesis because a corresponding cDNA has not been identified although O’Conner et al. (1988)
detected this form by nuclease S1 protection analysis in cultured neuroblasts.

252 GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on March 28, 2012 - Published by Cold Spring Harbor Laboratory Press

protein (Fig. 2) purified from an overproducing strain of
Escherichia coli has been shown to bind to specific DNA
sequences near the Ubx and Antp P1 promoters (Beachy
et al. 1988). The regulatory role of this protein has been
further indicated by the observation that its expression
from constructs introduced into cultured Drosophila
cells results in the induction and repression, respec-
tively, of the Ubx and Antp P1 promoters introduced
into these cells in the form of hybrid genes consisting of
a reporter gene fused to the respective promoter regions
(M. Krasnow and D.S. Hogness, in prep.).

One of us (K.K.) has used this cell culture system to
show that expression of the other members of the Ubx
protein family (i.e., Ia, IIa, IIb, IVa; Figs. 2 and 3) has the
same qualitative effect on the Ubx and Antp P1 pro-
moters as the Ib protein. Presumably, these regulatory
functions derive from DNA-binding domains in each of
the Ubx proteins. This presumption is consistent with
the fact that the carboxy-terminal constant region in
each protein contains a homeo domain (Figs. 2 and 3)
and with studies indicating that the homeo domains in
the engrailed and Antp proteins provide at least part of
their DNA-binding domains (Desplan et al. 1985;
Gehring 1987, and pers. comm.).

It is tempting to speculate that different members of
the Ubx protein family may exhibit different DNA-
binding and/or transcriptional regulatory capacities as a
result of the modulating effects of the variable region on
the functions of the homeo domain. Linking the amino-
terminal and carboxy-terminal constant regions of these
proteins, the variable region consists of different combi-
nations of three optional elements of 9, 17, and 17 amino
acids and is separated by only 4 amino acids from the
homeo domain (Figs. 2 and 3). This postulated modula-
tion might affect the DNA sequence recognition proper-
ties of the individual Ubx proteins or their ability to in-
teract cooperatively with other proteins, including
members of the Ubx family, in effecting their different
regulatory functions.

What regulatory functions of the Ubx proteins might
be differentially affected by their different structures?
Given their quite similar, if not identical, effects upon
the Ubx and Antp P1 promoters in the cell culture
system noted above, we suspect that the ability to regu-
late homeotic gene expression is a function common to
all members of the family. We therefore focus on the
possibility that different Ubx proteins are required for
the regulation of different effector genes and consider
two extreme models for such differential regulatory
functions. In the first, ‘metamere-specific’ model, dif-
ferent combinations of Ubx proteins are required in dif-
ferent metameres of a given tissue to effect their appro-
priate identities. In the second, ‘tissue-specific’ model,
different combinations of Ubx proteins are required to
mediate the Ubx identity functions in different tissues.

The existing data argue against the metamere-specific
model and support the tissue-specific model. Several ob-
servations indicate that the identity of a given epidermal
metamere can be transformed by changing the amount
rather than the kind of Ubx proteins in that metamere.

Structure and expression of Ubx transcripts

For example, bxd mutations within the cis-regulatory
region upstream of the Ubx transcription unit transform
the identity of ps6 to that of ps5. These mutations would
not be expected to change the splicing pathways of the
Ubx transcript and, hence, the kinds of Ubx proteins
present in ps6. They have, however, been observed to
decrease the level of total Ubx protein (as detected by
antibodies that react with all Ubx proteins) toward the
lower levels normally found in ps5 (Beachy et al. 1985;
Hogness et al. 1985; S. Helfand and D.S. Hogness, un-
publ.). Apparently, the differences in the epidermal iden-
tities of ps5 and ps6 do not depend on different combina-
tions of Ubx proteins but on differences in the amount
of a given combination. Similarly, the identity transfor-
mation of ps5 toward ps6 observed in flies carrying eight
copies of the Ubx gene (including its upstream regula-
tory region) instead of two (S. Smolik-Utlaut, pers.
comm.) would be expected to result from an an increase
in the amount of Ubx proteins rather than from a change
in kind.

Support for the tissue-specific model derives from the
finding that mass isolated embryonic muscle precursor
cells are enriched for mRNAs that encode form I pro-
teins and that similarly isolated embryonic neuroblasts
are enriched for mRNAs that encode form II and IV pro-
teins (O’Connor et al. 1988). This observation is consis-
tent with an earlier finding that the Ubx'® mutation
{Fig. 3), which contains a termination codon in mi-
croexon 2 that prevents synthesis of form I and II pro-
teins but not form IV, retains Ubx identity functions for
ps5 and psé of the adult CNS but acts like a Ubx null
mutation in other tissues (Weinzierl et al. 1987). Appar-
ently, the form IV protein is a sufficient provider of Ubx
identity function for the adult CNS but not for other
tissues. Preliminary immunocytochemical localization
studies of embryos with monoclonal antibodies specific
for forms I, IV, and I + II show that form I is located
primarily in the epidermis and mesoderm, whereas
forms II and IV are located primarily in the CNS (.
Lopez and D.S. Hogness, unpubl.).

The existing data thus suggest that although the dif-
ferent Ubx proteins may share certain regulatory func-
tions, as may be the case for their regulation of homeotic
gene expression, structural differences in their variable
regions may be required for appropriate regulation of ef-
fector genes in different tissues. This requirement may
result from a regulatory mechanism in which the Ubx
proteins must interact with tissue-specific factors for
appropriate control of effector gene expression. Within a
given tissue, the different metameric identity functions
appear to result from the amount and spatial distribu-
tion of a given combination of Ubx proteins.

The correlation between alternative splicing and
polyadenylation

One of the more interesting results of the experiments
reported here is our finding that electrophoretic fraction-
ation of mid-embryonic RNAs for the two size classes of
Ubx mRNAs resulted in coincident fractionation of the
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different spliced forms, demonstrating that the 3.2-kb
mRNA consists primarily or exclusively of forms Ia and
Ib, whereas the 4.3-kb mRNA consists primarily or ex-
clusively of forms II and IV. The observation that the
ratio of the 3.2- to 4.3-kb mRNAs parallels the ratio of
{Ia + Ib) to {Il + IV} at each developmental stage sug-
gests that this correlation between polyadenylation and
splicing pathways persists throughout development.

This distribution of spliced forms between the two
size classes of mRNAs nicely parallels the distribution
of Ubx protein forms among the tissues (J. Lopez and
D.S. Hogness, unpubl.), leading to the expectation that
Ubx mRNAs in the epidermis and mesoderm will be
primarily of the 3.2-kb size class, whereas those in the
CNS will be primarily of the 4.3-kb size class. This ex-
pectation is met in the case of the mass isolated embry-
onic muscle precursor cells and embryonic neuroblasts
examined by O’Connor et al. (1988) and is consistent
with the finding of 4.3-kb mRNAs in the embryonic
CNS by in situ hybridization (Akam and Martinez-Arias
1985).

To our knowledge, this is the only example of correla-
tions between splicing and polyadenylation pathways
where each splicing pathway is theoretically possible ir-
respective of which polyadenylation site is used. In all
other examples where a correlation exists, two pro-
cessing events are mutually exclusive because cleavage
at the upstream poly(A) site, which is in an intron, elim-
inates one or more downstream exons {for review, see
Leff et al. 1986). The distinction is important because
the Ubx example raises the interesting possibility that
the first event (either splicing or polyadenylation) may
bias the site choice of the second event.

If the two events are indeed causally related in this
manner, it would allow an economy in the mechanism
for the tissue-specific regulation of Ubx RNA pro-
cessing. An interesting causal model of this sort pro-
poses that polyadenylation occurs first and that the 4.3-
kb poly(A) site is chosen over the 3.2-kb site only in the
presence of tissue-specific factors. When the 4.3-kb
poly(A) site is chosen, 3'-proximal sequences unique to
this class prevent splicing into microexon 1-—perhaps,
by specific base pairing that blocks the microexon 1
splice site—so that only forms II and IV are produced. In
the absence of such factors, the 3.2-kb poly(A) site is
chosen and all introns are spliced out to yield form I.

The function of the long transcription units of
homeotic genes

The Ubx transcription unit, measured from the
common initiation sites to the polyadenylation site for
the 4.3-kb mRNA, is 77 kb long. Remarkably, this is
only the second longest transcription unit among the
eight homeotic genes of the Antennapedia and Bithorax
complexes which, as a class, exhibit transcription units
that are atypically long for D. melanogaster genes. They
range from 12 kb for Deformed (Dfd) (Regulski et al.
1987) to the 103-kb Antp P1 unit (Laughon et al. 1986)
and exhibit a mean length of at least 40 kb. [Antp P2
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unit, 36 kb; Abd-B, >34 kb (Sanchez-Herrero and
Crosby 1988; S. Sakonju, pers. comm.); proboscipedia,
34 kb (Pultz et al. 1988; D. Cribbs and T. Kaufman, pers.
comm.); Sex combs reduced, >25 kb (T. Kaufman, pers.
comm.); abd-A, >23 kb (S. Sakonju, pers. comm.); and
labial, 17 kb (R. Diederich and T. Kaufman, pers.
comm.].

We propose that the lengths of the homeotic tran-
scription units function as delay timers that stage the
times of appearance of the proteins they encode subse-
quent to the activation of their promoters in a manner
critical to segmental development. First, we consider
whether the delay times caused by transcription are sig-
nificant relative to the interval between the time of ap-
pearance of transcripts and proteins—a period that we
refer to as the ‘interval time.’

An elongation rate of 1.1 kb/min at 25°C was deter-
mined in vivo for the 60-kb ecdysone-inducible E74 gene
of D. melanogaster to an accuracy of *30% (C.
Thummel, K. Burtis, and D.S. Hogness, in prep.). As-
suming this rate is generalizable to other Drosophila
genes, transcription of the 77-kb Ubx unit would be ex-
pected to contribute 70 min to the delay interval be-
tween the time its promoter was activated and the time
Ubx protein first appeared. Akam and Martinez-Arias
(1985) detect strong accumulation of Ubx transcripts in
ps6 of ‘late cellular blastoderm embryos’ before the
onset of gastrulation, some time between 2.5 and 3.0 hr
postfertilization, whereas a similar accumulation of
Ubx proteins in ps6 is detected just before extended
germ band at 4.5 hr {White and Lehmann 1986; J. Lopez
and D.S. Hogness, unpubl.]. This interval time is no
more than 2 hr and probably closer to 1.5 hr. Although
imprecisely determined, its accuracy is sufficient to in-
dicate that the 70-min delay due to transcription is an
appreciable fraction of the interval time.

The difference between these interval and transcrip-
tion delay times for Ubx (35 + 15 min) is remarkably
close to the 30-min interval time for the Kriippel (Kr)
gene, a gap segmentation gene whose transcription unit
of 2.5 kb (Rosenberg et al. 1986) is so short that most of
this interval time must result from RNA processing,
translation, and differences in sensitivity of the in situ
assays for transcript and protein. [Kr transcripts were de-
tected shortly after the eleventh syncytial nuclear divi-
sion (i.e., shortly after 110 min postfertilization; Knipple
et al. 1985), and Kr proteins were detected at the thir-
teenth nuclear division (144 min postfertilization; Gaul
et al 1987).] Apparently, these factors contribute approx-
imately equal times for the long and short genes.

We should expect the interval times to decrease lin-
early with decreasing length of the homeotic transcrip-
tion unit, so that for the smallest 12-kb Dfd unit the
interval time should closely approach the half-hour in-
terval observed for the 2.5-kb Kr unit. This appears to be
the case as the Dfd transcripts were first detected after
the thirteenth nuclear division {144 min; Chadwick and
McGinnis 1987), whereas the Dfd protein was first de-
tected in 3-hr cellular blastoderm embryos (Jack et al.
1988).
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What functions might be served by the delays imposed
by the long transcription units of the homeotic genes on
the appearance of the proteins they encode? One func-
tion might be to separate the temporal phase when the
homeotic genes cross regulate one another and begin to
specify segmental identities from that when the earlier
and transiently expressed segmentation genes of the gap
and pair-rule classes similarly interact to establish
highly resolved patterns of spatial expression (for review,
see Akam 1987; Scott and Carroll 1987).

As would be expected for such an early and rapidly
interactive set, the mapped transcription units among
these segmentation genes are strikingly shorter than
those for the homeotic genes. [1.5 kb—even-skipped,
eve (MacDonald et al. 1986); 2.1 kb—fushi tarazu, ftz
{Kuroiwa et al. 1984); 2.5 kb—Kr (Rosenberg et al. 1986);
3.0 kb—paired, prd (Frigerio et al. 1986}, 3.4 kb—
hunchback, hb (Tautz et al. 1987)). It can be safely pre-
dicted that the other members of this set will exhibit
similarly short transcription units because the heteroge-
neity of response times resulting from the introduction
of long transcription units to the set would not be toler-
ated. As noted earlier, some of the proteins that are rap-
idly produced by these segmentation genes appear to reg-
ulate the homeotic genes to determine their initial ex-
pression pattern. Furthermore, some of these proteins
carry homeo domains closely related to those encoded
by the homeotic genes (e.g., the ftz protein) by which
that regulation may be presumed to be effected. Hence,
the separation of the temporal phases of protein expres-
sion for these segmentation and homeotic genes may
serve to minimize the number of regulatory proteins
that must be accommodated at a particular time.

At a higher level of temporal resolution, the differen-
tial delay times effected by the different lengths of the
homeotic transcription units may be an important factor
in determining the refinement of the patterns of their
expression that results from their cross regulation. Fi-
nally, we note that little is known about how the pos-
tembryonic changes in homeotic gene expression are ef-
fected, and the delay times caused by their long tran-
scription units may again be employed in these
transitions.

Materials and methods
Strains

Wild-type strains of D. melanogaster were Canton-S {C-S) or
Oregon-R (O-R). Mutants bx®/Xasta, pbx!/Xasta, and pbx?/TM1
were provided by E. Lewis {Caltech). bx3/bx® and pbx!/pbx? flies
were selected by adult phenotype and maintained as stocks.

RNA preparation

Adult flies were fed 3 hr prior to egg collection to minimize egg
withholding; staged embryos were maintained at 25°C. Ima-
ginal discs, prepared by a batch isolation procedure (Eugene and
Fristrom 1978}, were a gift of J. Fristrom. Total cellular RNA
was prepared by homogenization of tissues in 10 volumes of 6
M guanidine hydrochloride, 0.1 M NaOAc (pH 5.2 and centrifu-
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gation through 4.8 M CsCl in 10 mM EDTA (pH 8.5). Pellets
were resuspended, ethanol precipitated, and dissolved in H,O.
Poly(A]* RNA was selected using columns of oligo{dT)-cellu-
lose (Collaborative Research).

Preparation and hybridization of Northern blots

Thirty micrograms of total cellular RNA was denatured by in-
cubation in 1 M glyoxal at 50°C for 1 hr and electrophoresed in a
1% agarose gel in 10 mm NaH,PO, (pH 7.0} at 1 V/cm over-
night. Deglyoxylation and transfer to activated cellulose paper
were carried out according to Alwine et al. (1977), except that
DPT-cellulose paper [Seed 1982) replaced DBM-cellulose paper.

For synthesis of single-stranded hybridization probes, pBR322
(Bolivar et al. 1977) was modified by replacing sequences be-
tween the HindIll and BamHI sites with the Haelll fragment of
$X174 (from 4199 to 4477 bp from the Pstl cleavage site] using
mixed BamHI and HindIll linker ligation (R. Mulligan, un-
publ.). This plasmid, named pdX, contains the $X174 origin of
viral strand synthesis in an anticlockwise direction on the
standard orientation of pBR322. Fragments of Charon 4 ge-
nomic clones {Bender et al. 1983b) subcloned into p$X were
labeled in vitro by the addition of single-stranded binding pro-
tein, gene A protein, rep protein, DNA polymerase III holoen-
zyme, [32P|dNTPs, and buffered salts (Arai et al. 1980). Purified
proteins were generous gifts of members of A. Kornberg’s re-
search group. The resulting labeled, covalently closed, single-
stranded probes were digested in 0.1% SDS and 0.1 mg/ml pro-
teinase K at 50°C for 1 hr and separated from dNTPs by Bio-Gel
P-60 column chromatography.

Filters were incubated with 50% formamide, 5% SSPE, and
0.5 mg/ml sonicated denatured salmon sperm DNA for at least
4 hr. Hybridizations with labeled probe were carried out in 5 x
SSPE, 50 pg/ml sonicated denatured salmon sperm DNA, 0.2%
SDS, and 10% (wt/vol) dextran sulfate at 42°C for 4-12 hr.
Filters were washed briefly in 2 x SSPE, 0.2% SDS at 25°C and
three times in 0.2 x SSPE, 0.2% SDS at 68°C for a total of 3—-6
hr, blotted dry, and exposed to Kodak X-Omat R film with
screen intensification. Single-stranded probes were >10 times
more sensitive than nick-translated, double-stranded probes of
similar specific activity used under the same conditions {data
not shown). Preparation of phage and plasmid DNA and con-
struction of plasmid subclones followed standard protocols
(Davis et al. 1980; Maniatis et al. 1982}.

¢DNA isolation and analysis

Lambda gt10 cDNA libraries made with 1.5- to 5-hr and 3- to
12-hr O-R embryonic RNA (gifts of M. Goldschmidt-Clermont
and L. Kauvar, respectively; Poole et al. 1985) were screened
with nick-translated, genomic DNA inserts of plasmids p$X
3108 and pdX 3144, which overlap the 5’ and 3’ Ubx exons,
respectively (Bender et al. 1983b). Clone 3712 (1.5- to 5-hr) was
completely sequenced, 100% on both strands (form Ibj. Clone
3602 (1.5- to 5-hr) was sequenced at its 5’ and 3’ termini and in
the variable region on one strand (form Ia). Thirty-five cDNAs
(3- to 12-hr) were restriction mapped, and parts of three were
sequenced on one strand: EC13 variable region (form IIa}, EC1
variable region (form IVa), and EC14 3’ terminus {poly(A)
stretch, form Ia]. We made a Agtl0 cDNA library with 12- to
18-hr, poly(A)* embryonic RNA (Huynh et al. 1984). This and a
12- to 24-hr O-R library (gift of L. Kauvar) were screened with a
nick-translated, genomic DNA fragment that hybridizes only to
4.3-kb RNAs (Akam and Martinez-Arias 1985). cDNA 3801 (12-
to 18-hr) was sequenced entirely, 100% on both strands.
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Determination of exon positions within the Ubx unit

Labeled cDNAs were hybridized to DNA clones that span the
Ubx unit {Bender et al. 1983a; data not shown). Microexons 1
and 2 mapped to positions —39.6 to —41.8, and —51.2 to
—54.7, respectively. Small libraries in M13 mp8 (Messing 1983)
were generated with sonicated genomic DNA from these re-
gions, plaques were selected using a labeled cDNA fragment as
a hybridization probe, and the inserts were sequenced on one
strand.

DNA sequence analysis

DNA fragments subcloned by random or directed methods
were sequenced using the dideoxy chain termination method
(Sanger et al. 1977; Biggin et al. 1983). Genomic DNA overlap-
ping the 3’ exon was sequenced 63% on both strands, whereas
that overlapping the 5' exon was sequenced 78% on both
strands. Whenever a genomic sequence derived from only one
strand, several independent clones were sequenced.

Nuclease S1 protection and primer extension

Nuclease S1 mapping and primer extension were done with
uniformly labeled, single-stranded M13 extension products, as
described previously (Lipshitz et al. 1987). Single-stranded
probes were made with [32P]JdCTP and unlabeled dGTP, dATP,
and dTTP. The Sl protection analysis probe that spans the 5’
exon splice sites was made from a 655-bp, genomic Taq frag-
ment, starting at position + 1289 (Fig. 2); RNAs containing the
b element protect a 444-base probe fragment, whereas RNAs
lacking this element protect a 417-base probe fragment. To map
the transcription initiation site, a 270-base Haelll-EcoRI
primer starting at position +354 (Fig. 2) was used. Extension
products were compared with a dideoxy sequencing ladder to
determine the initiation sites at + 1 and + 3. A nuclease S pro-
tection experiment using a 1454-base probe extending from the
HindIlI site (— 1100} to the EcoRlI site (+354, Fig. 2 protected
fragments that confirmed this assignment.

Size separation, extraction, and analysis of embryonic RNAs

An agarose—urea gel system (Locker 1979) was used to separate
4.3-kb RNAs from 3.2-kb RNAs because RNA can be efficiently
recovered from these gels. Sixty micrograms of poly(A)*,
15-18 hr embryonic RNA was mixed with 45 ug of poly(A}*,
10-18 hr embryonic RNA and electrophoresed in a 1%
agarose—6 M urea preparative slab gel for 12 hr at 5 V/cm
(Sehgal 1981). The gel was sliced at 0.5-cm intervals beginning
4 cm from the well and extending to 8 cm. tRNA (50 ug) was
added to each gel slice as carrier, and the RNA was extracted as
a quarternary ammonium salt (3.67 g QN +/100 ml butanol),
according to Langridge et al. {1980). The relative amount of
each Ubx spliced form was quantitated and expressed as a per-
centage of total Ubx mRNA, as described in Figure 4. The rela-
tive amount of each Ubx mRNA size class was determined by
nuclease S1 protection analysis using a single-stranded, uni-
formly labeled, genomic DNA probe that extended from the
Xmnl site (+2315) to the BamHI site {+3385) in the 3’ exon
{Fig. 2). RNAs of 4.3 kb protect 1070 bases, whereas RNAs of
3.2-kb protect a doublet of 830 and 800 bases (data not shown).
Signal intensities for each size class were quantitated by scan-
ning densitometry, corrected for probe length, which is propor-
tional to the number of labeled residues in the probe, and ex-
pressed as a percentage of the total Ubx mRNA. Data for four
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gel slices, which include the peak occurence of each size class
are shown below:

mRNA size class [kb) Percentage of mRNAs containing spliced form

Sample 32 43 b Ia Oa + b IVa + IVb
A 23 77 11 15 48 25
B 28 72 7 15 54 24
C 54 46 16 34 33 17
D 61 39 13 41 34 11

Samples A-D are gel slices at distances of 5.5-6.0, 6.0-6.5,
6.5~7.0, and 7.0-7.5 cm from the well, respectively. The first
two values—percentage of each size class—sum to 100%. The
next four values—percentage of each spliced form—also sum
to 100%. The spliced forms that comprise pure 3.2- and 4.3-kb
RNAs were calculated from these data. Below is an example of
our computations solving for the percentage of mRNAs in each
size class that contain spliced form Ia using data from samples
Aand D:

Let x = Percentage of 3.2-kb mRNAs containing Ia. Let
y = Percentage of 4.3-kb mRNAs containing Ia.

0.23{x) + 0.77(y} = 0.15
0.61{x) + 0.39(y) = 0.41

Data from any two gel slices are sufficient to solve for the two
unknown values x and y. The equations were solved with data
from four pairs of gel slices: A and C, A and D, B and C, B and
D. The average values are listed in Table 1.
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